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Preface

My research activities during the last 15 years concentrated at the x-ray laboratory at the
Department of condensed matter physics and later also CEITEC Nano core facility (since
2012, I have been responsible for a universal x-ray diffractometer with the rotating anode).
As a person responsible for running an x-ray laboratory at the Faculty of Science and partially
in CEITEC Nano, I have participated in an extensive range of various research topics empha-
sizing the x-ray scattering methods as a primary research tool. I have studied the structural
properties of various epitaxial and polycrystalline thin films: III-V semiconductors, espe-
cially GaN, transition metal oxides, and magnetic metallic films, among others. The x-ray
scattering experiments were primarily performed at standard laboratory conditions and high
and low temperatures to study structural phase transitions in ferroelectric materials. The
research also included structural characterization of bulk semiconductor crystals (Si, SiC),
semiconductor nanostructures, and real devices (transistors, diodes). The principal method
is laboratory-based x-ray scattering: x-ray diffraction, x-ray reflectivity, and small angle-x-
ray scattering. Also, my research included more advanced synchrotron methods such as x-ray
absorption spectroscopy, anomalous x-ray diffraction, or x-ray magnetic circular dichroism.
The bulk crystals were also studied using x-ray diffraction imaging techniques (x-ray diffrac-
tion topography), and we have adapted rocking curve imaging (RCI) to the laboratory-based
diffractometer. In recent years we have also adapted the x-ray fluorescence detector to the
diffractometer and performed standing wave x-ray fluorescence experiments to study atomic
positions in thin films.

Apart from plenty of smaller projects, my research focuses on two main research topics:
topological insulator materials and structural analysis of semiconductor materials. The first
idea of the topic was applications of x-ray scattering methods, but that approach would lead
to quite diverse work composed of several non-related topics. Instead, I have decided to focus
this work solely on topological insulators. This way, it can be more compact and broader
since I have participated in x-ray scattering and other experimental techniques such as x-ray
spectroscopy, photoemission spectroscopy, electron microscopy, and transport measurements.
The research activities in this field started ten years ago in close collaboration with the group
of prof. Gunther Springholz at Johannes Kepler University in Linz and prof. Oliver Rader at
Helmholtz Zentrum Berlin.

I want to thank all my collaborators mentioned above and many other collaborators whose
name list would be too long. I will mention especially prof. Vaclav Holy and prof. Giinther
Bauer for their continuous support. Lastly, I want to thank my wife and family.



Chapter 1

Introduction

The thesis deals with the work performed with topological insulators thin films. In collabora-
tion with coworkers, we started the growth and characterization of the topological insulators
relatively soon after their discovery in 2011. Our research at first focused on topological insu-
lator thin film growth optimization and physical properties of bismuth chalcogenide thin films.
Later we started to include magnetic doping with manganese since ferromagnetic topological
insulators have unusual physical properties such as quantum anomalous Hall effect. We have
published one of the early works showing high-quality epitaxial thin films of bismuth telluride
and structural properties of natural heterostructures combining BisTes and Bis layers
The most significant results deal with ferromagnetic topological insulators. Our paper
has demonstrated for the first time the direct observation of band gap opening in topological
surface states due to ferromagnetic order in BisTe3/MnBisTey heterostructures Later
we have shown a high ferromagnetic ordering temperature of 50 K in MnSboTes topological
insulator Last but not least, we have also worked with topological crystalline insulator
layers. We have demonstrated a phase transition from a topological crystalline insulator to
a strong topological insulator by doping-induced symmetry breaking The author’s con-
tribution was mainly in the structural characterization of the prepared films using XRD and
later HRTEM, but also to band structure measurements at synchrotron sources.

The first part of the thesis briefly introduces the topological insulator theory and physical
properties of selected topological insulator materials. The second chapter presents experimen-
tal methods used in the thesis by the author. Special attention is devoted to x-ray scattering
methods as a primary specialization. The last part of the thesis includes a series of research
papers divided into three groups:

e Topological insulators thin films BiyTes, Bi,Te,, and Biy(Se;Te;—,)s studied by x-ray
scattering, and other methods.

e Magnetically doped topological insulator thin films BisTes, BisSes and SboTes.

e Topological crystalline insulators, i.e., (Pb,Sn)Se and (Pb,Sn)Te alloys.



Chapter 2

Topological insulators

Topological insulators are materials with unique electronic structure of surface states. The
bulk electronic structure of the topological insulators is topologically non-trivial. The bound-
ary between topologically trivial and non-trivial material hosts surface (interface) states with
Dirac cone-like dispersion. The bulk states have an ordinary band gap; thus, the volume
electronic properties are identical to an ordinary insulator or semiconductor. In an ordinary
insulator or semiconductor, the surface states are susceptible to particular surface morphol-
ogy, impurities, and other defects. The typical surface states are usually localized at surface
defects and cannot serve as a transport channel in a device. On the contrary, the interface
between topologically non-trivial and trivial material has unique boundary states with linear
dispersion, which are robust against boundary shape or impurities. Thus they are called
topologically protected, and electric transport via boundary states has interesting quantum
properties.

For the two-dimensional materials the surface states are one-dimensional edge states, in
case of three-dimensional materials the surface states are two-dimensional. From the topo-
logical point of view normal materials are called topologically trivial insulators. The basic
reason for the topological nontrivial systems is peculiar behavior of the half-integer spin un-
der symmetry operations. The momentum in quantum mechanics under rotation by an angle
¥ along z-axis transforms as 7@(19) = e = Interestingly, full rotation by ¥ = 27 of an
electron with half-integer spin of s, = £1/2 does not produce identical state but leads to
inversion of the wave function R(2r) = ¥ = —1. Similar behavior has wave function of
spin one-half particles under mirror symmetry M or time reversal symmetry 6. Two sub-
sequent applications of mirror or time-reversal operations invert sign of the wave function
M?2 = 62 = —1 in any half-integer spin system. This property of half-integer spin is counter-
intuitive; one would naively expect two subsequent mirror operations to project back to the
original state as is valid for integer spin particles M2 = 1. This transformation is related
to the Pauli spin-statistics theorem and Pauli exclusion principle for fermions. The central
statement of spin-statistics theorem is that many particle wave function is antisymmetric
upon exchange of pair of half integer spin particles ¥(z,y) = —¥(y, x). All of these antisym-
metric transformations can be seen as various projections of a single general symmetry. The
topological insulators have certain topology of the electronic states protected by one of the
above symmetries. Three-dimensional topological insulators are protected by a time-reversal
symmetry; topological crystalline insulators by real space symmetry such as mirror symmetry,
space-inversion or rotational axis.
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The most prominent properties of the topological insulators are the quantum Hall ef-
fect (QHE), quantum spin Hall effect (QSHE), and quantum anomalous Hall effect (QAHE).
Three-dimensional topological insulators possess other properties such as topological magneto-
electric effect (TME), Majorana fermions at the topological insulator-superconductor inter-
face, and others. There are also higher-order topological phases [1]; there can be topologically
protected one-dimensional states (at sample edges) in 3D material. For practical purposes,
2D and 3D topological insulators have attracted the most interest.

Several review papers were published describing the theoretical and experimental progress
of the topological insulator field [2-5]. The theory of topological insulators divides into two
main groups: Topological field theory (TFT) based on more general topological concepts
and topological band theory (TBT). Topological field theory [6] is more general and deals
with interacting particles and disorders in the material. Topological band theory [7H11] is
limited to the system with non-interacting particles but gives simple criteria of the non-trivial
topology. In the limit of non-interacting particles, the TFT transforms into TBT; thus, both
theories are consistent and equivalent.

The extensive search for topologically non-trivial materials has been recently performed
by Vergniory et al. [12] and, in a limited case, by two other groups [13,/14]. These groups
performed first-principle band structure calculations of many non-magnetic crystalline struc-
tures in the crystallographic database. They have found that 10-20% out of non-magnetic
crystalline structures are topologically non-trivial materials.

This chapter briefly describes the theory of topological insulators. The first section is
devoted to the quantum Hall effect, described using TFT. The following sections deal with
quantum spin Hall insulators using TBT in two and three dimensions. The fourth section
describes the fundamental properties of BisXs family of topological insulators. The last
section presents a short introduction to topological crystalline insulators.

2.1 Topological invariant in quantum Hall state

The first experimentally observed topologically non-trivial state was the quantum Hall effect
state [15]. The quantum Hall effect is an unusual behavior of two-dimensional electron gas
in a strong magnetic field. Two-dimensional electron gas can form at the interface of two
semiconductors with a different band gap. In strong magnetic field and low temperatures the
longitudinal electrical resistance drops to zero

V,

Prz = % =0, (2.1)
while the transversal (i.e., Hall resistance) equals a value defined only by fundamental physical
constants v 1 h 1

_ ey 1R 1
Pzy =~ o2 V25812.807 Q, (2.2)

and an integer number v to very high precision. The resistivity and conductivity tensors are

then ,
. 0 —pay . 0 oy e

— = , =v—. 2.3

P < Py 0 ) a Oy 0 Ogy =V A ( )

Qualitative analysis of the problem has shown that electrons inside the material occupy Lan-
dau levels and do not contribute to the electrical conductivity of the sample. Edge states
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Figure 2.1: Schematic arrangement of quantum Hall effect and magnetic field dependence of
transverse and longitudinal resistance. The right part of the figure is reprinted from
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Figure 2.2: (a) Schematic representation of electrons’ orbits in the quantum Hall effect. (b)
Energy levels of bulk states (Landau levels and edge states in quantum Hall insulator).

dominate the transport properties . The edge states at a particular edge can propagate
only in one direction due to the strong magnetic field, as schematically shown in figure
Since no states with opposite propagation directions exist, electron backscattering is prohib-
ited, and the longitudinal resistivity drops to zero. Moreover, the edge states are not affected
by defects, impurities, sample shape, or other irregularities. Such topologically protected
edge states are in considerable contrast to the ordinary edge and surface states which are
extremely sensitive to defects. The schematic dispersion of the edge states is presented in
figure 2.2b).

A complete quantitative analysis has to consider the integer number v. This number
equals the first known topological invariant in solid state physics, called TKNN invariant
after its definitions by Thouless, Kohmoto, Nightingale, and den Nijs or Chern number.
The TKNN invariant is defined using Berry’s connection

Am(k) = 1 (um (k)| Vi [um (k) , (2.4)
where u,, (k) is a periodic part of Bloch wavefunction ¢, (k)
HY(Kk) = Em(k)[Ym(R)), [t (k) = €7 um(k)). (2.5)

Wavefunction u,,(k) can be written as eigenfunction of Bloch Hamiltonian H (k) defined as

H(k) = e ®rye® ™ HE)|um(k)) = Ep(k)|um(k)). (2.6)
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The integral of Berry’s connection A,,(k) over the closed line surrounding the two-
dimensional Brillouin zone is called the first Chern number and could have only integer values

1 1
Crm = Ap(k)dk = — [ Fn(k)d%k. 2.7
b Atk = o [ B (27)
The Chern number can be evaluated using Stokes theorem as surface integral of Berry cur-
vature Fy,,(k) = V x A, (k). The Hall conductivity can be evaluated as a sum of particular

Chern numbers over occupied bands [1§]

62 62

where total Chern number C' = ) C,, called, in this case, TKNN invariant (Thouless,
Kohmoto, Nightingale, den Nijs). One can rewrite the preceding formula into the real space
coordinates

2, 9 ou ou ou* 9 ou*
Z/Bzd /d <6k Oky  Oky 6k:y> in Zf/gBde’/d (“ ok; akj“> '
(2.9)
The quantum Hall state has a nonzero value of topological invariant inside the sample and
zeroes outside. These edge states are then so-called topologically protected. The dispersion
of the edge states is not sensitive to a particular sample shape, impurities, or other defects.

The Chern number equals the number of filled Landau levels, and through the bulk-boundary
correspondence, it corresponds to the number of chiral edge modes [19].

2.2 75 topological invariant of two-dimensional topological in-
sulators

The following research focused on the possible topologically non-trivial materials without a
high external magnetic field. Haldane predicted topologically non-trivial states in grapheneE]
in a periodic magnetic field [20]. The subsequent theoretical works have suggested materials
with large spin-orbit coupling leading to similar effects to the band structure as a magnetic
field. The prediction by Kane and Mele [8] defines topological invariant in the time-reversal
symmetry system. Let us define the time-reversal operator ©. Time reversal invariant Hamil-
tonian commutes with time reversal operator [7:[,(:)] = 0. The Bloch Hamiltonian has to
satisfy relation

OH(k)O™' = H(—k). (2.10)

The time reversal operator in the spin 1/2 system also satisfies the relation
6% = —1. (2.11)

This formula leads directly to Kramers theorem, i.e. each eigenstate of the time-reversal
invariant Hamiltonian has to be at least two-fold degenerate. Using formula (2.11]) one can
show any eigenstate [¢) and its time-reversal state are in fact orthogonal

(O¢|¢) = (00¢|0Y) = —(OY[¢) = 0. (2.12)

'Haldane made his prediction years before the word “graphene” came into use. The original paper published
in 1988 uses the term “2D graphite”.
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If no spin-orbit interaction is present, the Hamiltonian eigenstates are spin-degenerate for any
Bloch wavevector k and any band m

EmT(k) = Emi(k) = Ept(—k) = Eny(—k), (2.13)

where the degeneracy of states with inverted wavevector follows from the formula . The
degeneracy of each state is then at least two-fold; the material is topologically trivial.

The spin-orbit interaction lifts spin degeneracy but keeps time-reversal symmetry. The
time-reversal image of any state in the crystal is the state with an inverse value of Bloch wave
vector k — —k and inverted spin. The Kramers theorem is satisfied when these pairs have
the same energy eigenvalue

EmT(k) = Eni(fk)’ (2.14)

where m, n are band indices. However, band indices m,n do not have to form pairs over the
whole Brillouin zone; we discuss this topic in more detail at the end of this section as one of
the topological criteria.

There exist number of possible methods to calculate Zy topological invariant [8,/10,21,22].
One method of evaluation Zy invariant v is using sewing matrix w [23]

Wi (k) = (U (—k)|Ouy (K)). (2.15)
From the properties of the time-reversal operator follows
wh (k) = —w(—k). (2.16)

There are several high symmetry points in Brillouin zone where k is equivalent to —k, which
we will note as I', — time-reversal invariant momenta (TRIM) points

G

To=-Ta+ G, Ta= 7, (2.17)

where G is a reciprocal lattice vector
G =n1b; + nobo, (2.18)

where ny; and mo are arbitrary integer numbers. Only the lowest-order reciprocal lattice
vectors count inside the first Brillouin zone. We can use the following notation

n n
Fnl,n2 = ?11)1 + gb% ny,ng = 0,1. (219)

Negative values of ni, no = —1 can be omitted since they are equivalent to points with nq,
ny = 1. In general, there are four TRIM points in any 2D system; one is I' = (0,0) point.

In TRIM points I',, the matrix w is antisymmetric. The determinant of an antisymmetric
matrix is the square of its Pfaffian. We can define the time-reversal parity of the antisymmetric
matrix

5, = —iwo@a)] 4y (2.20)

/Det[w(T,)]

The total v invariant is then the parity of the product of all individual values d,

(=1 =] a- (2.21)
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It is possible to choose the sign of the square root in the formula , and the sign of d,
is arbitrary. However, the branch of the square root has to be chosen continuously over the
Brillouin zone, and the product of an even number of §, is independent of branch selection.
The invariant v denotes two equivalence classes of the band structure, which can be contin-
uously deformed, changing time-reversal symmetric Hamiltonian without closing a gap. The
consequence leads to the existence of “topologically protected” surface states at the interface
between material with v = 1 and v = 0. The topological surface states have to cross the band
gap, and they have to be spin-polarized. The 2D topologically non-trivial system is known
as a quantum spin Hall insulator. As in the quantum Hall state, the electron orbits inside
the bulk are insulating with a band gap, and only the edge states contribute to the transport
properties. Since the system is without an external magnetic field, the edge states have to
differ from QHE edge states. The spin-up electrons propagate in a single direction, while
opposite spin electrons propagate in the opposite direction.

N

v=0

f

E
> g; Er
‘k
E
?§E+
Ab Aa Abk

!

b

d
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_Ab Ay b

Figure 2.3: (a) Schematic representation of surface electronic orbits in the quantum spin Hall
insulator. Red and blue lines correspond to spin-up and spin-down states, respectively. (b)
Energy levels of bulk conduction and valence band states. The red and blue lines show the
dispersion of spin-up and spin-down edge electron states. (c) and (d) Schematic energy levels
of surface states in a topologically trivial and non-trivial case. The figure shows necessary

Kramers degeneration in two nonequivalent time-reversal invariant momenta (TRIM) points
A, and Ay.

The dispersion of the surface states in this system was studied theoretically using an
effective model by Bernevig, Hughes, and Zhang (BHZ) . The effective model is developed
for HgTe quantum well in a CdTe buffer. HgTe is a material with a large spin-orbit coupling
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leading to an inverted band structure, while CdTe is an ordinary semiconductor. While CdTe
is an ordinary semiconductor with p-type valence band I's (J=3/2) and s-type conduction
band T'g (J=1/2), HgTe has an inverted band structure due to strong spin-orbit splitting.
Figure shows the schematic band structure. The edge states of the BHZ Hamiltonian

L2 HgTe

T=30mK

Ry4,03/Q

05 00 05 1.0
- 5
b HgTe e T HgTe 107F (Vg=Vin) /V
E1 H1
””””””””” B Y \
CdTe |}---4 CdT CdTe |- CdTe 107k Vel -
H1 € E1 // v ‘\ G=2e?h
3
. 10 L L L . L
-+ > I's Te o » -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
d<de d>dc

(Vg =Vinr) 1V

Figure 2.4: (a) Schematic band structure of HgTe and CdTe. (b) Schematic energy levels
in the HgTe quantum well for the non-inverted case (left) and inverted case (right). Image
reprinted from [24]. (c¢) Experimental Hall resistance and (d) longitudinal resistance concern-
ing Fermi energy level tuning via gate voltage. Reprinted from

have a simple form of its effective Hamiltonian in the space defined by states |¢) 1) and

| 1)
Heage = Akyo, (2.22)

where A is a material parameter connected to a Dirac velocity A = hAv, o, Pauli spin matrix
and edge is parallel with y axis. This is precisely the dispersion shown in figure (b) with
two linear lines each for opposite spin polarization and Dirac point in its intersection. The
defects or impurities can change the dispersion of the state. However, as long as time-reversal
symmetry is conserved, the linear dispersion in the Dirac point is not changed; it only can be
shifted upwards or downwards in the energy scale. Perturbation of the Hamiltonian without
time-reversal symmetry opens a gap in the surface states.

Experimental demonstration of quantized electrical conductivity in this system was per-
formed by Konig et al. . They have observed quantized Hall conductivity o, = % and

longitudinal conductivity G = % The factor of 2 in longitudinal conductivity is caused by

two transport channels available — each edge has a contribution of % The QSH effect was
observed for HgTe quantum wells thicker than critical thickness d. ~ 6.5 nm. The interpreta-
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tion of the critical thickness is straightforward — confinement energy has to be small enough
to allow inversion of the quantum well states. Historically, the first theoretical prediction of
quantized conductivity in HgTe quantum well was by Pankratov as early as 1987 |26].

There exists certain correspondence of Zgy invariant v to Chern number. In a system
with conserved S, spin component, the solution splits for spin-up and spin-down with Chern
number for each spin direction n4 and n|, respectively. The time-reversal symmetry leads to
a result the total Chern number has to equal zero

Ntotal = N + N = 0, ny = —ny. (223)

Half of their difference evaluated modulo 2 is Kane-Mele Z, topological invariant v

= (W) mod 2. (2.24)

Zs3 topological invariant defines parity of the particular Chern number n4 or n,.

The above-presented definition of the topological invariant v is not unique. Several alter-
native but equivalent definitions exist; see, for instance, |27]. Each of the equivalent definitions
presents a different point of view on the concept of topological theory.

The first developed topological invariant concept was the Pfaffian invariant presented by
Kane and Mele [28]. This concept historically preceded the above formulation with sewing
matrix invariant. This invariant uses matrix m representing time-reversal operator in the
basis of Bloch states

Mann (k) = <um(k)’é’un(k)> (2.25)

The topological invariant is defined as an integral over a closed loop

L 1 dPf[m]
271 Joppz Pflm]

(mod 2), (2.26)

where the integration goes over the boundaries of the effective Brillouin zone. The effective
Brillouin zone is half of the whole Brillouin zone, where only one of each pair of time-reversal
symmetric points (k,—k) is present. The definition of the effective Brillouin zone is not
unambiguous; the integration over the effective Brillouin zone boundaries has to omit vortices
in the Pfaffian of m matrix. This invariant counts the number of the Pfaffian vortices pairs;
vortices in Pfaffian come in pairs in k£ and —k. Two pairs of Pfaffian vortices can cancel with
each other. The Pfaffian invariant is a parity of the number of vortices pairs. Thus invariant
value v = 1 corresponds to an odd number of vortices pairs, and at least one pair of them
must be present in the system as long as the time-reversal symmetry is preserved.

In this text, we will present one more definition of the topological invariant v presented
by Fu and Kane [29|, so-called obstruction interpretation. The topological invariant v is
evaluated using the integral formula

(st Lo e

where A =" A, is the total Berry connection (sum of Berry connections over all occupied
bands) constructed from Kramers pairs and F' = V x A is the Berry curvature. In a normal
situation, the path integral of the Berry connection and the integral of the Berry curvature
have the same value according to Stokes’ theorem. The system is topologically trivial with the
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invariant v equals zero. In the topologically trivial system we can also choose a continuous
basis of the filled states (e;)?", such that Oegj_i(k) = ea;(—k). Such a case corresponds
to the example presented in figure c), where the pair of Kramers states denoted by blue
and red line degenerate with each other in all TRIM points. In the topologically non-trivial
system, such a continuous basis definition is impossible. The situation is schematically shown
in figure 2.3[(d). Although the Kramers theorem is always satisfied, the pair of bands that
degenerate at a certain TRIM point A, do not necessarily degenerate at the other TRIM
point Ay. Then we cannot construct a continuous basis as defined above, and the subsequent
discontinuity obstructs Stokes theorem and leads to a nonzero integer value of the topological
invariant v. It is worth noting that a pair of such obstructions cancels out; this leads to the
definition of Zo invariant, which can be understood as a parity of the integer value.

2.3 Three-dimensional topological insulators

Generalizing 2D invariant to three dimensions, Fu, Kane, and Mele obtained four invariants [7]
(vp; v1v9v3). Instead of four high symmetry points in the 2D system, the 3D system has eight
time-reversal invariant momentum points A,. We will note them in a following way

1
5 (n1 b1 +nsoby + ngbg) R n; = 0,1, (2.28)

Fnlnzn:a =

where b; are reciprocal lattice vectors. The strong invariant v is the parity of the product of
all eight TRIM points as in formula ([2.20))

(=1 =] da- (2.29)

The other invariants are obtained as the product of only four TRIM points in the particular
surface 2D Brillouin zone. Since three possible independent surface orientations exist, we can
define three independent invariants. The invariant for surface perpendicular to x includes the
product of TRIM points with nqy =1

<_1)V1 = H 61n2n3- (230)

n2,3=0,1

The definition of the other two invariants is straightforward

(_1)V2 = H Ony1ngs (_1)V3: H Oninal- (2'31)

n1,3=0,1 n1,2=0,1

The selection of the TRIM points for the invariants vy, 15, and v3 are shown in figure [2.5
The ordinary insulator has trivial values of these invariants (0;000). Non-trivial topological
insulators are divided into the general class of strong topological insulators with vy = 1 and
weak topological insulator with vy = 0 but the nonzero value of at least one of the other
invariants vy, 1o, v3. The consequence of a topologically non-trivial state is the existence of
topologically protected surface states with Dirac cone dispersion.

Strong topological insulators have an odd number of Dirac cones present at any surface
orientation. Thus the strong topological insulator has topologically protected surface states
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Figure 2.5: Schematic image one-eighth of Brillouin zone of the cubic lattice. Black and
red circles denote all eight TRIM points. Left: Red circles denote TRIM points selected for
invariant v; — in a plane perpendicular to z-axis. Center and right: TRIM points selection
for invariants 5 and v3, respectively.

insensitive to disorder as long as time-inversion symmetry is conserved. Breaking of time-
reversal occurs with a magnetic field or magnetic order.

Weak topological insulators have an even number of Dirac points which can appear at
particular surface orientations. At the same time, at the other surface orientations, there is
only ordinary dispersion with a band gap. In a weak topological insulator, the Dirac cone-like
dispersion is not robust to any time-reversal perturbation. Specific perturbations, such as
coupling between two identical Dirac cones, can simultaneously open a band gap in a pair of
Dirac cones. Weak topological insulators have topological surface states, but they are not as
robust to impurities as strong topological insulators.

From the TFT point of view, the Chern number as a topological invariant exists in an
even number of spatial dimensions. The systems in lower dimensions can be seen as a pro-
jection from higher dimension systems [6]. Then the Z topological invariant — Chern number
transforms into a lower dimension only as parity, i.e., Zy topological invariant. The quantum
Hall effect exists in two dimensions, with the first Chern number as an integer topological
invariant. The next lowest system is the four-dimensional system described by the second
Chern number. Three-dimensional topological insulators and quantum spin Hall systems can
be seen as their projection to three or two dimensions, respectively. The topological invariant
is then just the parity of the second Chern number.

2.4 Properties of strong topological insulators

The surface states of the strong topological insulator can be evaluated with an effective
Hamiltonian with the surface perpendicular to z-axis

Hgwt = hvf(o'a:ky - Uykx)7 (232)

up to the leading order in & [30,[31]. The dispersion of the surface states is linear Dirac
cone with spin locked perpendicular to the momentum. The topological properties of such
states are similar to edge states in QSH insulators; they resist perturbations, not breaking
time-reversal symmetry.
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Surface states in topological insulators are not localized and should have quantized lon-
gitudinal and Hall resistance. According [32], the Hall conductance of states with linear
dispersion has half-integer quantum Hall effect

1 2
Oay = (N + 2) % (2.33)

Since there are two surfaces of any imaginable sample expected total conductivity in the
experiment is an integer product of e?/h.

The spin-momentum locking directly leads to spin-related phenomena. For example,
charge fluctuations lead to spin fluctuations; novel excitation is present in topological in-
sulators. If a sample is irradiated by circularly polarized light, only electrons with specific
spin and momentum are excited, leading to spin-polarized photocurrent [33].

The surface quantum Hall effect also can be observed via a magnetic field induced by
surface currents. An electric field induces the magnetization, or a magnetic field electric

polarization [6}34]
2 2

M = Pg%E P= —Pg%B, (2.34)

where P3 = £1/2 is the quantum of Hall conductance with sign according to the orientation
of magnetic field with respect to the topological insulator surface. The consequences of this
effect lead to a peculiar image magnetic monopole if a point charge is positioned close to a
boundary of the topological insulator and trivial insulator [35]. Another related effect is Kerr
and Faraday’s rotation of incident light due to surface states [36,37], which can be used to
measure quantized value Pse?/h.

The topological insulator with incorporated ferromagnetic ordered atoms have quantum
anomalous Hall effect (QAHE), with quantized Hall conductivity and dissipation-less longi-
tudinal transport with zero resistance without applying an external magnetic field [38,39].
Magnetic atoms inside the topological insulator induce the magnetic field. The first experi-
mental observation QAHE was done by Chang et al. [39] in vanadium doped (Bi,Sb)2Tes.

One of the most peculiar properties rises at the interface between a topological insulator
and superconductor [40]. Such interfaces can host Majorana fermion excitations. Several
proposed experimental configurations have several superconducting domains with different
phases on top of a single topological insulator |[41]. Other proposed concepts were based
on the proximity of magnetic phase, and superconductor on topological insulator |[42]. The
topological insulator in Josephson junction has been recently reported to form a hybrid qubit
as a promising structure for quantum computing [43].

2.5 BiyTes, BisSe; and Sb,Te; family of topological insulators

Bismuth and antimony chalcogenide materials BisTes, BisSeg and ShoTes have been studied
for many years as low band gap materials and especially as materials with the highest ther-
moelectric efficiency at room temperature [44]. They all have very similar hexagonal crystal
structures consisting of five atomic layers (quintuple layer — QL), which are weakly bound
at the so-called van der Waals gap. The crystal structure of BisTes is plotted in figure
(a). Crystal structure of BizSez and SbhyTes is almost identical to BiyTes with only slightly
different interplanar distances. The van der Waals gap has substantial consequences on the
mechanical and structural properties. Crystal of bismuth chalcogenide very easily cleaves in
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vdW gap

vdW gap
OTe

Figure 2.6: (a) Crystal structure of BisTes. (b) Crystal structure of Bi;Te; for comparison.
Black and green arrows show unit vectors of the hexagonal and rhombohedral unit cells,
respectively. Crystal structure of BisSes is very similar to BisTes structure with tellurium
atoms replaced by selenium and minor changes in interatomic distances.

the van der Waals gap, and clean surfaces can be easily prepared via Scotch tape technique
similar to the graphene preparation. The termination with anion (Se, Te) is also preferential if
the clean layer surface is prepared evaporating protection capping layer [45]. The weak bonds
also affect strain in the epitaxial layers; the van der Waals structure can release stress during
the growth, and the critical thickness to grow relaxed film is small. In other words, even
thin films grow as relaxed structures. The van der Waals gap is naturally strongly preferred
surface termination; the surface of the BisTes films shows steps with the thickness of 1 nm,
which is a thickness of a single QL motif [46].

The QL structure can be seen as a building block of compounds with different stoichiom-
etry. The most prominent example is the BiTe structure (stoichiometry BijTe;), which is
plotted in figure (b) It can be seen as a series of two QL and a bismuth bilayer — 2BisTes
+ Biy. A theoretical description of x-ray diffraction in this random system is presented in
section More generally, with alternating changing such building blocks, it is possible to
achieve any chemical composition between BiyTes and BisTes (1 QL + Biy) [47,/48]. In the
chapter [4] we present structural studies of BiyTes and BiTe thin films [46] and homologous
series of general Bi,Te, composition [49].

The structure of Bis X3 is trigonal with fcc-type stacking of individual hexagonal layers
(ABCABC...). The symmetry axis is only three-fold, and there is a high probability of
forming inverted twin domains. The twin domain ratio depends on the mismatch to the
substrate. While BiyTes has a low mismatch (0.05%) to the BaFg the probability of twin
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Figure 2.7: Experimental electronic structure of the BisSes and BiyTes using ARPES.

domain formation is a couple of percents [46], for BisSes the mismatch reaches 2% and the
twin domains form approximately half of the film. The size of the domains is approx 100 nm
as was shown by HRXRD [46] or low energy electron microscopy (LEEM) [45].

The non-trivial topology in BisSes was experimentally shown by Xia et al. [50]. All three
materials are strong topological insulators with Zs topological invariants (1;000) [2]. The
experimental dispersions measured using ARPES are plotted in figure From the bulk
band structure point of view, BisSes is a narrow band gap semiconductor with a direct band
gap in I' point of 200 meV at 10 K. Topological surface states have excellent linear Dirac cone
shape with Dirac cone positioned well inside the bulk band gap Bulk band structure of
BisTes is different; it has an indirect band gap with a conduction band minimum in I' point
and another local minimum close to Z-F line. The maximum of the valence band also lies
close to Z-F line; it is an indirect band gap semiconductor with an indirect gap of 180 meV
but the direct band gap transition is only 200 meV at 10 K temperature. The band gap has
a maximum value for Se concentration of about 30 %.

Particular interest is given to magnetic doping with manganese to make a basis for the
quantum anomalous Hall effect. Manganese atoms form septuple layer structures MnBis Xy
(SL). The crystal structure is composed of randomly alternating QL and SL blocks forming
a natural heterostructure. The average number of the various blocks is determined by sto-
ichiometry. Two reprinted works are devoted to manganese doping in BisSes and BisTes.
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Another paper presents direct evidence of the gap opening in the Dirac point correlating with
out-of-plane magnetization in Mn-doped BisTes. The last paper deals with the magnetic
structure of MnSbsTey, which shows an unusually high Curie temperature of about 50 K.
These results are promising for possible observation of QAHE at temperatures above 10 K.

2.6 Topological crystalline insulators

Additional crystal symmetry can induce topologically protected states even in topologically
trivial materials. These materials have to possess an even number of Dirac cones (or ob-
structions as defined in section inside a Brillouin zone. In a specific case, the pair of
Dirac cones is protected via crystal symmetry. We will briefly present the crystal with mirror
symmetry, where a topological invariant mirror Chern number can be defined [51-53]. In a
system with half-integer spin, mirror symmetry operator M squares as M2 = —1 and has
two eigenvalues +i. In the three-dimensional system, let us note ¥ a surface in the Brillouin
zone which is invariant under mirror symmetry M. For example, if the mirror plane is zy-
plane, mirror invariant reciprocal planes 3 are planes with k, = 0, k, = m/c. The electronic
eigenstates at X plane decompose into two groups according to their mirror eigenvalue. Let
us note them as |u,) and |u; ;) with eigenvalues +i and —i, respectively. We can evaluate
the Chern number for each of the mirror subspace C', C_ using formula [53]

—i
Cy = %/Edk‘xdkyTr [0.A% (k) — 0,AE (k)] (2.35)
where Afl y = (uf |0l uil ) is Berry connection in the mirror subspace. In time-reversal
symmetric systems C'y +C_ = 0 holds and the mirror Chern number C,, is defined analogous
to formula (2.24) as
Cy—C_
Con = *T (2.36)

The mirror Chern number C,, can have odd or even values. When C), is even, the surface
Dirac cones exist only on mirror-symmetric surfaces. The Dirac cones are in pairs located not
in the TRIM points but along mirror invariant lines in the surface Brillouin zone, which map
onto itself under mirror symmetry. On the other hand, odd C,, implies an odd number of
Dirac cones in any surface Brillouin zone. The material is a conventional topological insulator
with Dirac cones positioned in TRIM points.

One of the most studied topological crystalline insulators is narrow band gap semiconduc-
tor (Pb,Sn)Se and (Pb,Sn)Te alloys. Lead compounds PbSe and PbTe are trivial insulators,
while tin compounds SnTe and SnSe have inverted band structures [54,55]. These materials
crystallize in a cubic rock salt structure, and they have a direct band gap in L point. In PbTe,
the valence band edge is formed by Lér states and the conduction band edge by L states,
while SnTe is inverted with Ly being valence edge states and Lg conduction band edge states.
At a certain concentration, the band gap closes, forming the Dirac cones. Band gap closing
occurs at 20-25% of Sn in selenide and around 40-50% of Sn in telluride, according to figure
[2.8. Band gap size is also temperature dependent, and a transition from trivial insulator to
topological crystalline insulator can be induced by cooling. This effect was demonstrated by
Tanaka et al. for (Pb,Sn)Te [57] and Dziawa et al. in (Pb,Sn)Se [58]. The particular disper-
sion of the surface states is surface orientation dependent. The rock salt structure has three
possible mirror symmetric surface orientations (001), (111), and (110) [59]. Most studied
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Figure 2.8: Band gap in (Pb,Sn)Se and (Pb,Sn)Te alloys as a function of composition. Figure
reprinted from .

were (001) and (111) orientation; their surface Brillouin zones are plotted in figure In
(001) orientation, four Dirac cones are in the vicinity of X points. On the other hand, (111)
surfaces have four Dirac cones in I' and M points . An example of the band gap in I’
point temperature dependence in (Pb,Sn)Se alloys is presented in figure One can get a
phase transition from topologically trivial into a topological crystalline insulator for a certain
alloy composition.

=

PbSnSe (111)

O Topological surface states

® Time reversal invariant momentum

Figure 2.9: Surface Brillouin zones for (001) and (111) surface. Eight bulk L points project
into the four X points in the case of (001) surface. At (111) surface the bulk L points project
into I' and three M points.

The strain in [111] direction lifts the degeneracy of the ' and three M points. This
leads to an odd number of Dirac cones with properties of a strong topological insulator [29].
Our experimental work has shown the degeneracy can be lifted by doping (Pb,Sn)Se with
bismuth . The experiments were performed for tin concentration z = 28%. We have
shown the band gap closes at ~ 120 K without bismuth doping. If the bismuth concentration
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Figure 2.10: Experimental temperature dependence of the band gap in two (Pb,Sn)Se samples
in topologically trivial (a) and transition to inverted band structure (b). The experiment was
performed at end-station ARPES 12 at synchrotron BESSY II.

overcomes 0.5 % band gap in M points closes while in I' remains opened. The resulting case
has an odd number of Dirac cones which is Zy topological insulator.



Chapter 3

Experimental methods

This chapter will briefly present several experimental methods in which the author has par-
tially participated in the experiment or data analysis. Special attention is devoted to the
x-ray diffraction analysis of thin films in the first section, which is the primary method used
by the author. The second section describes several other methods: synchrotron-based x-ray
absorption spectroscopy (XAFS), angle-resolved photoemission spectroscopy (ARPES), and
two methods that are available in CEITEC Nano core facility — low-temperature transport
measurement and high-resolution transmission electron microscopy (HR-TEM).

3.1 Structural analysis of thin films by X-ray scattering

In this chapter, we describe the primary method used for the structural characterization of
epitaxial thin films. X-ray scattering provides beneficial information about the crystalline
structure of samples. Another widely used method is electron microscopy, namely high-
resolution transmission electron microscopy. The advantages of the x-ray diffraction are
the following (i) non-destructive method, (ii) no need for surface preparation, even samples
with protective cap layer can be studied, (iii) averaging the information over relatively large
sample volume (tens of mm?). On the other hand, x-ray diffraction is an indirect method,
and the structure has to be modeled. The usage of an incorrect model leads to incorrect
results. If an unknown structure is studied, selecting a proper model is critical. An example
of such a case is presented in this work. First studies of manganese doped BisTes assumed
manganese substitutional or interstitial incorporation of Mn atoms into BisTes lattice. The
disordered structure of BisTes layers was attributed to the stacking of BisTes quintuple layers
and Bi double layers. Nevertheless, it turned out the actual structure consists of alternating
quintuple layers BisTes with septuple layer structure of MnBisTes — i. e., Te-Bi-Te-Mn-Te-
Bi-Te structure. The structure was confirmed by high-resolution TEM. A combination of
several experimental methods achieves the best results in structural characterization. That
is, of course, a general statement valid for all experimental science.

3.1.1 Basics of x-ray scattering from thin films

In this chapter, we will briefly describe the x-ray scattering theory with a focus on the model of
randomly alternating structural motifs. More detailed descriptions can be found, for example,
in the book by Pietsch et al. [62] The x-ray scattering from crystals can be described as a

19
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quantum mechanical scattering model. In the following text, we will limit the description to
elastic photon scattering. The x-ray photon propagation is described using Maxwell equations
and derived wave equation

(A+ K E(r)=V(r)E(r), (3.1)

where we have already evaluated the time-dependent part of the electromagnetic wave E(r,t) =
E(r)e v K = 27” is the magnitude of the vacuum wave vector, wavelength A, frequency

w = Ke, and V is the scattering potential
V(r) = —K%x(r) + grad div, (3.2)

where () is electric susceptibility. Since x-ray wavelength is comparable with interatomic
distance, spatial variation of electric susceptibility includes the atomic structure of matter.
Here we have also neglected magnetic response, which is at x-ray frequencies very well satisfied.
If the incident state is described with a state |Ep), total wave field |E) and the scattering
potential as v, scattering theory leads to the following formula

|E) = |Eo) + GoV|E), (3.3)
where éo is Green’s operator of the wave equation. This equation can be rewritten as
|E) = |Eo) + GoT|Eo), T=V +VGV +VGVGV +--- (3.4)

The general solution to this formula is complicated. The simplest approximation is to take
only the first term in the infinite series, the so-called first Born approximation, known as a
kinematical approximation in the theory of x-ray scattering

|E) ~ | Eo) + GoV| o). (3.5)

In other words, the kinematical approximation describes the scattering process as a single
scattering process. The kinematical approximation also assumes that the intensity of the
incident wave is not affected by the scattering processes.

Thus the kinematical approximation can be used if the following conditions are satisfied

1. the intensity of the incident beam does not change within the scattering volume,
2. the scattered intensity is much lower than the incident beam intensity and

3. multiple scattering processes are negligible.

Those conditions are satisfied if

1. diffracting volume is small — comparable length-scale is coherence length of the x-ray
radiation, or

2. sample consists of many small incoherent domains (sometimes the term “crystallite” is
used instead of the more precise “coherently diffracting domain”), or

3. single crystal sample has very high defect density — effectively, it means the sample
consists of many small domains bound by the defects (dislocations, stacking faults,
among others).
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In other cases (high-quality single crystals) dynamical theory of diffraction has to be used,
which solves the whole equation [63].

The studied thin film samples always consisted of many domains with size in the order of
100-300 nm, being much smaller than the coherence length of 2 um in a typical high-resolution
x-ray diffraction setup with Cu Ka source and Ge(220) two-bounce monochromator. Thus
kinematical approximation is used in the following. The equation can be rewritten in a
space coordinates as

eiK\rfr’\ .
E(r)= By — - /d3r’V(r')E0(r'). (3.6)

47 | — 7|

The incident wave is usually in the form of the plane wave E(r) = Ege' 0", Usually, we
observe the beam scatted into a direction far from the sample rather than intensity distribution
in real space. The phase in Fraunhofer approximation equals

Klr—7r'|~Kr— K -7/, (3.7)

where scattered wave vector K = kr/|r| is pointing from scattering volume towards detector.
The scattered wave field is then simply

1 eiKr
Ey(r)=——

- Ey / A3/ e I K=Ky (phy, (3.8)
Tt r

which means the scattered amplitude is proportional to the Fourier transform of scattering

potential. Usually scattering vector @ is defined as @ = K — K and the amplitude scatted

to the direction K then equals

E, (Q)= A/d%’e—i@’“’f/(r’), (3.9)

where A stands for a multiplication factor.
The susceptibility at x-ray frequencies is proportional to the electron density p(7)

2
X(r) = = rep(r), (3.10)

m is the classical electron radius. It is worth noting that the formula is a
high-frequency limit of classical Drude response of free electrons.
The electron density inside a crystalline sample is the sum of the electron density of each

atom

where r, =

N M
p(r) :Zzpj(T_Rn_rj)’ (3.11)

n=1 j=1

where the first sum runs over all IV unit cells, each positioned at R,, and the second sum over
M atoms within the unit cell, r; is position of j-th atom within unit cell. It is advantageous
to evaluate Fourier transform of the electron density

PFTQ)=F(Q)) e '¥Fn, (3.12)
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where the structure factor of the unit cell F' is evaluated as
. M .
F(Q) = / Prpeen(r)e 9T =" £i(Q)e 1T, (3.13)
j=1

where f;(Q) is the atomic form factor of j-th atom equal to the Fourier transform of electron
density of the single atom.

The intensity of the scattered beam is proportional to the square of the magnitude of
scattered wave amplitude

1(Q) = E(Q)F = E*(Q)E(Q). (3.14)
Putting formula (3.12)) into the intensity we obtain

I(Q) =AIF(Q)PS(Q), S(Q) =) e '@FEn—Rm) (3.15)

where S(Q) is a geometric factor describing crystal structure and shape, and A is a multi-
plication factor including experimental geometry, incident intensity, and detector aperture.
Usually, we measure only relative values, and the factor A is treated as an arbitrary fitting
parameter.

The natural materials have non-negligible x-ray absorption. The usual way to account
for absorption is to add photon energy-dependent dispersion corrections (Honl corrections)
to the atomic form factor

f(Q.E) = fo(Q) + f'(E) +if"(E), (3.16)

where f'(E), f”(E) are real and imaginary dispersion correction, respectively. The absorption
is proportional to the imaginary part. The real and imaginary parts of the form factor satisfy
Kramers-Kronig relations. The susceptibility x and refractive index n = /1 + x of any
material is then complex.

The simplest way to account for absorption correction is to correct the wave vector k
inside the material to match material refractive index n. The relationship is given by the
simple optical formula

k? = n2K? = n? (5)2, (3.17)

c
by continuity of the in-plane component of vacuum wave vector K| and wave vector in material
k| = K|. Instead of the scattering vector @ = Ky — K;, we will use the corrected scattering
vector q = ky — k;.

3.1.2 X-ray scattering from the thin film with randomly alternating motifs

In this section, we will present the theoretical description of the x-ray scattering on the sample
with randomly alternating motifs. Non-stoichiometric crystals of van der Waals topological
insulators of BigX3 family often form crystalline structures with random stacking of two or
more building blocks. Systems with alternating structures were theoretically and experimen-
tally studied previously by Holstein, Croset, Kopp et al. [64-67].

We have used a similar model also derived from Pukite’s model of stepped surface [68].
Assume the layer consists of alternating motifs A and B. For example, it can be BiyTes
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quintuple layer and bismuth bilayer [49] or BisTes quintuple layer and MnBisTey septuple
layer [69]. Assume the layer consists of P segments, each with nJA and njB elements of type A
and B, respectively. Here numbers nf and nf are random integer numbers different in every
segment. In such a way, we can describe any sample with alternating A and B motifs.

In the following, we will limit to the symmetric scattering, where vector @ is parallel with
surface normal axis z. Then only z component of the atomic positions plays a role.

Let us define the structure factor of motif A

My '
q) =Y filg)e %, (3.18)
t=1

where the sum runs over M4 atoms in motif A and the thickness of motif A is D4. Corre-
spondingly we define structure factor Fg and thickness Dp of motif B. The structure factor
of the j-th segment is then

n;‘ nf
= Z Fa(g)e iaPav 4 e 1aDang Z Fp(g)e '4Ppv (3.19)
= v=1
and its thickness
Dj =ni'Ds+n} Dp. (3.20)

The amplitude of the scattered radiation then equals to
j—1
E(q) =AY Fi(q)e %, 2z =Y D (3.21)
k=1

The scattered intensity is the sample average of the square of the amplitude

I(q) = (E*(a)E(q)) = |A]” <ZZF _l(qzj_q*zi)> - (3.22)

=1 j=1

The average can be divided into three terms: j < i, j =+ and j > i:

P
Ig) = |AP {Z (IFi(g) e 2m@=1) 4 (3.23)

=1
P -1
FX (o) Fi(q)e (@zi—a"z) Fi(q *l(qzj*q*zi)
+ D (F(@F(0e Z Z
=1 j=1 i=1 j=1+1

Two later terms with j > ¢ and j < i are complex conjugates of each other, so their sum is
its real part multiplied by two

P -1

|A|2 ZP:< |2 —21m (q)z; > 1 2Re ZZ<Fi*(q)Fj(q)efi(qzj*q*zi)> . (3.24)

i=1 i=1 j=1
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To evaluate the averages, we have used a short-range order model — we assume the neighboring
segments are statistically independent

P
I(q) _ |A|2 {Z <|F2(q)|2> <e—21m(Q)(D1+...+Di—1)> + (325)

=1
P i—1
+2Re Z<FZ*((])> <e—21m (Q)(D1+"'+Di—1)> Z <ij(q)e—iq(Dj+...+Di_1)>
=1 j=1

Moreover, any couple of D;, D;.; are also statistically independent. On the other hand, j-th
segment form factor F; and its length D; are strongly correlated. The averages can then
simplify into the form

Ig) = mP{«me> (em2m@p)™ (3.26)

(2

. i—1
<e—21m (q)D>’L_1 Z <F(q)e_iqD> <e—iqD>i*j*1

1 7j=1

+2Re | (F*(q))

E 1M~

<.
Il

Let us define a couple of new quantities

a=(F*(q), B=(F(ge Py, y={(F(q]), &=(eP) (= <e—21m(q)D>

(3.27)
The formula for scattered intensity is evaluated using well-known formulas of geometric series
summation
1-¢P af (1-¢P 1-¢P
I(q :A2{7 +2Re[ ( — . 3.28
(@) = 4P {1 = (e (329)
In the case of a very thick film, the sum can be calculated as a limit of P — oo
1 af
I(q —A2{7+2Re [}} 3.29
W= la—aa—9 329

An example of this model is presented in figure [3.1 The four figures show numerical
simulation using the formula for bismuth telluride and bismuth selenide doped with
manganese. To simplify the simulation, each element consisted of just a single septuple
layer MnBis X, and a random number of quintuple layers BisX3. The random distribution is
described with its mean value (Nqp,) and its root mean square deviation (RMSD). The calcu-
lation was performed for the constant value of relative RMSD (RMSD/(Nqr,)) (top panels)
or constant mean length (Nqp,) (bottom panels). The limiting cases are straightforward to
interpret.

The case of (Nqr,) = 50 in the top panels corresponds to a vast number of quintuples (in
average 50) with just one septuple layer structure. The system is then almost pure BisXs
system, and the peak positions correspond perfectly to a pure Bis X3 system denoted by thin
vertical black lines. On the other hand, the case of (Nqr,) = 1 is in the average system with
alternating septuple and quintuple layers. The peak positions correspond to the sum lattice
parameter ¢ = Dqr, + Dsr..
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Figure 3.1: Simulation of XRD profile of in symmetric scans.

The bottom panels show the dependence of distribution width. The curve with relative
RMSD 0.1 corresponds to an almost perfectly ordered multilayer of 5 quintuple layers and
a single septuple layer. The peaks correspond to a real space period of ¢ = 5Dqr, + Dsr..
Increasing RMSD, the peaks get smeared out to a broad diffraction curve. Interesting cases
are peaks at Q. ~ 1.9 A~! and its second order at Q, ~ 3.8 A~ which stay sharp even in a
case of very disordered structure. The reason is that the thickness of the septuple layer almost
coincides with 4/3 of the quintuple layer thickness Dsy, =~ 4/3Dqr,. The third order diffraction
of quintuple layer structure (inter-planar distance d = Dqr,/3) thus corresponds to the fourth
diffraction order of septuple layers (inter-planar distance d = Dgy,/4). In other words, both
components share a mutual spatial frequency, and corresponding diffraction peaks do not
vanish in any random QL/SL stacking.

3.1.3 Substitutional and anti-site defects

The x-ray diffraction also allows us to study substitutional point defects in the positions of
the other atoms to a certain extent. The diffraction intensity is proportional to the square
of the structure factor. However, the most substantial effect is caused by heavy atoms, and
light atoms have only a minor contribution to the total scattering factor. For example, in the
case of manganese doped BisTes, Mn is a very light element to bismuth or tellurium, and it
is generally not feasible to determine its position within the lattice.
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Figure 3.2: Experimental (red) and simulated (black) symmetric scans of MnSbyTey thin film
grown on BaFy (111).

On the other hand, particular diffractions are sensitive to the positions of light atoms.
We will present the example of MnShsTey structure. The ideal structure of the septuple
layer MnSbyTe, is supposed to be Te-Sb-Te-Mn-Te-Sb-Te. In reality, the manganese and
antimony atoms partially intermix, as is also confirmed by HRTEM in section [3.2.2] The
structure factor of the diffractions is given by formula . Since the atomic form factor
is proportional to the atomic number, the contribution of light elements is often negligible.
Thus the determination of light atoms inside a structure composed of heavy elements is very
uncertain and often almost impossible. However, in MnSbyTe, diffraction 0006 is sensitive
to the intermixing of Sb/Mn atoms. This diffraction is relatively weak because form factors
of Sb and Te atoms sum in structure factor with opposite phases; thus, their contribution
to the total structure factor is tiny. In such case, even small changes in structure factors
significantly impact the resulting intensity.

The simulation of MnSbsTey XRD profile with various intermixing values is plotted in
figure The simulation was performed for several values of C}, which are the concentra-
tion of manganese in central position Mn(Mn) and C manganese concentration in antimony
position Mn(Sb). The SL has a single manganese position and two antimony positions. The
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stoichiometry of the structure is Mn,Sby_,Tey, where z = C7 + 2C5. The set of simulations
was performed for the fixed total stoichiometry value x = 1.06, which was determined using
the Rutherford backscattering (RBS) experiment [70]. The figure shows that the antimony
and tellurium form factors do not cancel in the ideal structure; the simulated diffraction peak
vanishes close to total Sb/Mn intermixing C; ~ Cy ~ 1/3. Our experimental data shows the
real intermixing is close to 10 % of the manganese position occupied by antimony (C; = 0.9).

3.1.4 Reciprocal space mapping: lattice parameters and domain size

64 T T T 622 ] ] ]
(a) (b)
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Figure 3.3: (a) Temperature dependence of (Pb,Sn)Te and BaF; lattice parameters. (b)
Temperature dependence of (Pb,Sn)Te lattice angle. (¢, d) Reciprocal space maps in the
vicinity of 513 reciprocal lattice points at 80 K and room temperature, respectively.

2.8
Qy_101 (17A)

Another essential property studied by x-ray diffraction is strain and lattice in the epitax-
ial layers. Most often, the epitaxial layer is grown on (001) or (111) surfaces of the cubic
substrate. Without any other preferential in-plane direction induced, for example, by miscut,
the symmetry along the out-plane axis is a four-fold or a three-fold rotational axis. For such
a case, the in-plane strain in any in-plane direction has the same value. That dramatically
simplifies the analysis since one needs to determine lattice parameters in arbitrary in-plane
and out-of-plane directions.
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The lattice parameters are determined by measuring XRD reciprocal space maps in the
vicinity of two reciprocal lattice points. Usually, one symmetric diffraction is selected, and
the other has to be asymmetric. We can achieve higher precision using the substrate peak
as a reference. The symmetric diffraction is independent of the in-plane lattice parameter;
its position is used to determine the tilt between the substrate and layer lattice. The asym-
metric reciprocal space map is corrected for lattice tilt, and both in-plane and out-of-plane
lattice parameters are determined. An example of (Pb,Sn) lattice parameter determination
is presented in figure Let us define the substrate lattice parameter ag,p, layer in-plane
lattice parameter a), out-of-plane a,, and unstrained lattice parameter of the layer ap. The
reciprocal space maps in figure (c,d) show several essential lines, the so-called relaxation
triangle. The vertical line parallel with (), axis denotes the position of fully strained lattice,
also called pseudomorphic, when the in-plane lattice parameter matches the substrate one
a| = Gsub- The relaxed line corresponds to the case of the layer holding its free unstrained
lattice parameter a; = a) = ap; this line connects the substrate peak position with the origin
of coordinates. Two other lines correspond to the lattice of SnTe and PbTe. In general, the
experimental peak should appear inside the relaxation triangle. The layer is fully relaxed
at room temperature shown in panel (c¢). However, at a temperature of 80K in panel (d),
the layer peak is above the relaxation line, and the structure is over-relaxed. Differences in
thermal expansion coefficients can easily explain such a case; (Pb,Sn)Te layer has a bigger
thermal expansion coefficient than BaFs substrate. During cooling down, the layer lattice
shrinks more than the substrate leading to an in-plane tensile strain in the layer.

The strain of cubic materials can be calculated from lattice parameters. For in-plane and
out-of-plane strain it holds

aj — a _
2 e =% (3.30)
ao ao

Solving linear theory of elasticity for stress-free surface, we obtain the strain components
constraint via Poisson’s ratio v

el = —21 el (3.31)

—v
Evaluating the preceding formula using lattice parameters, we obtain a formula for unstrained
lattice parameter

(1 —=v)ayr +2va

1+v ’
The formula is handy if we have to determine the composition of ternary alloy using Vegard’s
law. The Poisson’s ratio for (001) and (111) orientation of cubic lattice can be evaluated
using components of an elastic tensor as

Ciz o 101 4201 — 20y
Ciit+Cr M7 200 +200+Cu

In the case of (111) surface, the cubic lattice is deformed along [111] direction. The
lattice of the layer is not cubic anymore but rather rhombohedral. It can be helpful to
evaluate not out-of-plane a; and in-plane q| lattice parameters but rather to describe it
using rhombohedral lattice parameter a, and angle o,.. The transformation formulas follow
from the geometrical correspondence

(3.32)

apg =

Voot = (3.33)

2 2 2 2
a 2a as —a
ar = {2 s, = L0
r — r — .
’ ai—|—2a2

(3.34)
3 i
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Figure 3.4: Inner view of Rigaku SmartLab diffractometer in CEITEC Nano core facility. A
custom-built helium cryostat by ColdEdge company is mounted in the center of the goniome-
ter. The cryostat allows for measurement down to liquid helium temperature.

If angle a = 90° the lattice is cubic without any strain and a; = a| = ag. That is the case of
(Pb,Sn)Te/BaFy at room temperature, as shown in figure

Not only peak positions carry helpful information. The shape of the diffraction peak itself
can be fitted to obtain information about layer structure. The most common model is the
so-called mosaic block model. The crystal is assumed to be composed of a vast number of
small domains, each of them with random misorientation. The model parameters are average
radii of the domains in the in-plane (horizontal) Rj, and out-of-plane (vertical) R, directions
and average misorientation Ap. The simulation procedure was described in several preceding
works [62,/71).

3.1.5 Temperature dependent XRD experiments

The temperature dependence of the lattice parameters and strain can be essential for the
interpretation of low-temperature experiments of the band structure. The structural analysis
laboratory at CEITEC was equipped with a high-temperature chamber up to 1100 °C, and a
liquid nitrogen cryostat. Later the low-temperature possibility was improved by purchasing
a liquid helium dome cryostat shown in figure [3.4]

We present several examples of low-temperature measurements of the lattice parame-
ters and strain. Figure [3.3] shows the temperature dependence of the lattice parameter of
(Pb,Sn)Te and BaFy (111) substrate. The lattice angle of (Pb,Sn)Te increases with decreas-
ing temperature. This dependence is a direct consequence of the (Pb,Sn)Te thermal expansion
being larger than the expansion of BaF, substrate.

Another example of (Pb,Sn)Se layers grown on various substrates is presented in figure
The layers with 40 % Sn were grown on BaFs (111), InP (111), and KC1 (001). The thermal
expansion coefficient of InP is much smaller, the coefficient of BaFy is slightly smaller, and
KCl is much bigger than the thermal expansion of (Pb,Sn)Se. The in-plane strain of the
layer is then compressive on KCI and tensile on BaFs and InP. The BaFs substrate with the
slightest difference in thermal expansion coeflicient causes the smallest strain in the layer.
On the other hand, the layer’s electric field can be changed with the substrate choice due to
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Figure 3.6: Temperature dependence of SnTe and (Sn,Ge)Te lattice parameters, lattice angle,
and intensity ratio of 333 to 444 diffraction peaks.

the piezoelectric effect. The layers we have studied are conductive; the piezoelectric field is
screened in the bulk of the material, and close to surface space charge region is formed with
band bending.

Last we will present the phase transition observed in (Sn,Ge)Te layers. GeTe is ferro-
electric with a transition temperature of 700 K, while SnTe has a low ferroelectric transition
temperature below 100 K. Alloying SnTe with GeTe, one can tune the transition tempera-
ture. The experimental results of SnTe and Sng ggGeg.ooTe are presented in figure The
layer’s lattice parameter shows a discontinuity in the thermal expansion and the lattice an-
gle at a temperature of 260 K. However, the most prominent signature of the ferroelectric
phase transition is the intensity change of 333 diffraction peaks. In the high-temperature
rock-salt phase, the structure factor of the odd-parity diffraction is proportional to the dif-
ference between cationic (Sn,Ge) and anionic (Te) form factors. The form factor of Sn and
Te are almost identical, and the intensity of 333 diffraction peak is very small. In the low-
temperature ferroelectric rhombohedral phase, anions and cations shift with respect to ideal
rock-salt positions. The structure factor of 333 diffraction peak drastically changes at the
phase transition. This effect is very well seen in figure [3.6{d); the relative intensity of 333
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diffraction with respect to 444 diffractions rises by approximately one order of magnitude at
the phase transition temperature.

3.2 Other methods of structural analysis

In this section, we will briefly comment on two other methods we have used to characterize
the structure of the topological insulator films.

3.2.1 X-ray absorption spectroscopy

The measurement of the particular element at its x-ray absorption edge is often called the x-
ray absorption fine-structure (XAFS). It is an element-specific method that probes the optical
transition of an electron from the localized core level state into the empty state above the
Fermi level.

The XAFS spectra are usually divided into two regions: near vicinity of the absorption
edge called x-ray absorption near-edge structure (XANES) or near-edge x-ray absorption fine
structure (NEXAFS). In contrast, the spectra further above the edge are called Extended
x-ray absorption fine structure (EXAFS).

The standard XAFS analysis procedure is extracting the contribution of the studied ab-
sorption edge. The absorption below the edge is subtracted, and the absorption coefficient is
normalized to the height of the absorption edge. The normalized absorption uy equals zero
below the edge, and its average above the edge equals one. This normalization is equivalent
to normalizing by the concentration of the studied atom. The oscillatory part above the edge
is usually denoted as x = puny — 1.

The XANES part (spectral shape of absorption edge itself up to ~ 20eV above edge)
probes electronic states just above Fermi level in the position of the particular element. It
includes information on the particular element’s chemical state. The proper interpretation is,
however, quite complicated, and it is necessary to solve the material’s electronic structure.
Specialized computer programs are available; one of the most used is FDMNES code [72].

The EXAFS region further from edge > 20eV to 1keV above the edge have a much more
straightforward interpretation. The electronic states far above the Fermi level can be well
approximated as free-electron states interacting with the neighboring atoms. Localized core
level electron is excited into free-electron wave function spreading as a spherical wave. The
spherical wave has a wave vector

1
k=2 \/2me(E — Bugo), (3.35)

where E is photon energy, Eeqge binding energy of the core level, and their difference is
electron kinetic energy above the Fermi level. The spherical wave scatters on the neighbor
atoms and interferes with an unscattered wave. The interference gives rise to the oscillatory
behavior of the absorption probability y(k) with a period of Ak = n/R, where R is the
distance of the neighbor atom. The period of the oscillation can be used to determine the
neighborhood of the particular atom. Often the simple analysis is performed as a Fourier
transform of x(k) to the real space X7 (R). The real space function x7(R) has maxima
in the distances of the neighbor atoms. The complete theory is rather complicated; we refer
to the existing literature |73]. The most often used software package for data analysis is
Demeter [74] and for simulation of EXAFS profile FEFF package [75}76].
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Figure 3.7: Experimental normalized XAFS spectra of various concentration of Mn-doped
BisTes (a) and BisSes (b), respectively.

The experiment has to be carried out at synchrotron beamlines since no sufficient lab-
oratory sources with tunable photon energy exist. There are several possibilities for the
experimental setup. Bulk samples are most commonly measured in transmission regime us-
ing two detectors — most often ionization chambers. The first ionization chamber is positioned
in front of the sample and measures the intensity of the incoming beam; the second chamber
is behind the sample and measures transmitted intensity. The transmission of the chamber
is optimally around 2/3; if the transmission is lower than 2/3, the absorption measurement
statistic worsens. On the other hand, the measured signal is proportional to the absorption in
the chamber, and too high transmission worsens the incoming beam measurement statistics.
The sample transmission is an exponential function of its thickness; the best statistics one
obtains with sample transmission of about 1/3 (1/e to be precise). Thus, the XAFS beamlines
are usually equipped with ionization chambers, allowing them to fill with arbitrary pressure
of selected noble gas to achieve optimal sensitivity for a wide range of chemical elements. The
fluorescence of the particular element is proportional to the photoelectric component of total
absorption corresponding to the particular edge. However, that is the only part important
for XAFS analysis.

For thin films, the most common method is to measure fluorescence instead of a transmis-
sion. The incidence ionization chamber is still used similarly as in transmission mode, and
the sample is irradiated at low angle incidence to maximize the signal from the film. The
fluorescence signal is collected with an energy-dispersive x-ray detector.

In the following text, we show an example of XAFS used to characterize the positions of
manganese atoms inside the topological insulator lattice of BisTes and BisSez. The measure-
ment was performed in the vicinity of Mn K edge at 6539 eV up to 7500eV to cover sufficient
EXAFS range. The experiment was carried out at synchrotron ESRF beamline BM23. Figure
[3.7] shows normalized absorption spectra collected at samples with various Mn concentrations.

The spectra have similar features independent of manganese concentrations.
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Figure 3.8: Experimental data and simulation of EXAFS part for various manganese positions
in BigTes (a) and BisSes (b), respectively.

Mn doped BisSe;

position first shell distance(A) | second shell distance (A)
6 Bi 3.977
center of septuple layer | 6 Se 2.719 6 Mn 419
o . 3 Se(1) 2.972
substitutional Bi 3 Se(2) 3041
octahedral in vdW gap 6 Se 3.041
tetrahedral in vdW gap 4 Se 2.394
substitutional Se(1) 3 Bi 2.972
close to vdW gap 3 Se(1) 3.284
substitutional Se(2) 6 Bi 3041

central position in BisSes
quintuple layer (QL)

Mn doped BisTes

position first shell distance(A) | second shell distance (A)
6 Bi 4.293
center of septuple layer | 6 Te 2.909 6 Mn 4335
o . 3 Te(1) 3.073
substitutional Bi 3 Te(2) 3946
octahedral in vdW gap 6 Te 2.858
tetrahedral in vdW gap 4 Te 2.533
substitutional Te(1) 3 Bi 3.073
close to vdW gap 3 Te(1) 3.637
substitutional Te(2) 6 Bi 3,946

in center of QL

Table 3.1: Nominal distances of Mn neighbor atoms in various positions in BisSes and BisTes
structures.
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Figure 3.9: (a), (c) Extracted oscillatory part x(k) of the absorption spectra above edge mul-
tiplied by wave vector k and its fit. (b), (d) Fit of the Fourier transform of the oscillatory part
x(r). Top row presents data of Mn doped BiyTes samples, the bottom of BisSes, respectively.
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Mn doped BisSe;
Mn concentration | 6 Se (A) |6 Bi (A) |6 Mn (A)
4 2.75+0.08 | not fitted | not fitted
6 2.67+0.04 | 3.97+£0.14 | 4.02+0.12
8 2.71+0.04 | 4.10£0.11 | 4.04£0.08
10 2.7240.03 | 4.14+0.09 | 4.02+0.06
13 2.71+0.04 | 3.97£0.15 | 4.2+0.2
Mn doped BisTe;
Mn concentration | 6 Te (A) | 6 Bi (A) [ 6 Mn (A)
4 2.90£0.09 | not fitted | not fitted
6 2.9240.04 | 4.3+0.2 4.0£0.2
9 2.9240.04 | 4.3£0.2 4.0+0.2
13 2.91+0.06 | 4.3+0.2 4.2+0.2

36

Table 3.2: Fitted distances of neighbor atoms in the first coordination (Se/Te) and second
coordination shell (Bi and Mn) of Mn-doped BisSes and BiyTes.
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Figure 3.10: Near edge part of absorption spectra.
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First, we will discuss the EXAFS part above the absorption edge. The absorption spectra
are normalized to the height of the absorption edge (the height of the absorption edge is
1). The oscillatory part above the absorption edge was simulated using FEFF9 code [75]
for various theoretical manganese positions in the structure of topological insulators, and
comparison is shown in figure 3.8 Distances of the nearest neighbors are presented in table
3.2.1] The best fit to the experimental data has a central position in the septuple layer.
However, in BisTes structure, the interstitial octahedral position inside the van der Waals
gap has very similar distances to the nearest neighbor atoms as the central position of the
septuple layer.

The fitting of the EXAFS oscillatory part is shown in figure and the resulting distances
are presented in table [3.2.1] The agreement of the fitted distances with nominal distance in
the central position in the septuple layer is excellent. The agreement in the distances of the
second coordination shell is acceptable within experimental error bars. The fitting of Mn
atoms is difficult; the scattering power of Mn atoms is much weaker than bismuth, tellurium,
or selenium. Their contribution to the experimental curve is small to heavier atoms.

The last analysis was done by calculating the shape of the edge using FDMNES code with
a multiple scattering approach on a muffin-tin potential. The calculation of the exact energy
of 3d-4f orbitals is incorrect, leading to incorrect pre-edge structure of the calculated spectra
in figure [3.10, However, the main shape of the absorption edge structure is correct. Our
calculations show that the most significant peak at the absorption edge is at higher energy
for Mn in the central septuple position than for Mn in the substitutional position. The
experimental spectra show a double peak structure indicating a specific manganese amount
in the substitutional position. The substitutional peak is significantly higher in low manganese
doped BisSes (4% Mn). This observation agrees with XRD analysis where BisSes samples
with such Mn doping do not include sufficient septuples to accommodate all manganese atoms.
Also, similar mixing was observed in MnSbsTe, as discussed in section [3.1.3

3.2.2 Transmission electron microscopy

The structural analysis by XRD was justified using transmission electron microscopy. The
high-resolution transmission electron microscope FEI Titan Themis 60-300 is available in the
CEITEC Nano core facility. The lamellae were prepared using a focused ion beam also in the
CEITEC Nano core facility using FEI Helios dual beam scanning electron microscope. The
lamellae thickness was in the range of 50-100 nm.

We have used chiefly a high-angle annular dark field (HAADF) detector and a high-
resolution scanning transmission electron microscopy (STEM) regime. The focus of the
incoming electron beam limits the spatial resolution. The STEM resolution of FEI Titan
at 300keV energy is about 1.4 A allowing for resolution of individual atoms. The HAADF
detector collects electrons scattered at higher angles. FEI Titan uses an angular range of
70-200 mrad. The theoretical interpretation of contrast in HAADF detector is relatively
straightforward; heavier elements are stronger scatterers than light elements.

The example of analysis of MnSbhoTey layer is presented in figure The distribution
of particular elements was further studied using energy dispersive x-ray spectroscopy (EDX).
Panel 3.11](d) shows the spatial distribution of the HAADF signal, and panels[3.11](e-g) present
the same area EDX signal of elements Mn, Sb, and Te, respectively. Extracted line profiles
of HAADF and Mn EDX in the vertical direction are presented in panel [3.11fc). The EDX
signal was collected for the lengthy exposition of about 30 minutes with higher flux than
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Figure 3.11: (a), (b), (d) HRSTEM of MnSbsTe4 sample with HAADF detector. (a), (b) Raw
HAADF image and Fourier filtered HAADF image, respectively. (d) Smaller area HRSTEM
and corresponding EDX elements map of Mn (e), Sb (f), and Te (g). (c) Extracted line profiles
from panels (d) and (e) show the highest Mn concentration in the center of the septuple layer.
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Figure 3.12: (a) HRSTEM experiment of MnSbyTey layer. (b), (c), (d) Panels show sim-
ulation with different concentrations of manganese in central and antimony positions. (b)
Nominal MnSbyTey structure (C; = 1,02 = 0), (c) fully random occupation of Sb/Mn po-
sitions (C; = Cy = 1/3). (d) partial intermixing of Mn/Sb (C; = 0.8,Cy = 0.15). (e)
comparison of extracted line profiles from the experiment (red) and simulation in panel (d)
(blue), respectively.

usual HRTEM images. The resolution of EDX is thus about 0.5nm. However, the Mn
signal distribution suggests the manganese atoms concentrate in the septuple layer structure’s
central position in agreement with the XRD analysis presented in section |3.1.3

Further quantitative analysis was done by simulating HAADF images in a specialized
software uSTEM [77]. We have simulated several mixing conditions similar to the values
obtained in section [3.1.3] The results compared to the experiment are shown in figure [3.12
Panel (a) shows the experimental image, and panels (b-d) show the simulated image with
various Mn/Sb intermixing levels. Panel (b) shows the nominal structure of MnSbyTey with
a central position occupied only by Mn atoms (C; = 1,02 = 0 in notation explained in
section [3.1.3). The simulated HAADF signal in the central septuple layer position is too
dark in simulation for the experiment. Simulated intensities of Sb and Te atoms are almost
indistinguishable since Sb and Te differ just by one in atomic number. Panel (c¢) shows entirely
random Sb/Mn intermixing (C; = Cy = 1/3). The experimental intensity of the central
septuple position is smaller than in Sb positions, indicating a not entirely random case. Panel
(d) shows intermixing with C1 = 0.8, Cy = 0.15, which corresponds to a conclusion in section
3.1.3] The extracted intensity profile of the experimental and simulated HAADF intensity
are shown in panel (e).
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Figure 3.13: (a) schematic of the ARPES experiment. (b) Schematics of energy levels.

3.3 Angle-resolved photoemission spectroscopy

We have used angle-resolved photoemission spectroscopy (ARPES) to study the electronic
band structure. The author participated in several ARPES experiments, but his scientific
specialization is more focused on structural analysis. Therefore this chapter will be brief,
covering only the basics of the ARPES method. For a more precise overview, we suggest
further literature |78-81].

The principle of the method is to excite the electron system with the photon in ultraviolet
to soft x-ray range (6-1000eV). The excited electron can escape the sample; the electron
optical system detects its momentum and kinetic energy. The schematics of the experimental
setup are in figure The simplest photoemission model is called the three-step model:

1. Excitation of the electron by photon absorption from the bound state to the excited
state above the Fermi level.

2. Diffusion of the excited electron to the surface.
3. electron escapes from the material to the vacuum.

The three-step model is a significant simplification; we assume the initial and final states in
the material are single particle states neglecting correlations with other electrons. The initial
state has wave-vector k; and final state ky. Let us assume the electron’s initial state has
binding energy E'p measured with respect to the Fermi level. The energy of the excited state

1S
Ej = hv — Ep, (3.36)

where hv is the energy of the incoming photon. The incoming photon’s momentum is usually
negligible concerning the size of the Brillouin zone. Momentum of photon with energy of
100€eV is 0.05 A~!, which approximately 2% of the typical Brillouin zone. During the excita-
tion process, the electron crystal momentum is conserved up to any reciprocal lattice vector
G

ky =k + G. (3.37)

The probability per unit time of the transition from initial to final state wy; can be calculated
using Fermi’s golden rule

2 A 2

= |wslmtvn| 6 (s - Bs —hw), (3.39)

Wy =
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where H; is the photon interaction Hamiltonian. Usually, the dipole approximation is suffi-
cient to describe the interaction

Hy=e¢-p, (3.39)
where € is the polarization vector of incoming light.

The electron then diffuses towards the surface. The probability of reaching the surface
exponentially decreases with the distance from the sample by an inelastic mean free path. A
wave describes the electron state in a vacuum outside the sample with the kinetic energy of
FEyin = hv — Ep — ¢, where ¢ is a work function. The components of electron wave vector K
in a vacuum are described as

- \/2mEkin . o Vszkin . . o V2mEkzin
K; = ————sinfcosp, K, = Tsmﬂsmgp, K, = —

h

During the electron transition through the sample surface, the in-plane component of the
electron momentum is conserved

cos 0. (3.40)

K =K. (3.41)
The out-of-plane component &, can be determined by approximating the final state to be
nearly free electron state. The wave vector of the final state is given by

th]%
Ey=Fy+— 3.42
f= Lo+ o ( )

where FEj is the energy level corresponding state with zero wave vector. Usually, this level can
be approximately assigned to the bottom of the valence band. Combining the above formulas,
one can obtain the relation for the out-of-plane component of the wave vector

h2
%(ki + ki) = Ef — By, (3.43)
2m
k, = \/h2 (Ef — Ey) — K? \/ (Exin + Vo), (3.44)

where inner potential Vj is the energy of the bottom of the valence band with respect to the
vacuum level outside the sample Vy = |Ey| + ¢.
We want to emphasize the following aspects of the ARPES technique:

e At a given photon energy, one measure only a particular two-dimensional cut through
the complete band structure. The experiment will measure the photoelectron intensity
as a function of electron kinetic energy and exit angles I(Fkip,0, ). Out-of-plane
component of the wave vector k, depends on kinetic energy and angle 6.

e The whole three-dimensional band structure has to be measured by changing photon
energy in a range covering the whole Brillouin zone in k..

e bulk band states have energy dispersion with changing photon energy. The surface
states are localized in z direction and do not disperse with k,. This effect can be used
to distinguish bulk and surface states.

Most of the above formulas were determined in the approximative three-step photoemission
model. The better description of ARPES is a one-step model calculation whole transition
process at once [82]. The final stage in the one-step model is a state combining free-electron
wave in a vacuum with a damped state in the material.
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Figure 3.14: Superconducting magnet up to 9T and cryostat down to 2 K made by Cryogenics
company. The instrument is located in the CEITEC Nano core facility and can provide
magnetic and transport measurements. The photo shows the setup with a vibrating sample
magnetometer (VSM).

Figure 3.15: Schematics of four sample contacts in van der Pauw geometry. Left: ideal sample
shape, Right: the real case for rectangular sample. The contacts have to be in corners, not
inside the sample.

3.4 Electrical transport measurements

Transport measurements accompanied the structural analysis. In most cases, we have used
van der Pauw geometry with four contacts in the corners of the thin rectangular sample. The
sample resistivity and Hall conductivity are determined by measuring several current and
voltage contact commutations .

Let’s denote the resistance Rap pc = Vpc/Iap measured with current 145 flowing be-
tween contacts A, B and voltage Vpc measured between contacts D and C'. From the sym-
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metry it follows Rap pc = Rpacp = Rpc,ap = Rcp,pa. The sample resistivity can be
determined from two commutations using the van der Pauw formula

p

exp (—WRAB,DC'/RS) + (_WRBC,AD/RS) =1, Rg = 7 (3.45)
where Rg is a sheet resistivity of the film, p resistivity of the sample and ¢ sample (layer)
thickness. The Hall coefficient Ry can be determined by measurement in the magnetic field
B perpendicular to the sample plane

_ Rac,ps + Rpp,ac t

R .
H 2 B

(3.46)

The average of two commutations will suppress the ohmic voltage contributions in case the
contacts are not exactly symmetric. The concentration of majority charge carriers can be

calculated as ,
H
= 3.47
" €0RH ’ ( )

where we have neglected the contribution of minority carriers, eg is the elementary charge,
and 7 is the Hall coefficient, usually close to 1.

The samples were measured in a Cryogenics device equipped with a closed-cycle helium
cryostat, superconducting magnet up to 9T magnetic field, and temperature down to 2K,
see figure The contacts were made using conductive silver paste.

The ferromagnetic samples are known to have an anomalous Hall effect in addition to the
ordinary Hall effect. The simple (naive and incorrect) theory would attribute the anomalous
Hall effect to the magnetic field inside the sample as a sum of the external magnetic field and
magnetization. The detailed theory is quite complicated [84]. In explaining the Hall effect in
3d metal, one has to consider the contribution of 3d and 4s electrons close to the Fermi level.
Each of those bands has a different density of states and scattering rate, which also depends
on the material’s magnetic state, domain boundaries, and other properties. Thus, we did not
analyze the anomalous Hall effect in detail, and we only used its presence as a measure of
ferromagnetic order.
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The selected reprinted papers are divided into three groups: (i) papers describing properties
of BigTes, BisSes and Bia(Se,Tej_,)s topological insulator films (1 — 3), (ii) papers dealing
with magnetically doped topological insulators (4 — 7), and (iii) papers describing properties
of Bi-doped topological crystalline insulators (Pb,Sn)Se and (Pb,Sn)Te.

1. Growth, Structure, and Electronic Properties of Epitaxial Bismuth Telluride Topological
Insulator Films on BaF2 (111) Substrates,
O. Caha, A. Dubroka, J. Humli¢ek, V. Holy, H. Steiner, M. Ul-Hassan, J. Sanchez-
Barriga, O. Rader, T. N. Stanislavchuk, A. A. Sirenko, G. Bauer, and G. Springholz,
Crystal Growth and Design 13, 3365 (2013).

Share 40 %
author’s contribution | XRD experiment and analysis, transport and thermoelectric
experiment, manuscript writing

The paper analyzes epitaxially grown bismuth telluride layers of stoichiometry BisTes
and BiTe. The analysis is focused on structural analysis using the XRD technique. We
have studied the size of the domains, strain lattice parameters, and twinning of the
crystalline structure. Also, optical spectroscopy, Raman spectroscopy, transport, and
ARPES results are included. The structure of the epitaxial layer can be controlled via
the flux of particular compounds. The film grown using BisTez compound evaporation
cell only tends to reach the stoichiometry of BiTe. To grow BisTes, an additional Te
flux is needed.

2. Structure and composition of bismuth telluride topological insulators grown by molecular
beam epitaxy,
H. Steiner, V. Volobuev, O. Caha, G. Bauer, G. Springholz, and V. Holy, J. Appl.
Crystallography 47, 1889 (2014).

Share 15%
author’s contribution | part of XRD experiment and analysis

The non-stoichiometric alloy layers of BisTes_s were grown with varying tellurium flux.
We have achieved stoichiometry within the range 6 =0-1. The structure of thin films was
analyzed using x-ray diffraction. The diffraction pattern was described by a model of
random stacking of BigTes quintuple layer and Bis bilayer. The non-linear stoichiometry
dependence of the in-plane lattice parameter and average lattice spacing was determined.
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3. Interband absorption edge in the topological insulators Big(Tej_,Sey )s,
A. Dubroka, O. Caha, M. Hronc¢ek, P. Fris, M. Orlita, V. Holy, H. Steiner, G. Bauer,
G. Springholz, and J. Humli¢ek, Phys. Rev. B 96, 235202 (2017).

Share 15%

author’s contribution | XRD experiment and analysis, contribution to manuscript writing

The Big(Se, Te—, )3 alloy layers were prepared using molecular beam epitaxy. The alloy
layers were studied using ellipsometry and reflectivity in the far-infrared to near-UV
range (0.06 eV to 6.5eV) at low and room temperatures. The band gap of the layers was
determined, considering the Burstein-Moss shift in highly doped semiconductors. The
compositional of the band gap is non-linear with the maximum at about zg. = 30 %. The
alloy is a direct band gap semiconductor for higher selenium concentrations zge > 30 %.
More tellurium-rich material xge < 30 % has an indirect band gap with maxima of the
valence band slightly off I'-point.

4. Non-magnetic band gap at the Dirac point of the magnetic topological insulator (Biy—, Mn, )2 Ses,
J. Sanchez-Barriga, A. Varykhalov, G. Springholz, H. Steiner, R. Kirchschlager, G. Bauer,
O. Caha, E. Schierle, E. Weschke, A. A. Uenal, S. Valencia, M. Dunst, J. Braun,
H. Ebert, J. Minar, E. Golias, L. V. Yashina, A. Ney, V. Holy, and O. Rader, Nature
Communications 7, 10559 (2016).

Share 8%
author’s contribution | XRD experiment and analysis, contribution to ARPES
and XMCD measurements, contribution to manuscript writing

The (Bi,Mn)sSes layers on BaFy were prepared and analyzed. The ARPES analysis
has shown a band gap in Dirac point to be large ~ 100 meV, and temperature indepen-
dent. The ferromagnetic Curie temperature of about 10 K was determined by SQUID
magnetometry and XMCD. The magnetic easy axis direction is in-plane. The band gap
surviving up to room temperature is of non-magnetic origin.

5. Structural and electronic properties of manganese-doped Bis Tes epitaxial layers,
J. Ruzicka, O. Caha, V. Holy, H. Steiner, V. Volobuiev, A. Ney, G. Bauer, T. Duchon,
K. Veltruskd, I. Khalakhan, V. Matolin, E. F. Schwier, H. Iwasawa, K. Shimada, and
G. Springholz, New J. Phys. 17, 013028 (2015).

Share 20 %
author’s contribution | XRD, X-ray absorption spectroscopy
manuscript writing

The magnetic alloy layers of (Bi,Mn)sTes were grown on BaFs. The manganese po-
sitions were analyzed using x-ray absorption spectroscopy. The manganese positions
were identified as an octahedral interstitial in the van der Waals gap. The crystalline
structure is increasingly disordered with increasing manganese content. The ARPES
measurements lack sufficient resolution and low enough temperature to observe mag-
netic band gap opening. However, we were unaware that Mn atoms occupy the septuple
layers MnBisTey at the time of publication. The structural analysis interpretation is
not entirely correct.

6. Large magnetic gap at the Dirac point in Biy Tes/MnBis Tey heterostructures,
E. D. L. Rienks, S. Wimmer, J. Sadnchez-Barriga, O. Caha, P. S. Mandal, J. Ruzicka,
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A. Ney, H. Steiner, V. V. Volobuev, H. Groiss, M. Albu, G. Kothleitner, J. Michali¢ka,
S. A. Khan, J. Minar, H. Ebert, G. Bauer, F. Freyse, A. Varykhalov, O. Rader, and
G. Springholz, Nature 576, 423 (2019).

Share 12%

author’s contribution | XRD experiment and analysis, x-ray absorption spectroscopy,
transport measurement, preparation of some TEM samples,
contribution to manuscript writing.

The Mn-doped samples were grown and analyzed using magnetic measurements, XRD,
XAFS, HRTEM, and other methods. The structure was composed of random stacking
of BisTes quintuple layers and MnBisTey septuple layers. The concentration of septuple
layers increases with manganese doping. The Curie temperature was found to be ap-
proximately 20 K, and the magnetization easy-axis is out-of-plane. The low-temperature
ARPES and spin-resolved ARPES experiments have shown a band gap opening in the
Dirac point with a size of 90 meV. The temperature dependence of the band gap size
correlates with remanence magnetization. The paper presented the first direct obser-
vation of a magnetic band gap in the topological surface state. Bismuth selenide, on
the contrary, does not show a magnetic band gap since its magnetization easy-axis is
in-plane.

7. Mn-Rich MnSby Tey: A Topological Insulator with Magnetic Gap Closing at High Curie
Temperatures of 45-50 K,
S. Wimmer, J. Sanchez-Barriga, P. Kuppers, A. Ney, E. Schierle, F. Freyse, O. Caha,
J. Michalicka, M. Liebmann, D. Primetzhofer, M. Hoffman, A. Ernst, M. M. Otrokov,
G. Bihlmayer, E. Weschke, B. Lake, E. V. Chulkov, M. Morgenstern, G. Bauer, G. Springholz,
and O. Rader, Advanced Materials 2021, 2102935 (2021).

Share 8%

author’s contribution | XRD experiment and analysis, x-ray absorption spectroscopy
transport measurement, preparation of TEM samples,

and contribution to TEM analysis and manuscript writing.

The layers of MnSbsTe, with a slight excess of Mn were studied. We have found the
concentration of Mn in the substitutional and central septuple layer positions. The
magnetic Currie temperature is relatively high for a magnetic topological insulator,
almost 50 K. Contrary to bismuth selenide and bismuth telluride, antimony telluride is
p-doped. Thus photoemission study of the band gap. Instead, we have used scanning
tunneling spectroscopy to show magnetic band gap opening correlating with magnetic
order.

8. Topological quantum phase transition from mirror to time reversal symmetry protected
topological insulator,
P. S. Mandal, G. Springholz, V. V. Volobuev, O. Caha, A. Varykhalov, E. Golias,
G. Bauer, O. Rader, and J. Sanchez-Barriga, Nature Communications 8, 968 (2017).

Share 10%

author’s contribution | XRD experiment and analysis
contribution to ARPES experiments,
contribution to manuscript writing.




CHAPTER 4. REPRINTED PAPERS 47

This paper deals with (Pb,Sn)Se topological crystalline insulator. Topological crys-
talline insulators are merely protected by individual crystal symmetries and exist for
an even number of Dirac cones. We demonstrated that Bi-doping of (Pb,Sn)Se (111)
epilayers induces a quantum phase transition from a topological crystalline insulator to
a Zo topological insulator. The transition occurs because Bi-doping lifts the fourfold
valley degeneracy and induces a gap at I', while the three Dirac cones at the M points
of the surface Brillouin zone remain intact. We interpret this new phase transition
as caused by a lattice distortion. Our findings extend the topological phase diagram
enormously and make strong topological insulators switchable by distortions or electric
fields.

9. Giant Rashba Splitting in Pbi_,Sn,Te (111) Topological Crystalline Insulator Films
Controlled by Bi-Doping in the Bulk,
V. V. Volobuev, P. S. Mandal, M. Galicka, O. Caha, J. Sdnchez-Barriga, D. Di Sante,
A. Varykhalov, A. Khiar, S. Picozzi, G. Bauer, P. Kacman, R. Buczko, O. Rader, and
G. Springholz, Advanced Materials 29, 1604185 (2017).

Share 10%

author’s contribution | XRD experiment and analysis,
contribution to ARPES experiment,
contribution to manuscript writing.

The topological properties of lead-tin chalcogenide topological crystalline insulators can
be tuned by temperature and composition. We have shown that bulk Bi doping of
epitaxial (Pb,Sn)Te (111) films induce a giant Rashba splitting at the surface that the
doping level can tune. Tight binding calculations identify their origin as Fermi-level
pinning by trap states at the surface.
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4.1 Properties of thin films of topological insulators BisTes
and BiTe

The paper analyzes epitaxially grown bismuth telluride layers of stoichiometry BisTes and
BiTe. The analysis is focused on structural analysis using the XRD technique. We have
studied the size of the domains, strain lattice parameters, and twinning of the crystalline
structure. Also, optical spectroscopy, Raman spectroscopy, transport, and ARPES results
are included. The structure of the epitaxial layer can be controlled via the flux of particular
compounds. The film grown using BisTes compound evaporation cell only tends to reach the
stoichiometry of BiTe. To grow BisTes, an additional Te flux is needed.
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ABSTRACT: Epitaxial growth of topological insulator
bismuth telluride by molecular beam epitaxy onto BaF,
(111) substrates is studied using Bi,Te; and Te as source
materials. By changing the beam flux composition, different
stoichiometric phases are obtained, resulting in high quality
Bi,Te; and Bi;Te, epilayers as shown by Raman spectroscopy
and high-resolution X-ray diffraction. From X-ray reciprocal
space mapping, the residual strain, as well as size of coherently
scattering domains are deduced. The Raman modes for the
two different phases are identified and the dielectric functions
derived from spectroscopic ellipsometry investigations.
Angular resolved photoemission reveals topologically pro-
tected surface states of the Bi,Te; epilayers. Thus, BaF, is a
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perfectly suited substrate material for the bismuth telluride compounds.

H INTRODUCTION

Recent discovery of a new class of materials, called topological
insulators, has opened up a whole new research arena.' ™
Topological insulators behave in the bulk like ordinary
insulators but support in addition a conducting two-dimen-
sional topological surface state with linear energy-momentum
dispersion shaped like a Dirac cone.”®” Because of strong
spin—orbit coupling, the electron momentum in these surface
states is locked to the spin orientation and spin-flip scattering is
prohibited by time reversal syrnrnetry.l'8 As a result, spin
polarized currents can be produced without the needs of
external magnetic fields, which offers great advantages for
spintronic or quantum computation applica’tions.l‘s'9 The
helical spin structure of the topological surface states also
provides a basis for fundamental new physics such as magnetic
monopoles and Majorana fermions."*

Among the new materials exhibiting three-dimensional
topological insulating properties, the bismuth chalcogenides
Bi,Te; and Bi,Se; have attracted most attention because a
single Dirac cone is formed at the I'-point of the Brillouin zone
within the bulk band gap, as has been revealed by angular
resolved 0photoemission 7 and scanning tunneling spectroscopy
studies."®"" Bi,Te; is also a superior thermoelectric material for
energy harvesting applications, since it exhibits the highest

7 ACS Publications  © 2013 American Chemical Society 3365

thermoelectric ﬁ%'ure of merit at room temperature among all
bulk materials.'>"® Up to now, most studies of the topological
properties of Bi,Te; have been performed on bulk single
crystals cleaved under ultrahigh vacuum conditions.>”"* For
practical device applications, however, epitaxial layers are
desired"® for monolithic integration in multilayers and gated
heterostructures that would allow tuning of the Fermi level to
the Dirac point and control spin polarized currents in
devices.">'® Considerable efforts have been made to grow
Bi,Te; epitaxially on substrates like Si'’7>' or GaAs* >
which, however, exhibit a very large lattice mismatch of up to
14% to Bi,Te;.

Bismuth telluride can crystallize in several different crystal
structures in dependence of its stoichiometric composition. The
crystal structure of the most common Bi,Te; phase consists of
of three Te'—Bi—Te?’-Bi—Te' quintuplet layers (QL) as
fundamental building block (see Figure 1a). These are stacked
on top of each other in an ABCABC stacking sequence. In
addition, several alternative phases with lower Te concentration
exist, including Bi;Te, (called tsumoite), as well as Bi;Te, and
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Figure 1. Hexagonal unit cell of (a) Bi,Te; and (b) BiTe with the base
vectors indicated by the black arrows. For Bi,Te;, the unit cell consist
of 15 atomic lattice planes that are grouped in three quintuple layers
(QL) with Te'-Bi—Te*~Bi—Te' stacking. The quintuple layers are
van der Waals bonded to each other by a Te—Te double layer (van der
Waals gap). For BiTe, the unit cell consists of 12 atomic lattice planes
with Te'—Bi'—Te’~Bi’~Te’~Bi’~Bi’~Te’~Bi’~Te’—Bi'—Te' stack-
ing sequence that can be split in two hextuple layer (HL) blocks. The
green arrows indicate an alternative definition of the crystal structure
using rhombohedral base vectors. The lattice parameters of Bi,Te; and
BiTe are listed in Table 1.

Bi,Te; (pilsenite) among others.”’ The different phases share
the same hexagonal structure of R3m space group symmetry,
but show a different stacking of the Bi and Te layers.”** The
Bi;Te, structure, depicted in Figure 1b, consists of twelve
atomic Te'-Bi'—Te’—Bi’~Te’—Bi’~Bi*~Te’~Bi*~Te’—Bi' -
Te! lattice planes® that can be split into two mirrored hextuple
layers (HL). The unit cells of Bi,Te; and Bi;Te, consist even of
21 lattice planes grouped in three blocks of septuplet layers,
comprising each of seven lattice planes. While Bi,Te; has been
intensely studied over the past few years, the properties of the
other phases have remained rather unexplored. In particular,

BiTe has been available only in the form of bulk crystals®® or
polycrystalline films,>" that is, to the best of our knowledge no
work on epitaxial BiTe layers has been published so far.

In the present work, we report on molecular beam epitaxy
(MBE) of single phase Bi,Te; and BiTe epilayers and we
provide detailed insight in their structural and electronic
properties. Contrary to most previous studies, epitaxial growth
is carried out on BaF, (111) substrates, which exhibit an
almost perfect matching of the in-plane lattice constant to those
of the bismuth telluride compounds (see Table 1). In fact, the
lattice-misfit to Bi,Te; of Aay/a = 0.04% is particularly small,
that is, BaF, is practically lattice-matched. BaF, also features
several additional advantages. First of all, BaF, is highly
insulating and optically transparent, which is favorable for
transport measurements and optical spectroscopy. Second,
because of the perfect (111) orientation, cleaved BaF,
substrates are virtually step free over tens of square micrometer
surface areas, contrary to the usual miscut steps with spacing
smaller than 100 nm present on standard Si or GaAs substrate
surfaces. As the lattice plane stacking and the height of these
steps differs from those of the bismuth tellurides, these steps act
as sources for stacking faults and antiphase domain boundaries
in epilayers. BaF, also shows a better matching of the in-plane
thermal expansion coefficient of 18.7 X 107 K™! to that of
Bi, Te; of 14 X 107 K™* at 300 K** compared to Si (2.6 x 107
K™!) or GaAs (5.73 x 107 K™!). As shown in this work, this
leads to rather low values of thermal stress within the epilayers.
The thermal expansion coefficient of bulk BiTe has not been
reported so far, but one can assume that it is similar to that of
Bi,Te;.

In terms of growth, we show that by tuning of the beam flux
composition, that is, the tellurium to bismuth flux ratio, single
phase Bi,Te; and BiTe epilayers are obtained. Their excellent
structural perfection is demonstrated by high resolution X-ray
diffraction and the optimum growth conditions for the different
phases are derived. Quantitative evaluation of reciprocal space
maps yields the strain as well as size of coherently scattering
domains and by Raman scattering the active phonons in both
compounds are identified. Raman experiments carried out in
backscattering geometry from the surface as well as from the
layer/substrate interface show that the entire epilayers are
single phase even for thicknesses as large as 830 nm. By infrared
and far-infrared spectroscopy we determine the plasma
frequencies and thus, the free carrier concentrations of the

Table 1. Structural Properties of the BiTe and Bi,Te; Epilayers Grown on BaF, (111) Substrates Determined by X-ray
Reciprocal Space Mapping Compared to Results for Bulk Materials Reported in Literature®

composition sample d (nm) a (A)
Bi,Te;-epilayers M2780 830 4.3804
M2704 250 4.382
Bi,Tes-bulk ref 34 4.3835
ref 35 4.386
ref 36 4.3852
BiTe-epilayers M2777 400 4.402
M2732 250 4.400
BiTe-bulk ref 30 4.423
ref 37 4422
ref 38 4.40
BaF, (111) ref 39 4384

c(4)
30.53
30.51
30487
30497
30483
24202
24229
24.002
24052
23.97
10.739

R; (nm)
6000
1300

Ry (nm)
200
80

Agp (deg)
0.08
005

200
100

40
40

0.18
02

“Also listed are the in- and out-of-plane lattice constant of the (111) BaF, substrates, with cubic lattice constants of a, = 6.200 A. The average lateral
and vertical mosaic block sizes R;y and the root mean square angular lattice misorientation A¢ of the epilayers were obtained from Figure 4.
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layers. By angular resolved photoemission, the surface band
structure of the Bi,Te; epilayers is established, showing a well-
resolved Dirac cone with pronounced hexagonal warping. Thus,
these layers are very well suited for further studies of the
topological properties of this material.

B EXPERIMENTAL SECTION

Bismuth telluride epilayers were grown by molecular beam epitaxy in a
Riber 1000 system under ultrahigh vacuum conditions at a background
pressure of 5 X 107" mbar. The molecular beams were generated
using a compound bismuth telluride effusion cell (nominal
composition of Bi,Te;) operated at around S00 °C, and a separate
tellurium cell operated at 280—330 °C for stoichiometry control. The
flux rates were 1—2 A/s for bismuth telluride and 0—2 A/s for excess
tellurium, which was controlled by a quartz crystal microbalance. The
layers were deposited on cleaved BaF, (111) substrates at substrate
temperatures between 300—400 °C measured with an infrared optical
pyrometer. The surface structure of the films was monitored by in situ
reflection high-energy electron diffraction as well as atomic force
microscopy (AFM). X-ray diffraction experiments were performed
using a high-resolution X-ray diffractometer equipped with a Cu tube,
parabolic mirror and four-bounce Ge (220) Bartels monochromator
on the primary side, and a channel-cut Ge (220) analyzer on the
secondary side. Unpolarized Raman spectra were acquired with a
Renishaw InVia spectrometer at room temperature in backscattering
geometry. The exciting beam of a 632.8 nm HeNe laser was focused
either on the front side surface or backside of the films through the
transparent BaF, substrate. The spot size was about 2 ym and the laser
power was low enough to avoid local heating.

The optical properties were determined by ellipsometric measure-
ments using a home-built ellipsometer attached to a Bruker IFSSS
EQUINOX mid-infrared Fourier spectrometer. In the near-infrared,
visible, and ultraviolet range, ellipsometric spectra were acquired with a
Woollam M-2000 and Jobin Yvon UVISEL ellipsometer. This was
complemented by reflectance measurements in the 0.01—0.2 eV range
using a Bruker IFS 66v/S spectrometer as well as far-infrared
ellipsometric measurements at the NSLS synchrotron light source in
Brookhaven. The Hall conductivity was determined by van der Pauw
measurements. The electronic structure was determined by angle
resolved photoemission spectroscopy (ARPES) at the UE112-PGM2a
beamline of BESSY II, Berlin using a Scienta R8000 electron analyzer
and linearly polarized light with 21 eV photon energy. For these
measurements, the epilayers were protected after growth by a Te
capping layer deposited in the MBE system. This layer was desorbed in
the ultrahigh vacuum ARPES chamber just before the photoemission
experiments.

B RESULTS AND DISCUSSION

Molecular Beam Epitaxy. Epitaxial growth of bismuth
telluride onto (111) BaF, substrates proceeds in a 2D growth
mode at substrate temperatures above 300 °C independent of
the beam flux composition, ie., independent of the excess Te
flux. This is evidenced by the streaked RHEED diffraction
patterns observed during growth presented in Figure 2 for two
samples grown with a Te flux of (a) 2 and (b) 0 A/s,
respectively. At substrate temperatures below 300 °C, a
significant roughening of the surface due to limited surface
diffusion occurs. For high excess Te flux greater than 2 A/s,
which is a factor of 2 larger compared to the bismuth telluride
flux, the stoichiometric composition of the epilayers corre-
sponds to Bi,Te; as proven by the X-ray analysis described
below. Without or with only very small excess Te flux, the Te
content of the epilayers is reduced such that more Bi rich
epilayers are formed with a stoichiometry close to the Bi;Te;
phase. For both types of samples, atomic force microscopy
measurements reveal smooth, that is, atomically flat surfaces as
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Figure 2. Reflection high-energy electron diffraction patterns observed
in situ during molecular beam epitaxy of (a) Bi,Te; and (b) Bi,Te,
along the [1T00] azimuth direction. Corresponding atomic force
microscopy surface images of 400 nm thick epilayers are shown in
panels ¢ and d, respectively. The growth conditions differ only in the
excess Te flux supplied during growth of 2 and 0 A/s for panels a and ¢
and panels b and d, respectively. The substrate temperature was 350

shown by Figure 2c and d, respectively. On the Bi,Te; layers,
surface steps of predominantly one quintuple unit thickness,
that is, 10.1 A height, are found, meaning that the surface is
tellurium terminated at the van der Waals gaps, in agreement
with previous studies.** For the BiTe layers, a broader variation
of step heights from 4 A corresponding to single BiTe bilayers,
up to 24 A equivalent to the 12 atomic layers of the hexagonal
unit cell are observed. This arises from the fact that the unit cell
of BiTe includes only one weakly bonded van der Waals Te—
Te double layer (DL), that is repeated only every 12 atomic
lattice planes (see Figure 1b). On a 10 um length scale, the
root-mean-square roughness of the epilayers is less than a few
nm in both cases.

Apart from single phase Bi,Te; and BiTe layers obtained
with high, respectively, low excess Te flux, epilayers with mixed
bismuth telluride phases are formed at intermediate Te flux
rates. These layers show multiple X-ray diffraction peaks arising
from several bismuth telluride phases and were not considered
for further analysis. The RHEED patterns of these layers,
however, are almost indistinguishable from those of the single
phase layers as the different bismuth telluride phases differ only
in their Bi—Te layer stacking sequence, whereas the overall
hexagonal in-plane lattice structure and lattice constant is nearly
preserved.*’The AFM images of such layers exhibit a broader
range of step heights because of the variation of the vertical
lattice plane stacking of the different regions. This indicates that
the coexistence of the different phases is mainly accommodated
by stacking faults in the layers. In order to study and compare
in detail the structural and electronic properties of the two main
bismuth telluride phases, only single phase epilayers consisting
of pure BiTe and Bi,Te; were employed for further analysis.
The corresponding sample parameters are indicated in Table 1
and the layer thicknesses ranged from 250 to 830 nm.

Structure Analysis. The crystal structures of the bismuth
tellurides with the R3m space group can be described by two
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equivalent definitions of the base vectors in rhombohedral or
hexagonal axes, as indicated by the black and green arrows in
Figure 1, respectively. In this paper, we use the hexagonal
definition of the base vectors a and ¢ perpendicular,
respectively, parallel to the hexagonally ordered atomic
(Te,Bi) planes, where the c-axis is equivalent to the [0001]
hexagonal or [111] rhombohedral direction. As illustrated by
Figure 1, the structures of Bi,Te; and BiTe mainly differ by
their different stacking sequence. For Bi,Te;, the hexagonal unit
cell consists of three quintuple layers, that is, five atomic Te'—
Bi—Te’—Bi—Te? planes stacked on top of each other,
corresponding in total to 15 lattice planes per unit cell. The
quintuple layers are weakly bonded together by van der Waals
forces between the Te—Te double layer, for which the lattice
plane spacing is increased by ~36% compared to the average
value of 2.032 A = ¢/15. The unit cell of BiTe consists of a
single block of twelve atomic planes with Te'—Bi'—Te’—Bi*—
Te’—Bi*—Bi*~Te’—Bi*~Te*—Bi'—Te' stacking sequence.30 As
shown by Figure 1, it contains only one weakly bonded Te—Te
van der Waals double layer, but an additional metallic Bi—Bi
double layer in the middle of the cell that joins together two
hextuplet layers with inverse stacking sequence. The nominal
lattice 6parameters of Bi,Tey are a = 4.384 A and ¢ = 30.487
A**73% and for BiTe, they are around 4.423 and 24.002 A with
some variation in literature>>*”3® (see Table 1). Thus, the in-
plane atomic distances in BiTe are slightly larger and the
average vertical lattice-plane spacing slightly smaller compared
to Bi,Te;. For both compounds, the in-plane hexagonal lattice
parameter 4 fits well to the in-plane lattice constant a; = 4.384
A = ay/ \/2 of (111) BaF, substrates. In fact, Bi,Te; is
practically lattice matched to BaF, with a lattice misfit Aa/a <
0.04%. For BiTe, the lattice-mismatch is somewhat larger, but it
is still less than 0.9%, depending on the used bulk lattice
parameter.

Phase analysis of the samples was assessed using X-ray
diffraction along the symmetric truncation rod perpendicular to
the epilayer surface. The resulting diffraction curves of Bi,Te;
and BiTe epilayers are presented in Figure 3 in red and blue
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Figure 3. Symmetric X-ray diffraction scans along g, perpendicular to
the surface of Bi,Te; (red line, sample M2780) and BiTe (blue line,
sample M2777) epilayers grown on BaF, (111) substrates. The vertical
lines denote the calculated (hkl) Bragg positions of the layer and
substrate peaks, and the crosses and diamonds the intensity, that is,
structure factors computed for the Bi,Tes, respectively, BiTe lattice
structures shown in Figure 1. The sample parameters are listed in
Table 1.
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color, respectively. Evidently, the layers show only the (0001)
Bragg peaks of Bi,Te; and BiTe as indicated by the vertical red
and blue lines. Thus, the layers grow in c-axis orientation on the
BaF, substrates for which the (111) and (222) peaks are
indicated by the black dotted lines. For Bi,Te;, because of the
3-fold quintuple layer stacking, only the Bragg peaks with I = 3,
6, 9, 12, ... appear in the diffraction spectra, whereas no such
simple selection rule exists for BiTe due to its twelve atomic
layer stacking. As indicated by the crosses and triangles, for
both samples the positions and intensities of the diffraction
peaks correspond very well to the calculated values, and no
other secondary phases are observed. This demonstrates that by
appropriate choice of the MBE growth conditions single phase
epilayers can be obtained.

Detailed structural information of the epilayers were derived
by X-ray diffraction reciprocal-space mapping.*' In this
technique, the diffusely scattered intensity is measured as a
function of the scattering vector Q = Kgi — Kincigent in the
vicinity of various reciprocal-lattice vectors h (diffraction
vector). For a structurally perfect layer, the reciprocal-space
map (RSM) consists of a narrow vertical rod of lateral width
AQ, determined only by the experimental resolution. Its width
along Q. is inversely proportional to the layer thickness d
according to AQ, & 27/d. On the contrary, a layer with
structural defects produces a broader RSM maximum, the shape
of which depends on the nature and density of defects whereas
its position depends on the composition and strain state of the
layer.

For all samples, reciprocal space maps were recorded around
the symmetric and asymmetric reciprocal lattice points (RLP)
hy, = (00012) and h,, = (11016) for BiTe and h,, =
(00015) and hy,,, = (17020) for Bi,Te; The results are
presented in Figure 4a—d, respectively. For the two phases, the
chosen RLPs are approximately at the same positions in

Q_ (1/nm)

4/ BiTe/BaF,(111)

16.3 16.4 16.5 16.6
Ox (1/nm) Qx (1/nm)
31,(0) (00015)
E 30.9+
e
30.8+
N
Bi,Te,/BaF,(111)
i 409 1 1
-0.1 0 0.1 16.4 16.5 16.6 16.7
QX (1/nm) Qx (1/nm)

Figure 4. Reciprocal space maps of the 400 nm BiTe epilayer M2777
(top) and 800 nm Bi,Te; epilayer M2780 (bottom) on BaF, (111),
measured around the symmetric (00012) (a) and (00015) (c) as well
as asymmetric (11016) (b) and (11020) (d) reciprocal lattice points.
The simulation of the measured intensity distributions using a mosaic-
block model is represented by the black contour lines and the resulting
structure parameters are listed in Table 1.
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reciprocal space, which allows a direct comparison of the
scattered intensity distributions. Evidently the intensity
distribution is considerably broader for the BiTe compared to
the Bi, Te; epilayer, but in both cases the widths are larger than
for a perfect epilayer. For the BiTe layer (upper part of Figure
4) the vertical and lateral full width at half-maximum (fwhm) is
AQ, =0.1299 nm™" and AQ, = 0.0823 nm™’, respectively, and
for the Bi,Te; layer (lower part of Figure 4) AQ, = 0.0328
nm™" and AQ, = 0.0397 nm™". To account for this broadening,
the defect structure was approximated by a mosaic model in
which the layers consist of randomly placed and randomly
rotated coherent domains (mosaic blocks).*""** For simulation
of the reciprocal space maps, the coherent domains are
assumed as uniaxial ellipsoids with mean lateral and vertical
radii Ry and Ry, respectively, and root-mean square (rms)
angular lattice misorientations A¢h. The domain size is random
and the radii are distributed according to the Gamma
distribution with order my, so that the rms deviations of the
radii are o, = Ry,y/\/mp.

The calculated reciprocal space maps for both samples are
represented as solid iso-intensity contour lines in Figure 4 that
are superimposed on the measured data and the best fit
structure parameters are listed in Table 1. Evidently, the
simulations are in nice agreement with both the symmetric and
asymmetric RSMs for both phases. For the BiTe layer, the
mosaic block parameters are derived as R, = (200 = 10) nm, Ry
= (40 + 5) nm, and A¢) = (0.18 + 0.02)°. The simulations are
not much sensitive to the order my in the range between S and
20. We have performed a similar analysis also on the thinner d
= 250 nm BiTe layer and the resulting parameters are R; =
(100 + 10) nm, Ry = (40 + 5) nm, and A¢ = (0.20 + 0.02)° as
listed in Table 1. The values are very similar for both samples
except for the lateral size of coherent domains, which in both
cases roughly equals half of the layer thickness, whereas the
lattice misorientations A¢) and vertical coherent domain size Ry
are independent of thickness. From the fit of the diffraction
maxima, we obtain the BiTe lattice parameters as a = (4.401 +
0.002) A and ¢ = (24.21 + 0.01) A, which are identical for both
samples within the experimental precision. The lattice
parameters differ somewhat from the bulk values listed in
Table 1. This may arise from a residual epitaxial strain in the
epilayers due to the nominal 0.9% mismatch to the BaF,
substrate. However, given the uncertainty in the bulk lattice
parameters, this could also be due to a deviation from the exact
stoichiometric composition that also influences the lattice
parameters.29

The same analysis was performed for the Bi,Te; samples.
The resulting fit of the symmetric and asymmetric RSMs are
displayed in Figure 4c and d, which yields a mean vertical and
lateral radius of coherent domains of Ry = (100 + 30) nm and
Ry =~ (6000 + 200)nm, where the latter exceeds the ~1 um
coherence width of the primary X-ray beam. The rms domain
misorientation of A¢ = (0.08 + 0.02)° is significantly smaller
than for the BiTe epilayers, and the same result was also found
for the thinner 250 nm Bi,Te, layer (see Table 1) with domain
radii of R, = (130 + 50) nm and Ry = (80 + 30) nm and an
rms misorientation of A¢ = (0.05 + 0.03)°. This evidences a
higher structural perfection of the Bi,Te; layers resulting from
the almost perfect lattice matching to the BaF, substrates.
Similar results were recently obtained for Bi,Se;,*** where a
significant improvement of the structural quality was found for
growth on nearly lattice matched InP (111) substrates
compared to Si (111).
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From the fit of the RSMs, the lattice parameters of the Bi, Te;
epilayers were determined as a = (4.380 + 0.001) A and ¢ =
(30.53 + 0.01) A, which are identical to the bulk values (see
Table 1) with a deviation of less than —0.08%, respectively,
+0.14%. Essentially the same was also obtained for the thinner
epilayer. Considering the bulk lattice constant of a = 4.3835 A
reported by Wyckoff>* a minute residual in-plane strain of
—0.08% is inferred in the epilayers, corresponding to an in-
plane stress of ~40 MPa using the elastic coefficients of Jenkins
et al*® The ratio between the in-plane and out-of-plane strain
values also agrees with the reported Poisson’s ratio of Bi,Te;.**
It is noted that the residual strain has actually the opposite sign
of the +0.04% layer/substrate lattice mismatch. This can be
explained by the thermal expansion coefficient mismatch
between BaF, and Bi,Te; of 18.7 X 107° K™! versus 14 X
107 K™, which induces a small compressive in-plane strain of
—0.15% in the layers upon cooling from 350 °C to room
temperature after growth. For thin Bi,Te, epilayers on Si (111)
a significantly lar§er out-of-plane strain value of —1% was
recently reported.”!

The epitaxial relationship of the samples was determined by
azimuthal scans at the asymmetric (11016) and (11020)
reciprocal lattice points of Bi,Te;, respectively, BiTe, where the
samples were rotated around the surface normal vector at fixed
X-ray incidence and exit angles. The results are displayed in
Figure 5, where the azimuth angle ¢ is measured relative to the
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Figure S. Azimuthal diffraction scans in the asymmetric diffraction
maxima at h = (17020) for the Bi,Te; epilayer (upper curve) and at h
= (11016) for the BiTe layer (lower curve) on BaF, (111) substrates.
The azimuthal angle ¢ is measured relative to the in-plane [112]
substrate direction. The major peaks in the positions ¢ = 0°, 120°, and
240° denoted by “A” correspond to the 3-fold symmetry along the c-
axis with alignment of the [1100] crystallographic direction of the layer
to the [112] direction of the BaF, substrate. The hundred times
weaker secondary peaks at the intermediate azimuthal directions
denoted by “B”, correspond to twinned domains rotated by 180°.

[112] surface direction of the (111) BaF, substrate. Evidently,
for both samples the main layer peaks denoted by “A” appear at
azimuths angles ¢ = 0°, 120°, 240°, and 360°, indicating that
the [1700] direction of the hexagonal layer lattice is parallel to
the [112] substrate direction. The appearance of equivalent
peaks in azimuth directions differing by 120° is in agreement
with the 3-fold R3m symmetry of the BiTe and Bi,Te; lattice
structures. However, the azimuthal scans also show weak
additional secondary peaks denoted by “B” at azimuthal
positions of 60°, 180° and 300°, indicating the presence of a
small number of twinned domains for which the [1100]
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direction is antiparallel to the [112] substrate direction, that is,
the domain lattice is rotated by 180°. Reciprocal space maps
measured in the vicinity of the secondary domain peaks show
that the peak widths do not differ from those of the untwinned
domains, i.e., the coherent size and rms misorientation is the
same as that of the untwinned ones. Moreover, the intensity
ratio of the twinned peaks does not show any dependence on
the epilayer thickness. This indicates that the formation of the
secondary twin domains occurs already in the early nucleation
stage of growth. Since the intensity of the twinned domain
peaks is only about 1/100 of the untwined ones, the probability
of twin formation on BaF, (111) is very low for both Bi,Te;
and BiTe epilayers, which is contrary to the growth on Si (111)
where a much higher twinning ratio was reported.'* This is
another indication for the superior quality of our layers.
Raman Scattering. For further assessment of the layer
properties, Raman spectra were measured in the backscattering
geometry both from the front side as well as back side of the
layers through the transparent BaF, substrate. The penetration
depth of the exciting 632.8 nm HeNe laser light was obtained
from ellipsometric measurements and amounts to about 28 nm
for Bi,Te; and 25 nm for BiTe. The back side and front side
Raman spectra of the 830 nm Bi,Te; epilayer are shown in
Figure 6a and b, respectively. Very similar spectra were
measured at different spots of the sample as well as on the

_1or(a) ¢ BiTe,/BaF(111)
) i interface side
=

=)

g

&

Tos

=

n

c

©

IS

©

14

0.0
I 1 I L I
T T T T T

(b) 101 m BjTe,/BaF,

2 1or BiTe,), o BiTe/BaF,
5 i front side
S

s

5

c

D205 -
%]

C

©

£

©

14

0.0 L L

L L
120 140

.
100
Stokes Shift (cm™)

80

Figure 6. (a) Backside Raman spectrum (full squares) of the 830 nm
Bi, Te, epilayer measured through the transparent BaF, substrate from
the Bi,Te;/BaF, interface. The dashed lines represent the
deconvolution of the spectrum by the sum of three Gauss-Lorentzians
and a linear background. The difference between measured and model
spectra is represented by the open squares. (b)Front side Raman
spectra of the Bi,Te; (squares) and the 400 nm BiTe (open circles)
epilayer. The dashed lines represent the model fits and the detected
peak positions are labeled by the red and black numbers in units of
cm ™", The weak Raman bands highlighted by the arrows are attributed
to surface oxidation.
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layer with smaller thickness. The Raman spectra show three
strong bands, corresponding to the normal modes of A and E
symmetry.*® The peaks were fitted by convolution of Gaussian
and Lorentzian lineshapes represented by the dashed lines in
Figure 6a using an additional weak linear background.
Evidently, the model spectra are in excellent agreement with
the measured spectra, that is, the difference between the
experimental and fitted spectra (open squares in Figure 6a) is
very small and indicates only a slight asymmetry of the bands.

The frequencies and widths (fwhm) of the two A, and one E;
vibrations of Bi,Te; obtained from the fits of several
independent measurements on different position and samples
are listed in Table 2, together with literature values, correcting

Table 2. Measured Raman Frequencies and Widths (fwhm)
of the Bi,Te; Epilayers in Units of cm™" Derived from Figure
6 and Their Comparison with Literature Values from
Epilayers,”*** Bulk Crystals,***” as well as Microcrystals*®

Bi,Te; sample type Ajy/fwhm Ej/fwhm Ajy/fwhm
front side epilayers/BaF, 60.9/3.0 101.2/3.7 133/9
back side epilayers/BaF, 60.6/3.1 100.8/4.0 133/10
ref 26 epilayer/GaAs -/= 102/— 134/—
ref 25 epilayer/GaAs -/= 99.8/— 132/-
ref 46 bulk 62.5/— 103/— 134/—
ref 47 bulk 62.0/5 102.3/6 134/10
ref 48 microcrystals 61/3.5 101/4.5 133/-

for the 1.5 cm™'-wide Gaussian profile of our instrument. The
small fwhm values confirm the excellent quality of our epilayers.
Identical Raman spectra, i.e., peak positions and fwhm values
were obtained from the front side and back side of the layers
(see Table 2 and Figure 6b and a). This demonstrates that the
epilayers are highly uniform in strain and composition both in
the lateral as well as vertical direction and that the lattice
perfection is already very high at the layer/substrate interface.
This is a clear indication for pseudomorphic growth because of
the near-perfect substrate lattice-matching. The only minor
difference is the appearance of very weak additional bands in
the front side Raman spectra, such as those labeled by arrows in
Figure 6b, which we attribute to surface degradation in humid
air and are not present in the Raman spectra collected from the
backside from the layer/substrate interface. Detailed studies on
the oxidation process of Bi,Te; and Bi,Se; have been presented
elsewhere.*

Raman measurements were also performed for the BiTe
epilayers and the result is shown in Figure 6b by the open
circles. All BiTe samples exhibit six pronounced bands above 50
cm™!, with slightly larger widths when excited through the
substrate side. The latter is a signature of the less good lattice
matching to the substrate in this case. Table 3 lists the
frequencies and widths obtained from the fit of the Raman
spectra, together with the only reported literature data obtained
from a polycrystalline BiTe film grown by pulsed laser
deposition (PLD) on silicon substrate.>’ Since 12 different
Raman—active bands are expected for the rather complex BiTe
structure®® in a fairly narrow frequency interval, the relatively
small widths of the Raman peaks of our samples (see Table 3)
confirm the high quality of the layers found by our x—ray
studies. The additional weak features at 72 and 75 cm™ of
variable strength in the spectrum from the film surface (arrows
in Figure 6b) are again attributed to surface oxidization.
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Table 3. Measured Raman Frequencies and Widths (fwhm) of the Bi,Te, Epilayers in Units of cm™' Derived from Figure 6b
Compared to Literature Values Obtained for Polycrystalline Pulsed Laser Deposited (PLD) Films®"

BiTe sample type v/fwhm v/fwhm
front side epilayers/BaF, 60.0/3.3 83/2.8
back side epilayers/BaF, 59.0/4.5 83/10
ref 31 PLD films

v/fwhm v/fwhm v/fwhm v/fwhm

92.3/4.7 101.6/9 122/6 128/7

90.8/6 101.9/11 120/7 126/17
88/— 117/—

Optical and Electronic Properties. The optical constants
of the Bi,Te; and BiTe epilayers were determined over a wide
spectral range from the far-infrared to the ultraviolet (UV),
combining spectroscopic ellipsometry and reflectivity measure-
ments including synchrotron data acquired at NSLS
Brookhaven. The near-normal incidence infrared reflectivity
was analyzed with the standard model of coherent interferences
within a layer on a substrate,*° assuming the dielectric function
of the layer in the Drude-Lorentz form as described in detail in
the Supporting Information.

Figures 7a and b show the real part of the optical
conductivity o,(w) = —iwey(e(w) — 1) derived for the BiTe
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Figure 7. Real part of conductivity (top) and real part of the dielectric
function (bottom) of BiTe (black solid lines) and of Bi,Te; (blue
dash-dotted lines) added for comparison. For clarity the spectra for the
far-infrared (left) and near-infrared—ultraviolet ranges (right) are
displayed on different scales. The dots in panel a correspond to the
measured dc conductivity measured in van der Pauw geometry.

(black solid lines) and Bi,Te; epilayers (blue dash-dotted
lines), and Figure 7c and d the real part of the dielectric
function &,(w). The dispersion of the optical constants was
obtained by the combination of reflectivity in the far-infrared,
and ellipsometry at higher frequencies, using the variational
dielectric function approach.®’ The Bi,Te; sample is trans-
parent in the energy range below about 0.2 eV and from the
resulting interference fringes the layer thickness was
determined as 830 nm. The BiTe epilayer is only slightly
transparent below 0.2 eV because of much stronger free carrier
absorption. The corresponding thickness was obtained as (390
+ 5) nm close to the nominal value of 400 nm. The derived
pseudodielectric function of Bi,Te; in the 0.6—6 eV range did
not exhibit any detectable angular dependence. Consequently,
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it represents the in-plane response E L c At these photon
energies the reported anisotropy of bulk Bi,Te; is small.>> The
characteristic energies of the spectral features seen in Figure 7b
are in good agreement with those of bulk Bi,Te; reported in ref
S2.

For BiTe, the absorption above 0.3 eV is due to interband
transitions, dominated by the strong band at 1.35 eV, and side
bands at 0.42 and 2.7 eV as indicated by the arrows in Figure
7b. This structure is similar to that of Bi,Tes;, which is
represented by the blue dash-dotted line for comparison. The
interband transitions are likely related to the Bi—Te bilayer,
which is the basic building block of both the Bi,Te; and BiTe
structure (see Figure 1). The weaker band at 0.18 eV in BiTe
(see Figure 7a) is related to the 0.15 eV structure in Bi,Te;
reported in ref 52. At lower energies, the increase of the real
part of conductivity and the decrease of the real part of the
dielectric function with the decreasing photon frequency arises
from the strong contribution of conducting electrons. The
analysis of the spectra using the Drude model yields w, = 1.58
+ 0.04 eV and y = 0.09 £ 0.01 eV. Using

2
2 nq

*
m*e,

1)

where n is the carrier concentration and q and m* the charge
and effective mass, the free carrier concentration in BiTe is
found to be about 20 times larger than in Bi,Te;, assuming the
effective masses are roughly the same. Since our X-ray and
Raman measurements have revealed a high crystalline
perfection of the samples and no signatures of increased
broadening is found in the optical spectra, this high carrier
concentration in BiTe is probably not caused by extrinsic effects
like vacancies but rather by a metallike band structure,
involving a band that crosses the Fermi level. This conclusion is
supported by the analysis of the second BiTe sample that
yielded also a large value of the plasma frequency (1.4S eV). To
our knowledge, no calculations of the BiTe band structure have
been available; however, calculations of the isostructural BiSe
compound®® show several bands crossing the Fermi level in the
direction perpendicular to the c-axis, which supports our
conclusion.

To confirm the large difference in the carrier concentration
of the BiTe and Bi,Te; layers, we have measured the DC
electric and Hall conductivities by the Van der Pauw method.
The DC conductivity of BiTe amounts to 3700 + 200 !
cm™!. The Hall effect measurement revealed n-type con-
ductivity with a carrier concentration of 7 + 1 X 10* cm™
using a Hall factor of unity. From this carrier concentration and
the measured plasma frequency, we derive the effective electron
mass to be about 0.37 + 0.05 m, in BiTe. Since the Hall effect
measurement on the Bi,Te; samples were hampered by the
Ettingshausen effect, we have measured the thermoelectric
Seebeck coefficient instead, giving S = 170 & 20 mV K" at 300
K, which yields a free electron concentration of 1.3 + 0.3 X
10 cm™ (see ref 54), which is more than 1 order of
magnitude lower than for the BiTe epilayer, in agreement with
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the optical data. The DC conductivity of Bi,Te; amounts to
160 + 30 @' cm™. The DC conductivities derived from the
electrical measurements are indicated in Figure 7a by the black,
respectively, and blue dot on the ordinate axis. Clearly, the
values agree well with the low-energy extrapolation of the
infrared conductivity measurements, demonstrating a good
consistency of our data.

To further assess the quality of the epilayers, we have
performed angle resolved photoemission (ARPES) measure-
ment of the electronic dispersion at the UE112-PGM2a
beamline of BESSY II in Berlin under ultrahigh vacuum
conditions at room temperature. For protection of the samples,
the surface was capped in situ after by a 100 nm Te capping
layer, which was desorbed in the photoemission chamber at
BESSY just before the ARPES experiments. The resulting
three-dimensional band dispersion is presented in Figure 8 for
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Figure 8. Band dispersion of the Bi,Te; epilayers measured by angular
resolved photoemission (ARPES). Panel (a) on the left shows the
three-dimensional map of the photoemission intensity in the vicinity of
the I" point. The Fermi level is at 0 eV, and the k, axis corresponds to
the I'=K direction in the hexagonal two-dimensional surface Brillouin
zone and the k, axis to '—M direction. Panel b shows the 2D
dispersion (first derivative of the photoemission intensity with respect
to energy) in the k, direction. The dashed line indicates the
topologically protected surface state (TSS). BCB denotes the bulk
conduction band and BVB the bulk valence band. The measurements
were performed using v = 21 eV photons for excitation.

Bi,Te; grown under the same conditions as described above.
Identical ARPES spectra were obtained from different places of
the sample, indicating a high uniformity of the samples in the
lateral direction. The topologically protected surface state
(TSS) indicated by the dashed line in Figure 8b shows the
expected linear dispersion with the Dirac point overlapping
with the bulk valence band (BVB). The dispersion of the
surface state deviates from the simple isotropic Dirac cone of
Bi,Se;,® showing a significant hexagonal warping of the band
dispersion at the Fermi level, as can be seen at the top of the
ARPES map displayed in Figure 8a. According to the ARPES
measurements, the bottom of the bulk conduction band (BCB)
lies about ~130 meV below the Fermi level (see Figure 8b),
which compares very well to the value of 120 meV calculated
from the bulk electron concentration 1.3 X 10" cm™. This
indicates that the free electron concentration at the surface
assessed by ARPES does not differ significantly from the bulk
concentration. Therefore, the Se capping and subsequent
preparation of the clean surface for ARPES measurement by
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annealing does not produce a charge density on the surface.
The ARPES results are in nice agreement with previous
theoretical and experiments on the electronic band structure of
Bi,Te,.” This demonstrates that the structural quality of the
epitaxial bismuth telluride layers is very well suited for studies
of the band structure of both bulk and topological surface
states. Preliminary ARPES measurements on BiTe epilayers do
not show a 2D surface state, which is an indication that BiTe is
not a topological insulator.

H CONCLUSION

In summary, we have demonstrated heteroepitaxial growth of
different bismuth telluride phases onto BaF, (111) substrates
using molecular beam epitaxy. The stoichiometric composition
of the layers was adjusted by control of the Te flux provided
during growth and single phase hexagonal BiTe and Bi,Te;
epilayers were obtained at low and high excess Te flux,
respectively. The layers grow with their c-axis perpendicular to
the surface and due to the good lattice matching to the BaF,
substrate, a high structural perfection was obtained. The strain,
size and tilts of the coherently scattering domains were
determined by high resolution X-ray reciprocal space mapping,
revealing a better structural perfection of Bi,Te; compared to
BiTe due to the almost perfect substrate lattice matching. This
is supported by Raman measurements that show a low defect
concentration and high crystalline quality present at the
Bi,Te;/BaF, interface. This suggests that the layer/substrate
lattice-mismatch is an important parameter for heteroepitaxial
growth of bismuth telluride epilayers, in spite of the van der
Waals bonding present in the crystal structure.

For both bismuth telluride phases, the Raman modes,
electronic structure, and optical properties were derived from
spectroscopic measurements and the plasma frequency of free
electrons as well as the interband transitions were deduced. By
angular resolved photoemission spectroscopy, the three-dimen-
sional dispersion of the topologically protected surface state
was measured for Bi,Te; epilayers, revealing the Dirac point at
the top of the bulk valence band and a strong hexagonal
warping of the surface state at higher energies. The position of
the Fermi level probed by photoelectron spectroscopy was
found to be in good agreement with the carrier concentration
in the bulk derived from transport measurements. Thus, the
employed sample preparation produces very clean surfaces for
photoemission studies. Infrared and transport measurements
indicate a bulk metallic character of the BiTe material with a
more than one order of magnitude higher carrier concentration
as compared to Bi,Te;. To the best of our knowledge, the
growth of epitaxial layers and infrared optical measurements of
the BiTe phase was demonstrated for the first time. The small
lattice mismatch between BiTe and Bi,Te; provides good
conditions for fabrication of heterostructures and superlattices
of the two phases. This may open a new pathway for realization
of topological insulator structures.
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OPTICAL PROPERTIES

The optical constants of the BisTes and BiTe epilayers were determined by combining
spectroscopic ellipsometry and reflectivity measurements. For this purpose a mid-infrared el-
lipsometer attached to a Bruker IFS55 EQUINOX Fourier spectrometer as well as a Woollam
M-2000 and Jobin Yvon UVISEL ellipsometer for the near-infrared, visible and ultraviolet
range were employed. Reflectance measurements in the 0.01-0.2 eV range were done using
a Bruker IFS 66v/S spectrometer and far-infrared ellipsometric measurements at the NSLS
synchrotron in Brookhaven. Figure 1(a) presents the near-normal incidence infrared reflec-
tivity of the BiyTes;/BaFy sample (solid line). Since the layer is transparent in this energy
range, the spectrum exhibits also features from the substrate — for example the structure
near 0.02 eV is due to the substrate phonon. The sequence of minima and maxima at higher
energies corresponds to the interference in the layer. We have analyzed the spectrum with
the standard model of coherent interferences within a layer on a substrate [1] assuming the

dielectric function of the layer in the Drude-Lorentz form

e(w) =€ — Z 0, plk (1)

w(w + iw7) —w? —iwly,

where €., stands for the electronic interband contrlbutlon, wpr and v denotes the plasma
frequency and broadening of the Drude term and Qp %, Qo and I'y the plasma frequency,
frequency and broadening of the Lorentz terms, respectively. The dielectric function of the
BaF; was determined by fitting the reflectivity of a bare substrate in the far-infrared range
assuming the 3-term Lorentz model similar to Eq. (1), from which we obtain in units of
em ™! except for €x: €0 = 2.16, Qo1 = 186, Q1 = 402, Ty = 6.1, Qo2 = 270, Q10 = 57,
Iy =51, Qp3 =330, Q3 =52, ' =53 at T = at 300 K

The model spectrum of the whole layer-substrate structure presented as dashed line
in Figure 1(a) fits very well to the measured data up to the energy of about 0.1 eV. At
higher energies, the substrate is transparent and the quantitative analysis of the spectra is
complicated due to the incoherent reflections from the backside of the sample. The model
dielectric function involved also a Lorentz oscillator at 2y = 5.6 meV corresponding to
the so-called alpha phonon [2], which lies outside the frequency range of our spectrometer.
The resulting best—fit parameters for the epilayer are: €5 = 45 £ 2, w, = (0.33 £ 0.02) €V,
v = (0.07£0.01) eV. In addition, we obtained the thickness of the layer as d = (830+40) nm.

Reprinted supplement page 2 of paper [46] “Structure and properties of Bis Tes and BiTe thin film”.



T T T

08F a) Bi,Te /BaF, 1

0.7}

0.6 |-

1 1 1

.
0.00 0.05 0.10 0.15 0.20 0304 06081 2 3 456
photon energy [eV] photon energy [eV]

FIG. 1: (a) Far-infrared reflectivity of the BipTes/BaF3 epilayer (solid line) and a model spectrum
(dashed line) for electric vector perpendicular to the c-axis, E L c¢. (b) Real and imaginary part of

the dielectric function of BigTes obtained from ellipsometric measurements up to 5 eV.

Since the reflectivity was measured at near-normal incidence, the retrieved dielectric function
corresponds to the in-plane direction, E L c. The derived dielectric constants were included
in the dielectric functions depicted in Fig. 7 of the manuscript.

Figure 1(b) displays the real and imaginary part of the dielectric function of the BisTes
layer above 0.2 eV, where the layer is opaque. The spectra were obtained from the ellipso-
metric measurements at the angle of incidence of 70 degrees (0.6-6) €V, and at 75 degrees
(0.2-0.6) eV. The displayed (pseudo)dielectric function was obtained assuming that the layer
is isotropic. As usual, the pseudo-dielectric function very close to the in-plane contribution.
This is particularly true for spectra acquired at low angles of incidence, and for large values
of the index of refraction, with the in—plane orientation of the electric vector inside the
layer. The pseudo-dielectric function measured in the 0.6-6 eV range did not exhibit any
detectable angular dependence. Consequently, it represents the in-plane response, E 1c At
these photon energies the reported anisotropy of bulk BisTes is small [3]. The characteristic
energies of the spectral features seen in Fig. 1(b) are in good agreement with those of bulk
reported in Ref. [3]. However, the magnitude of our spectra is by a factor 1.5-2 smaller and
our value €, = 4542 is smaller by a factor of ~2 than that obtained in Ref. [2]. The discrep-

ancy is probably caused by errors in the absolute values of the measured reflectivity in the
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FIG. 2: Temperature dependence of the real part of conductivity of the BiTe epilayer in the far—

infrared regime determined by ellipsometry at the NSLS synchrotron in Brookhaven.

cited works, or by the errors induced by extrapolations necessary for the Kramers-Kronig
analysis.

As indicated in Fig.7 of the manuscript(a), the infrared conductivity of BiTe exhibits two
bands near 0.02 and 0.05 eV that are superimposed on the Drude contribution. In order to
inspect these bands in a greater detail, we have have performed low-temperature far-infrared
ellipsometric measurements at the NSLS synchrotron in Brookhaven. Figure 2 displays the
resulting real part of conductivity from 9 to 300 K. The sharper structures in the spectra are
artefacts due to the inhomogeneity of the polarizer. Both bands at around 0.02 and 0.05 eV

gradually sharpen and soften with decreasing temperature.
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4.2 Structure of Bi,Te, thin films with general stoichiometry

The non-stoichiometric alloy layers of BisTes_s were grown with varying tellurium flux. We
have achieved stoichiometry within the range 6 =0-1. The structure of thin films was analyzed
using x-ray diffraction. The diffraction pattern was described by a model of random stacking
of BisTes quintuple layer and Biy bilayer. The non-linear stoichiometry dependence of the
in-plane lattice parameter and average lattice spacing was determined.
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The structure and composition of Bi,Te;_s topological insulator layers grown by
molecular beam epitaxy is studied as a function of beam flux composition. It is
demonstrated that, depending on the Te/Bi,Te; flux ratio, different layer
compositions are obtained corresponding to a Te deficit § varying between 0 and
1. On the basis of X-ray diffraction analysis and a theoretical description using a
random stacking model, it is shown that for § > 0 the structure of the epilayers is
described well by a random stacking of Te-Bi-Te-Bi-Te quintuple layers and
Bi-Bi bilayers sharing the same basic hexagonal lattice structure. The random
stacking model accounts for the observed surface step structure of the layers and
compares very well with the measured X-ray data, from which the lattice
parameters a and ¢ as a function of the chemical composition were deduced. In
particular, the in-plane lattice parameter a is found to continuously increase and
the average distance of the (0001) hexagonal lattice planes is found to decrease
from the Bi,Te; to the BiTe phase. Moreover, the lattice plane distances agree
well with the linear interpolation between the Bi,Te; and BiTe values taking the
strain in the epilayers into account. Thus, the chemical composition Bi,Te;_5 can
be directly determined by X-ray diffraction. From analysis of the X-ray
diffraction data, quantitative information on the randomness of the stacking
sequence of the Bi and Te layers is obtained. According to these findings, the
layers represent random one-dimensional alloys of Te-Bi-Te-Bi-Te quintuple

© 2014 International Union of Crystallography and Bi-Bi bilayers rather than a homologous series of ordered compounds.

1. Introduction fundamentally new physics such as magnetic monopoles and
Majorana fermions (Hasan & Kane, 2010; Zhang et al., 2009).

In contrast to conventional

Bismuth telluride has attracted tremendous interest in the past
few years because it not only represents one of the best
thermoelectric materials (Tritt, 1999; Snyder & Toberer, 2008)
but is also an outstanding member of a new class of materials
called topological insulators (Hasan & Kane, 2010; Zhang et
al., 2009; Hsieh et al., 2009; Qu et al., 2010; Qi & Zhang, 2011).
These materials exhibit striking new physical properties owing
to the existence of topologically protected two-dimensional
surface states that display an energy momentum dispersion
shaped like a Dirac cone (Zhang et al., 2009; Xia et al., 2009;
Chen et al, 2009). In these surface states, the electron
momentum is locked to the spin direction (Hasan & Kane,
2010; Roushan et al., 2009; Sanchez-Barriga et al., 2014) and
therefore, spin polarized currents can be induced without the
needs of external magnetic fields. This offers interesting
possibilities for novel spintronic devices (Hasan & Kane, 2010;
Moore, 2010; Qi & Zhang, 2011) and may provide a basis for

III-v, II-VI or IV-VI
compound semiconductors, bismuth telluride (as well as
bismuth selenide) can exist in multiple phases with different
chemical compositions, including Bi,Te;, BiyTe,, BisTes and
BiTe (Yamana et al, 1979), among others (Massalski &
Okamoto, 1996). These compounds constitute a homologous
series of structures (Stasova, 1967; Kim et al., 2001; Bos et al.,
2007) that share the same basic hexagonal lattice, formed by
ABCABC ... stacking of hexagonally ordered alternating Bi
and Te layers, with additional Te-Te or Bi-Bi double layers
inserted at certain distances to accommodate the differences
in composition, i.e. the Te/Bi content. According to the Bi-Te
phase diagram (Massalski & Okamoto, 1996), stoichiometric
Bi,Te; is the compound with the highest Te content, with a Te/
Bi ratio of 1.5. For the other phases, this ratio is reduced as
denoted by Bi,Te;_;, where & > 0 defines the Te deficit in the
material compared with Bi,Te;.
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For Bi,Te;, the basic building blocks of the lattice are Te—
Bi-Te-Bi-Te quintuple layers (QLs) that are van der Waals
bonded to each other through the facing Te-Te double layers
(DLs). This gives rise to the well known threefold quintuple
layer stacking described by a hexagonal unit cell containing
three QLs (see Fig. 1la). As the Te content decreases
(increasing the Te deficit §), additional Bi-Bi double layers are
inserted between the quintuple layers which, if inserted at
regular distances, give rise to a homologous series of ordered
compounds that can be regarded as adaptive natural super-
lattices (Stasova, 1967; Kim et al., 2001; Bos et al., 2007; Cava et
al., 2013). For example, for Bi,Te, a Bi-Bi DL is inserted after
every second QL, for BisTe¢ after every fourth QL, for BisTes
after every fifth QL and so forth. The corresponding stacking
of the two-dimensional arrays in Bi,Te;, BijTes, Bi;Te; and
Bi,Te; is shown schematically in Fig. 1. A further overview of
other ordered Bi,,Te, phases [denoted (mn) in the following]
can be found in papers by Kim et al. (2001), Bos et al. (2007)
and Cava et al. (2013). It is noted that a similar homologous
series also exists in the Bi-Se system, in which analogous
phases occur (Lind & Lidin, 2003; Lind et al., 2005; Valla et al.,
2012).

For practical applications of topological insulator materials,
high-quality epitaxial layers with well controlled properties
are of key importance (He et al., 2013). Owing to the existence
of different stoichiometric phases, however, the structure and
composition of bismuth chalcogenide layers grown by mol-
ecular beam epitaxy (MBE) (Peranio et al., 2006; Liu et al.,
2010; Chen et al., 2011; Krumrain et al., 2011; Borisova et al.,
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Stacking sequence of two-dimensional Bi and Te lattice planes in ordered
homologous Bi,, Te, (Bi,Te;_;) structures with different compositions: (a)
Bi,Tes, (b) BiyTes, (¢) Bi;Te, and (d) BisTes, with the corresponding Te
deficits § = 0, 0.5, 1 and 1.5, respectively. The black rectangles denote the
crystallographic unit cells; the Bi-Bi DLs are emphasized by shaded
areas. The numbers 1, ..., 7 in panels (a) and (c) refer to the distances of
the (0001) lattice planes Az; to Az, as used for the model simulations
(see the text).

2012; Fukui et al., 2012; Li et al., 2010; Plucinski et al., 2011; Liu
et al., 2011; Zhang et al., 2012; Cao et al., 2012; Caha et al.,
2013) or other vapor phase methods are much less well defined
than those of the usual binary semiconductors such as GaAs,
InAs, ZnSe, PbTe etc., where only one single well defined
stoichiometric phase with 1:1 composition exists. As a result,
the structure and composition of bismuth telluride epilayers
are expected to strongly depend on the MBE growth condi-
tions, but no detailed studies on this have been reported up to
now.

To resolve this issue, we have investigated here the growth
and structure of bismuth telluride layers as functions of the
beam flux composition. We show that, although two-dimen-
sional growth occurs for any composition, a continuous series
of Bi,Te,_; layers with arbitrary § is obtained under conditions
of reduced Te flux during growth. We developed a description
of the structure of the Bi,Te;_; layers based on the model of a
stochastic sequence of QLs and DLs, which enables us to
simulate the diffraction curves averaged over a statistical
ensemble of all sequences. We demonstrate by the comparison
of the measured and simulated diffraction curves that the
resulting layer structure is formed by randomly incorporated
Bi-Bi double layers after random numbers of quintuple layers
rather than by ordered superstructures. Thus, only from the
average distance of the Bi-Bi double layers is the actual
stoichiometry é defined. The average atomic layer spacing in
the ¢ direction is found to decrease with increasing § value,
roughly following the Vegard law connecting the limiting cases
of Bi,Te; and Bi,Te, with § = 0 and 1, respectively. As this
average lattice plane spacing can be directly deduced from the
position of selected Bragg diffraction maxima, the layer
compositions can be unambiguously obtained. The composi-
tion has a profound influence not only on the step structure of
the surface but also on the background carrier concentration
and mobility, which is important for device applications.
Similar effects are also expected for bismuth selenide layers.

2. Sample growth

Bismuth telluride layers were grown by molecular beam
epitaxy using a compound bismuth telluride effusion source
with nominal Bi,Te; composition, yielding a beam flux with an
overall Te/Bi flux ratio of approximately one. An additional
tellurium source is used to tune the beam flux composition and
to obtain a Te-rich beam flux composition, as needed to get the
2:3 stoichiometry in the growing layer or any other composi-
tion in between. To systematically study the effect of beam flux
composition, a series of samples were grown in which the Te
flux was varied between 0 and 2.4 A s~ (~1.25 monolayers
per second), while keeping the bismuth telluride flux rate
constant at ~1 A s™! (0.1 QL s™Y). It is to be noted, however,
that a large portion of the excess Te flux re-evaporates from
the surface, and thus only a small fraction of Te atoms are
actually incorporated, meaning that the composition of the
layers differs from the impinging beam flux composition. The
flux rates and beam flux ratios were determined by a quartz
crystal microbalance moved into the substrate position. The
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layer thickness was 350 nm and the growth temperature was
613 K for all samples, and a background pressure of ~5 x
107'° mbar was maintained during growth. Cleaved BaF,(111)
was used as substrate material. It is essentially lattice matched
to Bi,Te; (Caha et al, 2013) because its in-plane lattice
constant of ai},{,l) = aqw(3) 7" = 0.4384 nm is practically equal
to the hexagonal lattice constant a = 0.4385 nm of Bi,Te;
(Nakajima, 1963; Wyckoff, 1964), i.e. the lattice mismatch Aa/
a is only 0.04%. For BiTe, a = 0.4423 nm (Yamana et al., 1979;
Shimazaki & Ozawa, 1978; Stasova, 1967) is slightly larger, but
the lattice mismatch to BaF, is still below 1% (Caha et al.,
2013).

The surface evolution during growth was monitored using in
situ reflection high-energy electron diffraction (RHEED).
Figs. 2(a)-2(d) show representative RHEED patterns for four
samples grown with different excess Te fluxes, Jr., increasing
from0to 1.4 A s~!; there is no difference in the RHEED data
for higher fluxes between 1.4 and 2.4 As7!. The streaked
RHEED patterns are practically indistinguishable, evidencing
that two-dimensional growth occurs in all cases, resulting in a
locally smooth terraced surface with atomic scale surface
steps. For all layers, the resulting surface structure was
determined by atomic force microscopy (AFM), and the
results are presented in the middle panels of Fig. 2. All layers

exhibit smooth surfaces, but the characteristic surface step
structure drastically differs for the different samples. Whereas
the sample grown with a high excess Te flux (Fig. 24) shows a
well defined terrace structure with rather smooth and straight
step edges preferably aligned along three (1100) directions, for
the other samples grown with lower excess Te flux (Figs. 2e—
2g) much rougher step edges and a rather irregular step
structure are formed.

A closer inspection of the AFM images reveals that a
uniform, i.e. constant, step height / exists only for the high
excess Te flux sample, where 4 = 1 nm is the height of one Te—
Bi-Te-Bi-Te quintuple layer. In contrast, a variety of step
heights is observed for the other samples, 4 ranging from ~0.4,
0.6, 1 and even 1.2 nm, corresponding to the height of one
bilayer (BL), trilayer (TL), quintuple layer as well as a
septuple (SL) layer. This is demonstrated by the surface
profiles depicted in the bottom panel of Fig. 2, where the
different step heights are labeled according to the corre-
sponding number of atomic planes. This is clear evidence that
the crystal structure, ie. the layer stacking, strongly differs for
the different samples. For the pure Bi,Te; phase, the lattice is
formed exclusively of QL blocks, which are weakly van der
Waals bonded by the Te-Te layers of the adjacent QLs. Thus,
there is a strong tendency to complete each QL before a new
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Top: RHEED patterns recorded during Bi,Te;_; growth with different excess Te flux rates (Jy.) from 0 to 1.4 As™!, from (a) to (d), respectively,
indicating two-dimensional growth in all cases. The main growth flux is provided from a compound Bi,Tes effusion cell, giving a growth rate of 1 A's™'.
Middle: AFM images of the resulting 350 nm-thick Bi,Te;_s layers on BaF,(111) with the Te-deficit values § indicated as determined by X-ray diffraction
(image size 3 x 3 pm). Bottom: measured surface profiles for the different layers, with the different steps heights corresponding to double (2), triple (3),
quintuple (5) and septuple (7) atomic lattice planes indicated by the numbers and by the vertical scale bars in view (k). The horizontal dashed lines
represent the normal quintuple layer spacing of A/ = 1 nm expected for the pure Bi,Te; phase.
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QL nucleates on the surface, which results in a surface struc-
ture that exclusively features QL layer steps (Teweldebrhan et
al.,2010). This is a first indication that only the epitaxial layers
grown with high excess Te flux, Jp. > 1.4 A s grow in the
pure Bi,Te; phase. Further inspection also reveals that the QL
layer steps tend to be straight and aligned along the (1110)
surface directions, whereas the other types of steps observed
for the samples grown with less excess Te flux do not show a
clear preferred step direction, causing a much higher step-
edge roughness as seen in Figs. 2(f)-2(g).

When reducing the Te flux during epitaxial growth, at some
point there is not sufficient Te present on the surface to
complete each quintuple layer and to maintain a fully Te-
terminated surface state. As a result, with decreasing Te flux,
more and more stacking faults are introduced in the QL layer
stacking, leading to incomplete QL layers as well as to the
introduction of additional Bi-Bi double layers into the Bi,Tes
lattice. This corresponds exactly to the structural motif of the
Bi,Te;_; phases with reduced Te content (Te deficit § > 0), in
which such Bi-Bi double layers are introduced to decrease the
overall Te/Bi ratio (see Fig. 1). As a result, surface steps with
smaller as well as larger step heights are formed on the surface
where, for example, an additional Bi-Bi-Te layer on top of a
QL layer corresponds to a trilayer step height, whereas an
additional Bi-Te layer leads to a DL surface step. Thus, the
surface structure observed for the low Te flux samples is a
clear indication that Bi,Te;_s layers with significant Te deficit
§ > 0 are formed. However, it is evident that the addition of a
Bi-Bi DL during growth does not occur synchronized over the
whole layer surface but rather with considerable statistical
variation at different locations. Therefore, disordered atomic
layer stackings will be formed rather than well ordered
superstructures. Under such conditions, domain boundaries
between regions of different stackings are formed, resulting in
a significantly increased defect density in the layers.

3. X-ray diffraction

To clarify in detail the structural properties of the samples
with different compositions, X-ray diffraction measurements
were performed using a Seifert diffractometer equipped with a
primary Ge monochromator and parabolic mirror for Cu Ko
radiation and a pixel detector on the secondary side.
Symmetric diffraction scans of various samples from the series
are shown in Fig. 3, with the excess Te flux increasing from the
top to the bottom. The diffraction curves were measured in the
symmetric geometry, i.e. they represent the distributions of the
diffracted intensity along the Q. axis normal to the surface. All
layers only show (000L) diffraction maxima, indicating growth
with the hexagonal ¢ axis perpendicular to the BaF, (111)
surface independent of the beam flux composition.

For the layer grown with the highest excess Te flux
(=14 A s™') (lowest curve in Fig. 3), only diffraction peaks
with L equal to a multiple of three, i.e. L=3,6,9, ..., appear.
This indicates that only the pure Bi,Te; phase is formed, in
which this selection rule arises from the fact that the unit cell is
nonprimitive and it is composed of three quintuple layers

stacked on top of each other and that these three QLs are
identical in the symmetric diffraction geometry. As we discuss
in detail below, the intensities of the (0009) and (00012)
reflections are very low owing to the vanishingly small struc-
ture factor of a single QL.

With decreasing excess Te flux the diffraction peaks shift
and broaden, and some even split into peak pairs as indicated
by the short black arrows in Fig. 3. For the sample grown
without excess Te flux (upmost curve in Fig. 3), the intensity
and position of the diffraction peaks correspond to those
expected for the Bi;Te; phase (Caha et al., 2013), exhibiting a
unit cell composed of 12 atomic layers [two QLs plus one Bi—
Bi DL, see Fig. 1(¢)]. Thus, in contrast to Bi, Tes, the unit cell of
Bi Te, is primitive. Therefore, all diffractions (000L) are
allowed and more diffraction peaks appear for Bi;Te, than for
Bi,Tes, in spite of its smaller unit cell. For the samples with
intermediate Te fluxes, i.e. intermediate compositions (middle
curves in Fig. 3), there is no indication of the formation of
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Figure 3
Symmetric diffraction curves for the Bi,Te;_; sample series grown with
different excess Te fluxes, increasing monotonically from zero for the
topmost curve to J. = 3 A s~! for the lowest curve. The curves were
measured in symmetric diffraction geometry along the (000L) rod
perpendicular to the surface and for clarity are shifted vertically with
respect to each other. The numbers in blue and red denote the L indexes
of the diffraction maxima of the pure Bi,Te; and Bi Te, phases,
respectively; the color of the curves indicates a gradual change of the
structure from Bi,Tes (blue) to Bi;Te, (red) with decreasing excess Te
flux. The short vertical arrows indicate the splitting of the weak (00012)
maximum of the (23) phase into two peaks with decreasing excess Te flux.
The BaF, substrate diffraction peaks are labeled by S and the green
circles mark the Umweganregung peaks (see text).

1892

Hubert Steiner et al. -

Structure and composition of Bi—Te topological insulators

J. Appl. Cryst. (2014). 47, 1889-1900

Reprinted page 4 of paper @] “Structure of BiyTes_, films”.



research papers

ordered superstructures as expected for the homologous series
of ordered Bi,Te, phases, in which case additional peaks
should appear. Instead, we only find a continuous shift of the
diffraction peaks as a function of composition, i.e. the peaks of
Bi,Te; smoothly evolve into those of BiTe. Strikingly, with
decreasing Te content, the diffraction peaks shift in various
directions. For example, the (0006) peak of the Bi,Te; phase
shifts to the right, i.e. to higher Q_, and seamlessly transforms
into the (0005) peak of the Bi;Te; phase, whereas in contrast
the (00018) peak of Bi,Te; shifts to the left to evolve into the
(00014) diffraction maximum of Bi; Te;. Other peaks seem to
stay nearly at a constant position [e.g. the (00015) peak of
Bi,Tes;] or split up or even disappear, as is seen, for example,
for the (0009) and (00010) peaks of Bi;Te; (denoted by the
short black arrows in Fig. 3). With increasing Te content, these
peaks move closer and closer to each other and eventually
merge for the highest Te excess fluxes (§ < 0.2), creating the
(00012) diffraction peak of the Bi,Te; phase. It is noted that
several diffraction maxima denoted by S in Fig. 3 stem not
from the layer but from the substrate or are created by the
Umweganregung effect (denoted by green circles), i.e. the
wave being previously diffracted by the substrate is diffracted
by the layer, or the substrate diffracts the wave diffracted by
the layer. These additional diffraction maxima are, therefore,
ignored in the subsequent data analysis.

The diffraction data in Fig. 3 clearly demonstrate that there
is a rather continuous evolution of the lattice structure as a
function of composition, contrary to the picture of a discrete
series of distinct homologous structures with different
arrangements of unit cells. This means that the layer material
resembles more a random one-dimensional alloy of Bi and Te
lattice planes that can accommodate any arbitrary composi-
tion with a quasi-continuous adoption of the average lattice
parameters. This assumption is also supported by the obser-
vation that the diffraction peaks for the intermediate
compositions show a significant broadening as is common for
disordered alloy materials.

To determine the lateral lattice parameter a of the hexa-
gonal lattice of the samples, we have measured reciprocal-
space maps of the diffracted intensity in the vicinity of the
asymmetric reciprocal lattice point (313) of the substrate and
of the (11020) one of Bi,Te;. As shown in Fig. 4, the two
diffraction maxima occur close to each other in the same
reciprocal plane perpendicular to the sample surface
(A1) i I (000 1)yeyagona, and their lateral reciprocal coordi-
nates along [121].ic [| [1100]cxag0nar are given by

HﬁSUb) — 51(8/3)1/2’ Hﬁmn) _ 51(4/3)1/2 (1)

sub mn

As agp = a,,,(2)"? [a,,, denotes the a parameter of the (mn)
phase], the substrate and layer diffraction maxima have almost
the same lateral positions. In Figs. 4(a) and 4(b), we show the
reciprocal-space maps of the samples with the highest and
lowest excess Te flux rates [(23)-like and (11)-like, respec-
tively]. In the maps, the diffraction maxima of the substrate
and the layer are denoted by S and L, respectively. The
maxima occur at practically the same in-plane positions owing
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Figure 4
Asymmetric reciprocal-space maps of two Bi,Te;_; layers grown with the
highest (a) and lowest (b) excess Te flux rates and Te deficit § ~ 0 and § ~
1, respectively, showing the (313) diffraction peaks of the substrate
(denoted by S) and the (11020) maxima of the layer (L). The step of the
iso-intensity contours is 10°2.

to the nearly identical in-plane lattice constants. For the
samples with lower Te content grown under low excess Te
conditions, the layer peak gradually moves to somewhat lower
O, and higher Q. values, indicating a continuous increase of
the in-plane lattice parameter a and a concomitant decrease of
the average distance of the hexagonal (0001) basal atomic
planes (referred to here as inter-plane distances) as described
in detail in §4.

4. Theory of X-ray diffraction from a random stack of
layers

For the analysis of the measured diffraction data, we devel-
oped a theoretical description of X-ray diffraction from a
random stack of layers based on the statistical theory of
diffraction from randomly layered systems (Holstein, 1993).
An elegant matrix formulation of this problem was proposed
by Croset & de Beauvais (1997, 1998) and used for the
description of X-ray diffraction from epitaxial layers with a
random sequence of layers by Kopp et al. (2012). As we stated
above, the structure of every trigonal (hexagonal) Bi,Te,
phase can be described by the face-centered cubic like
stacking of two-dimensional hexagonal (0001) arrays of Bi and
Te atoms with different stacking sequence including Te-Bi-
Te-Bi-Te quintuples as well as Bi-Bi double layers.
Depending on the Te flux used during MBE deposition, the
number of quintuplets 7; between the (j — 1)th and jth Bi-Bi
double layers can vary. In the following, we assume that n; are
random and the values n;, n,, j # k, are statistically indepen-
dent. For the genuine (i.e. ideally periodic) Bi,Te; and Bi;Te;
phases n; — 00 and n; = 2 hold, respectively (see Fig. 1). We
assume that the measured intensity of diffracted X-rays is
averaged over the statistical ensemble of all possible
sequences of numbers n;. This assumption is justified because

J. Appl. Cryst. (2014). 47, 1889-1900
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in our diffraction experiment the irradiated sample area is, by
many orders of magnitude, larger than the coherence width of
the primary X-ray beam (which lies below 1 pm). Using
kinematical approximation of X-ray diffraction and restricting
ourselves to symmetric diffraction only, the amplitude E(Q) of
the wave diffracted from a given sequence of two-dimensional
arrays (characterized by the given sequence of n; values) is
given by

E(Q)=A k;fk(q) exp(—iqzy). (2)

Here, A is the constant containing the primary intensity and
polarization factor, Q = 4m/Asin(e;) is the length of the
scattering vector (¢ is the incidence angle), g is the complex
length of the scattering vector corrected for refraction and
absorption, m is the total number of two-dimensional atomic
layers in the coherently irradiated volume, z, is the coordinate
of the kth layer along [0001], and f; is the atomic scattering
factor of the atoms in layer k consisting either of Bi or Te
atoms (fr. O fgi)-

The sequence of the coordinates z; is constructed from a
given set of n; values using the following rules:

(1) The inter-plane distances in the quintuplet not adjacent
to a Bi-Bi doublet (i.e. in the layer sequence of ... Te|Te-Bi—
Te-Bi-Te| Te .. . ) are given by Az, Az,, Azy, Az,, Az, where
Az is the distance of the van der Waals bonded Te-Te layers
and Az, ; are the Te-Bi distances with the QL.

(2) If a quintuplet adjoins a Bi-Bi doublet (i.e. for the layer
sequence ... Te||Bi-Bi||Te-Bi-Te-Bi-Te||Te...), the inter-
plane distances are Azg, Az;, Azg, Azs, Azy, Azs, Azy, Az,
where the corresponding inter-plane distances are indicated in
Fig. 1.

(3) If both ends of a quintuplet are attached to Bi-Bi
doublets (sequence ...Te|Bi-Bi| Te-Bi-Te-Bi-Te| Bi-Bi||
Te...), the inter-plane distances are Az, Az,, Azq, Azs, Azy,
Azy, Azs, Azg, Azq, Azg.

(4) A Bi-Bi doublet cannot adjoin another doublet; at least
one quintuplet must occur between two doublets.

In this notation, Az, ; correspond to the Te-Bi inter-plane
spacings within a QL not adjacent to a Bi-Bi DL and Az, is
the inter-plane distance in the van der Waals bonded Te-Te
double layer adjoining two QLs. If a QL adjoins a Bi-Bi DL,
its inter-plane distances are modified from Az, 33, t0 Az, 345.
Az is the inter-plane distances between the last Te layer of a
QL and the first Bi layer in the DL, and Az, is the distance
between the Bi layers in the Bi-Bi DL. From our simulations it
turned out, however, that the results are almost insensitive to
the distances Az, 5. Therefore, we replaced these values by the
corresponding distances Az;, within the quintuplets in the
pure Bi,Te; phase.

Using the rules listed above, we calculated directly the
diffracted intensity averaged over the statistical ensemble of
all random sequences {nj, j=1,...,P, (nj) = N} of the
numbers of QLs between two Bi-Bi DLs; P is the total
number of structure units in the layer stack (i.e. the total
number of Bi-Bi DLs); the jth unit comprises 7; QLs and one

Bi-Bi DL. The formula for the ensemble-averaged intensity is
quite cumbersome and it is presented in Appendix A.

The diffracted intensity exhibits rapid oscillations caused by
the fixed length of the layer stack; the period of the oscillations
is roughly 27/[(SN + 2)(Az)], where (Az) is the mean inter-
plane distance and N = (n;) is the mean number of QLs
between subsequent Bi-Bi DLs. In order to suppress these
nonphysical oscillations we performed a numerical convolu-
tion of the calculated diffraction curve with a suitable peak
function (we used a standard Gaussian function) corre-
sponding to the limited coherence width L., of the incoming
X-ray beam. The full width at half-maximum of this function is
21/Ly,. In the simulations we assumed L., = 0.2 pum (ie.
much longer than the QL length) and chose the number P of
the structure units so large that the total thickness of the layer
stack fairly exceeds L..,. The value of L., affects only the
widths of the diffraction peaks. The nominal layer thickness of
350 nm slightly exceeded L.,,; however, structure defects not
included in the stacking model broadened the measured
diffraction maxima.

The simulation model used here is similar to the statistical
models of layered systems based on the Markow chain of the
first order and published previously by Kopp et al. (2012).
Both models can be directly compared, if we use n; quintuple
layers and one Bi-Bi double layer as the structure unit used in
these works. As the number of n; values could be large, our
system is a ‘many-state system’ in the terminology used by
Kopp et al. (2012). The matrix formalism used in the cited
works is rather complicated for such many-state systems, and
the direct averaging described in Appendix A can be used
instead.

In Figs. 5, 6 and 7, we present illustrative results of the
numerical simulations of the diffracted intensity along the
(000L) direction for different lattice structures. First, let us
consider ideally periodic Bi,,Te, phases [denoted by (mn)]
with various N. The corresponding diffraction curves are
shown in Fig. 5, where the curve N — oo corresponds to the
ideal (23) phase, and N =1, 2, 3, 5 refer to the (43), (11), (67)
and (45) phases, respectively. As stated above, the diffraction
maxima of Bi,Te; along the (000L) rod appear only for L = 3p
(p is an integer), because the three quintuplets occurring in the
unit cell are identical in symmetric (000L) diffraction, and
therefore a three-times smaller structure unit (one QL) acts as
the unit cell for symmetrical diffraction. We emphasize that
the (00012) diffraction is almost forbidden in Bi,Tes, as its
position nearly coincides with a sharp minimum of the struc-
ture factor of one QL, which is represented by the super-
imposed blue dashed curve in Fig. 5. Therefore, the intensity
of the (00012) maximum is extremely sensitive to the inter-
plane distances Az, , ; in the QL. Most notable, for N > 2, i.e.
large distances of the Bi-Bi double layers, the diffraction
curves of the ordered phases exhibit rather closely spaced
diffraction peaks arising from the natural superlattice period
produced by the periodically inserted Bi-Bi DLs, where the
satellite spacing decreases inversely proportionally to N.

For the analysis of the positions of the diffraction peaks of
the ideally ordered phases, let us assume for the moment that
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Figure 5

Diffraction curves calculated along the symmetric (000L) direction for
ideally periodic, i.e. perfectly ordered, Bi,, Te, phases with different (mn)
numbers, corresponding to different numbers of quintuplets N=1,2,3,5
and N — oo between two Bi-Bi doublets (see Fig. 1) from top to bottom.
The blue and red numbers denote the diffraction indexes L of the (23)
and (11) phases, respectively. The bottom green line represents the
diffraction curve of a ‘virtual’ crystal having constant inter-plane
distances and containing identical atoms. The blue and red dashed
curves superimposed on the diffraction curves for the (11) and (23)
phases are the structure factors of one QL and of one unit cell of the (11)
phase, respectively. The curves are shifted vertically for clarity.

10

Figure 6

Details of the diffraction curves along the (000L) rod in the vicinity of the
000 12)(23) maximum, calculated for various values of N of QLs between
the Bi-Bi DLs for perfectly ordered phases, i.e. m — oo (dotted lines),
and for disordered phases with m = 10 (full lines). The values of N are
indicated; the curves are shifted vertically for clarity. The vertical dotted
lines and the blue numbers denote the theoretical positions and L values
of the diffraction maxima of the (23) phase.

the inter-plane distances Az, are identical and equal to the
mean inter-plane distance (Az) of the actual structure. If the
layers contain identical atoms (a virtual ‘mixture’ of Bi and Te
atoms, for instance), the diffraction peaks of such a virtual
crystal (VC) will appear at the following points on the (000L)
rod,
wo 2w

QL - (AZ) Ls (3)
where L is an integer. The diffraction curve of such a virtual
structure is plotted in Fig. 5 (bottom green line). Now, let us
replace the virtual atoms in the layers by a sequence of Bi and
Te atoms corresponding to an ideally ordered (mn) phase,
keeping the same average inter-plane distance (Az). This
chemical modulation results in additional peaks that can be
considered as modulation (superlattice) maxima accom-
panying the main mean maxima in equation (3). If the
elementary unit cell of the ideally ordered (mn) phase consists
of Noy (Te-Bi-Te-Bi-Te) QLs and Np (Bi-Bi) DLs, the
maxima will appear at the points

0 20 40 60 80
Q (nm")

Figure 7

(000L) diffraction curves simulated for disordered Bi,Te,, structures: (a)
diffraction curves for Bi;Te; with a constant number of QLs N = 2 but
increasingly random positions of the Bi-Bi DLs in the crystal, as
described by the different orders m of the y distribution of the random
numbers of QLs between two DLs; (b) shows the effect of disorder for
different values of N from N = 1 [which corresponds to the disordered
(11) phase] to N — oo [(23) phase] and constant m = 10. The red
numbers in (a) and the blue numbers in (b) denote the positions of the
diffraction maxima and their indexes L of the (11) and (23) phases,
respectively. The arrows denote the diffraction peaks of the virtual crystal
(see text); the curves are shifted vertically for clarity.
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mn 2n
O = L, (©)

" (5N + 2Np)(Az)
if we still assume constant inter-plane distances (Az).
Obviously (m : n) = (2N, +2Np) : (3N,) must hold. For
instance, in the (23) phase N, = 3 and N, = 0 and, thus, the
diffraction maxima appear at the points

@) 2 21

LT 150 F S san P ©)

because only the maxima with L = 3p (p is an integer) are
allowed. In the (11) phase, No =2 and N =1, ie the
diffraction maxima are at

2
ey
12(Az)

©)

Let us now compare the positions of the diffraction maxima
of different (mn) phases assuming the same value of (Az) in
all phases. From equations (3)—(6), it follows that only the
maximum (000 157)* (¢t is an integer) of the (23) phase
coincides with the maxima of other phases; these maxima
correspond to the averaged structure used in equation (3) and
their distance is AQ = 2n/(Az). If t = 1, for instance, the
maximum (00015)(23) coincides with the maxima (0007)(43),
00012)™, (00017)®” and (00027)“ of the phases (43),
(11), (67) and (45), respectively; this maximum is equivalent to
the first diffraction peak (0001)(VC) of the VC. Analogously, all
maxima (00015)® are equivalent to the VC diffraction
maxima (()()Ot)(VQ. Because, as we show later, the average
inter-plane distance (Az) gradually decreases with decreasing
N, these maxima move to larger Q with decreasing N, i.e. when
moving from (23) towards the pure (11) phase. On the other
hand, however, the positions of other maxima move in
different ways with decreasing N. For instance, the maximum
(00018)(23) does not correspond to any maximum of other
(mn) phases, which is obvious from Fig. 5. In fact, with
decreasing N, this maximum splits up into two maxima, with a
separation that increases with decreasing N. In the case N =2,
however, only the left maximum from this pair appears [which
corresponds to the (00014)(”) peak], as the right one coin-
cides with a local minimum of the structure factor of the (11)
phase (the red dashed curve in Fig. 5). Therefore, the
maximum (000 18)‘23) seems to move to smaller Q with
decreasing N. In the position of the almost forbidden
maximum (000 12)® a similar splitting occurs, converting to
the diffraction maxima (0009)"” and (00010)"” of the (11)
phase.

From this analysis it follows that only the diffraction
maxima (0001)¥° = (00015)® — (00012)" — (0007)“*
and (0002)Y9 = (00030)* = (00024)™ = (00014)*?
can be used for the determination of the dependence of (Az)
on N. Fig. 6 demonstrates in detail the various types of the
maxima described above. The VC maximum (00015)%
moves to larger Q if we decrease N. This behavior corresponds
to a decrease of (Az) with decreasing N. On the other hand,
the maximum (00012)® splits into a pair of maxima and,
conversely, (0009)(23) and (00018)* move to smaller Q. As

we explained above, this shift of the maxima does not corre-
spond to an increase of (Az).

A comparison of the measured diffraction curves of Fig. 3
with the curves simulated for perfectly periodic (mn) phases
shown in Fig. 5 reveals that only the diffraction curve of the
sample with the highest Te excess flux is similar to the calcu-
lated diffraction curve of the perfect (23) phase. The other
experimental curves exhibit far fewer diffraction maxima than
the simulated ones. Thus, the experimental results can only be
explained if we assume a certain statistical disorder in the
layer sequence. The strong effect of disorder on the simulated
diffraction curves for the case of a constant mean number
(n) = N =2 of QLs between two Bi-Bi DLs, corresponding to
an average composition equal to the (11) phase, with the
different degrees of disorder accounted for by the order m of
the y distribution of the numbers n of QLs between two
adjacent Bi-Bi DLs, is seen in Fig. 7(a). The curve m = oo
corresponds to the ideally ordered (11) phase. When
decreasing the order m, evidently the diffraction maxima
become broadened and gradually disappear, except for the
VC maxima (0000)"° = (00012)Y and (0002)Y° =
(00024)™  which correspond to the (00015)*” and
(00030)* peaks of the (23) phase. In Fig. 7(b) we demon-
strate the dependence of the simulated diffraction curves on
N, keeping the degree of disorder constant at m = 10. It is
obvious that for small m (i.e. large o) only a few modulation
peaks persist: for instance, the pair of maxima that originates
from the splitting of the (00012)* maximum is observed,
whereas most other modulation peaks (cf. Fig. 5) disappear.
This is also demonstrated by Fig. 6, where zoomed-in
diffraction spectra are shown for the ordered (dotted curves)
and disordered (solid curves) structures. However, the
persisting splitting of the (00012)* maximum makes it
possible to determine the mean number of QLs N also for
disordered structures. The blue and red arrows in Figs. 7(a)
and 7(b) denote the positions of the VC diffraction peaks
©000)Y® = (00015)* = (00012)™ and (0002)V° =
00030)* = (00024)(“). As the mean inter-plane distance
(Az) in the (23) phase is larger than that in the (11) phase, the
VC maxima move to larger Q with decreasing N, i.e. when
moving from the (23) phase towards (11). It is emphasized that
this tendency is preserved also in disordered structures,
meaning that the positions of the VC peaks can be used indeed
for the determination of (Az) in random structures.

5. Quantitative results

To determine the real structure of the Bi,Te;_; epitaxial layers,
the measured diffraction curves of all samples were fitted with
the above described model, treating the inter-plane distances
Az 5367 (assuming Az, = Az and Azg = Az,) as well as the
mean number of quintuplets N between the Bi-Bi DLs and
the order m of the y distribution of the random numbers n as
fit parameters. The fitted diffraction curves are presented as
solid lines in Fig. 8, together with the experimental data
(points).
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Evidently, the fits of the measurements are satisfactory; the
regions around the substrate and Umweganregung peaks were
excluded from the fitting. The remaining discrepancies
between the experimental data and the calculated diffraction
curves may be caused by sample inhomogeneities both within
the layers and on the surfaces.

As a result from the fits, we obtain for each sample the
stacking sequences of Bi and Te layers as well as the inter-
plane distances Az, , ; ¢ ; between the individual lattice planes,
and by averaging over all Az, the average inter-plane
distance (Az) is deduced. In addition, we obtain the overall Te
deficit § of the samples simply by summing up the total
number of Te and Bi layers in a given stacking sequence. The
composition is also directly related to the average number N
of QLs between subsequent Bi-Bi DLs according to

§=3/(N+1). %)

As expected, the mean inter-plane distances (Az) obtained
from the fit agree with the values directly derived from the
000)™M = (00015 = (00012)"Y and (0002)V° =
00030)* — (00024)™, ... peak positions in the diffrac-
tion curves. The latter method yields the (Az) values with
better accuracy because of the limited quality of the fit of the
whole diffraction curves and because the former approach is
independent of the model. Through the order parameter m,
obtained from the fits, we also get information on the
randomness of the stacking sequence, i.e. degree of deviation
of the actual from the perfectly ordered structures.

In Fig. 9, all derived structure parameters of the samples are
plotted as a function of the Te deficit § calculated using the
above equation. Fig. 9(a) shows the in-plane hexagonal lattice
parameter a deduced from the reciprocal-space maps (cf.
Fig. 4) and Fig. 9(b) shows the mean vertical inter-plane
distance (Az) (black filled circles) obtained from the simula-
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Figure 8

Measured (points) and simulated (lines) diffraction curves for the
Bi,Te;_; epitaxial layers grown using various excess Te flux rates,
resulting in various Te deficits § as obtained from the fitting procedure.
The vertical dotted lines denote the positions of the diffraction peaks
(OOOL)'B) of the (23) phase with corresponding L values indicated above.
The colors of the lines denoting the fitted curves range from blue [(23)
phase, § = 0] to red [(11) phase, § = 1]. The BaF, substrate peaks are
marked by S; the curves are shifted vertically for clarity. The green circles
mark the Umweganregung peaks.

tions as functions of the Te deficit §. Evidently, a gradually
increases from a = 0.438 to ~0.44 nm when § increases from 0
to 1, i.e. when the composition changes from (23) to (11). This
can be described by a polynomial of a(§) of the second order
(see below). Conversely, the mean inter-plane distance
decreases almost linearly from (Az) = 0.2035 to 0.201 nm for
the same change in composition. This means that with
increasing Te deficit, i.e. an increasing number of inserted Bi-
Bi DLs, the average inter-plane distance (Az) shrinks and the
lateral lattice parameter a expands.

According to literature data for bulk samples of various
ordered (mn) phases, represented by the colored circles in
Fig. 9(a) (Brebrick, 1968; Shimazaki & Ozawa, 1978; Yamana
et al., 1979; Korzhuev et al., 1992; Feutelais et al., 1993; Safarov,
1994; Bos et al., 2007), the dependence of ay, of bulk Bi,,Te,
on § can be expressed by a polynomial of the second order,
too. On the basis of this observation, we interpolate the
tabulated values of a,, to obtain the expected lateral lattice
parameters ap, of the bulk materials having the same Te
deficit 8 as in our layers. These values, denoted by empty
circles in Fig. 9(a), are assumed as relaxed lattice parameters
of our Bi,Te;_; layers (@reiaxea)- The deviations between our
values of a obtained for the epilayers [black circles in Fig. 9(a)]
and those extrapolated from the bulk literature data are
ascribed to a partial strain in the investigated samples due to
the BaF, substrate, where with increasing Te deficit § and a
corresponding increase of in-plane lattice parameter a, a small
but increasing lattice misfit develops.

In order to compare our values of the mean inter-plane
distances (Az) (black filled circles in Fig. 9b) with the
published data for bulk material, we calculated the corre-
sponding relaxed inter-plane distances (Az)ielaxea Using the
elastic equilibrium formula

2C; a — ay,,
(Az)relaxed = (AZ) (1 +_H w)v (8)

33 relaxed

where Ci; 55 are the elastic constants of Bi,Te; taken from the
paper by Jenkins et al. (1972) (we neglected their dependence
on §). Fig. 9(b) shows the relaxed mean inter-plane distances
of our layers (empty circles) in comparison with the distances
reported for ideally ordered (mn) phases (Bos et al., 2007)
(colored circles). Clearly, after the strain correction the mean
inter-plane distances agree very well with the published values
for ideally ordered phases.

From this analysis, we obtain the following relations
between the lattice parameters a and mean inter-plane
distances (Az) of the Bi,Te,_; epitaxial layers as functions of
the Te deficit &:

a = 0.0026 (5) 8% + 0.43764 (8) (nm), .
(Az) = —0.0027 (2) § 4+ 0.2037 (1) (nm). ©)

If we correct these values for the partial strain relaxation by
equation (8), we obtain the values for the corresponding
relaxed lattices
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yganed = —0.0023 (1) 82 4 0.0075 (1) & + 0.43828 (2) (nm),
(AZ)eparea = 0.0019 (1) 8% — 0.0052 (3)  + 0.2032 (1) (nm).
(10)

The numbers in the parentheses in equations (9) and (10)
denote the statistical errors of the last digits. From these
relations, the composition, i.e. Te/Bi content, in any Bi,Te;
samples can be deduced simply by measuring their in-plane
lattice parameter a and/or the mean inter-plane distance (Az)
as described above. In particular, the inter-plane distances
(Az) (Fig. 9b) show a linear dependence on the Te deficit 6,
nicely following the Vegard law in the range of § from 0 to 1,
i.e. between the pure Bi,Te; and BiTe phases. This continuous
dependence is an indication that the samples with inter-
mediate compositions can be regarded as one-dimensional
random alloys of these two phases. Furthermore, Figs. 9(a) and
9(b) indicate that the (43) phase deposited onto the BaF,(111)
substrate should be stress-free, as both a, a,p.q and
(Az), (AZ)aea coincide if we extrapolate their values to
§ — 3/2.

From the fits, we also obtain the § dependences of the
individual inter-plane distances Az ,; ¢, between the lattice
planes (see Fig. 1), and the results are presented in Fig. 9(c).
Evidently, the inter-plane distances Az, ; within the QLs and
Az, between adjacent quintuplets (black circles) are almost

independent of the Te deficit §, i.e. on the mean number N of
QLs between the Bi-Bi DLs. In addition, the values agree well
with the published ones for bulk Bi, Te; (blue circles) (Safarov,
1994). This indicates that the QL building blocks of the
Bi,Te;_; compounds are practically unaffected by the inser-
tion of additional Bi-Bi DLs. Conversely, the inter-plane
distances inside the Bi-Bi DL (Az,) and between the DL and
the first Te layer of the adjacent QL (Azs) (open symbols in
Fig. 9¢) strongly change on changing the Te deficit §; namely
Az, inside the Bi-Bi DL decreases with increasing §, and the
separation between the DL and adjacent QL (Az) increases.
It is also noted that, while our values for Az; agree well with
literature values for § =0 (ie. for Bi,Te;), a significant
deviation is found when § =1 (i.e. Bi,Te, = Bi;Te; phase)
(Yamana et al., 1979), represented by the blue and red circles
in Fig. 9(c), respectively. The latter observation may be
explained by the fact that the lattice parameters a and (Az) of
our epitaxial layers have already deviated from the bulk
literature values.

Fig. 9(d) shows the degree of stacking disorder as a function
of the Te deficit §, quantified in terms of the relative r.m.s.
deviation oy /N of the number of QLs between two DLs. The
r.m.s. deviations are very small for § =0 and § — 1, i.e. for
composition close to the pure (23) and (11) phases, meaning
that well ordered structures are formed in these cases.

Between  these limiting cases,
however, the structures are highly
0.446 Bi,Te, 0.204 (®) disordered, and the maximum
0.444 ‘ 00 ( strained disorder is present for the sample with
_ ke & s 8 ~ 0.5, ie. N = 19. In this case,
£ 0.442 g oy =~ N and therefore the random
S 044 ) 3 G numbers n of the QLs between two
) strained ~ 02 RGN Bi-Bi DLs are distributed according
0.438 (3 ”_f‘UTLﬁ relaxed to a geometrical distribution. This
0.436 v 0.198 distribution is ‘memoryless’, ie. the
026} 1 © ' @ sequence of doublets and quintuplets
o can be described by the Markow chain

— 1 ¥
024 /@/o/@"—(?—é . of the first order with one QL and
g 022 ®3 = : B3 one DL as two states. In such a chain,
5 1 } 0.5 i the probability that a quintuplet is
027 3 4 ) . . followed by a doublet does not
0.18 145-7 . *‘@ depend on the position of the
0.16 ESh 0 T previous doublet in the sequence. This
' 0 0.5 1 1.5 0 05 1 1.5 is quite reasonable because, for very
S 3 large average distances N between
Figure 9 consecutive Bi-Bi doublets, it is

(a) Measured lateral lattice parameters a (black circles) of our Bi,Te,_; epitaxial layers and calculated
relaxed lateral lattice parameters (open circles) obtained by interpolation of the literature data plotted
as a function of the Te deficit § obtained from the fit. (b) Mean inter-plane distances (Az) determined
from the positions of the (00015)*¥ and (00030)*? diffraction maxima (black circles) as a function
of 8. Open circles denote the relaxed values of (Az) obtained after correction for the lateral strain
using equation (8). Colored circles labeled with (mn) represent published lattice parameters a [in (a)]
and inter-plane distances [in (b)] for ideally ordered bulk Bi,,Te, phases (Bos et al., 2007). (c) Inter-
plane distances Az, ,; determined from the fit of the diffraction curves versus 8. The inter-plane
distances for bulk Bi,Te; and Bi,Te, (Safarov, 1994; Yamana et al., 1979) are denoted by blue and red
circles, respectively. (d) The relative r.m.s. deviation o, /N of the numbers of QLs between two Bi-Bi
DLs, quantifying the degree of disorder in the samples, plotted versus §. In all panels, the vertical
black, red and green lines denote the values for the (23), (11) and (43) phases with § = 0, 1 and 1.5,
respectively. The black lines in (a), (b) and (c) represent the linear and parabolic fits of the measured
data.

rather unlikely that a sufficiently
strong interaction exists that can
mediate any ordering process.
Finally, we have also investigated
the influence of the chemical compo-
sition on the carrier concentration
and carrier mobilities of the layers.
From Hall-effect measurements, we
find for the samples with composition
very close to Bi,Te; (8 < 0.08), an n-
type conduction with an electron
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concentration of about n = 2-10 x 10" cm™ and electron

mobilities around 900 cm® V™' s™" at room temperature and
of 1500 cm? V™!s™! at 77 K. For all other samples, the elec-
tron concentration is well above 102 cm >, i.e. two orders of
magnitude larger, and it tends to increase up to 10*' cm ™ with
increasing Te deficit §. This indicates that the Bi-Bi DLs act as
electron donors. In fact, for Bi,Te; epitaxial layers grown with
very high excess Te flux containing exclusively QLs, we can
also obtain p-doped layers. For the Te-deficit layers with high
electron concentration and § > 0.1, the mobilities drop to
around 30 cm? V™' s™!, practically independent of tempera-
ture and composition. This agrees well with the high degree of
structural disorder in these samples, not only vertically but
also laterally as shown in Fig. 2. The latter is due to the
asynchronous incorporation of the Bi-Bi doublets across the
surface during growth, which gives rise to a high density of
domain boundaries in the lateral direction. Thus, the growth
conditions and composition play a crucial role not only for the
structure of the samples but also for the electronic transport
properties, which are crucial for device applications.

6. Summary

In summary, we have determined the structural and growth
properties of topological insulator Bi,Te;_; layers grown by
molecular beam epitaxy on BaF,(111) substrates. We have
demonstrated that, depending on the excess Te flux employed
during deposition, the actual chemical composition Bi,Te;_;
varies from § = 1 with no excess Te flux up to § = 0 for the
highest excess flux. The Te content of the epilayers has a
profound influence on their surface morphology as well as on
the structural and transport properties. A detailed analysis of
the X-ray diffraction curves using a statistical model of the
layer stacking revealed that the actual stacking of the two-
dimensional Bi and Te layers consists of a random sequence of
Te-Bi-Te-Bi-Te quintuple layers and Bi-Bi double layers.
From the fits of the diffraction data, we determined the §
dependencies of the in-plane lattice parameters and the mean
inter-plane distances, revealing that these values continuously
change as functions of composition, as expected for random
alloys between Bi,Te; (8 = 0) and BiTe (8 = 1). However, as the
change in composition is accommodated by insertion of a
larger or smaller number of two-dimensional Bi-Bi double
layers in between the quintuple layers, exclusively absent only
for Bi,Tes, these structures must be regarded as one-dimen-
sional random alloys rather than as three-dimensional alloys
with statistical occupancy of individual lattice sites by Te or Bi
atoms. The relaxed lattice parameters determined by X-ray
diffraction agree well with those of the homologous series of
ordered Bi,,Te, bulk crystals published in the literature. The
individual inter-plane distances within and between the
quintuple layers are found to be nearly independent of
composition, whereas the distances in the Bi-Bi doublets and
between the last Te layer in a quintuplet and the first Bi layer
in the following doublet strongly depend on composition and
are thus responsible for the change of the overall lattice
constants. According to our simulations of the diffraction data,

the Bi,Te; and Bi, Te, phases are quite well ordered, while the
intermediate phases exhibit a high degree of disorder with a
maximum disorder for § >~ 1 . In these structures, the statistical
distribution of the number of quintuple layers between Bi-Bi
double layers can be approximated by a Poisson distribution.

The composition and disorder strongly affect the electronic
properties of the layers, and low carrier concentrations and
high mobilities can only be achieved for § >~ 0, corresponding
to the Bi, Te; phase without any Bi-Bi double layers. As shown
previously (Caha er al., 2013; Sanchez-Barriga et al., 2014),
these layers are well suited for investigations of their topolo-
gical surface states and their spin polarization using angular-
resolved photoemission spectroscopy.

APPENDIX A
Averaging of the diffracted intensity over random
numbers of the quintuple layers

We define the jth structure unit containing 7; QLs and one Bi-
Bi DL. From the rules for the construction of the layer
sequence listed in §4, we derive the following formula for the
unit thickness

D; = (n; — 1)(Az; + 240z, + 2Az3) + 2(Azy + Azs + Azg) + Az,
1)

where Az; are the inter-plane distances defined in Fig. 1. The
structure factor of the jth unit is calculated as a sum of the
contributions of individual layers comprising one unit:

Sn42

Fl(q) = ; 1) exp(—igz)), (12)

where z; is the vertical coordinate of the tth layer within the
structure unit, starting from z; =0. The formula for the
diffracted intensity can be reformulated using the structure
factors of the units as follows,

P
E(Q)=A Z;F](q) exp(—iqzj), zi=Dy+---+D;_4, (13)
=

and for the ensemble-averaged intensity we obtain

j=1

10) =1AP ( S (I @) exp [2Im(9)z,])

P j-1

+ ZRC{ > (F;(q)F,-/(q)* exp[ —i(qz; — q*z/)]>})‘

j=2j=1
(14)
Performing the ensemble averaging () we assume that the
random numbers 7; of of the QLs are statistically independent.

Then, after some algebra we obtain the following final formula
for the averaged intensity,

e ()
I(Q)flA\{yZ_lJrZRe{_s 1 o1

where we used the following notation:
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& =(exp(igD)), ¢ = (exp[2Im(q)D]), 16)
a =(F), p=(F"exp(igD)), y = (|F’).

These averages were calculated numerically assuming a y
distribution of the random numbers 7; with the averaged value
N and order m. Neglecting the absorption [i.e. putting Im(g) =
0] and assuming a very large number of structure units
(P — 00), the resulting formula for the averaged intensity is
rather simple:

1(Q) — PIAJ? [y +2Re (1”‘_‘8 E)} 17)
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4.3 Optical and structural properties of Bi,(Se,Te;_,); alloy

The Biy(Se;Te1—;)3 alloy layers were prepared using molecular beam epitaxy. The alloy
layers were studied using ellipsometry and reflectivity in the far-infrared to near-UV range
(0.06 eV to 6.5eV) at low and room temperatures. The band gap of the layers was determined,
considering the Burstein-Moss shift in highly doped semiconductors. The compositional of
the band gap is non-linear with the maximum at about xg. = 30%. The alloy is a direct
band gap semiconductor for higher selenium concentrations xs, > 30 %. More tellurium-rich
material xge < 30 % has an indirect band gap with maxima of the valence band slightly off
I'-point.
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‘We have investigated the optical properties of thin films of topological insulators Bi, Tes, Bi,Ses, and their alloys
Bi,(Te,_,Se,); on BaF, substrates by a combination of infrared ellipsometry and reflectivity in the energy range
from 0.06 to 6.5 eV. For the onset of interband absorption in Bi,Ses, after the correction for the Burstein-Moss
effect, we find the value of the direct band gap of 215 &= 10 meV at 10 K. Our data support the picture that Bi,Ses
has a direct band gap located at the I" point in the Brillouin zone and that the valence band reaches up to the
Dirac point and has the shape of a downward-oriented paraboloid, i.e., without a camel-back structure. In Bi, Tes,
the onset of strong direct interband absorption at 10 K is at a similar energy of about 200 meV, with a weaker
additional feature at about 170 meV. Our data support the recent G W band-structure calculations suggesting that
the direct interband transition does not occur at the I" point but near the Z-F line of the Brillouin zone. In the
Biy(Te,_,Se,); alloy, the energy of the onset of direct interband transitions exhibits a maximum near x = 0.3
(i.e., the composition of Bi,Te,Se), suggesting that the crossover of the direct interband transitions between the
two points in the Brillouin zone occurs close to this composition.

DOI: 10.1103/PhysRevB.96.235202

I. INTRODUCTION

Topological insulators belong to a class of materials that
are insulating in the bulk, however on the surface they exhibit
topological spin-polarized conducting states [1—4]. Since the
spin polarization is potentially usable in spintronic devices,
topological insulators have attracted a lot of attention in the
past decade. Biy(Te;_,Se, )3 compounds, originally employed
for thermoelectric devices due to their large Seebeck constant,
belong to this category thanks to the large spin-orbit coupling
due to heavy bismuth atoms. The linearly dispersing surface
states have been observed by angle-resolved photoemission
spectroscopy (ARPES) [3,5-8]. Samples are usually of n-type
with the Fermi level located in the conduction band because
of the antisite doping related to Se vacancies [9].

The infrared and optical responses of Bi,(Te;_, Se, )3 com-
pounds have been studied intensively in order to characterize
their vibrational properties [10], interband absorption [11-
16], and free charge-carrier properties [13,17-19]. Even
the surface states [20-23] and strong Faraday rotation [24]
have been observed by infrared spectroscopy. Despite the
large experimental effort, several questions remain open. For
example, controversial results on the values of the band
gaps determined by optical spectroscopy and ARPES were
reported [14,18], raising questions about the actual position of
the direct interband transition onset in the Brillouin zone. Here
we present an infrared spectroscopy study of Biy(Te;_,Sey )3
thin films that focuses on the absorption edge of interband
transitions. We discuss and account for the Burstein-Moss
(BM) effect in order to obtain band-gap energies. We compare
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our results with ARPES data and band-structure calculations,
and we discuss the location of the onset of direct interband
transitions in the Brillouin zone.

The paper is organized as follows: In Sec. II we describe
the sample growth, x-ray diffraction results, and details of the
analysis of the optical data. The core of the paper is presented
in Sec. III, where we discuss the results concerning the onset of
interband absorption in Bi>Ses (Sec. I1I B), Bi, Te; (Sec. 111 C),
and finally in Bi,(Te;_,Se,); alloys (Sec. III D).

II. EXPERIMENTAL TECHNIQUES
A. Sample preparation and x-ray diffraction

Biy(Te;_,Se,)s epilayers were grown by molecular beam
epitaxy in a Riber 1000 system under ultrahigh-vacuum con-
ditions at a background pressure smaller than 5 x 10~'0 mbar.
The molecular beams were generated using compound bis-
muth telluride or bismuth selenide effusion cells (nominal
composition of BiTe; and Bi,Ses, respectively) operated
at around 400-500°C, and separate tellurium or selenium
cells operated at around 200-300 °C for stoichiometry control.
The ternary alloys were grown combining Bi,Ses; and Te
effusion cells (low Se content) or Bi,Tes and Se effusion cells
(high Se content), respectively. The particular flux rates of
the compounds were around 1 A/ s for compound cells and
2-3 A/ s for tellurium or selenium, which were calibrated by
a quartz crystal microbalance. The layers were deposited on
1-mm-thick cleaved BaF, (111) substrates at a temperature
between 300 and 400 °C as measured with an infrared optical
pyrometer. The surface structure of the films was monitored by
in situ reflection high-energy electron diffraction evidencing
two-dimensional (2D) growth for all samples under the given

©2017 American Physical Society
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FIG. 1. Symmetric x-ray diffraction scans of our Biy(Te,_,Se, )3
samples ordered from bottom to top with increasing selenium content
recorded with Cu Ko radiation. The spectra are shifted for clarity
with respect to each other. The corresponding diffraction peaks
shift to the higher Q, values with increasing selenium content x
and decreasing lattice constant c. Solid and dashed lines show the
positions of the Bi,Te; and Bi,Se; diffraction peaks, respectively.
The symbols denote calculated structure factors of the Bi>(Te;_, Se, )3
lattice assuming a random occupation of Te and Se atoms. Thin black
lines represent simulated diffraction profiles corresponding to the
calculated structure factors.

growth conditions. The Bi, Tes and Bi,Se; thin films from this
growth series were recently characterized by x-ray and Raman
spectroscopy [25,26].

The crystalline quality and the composition of our thin
films were determined using x-ray diffraction. The symmetric
scans along the (000/) reciprocal space direction are shown in
Fig. 1 with respect to the scattering vector Q. = 4w /A sin6,
where A = 1.54056 A is the radiation wavelength and 0 is
the Bragg angle. The diffraction peaks of the Biy(Te;_,Se,)s
alloy shift toward higher Q. values with increasing selenium
content and decreasing lattice parameter. The peaks are narrow
in the whole composition range, indicating that no phase
separation occurs in the studied samples. Since the structure
factor of the 000.9 and 000.12 diffractions in Bi,Tes is very
small, the corresponding diffraction peaks are very weak.
The chemical composition x of the Biy(Te;_,Se, )3 alloy was
determined from the c lattice parameter (see Table I) assuming
a linear concentration dependence of the lattice parameter
(Vegard’s law). The intensities of the diffraction peaks in
Fig. 1 correspond well to calculated structure factors of random
Biy(Te;_,Se, )3 alloys, i.e., with the same probability of Se
and Te atoms occupying all of the anionic positions within the
crystalline structure. The solid lines in Fig. 1 show simulations
of the diffraction spectra with the corresponding structure
factors and peak shape given by the Voigt profile with a
constant width of 0.003 A~!, evidencing excellent agreement

PHYSICAL REVIEW B 96, 235202 (2017)

TABLE 1. Composition, x, lattice parameter along the c-axis, ¢,
thickness, d, square of plasma frequency, wﬁ,, and phonon frequency,
w, and wg, of our Biy(Te,_,Se, ) thin films determined from 300 K
data. The uncertainties of these values are typically 2% for x, 0.05 A

for ¢, 2% for d, 5% for wgl, and 2 cm™! for w, and wg.

x ¢ d a);;, Wy wp
(%) &) (nm) (10° cm™?) (cm™) (cm™")
0 30.54 267 5.2 52 95
27 30.06 519 3.1 63 115
74 29.23 207 1.1 66

100 28.75 458 3.0 68 129

with the measured data. The width corresponds to the mean
size of 100 nm of the coherently diffracting domains. Sharp
diffraction peaks indicate high crystalline quality of the layers
and homogeneous chemical composition in the layer.

B. The optical spectroscopy and analysis of optical data

The optical properties were probed from the midinfrared to
ultraviolet range using a combination of two commercial el-
lipsometers, Woollam IR-VASE (60-700 meV) and Woollam
VASE (0.6-6.5 eV), equipped with variable retarders. In the
ellipsometric experiments, the two ellipsometric angles W, A
and the depolarization are recorded [27]. The angles are linked
to the Fresnel reflection coefficients for the p- and s-polarized
waves, r, and r, respectively, as tan We'® = r,/r,. From the
two angles, using a proper model for the layered structure,
the real and imaginary parts of the dielectric function can
be determined without the Kramers-Kronig relations. The
room-temperature spectra of W and A with respect to the
photon energy E are shown in Fig. 2 (symbols) together
with those of a model (solid lines) described below. The
ellipsometric data were complemented in the far-infrared
range (4-85 meV, 30-680 cm~') with near-normal incidence
reflectance (see Fig. 3) measured with a Bruker Vertex 80v
Fourier transform spectrometer. A gold mirror was used as a
reference. The low-temperature data were acquired in the mid-
infrared range with the Woollam IR-VASE ellipsometer using
a closed He-cycle cryostat. The cryostat was equipped with
an ultralow vibration interface in order to decouple vibrations
of the Gifford-McMahon refrigerator from the ellipsometer.
The pressure in the cryostat chamber was 1 x 1077 mbar
at 300 K.

The data were analyzed with a model of coherent interfer-
ences in a thin film on a substrate. The dielectric function of
BaF, was obtained from measurements on a bare substrate;
e.g., for far-infrared data, see Fig. 3(a). In the model, we
have taken into account also the incoherent reflections from
the back side of the BaF, substrate that is cleaved and thus
reflecting. The surface roughness was taken into account using
an effective-medium approximation (Bruggeman model) [27].
The thickness of the surface roughness layer obtained from
the fitting was between 5 and 11 nm, in good agreement with
an rms roughness value between 4 and 9 nm obtained by
atomic force microscopy. The surface roughness correction is
increasingly important with a decreasing wavelength of light
A, e.g., it significantly influences the dielectric function above

235202-2
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FIG. 2. Measured ellipsometric angles W and A at 300 K
(symbols) and model spectra (solid lines) of our Biy(Te;_,Se,);
samples with x = 0% (a), 27% (b), 74% (c), and 100% (d) as a
function of photon energy E. The angle of incidence was 70°.

about 1 eV (A &~ 1 um), however it has a negligible impact
at lower energies. As the first step, we analyzed the response
of the thin films in the whole measured frequency range. We
have modeled the dielectric function of the layer as the sum

2
“pl,j
+ 5 >
— W — W —
Jj J

2
wpl

Bw) =1

+Y Gj).
i
)]

where the angular frequency, w, relates to the photon energy,
E, as E = hw. The model consists of the Drude term for
itinerant electrons (second term on the right-hand side),
Lorentz oscillators for transverse optical phonons (third term
on the right-hand side), and a set of Gaussian oscillators G j()
for interband transitions [27]. The fit of model spectra to the
data was performed using the Woollam WVASE software.

_w(w+iy) iy;j
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FIG. 3. Far-infrared reflectivity of our Bi,(Te;_,Se,); thin films
on BaF, substrate at 300 K (symbols) together with model spectra
(solid lines). Shown are results for samples with x = 0% (a), 27%
(b), 74% (c), and 100% (d). In addition, the data (magenta circles)
and the model spectrum (solid line) of the BaF, substrate are shown
in panel (a).

The obtained best-fit model spectra, which are displayed in
Figs. 2 and 3 as solid lines, are in very good agreement
with the data (symbols). The main features in the raw spectra
in the far-infrared frequency range are as follows (see Fig. 3):
the strong (so-called o) phonon between 52 and 68 cm™!, the
much weaker (so-called ) phonon between 95 and 130 cm™!,
and the BaF), substrate phonon at 186 cm™~!. The frequencies of
the o and B phonons (see Table I) compare well with reported
values [10,14,18]. Between about 0.1 and 0.8 eV (see Fig. 2),
the films are transparent and the raw ellipsometric data exhibit
fringes due to interference in the layer. Above this range, the
thin films are opaque and the features are solely due to the
electronic interband transitions.

First we attempted to obtain the plasma frequency of the
itinerant charge carriers, wyp, and the thickness of the layer, d.
The results are summarized in Table I. The thickness values
were consequently used in the point-by-point retrieval of the
dielectric function in the frequency range of ellipsometric data.
We have assumed that the response of the layer is isotropic.
This is certainly an approximation for the anisotropic re-
sponse of Bi,(Te;_,Sey); caused by the rhombohedral crystal
structure. In general, in the oblique reflectance geometry of
an ellipsometric measurement, the out-of-plane component
of the dielectric function is probed as well, although the
main contribution to the data usually corresponds to the
in-plane component. However, if the value of the index of
refraction is high, the wave refracts close to the sample normal,
and the anisotropic corrections are quite small unless the
out-of-plane dielectric function has strong resonances in the
loss function [28,29]. These requirements are fulfilled between
0.1 and 0.7 eV, where the index of refraction is high (about
6-7).
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FIG. 4. The real part of the optical conductivity at 300 K of the
Bi,(Te,_,Se,)s; samples in the whole measured frequency range. The
inset displays the region of the onset of interband absorption in terms
of ;.

ITII. DISCUSSION

A. Overview of the absorption spectra

Figure 4 shows the spectra of our Biy(Te;_, Se, )3 thin films
at room temperature in the whole measured spectral range
in terms of the real part of the optical conductivity o(w) =
weper(w), where g is the permittivity of vacuum and &,(w) is
the imaginary part of the dielectric function. The prominent
absorption structures are due to the o phonon between 6 and
9 meV, a weak free charge-carrier response, and the interband
transitions setting in above ~0.1 eV. In the following, we
focus on the region of interband absorption edge between 0.1
and 0.7 eV, displayed in the inset of Fig. 4 in terms of &;.
Above the band gap, the maximum values of &, range from
about 5 for the least absorbing Bi,Se; sample up to about 40
for the most absorbing Bi, Tes; sample. These high values are
typical for direct interband transitions. Indirect transitions have
values of €, typically several orders of magnitude smaller [30].
Therefore, all the interband transitions discussed in this paper
are direct, and we designate their onset energy as Eg““‘.

The real part of the dielectric function, &;, shown in Fig. 5,
exhibits large values below the interband transitions (~0.2 eV)
that range from 30 for Bi,Ses up to more than 70 for Bi,Tes.
The zero crossing of €| above 5 eV indicates the renormalized
plasma resonance of all valence electrons. The electronic
polarizability is essentially due to the interband transitions
below ~4 eV; the contribution of the interband transitions
above the measured frequency range to the low-energy value
of ¢ is relatively small (about 1). At the lowest measured
energy (~5 meV; see the inset of Fig. 5), &) reaches several
hundred due to the low-lying «-phonon.

B. The absorption edge in Bi,Se;

Figure 6(a) shows the temperature dependence of &, of
the Bi,Se; thin film in the midinfrared range. The onset of
interband transitions with lowering temperature sharpens and
shifts to higher energies similarly to previously published
results [18]. The weak feature near 250 meV, which is most
visible in the 80 K spectrum, is an artefact due to the sharp
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FIG. 5. The real part of the dielectric function, &, at 300 K of
the Biy(Te;_,Se,); samples above the phonon energy range. The
inset displays the data on a semilogarithmic scale including the large
polarizability due to the a-phonon.

interference structure at this energy [see Fig. 2(d)]. Below
the onset of interband transitions at low temperature, &, is
zero within the uncertainty of the analysis. This is consistent
with the observed transmission values up to 14% measured
on 225-um-thick single crystal [24], which is possible only if
& K 0.1.

Due to a significant concentration of free electrons, the
Fermi level, EF, lies in the conduction band. Consequently,
the minimal energy necessary to excite the electrons from the
valence to the conduction band, Ey;y, is larger than the band
gap Ed" because of the Pauli blocking of the states below Ef.
The latter effect is known as the Burstein-Moss (BM) effect
or shift [31,32]. In such a case, a step in the absorption is
expected. Indeed, it can be seen in Fig. 6(a) that at 10 K, &2(E)
has a steplike shape reaching a value of about 5 in a rather
narrow interval 290-340 meV. The representative energy of
such an onset can be estimated as the middle point of the step,
~310 meV, as shown by the arrow. In a more sophisticated
way, the onset can be determined with the help of the critical
point model fitted to the second derivative of the dielectric
function [33,34]. The contribution of a parabolic critical point
(CP) located at an energy Ecp to the jth derivative of the
dielectric function is

dIR(E)

s Ae"(E — Ecp + i)™, ()

where A and ¢ are the amplitude and the phase factor,
and n has the values —1/2, 0, and 1/2 for a three-, two-,
and one-dimensional CP, respectively. We have modeled the
second derivative (j = 2) of the dielectric function shown
in Fig. 6(b) with a sum of two CP functions of Eq. (2).
The data below 280 meV were omitted because of spurious
structures due to the interference mentioned above. The most
pronounced structure centered at 312 meV was modeled with
a two-dimensional CP (n = 0) that corresponds to the step
in & [27]. Its center energy is very close to the middle
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FIG. 6. (a) Temperature dependence of the imaginary part of the
dielectric function, &,, of Bi,Se;. The arrows mark the energy of
the lowest critical point at 10 and 80 K, respectively. (b) Second
derivative of the real (red squares) and imaginary part (blue triangles)
of the dielectric function at 10 K together with the spectrum of the
critical point model (solid lines) specified in the text.

point estimated above. The weak structure near 450 meV was
modeled with a three-dimensional CP.

Assuming for simplicity that the conduction and valence
bands are parabolic, E i, and Eg"ec‘ are related as

Bl (11
PR L — ), 3
2 (mz +mﬁ> @

where kg, is the in-plane Fermi wave vector, and m¢ and mj,
are the in-plane effective masses of the conduction and valence
band, respectively [12]. With the help of the expression for the
Fermi level with respect to the bottom of the conduction band,
Ep = ﬁzkéya/(ng), Eq. (3) can be rewritten as

Ein = Eglrect +

. m(&
Enin = Ediret Ep<1 + J). 4)

8 ma

h
Since BiSes is anisotropic, the equienergy contour at the
Fermi level has an ellipsoidal shape in k-space. For the case of
biaxial anisotropy, the Fermi level can be calculated from the

concentration of charge carriers n as

PHYSICAL REVIEW B 96, 235202 (2017)

where m¢, m®, and m¢ are the three effective masses. In
the case of the uniaxial anisotropy of Bi,Se;, m{ = mé’. We
have determined the concentration of charge carriers from
their plasma frequency wy (see Table I) as n = w’mleg/e*
where e is the elemental charge. For the evaluation of the
BM shift, the following values of effective masses were used:
m¢ =0.14 m [35] and mj = 0.24 m [36], where m is the
free-electron mass. The c-axis effective mass can be calculated
from the effective-mass anisotropy m¢/m¢ = 1.6 obtained for
a Fermi energy ~50 meV [37] above the conduction-band
minimum, which is relevant for our sample. With these
values, the BM shift amounts to 98 meV and the resulting
band-gap value is Eg™' =215+ 10 meV at 10 K. The
uncertainty is estimated from that of the effective masses. The
calculation of the BM shift is based on the parabolic profile
of the conduction and valence bands. The latter assumption
is reasonably fulfilled for our relatively weakly doped sample
with n = 4.8 x 10" cm™3, which is below the threshold of
~10'° cm™3, above which a significant nonparabolicity of the
conduction band has been observed [37]. Similarly, the valence
band was reported [36] to have a parabolic shape for the Fermi
wave vector corresponding to our sample (kg , ~ 0.04 A-! ).

In the following, we compare the obtained value of Eg"
with literature values for the band gap determined by optical
spectroscopy and corrected for the BM shift. In their early
study, Kohler and Hartman [12] reported on a BM shift in
a series of single crystals with varying levels of doping, and
they found Eg"“‘ =160 meV % 10 % at 77 K. Based on an
extrapolation, these authors estimated that the 0 K value would
be 175 meV =+ 10 %. However, it seems that the temperature
shift was underestimated. In our data, the shift of the absorption
edge between 80 and 10 K is about 35 meV. When taking
into account this value, we obtain Egirw ~ 195 meV at 10 K.
In a recent study on thin films [18], Post er al. reported
Egim"‘ =190 meV for a 99 quintuple-layer-thick film. The
onset of absorption was obtained based on the extrapolation
of &2 to zero. If this procedure is used for our data, we obtain
Egret 2200 meV, a value closer to the one obtained by Post
et al. [18]. From a recent transmission experiment on single
crystals, Ohnoutek ef al. [24] reported EJ™ ~ 200 meV.
Notably, a very recent work [38] combining luminescence,
transmission, and magnetotransport measurements estimated
that the gap value is 220 & 5 meV, which agrees within the
error bars with our result. The values from all these reports
fall into an interval 190-220 meV at 10 K and represent a
fairly robust estimate for the value of the direct band gap. The
differences between the results are presumably due to different
ways in which the onset of absorption is defined and how the
MB shift is calculated.

Post et al. [18] noted that these values are significantly
smaller than the direct-band-gap value of 300 meV determined
from some early ARPES data [3]. However, in later ARPES
data with an improved signal-to-noise ratio, there is a notice-
able intensity reaching up to the Dirac point located at about
0.2 eV below the bottom of the conduction band [6,39-43].
Explicitly, Chen et al. concluded that the valence band in
Bi,Se; extends up to the Dirac point from below [6]. In view

B i? 372 2/3 5 of the more recent ARPES data, it becomes clear that the
e 2(mgm§mg)1/3( T n) ’ &) valence band is a downward-oriented paraboloid located at
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FIG. 7. (a) Temperature dependence of the imaginary part of the
dielectric function, &,, of the Bi,Te; sample. The inset shows the
spectra on magnified scales. (b) Second derivative of the real (red
squares) and imaginary part (blue triangles) of the dielectric function
at 10 K together with critical point model spectra (solid lines). The
arrows mark the positions of four critical points.

about 0.2 eV below the bottom of the conduction band and
thus in accord with the ~215 meV direct gap derived above.
The M (or camelback) structure seen in ARPES data might
be due to surface states or to a deeper-lying structure in the
valence bands [40]. The latter scenario is confirmed by recent
Shubnikov—de Haas (SdH) measurements [36] concluding that
the top of the valence band is a downward-oriented paraboloid
with no signatures of an M shape of the top of the valence band.
Note that the M structure of the valence band seen in some
LDA band-structure calculations [44] is absent in the more
realistic results of GW calculations [43,45,46] that exhibit a
paraboloidal shape of the valence band.

C. The absorption edge in Bi,Te;

Figure 7(a) displays the temperature dependence of &, of
our Bi, Tes thin film. The absorption edge blueshifts with lower
temperature similarly to Bi,Se;. To obtain the energy of the
CPs, we have fitted the second derivative of the dielectric
function with a set of three-dimensional CPs of Eq. (2).
Figure 7(b) displays the second derivativeat 7 = 10 K together
with a model consisting of four CPs centered at 202, 362,
408, and 575 meV as marked by the arrows. At 300 K (not
shown), the obtained energy of the lowest CP is 157 meV.
If the extrapolation of a%(E) toward zero is used to define
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Enin, we obtain the values 190 and 152 meV at 10 and 300 K,
respectively. Interestingly, the absorption onset is sharper at
300 K than at 10 K [see the inset of Fig. 7(a)], which is opposite
to what is expected from thermal broadening effects. We have
checked that this effect is not due to a freezing of the residual
atmosphere on the sample at low temperature. Obviously
below the main interband absorption that sets in near 200 meV
at 10 K, an additional weaker interband absorption occurs with
an onset at about 170 meV. Although it is weaker than the main
interband transition, the magnitude of this absorption is still
large (of the order of unity in &;), therefore it most likely
corresponds to a direct interband transition. The energy of this
onset is the same as that found in an earlier report by Sehr and
Testardi [47].

Chapler et al. [14] reported the onset of interband absorp-
tion in Bi, Tes thin films between 140 and 150 meV at 300 K,
not too different from our value of 157 meV. Their onset value
did not exhibit a significant blueshift with cooling to 10 K.
A direct gap was observed in Ref. [48] at 220 meV with a
weak onset at 150 meV on relatively highly doped Bi,Tes.
The difference in the reported values is presumably caused by
differences in the doping level and related MB shift and/or by
a difference in the definition of the onset energy. Regardless
of these relatively small differences, as noted by Chapler
et al. [14], the onset of absorption at 10 K (=200 meV in our
data) is significantly smaller than the 290 meV value of the
direct band gap at the I" point observed in ARPES [5,49]. Note
that in our data, the value of &, at 290 meV is about 25, which
corresponds to a very strong absorption due to direct interband
transitions. Obviously, the onset occurs at a different point
in the Brillouin zone. Band-structure calculations [44,50-52]
indeed suggest that the direct gap should be close to the Z-F
line in the Brillouin zone, where the interband transition energy
is significantly smaller than that at the T" point. The band-gap
values have been treated theoretically in detail in Ref. [S1]
using the GW calculations. Direct interband transitions are
predicted close to the Z-F line with an onset at 168 meV, in
reasonably good agreement with our experimental value. In
the calculations, it appears that their location is not exactly
on the Z-F line but is close to about 1.3Z; see Fig. 3(d) in
Ref. [51]. An indirect fundamental band gap is predicted at a
slightly lower energy of 156 meV.

ARPES results suggest that this interpretation is likely.
The conduction band in Bi,Te; has a strong hexagonal
warping [5,49]. The ARPES intensity related to the conduction
band is centered at the I' point, however it has a snowflake-like
shape with protrusions extending into the I"-M direction. This
direction of the projected surface Brillouin zone measured by
ARPES involves the Z-F line of the bulk Brillouin zone. Since
the valence band has an M shape, its energy increases from the
I' toward the M point and reaches a maximum atk ~ 0.13 A1 )
where the difference between the valence and conduction band
seems to be about 0.2 eV, a value compatible with our optical
spectroscopy data.

According to the GW calculations [51,52], the structure
of the calculated valence and conduction band along the Z-F
line is rather complicated; it seems to have several extrema.
It is possible that with changing temperature, the position of
the lowest direct band gap changes, and at low temperature
an interband transition with a smaller joint density of states
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compared to the main one sets in and gives rise to the observed
onset at 170 meV.

We estimate that the BM shift in Bi,Te; is much smaller
than in Bi,Se;. The main reason is that, as seen in the ARPES
data [5,49], the electrons populate first the conduction-band
states located at the I' point or along the I'-Z line [52] that
lie at a smaller energy than those along the Z-F line. As a
consequence, the minimum excitation energy is not increased
for weakly doped samples. The BM shift likely occurs only
for strongly doped samples where the Fermi level enters the
conduction bands at the Z-F line. Secondly, the very steep
increase of &, above the band-gap edge is caused by a quite
large joint density of states due to fairly flat bands where only
a relatively small BM shift can be expected.

As a summary for Bi,Tes, at 10 K we observed a strong
direct interband transition at about 200 meV accompanied
with an onset of a weaker direct interband transition at about
170 meV. As suggested by band-structure calculations, the
direct transition occurs near the Z-F line in the Brillouin zone.
Since along the I'-Z line the energy of the conduction band
lies at a lower energy than along the Z-F line, as suggested
by the band-structure calculations and ARPES [51,52], there
should be an indirect band gap with an energy even lower than
170 meV, i.e., Bi,Tes is an indirect semiconductor. However,
these indirect transitions are masked in our data by the much
stronger response of free charge carriers that yields a value of
about 5 for &, below E;i‘e"‘. Since typically an indirect gap
will not contribute to &, with a value larger than about 0.1,
consequently for our thin-film samples we cannot observe its
contribution to the absorption.

D. The absorption edge in Bi,(Te;_,Se, )3

Figure 8(a) shows &, spectra at 10 K of our alloy x =
27% and 74% samples. For comparison, the spectra of Bi,Se;
and Bi,Te; are shown as well. The spectrum of the x = 27%
sample is qualitatively similar to that of Bi,Tes, i.e., it exhibits
a very steep increase above the onset at 390 meV, reaching high
values of ¢, of about 25. On the contrary, the spectrum of the
x = 74% sample is qualitatively similar to that of Bi,Ses, i.e.,
it displays a relatively gradual increase of absorption above
the edge up to the values of &, ~ 10. This suggests that the
absorption edge occurs at the same point in the Brillouin zone,
i.e., the I point for the x = 74% sample, whereas for the
x = 27% sample it is rather at a point close to the Z-F line of
the Brillouin zone, as for Bi, Tes.

We have analyzed the spectra in a similar way to that
described above by fitting the second derivative of £(E) with
the CP model of Eq. (2). The second derivative of &(E) for
the x = 74% sample is shown in Fig. 8(b) together with the
model consisting of two CP contributions marked by arrows.
Similarly to Bi,Ses, the strong CP centered at 300 meV is
modeled with a two-dimensional CP, and the weak one at
525 meV is modeled with a three-dimensional CP. Using the
same formulas as for the Bi;Se; sample, the BM shift amounts
to 33 meV, and the band-gap value is 270 £ 10 meV.

The second derivative of £(E) of the x = 27% sample is
shown in Fig. 8(c). Unfortunately, here the spectra, similarly
to our Bi;Ses sample, exhibit near 180 and 330 meV artefacts
that correspond to interference fringes [see Fig. 2(b)]. These

PHYSICAL REVIEW B 96, 235202 (2017)

photon energy [meV]

100 200 300 400 500 600 700
[ (@ BiyTe_Se).T=10K

50 ]
40
< 30

20

P

0 {
3000 T T T T T
2000} (b) x=74% , T=10 K
& 1000f
! of
Nw X/
= -1000F dle]/dE: data 7
-2000 \ dlsz/dbl data
-3000 + T model 4
-4000 N N X ‘ modcl‘
20000 (c) x=27%, T=10 K ]
Ty
=z
Nw—:
= 220000 ]
dzsy/dﬁi data
-40000 - T d’e/dE’ data

100 200 300 400 500 600 700
photon energy [meV]

FIG. 8. (a) The imaginary part of the dielectric function of our
Biy(Te;_,Se,); samples at 10 K. The arrows mark the energy Ey of
the maximum of &;. (b) The second derivative of the real (black thin
line) and imaginary part (red thin line) of the dielectric function at
10 K of the x = 74% sample together with the critical point model
spectra (thick lines). The arrows mark the position of two critical
points. (c) The second derivative of the real (black line) and imaginary
part (red line) of the dielectric function at 10 K of the x = 27%
sample. The arrow marks the position of the main critical point.
The structures near 180 and 330 meV are interference artefacts, as
discussed in the text.

artefacts prevent us from fitting the data with the CP model;
nevertheless, it is clear that the strongest feature centered
at about 400 meV (marked by the arrow) corresponds to
the strongest CP related to the onset of the direct interband
transitions. Similarly to BiyTe;, below this CP a weaker
absorption occurs with the onset at about 340 meV; see
Fig. 8(a). The plasma frequency of this sample is even smaller
than that of the Bi, Tes; sample (see Table I), and thus, similarly
to BiyTe;, we estimate that the BM shift is either absent or
negligibly small. Both the CP energy of 400 meV and the
onset at 340 meV are significantly larger than the band-gap
value of 290 meV reported [21] for a sample with similar Se
content x = 33%. However, the energy of the maximum of
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interband transitions, Egi““‘, at 10 K defined as the center position of
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100% were corrected for the Burstein-Moss shift as described in the
text. The triangles represent the onset of a weaker direct interband
absorption below the main critical point. The circles are previously
reported [11] absorption edge energies at 300 K corrected for the
Burstein-Moss effect. Parts (c) and (d) schematically represent the
position of the direct interband transitions (red arrows) in the band
structure for Se content x < x, (c) and x > x, (d), respectively, where
X. & 30%. The green arrow in (c) depicts the indirect fundamental
gap (see Refs. [51,52]).

&, denoted here as Ey; [see the arrows in Fig. 8(a)] occurs
at different energy, namely at 520 meV at 10 K in the case
of Ref. [21], whereas it is at 475 meV in our data. Since the
energy of this maximum strongly increases with increasing
x [see Fig. 9(a)], it is likely that the composition of the two
samples is different, the one of Ref. [21] having a significantly
larger value of x than our sample. We attribute the maximum
E\ to a CP related to the Z-F line whose energy increases
monotonically with Se content.

Figure 9(b) displays the extracted values of the onset of
direct interband transitions, Eg"e“‘, at 10 K of all our samples.
The squares correspond to the main CP energies. For the
x =74% and 100% samples, these were corrected for the
BM shifts, while for the other two samples we expect that
the BM shift is absent or small. The triangles correspond to a
weaker absorption observed in the spectra of the x = 0% and
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27% samples that is likely due to a weaker direct interband
transition, as discussed above. In general, the dependence
of the band-gap value on selenium content has a rooflike
shape with a maximum for the x = 27% sample. This shape
is very similar to the one reported for band-gap values at
300 K corrected for the Burstein-Moss effect in the early
work of Greenaway and Harbecke [11], which are added
for comparison to Fig. 9(b) as circles. The latter dependence
exhibits a pronounced maximum of the direct gap near x =
30% content; our values are of course larger since they were
obtained at 10 K. Similarly to their conclusion, we suggest that
the direct interband transitions on the left and right side of the
maximum corresponds to different points in the Brillouin zone.
The position of the onset of direct interband transitions in the
band structure for the two cases is schematically represented
in Figs. 9(c) and 9(d) by red arrows. Figure 9(d) depicts a
direct band gap in the center of the Brillouin zone between
parabolic-like bands that occurs on the Bi,Se; side of the
Biy(Te _,Se,); alloy. On the Bi,Tes side shown in Fig. 9(c),
the direct band gap occurs off the Brillouin-zone center near the
Z-F line, between the wing of the M-shaped valence band and
aconduction band [51,52]. The green arrow depicts the indirect
fundamental gap, which, however, has orders of magnitude
lower absorption and therefore is masked in our data by the
much stronger free charge-carrier response.

IV. CONCLUSION

‘We have examined the optical response of Bi,(Te;_,Se,)s
thin films, which reveal direct interband transitions. In Bi,Ses,
after the correction for the Burstein-Moss effect, we find a
band-gap value of 215 & 10 meV at 10 K, in good agreement
with the values from 190 to 220 meV reported in the
literature [12,18,24,38]. Our result supports the conclusion
of ARPES [6], GW calculations [45,46], and SdH measure-
ments [36] that the direct band gap of Bi,Ses is located at the
I' point in the Brillouin zone, and the valence band reaches
up to the Dirac point and has a shape of a downward-oriented
paraboloid.

In Bi,Tes, we observe a strong interband absorption that
sets in at ~200 meV at 10 K and a weaker albeit still direct
interband transition with an onset at about 170 meV. These
values support GW band-structure calculations that proposed
that the direct interband transition occurs near the Z-F line.
In the ternary Biy(Te;_,Se,); alloys, the energy of the onset
of the direct interband transition goes through a maximum for
a Se content of about 30%. This behavior indicates that there
is a crossover of the position of the direct interband transitions
between the two different points in the Brillouin zone at this
Se content.
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4.4 Manganese doping of BisSe; topological insulator

The (Bi,Mn)sSes layers on BaFy were prepared and analyzed. The ARPES analysis has
shown a band gap in Dirac point to be large ~ 100 meV, and temperature independent. The
ferromagnetic Curie temperature of about 10 K was determined by SQUID magnetometry
and XMCD. The magnetic easy axis direction is in-plane. The band gap surviving up to
room temperature is of non-magnetic origin.
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Magnetic doping is expected to open a band gap at the Dirac point of topological insulators
by breaking time-reversal symmetry and to enable novel topological phases. Epitaxial
(Biy _xMn,),Ses is a prototypical magnetic topological insulator with a pronounced surface
band gap of ~100 meV. We show that this gap is neither due to ferromagnetic order in the
bulk or at the surface nor to the local magnetic moment of the Mn, making the system
unsuitable for realizing the novel phases. We further show that Mn doping does not affect the
inverted bulk band gap and the system remains topologically nontrivial. We suggest that
strong resonant scattering processes cause the gap at the Dirac point and support this by the
observation of in-gap states using resonant photoemission. Our findings establish a
mechanism for gap opening in topological surface states which challenges the currently
known conditions for topological protection.
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he topological surface state (TSS) of the three-dimensional

topological insulator (3D TI) Bi,Se; forms a Dirac cone in

the band dispersion E(kj)) of electron energy E versus wave
vector component kj parallel to the surfacel. Differently from
graphene, the electron spin is nondegenerate and locked to ki,
and the Dirac crossing point is protected by time-reversal
symmetry (TRS) against distortions of the system"2. This stability
has been theoretically investigated demonstrating that
nonmagnetic impurities at the surface and in the bulk can form
a resonance in the surface-state density of states (DOS) without
opening a band gap>~. A magnetic field breaks TRS lifting the
Kramers degeneracy E(k), T)=E(—kj, |) between up (T) and
down () spins, and can open a band gap at the Dirac point". For
the two-dimensional quantum-spin-Hall system HgTe, the effect
of a perpendicular magnetic field on the topologically protected
edge state has been demonstrated successfully®, and similar
effects are expected from magnetic impurities in this system’.
In subsequent studies on HgTe, the effect of the magnetic
field was much smaller, and recently in an inverted electron-
hole bilayer from InAs/GaSb, helical edge states proved
robust in perpendicular magnetic fields of 8 T (ref. 8). At the
surface of a 3D TI, calculations show that magnetic impurities
can open a gap at the Dirac point and exhibit ferromag-
netic order with perpendicular anisotropy mediated by the TSS
through Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange
coupling®>10,

3D TIs with magnetic impurities have been studied by angle-
resolved photoelectron spectroscopy (ARPES). The magnetic
impurities have been incorporated into the bulk!! and at the
surface of Bi,Ses (ref. 10). For Fe impurities, the opening of large
surface band gaps of ~100meV was reported in both cases!®!!.
In a previous work, however, we found that Fe deposited on
Bi,Se; does not open a gap for a wide range of preparation
conditions, revealin% a surprising robustness of the TSS towards
magnetic moments'?. This conclusion also extends to Gd/ Bi,Ses
(ref. 13) and Fe/Bi,Te; (ref. 14).

The absence of a surface band gap is consistent with the recent
finding that Fe on Bi,Se; does not favour a magnetic anisotropy
perpendicular to the surface, at least in the dilute limit'. In this
respect, bulk impurities in TIs have an advantage over surface
impurities in that ferromagnetic order and perpendicular
magnetic anisotropies have been achieved in the bulk
systems! 1921 Fe incorporated in bulk Bi,Te; is known to
order ferromagnetically with a Curie temperature (Tc) of ~12K
for concentrations of x = 0.04 showing an easy axis perpendicular
to the base plane16’17. On the other hand, (Bi; _ ,Fe,),Se; has not
been found to be ferromagnetic at temperatures above 2K
(ref. 17). For x = 0.16 and 0.25, ferromagnetic order was found at
2K (ref. 11). By ARPES?, surface-state band gaps in
(Bi; _ <Fe,),Se; were reported and assigned to a magnetic origin
for Fe concentrations from x=0.05 to 0.25 including nonferro-
magnetic concentrations such as x=0.12 with a band gap of
45meV (ref. 11). These band gaps have been attributed to short-
range magnetic order. Concerning Mn incorporation, bulk
(Bi; _ ,Mn,),Se; with x=0.02 has been shown to exhibit a
surface band gap with an occupied width of 7meV (ref. 11),
which was suggested as an indication of ferromagnetic order
induced by the TSS!!. However, much larger surface band gaps
were observed for n-doped (Bi, _ ,Mn,),Se; films®’, where ferro-
magnetic order of Mn at the surface was found to be strongly
enhanced with Tc up to ~45K. The ferromagnetic order resulted
in an unusual spin texture of the TSS. The T¢ at the surface was
much higher than in the bulk?’, which was partially attributed to
Mn surface accumulation. A strong enhancement of the surface
Tc was also predicted by mean-field theory for this system
(for example, from 73 K (bulk) to 103 K (surface))?. Magnetically

2

doped TIs with ferromagnetic order are important as realizations
of novel topological phases. When spin degeneracy is lifted by the
exchange splitting, bulk band inversion can occur selectively for
one spin. If also the Fermi level is in the band gap, as predicted
for Cr and Fe in Bi,Se; (ref. 24), this gives rise to an integer
quantized Hall conductance oy, in thin films termed the
quantized anomalous Hall effect”?%, This has recently been
reported for Cr in (Bi,Sb),Te; (ref. 25). When a perpendicular
magnetization breaks TRS at the surface of a bulk TI, the resulting
mass and surface band gap give rise to quantized edge states. In
this case o, is half-integer quantized yielding a half quantum
Hall effectzg which can be probed at ferromagnetic domain
boundaries at the surface’’ and leads to exotic topological
magnetoelectric effects such as the point-charge-induced image
magnetic monopole?®?°. Another topological phase predicted for
magnetically doped Bi,Se; is the realization of a 3D Weyl fermion
system in which the Dirac-like dispersions become a property of
the bulk®.

Here we present a detailed investigation on the correlation
between the TSS and magnetic properties in the Bi-Mn-Se system,
where the magnetic impurity Mn is introduced in the bulk of
~0.4 um thick (Bi; _ ,Mn,),Se; epilayers with concentrations up
to x=0.08. By ARPES we find remarkably large band gaps of
~200 meV persisting up to temperatures of 300K far above T,
which is found to be ~ 10K at the surface showing only a limited
enhancement by <4K over the bulk Tc. We find that the
magnitude of the band gaps by far exceeds that expected from
TRS breaking due to magnetic order. By ARPES from quantum-
well states we exclude that Mn changes the inverted bulk band
gap. Using resonant photoemission and ab initio calculations we
conclude that, instead, impurity-induced resonance states destroy
the Dirac point of the TSS. We further support our conclusion by
showing that extremely low-bulk concentrations of nonmagnetic
In do also open a surface band gap in Bi,Se;. Our findings have
profound implications for the understanding of the conditions for
topological protection.

Results

Concentration and temperature dependence of surface band gap.
Figure 1 shows Mn-concentration-dependent high-resolution
ARPES dispersions of the TSS and bulk valence-band (BVB)
states of (Bi; _,Mn,),Se; with x up to 0.08 measured at 12K and
50eV photon energy. At this energy, contributions from the
bulk-conduction band (BCB) do not appear due to the depen-
dence of the photoemission transitions on the component of the
electron wave vector perpendicular to the surface k| (ref. 22), but
the BCB is partially occupied as data at 21eV photon energy
reveal (Supplementary Fig. 1). The pure Bi,Se; film (Fig. 1a) is
n-doped and exhibits a well-resolved Dirac point with high
photoemission intensity at a binding energy of Ep, ~0.4eV that is
seen as an intense peak in the energy-distribution curve at zero
momentum superimposed as red curve on the right-hand side of
the panel. The intact and bright Dirac point marked by a
horizontal dashed line in Fig. 1a demonstrates that the TSS is
gapless in Bi,Ses. At larger binding energies, the lower half of the
Dirac cone overlaps with the BVB, which is observed
for all (Bi;_.Mn,),Se; samples (Figs 1b-d). Increasing Mn
concentration, we find a gradual upward shift of the band edges
in energy, revealing a progressive p-type doping (hole doping).
Most notably, a surface band gap opens at the Dirac point with
increasing Mn content. In each energy-distribution curve, the
opening of the gap is also evident from the development of an
intensity dip at the binding energy of the original Dirac point.
Thus, the energy separation between the upper Dirac band
minimum and the energy position of the intensity dip is about
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Figure 1 | Effect of Mn doping on the electronic band dispersions of (Bi; _,Mn,),Ses. (a-d) Mn-concentration-dependent high-resolution ARPES
dispersions measured at 50 eV photon energy and a temperature of 12 K for x values of (a) O, (b) 0.02, (c) 0.04 and (d) 0.08. The red lines represent EDCs
obtained in normal emission (k;=0). A surface band gap opens at the Dirac point of the TSS which increases in size with increasing Mn content. The
horizontal white-dashed lines highlight the minimum limit of the gap size after taking into account the contribution from the linewidth broadening. The
opening of the gap leads to an intensity dip in the EDCs around the energy region of the original Dirac point. For x = 0.02, the suppression of intensity at the
Dirac point and the more parabolic surface-state dispersion are signatures of a small gap. Besides the increased linewidth broadening due to the Mn
impurities, these effects become more pronounced with increasing Mn content.

half of the gap size. Note that the horizontal dashed
lines in Figs 1b-d highlight the minimum limit of the gap size
after taking into account the contribution from the linewidth
broadening to the ARPES spectra (see Supplementary Note 1 and
Supplementary Fig. 2). The surface band gap rapidly increases
with Mn content and exceeds 200 meV for x = 0.08. For x =0.02,
the suppression of the Dirac point intensity as compared with the
undoped Bi,Se; film indicates the existence of a small gap. This is
consistent with the fact that the TSS dispersion becomes slightly
parabolic and is characterized by an increased effective mass of
m* ~ 0.09m, for x=0.02. This value increases further to
~0.15m, for x=0.08, where m, is the free-electron mass.

The observed surface band gaps are similar to those previously
reported?’, which have been attributed to long-range
ferromagnetism and TRS breaking of the topologically
protected surface state?. Figures 2a-d show high-resolution
ARPES dispersions of the TSS, as well as the normal-emission
spectra through the Dirac point at temperatures of 12 and 300 K
for x=0.08 (see also Supplementary Fig. 3). Strikingly, there is no
significant change as temperature is raised, and very clearly the
band gap in the TSS persists up to room temperature. Moreover,
we find a similar behaviour for the whole sample series
independently of the Mn content, which challenges the
dominant role of ferromagnetic order in inducing the band gap
in the TSS, unless the surface T¢ is above room temperature.

Bulk and surface magnetism. We begin in Fig. 3 with char-
acterizing the bulk magnetic properties using superconducting
quantum-interference device (SQUID) magnetometry. The
comparison of measurements with in-plane and out-of-plane
applied magnetic field in Fig. 3a shows that at a temperature of
2K the bulk easy axis lies in the surface plane. This holds
irrespective of the Mn concentration. Since the opening of a gap
at the Dirac point requires a magnetization perpendicular to the
surface’, we concentrate in the following on the out-of-plane
component of the magnetization. In the hysteresis loops
displayed in Fig. 3b measured with an out-of-plane applied
magnetic field at different temperatures, we observe a narrow
magnetic hysteresis at 4.2K, whereas paramagnetic behaviour
emerges at 7 K once the ferromagnetic transition has been crossed
(inset in Fig. 3b). For a better determination of T we present in
Fig. 3c modified Arrott plots according to a 3D Heisenberg
ferromagnet, normalized to the mass of the sample, with
exponents f=0.348 and y=141, from which we deduce

Electron binding energy (eV)

-0.1 0.0 0.1
Wave vector k; (A™")

T T
0.0 0.1

T
-0.1
Wave vector k; (A™")

Figure 2 | Temperature dependence of the large energy scale surface
band gap. (a,b) Energy-momentum ARPES dispersions obtained for
Mn-doped Bi,Ses epilayers with 8% Mn concentration. The red lines are the
energy-distribution curves obtained in normal emission (k;=0). The
horizontal white-dashed lines highlight the surface gap. Measurements are
taken at 50 eV photon energy and a temperature of (a) 12K and (b) 300 K.
The surface band gap does not show a remarkable temperature
dependence.

Tc=5.5K in the bulk (see also Supplementary Fig. 4). This is
well below the temperature of our ARPES measurements shown
in Figs 1 and 2.

The only remaining possibility that long-range ferromagnetism
opens the gap at the Dirac point is an enhanced surface
magnetism with magnetization perpendicular to the surface®?%23,
This cannot be verified directly by the bulk-sensitive SQUID
magnetometry. Therefore, we perform X-ray magnetic circular
dichroism (XMCD) measurements at the Mn L, 5-edges to probe
the near-surface ferromagnetic order. The detection by total
electron yield leads to a probing depth in the nanometre range.
Figure 4a shows for x=0.04 the normalized intensity of the Mn
L, absorption edges obtained upon reversal of the photon
helicity at a temperature of 5K with an out-of-plane applied
magnetic field of 3 T. The XMCD difference spectrum is shown in
Fig. 4b, with the normalized XMCD difference signal following
one part of the out-of-plane hysteresis as a function of the
applied magnetic field as inset. The temperature dependence
of the XMCD signal measured in remanence (0T applied
magnetic field) is presented in Fig. 4c for Mn concentrations of
x=0.04 and 0.08. This signal is obtained after switching off an
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Figure 3 | Characterization of the bulk magnetic properties of Mn-doped Bi,Se; films. (a) In-plane (ip) and out-of-plane (oop) magnetization curves for
Mn concentrations of x=0.04 and x =0.08, measured at a temperature of 2 K using SQUID magnetometry. The magnetic anisotropy lies in the surface
plane irrespective of the Mn concentration. (b) Corresponding hysteresis loops for x=0.08 measured at a temperature of 4.25K (squares) and 7K
(triangles), respectively. The applied magnetic field is perpendicular to the (111) sample surface (see sketch). Inset: a zoom-in around zero magnetic field
showing hysteresis at 4.25K and a paramagnetic state at 7K. (¢) Arrott plots at various temperatures from which a Curie temperature Tc of 5.5K is
deduced. Between 4.25K and 6.75K, data are shown for temperature increments of 6T=0.25K.
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Figure 4 | XMCD in total electron yield at the Mn L, 5-edges. (a) X-ray absorption spectra measured for opposite helicities of the circularly polarized
incident light at 5K with an out-of-plane applied magnetic field of 3 T. A sketch of the experimental geometry is also shown. (b) Corresponding XMCD
difference spectrum. The inset shows XMCD measurements for different applied magnetic fields. (€) Temperature dependence of the remanent XMCD for
a Mn concentration of x=0.04. Inset: detailed temperature dependence for x=0.04 and 0.08. (d) To re-examine the bulk magnetic properties,
field-cooling measurements are obtained under an in-plane (ip) and out-of-plane (oop) applied magnetic field of 10 mT using SQUID magnetometry. The
temperature dependence for x =0.04 and 0.08 compares well with the surface-sensitive measurements shown in the inset of (c). () XMCD-PEEM image
obtained using photoelectron microscopy for x=0.08 at room temperature, revealing the absence of magnetic domains with partial or full out-of-plane
magnetic order. Scale bar, 500 um (horizontal white-solid line).
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applied magnetic field of 5T perpendicular to the surface, and
represents the remanent XMCD, which is proportional to the
remanent magnetization of the film surface. We clearly observe a
ferromagnetic Mn component in the remanent XMCD appearing
around 640 eV which becomes increasingly more pronounced at
lower temperatures. The lineshape of the XMCD spectrum is
similar to that of Mn in GaAs’!, indicating a predominant
d° configuration. More specifically, the lineshape compares rather
well with Mn in Bi,Te; for which the comparison with an
Anderson impurity model recently gave a superposition of 16%
d%, 58% d° and 26% d° character®’. The ferromagnetic Mn
component shows surface ferromagnetic order in the remanent
XMCD only below 10K for Mn concentrations of x=0.04 and
0.08 (inset in Fig. 4c). On one hand, this result is not inconsistent
with the predicted strong-surface enhancement of Tc since the
enhancement effect vanishes already when chemical potential and
Dirac point differ by 0.2eV (ref. 23). On the other hand, our
XMCD result means that the magnetically induced gap would
have to close above 10K.

Having established that the bulk and surface magnetic
properties of our samples are very similar, as a next step, we
performed field-cooling experiments to re-examine the bulk
magnetic properties. Figure 4d shows field-cooled SQUID data
for an applied magnetic field of 10 mT parallel and perpendicular
to the surface plane. Above T, there is no preferential orientation
of the anisotropy axis perpendicular to the surface. Additional
zero-field-cooled SQUID data compare rather well with these
results (Supplementary Fig. 5). Further XMCD measurements
under an in-plane and out-of-plane applied magnetic field are
consistent with the SQUID data and are shown in Supplementary
Fig. 6. These XMCD and SQUID results strongly suggest that
above T¢ also short-range static magnetic order does not play a
role at the surface or in the bulk, respectively (see Supplementary
Note 2), and that domains with partial or full out-of-plane
magnetic order are absent. We further support this conclusion by
additional XMCD measurements carried out by the means of
X-ray photoelectron emission microscopy (XMCD-PEEM) at
room temperature, with a lateral resolution of ~20nm. Figure 4e
shows the XMCD image which due to the light incidence
(16° grazing) is sensitve to both in- and out-of-plane components
of the magnetization, with additional data given in Supple-
mentary Figs 7,8. The XMCD image displays no magnetic
domains at room temperature thus also excluding short-range
static inhomogeneous magnetic order with magnetization
partially or fully in or out of the surface plane, at least within
our lateral resolution (see Supplementary Note 3 for details).
A similar conclusion can be drawn regarding out-of-plane
magnetic short-range fluctuations (see discussion in Supple-
mentary Note 4 and Supplementary Fig. 9). All our observations
taken together lead us to the important conclusion that the
surface band gap is not due to magnetism and, thus, the novel
topological phases cannot be realized with (Bi, — ,Mn,),Ses.

Absence of topological phase transition with concentration.
There exists an alternative nonmagnetic explanation for the
surface band gap. It is in principle possible that the incorpora-
tion of Mn changes the bulk band structure and even reverts the
bulk band inversion, rendering Mn-doped Bi,Se; topologically
trivial. This topological phase transition with concentration is,
for example, the basis for the HgTe quantum spin-Hall insu-
lator®. Interestingly, it has been argued that a gap in the TSS can
be a precursor of a reversed bulk band inversion, as discussed
for TIBi(S, _,Se,), (ref. 33). Indium substitution in Bi,Ses
behaves similarly, and leads to a topological-to-trivial quantum-
phase transition with an inversion point between 3 and 7% In in

thin films**. Figure 5 shows that the bulk band gap stays
constant within 4% of its value for 8% Mn incorporation. This
statement is possible because at low photon energies changes in
the bulk band gap are traced most precisely from quantum-well
states in normal emission (k=0). The simultaneous
quantization of BCB and BVB is created by surface band
bending after adsorption of small amounts of residual gas®.
This means that the scenario of reversed bulk band inversion
does not hold here.

Another remarkable feature is the measured size of the surface
band gap. A perpendicular magnetic anisotropy has recently been
predicted by density-functional theory (DFT) for Co in Bi,Se;
(ref. 36) as well as for 0.25 monolayer Co adsorbed on the surface
in substitutional sites, leading to a surface band gap of ~9meV
(ref. 36), which, however, is one order of magnitude smaller than
the gaps observed here. For (Bi, _ ,Mn,),Tes;, a surface band gap
of 16meV has been calculated under the condition of
perpendicular magnetic anisotropy>’. For Mn in Bi,Se; at
the energetically favoured Bi-substitutional sites, an in-plane
magnetic anisotropy is predicted3®. The size of the gap at the
Dirac point is only 4 meV (ref. 38). Perpendicular anisotropy and
ferromagnetic order are absent in our samples at the temperature
of the ARPES measurements.

Role of the local magnetic moment and intercalation scenarios.
If the large local magnetic moment of the Mn is responsible for
the measured band gaps via TRS breaking, the effect should be
equal or larger when Mn is deposited directly on the surface. Here
we argue in the following way: If TRS is broken only due to the
Mn magnetic moment, we do not require hybridization to open a
gap. By depositing Mn we create a completely different envir-
onment for the Mn at the surface, allowing us to understand
whether the Mn magnetic moment is solely responsible for the
opening of large surface band gaps via TRS breaking and, ideally,
without hybridization playing a role. Mn is very well suited for
such comparison, as due to the high stability of its half-filled d°
configuration, its high magnetic moment is to a large extent
independent of the atomic environment and the resulting
hybridization. DFT obtains 4.0 pg for most substitutional sites
(except for the hypothetical Se-substitutional site with still 3.0 pp)
and only for interstitial Mn the moment peaks with 5.0 ug
(ref. 38). Min deposition was performed at ~ 30K in order to keep
the Mn atoms isolated from each other and on the surface. As the
XMCD showed a predominant d° configuration for Mn bulk
impurities, which is most stable, we can assume the same
magnetic moment for Mn impurities deposited on the surface.
Figure 6 shows that a similar p-doping occurs as with the Mn in
the bulk. In another respect, the magnetic moments do not act in
a similar way as in the bulk. Even 30% of a Mn monolayer on
Bi,Se; does not open a band gap at the Dirac point. This result is
similar to what we have observed for Fe on Bi,Se; (ref. 12) and
Bi,Te; (ref. 14).

Most recently, the appearance of surface band gaps in ARPES
at the Dirac point of the TSS has been discussed based on
different mechanisms. One is momentum fluctuations of the
surface Dirac fermions in real space as observed by scanning
tunnelling microscopy measurements of Mn-doped Bi,Te; and
Bi,Se; bulk single crystals39. However, these fluctuations amount
to 16meV (ref. 39), much less than the present band gaps.
Another mechanism is top-layer relaxation, that is, breaking of
the van-der-Waals bond between quintuzple layers during cleavage
of bulk crystals as proposed in Xu et al.?® This would open a gap
due to hybridization of TSS’s through the layer’® but such an
effect does not occur for epitaxial layers where no sample cleavage
is used for surface preparation.
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Figure 5 | Tracing changes in the bulk band gap of Mn-doped Bi,Se; films. Changes in the bulk band gap are traced most precisely from quantum-well
states (QWS) in normal emission (red curves on the right-hand side of each panel).(a-¢) Energy-momentum dispersions acquired at a photon energy of
hv=18eV for (a) Bi,Ses, (b) 2% and (c¢) 8% Mn doping. The simultaneous quantization of bulk-conduction band (BCB) and valence-band (BVB) is created
by surface band bending after adsorption of small amounts of residual gas3®. It is found that Mn doping does not change the bulk band gap of Bi,Ses.

(d-f) Similar results as in a-c, respectively, but at a photon energy of hv =16 eV, where large apparent surface band gaps are observed. This unexpected
photon-energy dependence of a surface state is interpreted as coupling to bulk states mediated by the Mn impurities.

(Y

A

)

Intensity (a.u.)

Electron binding energy (eV)

-0.1 0.0 0.1
Wave vector k; (A™)

Figure 6 | Effect of Mn deposition on the surface of Bi,Ses films.

(a) Energy-momentum ARPES dispersion showing a gapless Dirac cone in
pure Bi,Ses films after deposition of 0.3 monolayer Mn at 30K on the
surface. Measurements are performed at the same temperature using

50 eV photon energy. (b) EDCs extracted from the measurements shown in
a. The red curves in a and b emphasize the EDC in normal emission
(ky=0).

If such a separation of quintuple layers occurs, it is more
likely caused by the Mn. Principally, intercalated Mn in the
van-der-Waals gaps could separate quintuple layers electronically,
although such effect has not been seen in experiments yet. At
these new interfaces TSS’s could form and if they would behave
like in ultra-thin Bi,Se; films, they would hybridize and open a
band gap*’. However, band gaps of the order of ~100meV
would correspond to an unrealistic Mn intercalation pattern
grouping three quintuple layers when compared with the films of
Zhang et al®® In order to estimate the amount of Mn
intercalation, we have analysed the change of the bulk lattice
constant in our samples by X-ray diffraction (see Supplementary
Note 5, Supplementary Figs 10-13 and Supplementary
Tables 1,2). We find that the c-lattice constant increases by
~0.15% for 4% Mn and by ~0.45% for 8% Mn. If we would
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assume that this is completely due to an expansion of the
van-der-Waals gaps, the interlayer distance would increase by
only ~1.8% for 4% Mn and by less than ~5% for 8% Mn.
According to DFT, intercalation of transition metals into the first
van-der-Waals gap of Bi,Se; leads to an expansion between 10
and 20% (ref. 41). New surface-state features can appear inside
the bulk band gap but in order to be split remarkably off the BVB
and BCB edges, expansions between 20 and 50% are required*!.
In addition, we point out that, despite our observation of a large
surface band gap at room temperature, we observe a nearly zero
spin polarization perpendicular to the surface (Supplementary
Fig. 14). The absence of a hedgehog spin texture pinpoints a
non-TRS breaking mechanism underlying the origin of the gap, a
fact which is consistent with our conclusions derived from the
magnetic properties. Moreover, it is understood that we cannot
verify a small magnetic band gap opening of few meV as
calculated in Schmidt et al3® and Henk et al.3’ because much
larger gaps are present in the whole temperature range.

Topological protection beyond the continuum model. As we
find that neither ferromagnetic order in the bulk or at the surface,
nor the local magnetic moment of the Mn are causing the large
band gaps that we observe, as we can exclude the nonmagnetic
explanation of a reversal of the bulk band inversion and as we do
not find sufficient indications for the nonmagnetic explanation of
surface-state hybridization by van-der-Waals-gap expansion, we
point out a different mechanism based on impurity-induced
resonance states that locally destroy the Dirac point.

In fact, recently the treatment of the topological protection in
the continuum model>~ has been extended for finite bulk band
gaps*?43. As a result, surface*? and bulk impurities*> can mediate
scattering processes via bulk states and the localized impurity-
induced resonance states emerging at and around the Dirac point
lead to a local destruction of the topological protection of the
Dirac point. The resulting band gap opening depends on the
resonance energy, impurity strength U as well as spatial location
of the impurities*>43, A typical gap size is of the order of 100 meV
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(ref. 42). Moreover, the gap does not rely on a particular magnetic
property of the impurity and, therefore, the mechanism should
apply for magnetic impurities as well. The model can also explain
the absence of the gap when Mn impurities are placed on the
surface, since bulk-like resonance states do not form when Mn is
placed only on the surface. A definite assignment, however,
requires realistic electronic structure calculations since a simple
atomic Mn d° configuration does not lead to states at the Dirac
point.

To identify impurity resonances, we calculated for 8% Mn in
Bi,Se; at the Bi-substitutional sites the corresponding DOS by ab
initio theory. The model structure used in the calculations is
shown in Fig. 7a, where Bi atoms (yellow) acquire Mn character
(blue wedges). The results of the calculation are shown in Fig. 7b,
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where it is seen that Mn impurity states (blue) strongly contribute
to the total DOS (red) near the BVB maximum. The Mn impurity
states in the gap are clearly identified by assuming ferromagnetic
order and subtracting the minority from majority spin DOS. In
experiment, impurity-band states are difficult to observe as the
example of Ga,_,Mn,As shows*, where—similarly to the
present case—impurity states emerge near the BVB maximum.
There are, in fact, indications for the impurity resonances in our
data. If we look at the photon-energy dependence from 16 to
21eV in the ARPES results shown in Supplementary Fig. 15, we
see that the surface band gap is only well defined with respect to
the minimum of the upper Dirac cone and consistent for
16-21¢eV as well as 50 eV (for 50 eV see Figs 1,2, where the BCB
does not appear). The lower Dirac cone exhibits despite its
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Figure 7 | Resonant photoemission and ab initio calculations. (a) The structure of Bi,Se; doped with 8% Mn at the Bi-substitutional sites used in the
calculations. Within the coherent-potential approximation, the Bi atoms (yellow) acquire Mn character (blue wedges). Se atoms are shown in grey colour.
(b) Calculated density of states (DOS). The total DOS (red) contains contributions from impurity resonances (vertical blue arrows) of strong d-character, a
seen in the partial Mn DOS (blue). For the purpose of the calculation, ferromagnetic order at T=0K was assumed. (¢,d) Resonant photoemission at the
Mn M-edge, focusing on the region of the surface gap (8% Mn). (¢) Off-resonant (48 eV photon energy) and (d) on-resonant data (50 eV). (e) Schematics
of the resonant process. At the resonance energy, the excitation occurs via 3p-3d transitions. The exciting photon energy (hv) corresponds to a transition
from an occupied core level to a valence-band empty state between the Fermi (Eg) and vacuum (E,,.) levels. The relaxation of excited electrons leads to
enhanced photoemission from d-like Mn states. (f) Intensity difference obtained after subtracting off-resonant from on-resonant data. The resonances
are seen in blue contrast and are marked with arrows, similar to the calculations shown in b.
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two-dimensional nature a photon-energy (wave vector perpen-
dicular to the surface, k| ) dependence when Mn is incorporated.
The reason for this difference is that the lower Dirac cone
strongly overlaps with the BVB while the upper Dirac cone does
not overlap with the BCB. This can also be seen in Fig. 5, where
an apparent band gap of ~200meV occurs for 2% Mn at
hv=16eV. At this small concentration, such an apparent gap
seems to be nearly closed at 18 eV, where the suppression of the
Dirac point intensity and the more parabolic TSS dispersion as
compared with the undoped Bi,Se; film indicates the existence of
a small gap, in agreement with the results of Fig. 1. Note that the
minimum band gap in the photon-energy dependence defines the
gap size (see Supplementary Fig. 16). The minimum gap size
observed at low photon energies agrees well with the one obtained
at 50eV. At 8% Mn, the surface band gap opens at all photon
energies and reaches a minimum of ~200meV, that is, it is
determined rather unambiguously, but some intensity appears in
the surface band gap. Such intensity also appears in Xu et al.?0
The role of the impurity resonance is exactly to couple the TSS to
bulk states. This 3D coupling is naturally different for the upper
and lower Dirac cone due to the different bulk overlap and thus
seen as the photon-energy dependence of the lower half of the
Dirac cone.

We applied resonant photoemission which fortunately is
comparatively strong for Mn due to its half-filled d-shell
Figures 7c and d show for 8% Mn off-resonant (hv =48eV) and
on-resonant photoemission (50 eV) measurements via the Mn 3p
core level, focusing on the region of the surface gap, respectively.
The spectra were normalized to the photon flux after taking into
account the photon-energy dependence of the photoionization
cross sections of Bi 6p and Se 4p, respectively. Subtracting
off-resonant from on-resonant data allows us to visualize directly
the contribution from impurity resonances in the ARPES
spectrum, as there is enhanced photoemission from d-like Mn
states through decay of electrons that are excited via 3p-3d
transitions (Fig. 7e). The difference spectrum shown in Fig. 7f
reveals the existence of impurity resonances inside the surface
band gap and near the valence-band maximum. The resonances
are seen in blue contrast and are marked with arrows, similar to
the calculations shown in Fig. 7b. The unexpectedly strong dispe-
rsion of the resonant states with wave vector kj is in qualitative
agreement with our one-step model photoemission calculations
(see Supplementary Fig. 17 and Supplementary Note 6), and
additionally supports the physical picture of Mn-induced
coupling to the bulk states. We should emphasize that the Mn
d° configuration confirmed by our XMCD measurements offers
much fewer states in the energy range of the Dirac cone than the
other magnetic transition metals. The fact that already Mn breaks
the Dirac cone indicates that the present result is of general
importance for TIs doped with magnetic transition metals.

As nonmagnetic control experiment we have chosen thick
In-doped Bi,Se; bulk samples which give rise to a trivial phase
close to ~5% In concentration. Supplementary Fig. 18 shows that
a large band gap of the order of ~100 meV appears at the Dirac
point already for a much smaller In concentration, namely 2%, far
away from the inversion point of the topological quantum-phase
transition (see Supplementary Note 7 and Supplementary Fig. 19
for more details). In addition, spin-resolved ARPES measure-
ments around k=0 for In-doped samples (Supplementary
Fig. 14) reveal that the out-of-plane spin polarization is zero,
similarly to the result for the gapped Dirac cone in Mn-doped
samples. Interestingly, the size of the band gap for 2% In is of the
same order as the one for 8% Mn whereas no gap appears for 4%
Sn (Supplementary Fig. 18). This indicates that the concentration
range at which the large surface gap develops varies from dopant
to dopant. On the basis of ideas proposed recently*?43, this might
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be associated with the impurity-dependent strength U, regardless
whether the dopant is magnetic or not. Our control experiments
demonstrate the existence of a mechanism for surface band
gap opening which is not directly connected to long-range or
local magnetic properties. Although it is not possible to directly
search for In impurity resonances in the photoemission
experiment as there is no resonant photoemission condition
available, for completeness we point out that our conclusion on
the nonmagnetic origin of the surface band gap in Mn-doped
Bi,Se; films would not have been possible unless several findings
in our experiment differed from previous experiments?’. This
refers to the in-plane magnetic anisotropy, the absence of a
temperature dependence of the gap, a much lower Tc, no out-of-
plane spin polarization at the gapped Dirac point, no enhanced
surface magnetism, a photon-energy dependence of the band gap,
and an available resonant condition via the Mn 3p core level
allowing us to directly observe the contribution from in-gap
states.

To summarize, we revealed the opening of large surface band
gaps in the TSS of Mn-doped BiSe; epilayers that strongly
increase with increasing Mn content. We find ferromagnetic
hysteresis at low temperatures, with the magnetization oriented
parallel to the film surface. Magnetic surface enhancement is
absent. Even above the ferromagnetic transition, we observe
surface band gaps which are one order of magnitude larger than
the magnetic gaps theoretically predicted and, moreover, they do
not show notable temperature dependence. No indication for a
Mn-induced reversal of the bulk band inversion and no
significant enhancement of the surface magnetic ordering
transition with respect to the bulk are found. Control experiments
with nonmagnetic bulk impurities, conducted in the topological
phase, reveal that surface band gaps of the order of ~100 meV
can be created without magnetic moments. In line with recent
theoretical predictions, we conclude that the band gap opening up
to room temperature in Mn-doped films is not induced by
ferromagnetic order and that even the presence of magnetic
moments is not required. Our results are important in the context
of topological protection and provide strong circumstantial
evidence that Mn-doped Bi,Se; is not suited for observing
the quantized anomalous Hall effect or the half quantum
Hall effect.

Methods

Sample growth and structural characterization. The samples were grown by
molecular beam epitaxy on (111)-oriented BaF, substrates at a substrate
temperature of 360 °C using Bi,Se;, Mn and Se effusion cells. The Mn con-
centration was varied between 0 and 8%, and a two-dimensional growth was
observed by in situ reflection high-energy electron diffraction in all cases

(see Supplementary Fig. 20 and Supplementary Note 8). All samples were single
phase as indicated by X-ray diffraction. After growth and cooling to room
temperature, the ~0.4-pm-thick epilayers were in situ capped by an amorphous
50-nm thick Se layer, which was desorbed inside the ARPES and XMCD chambers
by carefully annealing at ~230°C for ~1h. The Mn concentrations determined
by core-level photoemission were in good agreement with those obtained from
energy dispersive microanalysis, indicating no significant Mn accumulation at the
surface of the samples (see Supplementary Fig. 21 and Supplementary Note 9).

High-resolution and spin-resolved ARPES. Temperature-dependent ARPES
measurements were performed at the UE112-PGM2a beamline of BESSY II at
pressures better than 1 x 10~ 1 mbar using p-polarized undulator radiation.
Photoelectrons were detected with a Scienta R8000 electron energy analyser and
the spin-resolved spectra were obtained with a Mott-type spin polarimeter coupled
to the hemispherical analyser. For the spin-resolved measurements of Mn-doped
Bi,Se; samples, a magnetic field of + 0.3 T was applied perpendicular to the surface
plane at 20K right before the acquisition of the spectra. Overall resolutions of
ARPES measurements were 5meV (energy) and 0.3° (angular). Resolutions for
spin-resolved ARPES were 80 meV (energy) and 0.75° (angular).

Magnetic characterization. The characterization of the bulk magnetic properties
was done by SQUID magnetometry. The bulk magnetization was recorded as a
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function of temperature and applied magnetic field applied either perpendicular
(out-of-plane) or parallel (in-plane) to the surface of the films. The diamagnetic
contribution of the BaF, substrate was derived from the field-dependent
magnetization curves at room temperature and subtracted from all data. The
characterization of the surface magnetic properties was done by XMCD and
XMCD-PEEM measurements at the UE46-PGM1 and UE49-PGM1a beamlines of
BESSY II, respectively. The experiments were performed using circularly polarized
undulator radiation and under the same pressure conditions as the ARPES
measurements. The XMCD spectra were taken using a high-field diffractometer as
a function of temperature and applied magnetic field, and the XMCD-PEEM
measurements were performed at room temperature and under grazing incidence
(16°) with a lateral resolution of ~20 nm.

Theoretical calculations. The one-step model photoemission calculations were
performed using the results of ab initio theory as an input, and taking into account
wave vector and energy-dependent transition matrix elements. The ab initio
calculations were performed within the coherent-potential approximation using
the Munich SPR-KKR program package*>49, with spin-orbit coupling included by
solving the four-component Dirac equation.

References

1. Hasan, M. Z. & Kane, C. L. Topological insulators. Rev. Mod. Phys. 82,
3045-3067 (2010).

2. Qi, X.-L. & Zhang, S.-C. Topological insulators and superconductors. Rev. Mod.
Phys. 83, 1057-1110 (2011).

3. Lee, W. C, Wu, C,, Arovas, D. P. & Zhang, S. C. Quasiparticle interference
on the surface of the topological insulator Bi,Te;. Phys. Rev. B 80, 245439
(2009).

4. Biswas, R. R. & Balatsky, A. V. Impurity-induced states on the surface of three-
dimensional topological insulators. Phys. Rev. B 81, 233405 (2010).

5. Lu, J., Shan, W.-Y,, Lu, H.-Z. & Shen, S.-Q. Non-magnetic impurities and in-
gap bound states in topological insulators. New J. Phys. 13, 103016 (2011).

6. Konig, M. et al. Quantum spin Hall insulator state in HgTe quantum wells.
Science 318, 766-770 (2007).

7. Liu, C-X,, Qi, X.-L,, Dai, X., Fang, Z. & Zhang, S.-C. Quantum
anomalous Hall effect in Hg; — ,Mn,Te quantum wells. Phys. Rev. Lett. 101,
146802 (2008).

8. Du, L, Knez, L, Sullivan, G. & Du, R.-R. Robust helical edge transport in gated
InAs/GaSb bilayers. Phys. Rev. Lett. 114, 096802 (2015).

9. Liu, Q, Liu, C. X, Xu, C. K,, Qi, X. L. & Zhang, S. C. Magnetic impurities on
the surface of a topological insulator. Phys. Rev. Lett. 102, 156603 (2009).

10. Wray, L. A. et al. A topological insulator surface under strong Coulomb,
magnetic and disorder perturbations. Nat. Phys. 7, 32-37 (2011).

11. Chen, Y. L. et al. Massive Dirac fermion on the surface of a magnetically doped
topological insulator. Science 329, 659-662 (2010).

12. Scholz, M. R. et al. Tolerance of topological surface states towards magnetic
moments: Fe on Bi,Ses. Phys. Rev. Lett. 108, 256810 (2012).

13. Valla, T., Pan, Z.-H., Gardner, D., Lee, Y. S. & Chu, S. Photoemission
Spectroscopy of magnetic and nonmagnetic impurities on the surface of the
Bi,Se; topological insulator. Phys. Rev. Lett. 108, 117601 (2012).

14. Scholz, M. R. et al. Intact Dirac cone of Bi,Te; covered with a monolayer Fe.
Phys. Status Solidi RRL 7, 139-141 (2013).

15. Honolka, J. et al. In-plane magnetic anisotropy of Fe atoms on Bi,Se; (111).
Phys. Rev. Lett. 108, 256811 (2012).

16. Kulbachinskii, V. A. et al. Ferromagnetic transition in the new diluted magnetic
semiconductor p-Bi,  ,Fe,Tes. Phys. Lett. A 285, 173-176 (2001).

17. Kulbachinskii, V. A. et al. Ferromagnetism in new diluted magnetic
semiconductor Bi, _ Fe,Tes. Physica B 311, 292-297 (2002).

18. Hor, Y. S. et al. Development of ferromagnetism in the doped topological
insulator Bi, _ ,Fe,Tes. Phys. Rev. B 81, 195203 (2010).

19. Dyck, J. S., Hajek, P., Lostak, P. & Uher, C. Diluted magnetic
semiconductors based on Sb, _ \V,Te; (0.01 <x<0.03). Phys. Rev. B 65, 115212
(2002).

20. Xu, S.-Y. et al. Hedgehog spin texture and Berry’s phase tuning in a magnetic

topological insulator. Nat. Phys. 8, 616-622 (2012).

. Checkelsky, J. G., Ye, J., Onose, Y., Iwasa, Y. & Tokura, Y. Dirac-fermion-
mediated ferromagnetism in a topological insulator. Nat. Phys. 8, 729-733
(2012).

. Hiifner, S. Photoelectron Spectroscopy: Principles and Applications (Springer,
1995).

. Rosenberg, G. & Franz, M. Surface magnetic ordering in topological insulators
with bulk magnetic dopants. Phys. Rev. B 85, 195119 (2012).

. Yu, R. et al. Quantized anomalous Hall effect in magnetic topological
insulators. Science 329, 61-64 (2010).

25. Chang, C.-Z. et al. Experimental observation of the quantum anomalous Hall

effect in a magnetic topological insulator. Science 340, 167-170 (2013).

26. Qi, X. L., Hughes, T. L. & Zhang, S. C. Topological field theory of time-reversal

invariant insulators. Phys. Rev. B 78, 195424 (2008).

2

[l

2

[N

2

<@

2

'

NATURE C

27. Pankratov, O. A. Supersymmetric inhomogeneous semiconductor structures
and the nature of a parity anomaly in (24 1) electrodynamics. Phys. Lett. A
121, 360-366 (1987).

28. Qi, X.-L, Li, R,, Zang, J. & Zhang, S.-C. Inducing a magnetic monopole with

topological surface states. Science 323, 1184-1187 (2009).

. Zang, ]. & Nagaosa, N. Monopole current and unconventional Hall response on

a topological insulator. Phys. Rev. B 81, 245125 (2010).

Cho, G. Y. Possible topological phases of bulk magnetically doped Bi,Ses:

turning a topological band insulator into the Weyl semimetal. Preprint at

http://arxiv.org/abs/1110.1939 (2011).

. Rader, O. et al. Identification of extrinsic Mn contributions in Ga; _ ,Mn,As by
field-dependent magnetic circular x-ray dichroism. J. Electron Spectr. Relat.
Phenom. 144, 789-792 (2005).

. Watson, M. D. et al. Study of the structural, electric and magnetic properties of
Mn-doped Bi,Te; single crystals. New J. Phys. 15, 103016 (2013).

. Sato, T. et al. Unexpected mass acquisition of Dirac fermions at the quantum

phase transition of a topological insulator. Nat. Phys. 7, 840-844 (2011).

Brahlek, M. et al. Topological-metal to band-insulator transition in

(Bi; _ ,In,),Se; thin films. Phys. Rev. Lett. 109, 186403 (2012).

. Bianchi, M., Hatch, R. C., Mi, J., Iversen, B. B. & Hofmann, P. Simultaneous

quantization of bulk conduction and valence states through adsorption of

nonmagnetic impurities on Bi,Ses. Phys. Rev. Lett. 107, 086802 (2011).

Schmidt, T. M., Miwa, R. H. & Fazzio, A. Spin texture and magnetic anisotropy

of Co impurities in Bi,Se; topological insulators. Phys. Rev. B 84, 245418 (2011).

Henk, J. et al. Topological character and magnetism of the Dirac state in

Mn-doped Bi,Tes. Phys. Rev. Lett. 109, 076801 (2012).

. Abdalla, L. B., Seixas, L., Schmidt, T. M., Miwa, R. H. & Fazzio, A. Topological

insulator Bi,Ses(111) surface doped with transition metals: an ab-initio

investigation. Phys. Rev. B 88, 045312 (2013).

Beidenkopf, H. et al. Spatial fluctuations of helical Dirac fermions on the

surface of topological insulators. Nat. Phys. 7, 939-943 (2011).

Zhang, Y. et al. Crossover of the three-dimensional topological insulator Bi,Ses

to the two-dimensional limit. Nat. Phys. 6, 584-588 (2010).

. Eremeev, S. V., Vergniory, M. G., Menshchikova, T. V., Shaposhnikov, A. A. &
Chulkov, E. V. The effect of van der Waal’s gap expansions on the surface
electronic structure of layered topological insulators. New J. Phys. 14, 113030
(2012).

. Black-Schaffer, A. M. & Balatsky, A. V. Strong potential impurities on the
surface of a topological insulator. Phys. Rev. B 85, 121103(R) (2012).

. Black-Schaffer, A. M. & Balatsky, A. V. Subsurface impurities and vacancies in

a three-dimensional topological insulator. Phys. Rev. B 86, 115433 (2012).

Gray, A. X. et al. Bulk electronic structure of the dilute magnetic semiconductor

Ga, _ ,Mn,As through hard x-ray angle-resolved photoemission. Nat. Mater.

11, 957-962 (2012).

. Ebert, H., Kodderitzsch, D. & Minar, J. Calculating condensed matter
properties using the KKR-Green’s function method-recent developments and
applications. Rep. Prog. Phys. 74, 096501 (2011).

46. Ebert, H. et al. The Munich SPR-KKR package, version 6.3. Available at

http://ebert.cup.uni-muenchen.de/SPRKKR.

2!

©

3

=

3

=

3

]

3

@

3

ks

3

@

3

*

3

N

3

®

3

o

4

=

4

=

4

9]

4

@

4

L

4

@

Acknowledgements

Financial support from the priority program SPP 1666 of the Deutsche
Forschungsgemeinschaft (Grant No. EB154/26-1 and RA1041/7-1) and the Impuls-und
Vernetzungsfonds der Helmholtz-Gemeinschaft (Grant No. HRJRG-408) is gratefully
acknowledged. J.M. is supported by the CENTEM (CZ.1.05/2.1.00/03.0088) and
CENTEM PLUS (LO1402) projects, co-funded by the ERDF as part of the Ministry of
Education, Youth and Sports OP RDI programme. V.H. acknowledges the support of the
Czech Science Foundation (project 14-08124S). G.S., H.S.,, RK. and G.B. acknowledge
support of the Austrian Science Funds (project SFB 025, IRON).

Author contributions

].S.-B. and A.V. performed the photoemission experiments; G.S., G.B. and L.V.Y.
provided samples and performed the growth and characterization; H.S., RK. and AN.
performed the SQUID measurements; O.C. and V.H. performed X-ray diffraction
measurements; J.S.-B., E.S. and E.W. performed the XMCD measurements; J.S.-B.,
A.A.U. and S.V. performed the XMCD-PEEM measurements; J.M., M.D., ].B. and H.E.
carried out the calculations; ].S.-B. and E.G. performed the numerical simulations; J.S.-B.
performed data analysis and figure planning; J.S.-B. and O.R. performed draft planning
and wrote the manuscript with input from all the authors; J.S.-B. and O.R. were
responsible for the conception and the overall direction of the study.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

OMMUNICATIONS | 710559 | DOI: 10.1038/ncomms10559 | www.nature.com/naturecommunications 9

Reprinted page 9 of paper “Temperature independent gap in (Bi,Mn);Ses layers”.



A RT | C L E NATURE COMMUNICATIONS | DOI: 10.1038/ncomms10559

Reprints and permission information is available online at http://npg.nature.com/ — This work is licensed under a Creative Commons Attribution 4.0
reprintsandpermissions/ 2 International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise

How to cite this article: Sanchez-Barriga, J. et al. Nonmagnetic band gap at the Dirac in the credit line; if the material is not included under the Creative Commons license,

point of the magnetic topological insulator (Bi,.,Mn,),Ses. Nat. Commun. 7:10559 users will need to obtain permission from the license holder to reproduce the material.
doi: 10.1038/ncomms10559 (2016). To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/
10 NATURE COMMUNICATIONS | 7:10559 | DOI: 10.1038/ncomms10559 | www.nature.com/naturecommunications

Reprinted page 10 of paper “Temperature independent gap in (Bi,Mn)sSes layers”.



Electron Binding Energy (eV)
Electron Binding Energy (eV)

-0.1 0.0 0.1 -0.1 0.0 01
Wavevector k| (A Wavevector (A"

Supplementary Figure 1: Probing the bulk-conduction band at low photon energy. In contrast
to Fig. 1 of the main text, the bulk-conduction band (BCB) is probed at 21 eV. (a, b) Energy-
momentum ARPES dispersions of (a) undoped Bi,Se; and (b) 8% Mn-doped Bi,Ses. The upward
shift of the BCB in (b) is due to the p-type doping and not to a change in the bulk band gap or
even a reversal of the bulk band inversion (see also Supplementary Fig. 15). The topological
surface state (TSS) appears with weaker photoemission intensity which makes it difficult to
observe when it approaches the BCB for 8% Mn in (b). The signal from the bulk-valence band
(BVB) is also observed at higher binding energies. The TSS is better visible at 50 eV in Fig. 1 of
the main text and in Supplementary Fig. 3. The horizontal white-dashed lines in (b) highlight
the opening of the surface gap.
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Supplementary Figure 2: Surface band gap for different Mn concentrations. (a-c) The
experimental energy-distribution curves (EDCs) at zero momentum (k;=0, red circles), obtained
from the ARPES spectra acquired at 50 eV photon energy and 12 K temperature, are fitted
(solid black lines) considering a Shirley-like background [1]. The fitting procedure is explained
in detail in Supplementary Note 1. The fit results for (a) 2%, (b) 4% and (c) 8% Mn-doped Bi,Se;
films are shown. (d) Size of the surface band gap obtained from the fits in (a-c). The surface
band gap is determined from the energy separation between the fitted Lorentzian peaks
shown in blue (green) color, which are located at the energy minimum (maximum) of the
upper (lower) half of the Dirac cone. The Lorentzian peaks shown in gray color are
contributions from the bulk-valence bands. Error bars in (d) correspond to the uncertainty of
determining the energy position of the band dispersions. The error bars are estimated from
the standard deviations of the peak positions over several fitting cycles.
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Supplementary Figure 3: Temperature dependence of the surface band gap. (a, b) Data as in
Fig. 2 of the main text for 8% Mn-doped Bi,Se; and (c, d) in a different representation as
energy-distribution curves (EDCs), showing the absence of a temperature dependence of the
surface band gap. Measurements were obtained at a temperature of (a, c) 12 K and (b, d) and
300 K. The red solid lines in (a-d) emphasize the EDCs in normal emission (k;=0). The horizontal
white-dashed lines in (a, b) highlight the surface band gap.
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Supplementary Figure 4: Conventional mass-normalized Arrott plot. In Fig. 3c of the main
text, we showed a modified Arrot plot according to a 3D Heisenberg ferromagnet [2, 3]
normalized to the mass of the sample with the exponents B= 0.348 and y = 1.41, from which
we deduce a T¢ of 5.5 K. Here we show for the same data a conventional mass-normalized
Arrott plot. A similar presentation was used previously [4] for the determination of the
ferromagnetic Curie temperature in (Bi;,Mn,),Tes. From the present plot, we deduce a by 2 K

higher Te.
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Supplementary Figure 5: Temperature-dependence of the bulk magnetization. Comparison between
field-cooling (FC) and zero-field-cooling (ZFC) measurements obtained using SQUID magnetometry
for (a) 4% and (b) 8% Mn doping. The temperature dependence of both the in-plane (ip) and out-of-
plane (oop) components of the magnetization is shown. The FC measurements are performed under
an applied magnetic field of 10 mT parallel and perpendicular to the surface. The ZFC and FC results
are very similar for each composition, and compare well to the surface-sensitive XMCD
measurements shown in the main text (see Supplementary Note 2 for details).

Reprinted supplement page 5 of paper “Temperature independent gap in (Bi,Mn);Ses layers”.



10— —— Normal
@® Grazing

I I 1 I I 1
636 638 640 642 644 646

Photon Energy (eV)

Supplementary Figure 6: Surface-sensitive XMCD measurements for 8% Mn-doped Bi,Se;. The
spectra were obtained at the Mn Ls-edge and a temperature of 20 K under an applied magnetic field
of -2T parallel (red circles) and perpendicular to the surface (black solid line). The x-ray beam
impinged the sample in normal incidence (black solid line) and at a gracing incidence angle of 30°
with respect to the surface plane (red circles); see Supplementary Notes 2 and 4 for details.
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Supplementary Figure 7: Absorption spectrum measured for the (Bi;.,Mn,),Se; sample doped
with 8% Mn using X-PEEM. The spectrum is obtained across the Mn L, ;-edges from the same
region of the sample shown in the XMCD images of Supplementary Fig. 8 below and plotted as
the result of the sum of two absorption spectra recorded with opposite light helicity; see also
Supplementary Note 3.
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Supplementary Figure 8: A sequence of XMCD-PEEM measurements. (a-I) XMCD-PEEM
measurements for the (Bi,.,Mn,),Se; sample doped with 8% Mn. (a, b, ¢, g, h) XMCD images
obtained at the Mn L; -edge after pre-edge subtraction. Each XMCD consisted of 160 images (3
seconds integration time each). Panels (d, e, f, j, k) show the corresponding XMCD profiles
across the same line [blue dotted line on panel (a)]. Panels (i) and (l) show the average XMCD
and XMCD profile, respectively. The scale bar (horizontal white-solid line) shown in (a) is 500
um and applies to all panels. Note the absence of correlation between the different individual
measurements as well as the contrast decrease after averaging, indicating absence of
ferromagnetic domains at room temperature; see Supplementary Note 3 for more details.
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Supplementary Figure 9: Simulations of spectral weight at the Dirac point. (a) Schematic of a
topological insulator hosting bulk magnetic impurities (green spheres) with random magnetic
moments represented by green arrows. (b) A random magnetic moment in our simplified
model is illustrated as a green arrow in the three-dimensional space. The in- and out-of-plane
projection of the magnetic moment varies only with the polar angle 6 and a randomized
collection of magnetic impurities covers the whole polar and azimuthal (¢) range. The dashed
line indicates the in-plane projection of the magnetic moment while the dashed circle encloses
the full solid angle covered by a specific polar value. (c) Evaluation of the spectral weight using
our model for different constraints in the magnetic moment orientation, plotted as a function
of the energy away from the Dirac point (E-Ep). The constraints are chosen in accordance with
the results of our magnetic characterization, which reveals either preferentially-oriented in-
plane magnetic moments below T. or random orientations of the Mn magnetic moments
above T.. The black curve corresponds to a fully randomized population after integration
across all possible values of 6 and ¢. Blue, green, red and pink curves correspond to
randomized magnetic moments constrained by symmetric polar angles with respect to the x-y
plane which add up to the total solid angle indicated in the legend.
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Supplementary Figure 10: X-ray diffraction curves of the pure Bi,Se; film. The measured
curves are shown as points and the simulations as lines. The upper panel shows the whole
diffraction curve, the lower panels depict individual diffraction maxima. “S” in the upper panel
denotes the substrate peaks, L are the orders of the diffraction peaks of Bi,Ses. The blue (red)
curves depict the simulation results assuming nominal (changed) bilayer distances,
respectively; see Supplementary Note 5 for details.
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4.5 Manganese doping of BisTe; topological insulator

The magnetic alloy layers of (Bi,Mn)yTes were grown on BaFy. The manganese positions were
analyzed using x-ray absorption spectroscopy. The manganese positions were identified as an
octahedral interstitial in the van der Waals gap. The crystalline structure is increasingly
disordered with increasing manganese content. The ARPES measurements lack sufficient
resolution and low enough temperature to observe magnetic band gap opening. However, we
were unaware that Mn atoms occupy the septuple layers MnBisTe, at the time of publication.
The structural analysis interpretation is not entirely correct.
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Abstract

We show that in manganese-doped topological insulator bismuth telluride layers, Mn atoms are
incorporated predominantly as interstitials in the van der Waals gaps between the quintuple layers and
not substitutionally on Bi sites within the quintuple layers. The structural properties of epitaxial layers
with Mn concentration of up to 13% are studied by high-resolution x-ray diffraction, evidencing a
shrinking of both the in-plane and out-of plane lattice parameters with increasing Mn content. Ferro-
magnetism sets in for Mn contents around 3% and the Curie temperatures rises up to 15 K foraMn
concentration of 9%. The easy magnetization axis is along the c-axis perpendicular to the (0001) epi-
layer plane. Angle-resolved photoemission spectroscopy reveals that the Fermi level is situated in the
conduction band and no evidence for a gap opening at the topological surface state with the Dirac cone
dispersion is found within the experimental resolution at temperatures close to the Curie tempera-
ture. From the detailed analysis of the extended x-ray absorption fine-structure experiments (EXAFS)
performed at the MnK-edge, we demonstrate that the Mn atoms occupy interstitial positions within
the van der Waals gap and are surrounded octahedrally by Te atoms of the adjacent quintuple layers.

1. Introduction

Bismuth telluride (Bi,Te;) is a prototypical example for a three-dimensional (3D) topological insulator with a
gapped bulk band structure and a topological two-dimensional (2D) surface state with Dirac-like energy—
momentum dispersion and spin—momentum locking [ 1-3]. The surface states are protected by time-reversal
symmetry and are immune to surface impurities and backscattering. When 3D transition metals such as Mn, Fe,
Cror V are incorporated as magnetic dopants [4], however, their local exchange fields can break time reversal
symmetry and thus may lift the degeneracy of the Dirac points with a concomitant gap opening of the
topological surface state [ 1-3, 5-8]. In addition, novel phenomena arising from the interaction between
topologically protected states and ferromagnetic order have been theoretically predicted [1-3], including the
topological magneto-electric effect, the quantum anomalous Hall effect, half-integer charges at magnetic
domain boundaries [3]; some of these were already observed experimentally [9].

The solubility of magnetic ions in topological insulators is typically limited to a few percent and Mn-doped
Bi, Te; crystals and thin films with concentrations of up to 10% were found to be ferromagnetic with Curie
temperatures around 10 K [10-16]. In some of these works, Mn-doped Bi, Te; showed p-type conduction
[10,11] or atleast a weak acceptor-like behavior of Mn [ 17] as evidenced by a downward shift of the Fermi level
[10,11,17]. From this it was concluded that Mn ions preferentially occupy substitutional Bi lattice sites, forming

©2015 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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(Bij—xMn,),Te; [11]. However, the downward shift of the Fermi level observed by angle-resolved photoelectron
spectroscopy (ARPES) was rather small, i.e., much less than expected for purely substitutional Mn
incorporation. In most other works, Mn-doped Bi,Te; even retained its n-type character [ 14, 17], indicating a
non-substitutional Mn incorporation. Indeed, recent compositional analysis of bulk crystals has revealed that
Mn may also be incorporated interstitially as in Mn,Bi,Te; [ 14], but no precise information on the actual
incorporation sites was reported. It has also been suggested that Mn may incorporate in excess Bi—Bi double
layers [12, 15] easily formed in bismuth telluride when grown under tellurium deficient conditions [12, 18, 19].
Thus, the mechanism of Mn incorporation has been rather unclear. Nevertheless, in all cases, Mn doping has
resulted in ferromagnetic behavior, but without any remarkable dependence of the Curie temperatures on the
carrier concentration [11, 14, 15,20].

Due to the complex crystal structure of Bi, Te; with its large hexagonal unit cell consisting of three Te-Bi—
Te-Bi-Te quintuple layers (QLs) bonded together across a van der Waals (vdW) gap, several different possible
lattice sites exist for the incorporation of magnetic dopants. These include substitutional incorporation for Bi
atoms within the QLs as well as interstitial incorporation within the quintuple layers or within the van der Waals
gap between the QLs in different local coordinations. Evidently, different lattice sites for Mn incorporation are
expected to result in quite different electronic and magnetic properties of the material [16] and, thus, toa
different influence on the topological surface states. Therefore, the determination of the actual position of Mn in
the lattice of Bi, Te; is of utmost importance for further studies on its striking topological properties and their
interplay with ferromagnetism.

To resolve this issue, in this paper we report a detailed study on the lattice sites of Mn incorporation in
Bi, Te;. For this purpose, we performed a systematic investigation on a series of Mn-doped epitaxial Bi, Tes layers
using high-resolution x-ray diffraction (XRD) and extended x-ray absorption fine-structure (EXAFS)
measurements. These were complemented by magnetic characterization using a superconducting quantum
interference magnetometer (SQUID), which revealed that the layers are ferromagnetic with Curie temperatures
of up to 15 K. Angle-resolved photoelectron spectroscopy (ARPES) shows no opening of a gap of the topological
surface state at temperatures down to 12 K. By detailed theoretical analysis of the XRD and EXAFS spectra, we
show that Mn is incorporated predominantly as interstitial in octahedral positions within the vdW gaps of
Bi,Te;, i.e., between two Te layers of adjacent QLs.

2. Growth

Mn-doped Bi, Te; layers were grown by MBE on (111)-orientated BaF, substrates using a compound bismuth
telluride effusion cell, a Mn cell, and an additional tellurium cell for stoichiometry control. The in-plane lattice-
constant of BaF, (111) is almost exactly lattice-matched to the lattice constant a of the hexagonal basal planes of
Bi, Te; (lattice-mismatch less than 0.04 %) and, thus, growth proceeds with the c-axis orientation perpendicular
to the surface [18]. A whole series of samples was grown where the Mn concentration was varied between 0 and
13%. For all samples, the substrate temperature was 330 °C and a background pressure of <5 x 1071” mbar was
maintained during growth. The flux rates from the sources were measured using a cooled quartz crystal
microbalance moved into the substrate deposition. The mass deposition rates were converted into the flux rate
of atoms arriving at the surface using the density and molar mass of each component. The total growth rate of
(Bi,Mn),Te; was~0.15 QL ' or~1.5 A s™" and a high excess tellurium flux above 2.5 A/s was provided during
growth, corresponding to an overall Te-to-Bi(Mn) flux ratio of ~5:1. Under these conditions, stoichiometric
Bi, Te; epilayers are obtained with no indication of formation of Bi—Bi double layers, as shown in detail by our
previous work [18, 19]. The Mn concentration in the samples varied from x);, = 0 to 13% and was determined
by the measured Mn-to-Bi flux ratios, where we defined xy, as the ratio of Mn atoms relative to the number of
the sum of Bi and Mn atoms. Thus, the overall layer composition can be represented by Mn,Bi; -« Te,, where

y < 1.5 depends on the type of Mn incorporation. For purely substitutional Mn, y = 1.5, whereas for purely
interstitial Mn, y = 1.5(1 — x), provided that the 2:3 ratio between Biand Te is retained. Nice streaked
reflection high-energy electron diffraction (RHEED) patterns were observed during growth for all samples
irrespective of the Mn content, indicating 2D growth in all cases. All layers exhibit n-type conduction with an
electron density of ~10'® cm > that does not change significantly with Mn content.

3. Structural characterization by x-ray diffraction

The rhombohedral crystal structure of Bi, Te; with R3 m symmetry and the different possible incorporation
sites of Min are illustrated in figure 1. The unit cell with the hexagonal lattice parameters a = 0.4385 nm and
¢=3.051 nm [18] consists of fifteen (0001) hexagonal lattice planes grouped in three Te(V—Bi-Te>—Bi-Te!)
QLs stacked in ABCABC...sequence [see figure 1(a)]. The QLs are weakly bonded together by a double layer of

Reprinted page 2 of paper [87] “Properties of Manganese doped BiyTes”.
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Figure 1. (a) Hexagonal unit cell of Bi, Te; consisting of three Te()—Bi—Te?-Bi~Te(! quintuple layers (QL) stacked in an ABCABC...
sequence. The dotted lines denote the vdW gaps between two adjacent Te layers. Tetrahedral and octahedral interstitial positionsin a
vdW gap are illustrated in panels (b) and (c), respectively. (d) Unit cell of the cubic pyrite MnTe, phase [23, 24], in which the Mn
atoms are also octahedrally coordinated. In (e) the atom positions around an octahedral coordinated Mn in the vdW gap in Bi, Te; is
compared to the Te positions in the first coordination shell of MnTe,. The green lines denote the connections of the central Mn atom
to the Te atoms in the first coordination shell.

Table 1. Nominal nearest-neighbor (NN) distances of Mn in the Bi, Te; lattice for various possible positions of the Mn ions (see figure 1). For
comparison, the NN Mn-Te distances in various other manganese telluride compounds [zinc blende (zb), wurzite (wz) and hexagonal
MnTe (NiAs type) as well as cubic MnTe, (pyrite type)] are listed.

Mn position NN distance (nm)
Substitutional Mn on Bi site in Bi,Tes 0.3032
Tetrahedral Mn as interstitial in vdW gap 0.2542
Octahedral Mn as interstitial in vdW gap 0.2885
Substitutional Mn in Bi-Bi DL in Bi, Tes_5 0.3268
Tetrahedral Mn in zb MnTe 0.2774
Tetrahedral Mn in wz MnTe 0.2513
Octahedral Mn in hexagonal MnTe 0.2924
(NiAs type)
Octahedral Mn in MnTe, (pyrite type) 0.2904

Te atoms forming the vdW gaps of the structure. Because of the large inter-planar distance of the vdW gap,
interstitial positions within the vdW gaps are expected to be favorable for Mn incorporation. Two possible
interstitial positions in the vdW gaps exist, either tetrahedral or octahedral sites with 4, respectively, 6 nearest
neighboring Te atoms, as illustrated in figures 1(b) and (c). Substitutional Mn is expected to reside on Bi atom
positions within the QLs. The corresponding expected nominal nearest neighbor (NN) distances for these three
different incorporation sites are listed in table 1, together with the NN distances of Mn in Bi-Bi DL in Te-deficit
Bi,Tes_s, as proposed by [12, 15]. Also listed are the NN Mn-Te distances in several other manganese telluride
compounds such as zinc blende (zb) MnTe (ay = 6.338 A) [21], wurzite (wz) MnTe (a=6.49 A, c=6.701 A)
[22], hexagonal, i.e., NiAs-type MnTe (a=4.148 A, c=6.710 A) [22] and cubic (pyrite) MnTe, (a = 6.943 A)
[23,24]. In zb- and wz-MnTe, the Mn ions are tetrahedrally coordinated, whereas in the other two compounds
Mn has an octahedral coordination. As illustrated by figures 1(d) and (e), in MnTe, the Mn ions are similarly
coordinated as in the octahedral lattice sites in Bi, Tes.

In order to study the crystal structure of Mn-doped Bi, Tejs, high resolution x-ray diffraction experiments
were performed using CuKq radiation and a diffractometer equipped with multilayer parabolic optics, a
4% (220) Ge Bartels monochromator and a 2 X (220) Ge analyzer crystal. Symmetrical (000 L) scans of the
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Figure 2. (a) Symmetric x-ray (000 L)-diffraction scans of Mn doped Bi, Te; epilayers with Mn content x, increasing from 0 to 13%
from bottom to top. The BaF, substrate peaks are labeled by ‘S’. (b) Simulated (000 L) diffraction curves for various average
contractions A (d) of the mean inter-planar lattice distance due to interstitial Mn incorporation (see text for details). In both panels,
the vertical dotted lines and the red numbers denote the positions and L indexes of the diffraction maxima of the ideal Bi, Te; lattice.
The red and green arrows denote the diffraction maxima of the hypothetic virtual crystal and of the pure Bi, Te; phase; the blue arrows
denote the additional satellite maxima arising from the additional modulation of the spacing of the Mn gaps with different values of
A(d) as described in the text.

samples with different Min content are presented in figure 2(a), where the scattered intensities are plotted as
functions of the length Q of the scattering vector. The pure Bi, Te; layer exclusively shows the diffraction maxima
with L = 9, 15, 18, 21, ... characteristic for the perfect Bi,Te; phase (see [ 18, 19] for details), evidencing the
absence of additional Bi—Bi double layers in the structure [19]. With increasing Mn content xy,,, the diffraction
maxima are shifted, and additional satellite maxima appear as indicated by the blue arrows in figure 2.

To analyze the diffraction data, we start with the diffraction data of the non-doped Bi, Te; sample (xy, = 0).
The unit cell of Bi, Tes is non-primitive and consists of three identical QLs mutually shifted in a lateral direction
[see figure 1(a)]. Therefore, in symmetric (000 L) diffraction [figure 2(a)], the structure factors of the
quintuplets are identical and the effective structure unit of the crystal is one-third of the hexagonal unit cell ¢
with a heightdq, = ¢/3. Thus, only diffraction maxima L = 3, 6, 9, ... are allowed and the positions of these
maxima are indicated by red dotted lines in figure 2. Ignoring the small differences in the inter-planar distances
within the QLs and between them [19], Bi,Te; can be considered as a periodic sequence of 2D hexagonal basal
planes of atoms with ABC... stacking similar to a face-centered cubic lattice. In this layer sequence, the (Bi,Te)
occupation of the lattice positions varies periodically along the [0001] growth direction. Replacing the true
atoms in the lattice by a virtual ‘mixture’ of Bi and Te, the diffraction maxima of such a crystal will appear at
Q = 2zn/(d), where nis an integer and (d) is the mean distance of the (0001)-planes of the virtual crystal, i.e.,
the average distance between the basal planes in the actual lattice. Since(d) = d;/5 = ¢/15, the diffraction
maxima of this virtual lattice appears at L = 15, 30, 45, ... (red arrows in figure 2). As aresult, these are the
major diffraction maxima, whereas all other (000 L) maximawithL = ..., 9, 12, 18, 21, 24, 27, 33, ...) canbe
considered as modulation maxima caused by the periodic modulation of the occupation of the lattice planes
either by Te or Bi atoms. Taking into account the modulation of the periodic sequence of QLs, we thus obtain the
diffraction pattern of the Bi,Te; phase, and the corresponding additional peaks are denoted by green arrows in
figure 2. From this analysis, it follows that only the maxima L = 15, 30 (red arrows) can be used for determination
of the average spacing(d) of the lattice planes, i.e., for derivation of the average lattice constant along the c-
direction.

As shown in figure 2, with increasing Mn concentration, additional (satellite) maxima appear in the
diffraction spectra (blue arrows). These satellites are caused by an additional modulation of the structure along
the growth direction with a period L,0q = 27/AQ that s given by the distance AQ between these satellite
maxima. This is similar to the case of the tellurium deficit in the Bi, Te3_s structures, where additional Bi-Bi
double layers are randomly inserted between the quintuple layers [ 19]. In Mn-doped Bi, Te;, we assume that this
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Table 2. Lattice parameters a and cand additional structure modulation () and its rms fluctuation 6,,/(m) for Mn-doped bismuth telluride

epilayers with different Mn concentrations xy, as determined by x-ray diffraction. Also listed are the Curie temperatures derived from
SQUID data.

*in (%) a(nm) c(nm) (m) ol () Tc (K)
0 0.4380 +0.0001 3.0508 +0.0015 — — 0
1 0.4380 £ 0.0003 3.0399 £0.0045 13.8+1.0 0.16 +0.02 0
3 0.4374+0.0003 3.0101£0.0075 2.6+1.0 0.18+0.02 7.5
6 0.4368 +0.0006 3.0098 £0.0105 22+1.0 0.16 £0.02 10
9 0.4365 +0.0006 2.9850+0.0150 2.0+1.0 0.16 £0.02 15
13 0.4340+0.0010 — 1.4+2.0 0.25+0.04 12
0.205 0.439 20 0.3
) g
T £ —
—_— s
E ~ z
£ 02 0436 X 10 02 <,
S - ~ oF
-
(a) (b)
0.195 0.433 0 0.1
0 5 10 15 0 5 10 15
an (%) XMn (%)
Figure 3. (a) Mean inter-planar distance (d) (blue) and the in-plane lattice parameter a of Mn-doped bismuth telluride plotted as a
function of Mn concentration obtained by x-ray diffraction. The horizontal dotted lines represent the nominal values of pure Bi, Tes.
(b) Mean modulation periods () (blue) and their rms deviation 6,, from the average value determined from the positions and widths
of the satellite peaks in figure 2.

modulation comes from Mn incorporated in the vdW gaps between the QL layers, which changes the distance
between the facing Te—Te layers in the gap in a modulated manner. To support this idea, a series of diffraction
curves was simulated assuming that after every mth quintuple layer the distance of the Te-Te vdW gap and the
distance between the first Te layer and the subsequent Bi layer is changed by Ad._t. and Adr._p;, respectively.
We averaged the diffracted intensity over random values of 1 with an average value of (1) and a root-mean
square (rms) deviation g, with respect to this value. The such-created modulation period is related to 1 by
Lmod = 2dqr/2(m). The corresponding simulation results for different Ad and 6,, = 0.8 are presented in
figure 2(b), where A (d) denotes the deviation of the mean inter-planar distance from the value in the pure
Bi,Te; phase. From the structure of Bi, Tes, it follows that A (d) = (Adre—te + 2A4dr1e_p;)/(5(m)). The
simulations reveal that the diffraction curves sensitively depend on A (d); the dependence on the individual
deviations Ade_re re—p; turned out to be negligible for|Adre_te Te—pi| < 0.005nm.

As illustrated by figure 2(b), with this model, key features of the diffraction curves can be explained, such as
the appearance of the additional modulation peaks (blue arrows in figure 2) with increasing Mn concentration,
as well as the shifts of the diffraction peaks. Still, the model is too simple to exactly reproduce the shapes of the
diffraction curves. From the simulations, it follows that with increasing negative values of A (d), the lattice
constants c decreases, and, consequently, the ‘true’ diffraction peaks (red and green arrows) move to larger Q.
With increasing A (d), the envelope curve of the diffraction maxima changes due to the change of the form factor
within the structure period, similar to what is seen in the experiments. This is why, for instance, the maximum at
L=30inthe A(d) = —0.006 nm curve is smaller than its first satellite, whereas this maximum is completely
suppressed for A(d) = —0.01 nm. This effect must be taken into account in the determination of A (d) from the
measured diffraction data.

For further evaluation of the experimental data, for each sample we have determined the mean inter-planar
distances(d), the mean modulation period (1), as well as its rms deviation 6,, from the positions of the ‘true’,
respectively, additional satellite peaks. In addition, the in-plane lattice parameter a of the layers was determined
from the peak positions of the asymmetric (1014) diffraction peaks measured by reciprocal space mapping [18].
The results are listed in table 2 and plotted in figure 3 as a function of the Mn concentration xy,. Clearly, the
vertical average inter-planar distance (d) and thus, the lattice parameter c, as well as the in-plane lattice
parameter a continuously decrease with increasing Mn content. This indicates that Mn is indeed incorporated in
the bismuth telluride host lattice, and that Mn does not induce the formation of additional Bi-Bi double layers
between the quintuplets as proposed by Lee eral [15]. As in the latter case, the in-plane lattice constant a should
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Figure 4. In-plane (blue) and out-of plane (red) magnetization curves M(H) measured at 2 K for two Mn-doped bismuth telluride
epitaxial layers with xy, = 4% (a) and 9% (b). The inset shows the dependence of the Curie temperature T¢ on the Mn concentration.

increase [ 19] rather than decrease with increasing alloy concentration. No additional modulation periodicity is
found for x, = 0. For xp, = 1%, the modulation period (1) is about 14, i.e., very large, but it rapidly decreases
for higher xy, to(m) ~ 2.5 without significant further changes. For x\;, = 13%, the value of (d) cannot be
determined, since its diffraction curve does not exhibit the ‘true’ red- and green-arrow peaks and the diffraction
maxima become very broad, so that the uncertainty in determining () is rather large. As in this case, the Mn
concentration is close or even above the solubility limit, so it is likely that for this structure already some phase
separation has occurred, with the formation of small amounts of secondary Mn—Te phases, leading to a
structural degradation. However, the amount of secondary phases must still be small, as no extra diffraction
peaks for secondary phases are observed in the diffraction data.

4. Magnetic and electronic properties

The magnetic properties of the Mn-doped Bi, Te; epilayers were characterized by SQUID magnetization
measurements, where the magnetization M(H) and M(T) were recorded as a function of temperature from 2 K
to 300 K, and magnetic field H applied either perpendicular (out-of-plane) or parallel (in-plane) to the surface of
the films. The diamagnetic contribution of the BaF,(111) substrate was derived from M(H) curves at 300 Kand
was subtracted from all data. Note, that identical sample pieces were used for in-plane and out-of-plane
measurements, as described in [25]. Figure 4 shows the in-plane and out-of-plane magnetization curves for the
4% and 9% Mn-doped Bi, Te; samples at 2 K, representative for the entire sample series. For both samples, a
clear hysteresis is observed, evidencing ferromagnetic properties, and in both cases, the caxis, i.e., the out-of-
plane orientation, is clearly the easy axis of magnetization, similar to the findings of bulk samples [11, 14] and
films grown on InP(111) [15]. The inset of figure 4(a) shows the dependence of the Curie temperature T¢ on x
estimated from the M(T) measurements. 1 increases from 8.5 K for xy, = 3% up to 15 K for xy, = 10%,
consistent with previous findings [14, 15]. At high xyy,, a slight decrease in T¢; is observed, accompanied by a
finite positive slope in the 2 K M(H) curves at a high magnetic field above 1 T (not shown). We tentatively ascribe
this observation to the onset of the formation of a secondary antiferromagnetic Mn-containing phase such as
hexagonal MnTe or cubic MnTe,, which reduces the effective concentration of ferromagnetic Mn incorporated
in the bismuth telluride host. A detailed analysis of this secondary phase will be reported elsewhere.

To characterize the topological surface state and electronic band structure of the epitaxial layers, ARPES
investigations were performed at the beamline BL-1 of the Hiroshima Synchrotron Radiation Center (HiSOR)
at Hiroshima University, with a set-up described in detail elsewhere [26]. In order to avoid surface deterioration
during air exposure of the samples during transportation, the samples were capped in situ in the MBE chamber
by a Te/Se double layer after cooling to room temperature. This provides effective protection against surface
oxidation. Prior to ARPES measurements, the samples were decapped in UHV by annealing at 130 °Cand
250 °C for 15 minutes to completely desorb the Se and Te capping layers and regain a clean epilayer surface. This
was checked and confirmed by low-energy electron diffraction. Low-temperature ARPES data recorded at 12 K
for the series of samples with various xy, from 0 up to 13% are shown in figure 5.

For all Mn-doped bismuth telluride layers, the ARPES data shows a well-pronounced Dirac cone of their
topological surface states up to highest xyy, of 13%, i.e., no apparent gap opening at the Dirac point is observed
within the experimental resolution of 30 meV. This is in contrast to previous results for Bi,—Mn,Se; reported
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Figure 5. ARPES spectra at 12 K for Mn-doped Bi, Te; layers with xy, = 0% (a), 4% (b), 6% (c), 9% (d), and 13% (e). The data was
measured along the K-7"-K cut of momentum space athv = 50 eV. (f) Energy distribution curves (EDC) of the sample with
Xmn = 13% with an obvious maximum in the Dirac point. The horizontal dotted lines denote the Fermi energy.

by Xu et al [27], who have found a gap opening even above the bulk ferromagnetic Curie temperature, which was
attributed to an enhanced ferromagnetic order at the surfaces. This is not found for our Mn-doped Bi,Se;
epilayers at T= 12 K. However, since the theoretically predicted gap opening is below 20 meV in the
ferromagnetic phase for substitutional Mn incorporation [8], our observations do not completely rule out such
an effect. Itis noted that the absence of a gap opening as revealed by our experiments is in agreement with
observations for bulk Bi>_xMn,Te; [10, 11] and moreover, it has been theoretically predicted that under certain
conditions, the topological surface states may survive upon moderate Mn doping [8]. For all our samples, the
Fermi energy is within the conduction band (dashed horizontal lines in figure 5) irrespective of the Mn
concentration. Thus, we do not observe a notable p-doping of bismuth telluride by Mn incorporation, i.e., Mn
does not show an acceptor-like behavior. This is a first indication that Mn is not substitutionally incorporated on
Bilattice sites.

5. X-ray absorption spectroscopy

To gain further insights on the Mn incorporation, we have performed EXAFS experiments at the BM32
beamline of the European Synchrotron Radiation Facility in Grenoble. EXAFS measurements were performed at
the MnK-edge (6.55 keV) at the incidence angle of 2.5° with respect to the sample surface. The
MnKa fluorescence signal was detected using an energy dispersive detector placed nearly horizontally to the
sample in order to suppress the elastic scattering signal of the horizontally polarized synchrotron x-ray beam.
Several spectra were averaged, and the normalized EXAFS part y (E) was extracted using the Athena software
[28]as y (E) = (u(E) — py(E))/Apy, where pu (E) denotes the measured absorption spectrum, y, (E) is its
smooth background corresponding to aabsorption of an isolated (‘bare’) Min atom and Ay, is the height of the
absorption edge. The photon energy is transformed into wave vector k of the excited electron as
E = Eegge + 72%k%/(2m, ), where E.ge is the energy of the absorption edge and 1. is the electron mass.
Normalized EXAFS spectra for the samples with different Mn concentration are presented in figure 6. Evidently,
the spectra collected from various samples do not show significant differences, indicating that the Mn
incorporation does not depend much on the Mn content of our samples. The signal from the sample with Mn
content of x)y, = 1% was too low compared to the background noise, so we did not include this sample in the
data evaluation.

For the determination of the preferentially occupied Mn lattice sites, extensive ab initio simulations of the
EXAFS spectra using the FEFF9 software [29] were carried out. In the simulations, octahedral and tetrahedral
interstitial Mn positions within the vdW gaps, as well as substitutional Mn on Bilattice sites, as well as
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Figure 6. Normalized MnK-edge EXAFS spectra for the Mn-doped bismuth telluride epilayers with different Mn concentrations. The
spectra are shifted vertically for clarity.
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Figure 7. Measured EXAFS spectrum of the bismuth telluride sample with xpim = 9% (black lines) compared with spectra derived
from ab initio atomistic simulations (red lines) assuming different Mn positions in the Bi, Te; lattice from Mn in the vdW gap to
substitutional Mn in the QLs, or Bi—Bi DLs as suggested by [12, 15]. Also plotted for comparison, are the simulated spectra (blue lines)
for various MnTe (zb, wz, hexagonal) and MnTe, (pyrite) lattices described in the text. The spectra are shifted vertically for clarity.

substitutional Mn in extra Bi-Bi double layers between QL layers as suggested by [12, 15] were considered. For
further comparison, simulations were also performed for various other manganese telluride phases, including
zb, wz and hexagonal MnTe (NiAs-type) lattices, as well as cubic pyrite MnTe, (see figure 1) with the NN-
distances listed in table 1. For all possible Mn sites, series of simulations were performed using variable cluster
sizes up to 1.2 nm. The simulations showed that increasing the cluster radius beyond 0.9 nm did not cause any
changes of the calculated results. Therefore, a cluster size of 0.9 nm was used for all simulations, which included
85 to 140 atoms, depending on the lattice structure assumed. This cluster size is typical for these types of
simulations.

In figure 7, the experimental EXAFS spectrum for the sample with xp;, = 9% is compared with the results of
the FEFF9 simulations for the different Mn incorporation sites. It turns out that only for the octahedral
interstitial Mn positions within the vdW gap (top curve in figure 7) the measured data is reproduced very well by
the simulation, while for Mn incorporation at the other positions, the simulations strongly differ from the
experimental spectra. The same result was also found for all other samples with different Mn concentrations.
Thus, we conclude that Mn in Bi, Te; is predominantly incorporated in the middle of the van der Waals gap
between the QLs in octahedral coordination—at least under the given growth conditions. In the further data
evaluation we therefore consider only the octahedral Mn interstitial position.
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Figure 8. Comparison of the measured (points) and fitted (line) EXAFS spectra y (k) (a) and y (R) (b) of bismuth telluride samples
with different Min concentrations. The curves are shifted vertically for clarity.

Table 3. Distances of the six nearest tellurium atoms and two nearest bismuth atoms to the central Mn atom in octahedral configuration in
Mn-doped bismuth telluride with different Mn concentrations xy, = 0 to 13% as determined from the fit of the y (R) EXAFS data using the
model of Mn incorporated interstitially in octahedral positions in the vdW Te-Te gap.

Xnn (%) dpn—Te (NM) dn—pi (Nm)
4 0.290+0.009 —

6 0.292+0.004 0.304+0.010
9 0.292+0.004 0.303+0.010
13 0.291+0.006 0.306+0.014

For the refinement of the lattice structure around the Mn ion in the octahedral interstitial site, we have fitted
the measured y (k) EXAFS spectra, using the Artemis (IFEFFIT) software package [28]. In the fit we have
included six Te atoms in the first coordination shell and two Bi atoms in the second coordination shell. The
measured and fitted y (k) and y (R) curves of samples with x\;, = 4, 6, 9, 13% are displayed in figures 8(a) and
(b). From these fits, the NN and next-nearest neighbor (NNN) distances dy, . and dyy,_; are obtained and
the results are listed in table 3. We obtained dyj,, e & 0.291 nm and dyp,_p; & 0.303 nm for all samples, with an
insignificant variation in dependence of the Mn content. This value is very close to the nominal value expected
for undistorted pure Bi,Tes, whereas for the other possible incorporation sites, much different values would be
expected (see table 1). The low Mn concentration for the x;, = 4% sample and the resulting comparatively
high noise level in the data, did not allow us to fit the positions of the Bi atoms in the second coordination shell,
i.e., only the Te positions in the first shell were refined for this sample.

We note that for the samples with low Mn contents of xy;,, = 4 and 6%, the theoretical y (R) curves differ
significantly in the range R < 0.15 nm. This region corresponds to long-range oscillations in energy dependence
of the absorption spectrum yu (E), which is very sensitive to method used for the background subtraction. Since
the measured fluorescence signal is proportional to the Mn content, the background and signal-to-noise is how
it’s usually stated ratio is higher for the samples with lower Mn content compared to those obtained for high
XM The error limits in table 3 were determined as the reproducibility of the fitted distances with respect to
various normalization methods of y (R) obtained by the several data normalization methods available by the
Athena software. The fitted dyr, _. values correspond within the error limits to the expected theoretical value of
the ideal Bi, Te; lattice listed in table 1. On the other hand, from the XRD data, we found that increasing the Mn
concentration induces a contraction of the averaged lattice, both in lateral and vertical directions, which should
affect the dyy, . distances determined by EXAFS. However, the error limits of the EXAFS data are much larger
than error limits of the XRD data, i.e., they are as large as the XRD observed-lattice contraction. Therefore, the
sensitivity of EXAFS data does not allow us to see the effect of the small average lattice contraction to the first
coordination around interstitial Mn atoms that was deduced by x-ray diffraction.

In [15], it has been suggested that Mn induces the creation of excess Bi—Bi double layers into which Mn
atoms are substitutionally incorporated. According to this work, when increasing the Mn content, the structure
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should change from pure Bi,Te; phase towards the Bi,Te, phase, in which a Bi-Bi DL occurs periodically after
each pair of Te-Bi-Te—Bi—Te QLs. In our previous work [19], the structure of various Bi, Te3_s phases was
studied in detail, revealing that with increasing 6, i.e., when moving from Bi, Te; towards Bi, Te,, the in-plane
lattice parameter a increases, whereas the vertical lattice parameter c decreases. This is in contradiction to our
results observed for Mn-doped Bi, Te,, where both lattice parameters a and c decrease with increasing x\y, (see
figure 3 and table 2). This fact supports our conclusion that the Mn atoms occupy interstitial places and do not
evoke the creation of Bi—Bi DLs.

Finally, we compare the positions of the Te atoms in the first coordination shell around octahedral Mn
interstitials in the vdW gaps with those of the Te atoms surrounding Mn in cubic MnTe, [24] [figures 1(d) and
(e)]. We find that the structure of both first coordination shells, as well as the NN distances, is very similar
indeed. Thus, the local lattice configuration around an occupied octahedral Mn interstitial can be considered as
slightly deformed MnTe,. This similarity is also obvious from the comparison of the measured and simulated
EXAFS spectra in figure 7, where the spectrum simulated for the pyrite MnTe, is quite close to the experimental
data for larger energies, i.e., for larger lengths of the photoelectron wave vector k. This coincidence implies the
similarity of the first coordination shell around Mn in the investigated samples and in MnTe,.

As the origin for the additional modulation of the lattice along the growth direction [0001] with the period of
Linod ® 2D, we propose that the Mn-occupation of the adjacent vdW gaps is not statistically independent, and a
self-organized Mn modulation wave is created. This hypothesis needs further investigation. We note that if the
Mn ions exclusively occupy octahedral positions and these sites occur on average only in every mth vdW Te-Te
gap, the full occupation of these places corresponds to the phase Mn, ,,,Bi, Tes. From this, it follows that in
samples with xy;, = 13% and m = 2, every fourth of the possible octahedral sites within the vdW gaps is
occupied.

6. Summary

Structural investigations of epitaxial ferromagnetic layers of the Mn-doped topological insulator Bi, Te; reveal
that the Mn dopant ions are incorporated mostly in octahedral interstitial positions in the middle of the van der
Waals gaps between the adjacent Te layers of the quintuple layers. The local environment of the Mn ions
corresponds to a distorted cubic MnTe, lattice with a nearest neighbor Mn-Te distance 0f 0.2901 A. From the
EXAFS data, we can rule out that Mn resides in sizable amounts on substitutional Bi sites or on tetrahedrally
coordinated interstitial sites. This explains the rather small effect of Mn on the carrier type and concentration of
the samples. These findings provide an important input for the ongoing experimental and theoretical
investigations on the mechanisms that mediate ferromagnetism in n-type transition-metal-doped topological
insulators in which charge carriers do not seem to play any dominant role, unlike in conventional Mn-doped
ferromagnetic ITII-V semiconductors. Moreover, our findings are important for theoretical modeling of the
effect of Mn incorporation on the topological surface state of bismuth telluride.
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CHAPTER 4. REPRINTED PAPERS 119

4.6 Band gap in manganese doped topological insulators Bi;Te;
and BisSe;

The Mn-doped samples were grown and analyzed using magnetic measurements, XRD, XAFS,
HRTEM, and other methods. The structure was composed of random stacking of BisTes
quintuple layers and MnBisTey septuple layers. The concentration of septuple layers increases
with manganese doping. The Curie temperature was found to be approximately 20K, and
the magnetization easy-axis is out-of-plane. The low-temperature ARPES and spin-resolved
ARPES experiments have shown a band gap opening in the Dirac point with a size of 90 meV.
The temperature dependence of the band gap size correlates with remanence magnetization.
The paper presented the first direct observation of a magnetic band gap in the topological
surface state. Bismuth selenide, on the contrary, does not show a magnetic band gap since
its magnetization easy-axis is in-plane.
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Magnetically doped topological insulators enable the quantum anomalous Hall effect
(QAHE), which provides quantized edge states for lossless charge-transport
applications' 8, The edge states are hosted by a magnetic energy gap at the Dirac
point? but hitherto all attempts to observe this gap directly have been unsuccessful.
Observing the gap is considered to be essential to overcoming the limitations of the
QAHE, which so far occurs only at temperatures that are one to two orders of
magnitude below the ferromagnetic Curie temperature, T (ref. ). Here we use low-
temperature photoelectron spectroscopy to unambiguously reveal the magnetic gap
of Mn-doped Bi,Te;, which displays ferromagnetic out-of-plane spin texture and
opens up only below 7. Surprisingly, our analysis reveals large gap sizes at 1kelvin of
up to 90 millielectronvolts, whichis five times larger than theoretically predicted®.
Using multiscale analysis we show that this enhancement is due to aremarkable
structure modification induced by Mn doping: instead of a disordered impurity
system, a self-organized alternating sequence of MnBi,Te, septuple and Bi, Te,
quintuple layers is formed. This enhances the wavefunction overlap and size of the
magnetic gap'®. Mn-doped Bi,Se; (ref.™) and Mn-doped Sb, Te, form similar
heterostructures, but for Bi,Se, only anonmagnetic gap is formed and the
magnetizationis in the surface plane. This is explained by the smaller spin—-orbit
interaction by comparison with Mn-doped Bi, Te,. Our findings provide insights that
will be crucial in pushing lossless transport in topological insulators towards room-
temperature applications.

The QAHE was first demonstrated in chromium-doped tetradymite
topologicalinsulators?®. Subsequently, replacing chromium with vana-
diumwas asuccessful strategy for achieving precise quantization with
vanishing longitudinal resistance®’. The effect occurs because of a
modification of the bandinversionin the ferromagnetic state. Exchange
splitting and spin-orbit coupling lead to a release of the inversion of
one of the spin sub-bands? This should manifest itself as a magnetic
gap that opens up at the Dirac point when the system is cooled below
the Curie temperature. So far, however, direct observation of this gap
has remained elusive and no clear correlation with ferromagnetism
has been established.

Angle-resolved photoemission spectroscopy (ARPES) is the method
of choice for the direct observation of the magnetic gap. Neverthe-
less, the situation has been confusing: large gaps of 0.05-0.2 eV were

first reported for Mn-doped Bi,Se, (refs. >*), but were later shown
not to be of magnetic origin'. Such gaps, however, did not appear
when magnetic impurities were deposited on the surface of Bi,Se;
(refs.*1), Atlowtemperatures,amobilitygap of32meVwasinferred from
scanning tunnelling Landau level spectroscopy of V-doped Sb,Te,
(ref.”), but scanning tunnelling spectroscopy (STS) did not show agap
in this system". STS did reveal gaps of 20-100 meV in Cr-doped (Bi,
Sb),Te, (ref.’®), but the temperature dependence was not investigated.
In fact, a similar gap of around 75 meV was found for Cr-doped Bi,Se,
even at room temperature'. This suggests a nonmagnetic origin for
these effects, because the ferromagnetic 7 is well below 50 K in all of
these systems.

Interestingly, the configuration of the magnetic dopantsis also con-
tradictory. For isovalent magnetic doping, it has been predicted that
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Fig.1|Magnetic gap of Mn-doped Bi,Te;. a-d, ARPES for Bi,Te; with 6% Mn,
above and below the Curie temperature (7) of around 10K. The spectrain

¢,d and those marked by thicklinesina, b correspond to the centre of the
surfaceBrillouinzoneatk,=0.LinefitsintheregionsSland S2incyielda
splitting of more than 33 meV between 20 K and 1K; according to the
simulations shownind, this splitting corresponds to amagnetic gap, 4, of
90+10meV. Theinsetincshowsthe energy, £, versus k, momentum map at1K.
a.u.,arbitrary units. VB, valence band. e-g, Same analysis for Bi,Se, with 6% Mn
andaT.of 6K, revealing only atemperature-independent nonmagnetic gap,
A, thatdoes not correlate with magnetization (seeinset). h, i, Spin-resolved

Bi,Se,, Bi,Te; and Sb,Te, will form a QAHE state, which should thus
occur when Bi or Sb are substituted by Cr or Fe, but not when the sub-
stituents are Ti or V, owing to their metallicity’. Moreover, nonisovalent
magnetic dopants turn out to have surprisingly little effect on car-
rier concentration: that is, Mn-doped Bi,Se; and Bi,Te; always remain
n-type'*?°, even though divalent Mn replacing trivalent Bi should act
as astrongacceptor.

To resolve these issues, we present a comprehensive study of
Mn-doped Bi,Te, and Bi,Se; that unequivocally reveals alarge magnetic
exchange splitting at the Dirac point of Bi,Te,. This splitting vanishes
above the Curie temperature, which is clear-cut evidence for its mag-
netic origin.Noincrease inthe gap size is observed for Mn-doped Bi,Se;
attemperatures down to1K. Through a multiscale structural analysis,
we reveal that the actual lattice structureis very different to the antici-
pated random impurity system, as Mn doping induces the formation
of self-organized heterostructures. This turns out to be crucial for
obtaining large magnetic gaps™.

Bandgap, spin texture and magnetism

Figure 1a-g shows the ARPES dispersions of Mn-doped Bi,Te; and
Bi,Se; measured above and below the ferromagnetic phase transition
(T.=10Kand 6K, respectively). For Mn-doped Bi, Te,, the photoemission
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ARPES of Bi,Te; with 6% Mn at 6.5K (h) and 300 K (i), showing that below T the
gapattheDirac pointis ferromagnetically spin-split with out-of-plane spin
orientation. At 6.5K, the magnetic gapis4 =56+ 4 meV.j, Away from the Dirac
point, the conventional helical in-plane spin texture is measured. The out-of-
plane component of the spin polarization reverses with the reversalin
magnetization (M) (asshown in the lower part of h), and thein-plane spin
componentreverses with thein-plane wavevector k, (lower part ofj). k, The
same temperature dependence is measured for A(T) and the magnetization
M(T).Theinset shows a sketch of the measured spin textures below and
above T.

spectrum recorded at hv=>50 eV at the centre of the surface Brillouin
zone shows an intensity maximum at a binding energy of 0.3 eV from
the bulk valence band, while the Dirac point of the topological surface
state (TSS) contributes a smaller peak at around 0.2 eV. On cooling
from 20 K through 7. down to 1K, the low energy flank of the peak
develops a pronounced shoulder, forming a plateau at around 0.2 eV
(Fig. 1a-c). Assuming that the single component for the topological
surface state at 20 K becomes splitinto two equally intense components
at1K (Fig.1d), we arrive atagap, 4, of 90 +10 meV at low temperature
(see Methods section ‘ARPES’ and Extended Data Fig. 1). Because T is
10K in this sample, this proves the magnetic origin of this gap. This is
the central result of our study.

To confirm the magnetic origin, we carried out spin-resolved
ARPES. For the spectra shown in Fig. 1h—j, we chose a photon energy
of hv=30 eV at which bulk transitions are strong from the bulk con-
duction band (BCB) but overlap much less with the Dirac point of the
TSS. At 6.5K, the spectrum at the Dirac point—measured in remanence
after field cooling (M")—is clearly spin-polarized, with spin orientation
perpendicular to the surface and spin split by 4 = 56 + 4 meV (Fig. 1h
and Extended DataFig.2). Because the temperatureis closer to T, this
value is smaller than that derived at 1 K. Subsequent measurement at
room temperature (Fig. 1i) shows that the spin polarization has com-
pletely disappeared, whereas subsequent cooling in an oppositely
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3%and 4% at 2K, measured with the magnetic field parallel, respectively,
perpendicular to the surface, showing a perpendicular anisotropy (easy axis)
for Bi,Te;and anin-plane easy axis for Bi,Se;. The insets show the Curie

oriented field (M") leads to the opposite spin polarization (Fig. 1h, lower
panel). This unambiguously proves that the out-of-plane spin polariza-
tion below T.is due to ferromagnetic ordering of the system. Figure 1j
shows that, away from the Dirac point, the characteristic helical in-plane
spintexture of the parent Bi,Te; is preserved, such that an overall spin
texture as displayed in Fig. 1k is formed.

Our measurement of the gap probes the exchange splitting of p elec-
trons of the host material, which ferromagnetically couple to the local-
ized magnetic moments of the Mn ions’. The magnitude of the gap thus
depends on the exchange coupling,/, and the magnetization, M, along
the surface normal direction. Indeed, the gap size nicely follows the
temperature dependence of the perpendicular magnetization, M,
(Fig. 1k, blue crosses). This clearly demonstrates the direct correla-
tion between the gap and ferromagnetism in the system. In Fig. le-g
we show thatsuch temperature dependenceis not observed for Bi,Se;
with a similar Mn concentration of 6%, where instead a large gap of
roughly 200 meV exists at all temperatures from 1K to 300 K (ref. ™).
In particular, the gap size does notincrease when coolingdown to 1K,
well below the T of about 6 K (Fig. 1g, inset). This rules out a substan-
tial contribution of magnetism to the Dirac gap for Mn-doped Bi,Se,,
in contrast to Bi,Te;, and serves as a cross-check for the magnetic gap
opening.

Figure 2 shows the magnetization of Bi,Te, and Bi,Se, for compara-
ble Mn concentrations. The Mn-doped Bi,Te; film shows an easy-axis
magnetization normal to the surface: thatis, M, is greater than M,.
This perpendicular anisotropy is robust because it does not depend
on the Mn concentration (Extended Data Fig. 3) and also occurs for
bulksingle crystals®. By contrast, for Mn-doped Bi,Se; the easy axisis
parallel to the surface plane (M, isless than M,) for all investigated Mn
concentrations. The coercive field is substantially larger for Mn-doped
Bi,Te, than for Mn-doped Bi,Se;, and the anisotropy field at which the
in- and out-of-plane magnetizations are equal is two times higher for
Mn-doped Bi,Te, (Extended Data Fig. 3). Finally, the ferromagnetic T

b Mn-doped Bi,Se,

T Magnetization
—e— Qut-of-plane
—— In-plane

Magnetization, M (kA m™)
o
1

Mn (4%)
5| Curie temperature
2 §
- L
¢ Mn:Bi,Se;
0
odT=2K o
T T 1
-100 -50 0 50 100
Magnetic field, uyH (mT)
d
1.0 Anomalous Hall effect —— 2K
3K
5K
= 057 ——10K
: ——20K
2 bassese attrore,
e S ]
g Mn (8%)
n 0,
< B
—
>l v,
_1.04 Mn-doped Bi,Se;
T T T T T
-400 -200 0 200 400

Magnetic field, ugH (mT)

temperatureasafunction of Mn concentration. ¢, d, Anomalous Hall effect
(AHE) of Mn-doped Bi, Te, (c) and Bi,Se, (d) measured between2Kand 20K. The
contribution of the ordinary Hall effect extracted from the high field datawas
subtracted (see Methods). Owing to the perpendicular magnetic anisotropy,
only Mn-doped Bi,Te, displays a pronounced anomalous Hall effect below Te.

of Mn-doped Bi,Te, is considerably higher (7-15K) than for Mn-doped
Bi,Se; (5-7 K) (Fig. 2a, b, insets, and Supplementary Information on
SQUID measurements). Altogether this shows that Mn-doped Bi,Te,
isthe more robust and anisotropic ferromagnet. The opposite anisot-
ropy is also revealed by the magnetotransport measurements shown
inFig.2c, d, where, with magnetic fields applied perpendicular to the
films, only Mn-doped Bi,Te, displays a pronounced anomalous Hall
effect below T, whereas it is negligible in Mn-doped Bi,Se; (Fig. 2d).
This perpendicular anisotropy in Mn-doped Bi, Te, is precisely the pre-
condition for the magnetic bandgap opening and the QAHE, whereas an
in-plane magnetization as observed for Mn-doped Bi,Se, merely shifts
the Dirac cone in momentum parallel to the surface®?,

Multiscale structure analysis

To clarify how Mn is actually incorporated into Bi,Te, and Bi,Se,, we
carried out amultiscale structure analysis for both systems. Figure 3a
shows Mn-doped Bi,Te; in high-resolution scanning transmission elec-
tron microscopy (HRSTEM). Strikingly, we observe the emergence of a
new structure composed of septuple and quintuple layers, instead of
the expected periodic sequence of Te-Bi-Te-Bi-Te quintuple layers.
The septuple layers consist of the sequence Te-Bi-Te-Mn-Te-Bi-Te,
where the Mn atoms predominantly occupy the centre of the septu-
ple?. This self-organized heterostructure formation does not exist
for stoichiometric Bi,Te, and Bi,Se; (Extended Data Fig. 4a) and obvi-
ously disagrees with the commonly held notion of substitutional Mn
incorporation®?**?% Figure 3b and Extended Data Fig. 4b show that
the same Mn-induced septuple/quintuple heterostructure formation
also occursin Bi,Se,, inagreement with recent observations'?, Thus,
itis a universal mechanism in both material systems. Moreover, we
identify this structure as the explanation for the surprisingly small
effect'***? of Mn doping on the carrier concentration and Fermilevel of
the system: Mnin MnBi,Te, is electrically neutral because each septuple
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Fig.3|Structure analysis by STEM and X-ray absorption spectroscopy.

a, b, STEM cross-sections of Mn-doped Bi,Te, (a) and Bi,Se; (b), revealing the
formation of layered heterostructures consisting of MnBi,Te, (MnBi,Se,)
septuple layers (SLs) inserted between Bi, Te; (Bi,Se) quintuple layers (QLs) .
Theimages wererecorded along the[1100] (a) and[1210] zone axes (b). Owing
tothe atomic-number contrast, the heavy atoms (Bi) appear brighterin the
high-angle annular dark field (HAADF) images. As aresult, the septuple layers
appear darker in the overview images because of incorporation of the lighter

is formed by insertion of a charge-compensated MnTe double layer
into a quintuple layer.

To obtain element-specific information on the Mn-incorporation
sites, we carried out X-ray absorption near-edge spectroscopy (XANES)
and extended fine structure spectroscopy (EXAFS) at the Mn K-edge
(Fig. 3c-f). We analysed the absorption spectra through simulations
of all possible Mn-incorporationssites (see Methods section on ‘XANES
and EXAFS measurements and simulations”and Extended Data Figs. 6,
7),showing thatMnin Bi,Te;indeed prefers tobeincorporated into the
newly formed septuple layers, and that only a minority isincorporated
in the quintuple layers. Although the EXAFS data do not completely
rule out the incorporation of Mn into octahedral sites in the van der
Waals gap, the fact that septuples are never seen in undoped Bi,Te;
clearly suggests that the Mn sites are closely linked to the septuple
layers. This is supported by high-resolution energy-dispersive X-ray
(EDX) elemental maps of the Bi, Te and Mn atoms, in which Mn does

426 | Nature | Vol 576 | 19/26 December 2019

Mn atoms. The Mn concentrationwas10%in a, and locally 9% and on average 6%
inb, accordingto X-ray diffraction measurements (Fig. 4). c-f, Spectroscopic
determination of the Mn-incorporation sites in Mn-doped Bi,Te, (c, e) and
Bi,Se, (d, f) by X-ray absorption spectroscopy (XANESinc,dand EXAFSine,f)
atthe MnK-edge. Experimental data (symbols) are compared with simulations
(solid lines) performed for different Mn-incorporation sites in the septuple and
quintuplelayers, in the van der Waals (vdW) gap or on Te (Se) antisites (see
Extended DataFig. 6).

notappearin the van der Waals gaps but mostly in the septuple layers
(Extended Data Fig. 4c).

Turning to Mn-doped Bi,Se; we do not observe as intense EXAFS
oscillations as for Bi, Te,, indicating that Mn is distributed over dif-
ferent lattice sites, with a larger amount of substitutional Mn and a
lesser fraction within the septuple layers. This is highlighted by the
XANES spectra, which exhibit a characteristic double-peak structure,
with the higher energy peak being attributed to Mn at the centre of
the septuple and the lower energy peak to substitutional Mn. Again
for Bi,Se, the signal from Mnin the septuples is weaker compared with
thatin Bi,Te,. For tetrahedrally coordinated interstitial Mn and Mn on
Te (Se) antisites, the simulations do not agree with the experiments,
indicating that these are not favourable for Mn incorporation. Overall,
we conclude that for Bi,Te; the vast majority of Mn is incorporated
within the septuple layers and that substitutional Mn is more readily
formed in Bi,Se,, especially at lower Mn concentrations.
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(filled symbols) are plotted against Mn concentration. A smaller average
distance(Nq )—thatis, ahigher concentration of septuples—is found for Bi,Te,
than for Bi,Se,.d, The number of available Mn sites in the centre of the
septuplesrelative to the total number, n,,, ofincorporated Mnatoms is plotted
against the nominal Mn concentration. The number expected for unity
occupancy isindicated by the dashed line. Experimental points below this line
indicateasubstantial fraction of Mn atomsresidingin other lattice sites. This
applies to Bi,Se;butnot to Bi,Te,. e, Structure analysis for Bi,Te;doped with Ge,
SnorPband forSb,Te,doped with Mn. The good fit of the diffraction datawith
the paracrystal model (black lines) reveals that the same type of self-organized
heterostructures (f) is formedinall cases.

To systematically map out the structure evolution onalargerlength
scale, we carried out X-ray diffraction investigations as summarized
in Fig. 4a-d. For both systems we find a pronounced change with
increasing Mn concentration, shown by the appearance of additional
diffraction peaks that signify the emergence of septuple layersin the
structure. The septuples are, however, notincorporated periodically
at fixed distances, but rather stochastically after a varying number,
Nq., of quintuple layers. Thisis seenin the STEM cross-sections, where
Nq varies between one to seven. To evaluate the diffraction data,
we have thus developed an one-dimensional paracrystal model, in
whichthe overall structureis described as a statistically varying sequ-
ence of quintuple segments alternating with single septuple layers

(see Methods section ‘X-ray diffraction and simulation with
random stacking model’ and Extended Data Fig. 8). Each sequence is
characterized by the average number, (Ng, ), of quintuples between
subsequent septuples and the randomness of the statistical Ny distri-
bution—that is, their root mean square (r.m.s.) deviation from the
average value.

The model fits (black lines in Fig. 4a, b) show a remarkably good
agreement with the diffraction spectra. This corroborates the forma-
tion of self-organized quintuple/septuple heterostructures in both
systems. From the fits, we obtain the average (Ny, ) between the septu-
plelayers aswell asthe r.m.s. deviation as a function of Mn concentra-
tion. As shown in Fig. 4c, (N ) rapidly decreases and thus the density
of septuplesincreases with increasing Mn concentration, underlining
that the septuple formation is indeed driven by the Mn doping. This
also explains why T, varies so little with the Mn concentration in Fig. 2:
the magnetic properties of the samples are largely those of the indi-
vidual septuplelayers. Apparently, in Bi,Te, the formation of septuple
layers starts atalower Mn concentration thanin Bi,Se; and the average
separation (N, ) between the septuples is smaller. This difference is
highlighted in Fig. 4d, where the number of available Mn sites in the
septuplesis plotted versus the actual Mn concentration, revealing that
in Bi,Te; all Mn atoms can be incorporated in the septuple layers,
whereas in Bi,Se; the density of septuples at low Mn concentrations is
too small toaccommodate all Mn atoms, which must thus beincorpo-
rated at other sites as well. We emphasize that our model of self-organ-
ized septuple/quintuple heterostructures applies not only to Mn, but
also to other nonisovalent dopants such as Ge, Sn and Pb. As a result,
very similar diffraction spectra that are well described by the same
paracrystal model are obtained, as shown in Fig. 4e, f and Extended
DataFig. 9. This highlights that this new type of incorporation mecha-
nism is completely generic in the tetradymite chalcogenide material
systems.

Discussion

The electronic structure of transition-metal impurities in Bi,Te; and
Bi,Se, hasbeen studied extensively through density functional theory
(DFT) calculations®?. For Mn in Bi,Se;, a nonmagnetic bandgap of the
measured size (200 meV) does not appear in any DFT calculation.
Although in principle, depending on orbital symmetry, small gaps of
around 4 meV might open even for an in-plane magnetization®, this
is obviously much less than what we observe experimentally. The only
prediction of anonmagnetic gap of the magnitude seen in our experi-
mentsis from calculations that assume an on-site Coulomb interaction,
U, attheimpurity site’®. On the one hand, Mn forms more substitutional
sites in Bi,Se; than in Bi, Te,. They will lead to a larger Coulomb Uthan
for Mnin the centre of the septuple layer, where Mn 3d levels can delo-
calize in the plane. The size of U, also termed the impurity strength®,
indeed affects the nonmagnetic gap: comparing Mn with In doping
for Bi,Se;, we find that to reach the same gap size as for 8% Mn, only
2% Inis required®. On the other hand, the effect of impurities on the
nonmagnetic gap decreases with higher spin-orbitinteractionin the
host material®, so that Bi, Te, is less susceptible to anonmagnetic gap
opening than Bi,Se,.

To explain the marked difference in the magnetic anisotropy of Mn-
doped Bi,Te;and Bi,Se;, we calculated the magnetocrystalline anisot-
ropy for the Bi,Y;/MnBi,Y, (Y =Te, Se) heterostructures (see Methods
section ‘DFT calculation of magnetic anisotropy’). In agreement with
recent model calculations™, we find that the strong magnetocrystal-
line anisotropy favours out-of-plane magnetizationin the telluride.In
the selenide, however, because of the reduced spin-orbit interaction
the magnetocrystalline anisotropy is 3.5 times smaller and practically
cancelled by the shape anisotropy. Thus, the higher spin-orbit inter-
actionin the telluride heterostructures turns the magnetization out
of the plane and enables the magnetic gap to form at the Dirac point.
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Finally, our magnetic gap size of 90 meV for Mn-doped Bi,Te, is five
times larger than that predicted theoretically for substitutional Mn°.
This huge enhancement arises from the naturally formed heterostruc-
ture and the enhanced wavefunction overlap of the TSS with the Mn
atoms in the MnBi,Te, septuple layer, which supports large magnetic
gaps of 38-87 meV, as predicted’®. Mn-doped Sb,Te, displays the same
heterostructure formation and out-of-plane magnetic anisotropy as
Bi,Te, (Extended DataFig.10), and becauseitis p-type, the Fermilevel
can be tuned into the magnetic gap by alloying of these systems. This
demonstrates the great potential of such structures for stabilizing edge
transport in QAHE devices. Theory also suggests that the nontrivial
topology is retained in the heterostructures', in accordance with the
persistence of the Dirac cone surface state and out-of-plane spin texture
seeninour ARPES experiments. Therefore, Mn-based topological insu-
lator heterostructures might not only boost edge transport in QAHE
devices, but also facilitate the realization of new topological phases
suchas the axioninsulator state*** and the chiral Majorana fermion.
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Methods

Sample growth

Mn-doped Bi,Te;, Bi,Se,, and Sb,Te; layers were grown by molecular
beam epitaxy (MBE) on BaF,(111) substrates using a Riber 1000 and
a Varian GEN Il MBE system. Compound Bi,Te;, Bi,Se;, and Sb,Te; as
well as elemental sources for Mn, Te and Se were used for control of
stoichiometry and composition. For Pb-, Sn- and Ge-doped Bi, Te;, we
used additional PbTe, SnTe and GeTe sources. Deposition was carried
outatagrowth temperature of 330 °C for Bi,Te;and Sb,Te;and 360 °C
for Bi,Se; to obtain perfect two-dimensional growth independently
of dopant concentrations. This was verified by in situ reflection high-
energy electron diffraction (RHEED; Extended Data Fig. 9). Details of
growth procedures have been reported previously'?°. Our notation
of x% Mn in Bi, Te, refers to anominal composition of (Bi,_Mn,),Tes,,.
All layers exhibited n-type conduction with electron concentrations
of the order of afew times 10" cm™ (see Extended Data Fig. 5¢), except
for Mn-doped Sb,Te, whichis p-type with ahole concentration of afew
times 10%° cm. Immediately after growth, samples used for ARPES
were capped in situ withamorphous Se and Te capping layers at room
temperature to protect the surface against oxidation. This cap was
removed just before the ARPES experiments by in situ sputtering and
annealing.

ARPES
Photoemission experiments were performed with the ARPES-1% end
station at the UE112-PGM2b undulator beam line of the BESSY Il syn-
chrotron radiation source. The lowest reachable temperature is1K.
The experimental geometry has the following characteristics: with
the central axis of the analyser lens and the polar rotation axis of the
sample defined as the xand zaxes of a spherical coordinate system, the
photons impinge the sample under an azimuthal angle ¢ of 45°and a
polarangle of 84°. The light polarizationis horizontal (along the x axis).
The entrancesslit of the hemispherical analyser is placed parallel to the
zaxis. The measurements at hv=>50 eV were performed with an energy
resolution of 10 meV. The temperature-dependent leading-edge shifts
inFig.1cand Extended DataFig.1la are obtained by approximating the
photoemissionintensity in theindicated ranges withaline. The slope of
thislineis constrained to be identical for the low- and high-temperature
spectrawithin the same section. Our notation 4 refers to the full gap.
The measurement of the magnetic exchange splitting at the Dirac
point through the temperature dependence in ARPES isin a certain
sense analogous to the case of gadolinium metal. In both cases the
magnetic coupling of localized magnetic moments (3d inMn, 4fin Gd) is
mediated by itinerant electrons (5pin Te, 5din Gd) which canbe probed
by ARPES. At the Dirac point, electronic states of the Te 5p character are
probed.InGd, the 5d band probed by ARPES splits by 0.85eV whenthe
temperature islowered from1.02 T t0 0.27 T (T =293 K for bulk Gd)*.

Spin-resolved ARPES

Spin-resolved ARPES was measured at the RGBL2 end station at the
U125/2 undulator beamline of BESSY II. It comprises a Scienta R4000
hemispherical analyser with two Mott-type spin polarimeters oper-
ated at 26 kV (ref. >*). The lowest temperature is 6.5K. Light is incident
under an azimuthal angle of 45° and a polar angle of 90° (Extended
DataFig.2a). Thelight polarizationis horizontal (along the x axis). The
spin polarimeter detects the out-of-plane and one in-plane component
of the spin polarization. The measured in-plane projection is tangen-
tial to the Dirac cone and perpendicular to the analyser entrance slit
and electronmomentum. The out-of-plane component lies within the
electron emission plane and is parallel to the sample normal along the
z-direction. The angular resolution was 0.75° and the energy resolution
of the measurement at a photon energy of 30 eV was set to 45 meV.
We note that the measurement of the spin splitting is not limited by
the energy resolution because the spin-up and spin-down channels

countindependently of each other. An example of thisis the exchange
splitting of a Ni(111) surface state, measured by spin-resolved inverse
photoemissionas 18 +3 meV atan energy resolution of 300-400 meV
(ref. %),

Transport measurements

Temperature-dependent transport measurements were performed in
van der Pauw geometry with out-of-plane magnetic fields ranging
from O T to 2 T and temperatures down to 1K using a Cryogenic mini
cryogen-free system. Extended Data Fig. 5 shows the complete data
set (Hall resistance plotted against magnetic field, as well as carrier
concentration, n, and carrier mobility, u, plotted against temperature)
for the Mn-doped Bi,Te, and Bi,Se; films with respectively 6% and 8%
Mn. Below the ferromagnetic transition 7. (10 Kand 6 K, respectively),
the Hall resistance comprises the contribution from the ordinary Hall
effect (proportional to 1/ne) and the anomalous Hall effect (propor-
tional to the magnetization, M). Because the latter is proportional to
the perpendicular magnetization, the anomalous Hall contribution is
minute for Mn-doped Bi,Se; films, for which the magnetization vec-
tor is nearly parallel to the film plane. Above T the anomalous Hall
contribution is absent.

Magnetic characterization

The magnetic properties were determined by measuring magnetiza-
tion, M, as afunction of the applied external field, H, and as a function
of temperature, T (ranging from 2 K to 300 K), using a superconduct-
ing quantum interference device (SQUID) magnetometer (Quantum
Design MPMS-XL5). We determined the Curie temperature from the
M(T) curves as exemplified in Extended Data Fig. 3. Note that we do not
observe an enhancement of 7, at the surface probed by XMCD". The
magnetic field was applied either parallel (out-of-plane) or perpendicu-
lar (in-plane) to the c axis of the films. The diamagnetic contribution
of the BaF,(111) substrate was determined from the slope of the M(H)
curve recorded at 300 K in high magnetic fields, and was subtracted
from the raw data. Identical sample pieces were used for in-plane and
out-of-plane measurements. The sample size was 4 x 4 mm?

Scanning transmission electron microscopy

Atomic resolution HRSTEM images were obtained with a FEI Titan G2
60-300 STEM equipped with a Cs probe corrector and a FEI Titan
60-300 Themis equipped with a Cs image corrector, which were
operated at 300 keV. The HRSTEM data were recorded with a HAADF
detector and the images processed using a Wiener filter for noise
minimization®. Thin cross-sectional lamellae from Mn-doped Bi,Te,
and Bi,Se; films with Mn concentrations of 10% and 6%, respectively,
were prepared by focused ion beam (FIB) milling (ZEISS Crossbeam
XB 1540 and FEI Helios NanoLab 660) along two different crystallo-
graphic directions of the BaF,(111) substrate ([211] and [011], respec-
tively). Owing to the epitaxial relationship between the films and the
BaF,(111) substrate, this yields [T100]and [1210]zone axes with respect
tothe Bi,Te;and Bi,Se; layers. Pre-characterization of the lamellae and
overview STEM images were obtained with a JEOL JEM-2200FS STEM
operated at 200 keV. Shortly before the HRSTEM images were taken,
thelamellae were additionally thinned to remove the amorphous sur-
face layers and damaged regions caused by the initial FIB preparation
using a Fischione 1040 NanoMill. To map the element distribution
(Extended DataFig. 4c), we carried out energy-dispersive X-ray analy-
sis using a Bruker Super-X detector.

XANES and EXAFS measurements and simulations

The XANES and EXAFS spectra at the Mn K-edge were recorded at,
respectively, the ID12 and BM23 beamlines of the European Synchro-
tron Radiation Facility in total fluorescence yield*. The isotropic
XANES spectrum was derived from a weighted average of two XANES
spectrarecorded with two orthogonal linear polarizations parallel
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and perpendicular to the c axis of the film. The resulting X-ray linear
dichroism spectra corroborate the findings of XANES and EXAFS with
regard to Mnincorporation.

For XANES simulations, we used the FDMNES code*® with a multiple
scattering approach on amuffin-tin potential, for a supercell compris-
ing the nominal bulk Bi,Te; or Bi,Se; lattices with a Mn atom replac-
ing one Bi atom within the quintuple layers (substitutional Mn), and
withMnincorporatedinthe central layers of the septuples (Extended
Data Fig. 6). Note that placing Mn as an octahedral interstitial within
the van der Waals (vdW) gap leads to somewhat similar results as with
Mn in the central position of the septuple layer, while tetrahedral Mn
interstitials were in lesser agreement with experiment (Fig. 3c—f). Con-
cerning the pre-edge features in the XANES data, it is known that the
FDMNES code using the multiple scattering formalism has difficulties
inreproducing the 3d-4p hybridized states at the pre-edge feature well;
nevertheless the main absorption features are well reproduced and we
draw conclusions only from that spectral region.

We used identical input geometries for the EXAFS and XANES simula-
tions. We measured EXAFS spectrafor aseries of Mn-doped Bi, Te;and
Bi,Se, samples with Mn concentrations ranging from 4% to 13%. We
fitted the EXAFS dataat the Mn K-edge using the FEFF9 code, assuming
Mn at different lattice sites. The spectrawithamodel of Mn atoms in the
centre position of the septuple layer are shown in Extended Data Fig. 7.
Thefirst coordination shellincludes six anion atomsin the octahedral
environment. We note again that the substitutional position and the
interstitial position in the van der Waals gap have octahedral coordina-
tion. The distances of the nearest neighbours in the first coordination
shell derived from the fits are listed in Extended Data Fig. 7e. We note
that Mn atoms substituting Bi, Te(1) or Se(1) atoms in the quintuple
layers (using the notation of Extended Data Fig. 6) have two different
neighbours with different distances.

X-ray diffraction and simulation with random stacking model
We determined the crystal structure using symmetric X-ray diffraction
scans and reciprocal space mapsin the vicinity of the (101.20) recipro-
cal lattice point. The measurements were performed using a Rigaku
SmartLab diffractometer with a copper X-ray tube and channel-cut
Ge(220) monochromator. Symmetric scans along the [000.1] recipro-
calspacedirection (caxis) were fitted with amodified one-dimensional
paracrystal model®, in which random sequences of Bi, Te; (or Sb,Te;
or Bi,Se;) quintuple segments alternate with MnBi,Te, (or MnSb,Te,
or MnBi,Se,) septuples along the c axis. For the samples doped with
X=Pb,Snor Ge (Fig. 4e), the septuples consist of XBi,Te,. For the quin-
tuples, the spacings of atomic planes were set to the nominal values of
Bi,Te, and Bi,Se;, and for the septuples the distance of the Mn (or Pb,
Snor Ge) plane to the nearest neighbour Te (or Se) was set to correspond
to the nearest-neighbour distances determined by EXAFS.

The random sequences of quintuple and septuple layers are gener-
ated using the following assumptions. First, the length of the indi-
vidual quintuple segments, Ny, is given by the gamma distribution
witha certainmeanvalue,(Ng ), andar.m.s. deviation, g (r.m.s.d.); we
showitsrelative value,o/{Ng, ). The septuple segments always consist
of only one single septuple layer—that is, septuple layers are not posi-
tioned next to each other. Note that we carried out additional test fits
assumingavariable length of septuple segments, but the best fits tend
to the result with just one septuple layer embedded in the blocks of
quintuple layers. Thus, we fixed the length of the septuple segments
toone, in order to keep the number of fitting parameters as small as
possible.

Second, we set the distances of the individual atomic planes in the
quintuples to the values of the pure Bi,Y; phases (Y =Te, Se), as we
described previously®. For the septuples we have set the distances
of the next Te or Se anion sites to the Mn in the central planes to cor-
respond to the distances determined by EXAFS. The total thickness
of the septuple equals approximately 4/3 of dy,: that s, ds, =4/3d,.

This relation is almost exactly satisfied for Bi,Te,, whereas for Bi,Se;,
ds, =1.02x4/3d,.

For the random sequences generated in this way, we calculated the
XRD diffraction spectra using the one-dimensional paracrystal model
described before®, and compared the spectra to the experimental
data. Examples of simulated profiles with various parameter values
areshownin Extended Data Fig. 8a-d. Extended Data Fig. 8a, b depict
theinfluence of the average number of quintuples, (N ), between the
septuplesforafixed disorder, thatis,a/{Ng »=0.5. High values of (N, )
correspond to analmost pure Bi,Y; lattice with just few septuples pre-
sent in the stack. Such a system corresponds to samples with low Mn
doping. Smaller values of (N ) lead to a multilayer system, in which
additional satellite diffraction peaks appear. The limiting case of
(Ng> =1, which is on average one quintuple alternating with one sep-
tuple, corresponds to the top blue line, with the peak positions cor-
responding to an average periodicity P=d, + ds, along the growth
direction. Extended Data Fig. 8c, d show the influence of the random-
ness (r.m.s.) on the diffraction spectra foraconstant(Ny, ) of 5. Asmall
r.m.s. corresponds to a periodic multilayer of quintuple and septuple
segments, with corresponding sharp superlattice maxima, while large
r.m.s. values correspond to a disordered system with accordingly
smeared profiles. For the samples doped with X=Pb, Sn or Ge (Fig. 4€),
the fitted paracrystal parameters are listed in Extended Data Fig. 9g.

We note that the relation d, =4/3d_has quite animportant conse-
quence for the diffraction spectra, because thereis a single periodicity
thatiscommon to both quintuples and septuples. The simulated and
experimental diffraction profiles shown in Fig. 4 have sharp peaks
corresponding to such a periodicity independently of the statistical
ordering of quintuple and septuple segments. The corresponding peaks
appear at the positions (000.9) and (000.18) of the Bi,Y; structure.
The average interplanar distance in the septuples is smaller thanin
the quintuples, because the septuple has 7/5=1.4 more atomic planes
butis only thicker by a factor of 4/3=1.33.

We have also determined the Mn-concentration dependence of the
in-plane lattice parameter a of the Mn-doped Bi,Y; layers from asym-
metric reciprocal space maps recorded in the vicinity of the (101.20)
reciprocal lattice point of the Bi,Y; structure. These results, as well as
those for the average interplanar distance in the c axis direction, (d),
are plotted in Extended DataFig. 8e, f.In Mn-doped Bi, Te;, we observe
adecreaseinbothlattice parameters with increasing Mn content. This
can be explained by the fact that a higher concentration of septuple
layers leads to a smaller average interplanar distance, while for Mn-
doped Bi,Se; the Mn content has less influence on (d) owing to the
smaller number of septuple layers formed. In fact, in Bi,Se; we do not
observe any concentration dependence of the interplanar distance (d)
up to Mn concentrations of 8%. This is in agreement with the finding
from X-ray diffraction that, for low Mn contents in Bi,Se;, only a very
low number of septuples (Fig. 4) is present. Mn atoms also cause asmall
shrinking of the in-plane lattice parameter a for both Bi, Te, and Bi,Se,
(Extended DataFig. 8e, f).

DFT calculation of magnetic anisotropy

Togetareliable value for the magnetic anisotropy of Mn-doped Bi,Y;
(Y=Se, Te) with septuple/quintuple layer structure, we carry out ab
initio calculations using the well established full-potential linearized
augmented plane wave (FLAPW) method, as implemented in the
WIEN2k code*. Our calculations are based on the local density approx-
imation. Here we used experimental lattice parameters for the multi-
layer system with alternating septuple/quintuple layers, which
corresponds to an Mn concentration of 8%. One part of the magnetic
anisotropy energy, known as magnetocrystalline anisotropy (MCA),
arises from spin-orbit coupling; the other part, the so-called shape
anisotropy, Eqy,pe, comes from the magnetic dipole-dipoleinteraction
oftheindividual magnetic moments. Itis well known that a sufficiently
dense meshin theBrillouin zone isimportant for k-space integration.
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Onthe basis of this insight, we used a 45 x 45 x 7 Monkhorst-Pack grid
in the full Brillouin zone*. In our benchmark calculation for FePt** we
showed that, inaddition to the convergence of k-points, it isimportant
toincorporate all FLAPW eigenfunctions when spin-orbit couplingis
included as an additional term to the scalar-relativistic Hamiltonian,
the so-called second variational step®. This basis set is controlled by
energy parameters (£, and £,,,,). To achieve a high accuracy, we set
Entobe-10Ryand £, ,.tobe 5Ry. To obtainastable value for the MCA,
the energy parameters, £, used for calculating radial wavefunctions,
u,(r, E,), are determined very precisely—that is, to better than 0.1 mRy.

Asthe WIEN2k code solves the Dirac equation in an approximate way,
itis necessary to check the reliability of these sensitive calculations.
For cross-checking we used the multiple-scattering KKR Green function
method asimplemented in the SPRKKR code***, This scheme solves the
proper Dirac equation; hence the relativistic effects are fully included
in SPRKKR, unlike with the second variational step.

Obtaining the MCA energy by subtracting the total energies is compu-
tationally very costly. The need for self-consistent calculations for two
magnetization directions can be avoided if one relies on the magnetic
force theorem. In this approach the MCA energy is calculated using a
frozen spin-dependent potential*®. The MCA energy is then obtained
by subtracting the band energies. £, is calculated using classical
electromagnetic theory. Good agreement has been found between
WIEN2k and SPRKKR codes for the MCA energy calculation. For the sake
of simplicity we present only the WIEN2k results (Extended Data Fig. 3g).

Ge-, Sn-and Pb-doped Bi,Te; and Mn-doped Sb,Te;

Natural formation of quintuple/septuple layer heterostructures is a
generic and universal feature in Bi- and Sb-based tetradymite chalco-
genide topological insulators doped with elements that prefer a 2*
state. This is demonstrated by a series of complementary thin film
samples consisting of Bi,Te; doped with Ge, Sn, and Pb, as well as
of Sb,Te; doped with Mn, using similar growth conditions to those
described above. In all cases, two-dimensional growth was observed
under the given growth conditions, as shown by the RHEED patterns
recordedinsitu duringgrowth and depicted in Extended DataFig. 9a—f.
The structure of the films was analysed by X-ray diffraction, and the
measured diffraction spectrawere fitted with the same random stack-
ing paracrystal model described in the section ‘X-ray diffraction and
simulation with random stacking’, assuming that the additional doping
element (X =Pb, Ge, Sn, Mn) induces the same type of septuple layer
formationinwhich an additional XTe double layer is inserted . Asshown
inFig.4e, inall cases an excellent fit of the diffraction spectrais obtained
with our paracrystal structure model. Moreover, for the same concen-
tration of dopant elements, the average number of quintuple layers,
(Ng), between these additionally inserted septuplelayersanditsr.m.s.
variation, oy, derived from the model fits (see Extended Data Fig. 9g)
turn out to be nearly the same for each dopant element.
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Extended DataFig.1| ARPES measurements. a, Data for an additional Mn-
doped Bi, Te, film with Mn concentration of 10%. The normal emission spectra
shownontheleft, recorded at1K and 30 K, show a substantial redistribution of
spectral weightaround the binding energy of approximately 180 meV when
crossing the ferromagnetic transition at T.=12K. The shiftsin the regions
marked S1and S2, shown on the right on amagnified scale, are of similar
magnitude to thatseen for the 6% Mn-doped case in Fig. 1. The shifts marked by
arrows are compatible withal00 meV gap openingat the Dirac point. ARPES
was measured with p-polarized lightand hv=50eV.b, c, ARPES measurements,
showing that the gap in 6%-Mn-doped Bi,Se, isindependent of temperature.

b, ARPES E(k) maprecorded at 1K, with the angle-dependent binding energies
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¢, Temperature dependence of the binding energies of the upper Dirac cone
minimum (blue circles), the bulk valence band atf (orange squares) and their
difference (black diamonds). The ferromagnetic Curie temperatureis 6 Kas
obtained by SQUID. This analysis represents an alternative to thatin Fig.1g,
which was based on fits of the upper and lower Dirac cones. In both cases, the
datadonotprovide anyindication of arelative or absolute shift of the band
edges, orofagap of the order seenin Mn-doped Bi,Te; when crossing the
ferromagnetic transition temperature.
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Extended DataFig.2|Spin-resolved ARPES of Mn-doped Bi,Te;. a, Geometry
ofthe spin-resolved ARPES experiments, including the magnetization
directionsindicated by M"and M. Hor. Pol., horizontal light polarization.

b, Plot of the fit results from spin-up and spin-down spectra of the topological
surface state (TSS) at the Dirac point (£,), and determination of the magnetic
exchange splitting, 4=56 +4 meV, at 6.5K. ¢, d, Fit to the spin-resolved
spectraat6.5K, includingatransition from the bulk conductionband (BCB).

e, Demonstration that the spin polarization reverses when the magnetization,
M, isreversed. This reversal was achieved by field coolingin anapplied field of
10 mT. f, Temperature-dependent magnetization, M(T), measured by SQUID on
areference sample that was identical to that used to determine the magnetic
field necessary for field cooling and magnetization reversal. g, h, Before the
spin-resolved ARPES measurement, the reversible temperature-dependent
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broadeningin ARPES was verified by cooling from 14 K to 6.5K and warming up
againto14 K. Ataphotonenergy of 30 eV, most of the intensity near the Fermi
energy stems from the bulk conduction band. i, Reversible broadening of the
energy-dispersion curves upon cooling from above to below 7. and warming up
again. j, TSSgap at the Dirac point4 derived by ARPES and spin-resolved ARPES
(red squares), plotted against temperature, together with the temperature-
dependentout-of-plane magnetization (blue crosses), showing that the
magnetic exchange splitting at the Dirac point 4 faithfully follows the
magnetization perpendicular to the sample surface. Dataat1Kand 20 K are
fromFig.1c, d. Datafromspin-resolved photoemission (at 6.5K and 300 K)
have the smallesterror. Data for 14 K were derived fromi, taking the spin-
resolved datafrom 6.5Kas areference point.
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Extended DataFig. 3| Magnetic properties of Mn-doped Bi,Se, and Bi,Te3.
a,d, Temperature-dependent magnetization, M(T), used to determine the
ferromagnetic Curie temperature, 7., Mn-doped Bi,Se; (a) and Bi,Te; (d). The
magnetization was measured after field cooling (FC) at 10 mT. Asindicated,
below T the magnetization of the samples rises steeply by more than two
orders of magnitude. b, e, In-plane (ip) versus out-of-plane (oop) hysteresis
loops at300K and 2K, showing the absence of ferromagnetism atroom
temperature.c, f, Magnetization versus applied field, M(H), for samples with
different Mn concentrations, x,,, as indicated. For all Mn-doped Bi,Se;, films,

the easy axis of magnetizationis found to be in plane, whereas for allMn-doped
Bi,Te,filmsitis perpendicular to the surface. The insets show the Curie
temperature, T, plotted against Mn concentration. For all measurements, the
diamagnetic contribution of the substrate measured at 300 K was subtracted.
g,Magnetocrystalline anisotropy energy, Eyc,, obtained through DFT for
Bi,Se,/MnBi,Se, and Bi,Te,/MnBi,Te, by subtracting band energies for two
orientations of the magnetization. Shown are magnetocrystalline anisotropy
Eyica=EY™ — E19, shape anisotropy Eqy,,. and total magnetic anisotropy

Eqniso = Enica ™ Eshape-
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Extended DataFig. 4 |STEM of pure and Mn-doped Bi,Se; and EDX maps of Te and Mn atoms of aMn-doped Bi, Te; film (x,=10%) obtained by STEM-EDX

Mn-doped Bi,Te;.a, b, Comparison of HR-STEM HAADF cross-sections of mapping. The Mn atoms are predominantly incorporated in the centre of the
Bi,Se; (a) and Mn-doped Bi,Se; (xy, = 6%) (b) films grown under identical septuplelayers and toalesser extentin the outer layers of the septuple units.
growth conditions, showing the high structural perfectionand that additional NoMnisseeninthevander Waals gaps. Note that in this sample, because of the
septuplelayers are formed only with Mn doping, whereas the pure Bi,Se; film higher Mn concentration, two subsequentseptuples are observed in the STEM
consists only of quintuple layers. These STEM cross-sections were recorded cross-section.

alongtwo differentzone axes. ¢, Atomic-layer-resolved distribution of the Bi,
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Mn in septuple layer
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b
Mn-doped Bi;Tes Mn-doped Bi:Se;
Mn Position NN atoms Distance (A) NN atoms Distance (A)
Center of septuple 6 Te 2.909 6 Se 2.719
Substitutional in QL (Bi) 3Te(1) 3.073 3 Se(1) 2972
3 Te(2) 3.246 3 Se(2) 3.041
Octahedral in vdW gap 6 Te 2.858 6 Se 3.041
Tetrahedral in vdW gap 4 Te 2.533 4 Se 2.394
Te(1)/Se(1) sites next to vdW gap 3 Bi 3.073 3 Bi 2972
3Te 3.673 3 Se 3.284
Te(2)/Se(2) sites at center of QL 6 Bi 3.246 6 Bi 3.041

Extended DataFig. 6 | Possible Mn-incorporation sites in Bi,Te;and Bi,Se;.
a, Structure models for, left to right: Mnin the centre of septuple layers; Mn

substituting for Biin quintuple layers; and interstitial Mn in the van der Waals
gapsonoctrahedalsitesand tetrahedralssites. b, Nominal nearest-neighbour

(NN) distances of Mnatoms located in various positions as derived by EXAFS
analysis, including also possible Mn on Te (Se) antisites in the quintuples. Index
‘I'refers to Te (Se) sites next to the van der Waals gaps, index 2’ to those in the
centre of the quintuple.
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Extended DataFig. 7| Fits of EXAFS oscillations for different amounts of Mn subtracted EXAFS absorption (k) is k-weighted; b, d show the magnitude, that
doping. a, b, Bi,Te;; ¢, d, Bi,Se;. Experimental data points are represented by is, the absolute value of y(R) after Fourier transformation. e, EXAFS-fitted
thered orbluecircles; black lines denote fitted curves (unlike the simulations nearest-neighbour distances of Mnatoms in Bi,Te; and Bi,Se; as a function of
inFig.3).a, care plotted withrespect to the wavevector k and the background- Mn concentration.
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Extended DataFig. 8| Simulated diffraction patterns.a-d, Varying
paracrystal parameters of the septuple/quintuple heterostructures of:
a,c,Mn-dopedBi,Te;and b, d, Mn-doped Bi,Se;. a, bdepict the influence of
differentaverage numbers of quintuples, (Ng, ), between the septuples witha
fixed relativer.m.s. deviation (r.m.s.d.) of its distribution, set to 0.5. At high
(Ngu), the systemapproaches the pure Bi,Y; (Y=Te, Se) phase. ¢, d show
simulations for differentr.m.s.d. of the statistical distribution of the number of
quintuples between the septuples but constant average separation, (N, ) =S.
Thelimitofr.m.s.d.=0corresponds to a perfectly periodic multilayer of five

Mn doped Bi,Se,
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quintuples alternating with one septuple; the additional maximaare the
resulting superlattice satellite peaks. Alarger r.m.s.d. meansamore disordered
multilayer. Dashed lines are plotted at positions of the (000.2) peaks of the pure
Bi,Y;structure. e shows the average vertical (0001) lattice plane spacing{d) asa
function of Mn concentration determined by the fit of the experimental
diffractionspectrapresentedinFig.4a,b, and panel fthe corresponding in-
planelattice constants determined from reciprocal space maps around the
(101.20) reciprocal lattice point.
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Sn - doped Bi;Tes 26 15 12
Ge - doped BixTes 3.0 15 10
Mn - doped Bi,Te; 23 1.8 14
Mn - doped Sb,Tes 3.5 1.7 11

Extended DataFig. 9| RHEED. a-f, Comparison of RHEED patterns for:
aMn-doped Bi,Te;; b, Mn-doped Bi,Se;; ¢, Mn-doped Sb,Te,; d, Pb-doped
Bi,Te;; e, Sn-doped Bi,Te;; and f, Ge-doped Bi, Te,, recorded during epitaxial
growth, showing perfect two-dimensional growthin all cases. The layer
thickness was 200 nm and the dopant concentration was around 10%in all

cases. The corresponding X-ray diffraction curves of the samples are shown in

Fig. 4, and the values derived from the fits using the septuple/quintuple
paracrystal stackingmodel arelisted ing. (N, ) is the average number of
quintuples between consecutive XBi,Te, septuple layers; g, is the relative
r.m.s.d. of the distribution; and %SL is the occupancy of Mnsites in the septuple

layers.
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Extended DataFig. 10 |Electronic and magnetic properties of Mn-doped
Sb,Te,.a, Angle-resolved photoemission spectrum recorded at atemperature
of38Kand aphotonenergy of 23 eV photon energy, showing p-type behaviour
and thatthe Fermilevel, £, is close to the Dirac point, the latter being only

-500 0
Applied field poH (mT)

500

slightly above the top of the valence band. b, In-plane and out-of-plane
hysteresis curves, M(H), recorded through SQUID at 2K (blue) and 300 K (red),
showing the same perpendicular magnetic anisotropy with easy axis normal to
the surface as for Mn-doped Bi, Te; (Fig. 2and Extended Data Fig. 3).
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4.7 Ferromagnetic transition in magnetic topological insula-
tors MnSb,Te,

The layers of MnSboTey with a slight excess of Mn were studied. We have found the concen-
tration of Mn in the substitutional and central septuple layer positions. The magnetic Currie
temperature is relatively high for a magnetic topological insulator, almost 50 K. Contrary
to bismuth selenide and bismuth telluride, antimony telluride is p-doped. Thus photoemis-
sion study of the band gap. Instead, we have used scanning tunneling spectroscopy to show
magnetic band gap opening correlating with magnetic order.
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Mn-Rich MnSb,Te,: A Topological Insulator with Magnetic
Gap Closing at High Curie Temperatures of 45-50 K
Stefan Wimmer, Jaime Sdnchez-Barriga, Philipp Kiippers, Andreas Ney, Enrico Schierle,

Friedrich Freyse, Ondrej Caha, Jan Michalicka, Marcus Liebmann, Daniel Primetzhofer,
Martin Hoffman, Arthur Ernst, Mikhail M. Otrokov, Gustav Bihlmayer, Eugen Weschke,

Bella Lake, Evgueni V. Chulkov, Markus Morgenstern, Giinther Bauer,

Gunther Springholz,* and Oliver Rader*

1. Introduction

Ferromagnetic topological insulators exhibit the quantum anomalous Hall

effect, which is potentially useful for high-precision metrology, edge channel
spintronics, and topological qubits. The stable 2+ state of Mn enables intrinsic
magnetic topological insulators. MnBi,Te, is, however, antiferromagnetic with
25 K Néel temperature and is strongly n-doped. In this work, p-type MnSb,Te,,
previously considered topologically trivial, is shown to be a ferromagnetic topo-
logical insulator for a few percent Mn excess. i) Ferromagnetic hysteresis with
record Curie temperature of 45-50 K, ii) out-of-plane magnetic anisotropy, iii)

a 2D Dirac cone with the Dirac point close to the Fermi level, iv) out-of-plane
spin polarization as revealed by photoelectron spectroscopy, and v) a magneti-
cally induced bandgap closing at the Curie temperature, demonstrated by scan-
ning tunneling spectroscopy (STS), are shown. Moreover, a critical exponent of
the magnetization =1 is found, indicating the vicinity of a quantum critical
point. Ab initio calculations reveal that Mn—Sb site exchange provides the fer-
romagnetic interlayer coupling and the slight excess of Mn nearly doubles the
Curie temperature. Remaining deviations from the ferromagnetic order open
the inverted bulk bandgap and render MnSb,Te, a robust topological insulator

and new benchmark for magnetic topological insulators.

The quantum anomalous Hall effect
(QAHE) offers quantized conductance
and lossless transport without the need for
an external magnetic field."! The idea to
combine ferromagnetism with topological
insulators for this purpose? has fuelled
the materials science.>®l It led to the
experimental discovery of the QAHE in
Cr- and V-doped (Bi, Sb),Tes""! with pre-
cise quantized values of the Hall resistivity
down to the sub-part-per-million level.['>1°]
The stable 3+ configuration of V or Cr
substitutes the isoelectronic Bi or SbP16:V]
enabling ferromagnetism by coupling the
magnetic moments of the transition metal
atoms. Hence, time-reversal symmetry is
broken enabling - through perpendicular
magnetization - a gap opening at the Dirac
point of the topological surface state.l*~]
This gap hosts chiral edge states with pre-
cisely quantized conductivity. However, the
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experimental temperatures featuring the QAHE are between
30 mK7) and a few K819 only, significantly lower than the
ferromagnetic transition temperatures T in these systems.’]
If the temperature of the QAHE could be raised, applications
such as chiral interconnects,?!l edge state spintronics,?23 and
metrological standardsi*! become realistic.

One promising approach is the so-called modulation doping
in which the magnetic dopants are located only in certain
parts of the topological insulator. This implies strong coupling
of the topological surface state to the magnetic moments at a
reduced disorder level.'®2Y Most elegantly, this has been real-
ized for Mn-doped Bi,Te; and Bi,Se;. The tendency of Mn to
substitute Bi is weak, such that Mn doping leads to the spon-
taneous formation of septuple layers with MnBi,Te, stoi-
chiometry. These septuple layers are statistically distributed
among quintuple layers of pure Bi,Te; or Bi,Se; at low Mn
concentration?>?%l and increase in number with increasing
Mn concentration.’l Eventually, only septuple layers remain
when the overall stoichiometry of MnBi,Te, or MnBi,Se,2*%’]
is reached. Density functional theory (DFT) calculations found
that MnBi,Te, forms ferromagnetic layers with antiferromag-
netic interlayer coupling!?®?’! as confirmed by experiments
at low temperatures.?>32 As a result, MnBi,Te, is an antifer-
romagnetic topological insulator?®33-30l that can exhibit axion
states.’] The QAHE, however, has only been realized in a lim-
ited way: ultra thin flakes consisting of odd numbers of sep-
tuple layers exhibited an anomalous Hall effect (AHE) that is
nearly quantized. This is caused by the uncompensated fer-
romagnetic septuple layer without partner. Nevertheless, exact
quantization still required a magnetic field.’”) A ferromagnetic
AHE has also been observed for systems with either a larger
amount of quintuple layers®* or via alloying of Sb and Bi in
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MnBi,_,Sb,Te, 31324 or both.[*>43] Most notably, a nearly quan-
tized AHE has been observed up to 7 K for a MnBi,Te,/Bi,Te;
heterostructure after unconventional counter doping inducing
vacancies by electron bombardment."”]

A central drawback of the Bi,Te; and Bi,Se; host materials is
their strong n-type doping. In contrast, Sb,Te; is p-doped and
much closer to charge neutrality.*) Indeed, mixtures of Bi,Te;
and Sb,Te; with stoichiometries close to Sb,Te; have been
employed for the QAHE using Cr and V doping.”'!l Magnetism
of dilute Mn-doped Sb,Te; has initially been studied by Dyck
et al. obtaining Tc ~ 2 K and perpendicular anisotropy.*”! Later,
a higher T¢ = 17 K was reported for 1.5% Mn doping.* Stoi-
chiometric bulk MnSb,Te, provided antiferromagnetism (Néel
temperature Ty = 20 K)*132#], ferromagnetismt as well as fer-
rimagnetism**#! (T = 25-34 K), depending on the composi-
tion and synthesis conditions. By comparison with scattering
methods, it has been conjectured that this is related to Mn-Sb
site exchange within the septuple layersl“>#>% which could
even lead to spin glass behaviour.’! DFT calculations found
that the perfectly ordered MnSb,Te, is antiferromagnetici?®l
but topologically trivial,/>2-%] while Mn~-Sb site exchange can
render the interlayer coupling ferromagnetic.[>0l

Here, epitaxial MnSb,Te, is studied using spin- and angle-
resolved photoemission spectroscopy (ARPES), scanning tun-
neling microscopy (STM) and STS, magnetometry, X-ray mag-
netic circular dichroism (XMCD) and DFT. All experiments
were performed as a function of temperature to pin down the
intricate correlation between magnetism and non-trivial band
topology essential for the QAHE. It is revealed that the material
unites the favorable properties of a topological insulator with its
Dirac point close to the Fermi level Eg with that of a ferromag-
netic hysteresis with out-of-plane anisotropy and record-high
Tc, twice as high as the Ty previously reported for antiferro-
magnetic MnBi,Te, and MnSb,Te,?"2l Moreover, temperature
dependent STS finds a magnetic gap of 17 meV at E for 4.3 K
that closes exactly at T as expected for a ferromagnetic topolo-
gical insulator. Moreover, by combining DFT, STM, Rutherford
backscattering, and X-ray diffraction (XRD) it is uncovered that
a partial substitution of Sb atoms by Mn is decisive to render
MnSb,Te, both ferromagnetic and a topological insulator.

2. Structure

Epitaxial MnSb,Te, films with 200 nm thickness were grown
by molecular beam epitaxy (MBE) using an Mn:Sb,Te; flux
ratio of 1:1 in order to obtain the desired 1:2:4 stoichiometry
of the MnSb,Te, phase (Note S1, Supporting Information).
Figure 1a shows the cross section of the MnSb,Te, lattice struc-
ture revealed by high-resolution high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM). It
consists of septuple layers (SL) with stacking sequence Te-Sb—
Te-Mn-Te-Sb-Te, Figure 1c, that corresponds to the MnSb,Te,
stoichiometry. The composition was verified by Rutherford
backscattering spectrometry (RBS), indicating a small excess
of Mn of 6% in the layers (composition of Mn; o4SbyosTe,, see
Figure S1, Supporting Information), which is attributed to the
fact that a small amount of Sb,Te; desorbs from the surface
during growth. Like with MnBi,Te,/Bi,Tes,*® the exchange

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Structural and magnetic properties of epitaxial MnSb,Te,. a) Cross-sectional HAADF-STEM image of the septuple layer sequence formed in
the MnSb,Te, films on BaF, substrates. For clarity, one of the septuple layers is highlighted by red color and denoted as SL. The weak van-der-Waals-like
bond between the Te-terminated septuple layers is the natural surface termination. b) STM image of the flat topography of this surface, recorded at T=
4.3 K, sample voltage of 500 mV and current of 200 pA. c) Sketch of the ideal crystal structure as side view and top view. d) SQUID magnetometry as a
function of temperature while cooling the sample in 10 mT from 300 K down to 2 K. e) Hysteresis loops probed by SQUID. The insets show a larger H
range and the temperature dependence. Perpendicular anisotropy can be deduced from the larger out-of-plane signal. f) Temperature-dependent XMCD
signal at the Mn L;-edge and the (0001) Bragg peak position recorded in X-ray scattering geometry at O T after field cooling in 0.5 T. g) Corresponding
full XMCD spectra recorded with opposite circular polarizations at 10 K. h) Difference of the spectra in (g). Linear extrapolation in (d,f) (green lines)
reveals a ferromagnetic Curie temperature T = 46 + 2 K for both experimental probes.

coupling is strongly enhanced in these septuple layers relative
to a disordered system where Mn substitutes Bi randomly.

The nearly exclusive formation of septuple layers in the
entire MnSb,Te, samples is confirmed by high-resolution XRD
(Figure S2, Supporting Information), revealing only a minute
number of residual quintuple layers. In contrast, STEM and
XRD of V-doped (Bi, Sb),Te; shows quintuple layers only.”) This
highlights that septuple layers are unfavorable for V** incorpora-
tion but very favorable for Mn as this requires the addition of a
charge neutral transition metal?*/Te?" bilayer to each quintuple
layer, which is possible for Mn?* but not for V**. In addition,
detailed XRD analysis reveals a 10% Mn-Sb site exchange within
the septuple layers (see Figure S2, Supporting Information),
meaning that Mn does not reside exclusively in the center of the
septuple layers but also to a small extent on Sb sites in the adja-
cent cation layers. The amount of Mn-Sb site exchange is, how-
ever, significantly smaller as compared to single crystals reported
to be of the order of 30-40%.4 This is due to the much lower
growth temperature of our epilayers of 290 °C compared to 600—
650 °C for single crystals. Indeed, STM images of the atomi-
cally flat and Te-terminated surface of our MnSb,Te, epilayers
(Figure 1b) exhibit triangular features, pointing to defects in
the cation layer beneath the surface.’®>% These defects occur
with an atomic density of 5-10%. Since this is larger than for
undoped Sb,Te; films, %! the triangles are most likely caused by
subsurface Mn atoms on Sb sites, in line with the XRD and RBS
results. As shown by DFT below, these defects turn out to be
decisive for the ferromagnetic interlayer coupling in MnSb,Te,.
Similar conjectures have been raised previously.[*>#:50,51.60]

Adv. Mater. 2021, 2102935 2102935 (3 of 11)

3. Magnetic Properties

Figure 1d displays the temperature-dependent magnetiza-
tion M(T) measured by superconducting quantum interfer-
ence device (SQUID) magnetometry. The measurements
were recorded while cooling the sample from 300 K to 2 K in
a field of 10 mT perpendicular (blue) or parallel (red) to the
film surface. Most strikingly, the MnSb,Te, epilayers show
pronounced ferromagnetic behavior by M(H) hysteresis
loops (Figure le) with record high T¢ of 45-50 K (Figure 1d),
revealed independently for several samples (Figure S3, Sup-
porting Information). This is significantly higher than the
antiferromagnetic or ferromagnetic transition temperatures
of bulk crystals (Table I, Supporting Information). Moreover,
it is twice as large as the Ty < 25 K of MnBi,Te, films grown
under the same conditions. It has been crosschecked that the
displayed magnetization in M(T) curves is identical to the cor-
responding hysteresis loops. In particular, the large remanent
magnetization observed by the bulk sensitive SQUID meas-
urements excludes that it is caused by uncompensated anti-
ferromagnetically coupled septuple layers only.’”) However,
the M(H) hysteresis curve (Figure le) shows a rounded shape
that persists up to fields much higher than those typical for
domain reversals and it does not saturate up to =5 T where
the average magnetic moment per Mn atom is of the order of
1-1.5u5, similar to that of bulk MnSb,Te, single crystals.3"#4]
This is because very high fields of 60 T are required to fully
polarize the system(® and is in line with a similar rise of the
Hall resistance with applied field in Figure S10, Supporting

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Information. This suggests additional types of competing
magnetic orders. Indeed, a small kink in M(T) is observed at
20-25 K (Figure S3, Supporting Information), close to the Néel
temperature reported earlier for antiferromagnetic MnSb, Te,.l3!
This implies that the high-temperature ferromagnetism is
most likely accompanied by ferrimagnetism as also supported
by the relatively large in-plane hysteresis and magnetization,
Figure 1e, in line with observations of competing ferro- and
antiferromagnetic order in bulk MnSb,Te,.[0:4247:4850,5161]

Ferromagnetism is fully confirmed by element specific zero-
field XMCD recorded in diffraction geometry (see Note S7,
Supporting Information). For these measurements, the sample
was remanently magnetized at =0.5 T and 10 K. From spectra
recorded with oppositely circularly polarized light at the (0001)
Bragg peak, the intensity difference C, — C_ (Figure 1h) was
deduced for 0 T with the photon energy tuned to the Mn-L;
resonance (Figure 1g). The asymmetry (C, — C)/(C, + C)
directly yields the magnetization of the Mn atoms. Its tempera-
ture dependence (Figure 1f) impressively confirms the SQUID
data with high T ~ 46 K and unambiguously attributes the
ferromagnetism to the Mn atoms. (For magnetotransport data,
see Figure S10, Supporting Information.) The record-high T¢
with magnetic easy axis perpendicular to the surface (crystal-
lographic c-axis) as well as the large coercivity (=0.2 T) render
the samples very robust ferromagnets. Note that the spin-orbit
interaction is crucial for both out-of-plane easy axis and large
coercivity.?”) While it is sufficiently strong to turn the mag-
netization out of plane in Mn-doped Bi,Te;, the effect in Mn-
doped Bi,Te; is too weak.?>® The present data reveals that
Sb,Te; is sufficiently heavy, that is, spin-orbit coupling suffi-
ciently large, to maintain the perpendicular anisotropy for high
Mn content.

To elucidate the origin of the ferromagnetism, DFT calcu-
lations are employed (Section S11, Supporting Information).
They firstly highlight the differences between MnSb,Te, and
MnBi,Te,. In both cases, the in-plane Mn coupling within each
septuple layer is ferromagnetic. It is unlikely that the observed
difference between antiferromagnetic interlayer coupling in
MnBi,Te, and ferromagnetic interlayer coupling in MnSb,Te, is
caused by the lowered spin-orbit interaction, since it obviously
remains large enough to induce a strong out-of-plane anisot-
ropy in both cases. However, the in-plane lattice constant a of
MnSb,Te, is =2% smaller than for MnBi,Te,. Hence, we cal-
culated the exchange constants of MnSb,Te, for a determined
by XRD in comparison to those for a expanded to the value of
MnBi,Te, (see Table III, Supporting Information). Although
the smaller in-plane lattice constant of MnSb,Te, increases the
in-plane exchange constant | between nearest neighbors by
almost a factor of three, Ty remains barely changed because
the enlarged in-plane overlap of the Mn d states concomitantly
weakens the already small perpendicular interlayer coupling.
However, the energy gain of antiferromagnetism against fer-
romagnetism becomes as low as 0.6 meV per Mn atom at the
XRD lattice constant. This suggests that already small struc-
tural changes along the interlayer exchange path can easily
induce the transition to ferromagnetic order.

Indeed, a small degree of Mn-Sb site exchange occurs in
the setpuple layers, meaning that a small fraction of Mn actu-
ally resides on Sb sites. Including this site exchange, our DFT
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calculations reveal that already 2.5% of Mn on Sb sites and, in
turn, 5% of Sb on Mn sites is sufficient to swap the sign of the
interlayer exchange constant (see Table III, Supporting Infor-
mation). This renders MnSb,Te, ferromagnetic for a degree of
site exchange that agrees well with our XRD analysis and the
density of subsurface defects observed by STM (Figure 1b). An
even stronger site exchange has been recently reported for bulk
MnSb,Te,#4>51 and MnSb, ¢Biy,Te, single crystals,?) which
corroborates that the Mn—Sb site exchange easily occurs. Thus,
we conjecture that MnSb,Te, single crystals remain antiferro-
magneticl®? only for negligible Sb-Mn intermixing. It is noted
that Mn on Sb sites tends to couple antiferromagnetically to
the Mn in the central layer of the septuple layer, while the Mn
moments in the center of the septuple layers always couple fer-
romagnetically to each other.

According to our DFT calculations, however, Mn-Sb
site exchange barely increases the transition temperature
(Ty =18 K — T = 25 K, see Table III, Supporting Information).
This can only be achieved by incorporation of excess Mn in the
DFT calculations, while keeping the Mn concentration in the
central layer constant. In fact it turns out that already a small
Mn excess of 5% residing on the Sb sites strongly increases T¢
to 44 K, which well reproduces the experimental T = 45-50 K
values. The strong enhancement is caused by the simultaneous
strengthening of the intra- and interlayer exchange constants
(see Table III, Supporting Information). The conclusion is
robust toward charge doping by up to 0.2% Te or Sb vacancies
that negligibly changes T (Note S11, Supporting Information).
Note that the excess Mn in the Sb layers is perfectly in line with
our RBS results (Figure S1, Supporting Information) indicating
a Mn excess of 6% in our samples.

4. Topology and Magnetic Gap

Next, we probe the topological properties of the epitaxial
MnSb,Te, layers, recalling that perfectly stoichiometric
MnSb,Te, has been predicted to be topologically trivial.l¥:52->4
In particular, it could be turned into a topological insulator only
by replacement of more than half of the Sb by Bil®3! or by com-
pressing the lattice by as much as 3%.°2 However, as shown by
Figure 2, our ARPES data from the MnSb,Te, epilayers reveal
the existence of a topological surface state with the dispersion
of a Dirac cone along the wave vector parallel to the surface k.
Varying the photon energy (Figure 2a,b and Figure SS, Sup-
porting Information) to tune the electron wave number k, per-
pendicular to the surface once through the whole bulk Brillouin
zone (Table II, Supporting Information) reveals no dispersion,
evidencing the 2D character of the Dirac cone, contrary to the
lower-lying 3D bulk bands that strongly disperse with photon
energy (Figure 2f, arrows). Moreover, spin-resolved ARPES of
the 2D Dirac cone showcases a helical in-plane spin texture at
ky away from the T zone center, that s, it exhibits the character-
istic reversal of spin orientation with the sign of ky (Figure 2g,i,
Figure S4, Supporting Information). This spin chirality is a
key signature of a topological surface state. In addition, a pro-
nounced out-of-plane spin polarization of about 25% occurs
in the remanently magnetized sample at the T zone center in
the vicinity of Eg, which reverses its sign when the sample is

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Topological properties of MnSb,Te, revealed by ARPES. a) ARPES maps along E(ky,) for five different photon energies hv displayed at the
deduced k, values. b) Same data as (a) displayed as (kj,, k,) maps via interpolation featuring negligible dispersion along k,. The k, range covers the
whole Brillouin zone. c) Full 3D representation of the surface Dirac cone with kj, pointing along the T — K direction. d) Energy-momentum dispersion
of the Dirac cone (left) and corresponding momentum-distribution curves (right) recorded at hv = 23 eV. The dashed, red lines along maxima result
from fits to the data (Note S8, Supporting Information). They extrapolate to a Dirac point 20 meV above the Fermi level. ) Constant-energy cuts of the
Dirac cone. f) ARPES maps along E(kj ) at different photon energies featuring a strong dispersion of a bulk valence band (blue arrows) with photon
energy (i.e., k,). g,i) Spin-resolved ARPES at k as marked in (h), hence, crossing the surface Dirac cone. Left: spectra for the two spin channels at one
ki« Right: spin polarization for both kj,, that is, tkj . g) In-plane spin direction S, perpendicular to kj. i) Out-of-plane spin direction S,. Data for S,:
Figure S4, Supporting Information. h) Left: surface Dirac cone with marked k| of the spectra in (g,i) and dashed line along intensity maxima as deduced
by fitting (Note S8, Supporting Information). Right: energy distribution curves showing where (g,i,j) were measured. j) Spin-resolved ARPES recorded
at T and 30 K, and showcasing an out-of-plane spin polarization that reverses sign with reversal of the sample magnetization (M* and M, right).

magnetized in the opposite direction (Figure 2j). Such out-of-
plane spin texture at T is evidence for a magnetic gap opening
at the Dirac point.[3] Combined, the ARPES results demon-
strate that MnSb,Te, is a ferromagnetic topological insulator
with clear fingerprints of a magnetic gap at T. Favorably, the
Dirac point of the topological surface state is rather close to E.
Indeed, extrapolation of the observed linear bands, deduced by
Lorentzian peak fitting (Figure 2d,h), yields a position of the
Dirac point Ep of 20 + 7 meV above Er at 300 K (Note S8, Sup-
porting Information).

Since a Dirac point above Ep is not accessible for ARPES,
here we employ low temperature STS to directly probe the fer-
romagnetic gap expected to open up at T < Tc. Figure 3a shows
a topography STM image of the MnSb,Te, epilayer at 4.3 K
together with six STS spectra recorded at different locations on
the surface. All spectra consistently reveal a gap at Ep varying,
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however, significantly in size. Attributing the energy region
where dI/dV=0 as gap (Note S9, Supporting Information),
a full map of the gap size A is obtained for a larger surface
region (Figure 3b),l*% with the corresponding gap histogram
displayed as inset. The gap size varies in the range 0—40 meV
with a mean value of 17 meV and a spatial correlation length of
2 nm observed consistently in three distinct areas (Figure S7,
Supporting Information). A corresponding set of dI/dV curves
recorded along the dashed line in Figure 3b is depicted in
Figure 3c and showcases the small-scale bandgap fluctuations.
Likely, the spatial variation of A is caused by the spatially var-
ying subsurface defect configurations, that is, by the Mn atoms
on Sb lattice sites. Indeed, the gap fluctuations appear on the
same length scale as the topographic features in Figure 1b. The
average gap center position is only 0.6 meV above Ey, (Figure S7,
Supporting Information), which compares well to the value of
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Figure 3. Spatial variation of the magnetic energy gap and its closing at Tc. a) Center: STM image of MnSb,Te, recorded at T= 4.3 K after ultrahigh
vacuum sample transfer from the MBE system, V = 0.5V, I= 0.2 nA. Surrounding: dl/dV spectra recorded at the crosses as labelled. The dashed line
in the upper left spectrum is the noise threshold used for determination of gap size A (Note S9, Supporting Information). b) Spatial map of gap size
A. Inset: histogram of A resulting from three distinct areas, average gap size A and standard deviation o are marked. c) d//dV spectra (color code)
along the magenta dashed line in (b). The yellow line at the bottom of the color code bar marks the threshold for gap determination in (a,b). d) Small
dots: Ratio R =[dl/dV(V =0mV)]/[dl/dV(V =-50mV)] deduced from dI/dV(V) curves recorded at different T. The different gray shades correspond
to different cooling cycles. Each point belongs to a single position on the sample surface within 1 nm. The error bars represent the standard deviation
resulting from multiple curves measured at the same position. Large gray dots: average values of all data at corresponding T implying spatially aver-
aged gap sizes A (21 K) =11+ 5meV, A (31K) =6+ 1meV, and A (36 K) =4 =1 meV (Note S9, Supporting Information). Gray lines: T-dependence of
the ratio R for the marked gap sizes A as deduced by convolving the measured dl/dV data at 4.3 K with the Fermi distribution function (Figure S9b,
Supporting Information). The area above A = 0 meV exhibits such a large R that the existence of a gap can be excluded. The error bars marked on the
right result from the variation of the d//dV curves at 4.3 K and represent a standard deviation (Figure S9b, Supporting Information). Colored squares:
gap values deduced from XMCD (yellow, Figure 1f) and SQUID (red, violet, Figure S3, Supporting Information) via A(T) e M(T)."9 Insets: selected

dI/dV curves belonging to the points with blue arrows. For additional curves see Figure S8, Supporting Information.

Ep — Eg = 20 meV determined by ARPES on another sample.
The small difference most likely arises from small differences
in the growth and surface conditions, but may also be caused
by the different measurement temperatures (4.3 K vs 300 K) or
larger-scale potential fluctuations.!%0¢7]

To prove that the energy gap is of magnetic origin, the
temperature dependence A(T) is probed by STS. This has not
been accomplished yet for any magnetic topological insulator
because at higher temperatures kT > A/5 the STS gap A
is smeared by the broadening of the Fermi-Dirac distribu-
tion, leading to a small non-zero tunneling current at volt-
ages within the bandgap.®® A direct deconvolution of the local
density of states (LDOS) and the Fermi distribution function
would require an assumption on the LDOS shape as function
of energy. Such an assumption is impeded due to the signifi-
cant spatial variation of the dI/dV curves at 4.3 K (Figure 3a—c),
as also found consistently for other magnetic topological insu-
lators.[*#6%] Therefore, we developed a new method to derive A
at elevated temperatures using the ratio between dI/dV at V =
0 mV and dI/dV at V well outside the region of the 4.3 K
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bandgap (Note S9, Supporting Information). Figure 3d displays
the ratio R =[dI/d V(0 mV)]/[dI/dV(-50 mV)] for a large number
of dI/dV spectra recorded at temperatures varying between
4.3 K and 50 K (small dots). Selected dI/dV spectra at 10, 21 and
47 K are shown as insets (more dI/dV data in Figure S8, Sup-
porting Information).

One can see that up to 20 K, the STS ratio R is zero and thus
dI/dV =0 nS at zero bias, directly evidencing the persistence of
the gap. At higher temperatures the R values gradually increase,
which is due to the convolution of the temperature broadening
effect along with the decreasing magnetic gap size that goes to
zero at T = Tc. To separate these two effects, we model the tem-
perature dependence of the STS ratio for fixed gap sizes A(4.3K)
=0, 5, 10, 15 and 20 meV by convolving the dI/dV curves
recorded at 4.3 K (Figure 3a—c) with the Fermi-Dirac distribu-
tion (Figure S9, Supporting Information). The corresponding
model results are represented by solid gray lines in Figure 3d,
where the red line marked with 0 meV indicates how the STS
ratio R would evolve with temperature when the gap is zero.
Clearly, up to T = 47 K, the experimental STS data points R are
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below this line. This evidences that the gap remains open up
to Tc whereas for higher temperatures the gap is closed. This
directly demonstrates the magnetic origin of the gap®’! due to
the ferromagnetism of the MnSb,Te, system.

Comparing the actual experimental data points with the cal-
culated lines reveals that the gap size continuously decreases
as the temperature increases and that it closes rather precisely
at Tc = 45-50 K in line with the T obtained by XMCD and
SQUID. As described above, the gap size varies spatially across
the surface (Figure 3a—c) due to local disorder. Accordingly, at
higher temperatures the STS ratios also exhibit a considerable
variation depending on where the STS spectra were recorded.
For this reason, larger ensembles of data points were recorded
at four selected temperatures T = 10, 21, 31, and 36 K within an
area of 400 nm?. From this, the average gap sizes were deduced
as A21K) =11+ 5meV, A(31K) = 6 = 1 meV, and A(36 K) =
4 £ 1 meV, represented by the large gray and white dots in
Figure 3d. Thus, the gap indeed gradually shrinks as the tem-
perature approaches T¢ and is closed above, fulfilling precisely
the expectations for a ferromagnetic topological insulator.*’]
Note that the different gray shades of the small data points
mark different cooling runs starting from an initial elevated
temperature. Hence, during cooling the tip slowly drifts across
the sample surface while measuring at varying temperature,
thus exploring the variations of A versus T and spatial position
simultaneously. Accordingly, the visible trend of A(T) relies on
the sufficient statistics of probed locations to obtain reliable
spatially averaged A (large dots).

The conclusion that the gap closes at T¢ is corroborated by
comparing the experimental A(T) gap evolution with the M(T)
magnetization, based on the relation A(T)e M(T) derived by
theory”! and previous experiments.?’ Combining the M(T)
data from SQUID and XMCD (Figure 1d,f and Figure S3, Sup-
porting Information) and the low temperature gap A (4.3 K) =
17 meV from STS (Figure 3b), A(T)=A(4.3K)-M(T)/M, is
obtained and, thus, straightforwardly R(T) from the magneti-
zation data. The results are presented as yellow, blue, and red
dots in Figure 3d, demonstrating nice agreement with the STS
experiments. This further demonstrates the magnetic origin
of the gap. Since the center of the gap (Figure S7, Supporting
Information) is close to the Dirac point position observed by
ARPES (Figure 2eh), the gap is attributed to the topological
surface state, consistent with the out-of-plane spin polariza-
tion near the Dirac point observed in Figure 2j. Such a mag-
netic gap of a topological surface state close to Eg is highly
favorable for probing the resulting topological conductivity and
its expected quantization.

5. DFT Calculations

To clarify the origin of the discovered ferromagnetic topological
insulator, the electronic band structure of MnSb,Te, was calcu-
lated by various DFT methods, considering different magnetic
configurations, including chemical as well as magnetic dis-
order (Note S11, Supporting Information). As a general result,
the ferromagnetic topological insulator phase is only formed
by introducing magnetic disorder. Calculating the bulk band
structure, the perfect ferromagnetic system without disorder
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emerges as a topological Weyl semimetal with a zero bulk
bandgap and a Weyl crossing point located along I'Z at about
5% of the Brillouin zone away from I (Figure 4f,g, Figures S11
and S12, Supporting Information). While this is in agreement
with recent calculations,*>* it obviously disagrees with our
STS and ARPES results. On the other hand, the disorder-free
antiferromagnetic system is found to be a topological insulator
with a bulk bandgap of 120 meV (Figure 4k). This is evidenced
by the band inversion at I in Figure 4k indicated by the color
coding of the spectral function difference between cationic and
anionic sites [red (blue): dominating anion (cation) character,
see Note S11, Supporting Information]. This color code is also
used in Figure 4f—k. Slab calculations of the antiferromagnetic
surface band structure (Figure 4d) indeed reveal the topological
surface state with a gap at the Dirac point due to time reversal
symmetry breaking. Discrepancies to earlier calculationsl>°3]
are discussed in Note S11, Supporting Information.

For a more realistic modelling, complex magnetic orders
have to be taken into account, deviating from perfect ferro-
magnetic or antiferromagnetic order as implied by our mag-
netometry results (Figure le, Figure S3, Supporting Informa-
tion). The extreme case of completely disordered local mag-
netic moments, without net magnetization, showcases a bulk
bandgap of 135 meV with nontrivial topology (Figure 4j) as seen
from the band inversion around the gap close to T. Varying
the degrees of magnetic disorder (Figure 4g-i, Figure S12, Sup-
porting Information) shows that already 20% of magnetic dis-
order breaks up the Weyl point of ferromagnetic MnSb,Te, and
opens an inverted bandgap. This topological insulator induced
by magnetic disorder is robust against chemical disorder such
as the Mn-Sb site exchange that proved to be essential for
inducing ferromagnetic order in the system. While a Mn-Sb
site exchange of 5% does not affect the band topology, 20% site
exchange renders the system trivial (see Figure S11, Supporting
Information). The reason is the lowered spin-orbit interac-
tion in the Sb layers. We have also simulated 7-10% Mn-Sb
site exchange plus Mn excess and find that the system is still
topological. Our results imply that, contrary to previous conclu-
sions, ! defect engineering can accomplish simultaneously a
nontrival band topology and ferromagnetism with high Curie
temperature for the MnSb,Te, system.

To further assess the robustness of the magnetic gap, slab
calculations are employed for various magnetic disorder con-
figurations. The simplest case of a purely ferromagnetic slab
does not lead to a Dirac cone, since the bulk bandgap vanishes
(Figure 4b). The pure antiferromagnetic order, on the other hand,
creates a pronounced Dirac cone with magnetic gap of 16 meV,
Figure 4d,e, matching the gap size found by STS (Figure 3b). The
magnetic gap size turns out to be a rather local property caused
by the exchange interaction in near-surface MnSb,Te, septuple
layers. As such, the gapped Dirac cone also forms when the sur-
face of an antiferromagnet is terminated by a few ferromagnetic
layers (see Figure S13d, Supporting Information). A relatively
strong out-of-plane spin polarization at the gap edges (=60%)
is found in that case, matching the results of the spin-resolved
ARPES measured at 30 K (=25%) nicely, if one takes into account
the temperature dependence of the magnetization (Figure 1d,f).
For more random combinations of antiferromagnetic and fer-
romagnetic layers, the Dirac cone with magnetic gap persists,
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Figure 4. Theoretical predictions for MnSb,Te,. a) Brillouin zone of the bulk (bottom) and the surface (top) of MnSb,Te, with high symmetry points
marked. b—e) Band structure from DFT calculations of slab geometries for various magnetic configurations as marked on top. b) Ferromagnetic
interlayer coupling calculated for a thick slab. Blue dots: surface states identified via their strength in the top septuple layer. c) Non-collinear interlayer
coupling as sketched to the right by a vector model and calculated for a thin slab. The color code marks the out-of-plane spin polarization of the gapped
surface-localized Dirac cone on the background of uncolored bulk-like states. d) Antiferromagentic interlayer coupling calculated for a slab (blue lines)
on top of the projected bulk band structure (gray lines). A gapped Dirac cone appears at T in the slab calculation. e) Zoom into (d) with marked size
of the magnetic gap in the Dirac cone (topological surface state). f-k) Band structures from DFT calculation of a bulk geometry for magnetic configu-
rations as marked on top. Color represents the spectral function difference between anion and cation sites for each state with red (blue) representing
dominating anion (cation) character (Note S11, Supporting Information). f) Ferromagnetic interlayer coupling exhibiting a topologically protected Weyl
cone around T'. g) Zoom into (f). h,i) same as (g) but with magnetic disorder modelled via overlap of collinear spin-up and spin-down states at each
Mn site (Note S11, Supporting Information). j) Same as (f), but with full magnetic disorder. (k) Antiferromagnetic interlayer coupling. Note that (h—k)
feature an inverted bandgap at I" as visible by the exchanged colors of the two bands surrounding E; rendering these structures topological insulators.

albeit the bulk bandgap vanishes due to the more extended  This large B apparently persists for about half of the range
ferromagnetic portions in the structure (see Figure S13a, Sup-  between T = 0 K and T (Figure 1d,f). Such large S values do
porting Information). Finally, for a system where the magnetic  not exist in any classical model ranging from f =~ 0.125 for the
moments of adjacent septuple layers are continuously tilted with 2D Ising model to the mean-field value of 0.5. The behavior at
respect to each other, a gapped Dirac cone was also observed (see  the classical critical point may, however, strongly change due
Figure 4c). Likewise, alternate rotations of adjacent collinearly  to quantum fluctuations, which can lead to =1 in the pres-
coupled Mn layers by relative angles >40° open a gap in the Weyl ~ ence of disorder”! as experimentally observed.’>”3] Note that
cone (Figure S12, Supporting Information). Hence, magnetic  such disorder is witnessed in our samples by the spatial gap
disorder turns out to be a decisive tool to accomplish topological ~ size fluctuations (Figure 3). Moreover, the magnetic phases of
insulator properties for MnSb,Te,. MnSb,Te, are energetically very close to each other (Table III,

Last but not least, it is noted that the slope of the temperature ~ Supporting Information)?®! which may lead to changes as a
dependent M(T) shows a remarkable linear behavior toward function of temperature as suggested by the kink in the M(T)
Tc, described by an effective critical exponent f = 0.7-1.2.  curve (Figure S3, Supporting Information).
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6. Summary and Conclusion

Epitaxial MnSb,Te, with regularly stacked septuple layers and
a slight Mn excess features a robust nontrivial band topology
at record-high Curie temperatures up to Tc = 50 K. DFT band
structure calculations, ARPES and STS experiments showcase
a 2D Dirac cone of a topological surface state with a magnetic
gap of =17 meV close to the Fermi level. The gap disappears at
T¢ and above, signifying its magnetic origin. This is corrobo-
rated by the out-of-plane spin polarization at the Dirac point
observed by spin-resolved ARPES. Ferromagnetism is triggered
by the modifications of the exchange interactions induced by
Mn-Sb site exchange in combination with a slight in-plane con-
traction. Most importantly, excess Mn on Sb sites significantly
enforces the ferromagnetic interactions, leading to a factor of
two increase of the Curie temperature. Last but not least, the
spin-orbit interaction in MnSb,Te, compared to MnBi, Te, turns
out to be still sufficiently large to maintain both the band inver-
sion and the perpendicular magnetic anisotropy. This renders
MnSb,Te, highly favorable for the quantum anomalous Hall
effect and other topology-based device applications as the crit-
ical temperature is twice as large as for MnBi,Te, and the Dirac
point is close to Er with small spatial variations. Altogether, our
results underline that the magnetic properties and interlayer
couplings are highly sensitive to the structural disorder in the
material and that magnetic disorder is essential to sustain the
magnetic topological insulator phase. Indeed, the magnetiza-
tion features an exotic critical exponent 8 = 1, which indicates
the influence of a quantum critical point, likely merging ferro-
magnetic and antiferromagnetic order.

7. Experimental Section

Details on the sample growth, STEM, RBS, XRD, SQUID magnetometry,
resonant scattering and XMCD, ARPES with spin polarimetry, STM
and STS, electrical transport measurements, and DFT calculations are
provided in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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The following Supporting Notes are ordered according to the methods applied. Each Sup-
porting Note describes both the details of the experiment or the calculations and additional

data supporting the conclusions from the main text.

S1: SAMPLE GROWTH

MnSh,Tey films were grown by molecular beam epitaxy (MBE) on BaF5(111) substrates
using a Varian GEN II system. Compound SbhyTes and elemental Mn and Te sources were
employed for control of stoichiometry and composition. The Mn:SbyTes flux ratio was set
to 1:1 in order to obtain the nominal 1:2:4 stoichiometry of the MnSbyTe, phase. The
corresponding Mn and ShyTey flux rates were 0.1 monolayers (ML)/s and 0.1 quintuple
layers/s, respectively, determined by the quartz microbalance method with precision of £5%.
In addition, an excess Te flux of 1.5 ML/s was used. Typical sample thicknesses were 200
nm. Deposition was carried out at a sample temperature of 290°C at which perfect 2D growth
is sustained independently of the Mn concentration, as verified by in situ reflection high
energy electron diffraction and atomic force microscopy. At the given substrate temperature
of 290°C, the incorporation coefficient is unity for Mn due to its very low vapour pressure, but
for ShyTes a small fraction desorbs during growth and is thus, not incorporated. This leads
to a slightly Mn rich composition of the epilayers as revealed by Rutherford backscattering
spectrometry (RBS) described in Supporting Note S3. The composition was further checked
by x-ray diffraction analysis described in Supporting Note S4. Only samples exhibiting the

diffraction spectra of the MnShyTe, phase were used for further investigations.

For angle-resolved photoelectron spectroscopy (ARPES) performed at BESSY II and
scanning tunneling microscopy (STM) performed at RWTH Aachen University, samples
were transferred from the MBE system using an ultrahigh vacuum (UHV) suitcase operated
in the low 1071° mbar pressure range that allowed transportation without breaking UHV
conditions. Samples used for magnetometry and x-ray magnetic circular dichroism (XMCD)
were capped in situ after MBE growth with amorphous Se and Te capping layers to protect

the surface against oxidation.

Reprinted supplement page 5 of paper @] “Magnetic order and band gap in MnSbhsTe,”.



S2: ELECTRON MICROSCOPY

High-resolution scanning transmission electron microscopy (TEM) was performed with
a FEI Titan 60-300 Themis instrument equipped with a Cs image corrector. The TEM
data were recorded with a high-angle annular dark field (HAADF) detector and the images
processed using a fast Fourier transform and Fourier mask filtering technique for noise min-
imization. Thin cross-sectional lamellae from MnSbyTey films were prepared by focused ion

beam milling (FEI Helios NanoLab 660).

S3: RUTHERFORD BACKSCATTERING SPECTROMETRY

The chemical composition of the samples was determined by Rutherford backscattering
spectrometry (RBS) employing a primary beam of 2 MeV *He" ions provided by the 5 MV
15SDH-2 Pelletron accelerator at Uppsala University. A solid-state detector was placed in
backscattering geometry under an angle of 170° with respect to the primary beam. The
beam incidence angle was randomized in a 3° angular interval around an equilibrium angle
of 18° with respect to the surface normal to counteract potential channeling effects. The
resulting spectra (Fig. S1) were fitted by the SIMNRA software package [1] to obtain the
film composition and confirm its uniformity over the film cross section. Analysis of the RBS
data as shown in Fig. S1 yields an excellent fit (blue line in Fig. S1) for atom concentrations
of 57.0% Te, 27.7% Sb and 15.3% Mn with a high uniformity throughout the film cross
section. The obtained composition of Mnj gsSby.g4Tes is close to the nominal MnSbsTey
stoichiometry, but features a slight Mn excess of ~ 6% and a slight Sb deficiency of ~ 3% |
indicating a small amount of substitution of Sb atoms by additional Mn atoms in addition
to Mn-Sb site exchange, as corroborated by x-ray diffraction analysis shown in Supporting

Note S4.

S4: X-RAY DIFFRACTION

The crystalline structure was determined by x-ray diffraction (XRD) scans and reciprocal
space maps recorded in the vicinity of the (101.20) reciprocal lattice point. The measure-
ments were performed using a Rigaku SmartLab diffractometer with Cu x-ray tube and

channel-cut Ge(220) monochromator. The results are shown as red lines in Fig. S2. The

5
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Figure S1. Chemical composition and depth profile. Rutherford backscattering spectrum
measured in random geometry. The simulation of the total backscattering signal using SIMNRA
(blue line) is in excellent agreement with the experimental data (open circles). The corresponding
contributions of the film constituents (Te, Sb and Mn) are indicated by the green, orange and red
lines and correspondingly shaded areas. The data reveal a slight Mn excess of ~ 6% and an Sb
deficiency of ~ 3% with respect to the ideal MnSbyTey stoichiometry, suggesting a partial Mn

replacement of Sb atoms in the Sb layer. This yields a composition of Mny ggSby.94Tey of the films.

symmetric scans along the [000.1] reciprocal space direction (c-axis) were fitted with a mod-
ified one dimensional paracrystal model [2, 3] (black lines in Fig. S2). We have fitted the
data of two samples and obtained consistent results of @ = 4.23 A and ¢ = 40.98 A.

The Mn-Sbh site exchange was modelled by assuming various fractional occupancies of
Mn on Mn sites Cyrp/ary, in the central cation lattice plane of the septuples, ideally occupied

by Mn only, the rest of these sites being occupied by Sb atoms. This accordingly leads to

6
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Figure S2. X-ray diffraction spectra with fits. (a) Experimental x-ray diffraction spectrum of
the MnShoTey epilayer (red lines) compared with simulations (black lines) using a one-dimensional
paracrystal model [2, 3] while assuming different Mn occupation in the central layer (Chn/arm)
and in the adjacent nominal Sb layers (Cjy,/55) of the septuple. Blue lines denote positions of (0
0 0 1) reciprocal lattice points. (b) Zoom into (a) showcasing the strong sensitivity of the peak at
Q. ~ 0.9 A~ (black arrow in (a)) to the Mn-Sb site exchange. The concentration pairs Cy,, /Mn
and Cy, /Sb are chosen to correspond to the Mnj g5Sby.94Tey stoichiometry determined by RBS.

Peaks of the BaFy substrate are indicated.

)
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a partial occupancy of the Sb sites in the outer cation lattice planes by Mn atoms with
Chrnysy = (Crot = Cranyaan)/2 where Cyo is the total number of Mn atoms in each septuple.
The factor 1/2 arises from the fact that the exchanged Mn from the center of the septuple
is evenly distributed between the two outer Sb layers. In the case of excess Mn in the layers
as seen by RBS, the sum (Crn/arn + Carnysy) > 1.

With these definitions, the structure factor of MnSbhyTe, reads

F(Q:) =Y Cufn(Q:) exp(—iQ: ), 1)

where f,(Q.) is the atomic form factor of the n-th atom in the unit cell, z, its coordinate,
C,, its occupancy, @), its position in reciprocal space and the summation runs over all atoms
in the septuple layer. For Sb, Te, and Mn the atomic form factors at @), = 0.9 A=t are 48.9,
49.9 and 23.6, respectively.

The comparison of the measured diffraction spectrum with the simulation for different
amounts of Mn-Sb site exchange are shown in Fig. S2, taking into account the small Mn
excess in the layers (Cam/ain + Crunyse = 1.06 ) as derived by RBS (Fig. S1). Cymyam =
0.4 and Chnysp = 0.66 at the top of the figure corresponds to 40% Mn atoms in the center
and 66% in the outer two cation layers of the septuple. Figure S2(b) highlights the low
@ region, evidencing the strong sensitivity of the [000.6] peak at @, = 0.9 A~ to the Mn
and Sb exchange. For this peak, the two different cation layers contribute to the structure
factor with almost exactly opposite phase, while the contribution of the Te layers almost
cancels. Because of the different Mn and Sb atomic form factors, the intensity of this peak
rapidly diminishes with increasing Mn-Sb exchange and completely vanishes for complete
intermixing, i.e., Cisn/arn =~ Cunysy. The best fit to the experiment is found for Chzyarm
between 0.9 and 0.8 and Chys ~ 0.2, evidencing a non-ideal distribution of Mn and Sb in

the respective layers.

S5: MAGNETOMETRY BY SQUID

The magnetic properties were determined by a superconducting quantum interference
device (SQUID) magnetometer (Quantum Design MPMS-XL) as a function of temperature
from 2K to 300 K. The external field H was applied either parallel (in plane) or perpen-

dicular (out of plane) to the epilayer surface, that itself is oriented perpendicular to the

8
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crystallographic ¢ axis. The diamagnetic contribution of the substrate was determined from
the slope of the magnetization M (H) recorded at high magnetic fields and 300 K well above
the Curie temperature T¢ of MnShyTey, where the magnetic contribution of the thin film
is completely superseded by that of the thousand times thicker substrate. The derived sub-
strate contribution was then subtracted from the raw data recorded at lower 7. Identical
sample pieces were used for in-plane and out-of-plane measurements.

Figure S3 shows out-of-plane M (T") data while field cooling at 10 mT for three different
samples. They reveal a quite similar T and consistently display a ferromagnetic behavior
via its remanence. Data for sample 1 are also shown in Fig. 1 (main text) where they give
a slightly smaller T within the error bars.

Figure S3 (top) features a small kink at 20-25K that indicates deviations from pure
ferromagnetic order possibly indicating a second phase transition that might contribute to
the large critical exponent 5 ~ 1 as discussed in the main text and attributed there to the

vicinity to a quantum critical point.

S6: COMPARISON WITH MAGNETIC PROPERTIES OF OTHER MNSB,TE,
SAMPLES

Table I compares the results of our three MnSh,Te, samples with data from the literature.
The comparison highlights the exceptionally large Curie temperature of the Mn-rich epitaxial

films.
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Figure S3. Magnetometry by SQUID. Magnetization M(T') of three individual MnSbsTey
epilayers measured by SQUID. M (T) was measured in out-of-plane (oop) direction while field
cooling (FC) in a field of 10 mT. Linear extrapolation to M = 0emu was used to estimate T¢ as
marked. Notice the small kink in M (T") around 20K in the top panel which indicates deviations
from pure ferromagnetic order. Inset: Full temperature dependence of the magnetization M (T') up
to 300 K on a vertical scale enlarged by a factor of 40. From the SQUID raw data, the diamagnetic

contribution from the BaF5 substrate of 0.0205 pemu/Oe was substracted.

S7: RESONANT SCATTERING AND X-RAY CIRCULAR DICHROISM

Resonant scattering and XMCD were measured at the extreme ultraviolet (XUV) diffrac-
tometer of the UE46-PGM1 undulator beam line of BESSY II at Helmholtz-Zentrum Berlin.
The XMCD signal was obtained by measuring the difference of the (0001) Bragg peak inten-
sities for incident photons with opposite circular polarization and the photon energy tuned
to the Mn-Ls3 resonance. In this setup, the sample was field cooled down to 10K in an

external field of about 0.5T provided by a removable permanent magnet. Subsequent po-
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nominal growth magnetism critical reference

stoichiometry temperature

MnSb,Tes epitaxial film  FM Tc=46-48 K sample 1, this work
MnSb,Tes epitaxial film  FM Tc=45 K sample 2, this work
MnSb,Tes epitaxial film FM Tc=50 K sample 3, this work
MnSb,Tes single crystal AFM Th=19K J-Q.Yanetal.?)
MnSb,Tes single crystal AFM Tn=19.5K Y. Chen et al.?)
MnSbi g Bio.2Tes single crystal  FM Te=26 K Y. Chenetal.?)
MnSb,Tes polycrystal FM Te=25K Murakami et al. ©)

Table I. Mlagnetic properties of MnSbsTe, for epitaxial films, bulk crystals and polycrystals,
comparing the ferromagnetic (FM) Curie temperatures T determined in the present work to T
and antiferromagnetic (AFM) Néel temperatures Ty from the literature. #) J.-Q. Yan et al., Phys.
Rev. B 100, 104409 (2019); ) Y. Chen et al., Phys. Rev. Mat. 4, 064411 (2020); ¢) T. Murakami
et al., Phys. Rev. B 100, 195103 (2019).

larization dependent and wave-vector dependent measurements were performed in zero field
at various temperatures. The recorded XMCD data are thus a direct measurement of the

remanent ferromagnetic polarization of the Mn moments in MnShyTey.

S8: ARPES AND SPIN-RESOLVED ARPES

ARPES measurements were performed at 30 K with a Scienta R4000 hemispherical an-
alyzer at the RGBL-2 end station of the U125/2 undulator beamline at BESSY II. Light
is incident under an azimuthal angle of 45° and a polar angle of 90° with respect to the
sample surface. The light polarization is linear and horizontal. Photon energies between 19
and 70eV were employed. Spin-resolved ARPES spectra were acquired with a Mott-type
spin polarimeter operated at 25 kV, capable of detecting both in-plane and out-of-plane spin
components. Samples were transported to the RGBL-2 setup in a UHV suitcase to always
maintain pressures below 1- 107! mbar. Overall resolution of ARPES measurements was

10meV (energy) and 0.3° (angular). Resolutions for spin-resolved ARPES were 45meV
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(energy) and 0.75° (angular).

For the measurement in Fig. 2j, main text, the sample was magnetized in situ at 30 K
by applying a pulsed magnetic field from a removable coil of ~ +0.5 T in the direction
perpendicular to the surface. As usual, the spin-resolved ARPES experiment is conducted
in remanence. The movement between the ARPES chamber and the preparation chamber,
where the coil is situated, is a vertical movement of the cryostat so that the sample is always

at 30 K.

Figure S4 shows a complete set of spin-polarized ARPES data featuring all three orthogo-
nal spin directions for a finite kj = £0.15 A=, Only in-plane spin polarization perpendicular
to the electron wave vector k| appears and reverses sign with a sign change of k. This evi-
dences a spin texture that rotates anti-clockwise (right-handed) around the measured Dirac
cone (Fig. 2g.,i, main text) with the electron spin locked to the electron momentum. Such
helical in-plane spin texture is a key signature of the topological character of the Dirac cone.
Note that the ferromagnetism of MnSbh,Te, exhibits out-of-plane anisotropy such that bulk
states cannot have in-plane spin polarization, which fully supports the assignment to the
Dirac cone surface state. To deduce the Dirac point energy Ep, the peaks within momentum
distribution curves are fitted by two Lorentzians (Fig. S4e) and the energy dependent peak
maxima are connected via two fitted lines (Fig. S4d and Fig. 2d,h, main text) that cross at
Ep — Erp = 20+ 7meV. The binding energy range of the fit was determined by the possibility
to fit separate Lorentzians, see Fig. S4d,e. Since we do not observe any surface band bending
by residual gas adsorption (prominent for the n-doped systems such as BisSes and BisTes),

the Dirac point can be regarded as a rather good measure of the chemical potential.

Figure S5 shows that the Dirac cone surface state has no dispersion with the wave vector
perpendicular to the surface plane, in contrast to the bulk valence band. Figure S5 is the
input for Fig. 2b, main text, with linear interpolation between the 9 photon energies. Table

IT shows the momentum values in kinetic energy.
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Figure S4. Spin-resolved ARPES data and fit of Dirac cone. All three spin polarization
components are shown for &, ~ £0.15 A-" (indicated in Fig. 2h, main text). Left hand side of
each subfigure shows the ARPES data for the two opposite spin channels at kj, ~ +0.15 A1
while the right hand side shows the resulting spin polarization P; for both k , ~ +0.15 AT (a)
In-plane spin components perpendicular to kj, (same as Fig. 2g, main text). (b) In-plane spin
components parallel/antiparallel to Ko (¢) Out-of-plane spin components. The symbols for spin
direction and orientation are relative to panel (d). (d) The Dirac energy Ep is determined by the
crossing of two lines given by fits to experimental data points which, in turn, were determined
by Lorentzians fitted to momentum distribution curves (MDC). These fits are shown in panel (e).

hv = 25 eV.
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Figure S5. Photon-energy-dependent ARPES data. Energy-momentum dispersions for pho-
ton energies from 19 to 68 eV showing a 2D Dirac cone and the dispersion of 3D bulk states with
photon energy. The periodicity in the bulk dispersion demonstrates that the bulk Brillouin zone

is probed completely.
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hv (eV) k(A1)

60 4.341
61 4.371
62 4.401
63 4.431
64 4.460
65 4.490
66 4.519
67 4.548
68 4.576

Table II. Perpendicular momentum. Determination of the perpendicular momentum for the
data shown in Fig. 2a,b, main text. Distance from I’ to Z corresponds to 0.1327 A~1. An inner

potential of 11.8 eV was used.

S9: SCANNING TUNNELING MICROSCOPY AND SPECTROSCOPY
A: Measurement Details

STM measurements were conducted in a home built UHV-STM operating down to
T = 4.3K. Cr tips were firstly etched ex-situ and additionally prepared in UHV by field
emission on clean W(110). Topography images were recorded in constant-current mode at
a tunneling current [ and bias voltage V applied to the sample. The d/dV (V') spectra for
scanning tunneling spectroscopy (STS) were recorded after firstly stabilizing the tip-sample
distance at voltage Vs, = —0.1V and current Igi,, = 0.1nA, if not mentioned differ-
ently in the captions. Afterwards, the feedback loop was opened and dI/dV was recorded
using standard lock-in technique with modulation frequency f = 1219 Hz and amplitude
Vioda = 1.4mV while ramping V. The spectra were normalized to account for remain-
ing vibrational noise during stabilization by equilibrating the integral between Vg, and
V = 0mV. We crosschecked that dI/dV curves barely depend on the chosen Iy,, and,

hence, on the tip-surface distance (Fig. S6).

For measurements above the base temperature of 4.3 K, the STM body was exposed
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Figure S6. STS curves recorded at different set points. dI/dV (V') curves recorded at the

same position after stabilizing the tip at Viap = —100 mV and various g, as marked, T'= 4.3 K.

to thermal radiation via opening of a radiation shield until a maximum 7 ~ 60K was
achieved. Then, the shield was closed, and dI/dV (V') curves were recorded while the sample
temperature slowly decreased back to 4.3 K. Measurements at constant 7' > 4.3 K were
performed with partly open shield. A more frequent stabilization between subsequent dI /dV
curves was necessary due to the remaining thermal drift of the tip-sample distance during
the cooling process. This implies shorter recording times that have been compensated by a

more intense averaging of subsequently recorded curves.

B: Band Gap Determination at 4.3 K

The band gaps at T' = 4.3K were determined as follows. First, the noise level of the
dI/dV curves was reduced by averaging 3 x 3 curves covering an area of (1.2nm)?. Sub-
sequently, an averaging of dI/dV (V') across £2mV in bias direction was employed. Then,
we estimated the remaining df/dV noise level as the maximum of |dI/dV| that appears
with similar strength positively and negatively. For that purpose, we employed about 50
randomly selected dI/dV (V') curves. Afterwards, the threshold was chosen slightly above
the determined noise level. This threshold is marked in Fig. 3a #1 as dashed line and in
Fig. 3¢ as yellow line in the color code bar. The voltage width, where the dI/dV (V) spectra

stayed below this threshold, defines the measured gap A as used in Fig. 3a—c, main text.
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We crosschecked that dI/dV values below the noise level appeared exclusively close to the
determined band gap areas. The resulting gap size A turned out to barely depend on details

of the chosen noise threshold.

Figure S7a and b display two additional A(x,y) maps like the ones in Fig. 3b, main text,
but recorded on different areas of the sample surface. They exhibit a similar range of spatial
fluctuations of A as shown in Fig. 3b, main text. Sometimes, A could not be determined
from the dI/dV (V) curves as, e.g., in the bright area marked by a black circle in Fig. S7a.
There, the spectra stayed below the threshold on the positive V' > 0mV side up to 100 mV
while a gap edge is observed only on the negative side, for an unknown reason. These spectra
(~ 5% of all spectra) are discarded from further analysis including the histogram of Fig. 3b,
main text. The correlation length & of A(z,y) is calculated as FWHM of the correlation

function resulting in £ >~ 2nm as given in the main text.

The central energy within the gap, Fy, is deduced as the arithmetic mean of all voltages
where the dI/dV signal remains below the threshold. Figure S7c—f displays maps Eo(z,y)
for the three studied areas as well as a resulting Fy histogram. Favorably, the average of
Ly is rather precisely at Er showing only small spatial fluctuations in the meV range. The
small discrepancy of the average Ey ~ Fr found by STS to the Dirac point determined by
ARPES (20 meV above Er) might be due to the different recording temperatures (4.3K vs.

300 K) or to sample to sample variations.

C: dI/dV (V) Curves at Different Temperatures

Figure S8 displays dI/dV (V) spectra recorded at various temperatures as used for the
band gap evaluation displayed in Fig. 3d, main text. An obvious band gap with a voltage
region of dI/dV ~ 0nS is only found up to about 30 K. At larger 7', the curves partly stay
close to dI/dV = 0nS around Ep, but partly strongly deviate from df/dV = 0nS. This
varying behaviour requires a more detailed analysis to determine A, since a small deviation
from dI/dV = 0nS might also be caused by Fermi level broadening of the tip that probes a
local density of states (LDOS) of the sample with a small band gap.
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Figure S7. Maps of gap size A and gap center E; at 4.3 K. (a,b) Spatial maps of the gap size
A(z,y) as obtained from dI/dV (V) curves recorded at T' = 4.3 K. Two additional surface areas
named area 1 and area 2 are shown, while area 3 is displayed in Fig. 3b, main text. The black
circle marks a region, where the determination of a band gap was not possible (see text). (c)-(e)
Spatial maps of the center of the gap Fy(x,y) with respect to the Fermi level Ep for the 3 different

areas. (f) Histogram of Ey for all three maps with marked mean and standard deviation o.
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Figure S8. STS spectra recorded at different temperatures. Selected dI/dV (V) curves
ordered with increasing 7" as marked on top. The dot in the upper left is colored identically to the

extracted band gap from the same curve as displayed in Fig. 3d, main text.

D: Determination of Band Gaps at Elevated Temperature

The requirement of a more detailed analysis is demonstrated in Fig. S9a. A dI/dV (V)
spectrum exhibiting a gap size A = 17meV is displayed (blue line) as recorded at 4.3 K.
This spectrum is then convolved with the derivative of the Fermi-Dirac distribution function,
proportional to 1/ cosh?(eV/2kgT) [4] (other colored lines in Fig. S9a). By this convolution,
we mimick the expected appearance of the same spectrum at elevated T. Obviously, the
previously introduced method of gap determination would obtain A = 0meV for all T" >

31K, albeit the LDOS of the sample still exhibits A = 17meV.

In order to deduce the correct A from dI/dV (V') curves recorded at such large T, we intro-

duce the ratio R = [dI/dV (0 mV)]/[dI/dV (=50 mV)] that turns out to be monotonously
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Figure S9. Gap size determination at elevated T. (a) dI/dV (V) spectrum with gap A =
17meV recorded at 4.3 K (blue) and the same spectrum after convolution with the derivative of the
Fermi-Dirac distribution function for 7' = 31 K (red), 7' = 40 K (yellow) and T' = 50K (violet). The
Fermi level broadening leads to an apparently ungapped dI/dV curve, albeit the sample LDOS
features a gap of 17meV. (b) Relation between the measured gap size A of dI/dV (V) curves
recorded at 4.3K and the ratio R = [dI/dV(V = 0mV)]/[dI/dV(V = —50mV)] of the same
dI/dV (V) curves deduced after convolution with the derivative of the Fermi-Dirac distribution
function at 40 K. Different circle colors: different areas (Fig. S7). Colored lines: median (violet)
surrounded by the standard deviation 4o (green, blue). (c,d) Same as Fig. 3d, main text, but

using a different reference voltage Vier to determine R. (¢) Vier = 40mV, (d) Vier = 60 mV.
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anticorrelated with the gap size A. This is demonstrated in Fig. S9b for T" = 40 K. All
dI/dV (V) curves recorded at 4.3 K (area 1-3, 8000 curves) are convoluted with the derivative
of the Fermi-Dirac distribution of 40 K (as in Fig. S9a, yellow curve) before R is determined.
Subsequently, each R is related to its corresponding A (same dI/dV (V) curve) as deduced
via the method described in subsection S9B. The anticorrelation of R and A appears in
Fig. SOb and is similarly found for all 7' = 25 — 50 K (not shown). We used the resulting
median of the simulated R values (violet line in Fig. S9b) to deduce A from a measured R
for each dI/dV (V) curve recorded at elevated T. The required simulated R(T") curves for
constant A are displayed as full lines in Fig. 3d, main text, for the sake of comparison with
the R values of the measured dI/dV curves. The error of R(A) at given T is taken as the
20 width of the simulated R(A), marked by colored lines in Fig. S9b. For gap sizes below
10meV, one observes an error of 2-4meV only. Overall, the R(A) relation reaches a relative
accuracy for A determination of +30%, as long as A remains below 20 meV. This error is
displayed exemplarily on the very right of Fig. 3d, main text.

In addition, we determined errors for the measured R values. They are deduced as
the standard deviation of subsequently recorded 25 dI/dV (V') data sets (averaged from
10 subsequent d//dV curves each and smoothed by box averaging of width 3mV). The
measurement errors are displayed as error bars at the data points in Fig. 3d, main text
(circles). Interestingly, these measurement errors increase significantly around 7' ~ 45K,
i.e., close to T, where they get as large as 10meV. Since the spatial drift during recording
of the 25 data sets is below 1nm, as deduced by comparing the long term development of
dI/dV data during cooling to the spatial fluctuations recorded at 4.3 K, these relatively large
errors cannot be caused by a lateral drift of the tip with respect to the sample only. Likely,
they are caused by enhanced temporal fluctuations of the gap close to T during recording
of the 25 data sets. Thus, the increased error bars around T¢ corroborate the relation of the
band gap evolution to the magnetic properties additionally.

Error bars of the spatially averaged data points in Fig. 3d, main text, indicate the width
of the R histograms obtained at the corresponding 7T'.

The reference voltage Viee = —50mV used to determine R is chosen such that it is not
influenced by temperature (|eVies| > 5kpT) or gap size (|eVies| > max(A)/2) and not
influenced by spectroscopic features that might spatially vary due to disorder. We cross-

checked that the exact value of Vi barely influences the deduced A. This is demonstrated
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in Fig. S9c¢—d displaying the same data set as Fig. 3d, main text, but using two different
‘/ref-

S10: ELECTRIC TRANSPORT MEASUREMENTS

Transport invstigations were performed in the van der Pauw geometry with applied mag-
netic fields ranging from -3T to +3T oriented parallel to the rhombohedral axis of the
epilayers. A mini cryogen-free system was employed for the magnetotransport measure-
ments at temperatures between 2K and 300 K. The results are shown in Fig. S10, where
the Hall and anomalous Hall effect as well as the magnetoresistance are shown as a function
of applied field and temperature. Evidently, the anomalous Hall effect appears at temper-
atures below about 50 K where a pronounced hysteresis appears in the transport data at
fields less than about 1 T. This perfectly agrees with the onset of ferromagnetism detected
by SQUID and XMCD at temperatures of 45 — 50K. The carrier concentration in the films
was determined from the Hall resistance above 1 T, i.e., well above the coercive field. The

3

deduced hole concentrations of the MnShyTe, samples range from 1 to 3 - 102°cm ™3, similar

to values reported in the literature [5, 6].

S11: DENSITY FUNCTIONAL THEORY CALCULATIONS
A: Details of the Calculations

The electronic and magnetic structures were calculated by two different methods based
on density functional theory (DFT). Most of the bulk-type calculations (Figs. 4f-k, main
text, Fig. S11, Fig. S12a,b) used a Green function method within the multiple scattering
theory [7, 8]. To describe both localization and interaction of the Mn 3d orbitals appropri-
ately, Coulomb U values of 3-5eV were employed within a GGA+U approach [9]. During
these calculations, we confirmed that different topological phases of MnShyTe, arise, if one
uses either GGA+U or LDA+U, indicating that LDA+U is not sufficient. To account for
antiferromagnetic configurations of MnShyTey, a double unit cell consisting of two septuple
layers was used such as for Fig. 4k, main text, and Fig. S1la and c¢. In these structures,
the Mn atoms couple ferromagnetically within the Mn planes and antiferromagnetically be-

tween neighboring Mn layers in adajacent septuple layers. For the determination of Ty and
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Figure S10. Electrical transport of ferromangetic MnSbyTe, films. (a) Hall resistance,
(b) anomalous Hall resistance and (d) magnetoresistance as a function of applied magnetic field
recorded at various temperatures between 2 and 100 K, as indicated. Also shown in (c) is the sheet
resistance as a function of temperature. All measurements clearly indicate ferromagnetic behavior

with a T¢ close to 50 K, in agreement with SQUID and XMCD measurements.

T, exchange constants J;; were obtained by mapping the DFT calculations onto a classical

Heisenberg model [10].

Different types of disorder were treated within a coherent potential approximation (CPA)
[11, 12]. Chemical disorder is modelled by mixing various atomic species on the same atomic
site (substitutional alloys). The elemental unit cell was used in this case such that only
ferromagnetic order could be described. We simulated three types of chemical disorder,
namely site exchange, i.e., placing as much Mn on Sb sites as Sb on Mn sites, Sb excess, i.e.,
additional, substitutional Sb in the Mn layers, and Mn excess, i.e., additional, substitutional

Mn in the Sb layers. Electron (hole) doping was also modeled by CPA via mixing Te (Sb)

23

Reprinted supplement page 24 of paper @] “Magnetic order and band gap in MnShyTey”.



vacancies, that were simulated as empty spheres, with Te (Sb) atoms on the same site.
Magnetic moment disorder was modeled by CPA via mixing two Mn atoms with opposite
magnetic moment on the same atomic site. This approach has been proven to be very
successful in mimicking spin moment fluctuations, e.g., to account for elevated temperatures.
The 50 : 50 mixing represents the paramagnetic state, while smaller spin fluctuations are
described by, e.g., 95 : 5 or 98 : 2 mixings.

The calculations in Fig. S12¢-f were performed with the full-potential linearized aug-
mented plane-wave method as implemented in the FLEUR code. Also here, GGA [13] with
a Hubbard U correction using U = 6 eV and J = 0.54 eV was used and spin-orbit coupling
was included self-consistently in the non-collinear calculations [14]. Thin film calculations
were also performed with the FLEUR code (Fig. 4c, main text, and Fig. S13b—e). These
calculations are restricted to relatively small and simple unit cells in order to retain high
enough accuracy to derive the Dirac cone dispersion and the size of its magnetic gap by
DFT. Instead, the surface band structure for the antiferromagnetic ground state in Fig. 4d—
e, main text, for the ferromagnetic ground state in Fig. 4b, main text, and for the mixed
state in Fig. S13a was calculated by the projector augmented-wave method [15] using the
VASP code [16, 17]. The exchange-correlation energy was treated using the GGA [13]. The
Hamiltonian contained scalar relativistic corrections and the spin-orbit coupling was taken
into account by the second variation method [18]. In order to describe the van der Waals
interactions, we made use of the DFT-D3 [19, 20] approach. The Mn 3d states were treated
employing the GGA+U approximation [9] within the Dudarev scheme [21]. The Uy = U —J
value for the Mn 3d states was chosen to 5.34 eV as in previous works [22-25].

For all three methods, the crystal structure of ideal MnShyTes was fully optimized to
obtain the equilibrium lattice parameters, namely cell volume, c¢/a ratio as well as atomic
positions. Using this structure yields the antiferromagnetic topological insulator state for
MnSbyTey within both the projector augmented-wave and full-potential linearized aug-
mented plane-wave methods (VASP and FLEUR, respectively). For the Green function
method both the experimental crystal structure as determined by XRD (Fig. S2) and the
theoretically optimized one result in the antiferromagnetic topological insulator phase.

In order to visualize the topological character within bulk-type band structure calcula-
tions, we analyze the spectral function difference between anion and cation contributions

of each state: AL (E) = An(E) — A¢ton(E). The resulting A} (E) are displayed as color
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MnSb,Tes MnSb,Tes with lattice

0% disorder 5% disorder 5% extra Mn constants of MnBi,Tes

Tn=18 K Tc=25K Tc=44 K Tn=20K
direction r(A)  J(mev) J (meV) J (meV) r(A)  J(meV)
|1 4.23 0.519 0.458 0.674 434 0.180
|1 7.36 -0.024 0.034 0.024 7.51 -0.007
|1 8.52 0.016 0.025 0.033 8.68 0.025
L 16.8 -0.02 0.002 0.04 16.4 -0.035

Table III. Magnetic structure, critical temperature, and Mn exchange integrals of
MnSb;Te, for four different crystal configurations (DFT). The exchange integrals .J for
the four smallest distances r between the contributing Mn ions are additionally marked by || (L)
for intralayer (interlayer) Mn pairs. The model with 0% disorder refers to ideal MnSbsTey with all
Mn atoms in the central plane of the septuple layers at the experimental lattice constants a = 4.23
A, ¢ =40.98 A (XRD). In the second model (5% disorder), a Mn-Sb site exchange leads to an
occupancy of 95% Mn and 5% Sb in the central lattice plane and 2.5% Mn and 97.5% Sb in each
of the two outer cationic lattice planes of the septuple layer. In the third case, 2.5% extra Mn was
substitutionally introduced in the Sb layers, such that the outer cationic planes contain 2.5% Mn
and 97.5% Sb, while a 100% Mn occupancy appears in the central layer. The fourth model features
ideal MnSboTey with 0% disorder, but laterally expanded to the lattice constants of MnBisTey,
ie,a=4.34A, ¢c=40.89 A.

code in Fig. 4f-k, main text, Fig. S11, and Fig. S12a,b with red color for A%L(E) > 0 and
blue color for A% (E) < 0. Band inversion can, hence, be deduced from a mutually changing

color within adjacent bands.

B: Magnetic Ground State for Different Disorder Configurations

Table III summarizes the magnetic properties for four different crystallographic config-
urations as obtained by bulk-type DFT calculations. The ideal MnShyTey septuple layer
configuration is antiferromagnetic with low Ty = 18 K (third row). To probe the role of

the lattice constant for the magnetic properties, we slightly expanded the lattice within the
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planes towards the lattice constant of MnBisTe, (last row). This led to a reduced nearest
neighbor exchange constant J, but barely to a change in Tx. Introducing 5% Mn-Sb site
exchange, in line with the XRD and STM data, turned the interlayer coupling ferromagnetic,
but still with a Tc= 25K only, i.e., significantly lower than the experimental value (fourth
row). However, adding 2.5% Mn to each Sb layer in the septuple without removing Mn
from the central layer of the septuple, i.e., incorporation of 5 % excess Mn, yields Te= 44 K,
very close to the experimental value (fifth row). Hence, we conclude, in line with RBS, STM
and XRD data, that an excess Mn in combination with an Sb deficiency is responsible for

the high ferromagnetic Curie temperature via Mn substitution in the Sb layers.

C: Topological Properties for Different Disorder Configurations

Figure S11 shows bulk band structure calculations for antiferromagnetic MnSbyTey
with ideal stoichiometric order (a,c), ideal, ferromagnetic MnShoTey (e) and ferromagnetic
MnShyTey with increasing Mn-Sb site exchange (b,d,f). Antiferromagnetic MnShyTey is a
topological insulator with inverted band gap at T', if spin-orbit coupling is considered (c).
This is contrary to previous calculations that have suggested antiferromagnetic MnSb,Te,
to be trivial [26-29]. We assume that the topological insulator state of antiferromagnetic
MnSh,Te, was missed because structural optimization was either not performed in favor of
experimental lattice constants [27, 29] or performed without van der Waals forces [26, 28]
which both gave by ~ 3% larger ¢ parameters than in the structurally optimized equilib-
rium lattice. Ferromagnetic MnSh,Te, instead, is a Weyl semimetal without band gap that
remains a Weyl semimetal for moderate Mn-Sb site exchange (Fig. S11b,d), but becomes
topologically trivial at large site exchange (Fig. S11f). Hence, site exchange alone does not
reveal the experimentally observed ferromagnetic topological insulator in contrast to the
magnetic disorder as presented in Fig. 4g—j, main text.

Figure S12 corroborates the gap opening by magnetic disorder. Figure S12b displays the
complete band structure at maximum spin mixture (50 % spin-up, 50 % spin down) for each
Mn lattice site as partially presented in Fig. 4j, main text. An inverted band gap of about
100meV is found at I'. Note that the purely ferromagnetic phase in Fig. S12a is calculated
for a unit cell of a single septuple layer only and, hence, differs from Fig. S11le employing a

unit cell with two septuple layers, due to backfolding.
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Figure S11. Band Structure at Different Strength of Mn-Sb Site Exchange (DFT). Color
represents the difference between anionic and cationic spectral function for each state, red: more
anionic, blue: more cationic. (a) Antiferromagnetic, ideal MnSbeTey in a nonrelativistic (more
precisely scalar relativistic) calculation. No band inversion occurs. (c) Antiferromagnetic, ideal
MnSboTey in a fully relativistic calculation yielding a band inversion. Only one inversion appears
in the Brillouin zone (at I') evidencing a Z» topological insulator. (Also shown as Fig. 4k, main
text, for the ferromagnetic unit cell.). (e) Same as (c) but for ferromagnetically ordered, ideal
MnShseTey with perfect out-of-plane alignment of Mn moments. A 3D Weyl semimetal occurs.
The calculation used the antiferromagnetic unit cell for better comparison with (c). (b, d, f)
Ferromagnetic MnSbyTey with different Mn-Sb site exchange as labeled (ferromagnetic unit cell).
In (b) and (d), the Weyl point is preserved, while (f) shows a topologically trivial band gap.
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Figure S12. Inverted band gap by magnetic disorder (DFT). (a) Bulk band structure of
ideal, ferromagnetic MnShsTey with Mn moments perpendicular to the septuple layers (single layer
unit cell). (Part of this figure is shown as Fig. 4f, main text.) (b) Same as (a), but with disordered
local magnetic moments (50% spin up, 50% spin down). An inverted band gap appears at I". (Part
of this figure is shown as Fig. 4j, main text.) (c-e) Alternative demonstration of gap opening at the
Weyl point (two septuple layer unit cell): one layer exhibits a collinear out-of-plane ferromagnetic
order, while the other is also collinear, but canted relative to the first one by an angle o as marked.

(f) Vector model of the collinearly canted two septuple layers.
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The Weyl point observed for the ferromagnetic MnShyTey can also be opened by rotating
the spins of adjacent Mn layers, while keeping a collinear spin order within each layer
(Fig. S12¢—). Thus, magnetic disorder renders a dominantly ferromagnetic MnShyTe, a
topological insulator as already discussed for Fig. 4g—j, main text.

Figure S13 shows the band structures of slab calculations for different magnetic disorder
configurations, such that surface states are captured. They are performed, e.g., for a combi-
nation of ferromagnetic interior layers surrounded by a few antiferromagnetic layers on top
and bottom (Fig. S13a). This configuration reveals a Dirac-type surface state with a gap
around the Dirac point of 16 meV, very close to the average gap size observed by STS. The
opposite configuration with antiferromagnetic interior surrounded by ferromagnetic surfaces
also exhibits a gapped Dirac cone, here with 40 meV gap size, that might be enhanced by the
thickness of this slab of only 7 septuple layers (Fig. S13d). Indeed, the spin-polarized states
at the gap edge penetrate about 3 septuple layers into the bulk of the thin film (Fig. S13b).
The out-of-plane spin polarization near the Dirac point amounts to ~ 60%, nicely matching
the experimentally found out-of-plane spin polarization in spin-resolved ARPES (Fig. 2j,
main text). The latter amounts to ~ 25% at 30K in line with the reduced magnetization
at this elevated T' (Fig. 1d,f, main text). Note that the band structure in Fig. S13d also
features an exchange splitting of bulk bands as visible by the different colors around —0.2eV.

The pure antiferromagnetic configuration (Fig. S13e) shows a small band gap of the
topological surface state as well, while the pure ferromagnetic order leads to a gapped Weyl

cone (Fig. S13c), likely being an artifact of the finite slab size of 7 septuple layers only.

D: Influence of Charge Doping on the Magnetic Interactions

Finally, the influence of charge doping on the magnetic properties of MnShyTe, was stud-
ied. For undoped, ideally stacked MnShyTey, the leading magnetic interaction between the
septuple layers is of a superexchange type, which is responsible for the antiferromagnetic
interlayer coupling. As shown above, chemical disorder by exchanging (replacing) Mn with
(by) Sb changes the magnetic order to ferromagnetic. The presence of Mn defects could
induce an additional Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction that might in-
fluence the magnetic order, if mobile charges are present. However, our calculations show

only minor changes of exchange constants and the magnetic transition temperatures upon
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Figure S13. Influence of magnetic structure on topological surface states (DFT). (a)
Band structure for a ferromagnetic bulk surrounded by antiferromagnetic surface layers as marked
on top. Blue dots are surface states with dot diameter marking their strength at the surface
septuple layer. A gap appears in the topological surface state. (b) Charge density and spin density
of the states at the edges of the magnetically induced band gap in (d) displayed as thin film cross
section. The magnetic configuration is marked on top. (c—e) Band structure for various magnetic
configurations each marked on top. Colors denote the spin density in the out-of-plane direction.
(c) Ferromagnetic order with out-of-plane anisotropy. (d) Two ferromagnetic septuple layers on
both sides of three antiferromagnetic layers. Black arrows mark the states shown in (b). (e) Perfect

antiferromagnetic order as in Fig. 4d,e, main text.
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charge doping. For n-type doping by 0.2% Te vacancies, Er shifts by 0.29 eV increasing Tg
by 0.9 K only. For p-type doping by 0.2% Sb vacancies, Er shifts by —0.08 eV increasing
Tc by 1.6 K. This indicates that the RKKY interaction is negligible in MnShyTey.
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CHAPTER 4. REPRINTED PAPERS 184

4.8 Doping induced topological phase transition of (Pb,Sn)Se

This paper deals with (Pb,Sn)Se topological crystalline insulator. Topological crystalline
insulators are merely protected by individual crystal symmetries and exist for an even number
of Dirac cones. We demonstrated that Bi-doping of (Pb,Sn)Se (111) epilayers induces a
quantum phase transition from a topological crystalline insulator to a Zo topological insulator.
The transition occurs because Bi-doping lifts the fourfold valley degeneracy and induces a gap
at ', while the three Dirac cones at the M points of the surface Brillouin zone remain intact.
We interpret this new phase transition as caused by a lattice distortion. Our findings extend
the topological phase diagram enormously and make strong topological insulators switchable
by distortions or electric fields.
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opological insulators are bulk insulators with a metallic
surface state!. Provided that the system stays in the same
symmetry class of the Hamiltonian?, it is fundamentally
impossible to follow a path from this topologically distinct phase of
matter to a trivial phase without closing the insulating bulk band
gap. For a strong topological insulator, metallic surface states are
necessarily present at the boundary to a trivial insulator as, for
example, air or vacuum. These topological surface states are pro-
tected by time-reversal symmetry and their energy vs. momentum
dispersion mimics quasirelativistic, massless particles, with the
shape of a Dirac cone and a peculiar helical spin texture! . The
topological classification is given by the so-called Z, invariant v,
which for odd number of Dirac cones is vy = 1, giving rise to strong
(Z,) topological insulators, but for even number of cones is zero,
characterizing weak topological or trivial insulators™ °.
It is possible to transform a strong (Z,) topological insulator to
a trivial insulator by alloying as has been shown for Bi,Ses:In”>
and BiTI(S,_,Se,),’. The fundamental principle of bulk-boundary
correspondence dictates again that this topological phase transi-
tion proceeds through a transition point where the bulk band gap
closes. In this picture, it is supposed that the crystal symmetry is
maintained through the phase transition. However, the crystal
symmetry itself can protect topologically distinct phases as well,
termed topological crystalline insulators (TCIs)> 9-14, For TCIs,
the decisive role of the crystal symmetry renders the topological
protection dependent on the specific crystal face'’. The

topological invariants allow for an even number of Dirac cones,
which are, however, not robust against disorder®. Pb,_,Sn,Se and
Pb,_,Sn,Te represent such mirror-symmetry protected TCIs with
fourfold valley degeneracy™ ! in which the trivial-to-TCI phase
transition is reached for sufficiently large Sn contents'® 1>, Upon
cooling, the lattice contracts and the enhanced orbital overlap
leads to an inverted (i.e., negative) bulk band gap, which, via
bulk-boundary correspondence, gives rise to Dirac cone surface
states. This has impressively been shown by temperature-
dependent angle-resolved photoemission (ARPES)”.

On the other hand, there are crystals that are not necessarily
topological, but change their symmetry and their electronic
properties with temperature. Such phase-change materials have
been studied intensively for non-volatile data storage because
their properties can be altered dramatically at the structural 7phase
transition'®. GeTe is such a prototypical material'® 17 that
transforms upon cooling from the cubic rock salt to a rhombo-
hedral structure characterized by a large relative sublattice
displacement. This gives rise to pronounced ferroelectricity of
GeTe!'® and has recently been found to allow for an electrical
switching of electronic properties'®. Symmetry changes are
potentially very interesting also for topological insulators. In fact,
it has been shown for the TCI Pb,_,Sn,Se that by breaking of
mirror symmetries two out of the four Dirac cones at its (100)
surface can be gapped!" 20-22, In that case, the topological phase
remains, however, unchanged by the symmetry breaking and the
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Fig. 1 Trivial to TCI phase transition induced by cooling. The phase transition into a topological crystalline insulator (TCI) is monitored for undoped
Pb;-,Sn,Se (111) films by ARPES around the T point. a For (111) films, the four bulk L-points of the bulk Brillouin zone project onto the surface I'-point for the
longitudinal L-valley along [111], whereas the three oblique valleys project on the M points. b At these momenta, Dirac points appear in ARPES. c-q ARPES
data measured at 18 eV photon energy as a function of temperature and Sn content. The xs, =10% sample (¢, f, i, and I) remains trivial down to low
temperature as seen from the persistence of a band gap. For x5, =20% (d, g, j, and m) and 28% (e, h, k, and n), gapless Dirac cones develop at low
temperature due to the inversion of the bulk band gap. Panels 0-q show the comparison of the measured surface (Dirac cone) band gap (red squares) with
the bulk band gap (blue line) from optical data?’, evidencing that the surface gap closes when the bulk band gap changes sign. The error bars in the
measured surface band gap correspond to the uncertainty in determining the energy position of the band dispersions at the T'-point (see Supplementary
Note 6 for details). The ARPES dispersions were acquired using linearly polarized p + s photons incident on the sample under an angle ¢p = 45° as shown in

a (see also Supplementary Note 5)
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Fig. 2 Doping effect and gap opening at T induced by Bi. Incorporation of Bi in Pbg 755n0.25Se (111) films leads to n-type doping and a gap opening at the I’

point as revealed by ARPES. a-d ARPES data measured at a temperature of 3

0K and 18 eV photon energy. e Corresponding full ARPES map around the T’

point for ng; =2.2%. f, g Dependence of the surface band gap A on temperature and ng;. The error bars correspond to the uncertainty in determining the
energy position of the band dispersions at the I'-point (Supplementary Note 6). h-m Photon energy dependence for ng; = 2.2%, indicating that the gapped
surface state (SS) is two-dimensional. At high binding energies, the dispersion of the bulk-valence band (BVB) with photon energy (marked with horizontal

white arrows) can be distinguished from the lower half of the SS. The dispe
20 eV, while the size of the surface gap remains qualitatively unchanged as i

rsion of the bulk-conduction band (BCB) can be observed between 18 and
ndicated by horizontal dashed lines. n Energy-momentum dispersions of the

upper and lower part of the SS as extracted from fits to results shown in h-m (see Supplementary Fig. 8 and Supplementary Note 7 for details). The error

bars given in the legend represent the maximum uncertainty in determining

Z, invariant stays even. It is crucial for the present work to note
that in principle the topological phase does not need to be pre-
served by a distortion. Indeed, topological phase transitions have
recently been predicted for two-dimensional TISe?* and three-
dimensional SnTe by distortions?* and by finite-size effects?”.
Here, we investigate the band topology of the (111) surface of
Pb,_,Sn,Se by cooling through the complete trivial to topological
phase transition. We demonstrate a new type of phase transition
from crystal-symmetry-protected to time-reversal symmetry-
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the corresponding band dispersions

protected topology controlled by Bi incorporation. We show that
when Bi is introduced in the bulk making the system n-type, a
gap is opened up at the one Dirac cone at the center of the surface
Brillouin zone at I, while the three Dirac cones located at the M
points at the zone boundaries behave as in pure Pb;_,Sn,Se, that
is, are gapless at low temperature. Our findings provide the first
experimental evidence for a topological phase transition from a
TCI with an even number of Dirac cones to a Z, time-reversal
symmetry-protected strong topological insulator where the
3
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Fig. 3 TCl to Z, topological phase transition induced by Bi. a-k ARPES data of Pb;_,Sn,Se (111) films recorded using 18 eV photon energy at I and M
without (a, b, e, and f) and with high Bi doping (¢, d, g, h, j, and k). Without Bi doping (b, f), the Dirac cones simultaneously close at " and M <150 K,
whereas for high Bi concentration, the Dirac cone is gapped at " (d) and intact at all three M points at low temperatures (h, j, and k). i Temperature
dependence of the gap A at I" (red) and M (black). Solid lines are a guide to the eye, and the error bars correspond to the uncertainty in determining the

energy position of the band dispersions at T" and M, respectively

number is odd (three). Following the recent prediction?, the
origin of the novel topological phase transition is interpreted as
due to a sublattice shift and rhombohedral distortion along the
[111] direction, which lifts the bulk band inversion only at the Z-
point (L-point in the undistorted phase) projected onto I'. At the
same time, we do not find any evidence for a bulk band gap
closing across the phase transition, most likely, because the
rhombohedral distortion does not leave the system in the same
symmetry class where the TCI is defined.

Results

Effect of temperature and Sn concentration. We have grown
both undoped and Bi-doped epitaxial (111) Pb,_,Sn,Se films of
high quality by molecular beam epitaxy (see Supplementary

4
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Fig. 1-6 and Supplementary Notes 1-4 for details). The samples
were capped in-situ by a thin Se layer to protect the surface
during transport to the ARPES setup, where the cap was desorbed
by annealing (see also “Methods” section and Supplementary
Note 5). ARPES measurements were performed using linearly
polarized light incident on the sample under the geometry shown
in Fig. la, which also depicts the bulk and (111) surface Brillouin
zones of rock salt Pb,_.Sn,Se. In contrast to the natural (100)
cleavage plane of bulk crystals previously studied!? > 15 20, for
the (111) orientation, the four bulk L-points project on the fol-
lowing four time-reversal invariant surface momenta: I" and three
equivalent M points®”. This is seen in the ARPES data shown in
Fig. 1b, where the intensity from the Dirac cones at the three M
points is enhanced by a photoemission final-state effect. Due to
the sensitive dependence of the bulk band inversion on the lattice
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Fig. 4 Topological phase transition as a function of Bi doping and temperature. Schematic illustration of the transition from (a) trivial to (b) topological
crystalline insulator (TCI) and eventually to (c) strong Z, topological insulator. d Topological phase diagram derived from our ARPES data for x5, =28%.
The phase diagram contains a trivial phase at high temperature (positive gap A at all four L-points) with massive gapped cones at I" and M; a TCl phase at
low temperature with even Z, invariant (all bulk L-points have negative, i.e., inverted gaps) and closed Dirac cones at I" and all M points; a Z, topological
insulator phase with odd Z, invariant due to a distortion along [111], giving three closed Dirac cones at the M points and an open gap at the T point

constant, the trivial to topological phase transition can be
monitored during cooling by tracing the evolution of the bulk
band gap®® or by observation of the appearance of the
Dirac cones in ARPES!® 26, Indeed, as seen in Fig. 1c-q, for our
(111) films with low Sn concentrations and without Bi doping
(xsn = 10%, Fig. 1c, f, i, and 1), the Dirac cone at the I point does
not form down to 22 K, while for xg, =20% (Fig. 1d, g, j, and m)
and xs,=28% (Fig. le, h, k, and n), the gapless Dirac cone
appears at around 90 and 130 K, respectively.

Impact of Bi incorporation in the bulk. Figure 2 shows the effect
of bulk Bi doping on the I" Dirac cone of Pby7,Sng,sSe. When
substitutionally incorporated at cation (Pb, Sn—group IV) lattice
sites, the group V element Bi acts as electron donor due to its
excess valence electron??. Increasing the Bi concentration ng; thus
leads to a strong upward shift of the Fermi level by 200 meV for
npi=2.2% (Fig. 2a-e). Remarkably, while for undoped
Pby.,Sng28Se, an intact Dirac cone is seen at 30K, a surface
gap as large as ~100 meV opens up at the I" Dirac cone upon
Bi doping and increases strongly with increasing Bi content
(see Fig. 2f, g, Supplementary Fig. 7, and Supplementary Note 6).
This leads to the general conclusion that for Bi concentrations
>~0.6%, the gap at I'does not close. Figure 2h-n demonstrates
that within the experimental error bars, this gapped surface state
does not disperse with the photon energy, ie., momentum per-
pendicular to the surface plane, pinpointing its two-dimensional
nature (see also Supplementary Fig. 8 and discussion in Supple-
mentary Note 7). This observation is important to rule out that
the probed state corresponds to the gapped bulk states.

The effect of Bi on the Dirac cones at the I and M points was
evaluated in dependence of the Bi and Sn contents as well as of
temperature. On the topologically trivial side (xs, < 16%), for Bi
doping np; < 0.6%, no difference in the gaps A at I’ and M is
found, which remain open at all temperatures (Supplementary
Figs. 9, 10, and Supplementary Note 8). On the topologically
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non-trivial side (xs, > 16%), the Dirac cones at I" (Fig. 3a-d) and
M (Fig. 3e-h) close synchronously as a function of temperature
for low Bi concentrations. This is shown by Fig. 3a, b, e, and f,
where corresponding ARPES dispersions at 305 and 50K are
presented. In contrast, for high Bi concentrations (Fig. 3¢, d, g,
and h), the fourfold valley degeneracy is completely lifted such
that the gap is closed to zero at all three M points (Fig. 3h-k), but
opens as wide as 100 meV at the I” point at 30 K (Fig. 3d). Thus,
we conclude that of the even numbered Dirac cones per surface
Brillouin zone, characteristic of a TCI, only three remain,
qualifying Pb,_,Sn,Se:Bi as a strong Z, topological insulator
already for moderate Bi doping. This is the central result of the
present work. While a TCI is protected by mirror symmetry,
the odd numbered Dirac cones of strong topological insulators
are protected by time-reversal symmetry and robust against
disorder. Figure 3i shows that the new Z, phase, which has never
been observed before for this material class, exists in a wide
temperature range from ~150 K down to the lowest temperature
probed in our experiments.

Discussion

Due to the bulk-boundary correspondence, the formation of the
Dirac cones at the surface indicates a bulk band inversion at the
parent momenta in the Brillouin zone as indicated by Fig. 1a. The
band structures and shape of the Dirac cones corresponding to
the different topological phases are illustrated schematically in
Fig. 4a—c, where the open and closed Dirac cones are colored such
as to indicate the changes of the predominant charge density at
the anion (orange) and cation sites (blue) occurring during the
band inversion (see Supplementary Fig. 11 and Supplementary
Note 9). The topological phase transition so far reported for
Pb,_,Sn,Se!> 26 occurs between trivial (Fig. 4a) and TCI phase
(Fig. 4b) where all bulk band inversions behave equally. For the
new topological phase transition into the Z, topological insulator
phase (Fig. 4c), the bulk band inversion along the momenta
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normal to the surface does not occur, triggered by the Bi doping.
This means the discovery of two new topological phase transi-
tions in Pb;_,Sn,Se: (i) from trivial to Z, topological by cooling
and (ii) from topological crystalline to Z, topological by adding
Bi. The resulting topological phase diagram (Fig. 4d) derived
from our data shows the interdependence of these two pathways.

The observed behavior resembles the predictions by Plekhanov
et al?* for SnTe. SnTe is known for its ferroelectric phase tran-
sition in which the anion and cation sublattices are shifted against
each other along the [111] direction!’, connected to a transverse
optical phonon softening>’. Plekhanov et al.>* tested small dis-
placements and theoretically predicted that for a certain range of
displacements a Z, topological insulator can exist.

In general, all IV-VI compounds are close to such a structural
phase transition due to their mixed covalent-ionic bonding. They
belong to the family of 10 electron systems and crystallize either
in the cubic rock salt, rhombohedral, or orthorhombic structure.
As calculated by Littlewood3" 32, the type of structure in which a
IV-VI compound crystallizes critically depends on the values of
two bond orbital coordinates—one is a measure of the ionicity
and the other of covalency or s-p hybridization, and based on
these a phase diagram has been established®> 32. Due to the not
fully saturated p-bonds, the rock salt structure is inherently
unstable against rhombohedral distortions®'~33, which reduces
the six nearest neighbors to three. The cubic/rhombohedral phase
boundary is determined by the electronegativity difference
between the constituting elements and as a physical explanation
of the instability the resonating bond model was invoked>. For
the six nearest neighbors, the number of available p-electrons (six
per atom pair) is not sufficient to stabilize the cubic bonds.
Thus, SnTe and GeTe assume a rhombohedral structure and even
for PbTe minute addition of <0.5% of Ge suffices to drive Pb;_
«Ge,Te into the rhombohedral phase, rendering it
ferroelectric®® 37. Thus, very small changes on the group IV
lattice sites give rise to structural phase transitions. Indeed, for
our Bi-doped films, we find a small Bi-induced rhombohedral
distortion along the [111] direction using x-ray diffraction
(Supplementary Figs. 4-6 and Supplementary Note 4). This
indicates a ferroelectric inversion symmetry breaking as the
underlying physical mechanism, which has been suggested to be
much enhanced at the surface?! 38, Because of the (111) orien-
tation of our films, this symmetry breaking lifts the even number
degeneracy of the Dirac cones such that a gap is opened only at
the T point. This leaves an odd number of Dirac cones intact at
the three M points, causing the topological phase transition.

Finally, we would like to address the role of Bi as decisive
ingredient for symmetry breaking even at small concentrations. Bi
is another 10 electron system>>, covalently bonded and crystal-
lizing in a rhombohedral structure. Accordingly, when incorpo-
rated at group IV lattice sites in Pb,_,Sn,Se, it shifts the alloy
toward a more covalently bonded structure in the phase
diagram®!> 32 3%, Moreover, on such lattice sites, Bi also reduces
the cation vacancy concentration and the latter strongly enhances
the ferroelectric Curie temgerature Tc of the cubic-to-
rhombohedral phase transition’® 3> 38 40 Indeed, in SnTe thin
films with reduced vacancy concentration, ferroelectricity up to
room temperature was recently reported>®. Thus, both effects of
the Bi, higher covalency, and lower vacancy concentration, con-
tribute to structural symmetry breaking and trigger the novel
TCI-to-Z, topological phase transition discovered in the present
work.

Methods

Sample growth and characterization. Epitaxial growth of (111) Pb,_.Sn,Se films
on BaF, substrates was performed using molecular beam epitaxy (MBE) in ultra-
high vacuum conditions better than 5 x 10712 mbar at a substrate temperature of

6

380 °C. Effusion cells filled with stoichiometric PbSe and SnSe were used as source
materials, as well as a ternary Pb,_,Sn,Se source with xs, = 25%. Bi-doping was
realized using a Bi,Se; effusion cell. The chemical composition of the layers was
varied over a wide range from xg, =0 to 40% by control of the SnSe/PbSe beam
flux ratio, and a two-dimensional growth was observed by in situ reflection high-
energy electron diffraction (Supplementary Fig. 1). The film thickness was in the
range of 1-3 pm.

High-resolution ARPES. For the ARPES measurements, the films were capped
in situ in the MBE chamber with a 200 nm thick amorphous Se layer at room
temperature to protect the surface against oxidation during transport to the BESSY
1I synchrotron radiation source in Berlin, Germany. There the Se cap was com-
pletely desorbed in the ARPES preparation chamber by annealing at about 230 °C
for 15 min in 3 x 1071 mbar. ARPES measurements were performed at the UE112-
PGM2a beamline of BESSY 11 at pressures better than 1 x 107 mbar using linearly
polarized p + s photons incident on the sample under an angle ¢ =45°. We used
photon energies between 18 and 23 eV for the temperature-dependent ARPES
measurements of the band dispersions, and a photon energy of 90 eV for the core
levels (see Supplementary Fig. 12 and Supplementary Note 10). Emitted photo-
electrons were detected with a Scienta R8000 electron energy analyzer at the
ARPES 12 endstation. Overall resolutions of the ARPES measurements were 5 meV
(energy) and 0.3° (angular).

Composition and structural characterization. The composition of the epilayers
was determined using high-resolution x-ray diffraction and the Vegard’s law
(Supplementary Fig. 2 and Supplementary Note 2). We employed a Seifert dif-
fractometer equipped with primary and secondary monochromator crystals. Upon
Bi incorporation, the rhombohedral lattice distortion was determined from reci-
procal space maps recorded around the (513) reflection (see Supplementary

Figs. 4-6 and Supplementary Note 4).

Electrical characterization. The dopant concentration and transport properties
were assessed by Hall effect measurements at 77 K (Supplementary Fi% 3 and
Supplementary Note 3), evidencing carrier mobilities as high as 10* cm? V=1s7! in
dependence of the carrier concentration.

Data availability. The authors declare that all data supporting the findings of this
study are available within the paper and its Supplementary Information files.
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Supplementary Figures
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Supplementary Figure 1: Growth and Surface Characterization. Reflection high-energy electron
diffraction of Pb,,Sn,Se epilayers on BaF, (111) substrates recorded during MBE growth for x, = 0,
10, 20 and 28% from (a) to (d), respectively. (e) Atomic force microscopy image of the xs, = 28%
epilayer with 1 um thickness. Horizontal scale bar, 1 um (white-solid line).
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Supplementary Figure 2: X-ray diffraction of Pb,,Sn,Se epilayers on BaF, (111). (a) Radial (222)
diffraction scans for selected compositions varying from xs, = 0 to 33%. (b) Sn content derived from
Vegard’s law (dashed line) plotted versus the beam flux ratio of SnSe/(PbSe+SnSe) used for molecular
beam epitaxy (MBE). The boundary of the Sn solubility limit in single phase cubic Pby,Sn,Se of about
42% is indicated. The error in Xs, was derived from the 2% precision of the MBE flux measurements
using the microbalance technique.
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Supplementary Figure 3: Bi doping and Hall effect transport measurements. The measurements are
obtained at 77 K for PbSe:Bi (M) and PbSnSe:Bi with xs, = 28% (®). (a) Effective electron
concentration (npa — Po) Versus Bi,Se; effusion cell temperature used during growth by molecular
beam epitaxy for a constant film deposition rate of 3 As™. The background carrier concentration of
undoped p-type reference layers due to cation vacancies was p, = +2x10" for PbSe and +8x10"" cm’®
for Phy7,Sng2sSe. The dashed line represents the values expected for unity doping efficiency. The
lower carrier concentration observed for Pby7,Sno,sSe indicates a reduction of the doping efficiency
with increasing Bi content, contrary to the behavior of PbSe. (b) Hall mobility of the epilayers versus
carrier concentration. For low carrier concentrations, a saturation mobility of pi;7x = 32000 and 10500
cm?V's? is obtained for PbSe and Phy7,Sno2sSe, respectively.
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Supplementary Figure S4: Structural effect of Bi-doping of Pb,.,Sn,Se. (a) X-ray diffraction spectra
of two Phg72Sng 2sSe layers with high and low Bi dopant concentration (blue: ng; <0.5%, red: ng; =
2.2%), evidencing a single phase structure without any traces of secondary phases. (b) Zoom-in on
the diffraction curves around the (222) Bragg reflection, evidencing no structural degradation due to
Bi incorporation.
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Supplementary Figure 5: X-ray diffraction reciprocal space maps. Results of two Pbg7,Sng 2sSe:Bi
samples doped with ng; ~ 0.6% (a, ) and ng; = 2.2% (b, d), indicating a small rhombohedral lattice
distortion for the latter with the distortion angle a = 89.94°. The reciprocal space maps were recorded
around the symmetric (222) and asymmetric (513) reciprocal lattice points at room temperature.

Reprinted supplement page 5 of paper “Topological transition from TCI to TI via Bi doping”.



O Se © Pb/Sn

Supplementary Figure 6: Rhombohedral distortion. (a) Sketch of a rhombohedral distortion with
rhombohedral angle o < 90°. This angle corresponds to an elongation along [111] direction. (b) A
sublattice shift (green atoms) is shown which is responsible for ferroelectricity. For simplicity, this is
shown for a cubic structure. The sublattice shift typically also leads to a rhombohedral distortion.
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Supplementary Figure 7: Determination of the surface band gap. (a) Energy-momentum ARPES
dispersion measured at 30 K and 18 eV photon energy for Phg7,Sng.sSe doped with 0.6% Bi. (b)
Corresponding energy-distribution curves (EDCs) extracted from a. The EDC at zero momentum is
highlighted by a thick red solid line, and contains a double peak structure which is the signature of a
~45+10 meV gap. (d) Corresponding fit results (black solid lines) of the EDC at zero momentum (red
circles) considering a Shirley-like background [4]. The size of the surface band gap is determined from
the energy separation between the fitted Lorentzian peaks shown in blue (green) color, which are
located at the energy minimum (maximum) of the upper (lower) part of the surface state (SS). The
Lorentzian peaks shown in gray color as a thick solid line represent the contribution from the bulk-
valence band (BVB).
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Supplementary Figure 8: Photon energy dependence of Pbg7,Sng,sSe doped with 2.2% Bi. (a) Band
dispersion of the gapped surface state at 18 eV photon energy, with the peak positions extracted from
fits to momentum-distribution curves (MDCs) superimposed. (b) Fit results as shown in (a), with the
upper (USS) and lower (LSS) parts of the surface state indicated. (c) and (d): Analogous results for a
photon energy of 22 eV as in (a) and (b), respectively. (e-h) Fits (black solid lines) to the experimental
MDCs (red symbols) shown for selected binding energies across (e,g) the upper and (f,h) lower parts
of the surface state at (e,f) 18 eV and (g,h) 22 eV photon energy. The intensity contributions from the
surface state are marked with black filled circles on top of each fit. In (h), the intensity from the
opposite branches of the surface state is clearly resolved as shoulders around the intensity of the bulk-
valence band. (i-n) Photon-energy dependent ARPES spectra shown in Figs. 2h-m of the main text.
For each photon energy, we have superimposed the fit results to MDCs shown in Fig. 2n of the main
text. (o-t) MDCs extracted from the data shown in panels (i-n). Dashed lines are guides to the eye
qualitatively following the fitted band dispersions.
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Supplementary Figure 9: ARPES spectra of a control sample in the trivial state. (a-d) Energy-
momentum ARPES dispersions of a Pb,,Sn,Se (111) epilayer with 16% Sn and 0.6% Bi doping at
(a,b) T and (c,d) M, acquired at (a,c) room temperature and (b,d) 30 K. For this sample, the band gap
becomes smaller but remains open at the lowest measured temperature. The data show that the band
gaps at the T and M points exhibit similar behavior with decreasing temperature.

Reprinted supplement page 9 of paper |61] “Topological transition from TCI to TI via Bi doping”.



10

e Ml.Cutl
M —_—
h % ” ’M3
L4 --
K J
M3 *CutB Cut“ Mz
i
Ml

Supplementary Figure 10: Schematic of the surface Brillouin zone of Pb,.xSn,Se (111). The energy-
momentum ARPES dispersions around the M points have been acquired with k; running perpendicular
to each individual TM direction as indicated by the black solid lines.
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Supplementary Figure 11: Sketch of the different topological phases. (a-c) Relative position of the
band extrema and Dirac cones at the M and T points of Pb,.,Sn,Se (111) in the (a) trivial insulator, (b)
topological crystalline insulator (TCI), and (c) Z, topological insulator phases. The surface state Dirac
cones (red lines) together with the bulk conduction and valence bands are shown. In the trivial state,
all gaps at M and T are equal. In the TCI state the bulk bands are inverted and a topological surface
state is formed at all four symmetry points. In the Z, topological insulator state, the Dirac cones are
closed at all three M points but open at T. The reversal of the color of the bulk bands indicates the
presence of the bulk band inversion.
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Supplementary Figure 12: Core level spectra of Pbg7,Sng 2sSe:Bi film. (a) 2.2% Bi doping measured
after desorption of the Se cap at the ARPES setup. (b) Fitted spectra.
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Supplementary Notes

Supplementary Note 1: Sample growth by molecular beam epitaxy

Epitaxial growth of (111) Pb;,Sn,Se films on BaF; substrates was performed in a Riber 1000
system for molecular beam epitaxy (MBE) in ultrahigh vacuum conditions better than 5 x 10
% mbar. Effusion cells filled with stoichiometric PbSe and SnSe were used as beam flux
sources. Alternatively, also a ternary Pbg75Sno2sSe source was used. Bi-doping was realized
using a compound Bi,Ses effusion cell. The chemical composition of the layers was varied
over a wide range from xs, = 0 to 40% by variation of the SnSe/PbSe beam flux ratio
measured using a quartz microbalance moved into the substrate position. The composition of
the layers determined from the beam flux ratio agrees within +2% to the composition
determined independently determined by x-ray diffraction as described below. The growth
rates were around 1 pm h™ (~1 monolayer s) and the growth temperature was set to 380°C
as checked by an IRCON infrared pyrometer. The film thickness was in the range of 1-3 pm.

For all layers smooth two-dimensional (2D) growth occurs after few nanometer deposition on
BaF, (111) as evidenced by Supplementary Figs. 1a-d that present the reflection high-energy
electron diffraction (RHEED) patterns recorded in situ during MBE growth for films with
various Sn compositions. The high quality of the layers is evidenced by sharp diffraction spots
on the Laue circle and intense Kikuchi lines arising from diffraction from subsurface bulk
lattice planes. No surface reconstruction was observed during deposition. The surface of the
films is atomically flat, exhibiting only single monolayer steps of 3.52 A height as
exemplified by the atomic force microscopy (AFM) image presented in Supplementary Fig.
le for xsn = 28%. At the given growth temperature, growth proceeds in a 2D step-flow mode.
Due to pinning of surface steps at screw type threading dislocations originating from the Pb;.
xSnSe / BaF, (111) lattice-mismatch of Aa/a ~ 1.6% a characteristic spiral step structure is
formed (cf. Supplementary Fig. 1e) similar as described in Ref. [1].

Supplementary Note 2: X-Ray diffraction and composition

The structural properties and composition of the Pb,Sn,Se epilayers were characterized in
detail by high-resolution x-ray diffraction (XRD) using a Seifert diffractometer equipped with
primary and secondary monochromator crystals. Films with thicknesses larger than 1 um are
generally fully relaxed as found by reciprocal space mapping of asymmetric Bragg
reflections. With increasing Sn content, the diffraction peaks shift to larger diffraction angles
as illustrated by Supplementary Fig. 2a for the (222) Bragg reflection, indicating a
corresponding decrease of the lattice constant ao. From the evaluation of the lattice parameter,
we find that the lattice constant closely follows the Vegard’s law given by:

ap (Xsn) = 6.124 — 0.123 x5, [A] (1)

in agreement with previous works [2]. Here, a; = 6.124 A is the lattice constant of pure PbSe.
Due to the sharp diffraction peaks and the high-resolution x-ray diffraction set-up the
precision of the lattice constant determination is +0.001 A, which translates into a precision
for xsn of £0.01, i.e., of £1%. Supplementary Fig. 2b shows the resulting composition of the
layers versus that obtained from in situ beam flux measurements using the quartz balance
method, evidencing a very good agreement without adjustable parameters. Films with Sn
content above 40% are found to be no longer single phase, resulting in a splitting of the
diffraction peaks. This is due to the fact that SnSe exhibits an orthorhombic crystal structure,
for which reason the solubility of Sn in cubic rock salt Pb;..Sn,Se is limited to about 42%.
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Supplementary Note 3: Bi-doping and electrical characterization

Undoped Pb;4Sn,Se exhibits a p-type background carrier concentration due to cation (Pb/Sn)
vacancies formed during growth. These cation vacancies form resonant acceptor like energy
levels and thus induce a p-type hole conductivity. The p-type carrier concentration increases
with increasing Sn content from around 10" cm™ for PbSe to above 10*® cm™ for xs, > 30%.
Incorporating Bi makes the system n-type and allows tuning the Fermi level into the
conduction band as required for studying the properties of the of the entire Dirac cones of the
topological surface states by angle-resolved photoemission (ARPES). We use a Bi,Ses
effusion cell for doping, which promotes substitutional incorporation of Bi on cation lattice
sites without the need of an additional Se flux. The solubility of Bi in PbSe and SnSe amounts
to several percent according to the quasi binary phase diagrams [1], however, for n-doping
only a small Bi,Se; flux in the range of 10°-10 ML s™ range is actually required, depending
on the desired doping level. This doping flux was calibrated as described in detail in Ref. [3].

Doping action of Bi and the resulting electrical properties of the films were evaluated by Hall
measurements of a large series of samples as shown in Supplementary Fig. 3. For Bi-doped
PbSe the measured electron concentration ny corrected for the background hole concentration
po increases linearly with Bi flux and therefore changes exponentially with Bi,Se; effusion
cell temperature (cf. Supplementary Fig. 3a, m), indicating a unity doping efficiency in
agreement with previous results for Bi-doped PbTe films [3]. This therefore provides a
reliable calibration of Bi concentrations within a relative error of 10%.

For Pb;,Sn,Se films, the electron concentration ny - po (Supplementary Fig. 3b, @) is
generally found to be lower for the same growth conditions. This indicates a reduced doping
efficiency of Bi in PbSnSe compared to that in PbSe, in particular at higher doping
concentrations. As shown in Supplementary Fig. 3b, for small electron densities in the 10*
cm™ range, the mobility of the epilayers at 77K is as high as p7x = 32000 cm? Vs for PbSe
and 10.500 cm? Vs for Pbg7,SngsSe . Due to the increased scattering the mobility rapidly
decreases with increasing Bi-content in particular above the 10™® cm™ level, as we have also
previously reported for PbTe [3].

Supplementary Note 4: Structural effect of Bi-doping

The influence of Bi-doping on the structural properties of the epilayers was evaluated by
high-resolution x-ray diffraction as shown by Supplementary Fig. 4. For Bi-concentrations as
high as 2.2% (doping concentration of 3.5 x 10?° cm™) we do not find any indication of phase
separation or secondary phase formation and no broadening of the diffraction peaks occurs
(Supplementary Fig. 4b).

For further analysis of possible lattice deformations, reciprocal space maps were recorded
around the (222) and (513) reciprocal lattice points as shown in Supplementary Fig. 5 for two
Pho.72Sno 28Se epilayers with high (2.2%) and low (<0.5%) Bi-doping. From the fit of the peak
positions, the in-plane and out-of-plane lattice constants, as well as unit cell corner angle o
(rhombohedral distortion) was derived using the relation:

sin(a/2) = a)\3 (2a,2 + 4 a,7)™? )

For low Bi-concentration the layers exhibit a cubic lattice structure with a corner angle o =
90°. The experimental error in a is of +0.01°, as derived from the errors in the lattice
parameter determination (£0.001 A). For the high-Bi doped layers, however, a rhombohedral
lattice distortion is found with o ~ 89.94° for ng; = 2.2% as shown by Supplementary Fig. 5d.
This indicates that Bi-doping modifies the lattice structure and thus impacts the topological
surface state in the presence of a rhombohedral distortion. The visualization of the
rhombohedral angle o and the shift of anion and cation (111) planes that typically cause the
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rhombohedral distortion is depicted in Supplementary Fig. 6. On the other hand, we point out
that for the sample with ng; = 1%, since the distortion is still too weak, from the XRD data we
cannot conclusively derive the exact point of the structural phase transition considering the
error bars.

Supplementary Note 5: Angle-resolved photoemission spectroscopy

Photoemission experiments were performed at the undulator beamline UE112-PGM2a of the
BESSY Il synchrotron radiation source in Berlin, Germany. We used the endstation ARPES
1% which is equipped with a Scienta R8000 hemispherical analyzer allowing to detect emitted
photoelectrons up to acceptance angles of 30°. The base pressure during experiments was
better than 1 x 10 mbar. The epitaxial films were capped in situ after MBE growth with a
200 nm thick amorphous Se layer at room temperature to protect the surface against oxidation
during transport to the ARPES setup, where the Se cap was completely desorbed in the
preparation chamber by annealing at about 230°C for 15 min in 3x107° mbar. The
corresponding valence band ARPES data were collected in a wide range of temperatures
using linearly-polarized p+s photons with energies ranging from 18 to 23 eV. The ARPES
dispersions around the T and M points were acquired using the photon beam geometry shown
in Fig. 1a of the main text, where the light is incident on the sample under and angle of ¢=45°
with respect to the surface normal. The light incidence and electron detection planes were
parallel to the M-T-M and K-T-K high symmetry directions of the surface Brillouin zone,
respectively. The corresponding energy and angular resolutions were set to 5 meV and 0.1,
respectively.

Supplementary Note 6: Determination of the surface band gap

To determine the size of the surface band gaps as a function of Bi and Sn concentrations as
well as of temperature, we have fitted the experimental energy-distributions curves (EDCs) at
zero momentum extracted from the ARPES spectra shown in the main text. In Supplementary
Fig. 7, we summarize the procedure used by taking a Pbg7,Sng2sSe sample doped with 0.6%
Bi as an example. Supplementary Fig. 7a displays the corresponding energy-momentum
ARPES dispersion measured at 30 K and 18 eV photon energy. The intensity contributions
from the bulk-valence band (BVB) states at high binding energies are clearly distinguishable
from the dispersion of the upper and lower part of the surface state (SS) at lower binding
energies. In particular, we observe that in contrast to the undoped Pbg7,Sng.sSe sample
measured under the same experimental conditions (see Fig. 2a of the main text), incorporating
Bi leads to an intensity dip at the energy position of the original Dirac point which is the
signature of a small gap. We also note that by increasing the Bi concentration, as also seen in
Figs. 2c,d of the main text, the intensity dip becomes more and more pronounced which is
related to the widening of the surface gap.

In Supplementary Fig. 7b we show the corresponding EDCs extracted from Supplementary
Fig. 7a, where the EDC at normal emission is highlighted with a thick red line. The
corresponding fit results (black solid lines) of the EDC (red circles) are shown in
Supplementary Fig. 7c. The error bars in the determination of the surface gap shown in the
main text correspond to the uncertainty of determining the energy position of the band
dispersions, and are estimated from the standard deviations of the peak positions over several
fitting cycles. Specifically, the size of the surface band gap is determined from the energy
separation between the fitted Lorentzian peaks shown in blue (green) color, which are located
at the energy minimum (maximum) of the upper (lower) part of the SS. We also point out that
a lower limit of the surface band gap can be obtained from the ARPES spectra after
considering the contribution from the linewidth broadening. The lower limit of the surface
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band gap is approximately represented by horizontal dashed lines around the region of the gap
in Figs. 2a-d and Fig. 3 of the main text. In Supplementary Figs. 7c, other Lorentzian peaks
shown in gray color are contributions from the bulk-valence band (BVB). To extract the
energy positions, the experimental ARPES spectra were fitted by a sum of Lorentzian
functions plus a background. A typical spectrum containing N number of peaks was fitted by
a function involving a convolution of the form:

I(E, k) = [f(E,T) - XL, M7 - Ai(E;, w;) + B(E)| @ G(E) ®)

Where Ej, wi, and the matrix elements M; are fitting parameters corresponding to the binding
energy, width, and intensity of each Lorentzian peak, and f(E,T) is the Fermi function. The
spectral function Ai(E;,w;) is approximated by Lorentzian functions, and B(E) is assumed to
be a Shirley-like background [4]. The full width at half maximum (FWHM) of the Gaussian
slit function G(E) corresponds to the total energy resolution of the experiment, which is
photon-energy dependent.

Supplementary Note 7: Photon energy dependence of Pbg 7,Shg2sSe doped with 2.2% Bi

To analyze the energy-momentum band dispersions of the surface state as a function of
photon energy, we have fitted the experimental momentum-distribution curves (MDCs)
extracted from the ARPES measurements shown in Fig. 2h-m of the main text. In
Supplementary Figs. 8a-h, we summarize the procedure used by taking representative results
at 18 eV and 22 eV photon energy as an example. For the fitting procedure, we used a sum of
Lorentzian peaks plus a constant background convoluted with a Gaussian function
representing the momentum resolution, and thus a fit function which is similar to
Supplementary Eq. (3) but with the electron momentum parallel to the surface as the main
variable. Supplementary Fig. 8a shows the fit results of the upper and lower parts of the
surface state superimposed on the corresponding ARPES dispersion measured at 18 eV. The
fitted peak positions are also shown independently in Supplementary Fig. 8b. Analogous
results for measurements at 22 eV photon energy are displayed in Supplementary Figs. 8c,d.
From this comparison, we observe good agreement concerning both the energy positions of
the upper and lower parts of the surface state as well as their overall dispersion with
momentum parallel to the surface.

In Supplementary Figs. 8e-h, we show few-selected fits (black solid lines) to experimental
MDCs (red symbols) obtained at various binding energies across the upper and lower parts of
the surface state for photon energies of 18 eV (Supplementary Figs. 8e,f) and 22 eV
(Supplementary Figs. 8g,h). The intensity contributions from the surface state are marked
with black filled circles on top of each fit. Additional intensities from the bulk-conduction
band (BCB) near the Fermi level and from the bulk-valence band (BVB) at high binding
energies were fitted by extra Lorentzian peaks introduced into the analysis procedure. As seen
in Supplementary Figs. 8e-h, the obtained fits are in remarkable agreement with the
experimental MDCs. The intensity contributions from the upper part of the surface state
(Supplementary Figs. 8e,g) appear as distinct peaks in the corresponding MDCs. This is also
the case for the whole measured photon-energy range shown in Figs. 2h-m of the main text,
even for photon energies where the dispersion of the BCB is clearly observed. Similarly, as
seen in Supplementary Fig. 8f, the lower part of the surface state appears as pronounced peaks
around the BVB intensity, which becomes progressively smaller with decreasing binding
energy. This situation is more or less representative for fits to experimental MDCs up to
photon energies of 21 eV. At higher photon energies, despite the dispersion of the BVB with
momentum perpendicular to the surface k,, we clearly resolve the opposite branches of the
lower part of the surface state as pronounced shoulders around the BVB intensity (see
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Supplementary Fig. 8h). This allows us to extract the energy positions of the lower surface
state with relatively good accuracy, despite the partial overlap with the BVB which
nevertheless introduces additional errors in the fitted band dispersions. The error bars in the
MDC fits were estimated from the standard deviations of the peak positions over several
fitting cycles. In particular, the error bars in Ak; (AE) shown in Fig. 2n of the main text for
each photon energy were taken as the maximum error obtained for the whole fitted range, and
the corresponding error bars in energy were estimated from the obtained Ak; values. These
error bars represent the maximum uncertainty in determining the corresponding band
dispersions as extracted from the MDC fits. Supplementary Figs. 8i-n display the photon-
energy dependent ARPES spectra shown in Figs. 2h-m of the main text, where we have
superimposed the corresponding results of the MDC fits for each photon energy. By
comparing the maximum error bar obtained from the MDC fits to the maximum deviation
between the fitted results for different photon energies shown in Fig. 2n of the main text, we
derive a total accuracy representing the upper bound for the maximal k; dispersion of the
surface state of £20 meV. This result strongly indicates that the gapped surface state is two
dimensional, in contrast to the three-dimensional character of the BCB or the BVB which
clearly disperse with photon energy as seen in Supplementary Figs. 8i-n.

Supplementary Note 8: ARPES of the surface state in the topologically trivial state

To determine whether in the topologically trivial phase the temperature dependence of the
band gaps is similar at the T and at M points, ARPES data were recorded for a ~0.6% Bi-
doped Pb;..Sn,Se sample with a Sn content of 16% at temperatures ranging from 300 to 30 K.
This particular Sn content was chosen to be close to the quantum critical point of the phase
transition, but staying in the trivial phase for all investigated temperatures. The ARPES data
shown in Supplementary Fig. 9 reveal both the valence and conduction band states with an
open gap corresponding to the non-inverted band structure. At T, we clearly observe the
contribution from topologically trivial surface states forming as precursor states of the
guantum-phase transition, which are also seen in Figs. 1-3 of the main text in agreement with
previous observations on undoped topological crystalline insulators [5]. We also point out that
the same precursor states have been observed in quantum-phase transitions between trivial
and Z, topological insulators, which in addition preserve the helical spin texture despite their
trivial origin [6]. Note that the intensity from the precursor states at the M points is less
resolved in our data most probably because of their tilted projection onto the (111) plane,
which corresponds to an electron emission angle of about 21° in the particular geometry
shown in Supplementary Fig. 10.

Supplementary Note 9: Band gaps and Dirac cones in the different topological phases

As described in the main text, Pby.,Sn,Se (111) exists in different topological states depending
on temperature, Sn and Bi content. For low xs, < 16%, Pb;.,Sn,Se is topologically trivial with
an open and equal band gap at the M and T points of the surface Brillouin zone as shown
schematically in Supplementary Fig. 11a. For higher Xs,, a bulk band inversion occurs at low
temperatures, which renders Pb;..SnsSe as topological crystalline insulator, in which Dirac
cones are formed at all four high symmetry points, i.e., all M and T points. This is shown in
Supplementary Fig. 11b. Upon Bi-doping, the valley degeneracy is lifted and a gap opens up
at the T point, while the Dirac cones remain closed, i.e., ungapped at all three M-points
(Supplementary Fig. 11c). This makes Bi-doped Pb;Sn,Se a Z, topological insulator with
odd number of band inversions.

Reprinted supplement page 17 of paper [61] “Topological transition from TCI to TI via Bi doping”.
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Supplementary Note 10: Core-level photoemission

Core-level spectra measured with 90 eV photons for Pb;,Sn,Se with 28% Sn concentration
and 2.2% Bi doping are shown in Supplementary Fig. 12a. The overlap of Bi 5ds;, with Sn
4ds, emission is resolved by a fitting procedure, the results of which are shown in
Supplementary Fig. 12b. To further evaluate the stoichiometry from the core-level spectra, in
particular the Bi concentration, we analyzed the intensity ratios by taking into account the
peak areas and the corresponding photoemission cross sections of the individual elements [7].
Specifically, we used a similar fitting procedure as the one described in Supplementary Note
6. After normalizing the peak areas of individual elements by their photoemission cross
section, we derived the Bi concentration from the ratio ngi=Agi/(Agi+Bps+Csn), Where A, B, C
denote the corresponding peak areas normalized with respect to the area under the Se peak.
For the core-levels shown in Supplementary Fig. 12, we derive Agi=0.0973, Bpp,=2.04129 and
Csn=0.84593, which yields an absolute value of ngi~3.2 % that is in fair agreement with the
more accurate result obtained using high resolution x-ray diffraction and the Vegard’s law
(see Supplementary Fig. 2 and Supplementary Note 2).
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4.9 Giant Rashba effect in (Pb,Sn)Te

The topological properties of lead-tin chalcogenide topological crystalline insulators can be
tuned by temperature and composition. We have shown that bulk Bi doping of epitaxial
(Pb,Sn)Te (111) films induce a giant Rashba splitting at the surface that the doping level can
tune. Tight binding calculations identify their origin as Fermi-level pinning by trap states at
the surface.
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Giant Rashba Splitting in Pb,_,Sn,Te (111) Topological
Crystalline Insulator Films Controlled by Bi Doping

in the Bulk

Valentine V. Volobuev,* Partha S. Mandal, Marta Galicka, Ondrej Caha,
Jaime Sdnchez-Barriga, Domenico Di Sante, Andrei Varykhalov, Amir Khiar,
Silvia Picozzi, Giinther Bauer, Perla Kacman, Ryszard Buczko, Oliver Rader,

and Gunther Springholz*

A novel class of topological insulators (TlIs), called topological
crystalline insulators (TCls), has been recently predicted!"?]
and experimentally demonstrated for SnTe,**! Pb,_, Sn,Te,*°]
and Pb,_,Sn,Se.l’! In these IV-VI materials, an inversion of the
Lg, and Ly valence and conduction bands (CBs) occurs above
a certain critical Sn content (see Figure 1a).”°! This induces
a trivial to nontrivial topological phase transition that, due to
the bulk-surface connectivity, gives rise to the formation of a
2D topological surface state (TSS) with linear dispersion of a
Dirac cone and helical spin texture due to spin-momentum
locking 1261912 Tn TCIs, these TSSs are protected by crystal
mirror symmetries!"? rather than by time-reversal symmetry
as in conventional Z, topological insulators.'>'*l Thus, these
surface states are formed on particular surfaces such as (001),
(111), and (110), where the crystalline mirror symmetries are
preserved.['>12 Moreover, the band inversion is highly sensitive
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to external perturbations.!'®1>1% Therefore, the trivial to non-
trivial topological phase transition can be controlled by many
different means, such as by varying temperature,% pres-
sure,?l hybridization in ultrathin film geometries,'”"") mag-
netic interactions,?” or by breaking of mirror symmetries by
strain,[1021-23] electrostatic fields,/"®! or ferroelectric (FE) lattice
distortions.?*?] This provides ample degrees of freedom for
topology control not available in conventional Z, TIs. For this
reason, TCIs offer an ideal template for observation of exotic
phenomena such as partially flat band helical snake states and
interfacial superconductivity,'%! large-Chern-number quantum
anomalous Hall effect,?® as well as for realization of novel
topology-based devices such as topological photodetectors,?’]
spin transistors,!'¥ and spin torque devices.?’)

For most of such applications, thin film structures with
precisely controlled composition and Fermi level are required.
Up to now, most work has been performed on highly p-type
bulk crystals exploiting the natural (001) cleavage plane of
the IV-VI compounds,*% whereas for other surface orienta-
tions and practical devices epitaxial TCI film structures are
required.'$28-321 The (111) orientation is particularly inter-
esting due to the polar nature of its surfacel'? as well as the
ease of lifting the fourfold valley degeneracy at the L-points
of the Brillouin zone (BZ)B3 by opening a gap at particular
Dirac points by strainl'® and quantum confinement!'"’ to
induce a transition from a TCI to a normal Z,-TT material.l?’]
Epitaxial growth strongly relies on lattice and thermal expan-
sion matching between films and substrate material. Good
results have been obtained, e.g., for PbSnTe on Bi,Te; buffer
layers,?134 but transport and photoemission investigations
are offset by the intrinsic topological character of Bi,Te;,3"%]
as well as by PbSnTe/Bi,Te; interdiffusion and intermixing.
Most challenging, however, is the intrinsic p-type character of
PbSnTe caused by the natural tendency of cation vacancy for-
mation, creating resonant acceptor levels in the valence band
(VB).) This tendency strongly increases with increasing Sn
content and thus, SnTe always exhibits very high bulk hole
concentrations of around 10%° cm™. This not only masks the
topological surface state in transport and optical investigations
but also impedes observing the Dirac point by angle-resolved
photoemission (ARPES).

In the present work, we employ molecular beam epi-
taxy (MBE) to grow high-quality Pb;_,Sn,Te films in which
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Figure 1. Basic properties of Pb;_,Sn,Te (111) films. a) Band gap in dependence of Sn content xs,, at T=300, 150, and 4 K (solid/dashed lines) according
to refs. [7] and [8]. Symbols: ARPES data for room temperature (@), 200 K (#), 150 K (#), and 100 K (A). The band inversion and trivial to nontrivial
topological phase transition occur at x5, = 0.36 and = 0.6 for 4 and 300 K, respectively. b,c) RHEED patterns and AFM image of a Pbg 4,Sng¢Te film
grown by MBE on BaF, (111) substates. d) The extracted surface profile shows only single monolayer steps with a height of 3.7 A. e—g) X-ray diffraction
reciprocal space maps around the (513) Bragg reflection for three epilayers with x5, = 0, 0.46, and 1. As indicated, the layer peaks lie exactly on the line
connecting the peak positions of bulk PbTe (0) and SnTe (o), evidencing that all films are fully relaxed without residual lattice distortion. The expected

peak positions of fully strained epilayers are indicated by (A, o).

“extrinsic” n-type doping is employed for compensation and
control of carrier concentration. We show that Bi doping allows
us to tune the Fermi level over a wide range from the valence to
the conduction band and thus to observe the trivial to nontrivial
topological phase transition under temperature and composi-
tion variation. By careful tuning of the doping level and growth
conditions, low free carrier concentrations of about 10'® cm™
and carrier mobilities as high as 10* cm? V! 571 are achieved,
providing excellent conditions for quantum transport and
optical studies of nontrivial topology effects.?? Most strikingly,
we find that Bi doping induces a very large Rashba splitting
of the valence band that is absent for undoped material and
reaches values as high as 0.022 A", This yields a giant Rashba
coupling constant of 3.8 eV A~! that is comparable to the record
values recently reported for the BiTe-halide compounds.l3¢-3
By tight binding (TB) calculations we reveal that this Rashba
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splitting is caused by pinning of the Fermi level by acceptor-
like trap states at the surface. The important outcome is that
the Rashba effect can be tailored and tuned by bulk Bi doping.
The coexistence and hybridization of TSS and Rashba-split sur-
face states is unexpected due to the inversion symmetry of the
rock salt structure and paves the way for novel topological spin—
orbitronic devices.*’]

Epitaxial growth of Pb_,Sn,Te was performed by molecular
beam epitaxy on BaF, (111) substrates using stoichiometric
PbTe and SnTe beam flux sources.l***!] The chemical composi-
tion of the layers was varied over a wide range from xs, =0 to 1
by control of the SnTe/PbTe beam flux ratio, which was meas-
ured precisely using the quartz crystal microbalance method.*"]
n-type doping was realized using a Bi,Te; compound source to
promote substitutional incorporation of bismuth into cation lat-
tice sites,*”l where Bi acts as a donor because of its additional

Adv. Mater. 2017, 29, 1604185
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valence electron compared to Pb or Sn.*?*3 The solubility of
Bi,Te; in SnTe and PbTe amounts to several percent according
to the quasi binary phase diagrams.*l For compensation of the
native p-type carrier concentration, however, only small Bi con-
centrations well below 1% and Bi flux rates of 10~ 10~3 mon-
olayer (ML) per second are required, compared to overall film
growth rates of 1 ML s™ (= 3.7 A s™).

2D growth of Pb;_,Sn,Te (111) films is observed for all com-
positions beyond a thickness of 100 nm as demonstrated by
the reflection high-energy electron diffraction (RHEED) pat-
terns and atomic force microscopy (AFM) image depicted in
Figure 1b,c for xg, = 0.4. The high film quality is evidenced
by sharp diffraction spots arranged on the Laue circle and the
intense Kikuchi lines arising from scattering at subsurface lat-
tice planes. No surface reconstruction is observed. The surface is
atomically flat exhibiting about 200 nm wide terraces separated
by single monolayer steps of 3.7 A height (cf. Figure 1d). At the
given substrate temperature of 350 °C, growth proceeds in a
step-flow mode with the surface steps pinned by threading dis-
locations as described in detail in refs. [45] and [46]. Structural
characterization by high-resolution X-ray reciprocal space map-
ping (see Figure le—g) demonstrates that the layers with 1-2 um
thickness are fully relaxed. Accordingly, their Bragg peaks lie
exactly along the line connecting the bulk PbTe (apy. = 6.462 A)
and SnTe (agyte = 6.323 A) reciprocal lattice points, as indicated
by the dashed and solid lines, respectively. Thus, the epilayers
are undistorted with equal in- and out-of-plane lattice constants.
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Systematic evaluation of the lattice parameter as a function of
composition shows that it precisely follows Vegard's law.*’] In
particular, for all samples the Sn content derived by X-ray dif-
fraction perfectly agrees with the nominal growth values. More-
over, no traces of any secondary phases were detected.

The Bi doping action and transport properties were eval-
uated by Hall effect measurements, as summarized in
Figure 2. Undoped PbTe layers are n-type in the low 10" cm™
range under stoichiometric MBE growth conditions.***2l On the
contrary, the carrier type of Pb;_,Sn,Te switches from n to p-type
at xg, > 15% and thereafter the hole concentration rises expo-
nentially with increasing Sn content, reaching hole densities as
high as 2 x 10%° cm™3 for pure SnTe (see Figure 2a). This demon-
strates an exceedingly low cation vacancy formation energy Ey of
SnTe compared to PbTe.¥! For undoped Pb;_,Sn,Te TCI films
requiring xg, larger than 40%, the Fermi level is therefore always
deep in the valence band.?~>** We model the dependence of the
cation vacancy formation energy on composition using Ey(xs,)
= Eysute + AEy (1 — xg,,), where AEy is the vacancy energy dif-
ference between PbTe and SnTe. Assuming an Arrhenius-like
behavior for the equilibrium vacancy concentration, the native
free carrier concentration in Pb;_,Sn,Te is predicted as
Mop (%50 ) = =" pire + np,SnTeeiAEV(lixsn T (1)
where n, pyre and 1, 5,1 are the intrinsic carrier concentrations
of the parent binary materials for the given growth conditions.

Bi concentration ng, (%)
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Figure 2. Effect of Bi doping of TCI films. a) Intrinsic carrier concentration of undoped Pb;_,Sn,Te epilayers as a function of Sn content, revealing the
high p-type character with increasing Sn content due to Sn vacancy formation. The solid line represents the fit of the experimental data assuming that
the formation energy of vacancies decreases linearly with xs,. b) Hall concentrations ny, obtained for PbTe:Bi () and Pbgs,SnysTe:Bi (M: p-type; @:

n-type) as a function of Bi-dopant concentration. Solid lines: Expected ny,

for different doping efficencies y=1 for PbTe (black line) and y=1, 0.5, and

0.3 for PbSnTe as indicated, based on the background carrier concentration measured for the undoped reference layers. c) Bi doping efficiency derived

for PbTe () and Pbgs,SnyeTe (M: p-type; @: n-type) versus Bi concentrati
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As demonstrated by the solid line in Figure 2a, this model per-
fectly describes our experimental findings and from the fit of
our data, a difference in the cation vacancy formation energy
between PbTe and SnTe of AE, = 360 meV is derived.

Effective control of the carrier type and tuning of the carrier
concentration by Bi doping is demonstrated in Figure 2b, where
the Hall concentrations of Bi-doped PbTe (®) and Pby 5,Sng 45 Te
(M,®) epilayers are plotted versus Bi concentration. For PbTe,
the electron concentration rises perfectly linearly with Bi
dopant concentration (solid line), evidencing a single ionized
donor state and a unity doping efficiency y = (n — ng)/ng; for
Bi concentrations as high as 10 cm™. This provides a pre-
cise calibration of the Bi flux for growth. For Pbgs,Sng4¢Te,
Bi doping partially compensates the native hole concentration
until for ng; > 2 x 10" cm™ the material switches from p to
n-type with electron concentrations up to the mid-10"> cm™
range (cf. Figure 2b). Thus, the carrier density can be tuned
over a wide range. By precise control of the Bi flux, low carrier
densities within the 107 cm™ range can be obtained, resulting
in Hall mobilities as high as ;= 13 000 cm? V™' s7' at 77 K,
comparable to or even exceeding the highest values reported for
long-term annealed bulk PbSnTe single crystals with similar Sn
content.*l Inspection of Figure 2b reveals, however, that for
highly doped Pby 5,Sn 4¢Te films the actual electron concentra-
tion is significantly below the expected values for y= 1 (dashed
line) and that the maximum electron concentration saturates in
the mid-10' cm™ range even at high Bi concentrations. This
means that the doping efficiency decreases with increasing Sn
content to y < 0.4 for xg, = 46% (Figure 2c), whereas for pure
PbTe it is unity for all investigated Bi concentrations. This sug-
gests that Bi develops an amphoteric character in the ternary
materials and starts to occupy Te lattice sites as well, on which it
acts like an acceptor. Thus, compensation of the native hole con-
centration becomes increasingly difficult at higher Sn contents.

The effect of Bi doping on the topological surface state and
population of the electronic bands was studied in detail by
ARPES as a function of temperature and composition in the
17-90 eV photon energy range. As shown by Figure 3, for n-doped
Pbys54Sng4cTe:Bi films both conduction and valence bands are
clearly visible in ARPES, whereas for undoped films only the
lower branch of the valence band is seen because the Fermi level
is well below the VB edge (see Figure 4a). For a Bi doping of ng; =
4 x 10" cm™ (= 0.3% Bi), the Fermi level Ey at room tempera-
ture is already by +100 meV above the CB edge and lowering the
temperature induces a further upward shift to +160 meV at 110 K
(cf. Figure 3a—c). At this temperature a well-resolved 2D TSS with
linear dispersion appears, indicating the transition from the trivial
to the nontrivial TCI state. Also, an increase in the Fermi velocity,
ie., slope of the E(k) dispersion, occurs due to the decrease of the
effective masses accompanying the closing of the gap.#”) This in
turn leads to a decrease in the electronic density of states, which
means that at lower temperatures the Fermi energy must shift
upward to accommodate the nearly constant carrier concentration
found by the Hall effect measurements.

The 2D nature of the observed surface state was verified
by photon-energy-dependent ARPES investigations shown in
Figure 3e-h. In spite of different admixtures of dispersive bulk
and nondispersive surface signals at different photon energies,
the absence of any photon energy dispersion corroborates that

wileyonlinelibrary.com
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the observed bands are indeed surface states with 2D character.
For the n-doped Pby 5451 4¢Te films, linear extrapolation of the
TSS from the CB yields a Dirac point position at 10-20 meV
below the VB maximum at 110 K. This is revealed clearly by
Figure 3jk, where the ARPES intensity is depicted on a loga-
rithmic scale. Also shown for comparison are the ARPES data
of a film with xg, = 26%, in which the gap remains fully open
with E; = 120 meV even at low temperatures, i.e., for low Sn
contents Pb;_,Sn,Te remains topologically trivial. Thus, the
trivial to nontrivial topological phase transition is demonstrated
for (111) epitaxial films both as a function of temperature and
Sn content. It is noted that the topological phase transition was
previously suggested to occur already at x,, = 0.25 for cleaved
(001) bulk Pb,_,Sn,Te crystals.’! However, this conclusion
was based only on extrapolation of the dispersion of the VB
of highly p-type material without directly observing the Dirac
point and conduction band.

Remarkably, all n-doped films show a very large Rashba
splitting of the valence band in the ky; direction. To map out
its correlation with the doping level, ARPES was performed for
a series of Pbgs4Sng4eTe layers with systematically increasing
doping level. The results are presented in Figure 4 for Bi con-
centrations varying from 0% to 1%. Whereas for the undoped
film the Fermi level is deep inside the VB, it strongly moves
upward with increasing Bi content so that for ng; > 0.2% the
full VB dispersion and CB appear. In fact, a total shift of Ep
by as much as +280 meV is achieved by 1% Bi doping, evi-
dencing the effective control of the Fermi level. Most impor-
tantly, we find that the Rashba splitting systematically increases
with the Bi concentration. Thus, the Rashba effect is induced
by the “bulk doping” of the material, which is in complete
contrast to the Rashba effect in Z,-TIs such as Bi,Se;, which
is usually induced by alkalinel?*>!l or transition metal deposi-
tion®2 or adsorption of water on the surface,’*>* but not upon
bulk doping.*>*>-58] Moreover, it is to be noted that in these
Z,-TIs the Rashba bands are completely separated in energy
from the TSS, whereas in our TCI case the Dirac and Kramers
point overlap (see Figure 3j). This suggests that a hybridization
between the TSS and the Rashba bands may occur.

For quantitative evaluation, the Rashba bands were mod-
eled using the effective mass approximation where the energy—
momentum dispersion is given by

E(k.) =K [2m 5+ oy (6 x ) 2 = 7K /2 & ok @

where m* is the effective carrier mass in the ky; direction, o
is the Pauli spin matrix, and oy is the Rashba constant due
to spin-orbit coupling and structural asymmetry at the sur-
face. The Rashba effect causes the formation of two separate
spin-polarized bands k, and k_ that are split by 2Akg in the ky;
direction, as indicated schematically by the dashed lines in
Figure 4d. This leads to a nested band structure with helical
spin texture, forming concentric rings in the k,, plane as cor-
roborated by the constant energy ARPES maps depicted in
Figure 4e-h. This is a key hallmark of the Rashba effect. From
the data, we derive the momentum splitting Aky and Rashba
energy Ey (= energy difference between the band maxima and
the Kramers point) for each sample, which yields the Rashba
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Figure 3. Topological phase transition characterized by ARPES. a—d) Temperature-dependent E(k) maps of a Pbgs,Sng46Te (111) epilayer with 0.25%
Bi measured around T of the surface BZ using a photon energy of 18 eV. The topological transition occurs at about 110 K. Below 80 K photoemission
becomes unstable due to photoninduced adsorption of residual gases and charging of the surface.''l e~h) Photon energy dependence measured at
110 K. i-k) ARPES spectra of Pb;_,Sn,Te epilayers with low (xs, = 26%) and high (46%) Sn content, demonstrating the trivial to nontrivial phase transi-
tion as a function of composition with an open gap for the former and with a closed gap for the latter at 110 K. The intensity is shown on a logarithmic

scale to reveal the TSS in the CB.

coupling constant o = 2Ep/Aky as a function of the doping
level. The results are summarized in Table 1, demonstrating a
clear correlation between the Rashba parameters and Bi con-
centration. In particular, the Rashba constant assumes exceed-
ingly large values of o = 3.8 eV A~ for 1% Bi doping, which is
comparable to the recently reported record values of the giant
Rashba systems such as BiTeX (X = I, Br, and Cl) and o-GeTe
where o is of the order of 2—4 eV A~1[36-38,59-62]

The giant Rashba splitting is unexpected for materials pos-
sessing inversion symmetry as applies for the IV-VI compounds
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with cubic rock salt crystal structure. As recently suggested, FE
lattice distortions can lead to a giant bulk Rashba splitting®”!
in a-GeTel®"%? and SnTe.”! In our Pb,_,Sn,Te films, however,
we do not observe such distortions by X-ray diffraction down
to 80 K, and even pure SnTe becomes ferroelectric only at low
temperatures. Moreover, we do not observe any abrupt change
of the Rashba effect with temperature (cf. Figure 3) as would
be expected to occur at such an FE phase transition. Thus, we
rule out bulk inversion symmetry breaking and the Dressel-
haus mechanism as an origin for the observed Rashba effect.
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Figure 4. Effect of bulk Bi doping on the Rashba effect. a—d) ARPES spectra of Pby 54Sng 46Te (111) with bulk Bi concentrations varying ng;=0to 1%, dem-
onstrating effective tuning of the Fermi level and the strong increase of the Rashba splitting with Bi concentration. The ARPES maps were recorded around
the T-point at 100 K with a photon energy of 18 eV. The derivation of the Rashba constants o from the measured Ak and Eg is shown schematically in (d)
andtheresults are listed in Table 1. e~h) Constant-energy contours at different binding energies for the sample with ng;=0.7% showing the concentricrings
ofthe Rashba bands and increasing hexagonal warping at lower energy. i) Core-level spectra excited with hv=90 eV showing the Bi 4ds , peak for increasing
dopinglevel. The upperinsetillustrates the surface band bendinginduced by localized electron traps Ny~ atthe surface that become populated with increasing
bulk doping, whereas without Bi doping (lower inset) the traps are not occupied and no band bending occurs. j-I) Tight binding supercell calculation of the
Rashba effect in Pbg5,Sng46Te (111) induced by j) an upward or k,|) a downward band bending toward the surface due to a negative and a positive surface
potential Vo, respectively. The screening length was set to A= 25A and T= 200 K. The Rashba constants derived from calculations kg, (H), E; (@), and
O = 2Eg/kg (®) are plotted in (m) as a function of surface potential.
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Table 1. Rashba parameters of Pbgs4SngeTe (111) as a function of Bi
concentration ng; measured by ARPES at 110 K (Figure 4), including
Fermi energy Er (relative to the top of the valence band), Rashba energy
Eg, momentum splitting kg, and Rashba coupling constant o = 2Eg/ky
of the Rashba bands.

N Er Eg kg R
1%] [meV] [meV] AT [V AT
0 -80 - - -
0.3 +140 13 0.011 2.4
0.7 +170 30 0.017 35
0.9 +190 38 0.022 3.8
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Instead, we invoke a symmetry breaking at the surface. In fact,
the mere existence of the surface can produce spin-polarized
surface states, as has been shown in the case of P 7351, ,7Se in
the normal insulator phase.*”) A surface band bending can tune
these states to the band gap region, and/or produce new states
localized at the surface and enhance the spin splitting. The per-
taining Rashba effect will be thus confined to the surface, in
agreement with the observed 2D nature of the Rashba bands
revealed by the photon-energy dependence of Figure 3. We sug-
gest that the surface band bending for PbSnTe (111) is caused
by a pinning of the Fermi level by localized trap states at the
surface due to dangling bonds. This results in the presence
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of a fixed surface charge og that induces a depletion layer
below the surface. For degenerately doped semiconductors
this is described by the Thomas Fermi screening model with a
screening potential of

V(z) =V, exp(—z/A) (3)

where V, is the potential at the surface at z = 0 and

A=n"" he.e Je'm”(3n)"* is the Thomas Fermi screening

length,[%] which is of the order of few nanometers for highly
doped semiconductors. The surface potential V,, is related to the
surface charge by V, = —0sA/g¢, through the Poisson’s equa-
tion and the overall charge neutrality condition. For acceptor-
like trap states, the trapped surface charge o is negative so that
the bands bend upward at the surface and V,, assumes a posi-
tive value. Likewise, for donor-like surface states oy is positive,
inducing a downward band bending corresponding to negative
V values.

The influence of the surface band bending on the surface
spectral density of states was evaluated by tight binding cal-
culations in which different surface potentials according to
Equation (3) were superimposed on the atomic potentials
of Pbys4Sng4Te obtained in refs. [6] and [12]. We assume an
anion (Te) termination of the (111) surface as density func-
tional theory (DFT) calculations!*®l suggest that this surface
exhibits a lower surface energy than the cation termination.
The results are presented in Figure 4 for A = 2.5 and Vj var-
ying from —0.5, +0.3, and +0.1 eV from (j) to (1), respectively,
where the solid lines correspond to the 2D surface states and
the shaded regions to the bulk bands. Evidently, surface band
bending induces a strong Rashba splitting in either the CB
or VB depending on the “sign” of V;. Positive V; (i.e., upward
band bending) leads to a Rashba splitting in the VB due to the
confinement of the hole wave functions near the surface. Con-
versely, for negative V, the Rashba-split states appear in the CB.
Comparison with our experiments reveals that only the upward
band bending, i.e., V; > 0, is consistent with the ARPES data,
which demonstrates the presence of a negative surface charge
o5 on the anion-terminated surface.

From our TB calculations, we derive the dependence of
Rashba parameters as a function of surface potential as pre-
sented in Figure 4m. Evidently, the momentum splitting Akg
and Rashba constant scale linearly, and Eg quadratically with the
surface potential Vj, i.e., with increasing electric field strength
E = dV/dz at the surface. Comparison with the experimental
values indicates a surface potential V, of around +0.1 to +0.3 eV
for our samples, which for the given screening length and die-
lectric constant yields a surface charge of the order of 1/10 elec-
tron per surface atom. However, the observed increase of the
Rashba splitting with increasing Bi doping dictates that this
surface charge is not constant but varies with the bulk Fermi
level. Thus, it cannot be simply due to the polar nature of the
(111) surface as previously suggested,® but rather by local-
ized surface trap states that are successively filled by electrons
as the bulk Fermi level increases. For p-doped samples these
trap states are unoccupied, corresponding to a flat band condi-
tion (cf. inset of Figure 4i) without a Rashba effect—as seen in
our experiments. Comparing calculated and measured Rashba
parameters, we find a good agreement for V, = +0.2 eV, where
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g is of the order of 3 eV A in both theory and experiment.
The upward surface band bending also nicely explains the weak
intensity of the CB band states in the ARPES measurements
because it pushes the CB wave functions into the bulk away
from the surface for which reason their spectral weight at the
surface is strongly reduced. Also note that for a given o value,
Aky and Eg of the TB calculations are somewhat smaller than
the experimental values. Since both are proportional to the in-
plane effective mass m*, this is attributed to the fact that m* is
underestimated by a factor of 1.8 in the TB binding calculations
as compared to the experiments. The effect of temperature
and screening length variation is discussed in the Supporting
Information.

To show that the Rashba effect is neither due to Bi accumula-
tion at the surface nor due to specific properties of the Bi, addi-
tional experiments were performed. This is because it is well
known that Bi on metal surfaces such as Ag(111) can induce a
large Rashba splitting due to its large spin—orbit coupling.(*>%% To
rule out such an effect, we have deposited 0.5-1 monolayer of Bi
on top of undoped Pbys,Sn4sTe (111) at a temperature of 200 K.
The resulting ARPES data, shown in Supporting Information,
Figure S1,1) reveal that this does not cause any Rashba splitting
of the PbSnTe bands, i.e., simple Bi accumulation on the surface
by surface segregation cannot explain the observed Rashba effect.
This is further underlined by the core level spectra of our films in
Figure 4i that reveal that the surface concentration of Bi is very
small in all samples, i.e., that no Bi accumulation actually occurs.
To further demonstrate that the Rashba effect also does not rely
on any specific property of the Bi dopant, we have prepared
PDy54Sn 46 Te films where Bi was replaced by Sb as group V n-type
dopant. As shown in Supporting Information, Figure 1,7 for
such films a similar giant Rashba effect is observed. In fact, for a
nominal Sb concentration of 3% we obtain an even larger Rashba
splitting of Akg = 0.036 A~ and Ey = 56 meV as compared to the
1% Bi-doped sample. This clearly corroborates that the Rashba
effect is solely controlled by the bulk Fermi level and thus it will
occur for any other n-type dopant in this system.

In summary, we have shown that Bi and Sb-doped topo-
logical crystalline insulator Pby_,Sn,Te (111) films represent a
giant Rashba system that features Rashba coupling constant as
high as the record values reported in the literature. Contrary to
most other systems, the strength of the Rashba effect is effec-
tively controlled by the bulk doping. Our detailed analysis using
tight binding calculations reveals that it originates from a large
upward band bending at the surface due to electron surface traps
whose occupancy is controlled by the bulk Fermi level. Since the
Fermi level can also be tuned by electrostatic gates, this opens
up a pathway for spintronic field effect device applications.
Doping also allows compensating the intrinsic p-type character
of TCI materials, resulting in high carrier mobilities that enable
optical and topological quantum transport investigations other-
wise screened by the bulk contribution. The magnitude of spin
splitting is already sufficient for room temperature operation
of spin-galvanic spintronic devices,?*%7% but beyond that the
observed trend implies that the spin splitting can be even further
enhanced by increased Bi or Sb doping levels. Thus, our findings
open up new avenues for exploring exotic electrical and optical
phenomena in topological systems, as well as novel spintronic
devices driven by the Rashba effect.
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Methods

Sample Preparation: Bi-doped Pb;_,Sn,Te thin films were grown
in a Varian Gen I MBE system on cleaved (111) BaF, substrates
at 350 °C at a pressure below 10~ mbar. The film growth was
in situ monitored by RHEED. PbTe, SnTe, and Bi,Te; were
evaporated from compound effusion cells. In some cases, a
Pbyg44Sng 56Te stoichiometric source was used. The PbTe/SnTe/
Bi ratio was controlled and calibrated by a quartz crystal micro-
balance moved into the substrate position. The thickness of the
films was in the range of 1—2 pum.

Sample Characterization: The surface of grown films was
examined by AFM in contact mode. X-ray diffraction meas-
urements and reciprocal space maps were performed using
a double crystal Seifert 3003 diffractometer equipped with a
channel cut Ge (200) monochromator. The composition was
determined using the Vegard’s law as well as energy dispersive
X-ray microanalysis and photoelectron spectroscopy.

Transport Characterization: Hall measurements were carried
out in Van der Pauw geometry with external magnetic fields
up to 0.9 Tesla. Measurements were performed and room and
liquid nitrogen temperature. Selected samples were also meas-
ured in high magnetic fields up to 7 T at 1.7 K. The obtained
high field and low field carrier concentrations are consistent
with each other within 20%.

ARPES Measurements: Angle-resolved photoemission was
measured at UE112_PGM-2a-1"2 beamline at the Bessy II syn-
chrotron (Berlin, Germany) with photon energies ranging from
15 to 90 eV and horizontally polarized light using a six-axes
automated cryo-manipulator and a Scienta R8000 hemispher-
ical analyzer with typical energy resolution better than 5 meV.
For these investigations, the as-grown samples were transferred
from the MBE to the synchrotron using a battery-operated ion
getter pumped UHYV suitcase (Ferrovac VSN40S) sustaining a
base pressure better than 2 x 107° mbar. The ARPES experi-
ments were carried out at pressures below 2 x 107° mbar.

Theoretical Calculations: The surface spectral density of states
in the studied Pby 5,Sn 4¢Te films was obtained using the tight-
binding approach within the virtual crystal approximation. The
parameters for the constituent compounds, PbTe and SnTe,
were taken from ref. [71], where they were obtained within a
nearest-neighbor 18-orbital sp*d® model with spin—orbit inter-
actions included. To obtain a correct dependence of the band
gap with temperature, an appropriate scaling of the hopping
integrals with temperature had, however, to be found. The Bi
incorporation was simulated by applying a surface potential
described by Equation (3) within the Thomas Fermi screening
model. The surface spectral functions were calculated using
recursive Green's function method described in ref. [72].

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

The authors acknowledge Helmholtz-Zentrum Berlin for provision of
synchrotron radiation beam time at the UE112-PGM-2a beamline of

wileyonlinelibrary.com

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

BESSY Il, and thank Prof. E. I. Rogacheva, National Technical University
“KhPI” Kharkiv, Ukraine, and Dr. A. Szczerbakow, Institute of Physics
of the Polish Academy of Sciences in Warszawa for providing the MBE
source material. Tight binding calculations were partially carried out
in the Academic Computer Center in Gdansk, Poland. This work was
supported by the Austrian Science Funds (Grant SFB 025-IRON), the
EU CALIPSO Program (Grant No. 312284), the Polish National Science
Center (Grant Nos. 2013/11/B/ST3/03934 and 2014/15/B/ST3/03833),
the Deutsche Forschingsgemeinschaft (Grant No. SPP 1666) and the
Impuls-und Vernetzungsfonds der Helmholtz-Gemeinschaft (Grant No.
HRJRG-408).

Note: The author list and article number in ref. 56 were corrected on
January 12, 2017, after initial publication online.

Received: August 4, 2016
Revised: September 29, 2016
Published online: November 17, 2016

[1] L. Fu, Phys. Rev. Lett. 2011, 106, 106802.
[2] T. H. Hsieh, H. Lin, J. Liu, W. Duan, A. Bansi, L. Fu, Nat. Commun.
2012, 3, 982.
[3] Y. Tanaka, Z. Ren, T. Sato, K. Nakayama, S. Souma, T. Takahashi,
K. Segawa, Y. Ando, Nat. Phys. 2012, 8, 800.
[4] S.-Y. Xu, C. Liu, N. Alidoust, M. Neupane, D. Qian, |. Belopolski,
J. D. D. Denlinger, Y. ). J. Wang, H. Lin, L. A. a. Wray, G. Landolt,
B. Slomski, ). H. H. Dil, A. Marcinkova, E. Morosan, Q. Gibson,
R. Sankar, F. C. C. Chou, R. J. J. Cava, A. Bansil, M. Z. Z. Hasan,
Nat. Commun. 2012, 3, 1192.
Y. Tanaka, T. Sato, K. Nakayama, S. Souma, T. Takahashi, Z. Ren,
M. Novak, K. Segawa, Y. Ando, Phys. Rev. B: Condens. Matter Mater.
Phys. 2013, 87, 155105.
P. Dziawa, B. ). Kowalski, K. Dybko, R. Buczko, A. Szczerbakow,
M. Szot, E. tusakowska, T. Balasubramanian, B. M. Wojek,
M. H. Berntsen, O. Tjernberg, T. Story, Nat. Mater. 2012, 17, 1023.
W. D. Johnston, J. G. King, R. Sci, I. Estermann, O. C. Simpson,
O. Stern, H. S. W Massey, C. B. O. Mohr, P. Roy, J. O. Dimmock,
I. Melngailis, A. ). Strauss, Phys. Rev. Lett. 1966, 16, 1193.
18] H. Preier, Appl. Phys. 1979, 20, 189.
[9 G.  Nimtz, B. Schlicht, in  Narrow-Gap
Springer-Verlag, Berlin 1983, pp. 1-117.
[10] Y. Ando, L. Fu, Annu. Rev. Condens. Matter Phys. 2015, 6, 361.
[11] B. M. Wojek, R. Buczko, S. Safaei, P. Dziawa, B. ). Kowalski,
M. H. Berntsen, T. Balasubramanian, M. Leandersson,
A. Szczerbakow, P. Kacman, T. Story, O. Tjernberg, Phys. Rev. B
2013, 87, 115106.
[12] S. Safaei, P. Kacman, R. Buczko, Phys. Rev. B: Condens. Matter
Mater. Phys. 2013, 88, 045305.
[13] M. Z. Hasan, C. L. Kane, Rev. Mod. Phys. 2010, 82, 3045.
[14] X. L. Qi, S. C. Zhang, Rev. Mod. Phys. 2011, 83, 1057.
[15] T. H. Hsieh, H. Lin, ). Liu, W. Duan, A. Bansil, L. Fu, Nat. Commun.
2013, 4, 1901.
[16] E. Tang, L. Fu, Nat. Phys. 2014, 10, 964.
[17] M. Serbyn, L. Fu, Phys. Rev. B: Condens. Matter Mater. Phys. 2014, 90, 1.
[18] J. Liu, T. H. Hsieh, P. Wei, W. Duan, . Moodera, L. Fu, Nat. Mater.
2013, 13, 178.
[19] S. Safaei, M. Galicka, P. Kacman, R. Buczko, New J. Phys. 2015, 17,
063041.
[20] B. A. Assaf, F. Katmis, P. Wei, C. Z. Chang, B. Satpati, J. S. Moodera,
D. Heiman, Phys. Rev. B: Condens. Matter Mater. Phys. 2015, 91, 1.
[21] 1. Zeljkovic, K. L. Scipioni, D. Walkup, Y. Okada, W. Zhou, R. Sankar,
G. Chang, Y. J. Wang, H. Lin, A. Bansil, F. Chou, Z. Wang,
V. Madhavan, Nat. Commun. 2015, 6, 6559.
[22] C. W. Niu, Y. Dai, Y. D. Ma, L. Yu, B. B. Huang, Mater. Express 2013,
3,159.

5

[6

[7

Semiconductor,

Adv. Mater. 2017, 29, 1604185

Reprinted page 8 of paper “Rashba splitting in (Pb,Sn)Te controlled by Bi doping”.



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

[23] X. Qian, L. Fu, J. Li, Nano Res. 2015, 8, 967.

[24] I. Zeljkovic, Y. Okada, M. Serbyn, R. Sankar, D. Walkup, W. Zhou,
J. Liu, G. Chang, Y. J. Wang, M. Z. Hasan, F. Chou, H. Lin, A. Bansil,
L. Fu, V. Madhavan, Nat. Mater. 2015, 14, 318.

[25] E. Plekhanov, P. Barone, D. Di Sante, S. Picozzi, Phys. Rev. B:
Condens. Matter Mater. Phys. 2014, 90, 161108 (R).

[26] C. Fang, M. |. Gilbert, B. A. Bernevig, Phys. Rev. Lett. 2014, 112,
046801.

[27] A. R. Mellnik, J. S. Lee, A. Richardella, J. L. Grab, P. J. Mintun,
M. H. Fischer, A. Vaezi, A. Manchon, E. A. Kim, N. Samarth,
D. C. Ralph, Nature 2014, 511, 449.

[28] H. Guo, C. H. Yan, J. W. Liu, Z. Y. Wang, R. Wu, Z. D. Zhang,
L. L. Wang, K. He, X. C. Ma, S. H. Ji, W. H. Duan, X. Chen,
Q. K. Xue, APL Mater. 2014, 2, 056106.

[29] C. Yan, . Liu, Y. Zang, ). Wang, Z. Wang, P. Wang, Z.-D. Zhang,
L. Wang, X. Ma, S. Ji, K. He, L. Fu, W. Duan, Q.-K. Xue, X. Chen,
Phys. Rev. Lett. 2014, 112, 186801.

[30] C. M. Polley, P. Dziawa, A. Reszka, A. Szczerbakow, R. Minikayev,
J. Z. Domagala, S. Safaei, P. Kacman, R. Buczko, ). Adell,
M. H. Berntsen, B. M. Wojek, O. Tjernberg, B. . Kowalski, T. Story,
T. Balasubramanian, Phys. Rev. B 2014, 89, 075317.

[31] A. A. Taskin, F. Yang, S. Sasaki, K. Segawa, Y. Ando, Phys. Rev. B:
Condens. Matter Mater. Phys. 2014, 89, 121302 (R).

[32] B. A. Assaf, T. Phuphachong, V. V. Volobuey, A. Inhofer, G. Bauer,
G. Springholz, L. A. de Vaulchier, Y. Guldner, Sci. Rep. 2016, 6, 20323.

[33] Y. Tanaka, T. Shoman, K. Nakayama, S. Souma, T. Sato,
T. Takahashi, M. Novak, K. Segawa, Y. Ando, Phys. Rev. B: Condens.
Matter Mater. Phys. 2013, 88, 235126.

[34] C.-H. Yan, H. Guo, ). Wen, Z.-D. Zhang, L.-L. Wang, K. He, X.-C. Ma,
S.-H. Ji, X. Chen, Q.-K. Xue, Surf. Sci. 2014, 621, 104.

[35] T. Rauch, M. Flieger, J. Henk, I. Mertig, Phys. Rev. B 2013, 88, 245120.

[36] K. Ishizaka, M. S. Bahramy, H. Murakawa, M. Sakano,
T. Shimojima, T. Sonobe, K. Koizumi, S. Shin, H. Miyahara,
A. Kimura, K. Miyamoto, T. Okuda, H. Namatame, M. Taniguchi,
R. Arita, N. Nagaosa, K. Kobayashi, Y. Murakami, R. Kumai,
Y. Kaneko, Y. Onose, Y. Tokura, Nat. Mater. 2011, 10, 521.

[37] A. Crepaldi, L. Moreschini, G. Autes, C. Tournier-Colletta, S. Moser,
N. Virk, H. Berger, P. Bugnon, Y. J. Chang, K. Kern, A. Bostwick,
E. Rotenberg, O. V. Yazyev, M. Grioni, Phys. Rev. Lett. 2012, 109,
096803.

[38] M. Sakano, M. S. Bahramy, A. Katayama, T. Shimojima,
H. Murakawa, Y. Kaneko, W. Malaeb, S. Shin, K. Ono,
H. Kumigashira, R. Arita, N. Nagaosa, H. Y. Hwang, Y. Tokura,
K. Ishizaka, Phys. Rev. Lett. 2013, 110, 107204.

[39] A. Manchon, H. C. Koo, J. Nitta, S. M. Frolov, R. A. Duine,
Nat. Mater. 2015, 14, 871.

[40] G. Springholz, in Lead Chalcogenides: Physics and Applications
(Ed: D. Khokhlov), Taylor & Francis, New York 2003, pp. 123-207.

[41] P. H. O. Rappl, H. Closs, S. O. Ferreira, E. Abramof, C. Boschetti,
P. Motisuke, A. Y. Ueta, I. N. Bandeira, J. Cryst. Growth 1998, 191, 466.

[42] A. Y. Ueta, G. Springholz, F. Schinagl, G. Marschner, G. Bauer, Thin
Solid Films 1997, 306, 320.

[43] D. L. Partin, C. M. Thrush, S. ). Simko, S. W. Gaarenstroom, J. Appl.
Phys. 1989, 66, 6115.

[44] T. lkeda, M. B. Toussaint, K. Bergum, S. Iwanaga, G. Jeffrey Snyder,
J. Mater. Sci. 2011, 46, 3846.

[45] G. Springholz, A. Y. Ueta, N. Frank, G. Bauer, Appl. Phys. Lett. 1996,
69, 2822.

[46] G. Springholz, G. Bauer, J. Appl. Phys. 1995, 77, 540.

[47] P. ). McCann, |. Fuchs, Z. Feit, C. G. Fonstad, J. Appl. Phys. 1987,
62, 2994.

[48] V. L. Deringer, R. Dronskowski, ChemPhysChem 2013, 14, 3108.

www.advmat.de

[49] C. R. Hewes, M. S. Adler, S. D. Senturia, J. Appl. Phys. 1973, 44,
1327.

[50] Z.-H. Zhu, G. Levy, B. Ludbrook, C. N. Veenstra, ). A. Rosen,
R. Comin, D. Wong, P. Dosanjh, A. Ubaldini, P. Syers, N. P. Butch,
J. Paglione, I. S. Elfimov, A. Damascelli, Phys. Rev. Lett. 2011, 107,
186405.

[51] T. Valla, Z.-H. Pan, D. Gardner, Y. S. Lee, S. Chu, Phys. Rev. Lett.
2012, 108, 117601.

[52] L. A. Wray, S.-Y. Xu, Y. Xia, D. Hsieh, A. V Fedoroy, Y. S. Hor,
R.J. Cava, A. Bansil, H. Lin, M. Z. Hasan, Nat. Phys. 2011, 7, 32.

[53] P. D. C. King, R. C. Hatch, M. Bianchi, R. Ovsyannikov,
C. Lupulescu, G. Landolt, B. Slomski, J. H. Dil, D. Guan,
J. L. Mi, E. D. L. Rienks, J. Fink, A. Lindblad, S. Svensson, S. Bao,
G. Balakrishnan, B. B. Iversen, ). Osterwalder, W. Eberhardt,
F. Baumberger, P. Hofmann, Phys. Rev. Lett. 2011, 107, 096802.

[54] H. M. Benia, C. Lin, K. Kern, C. R. Ast, Phys. Rev. Lett. 2011, 107,
177602.

[55] L. A. Wray, S.-Y. Xu, Y. Xia, D. Qian, A. V Fedorov, H. Lin, A. Bansil,
Y. S. Hor, R. ). Cava, M. Z. Hasan, Nat. Phys. 2011, 6, 13.

[56] ). Sanchez-Barriga, A. Varykhalov, G. Springholz, H. Steiner,
R. Kirchschlager, G. Bauer, O. Caha, E. Schierle, A. A. Unal,
S. Valencia, M. Dunst, ). Braun, H. Ebert, J. Mindr, E. Golias,
L. V. Yashina, A. Ney, E. Weschke, V. Holy, O. Rader, Nat. Commun.
2016, 7, 10559.

[57] T. Arakane, T. Sato, S. Souma, K. Kosaka, K. Nakayama,
M. Komatsu, T. Takahashi, Z. Ren, K. Segawa, Y. Ando,
Nat. Commun. 2012, 3, 636.

[58] D. Hsieh, Y. Xia, D. Qian, L. Wray, ). H. Dil, F. Meier, J. Osterwalder,
L. Patthey, J. G. Checkelsky, N. P. Ong, A. V Fedorov, H. Lin,
A. Bansil, D. Grauer, Y. S. Hor, R. ). Cava, M. Z. Hasan, Nature
2009, 460, 1101.

[59] S. Picozzi, Front. Phys. 2014, 2, 1.

[60] D. Di Sante, P. Barone, R. Bertacco, S. Picozzi, Adv. Mater. 2013, 25, 509.

[61] M. Liebmann, C. Rinaldi, D. Di Sante, ). Kellner, C. Pauly,
R. N. Wang, . E. Boschker, A. Giussani, S. Bertoli, M. Cantoni,
L. Baldrati, M. Asa, I. Vobornik, G. Panaccione, D. Marchenko,
J. Sanchez-Barriga, O. Rader, R. Calarco, S. Picozzi, R. Bertacco,
M. Morgenstern, Adv. Mater. 2016, 28, 560.

[62] ). Krempasky, H. Volfovd, S. Muff, N. Pilet, G. Landolt, M. Radovi¢,
M. Shi, D. Kriegner, V. Holy, ). Braun, H. Ebert, F. Bisti,
V. A. Rogalev, V. N. Strocov, G. Springholz, |. Mindr, ). H. Dil, 2015,
http://arxiv.org/abs/1503.05004.

[63] E. F. Schubert, Doping in [lI-V Semiconductors, Cambridge
University Press, Cambridge, UK 1993.

[64] C. Yan, ). Liu, Y. Zang, J. Wang, Z. Wang, P. Wang, Z.-D. Zhang,
L. Wang, X. Ma, S. Ji, K. He, L. Fu, W. Duan, Q.-K. Xue, X. Chen,
Phys. Rev. Lett. 2014, 112, 186801.

[65] C. R. Ast, J. Henk, A. Ernst, L. Moreschini, M. C. Falub, D. Pacile,
P. Bruno, K. Kern, M. Grioni, Phys. Rev. Lett. 2007, 98, 186807.

[66] I. Gierz, F. Meier, ). H. Dil, K. Kern, C. R. Ast, Phys. Rev. B 1951, 83,
195122.

[67] See Supporting Information.

[68] S. D. Ganichey, E. L. Ivchenko, V. V. Bel'kov, S. A. Tarasenko,
M. Sollinger, D. Weiss, W. Wegscheider, W. Prettl, Nature 2002, 417, 153.

[69] S. D. Ganichey, S. N. Danilov, P. Schneider, V. V. Belkov,
L. E. Golub, W. Wegscheider, D. Weiss, W. Prettl, . Magn. Magn.
Mater. 2006, 300, 127.

[70] ). C. R. Sanchez, L. Vila, G. Desfonds, S. Gambarelli, J. P. Attané,
J. M. De Teresa, C. Magén, A. Fert, Nat. Commun. 2013, 4, 2944.

[71] C. S. Lent, M. A. Bowen, J. D. Dow, R. S. Allgaier, O. F. Sankey,
E. S. Ho, Superlattices Microstruct. 1986, 2, 491.

[72] M. P. Lopez Sancho, ). M. Lopez Sancho, . Rubio, J. Phys. 1985, 15, 851.

Adv. Mater. 2017, 29, 1604185

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

Reprinted page 9 of paper “Rashba splitting in (Pb,Sn)Te controlled by Bi doping”.

(9 of 9) 1604185

a
o
3
2
G
=
a
-
o
=




Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2016.

ADVANCED
MATERIALS

Supporting Information

for Adv. Mater., DOI: 10.1002/adma.201604185

Giant Rashba Splitting in Pb,_,SnTe (111) Topological
Crystalline Insulator Films Controlled by Bi Doping in the
Bulk

Valentine V. Volobuev,* Partha S Mandal, Marta Galicka,
Ondrej Caha, Jaime Sanchez-Barriga, Domenico Di Sante,
Andrel Varykhalov, Amir Khiar, Slvia Picozz, Gunther

Bauer, Perla Kacman, Ryszard Buczko, Oliver Rader, and
Gunther Springholz*

Reprinted supplement page 1 of paper [88] “Rashba splitting in (Pb,Sn)Te controlled by Bi doping”.



WILEY-VCH

Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2013.

Giant Rashba Splitting in Pb,,Sn,Te (111) Topological Crystalline Insulator
Films Controlled by Bi-Doping in the Bulk

V. V. Volobuev*?*, P.S. Mandal®, M. Galicka®, O. Caha®, J. Sanchez-Barriga®, D. Di Sante®’,

A. Varykhalov®, A. Khiar', S. Picozzi®, G. Bauer®, P. Kacman?®, R. Buczko®, O. Rader?, and G. Springholz**

1 Dr. V. V. Volobuev, Dr. A. Khiar, Prof. G. Bauer, Prof. G. Springholz, Institute for Semiconductor
Physics, Johannes Kepler University, Altenberger Str. 69, 4040 Linz, Austria

2 Dr. V. V. Volobuev, National Technical University "Kharkiv Polytechnic Institute", Frunze Str.
21, 61002 Kharkiv, Ukraine

% p.S. Mandal, Dr. J. Sanchez-Barriga, Dr. A. Varykhalov, Prof. O. Rader, Helmholtz-Zentrum Berlin,
Elektronenspeichering BESSY Il, Albert-Einstein Str. 15, 12489 Berlin, Germany

* Dr. 0. Caha, Masaryk University, KotlaFska 2, 61137 Brno, Czech Republic

® Dr. M. Galicka, Prof. P. Kacman, Prof. R. Buczko, Institute of Physics, Polish Academy of Sciences,
Aleja Lotnikéw 32/46, PL-02-668 Warszawa, Poland

® Dr. D. Di Sante, Dr. S. Picozzi, Consiglio Nazionale delle Ricerche CNR-SPIN, Via dei Vestini 31,
66100 Chieti, Italy

” Dr. D. Di Sante, Institut fiir Physik und Astrophysik, Universitat Wiirzburg, Am Hubland Campus Siid,
Wiirzburg 97074, Germany

*) e-mail: valentyn.volobuiev@jku.at, gunther.springholz@jku.at

Synopsis: This supplemental information provides (i) results on additional investigations on
the effect on the surface electronic band structure caused by bulk Sb-doping of PbSnTe epi-
layers and of deposition of Bi on the top of the surface, (ii) tight binding calculations con-
cerning the influence of the width of the depletion layer, i.e., Thomas Fermi screening length,
as well as of temperature on the Rashba splitting of PbSnTe, including information of the
spin polarization and (iii) magnetic field dependent Hall effect data.
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1. Sh-Doping and the Effect of Bi Surface deposition

Additional control experiments were performed in order to demonstrate that the observed
Rashba effect of PbSnTe is neither due to Bi accumulation at the surface nor due to specific
properties of the Bi dopant. In the first set of experiments, we have deposited stepwise Bi on
top of the Pbgs4Sno4sTe (111) surface at a temperature of 200K up to a coverage of 1 mono-
layer. The resulting ARPES data recorded after 1 ML deposition is shown in Figure Slc in
comparison to the initial ARPES data recorded before Bi deposition. The result reveal that Bi
on the surface alone does not cause any Rashba splitting of the PbSnTe bands. This unequiv-
ocally shows that the Rasbha effect we observed for our PbgssSng ssTe films doped by Bi in
the bulk cannot be caused by Bi surface segregation. This is further corroborated the com-
parison of the core level spectra of the bulk Bi-doped and the surface deposited Bi PbSnTe
samples shown in Figure S1d and in the article Figure 4i, respectively. Whereas after 1ML
surface deposition the characteristic Bi 5d3/, core level peak is higher than the Sn 4d and Pb
5d core level peaks, for the bulk Bi-doped films with Bi concentration up to 1% the Bi core
level peaks are very small and barely visible over the background. This evidences that no

significant Bi accumulation occurs for the bulk-doped films.

(a) Sb doped (b) undoped (c) + 1ML Bi 1(d)

Bi 5dgp

PbSnTe
+1ML Bi

Intensity (arb. units)

PbSnTe

1 PbSnTe(46%) ] undoped
- e L
-0.1 0 0.1 -0.1 0 4 0.1 -40 -30 -20
Ki (A Ki (A™) E-Ef (eV)

Figure S1: Effect of Sb-doping and Bi surface deposition. (a) ARPES map of a PbossSngsTe
(111) film with 3% Sh-doping in the bulk. A similar huge Rashba effect occurs as observed for
the Bi-doped samples. (b,c) ARPES maps of an undoped PbossSnossTe (111) layer before,
respectively, after 1 monolayer Bi deposition on the surface at 200K. No Rashba effect is
observed in this case. The maps were recorded around the I"-point at 100 K with a photon
energy of hv =18 eV. (d) Core level spectra recorded before and after 1 ML Bi deposition
usinghv=90eV.
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To demonstrate that the Rashba effect does not rely on a specific property of the n-type
dopant, we have also grown Pbgs4Sno4sTe films where Bi was replaced by Sb as group V n-
type dopant. As shown by Figure S1a, for the Sb-doped film a similar huge Rashba effect is
observed. In fact, for a nominal Sb concentration of 3% of this film, we obtain an even larger
Rashba splitting of Aks = 0.036 A and Eg = 56 meV than for the PbossSnossTe doped with
1% of Bi. This corroborates that the Rashba effect is solely controlled by the bulk Fermi level
and therefore occurs for any n-type dopant of the system.

2. Tight Binding Calculations

To find appropriate parameters for the Thomas Fermi screening potential, we have per-
formed series of calculations, in which both the potential amplitude as well as the potential
screening length have been changed (Equation 3 of main Article). For each pair of parame-
ters the recursive, decimation method for finding the spectral density function for surface
atoms [1] has been used. The method requires a finite range of the applied potential and
therefore, the potential has been cut off at the range equal to A and shifted in order to avoid
a potential step. It has been checked that further increase of the range influences the ob-
tained densities negligibly. The results have been compared with experiment. The most ac-
curate agreement was achieved for A=25 A. To illustrate the dependence of the spectral
density on the screening length A we show in Figure S2 the results obtained for four different
A values and fixed Vo = +0.3 eV. It can be seen that with increasing width A of the depletion
layer underneath the surface the position of the Kramers point shifts upwards and the num-
ber of localized bands increases. At A = 50 A the Kramers point of the surface state is shifted
into the bulk CB and a second subband appears in the VB. At A = 100 A even a third subband
appears. Since we do not see such additional subbands in the ARPES measurements, we
conclude that the Thomas Fermi screening length must be well below 50 A in our samples.

Pbs,SngTe (111) anion-terminated, V, = +0.30 eV, T = 200 K

05

0.05 005 01 01 0.05

o 005
k(2n/ag)

3
k(2n/a,)

Figure S2: Tight binding calculation af the surface spectral density of states of PbgssSnosTe (111) as a
function of screening length A varying from 10 to 100A, while the surface potential of Vo = +0.3 eV
and T=200K was kept constant. he solid lines correspond to the surface states and the shaded re-
gions to the bulk bands.
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Temperature dependence and spin polarization. In Figure S3 we present the temperature
dependence of the TB calculations for the anion terminated (111) surface of PbgssSng s6Te
with applied surface potential Vo= +0.2 eV and A = 25 A. Comparing Figure S3 with Figure 3a-
d in the main article one can see that in both cases the gap closes at 110K. Below 110K the
band gap opens and the electronic band structure is inverted. Together with reopening of
the band gap also a gap in the Kramers point opens. The band above the Kramers point be-
comes now the lower part of the Dirac cone and the band below the Kramers point forms
the upper band of the new Rashba pair. The lower part of Figure S3 shows the in-plane spin
polarization of the bands where the green and red colors indicate opposite spin directions.
Upon band inversion the spin chirality of the Rashba pair is opposite to the one in normal
case. The Dirac cone is highly deformed by Thomas Fermi potential, which shifts the Dirac
point to the position, where it appears to hybridize with the conduction band.

Pbs,Sn,eTe (111) anion-terminated, V= +0.20 eV, A = 25 A

Energy (V)

3
go
&

005 1 1 005 1 1 o 005

3 3 o
k(elay) K(2a/ag) K(2rlay)

Figure S3: Tight binding surface spectral density (top) and in-plane spin polarization (bottom) of the
spectral density of states in (111) PbgssSng4sTe as a function of temperature with surface potential
Vo =+0.2 eV and A = 25 A. The solid lines correspond to the surface states and the shaded regions to
the bulk bands and the red and green color to opposite in-plane spin polarization direction.

Reprinted supplement page 5 of paper [88] “Rashba splitting in (Pb,Sn)Te controlled by Bi doping”.



WILEY-VCH

3. Magnetic Field Dependent Hall Measurements

Hall measurements were carried out in Van der Pauw geometry within variable external
magnetic fields up to 0.9 Tesla. Measurements were performed and room temperature and
liquid nitrogen. To verify that the obtained Hall concentrations and carrier mobilities do not
depend on the applied magnetic field strength even for nearly compensated samples, we
show in Fig. S4 the magnetic field dependence of the longitudinal and Hall resistance py and
Pxy Of such a film with xs, = 46% and a Bi-doping level of 3.4 x 10™°cm™. From the linear fit of
the Hall resistance a carrier concentration (n-type) of n = 1.43 x 10*¥cm™ at room tempera-
ture and of 1.02 x 10*®cm™ at 77K is obtained. The corresponding carrier mobilities are p =
600, respectively, 11000 cm?/Vsec for this sample. Selected samples were also measured in
high magnetic fields up to 7 T at 1.7K. The obtained high field carrier concentrations are con-
sistent within 20% of the low field data.

6x10° T T T T T T T T
= 0,
" PbSnTe, xg, = 46% 77K 4x10° PbSriTe, Xsn ,946,/30 300K |
5x10™ 4 Ny = 1.02 X 10%%cm® B Ny = 1.43x107cm
5 ! B — 2
M7y = 11000 cm?/Vsec £ Hrn = 600 cmr /Vsec
T 4x10° 1§ 3x10% E
G =
= e
o 3x10°4 4 =
- o 2x10°4 B
S °
» 2x10° 4 &
< § 1x10°®
1x10° L] E * =P
Py Xy
——p, —* /10
0 T T T T 0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Magnetic field B (Tesla) Magnetic field B (Tesla)

Figure S4: Magnetic field dependent longitudinal and Hall resistances p and p, of a 1.9 pm thick
PbossSnossTe epilayer with Bi-doping level of 3.4 x 10"°cm™ measured at 77 and 300 K. From the
linear fit of the Hall resistance py, an n-type carrier concentration of n = 1.43 x 10**cm™ at room
temperature and 1.02 x 10*®cm™ at 77K were obtained, with corresponding carrier mobilities of p =
600 and 11000 cm?/Vsec, respectively.
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Chapter 5

Conclusion and outlook

The topological insulators were intensively studied during the last one and a half decades since
their prediction. We have focused on the experimental studies of chalcogenide topological
insulators of BisTes and BisSes types. We have also studied manganese magnetically doped
naturally grown heterostructures. We have experimentally supported theoretical predictions
of a magnetic band gap opening in the Dirac point of the topological surface states. The
magnetic order temperature below 20 K for bismuth telluride was later improved to almost
50K in manganese antimony telluride.

We have also studied the properties of topological crystalline insulator films (Pb,Sn)Se and
(Pb,Sn)Te. These materials can be n-doped by electrons with bismuth. The bulk doping of
the materials can lead to a rhombohedral distortion of the crystal lattice and the appearance
of the piezoelectric field. The electric field on the surface regions of the TCI film can lift up the
degeneracy of one of four Dirac points and transform material from a topological crystalline
insulator to a Zs topological insulator.

Further research directions in the field will focus on preparing better-controlled systems.
Instead of naturally grown random heterostructures, artificial heterostructures with periodi-
cally ordered magnetic and topological insulator layers promise possibilities of higher temper-
ature ferromagnetic order. One of the possible outputs is to prepare a quantum anomalous
Hall effect device working at a higher temperature than the achieved couple of Kelvin. How-
ever, since such a device needs suppressed charge carrier density in the bulk of the material,
I wonder if such a device can work at room temperature in the foreseeable future or with
current topological insulators.

The field of artificial heterostructures also can include normal insulator-topological in-
sulator structures. Such structures can host topological states at each interface, enhancing
their density for future applications. The telluride-based topological insulators and topologi-
cal crystalline insulators can be combined with ferroelectric layers of GeTe-type ferroelectric.
The inherent electric field can also change the topological properties of the material.

The topological insulators will be further studied for their possible applications in spin-
tronics or quantum computing.
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