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Angle-Resolved Photoemission of Topological Matter:
Examples from Magnetism, Electron Correlation, and

Phase Transitions

Oliver Rader,* Jaime Sdnchez-Barriga, Emile D. L. Rienks, Andrei Varykhalov,

Gunther Springholz, and Lada V. Yashina

Topological materials promise new functionalities, which are revealed with the
help of angle-resolved photoemission. Herein, the search for the magnetic
bandgap at the Dirac point as a precondition for the quantum anomalous Hall
effect is reviewed and its opening for the topological insulator heterostructure
MnBi,Te,/Bi,Te; is demonstrated. Essential preconditions are explained and the
reasons why nonmagnetic gaps occur when Se replaces Te. Angle-resolved
photoelectron spectroscopy (ARPES) probes the quantum mechanical final state,
and this allows investigation of spin manipulation by light using spin-resolved
ARPES and the dependence of the charge carrier lifetime on the peculiar spin
texture of topological states. It is shown that ARPES data do not support SmBg as
the first strongly correlated topological insulator and an alternative, trivial
explanation for the results of ARPES and electrical transport experiments is
formulated. Epitaxially grown topological crystalline insulators are, due to their
dependence on crystal symmetries, more versatile in the control of individual bulk

1. Introduction

A topological insulator behaves as an insu-
lator in its interior but displays topologi-
cally protected metallic states at its
surface."™ This holds for 2D topological
insulators, i.e., the quantum spin Hall®!
and the quantum anomalous Hall insula-
tors,!® where backscattering is forbidden
and conductance is quantized, as well as
3D topological insulators, where the proper-
ties of topological surface states are
accessible by angle-resolved photoelectron
spectroscopy (ARPES). These edge and sur-
face states are tied to the topologically non-
trivial bulk, which is characterized by
topological invariants, by the bulk-bound-

band inversions. It is shown that this leads to topological quantum phase
transitions and associated novel functionalities. Finally, the surface and bulk
band connectivity of a type-11 3D Weyl semimetal is investigated and an outlook is

given for the scientific field.
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ary correspondence. Their predictions, such
as the odd number of topological surface
states per surface Brillouin zone for a strong
topological insulator, can be easily verified
by ARPES. This holds also but is a bit more
difficult for the bulk bands where the inver-
sion of bands of even and odd symmetry is a
precondition for the formation of the topo-
logical phase. Topological surface states have a specific spin tex-
ture which is characterized by an alignment of spin and linear
momentum. This so-called spin-momentum locking is known
from Rashba-type surface states,”*! which, however, are topologi-
cally trivial. The unique spin texture of topological surface states
can be accessed directly by the method of spin-resolved ARPES."!

We studied bulk single crystals and epitaxial films grown by
molecular beam epitaxy (MBE). Photoelectron diffraction and
holography shows that the surfaces of Bi,Se; and Bi,Te; are chal-
cogen terminated independently of the method used for the
growth.'” Also, films grown by metal organic chemical vapor depo-
sition""! give high-quality ARPES data."” The stability of the sur-
faces against ambient conditions has been studied with the result
that it requires both oxygen and water to significantly affect Bi,Ses
and Bi,Te;,"* while the surface of Sb,Te; oxidizes more rapidly.'*

In this topical review, we summarize at first our studies on
magnetic topological insulators that are required for the quan-
tum anomalous Hall effect and chiral Majorana zero modes.
The main result is the first spectroscopic observation of a
magnetic gap at the Dirac point and its connection with a struc-
tural modification in magnetically doped topological insulators.
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Subsequently, we discuss lifetime broadening effects peculiar for
topological insulators and the role of the light polarization for the
spectroscopy. We then address the question whether SmBg, the
only material seriously considered in experiments as a strongly
correlated topological insulator, fulfills the theoretical predic-
tions. Then, we move on to topological insulators protected by
crystal symmetries and show that two well-studied systems
can, by doping Bi in the bulk, be transformed to a giant
Rashba system and to a strong topological insulator protected
by time-reversal symmetry. Finally, we discuss a 3D topological
phase, the recently predicted type-II Weyl semimetal where the
Dirac cones are tilted.

This brief review cannot fully cover the broad topics discussed.
The reader is referred to excellent reviews on topological insula-
tors in general,'™* magnetic topological insulators,™! samarium
hexaboride,"®'”) topological crystalline insulators,"™® and Weyl
semimetals.!"”!

2. The Quest for the Magnetic Bandgap at the
Dirac Point

2.1. The Quantum Anomalous Hall Effect

Among possible applications of topological insulators, those
based on the quantum anomalous Hall effect (QAHE) appear
particularly within reach. The QAHE features edge states with
conductance quantized in units of ¢*/h and can be viewed as
one-half of the quantum spin Hall effect. While in the quantum
spin Hall effect both spin subbands are inverted, in the QAHE,
the inversion is modified by the ferromagentism so that the
inversion of one of the spin subbands is released.®*”!

There are many possible applications for the QAHE." One
example is lossless interconnects in conventional electronics.
Another one is edge state spintronics, which makes use of the
spin polarization and of the fact that QAH edge states occur
not only at the sample boundary but also around each ferromag-
netic domain. Ferromagnetic domains, in turn, can be manipu-
lated optically or by electric currents and in this way the network
of edge states, which can represent a spintronics logic circuit, can
be modified. In an arrangement of magnetic double layers, these
edge states can be switched by the magnetic configuration: on for
parallel and off for antiparallel coupling. The antiparallel coupling
gives rise to an axion insulator state. The topological magneto-
electric effect leads to a unique coupling between electric and
magnetic properties and can be described by modified Maxwell
equations. As a result, an electric field can cause a magnetization
and a magnetic field an electric polarization. At interfaces with
superconductors, magnetic topological insulators can create
chiral Majorana zero modes from the QAH edge states depend-
ing on the relative sizes of the superconducting gap induced by
proximity and the magnetic gap in the topological insulator.
Here, two QAH edge states correspond to one chiral Majorana
zero mode, which leads to a half-integer conductance (0.5¢/h),
the observation of which has been reported.”’! A braiding
scheme has been suggested and it has been emphasized that
readout of qubits may be simpler with the 1D chiral Majorana
zero modes as compared to current research efforts with 0D
Majorana zero modes.*
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This impressive list of possible applications has been propel-
ling the materials science of the QAHE. Starting with a tempera-
ture of 30 mK for Cr-doped (Bi,Sb),Te; in 2013,/ the operating
temperature of the QAHE has been raised. One strategy aims at
improving the magnetic properties by using V instead of Cr,
which leads to a 10x higher coercivity.””! The other one is to
reduce the bulk conductivity.**! Yet, the largest increase up to
about 1 K has been achieved by a spatially varying dopant concen-
tration, often referred to as delta doping.!* The ferromagnetic
Curie temperature of these systems is, however, much higher,
around 20 to 40 K, which leads to the question what actually
keeps the QAHE so far below this fundamental limit.

2.2. Attempts to Observe the Magnetic Bandgap for Surface
Impurities

The QAH edge states are accommodated in a magnetic gap at the
Dirac point of the surface states. The opening of the gap requires
a magnetization and a magnetic anisotropy that is perpendicular
to the surface.”” It has been predicted that magnetic moments of
impurities at the surface of topological insulators such as Sb,Te;
are aligned by the RKKY interaction mediated by its topological
surface states.*® Because for insulating or moderately charge-
doped samples the Dirac cone surface state contributes with a
very small Fermi surface as compared to the size of the surface
Brillouin zone, the sign of the RKKY coupling does not oscillate
with the distance between the magnetic impurities and remains
ferromagnetic. In addition, the anisotropy is perpendicular to the
surface plane.l?® Based on this prediction, the opening of a mag-
netic bandgap of ~0.1 eV size was reported for Fe deposited on
Bi,Ses.l”) It was also reported that the Fe provides strong n-type
doping and causes Rashba-split surface states to appear.l*”)
Interestingly, the Rashba surface state had no gap at its degen-
eracy point. We investigated this system at room temperature
and at low temperature and did not find the opening of a gap
at the Dirac point. There were also no Rashba surface states
due to n-type doping; on the contrary, Fe deposition at low
temperature resulted in p-type doping.l® It was concluded that
ferromagnetic order with a perpendicular anisotropy was absent
in Fe/Bi,Se;!*® which was confirmed by X-ray magnetic circular
dichroism (XMCD).*”) Ye et al.*% subsequently reported perpen-
dicular anisotropy but emphasized that the previous work?” was
performed at a much lower deposition temperature. The differ-
ence was recently clarified based on the accumulation of Fe in the
van der Waals gap for room-temperature deposition.*"!

The absence of a gap means that the Dirac point is robust
against disordered magnetic impurities, which we could
confirm for a full monolayer of Fe on Bi,Tes.*? Also, deposition
of Gd®* and CoP* leaves the Dirac cone of Bi,Se; intact.
The observed upward shift of the Dirac point*® was later observed
also for carbon deposition on Bi,Se; and explained by a surface
relaxation.*”!

2.3. The Case of Bulk Impurities and the Nonmagnetic Gap
Two prominent studies reported the opening of an 0.1 eV large

magnetic gap in Bi,Ses; caused by incorporation of Fe**! and
Mn7 in the bulk. The fact that this occurs even in samples that
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do not show long-range ferromagnetic order was explained as an
effect of the local magnetic moment of the Fe.** The same prob-
lem with Mn was explained by a strongly enhanced Curie tem-
perature at the surface,’”? which could in principle occur if the
topological surface state enhanced the magnetic coupling.*®! We
investigated this case and confirmed the large magnetic gap and
its increase with increasing Mn concentration.*” Because this
gap remains unchanged between 12 K and room temperature,
it was regarded as not caused by magnetism!** since it has to scale
with the sample magnetization.’® Even at 1K, ie., below
the Curie temperature of 6K, the gap does not increase.[*”
Superconducting quantum interference device (SQUID) measure-
ments show that the magnetization of Mn-doped Bi,Se; is in the
surface plane and already therefore incompatible with the opening
of a magnetic gap.*® To clarify the surface magnetism,*” we used
XMCD in electron yield. These measurements confirmed that the
surface Curie temperature is identical to that of the bulk.??

Because the QAHE has consistently been observed in Cr- and
V-doped (Bi,Sb),Te; samples, one may ask for a spectroscopic
observation of the magnetic gap in those systems. Scanning
tunneling spectroscopy (STS) did reveal gaps of 20-100 meV
in Cr-doped (Bi,Sb),Tes*!! but these measurements have only
been performed for low temperature, so a possible closing of
the gap above the Curie temperature could not be investigated.

In fact, a similar gap of ~75 meV was observed in ARPES for
Cr-doped Bi,Se; and persisted even at room temperature, i.e., far
above the Curie temperature.[*?

For V-doped Sb,Te;, scanning tunneling Landau level spec-
troscopy has been used to reveal a mobility gap of 32meV,
but this gap was not observable by STS.**! It was speculated that
the gap cannot be observed in the density of states because of
extra V-derived states in the gap.*’! By ARPES of V-doped
(Bi,Sb),Tes, the Dirac point was found to be degenerate with
the bulk valence band."*¥ Moreover, a magnetic gap could not
be observed when lowering the temperature down to 7 K.*¥
We have recently investigated V-doped (Bi,Sb),Te; and did not
find a magnetic gap down to 1K.*! We found that these
bulk-insulating films display a sweep-rate-dependent coercivity
and time dependence of the magnetization. We conclude that
the loss of magnetization on a time scale of minutes may con-
tribute to the absence of a magnetic gap in ARPES.!*”!

We extended our investigations to the case of impurities
where a local magnetic moment can principally not be invoked
for a gap opening.*®! In-doped Bi,Ses is known to lead to a topo-
logical phase transition to the trivial phase with increasing In
content.*”) We observed that the gap at the Dirac point opens
already at smaller In concentrations than the value for the bulk
phase transition of 6%, i.e., it opens within the topological
phase.[*! We studied the behavior of several properties, includ-
ing the spin polarization of the surface state, and identified the
spin—orbit interaction as responsible for the gap opening. In this
scenario, the spin—orbit interaction of the Bi,Se; host material is
locally lowered by the In impurities because they substitute the
heavier Bi atoms. This is sufficient for opening large gaps at the
Dirac point, without the need to invoke time-reversal-symmetry
breaking.!*! We have recently adopted this explanation for the
nonmagnetic gap of the system Mn in Bi,Se; based on the obser-
vation that Mn-doped Bi,Te; does not lead to a nonmagnetic gap
at the Dirac point.***®! Bi,Te; has a much larger spin—orbit
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interaction than Bi,Ses;, which is sufficient to protect the
Dirac point against the local reduction of the spin—orbit interac-
tion by the incorporation of Mn.1*”

2.4. First Observation of the Magnetic Gap

Another consequence of the higher spin—orbit interaction in
Mn-doped Bi,Te; is the occurrence of perpendicular magnetic
anisotropy, as we could recently show.[*”) Experimentally, the
perpendicular anisotropy of this system had been known from
bulk samples.*>*°! We studied the behavior of the Dirac cone
by ARPES at 1 and 20K, i.e., below and above the Curie tempera-
ture, which is in the range of 10-12 K.**) The magnetic gap was at
first identified by a broadening at low temperature by 33 meV.
Simulations based on this value yielded a large magnetic gap
at the Dirac point of 90 meV.*”! By spin-resolved ARPES at a
higher temperature of 6.5K, a gap of 56 meV was measured
directly (Figure 1). The spin-resolved data also confirmed the
out-of-plane direction of the spin polarization as well as its disap-
pearance at room temperature.*”!

This size of the gap is unexpectedly large. By density func-
tional theory, a gap of only 16 meV has been predicted for
Mn-doped Bi,Te; in which Mn substitutes Bi.*®! Interestingly,
we discovered that there is a structural reason for this discrep-
ancy: Mn incorporation does not primarily lead to Mn substitu-
tion of Bi sites as had generally been assumed so far. Instead, the
system forms in a self-organized manner an extra Mn-Te (or
Mn-Se) bilayer, which is inserted at the center of the quintuple
Te-Bi-Te-Bi-Te (or Se-Bi-Se-Bi-Se) layer, transforming it in
this way into a septuple layer which has MnBi,Te, stoichiometry
and Mn in the center. This modification also explains why Mn
incorporation does not affect the charge doping state of the sys-
tem,? an unresolved question within the scenario of random
substitution of Mn*" for Bi** host atoms. The Mn-Te bilayer
is, however, a charge-neutral 2+/2— unit and naturally explains
the unchanged charge status of the system.

This Te-Bi-Te-Mn-Te-Bi-Te layer structure is responsible for
the large size of the magnetic gap. In a calculation of such a sep-
tuple layer of MnBi,Te, placed on top of a Bi,Te; substrate,
Otrokov et al. determined an enhancement of the magnetic gap
up to 87 meV."! This is five times larger than calculated for the
system in which Mn substitutes Bi sites randomly®®! and is due to
the fact that in the layer structure an enhanced overlap of the
surface state wave function with Mn-derived states occurs.*>!

The heterostructure system of MnBi,Te,/Bi,Te; that permits
the observation of the magnetic gap at the Dirac point for the first
time is still strongly n-doped and not ready for transport experi-
ments. To confirm the QAHE and push it to higher temperature,
the bulk insulating case must be reached. First results show that
replacing Bi by Sb is also in this system a promising approach to
reach that goal.*”

3. Interaction with Light and Lifetime Effects
3.1. Circularly Polarized Light

An important aspect of topological insulators is the time-reversal
invariant spin texture of their surface states. As spin-resolved
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Figure 1. a) Demonstration of the magnetic gap in the magnetic topological insulator heterostructure MnBi,Te,/Bi,Tes. The upper panel shows spin-
resolved ARPES spectra at 6.5 K. The spin quantization axis is perpendicular to the surface. The measured magnetic band gap is A =56 meV at 6.5 K.
The inset shows the location of the spin-resolved measurement at the Dirac point. The lower panel shows the spin polarization and its reversal with the
magnetization of the sample. b) The magnetic gap from spin-resolved and spin-averaged ARPES measurements follows the macroscopic magnetization
of the sample. The inset shows the confirmed spin texture below and above the Curie temperature of ~10 K. Adapted and reproduced with permission.“%

Copyright 2019, Springer Nature.

measurements are time consuming, there has been the wish to
replace them by a more efficient investigation method. In the
course of this quest, the circular dichroism in ARPES has been
considered. Such an experiment requires only the consecutive
measurement of the same ARPES data with circularly positive
and circularly negative light polarization and the subtraction
of the two signals. The circular dichroism of the Dirac cone
of BiSe; has been interpreted as showing the initial-state
spin angular momentum,®? the initial-state orbital angular
momentum,®* and the handedness of the experimental
setup.”>) We could show for the example of Bi,Te; that the
circular dichroism depends on the used photon energy and with
increasing photon energy changes sign several times.”®! It is
therefore not a measure of the spin texture in the ground state,
whereas spin-resolved photoemission with linearly polarized
light can be used to determine the spin texture.®

In view of this conclusion that the circular dichroism in
ARPES is a final-state effect,”® we posed the question how far
the combination of both methods, i.e., the excitation of a
topological spin texture with circularly polarized light and its
detection with spin resolution, would reveal a functional or
manipulative effect, in particular in view of possible changes with
the photon energy as occur with the circular dichroism.*® This
became particularly interesting in view of the prediction that,
similarly to optical alignment, circularly polarized light will rotate
the spins of the Dirac cone in the photoemission process along
the propagation direction of the light. The spin orientation can
then be reversed by the helicity of the light.””!

We conducted the experiment with the Dirac cone surface
state of Bi,Se; using at first 50, 60, and 70 eV photon energy,
bearing in mind that at 55 eV the largest circular dichroism effect
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of 80% appeared for Bi,Tes.® For these energies, the in-plane
spin orientation as well as the spin polarization of ~50%
remained the same, regardless of the light helicity (Figure 2).°®
Moreover, the spin-resolved spectra were equivalent to those
taken with linearly polarized light and independent of the sample
geometry in the experiment. The perpendicular spin component
was constantly in the range of 10% and did not change with the
direction of the linear light polarization or the helicity.”®
This was in clear contradiction to the theoretical prediction.*”!

Jozwiak et al. meanwhile took a different approach to this
prediction® and used circularly polarized laser light of
6 eV.”%! They obtained the result that the spin of the photoelec-
trons of Bi,Ses; becomes indeed aligned perpendicular to the
sample surface and changes orientation upon reversing the light
helicity."? As the first step to understanding the contradiction,
we tested our experiment with 6 eV laser light.”®! We obtained
qualitatively the same results as Jozwiak et al. concerning the
manipulation of photoelectron spins with circularly polarized
light but with the restriction that we could not confirm the high
spin polarization value of ~80%.°% Instead, we found that the
value of the spin polarization perpendicular to the sample surface
is not very different from the in-plane value of ~50% measured
at energies around 50 eV and identified with the ground state
(Figure 2).°® One may add that also for the spin polarization
measured at 50 eV of Bi,Se; different values have been reported
of, e.g., 75%.1°) An experimental factor difficult to control is the
apparative asymmetry of the spin polarimeter; therefore, we
repeatedly calibrated our instrument with ferromagnetic samples
that allow one to determine this parameter. It has been pointed
out that the spin polarization is reduced due to spin—orbit inter-
action to ~50%.°"! An interesting aspect of the experiment with
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Figure 2. a) The Dirac cone of Bi,Se; measured with linearly polarized light at 50 eV photon energy. Momenta k;, for spin-resolved measurements are
marked. b) Spin-resolved ARPES from the Dirac cone of Bi,Se; shows that at 50 eV photon energy the spin texture of the ground state is measured, even
when circularly polarized light is used. The spin texture is in the surface plane. It reverses with the sign of the momentum k;, (see original publication).
c) At 6 eV photon energy, the spin turns out of the plane and reverses with the light helicity. It does not reverse with the sign of k;,. This is explained
by the transition into d states in the case of 50eV and s states for 6 eV photon energy, which is the condition for spin manipulation. Adapted and

reproduced with permission.”® Copyright 2014, American Physical Society.

6 eV circularly polarized laser light is that it leads to a Dirac cone
spin texture of the photoelectrons that would be forbidden in the
ground state because it does not obey time-reversal symmetry
any longer. As neither the original prediction®”! nor the publica-
tion by the Berkeley group”® attributed any role to the photon
energy—in fact, a free-electron final state model was used®”—
we sought for a more refined theoretical model.

A first-principles surface bandstructure calculation coupled to
a one-step photoemission calculation!®” was used to predict the
measured spin texture and magnitude of the spin polarization
depending on the polarization of the exciting light.”®! The calcu-
lations by Braun et al.*® in fact reproduced the different behav-
iors depending on the photon energy. Moreover, it was possible
to clarify the different final states: At 50 eV photon energy, the
transition from the Dirac cone, which is made up of p states,
occurs primarily into d states. Averaging over the possible tran-
sitions gives basically a final-state spin texture that resembles the
one of the ground state. At 6 eV, the final state is of s type, which
is the precondition for spin manipulation.*® This explains nicely
why the original prediction®” is fulfilled at the laser energy:
The free-electron final states correspond to the s-type states in
terms of symmetry and, in consequence, either very low photon
energies or photon energies as high as several hundred electron-
volts are required to achieve spin manipulation. An alternative
explanation for the dependence on photon energy and light polar-
ization has been put forward under the assumption of final states
of s symmetry.[® That approach is largely based on photoelec-
tron interference effects and the predicted layer dependence of
the spin texture,®*! which, however, are both taken into account
in our one-step photoemission calculations.®®!

3.2. Lifetime Broadening

The electron and hole dynamics of topological surface
states!*®**=%7] can be affected by their spin texture, which, in turn,
is determined by spin-momentum locking. In Bi,Te;, much
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more than in Bi,Se;, the surface state is modified by the bulk
band structure. The ideally circular shape of the Dirac cone
becomes warped into a hexagonal shape.[® Berry phase argu-
ments dictate that the spin polarization turns out of the
surface plane in some parts of the warped cone,®® which
could be verified experimentally.|®! The spin is, however, impor-
tant for the forbidden backscattering, which holds strictly for
2D topological insulators in the quantum spin Hall effect but
at the surface of 3D topological insulators depends on the
considered angle.

We analyzed the lifetime broadening of ARPES spectra in
Bi,Te; having the following guiding questions in mind.
As the hexagonal warping!®® also enhances nesting properties,
it is unclear whether this nesting or the angle dependence of
backscattering due to the spin texture of the warped cone will
govern possible differences in lifetime. It can be shown that
the predictions by these two approaches are discernable as the
expected broadening patterns are rotated by 30°.° An assess-
ment requires at first to take the group velocity properly into
account. Following the group velocity itself answers the question
whether the Dirac cone is warped outward or inward—it is
actually warped outward along I'M (Figure 3) due to the level
repulsion between bulk bands and surface states,’® an interac-
tion that was not captured properly based on surface-only calcu-
lations predicting inward warping.!®® In particular, we find that
neglecting the group velocity reverses the sign of the expected
effect or, in other words, rotates the result also by 30°. We could
show that it is the spin texture that determines the lifetime broad-
ening (Figure 3).°*) Scattering rates are low along T M, i.e., at the
tips of the star-shaped constant-energy surfaces and high along
'K, at the waist of the star. This can be explained in the following
way: Although the nesting is strong along T'K, the spin texture,
which rotates out of the surface plane but remains time-reversal
invariant, does not lead to a scattering matrix element along T' K.
Taking into account all possible scattering angles, portions with
out-of-plane spin of the same orientation will connect and lead to
scattering. This result, namely, that the spin dependence causes
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the direction but not on the photon energy used. c—e) Schematic of possible scattering channels. The spin texture resulting from the warping is indicated.
For energies where the constant energy surface is snowflake-like, the in-plane spin direction changes more strongly with k;, in the vicinity of the T-M
direction as compared to the 'K direction. This leads to a smaller probability for small-angle scattering. f~h) A simple model calculation of the scattering
amplitude for all q vectors based on the spin texture describes the experiment well, in contrast to an alternative explanation by nesting [red arrows in (c)
and (d)]. Adapted and reproduced with permission./? Copyright 2014, American Physical Society.

the anisotropy of scattering rates, is important for future spin-
tronic devices based on topological insulators.

4. |Is Samarium Hexaboride the First Correlated
Topological Insulator?

4.1. Topological Kondo Insulators and SmBg

Although many properties in condensed matter physics depend
on electron correlation, topological insulators do not. There are,
however, many interesting questions involving the combination
of the two, from the stability of topological phases toward strong
electron correlation to the emergence of entirely new physics.””!
From a practical point of view, the achievable inverted bandgaps
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of conventional topological insulators are limited to ~0.3eV.
Moreover, systems such as Bi,Se; and Bi,Te; are n-doped and
require alloying with Sb and/or Te, Se to become bulk insulating.
Mott insulators, on the other hand, achieve large bandgaps due to
the Coulomb interaction that are, in addition, centered about the
Fermi energy and a hypothetical topological Mott insulator could
therefore have practical applications.”"

Another important effect driven by strong electron correla-
tions is the Kondo effect. Kondo insulators display bandgaps
caused by electron correlation. Here, the energy scales are again
rather small. Dzero et al. pointed out that Kondo insulators mix
local and itinerant states of opposite parity and can, therefore,
give rise to topological insulator phases.’” SmBg has historically
been identified as the first mixed valent compound with a
configuration around 4f>° ! At low temperature, SmB; features
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an anomaly in so far as the electrical resistance does not increase
further for temperatures below ~4K, as would have been
expected from an insulator, whether ordinary or of Kondo type.
Instead, the resistance reaches a plateau,’ i.e., a residual met-
allicity which has for 40 years remained unaccounted for.”*! The
suggestion by Dzero et al.’?! has at first triggered a reinvestiga-
tion of the transport properties, with the result that the residual
metallicity could be traced back to the surface of SmBg.”>7¢

4.2. ARPES Results that Seemingly Confirm the Topological
Insulator

Experimental investigations of the topological properties of
SmBs were facilitated by band structure calculations of the
(100) surface. Three independent theoretical approaches
predicted the odd number of Dirac cone surface states per
surface Brillouin zone that are required for a strong topological
insulator.””~7%) Moreover, it was pointed out that, due to the
cubic symmetry of SmBg, a weak topological insulator phase
characterized by an even number of Dirac cones in the surface
Brillouin zone cannot exist.l””)

Subsequently, a number of ARPES studies appeared to con-
firm the theoretical predictions:’”~"?! Neupane et al.®” presented
a symmetrized Fermi surface by laser ARPES showing intensity
at T as well as contours around X, which, however, are much
larger than in all subsequent studies. Frantzeskakis et al.®!
measured contours at X but interpreted them as showing a
3D dispersion in experiment, in contrast to all other published
studies. They also pointed out that the expected Dirac cone
dispersion is missing.®! Jiang et al.®? also measured the X con-
tours as well as intensity at T. They also presented circular
dichroism in ARPES to conclude on the expected spin texture
of the topological surface states.? Denlinger et al.[®*! presented
the most detailed investigation of the state at X. Xu et al.®* mea-
sured the Fermi surface contours at X and also provided detailed
spin-resolved data to support the expected spin texture. Min
et al.®! also confirmed the Fermi surface contour at X. In sum-
mary, the measured ARPES data give a very consistent picture of
the Fermi surface but could resolve a Dirac cone dispersion nei-
ther at T nor at X. They were and still are interpreted in support
of the topological insulator property of SmBg.

4.3. The Surface State at T

In our ARPES experiments, we found that the cleavage needed to
expose fresh (100) surfaces yields two different well-defined and
chemically pure terminations.® These are assigned on the basis
of core level shifts of B 1s and Sm 4f spectra. Due to these pure
terminations, we could clearly resolve the state at T for the first
time. For the Sm termination, the state shows a massive disper-
sion without any connection to the bulk valence band. This can-
not be interpreted as a gapped Dirac cone because for B
termination, the state shows a pronounced Rashba-type spin—
orbit splitting (Figure 4). This means that the odd number of
Dirac cones per surface Brillouin zone cannot be maintained
whatever assignment of the X state results from the experiment.
Moreover, the T state is sensitive to aging of the sample in the
residual gas of the experimental chamber and shifts completely
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Figure 4. ARPES from boron-terminated SmBg. The surface state at [ is
not a Dirac cone but turns out to be a massive state with Rashba splitting,
thus leading to an even number of Dirac cones per surface Brillouin zone.

a) Dispersion along T-H-M. b) Fermi surface where, in addition, an
umklapp feature from the surface state at X state contributes.
c) Overview with the X state in black and the T state in blue and red.
Adapted and reproduced under the terms of a Creative Commons
Attribution License.®® Copyright 2018, The Authors, published by
Springer Nature.

above the Fermi energy. Both observations lead to the conclusion
that the T state is of trivial nature and the ARPES data rather
support that SmBg is topologically trivial.®®

The Rashba splitting, which appears only for the B-terminated
surface, is explained by a strong difference in the surface poten-
tial gradient between the two terminations.® This difference is
indicated by the measured core-level shifts. Due to the very high
effective mass in the system (=17 m,), which is a result of the 4f
character, a small difference in potential gradient is sufficient for a
large Rashba splitting in momentum space. Under different cir-
cumstances, the Rashba splitting would have hardly been resolved
at the comparatively small Rashba parameter ag ~ 3.5 x 10~ 2 eVA
that we obtain. It should also be mentioned that our measurements
of the T state are consistent with the other published ARPES
studies. In particular, the massive character of the state can retro-
spectively be seen in data published by Xu et al.®”)

4.4, The Surface State at X

The closing of the hybridization gap upon increasing the temper-
ature can be observed as ARPES intensity from the bulk
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conduction band appearing above the Fermi level.®**% We found
its counterpart in the bulk valence band by its temperature
dependence and could use this temperature dependence to dis-
tinguish bulk from surface bands.®® Additional confirmation of
the surface character was achieved by sample ageing and the
deliberate exposure to oxygen.

In this way we identify two 5d—4f-hybridized dispersions that
resemble the calculated bands from Lu et al.”® and of which the
surface hybrid is shifted by 10 meV to higher binding energy
(Figure 5). It is important to be aware of three different energy
scales: Divalent and trivalent Sm 4f states differ by several elec-
tronvolts. Undercoordinated Sm atoms are shifted by ~0.3 eV.
Because the undercoordinated Sm covers the surface, tiny energy
shifts of the 5d—4f hybrids of 10 meV can occur below the surface
for B as well as for Sm termination. Since the Kondo gap is as
small as ~3.5 meV judging from the measured activation energy,
energy shifts by 10 meV in either direction will bridge the gap
and lead to surface metallicity. Quite expectedly, such shifts
appear also for oxygen adsorption, which we studied as a model
of a realistic air-exposed surface because transport experiments
are performed in air.®%

The surface hybrid is not confined to the bulk hybridization
gap but is an independent 2D state. This was confirmed by its
photon energy dependence. In particular, the 2D character is
not at all restricted to the bulk gap region but appears similarly
for higher binding energy 4f states. Many more aspects have
been treated within the framework of our model such as the
mixed valence and the polarity at the surface.®

What could not be resolved is the origin of the reported spin
texture.®*## Jiang et al.®®¥ used circular dichroism in ARPES to
conclude on the spin texture. We have shown for the example of

B termination
1 Es (eV)

- O

www.pss-b.com

Bi,Te;, where the spin texture of the Dirac cone is well estab-
lished, that the circular dichroism is not related to the spin
texture.*®) Concerning the spin-resolved measurements by
Xu et al.,BY it is possible that it is caused by the Rashba splitting
that we observe. On the other hand, it is not resolved why the
same group reported a topological spin texture at X for the trivial
system YbBg.?!

In summary, our work shows that the surface states at
both T and X are of trivial nature. The surface metallicity of
SmBg can be explained by the observed 10 meV energy shifts
of the trivial surface state at X. These results were at first pub-
lished in 2015."

4.5. Support from Scanning Tunneling Microscopy

One of the largest hindrances toward the general acceptance
of our results and a possible reason why currently published
studies about SmBg still consider the system a topological
Kondo insulator lies in the inconsistency between ARPES and
scanning tunneling microscopy (STM) results. This has been
pointed out by Allen in his review."® To give an example, we
observe exclusively two chemically pure surface terminations.®®!
On the other hand, a (2 x 1) reconstruction observed in STM is
interpreted as a missing-row reconstruction.*? This is incom-
patible with our results because it requires the simultaneous
presence of both undercoordinated B and undercoordinated
Sm at the surface. All STM studies find (1 x 1) reconstructed
areas.”’ " However, RoRler et al.”?! interpret some (1 x 1)
surfaces as Sm terminated and some (1 x 1) surfaces as B termi-
nated. Furthermore, they find well-ordered topographies only on
small length scales.”? Also, Yee et al.’!! and Ruan et al.? find

Sm termination
1 Eg (eV) 0

X

Figure 5. Origin of the X surface state for a—c) B termination and d—f) Sm termination. The top row (a,d) shows the divalent 4f multiplet. For boron
termination, the 5d—4f hybridized states in (b) are surface shifted to higher binding energy by about 10 meV. For Sm termination, the undercoordinated
Sm at the surface is shifted by 0.3 eV in the spectrum (gray arrow). The subsurface Sm in (e) is shifted to lower binding energy by about 10 meV relative to
the bulk. ¢,f) For both terminations, the shifts are large enough to lead to metallic state at the surface as can be seen from calculated bulk bands!”®! after
applying corresponding shifts. Adapted and reproduced under the terms of a Creative Commons Attribution License.®®! Copyright 2018, The Authors,
published by Springer Nature.
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unstructured areas to be abundant. Because our ARPES data
average over a spot size of ~250 pm, our chemically pure termi-
nations are by many orders of magnitude larger than those
reported in STM.

In a combined STM and ARPES experiment involving the
same samples, we find that all cleavages are either (2 x 1) with
a peak at —7 meV in STS or (1 x 1) with less sharp features.”*”)
We do find in the literature®* STS spectra very similar to ours
for the (2x1) surface. The same holds for the (1 x1)
surface,®? where the STS maximum appears even more pro-
nounced and its location could be determined at —28 meV."")
These values agree perfectly with the shifted binding energies
that we observe in ARPES for the B-terminated surface
(27 meV binding energy) and for the Sm-terminated surface
(10meV binding energy).®*>! The STM results are therefore
strongly supporting our finding that small binding energy shifts
of 10 meV cause the surface metallicity of SmBg.

We were also able to determine the possible reason for most of
the remaining disagreements. We observe for the (1 x 1) surface
a dependence of the STM image on the bias voltage used. When
changing the bias voltage from +0.2 to —3.0 V still a (1 x 1) pat-
tern is recorded, but shifted by half a lattice constant.”> We inter-
pret this behavior, which has not been reported before, as due to
the fact that the B 2p states appear more than 1eV below the
Fermi energy. These were identified early on in ARPES by
Denlinger et al.* and their dispersions were measured in detail
for the two terminations.’®" This means that B states can reliably
be imaged only for bias voltages larger than 1 eV, whereas in the
literature only very small bias voltages have been used.”*~
The fact that the bias-dependent shift in real space is only observed
for the (1 x 1) surface identifies (1 x 1) as B terminated. The rea-
son is that on the Sm-terminated surface metallic Sm-derived
states will likely be picked up for any bias volage. In addition,
we observe vacancies on the (1 x 1) surface that are only visible
for large bias voltages and disappear at small bias. This gives
further support to the assignment of the (1 x 1) surface to B.

In summary, both ARPES and STM support the interpretation
of the surface states and surface metallicity of SmBg as trivial.
The finding that the surface states so far reported by ARPES
are trivial is not equivalent to a proof that the bulk band structure
of SmBg is trivial.®! Ideally, the surface shift should be removed
at first to gain an unobstructed view at the bulk bandgap of SmB4.

5. Doping-Induced Phase Transitions in
Topological Crystalline Insulators

5.1. Giant Rashba Effect in Pb,_,Sn,Te

The term “topological crystalline insulators” (TCIs),*”*® instead
of referring to the crystalline property of the material, means that
its topological surface states are protected by crystal symmetries,
such as mirror symmetry, rather than by time-reversal symmetry
as in conventional Z, topological insulators.'®! In both cases, a
bulk band inversion is required, which in prominent TCI mate-
rials is well established and can be tuned by composition.
Pb;,Sn,Te is such a system where the Sn-rich phase is
topological.”® Tts topological phase transition is sensitive to
perturbations and can be tuned by different means such as
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temperature, pressure, strain, and ferroelectric distortions.
Due to their dependence on individual symmetries, the surface
states depend on the choice of the surface. Originally, only the
(100) surface of cleaved bulk samples had been studied.!'*%'!
The (111) surface, on the other hand, presents two different types
of surface states. Moreover, it is polar and its preparation
requires epitaxial growth.

Pb;_,Sn,Te is intrinsically p-type due to natural cation vacan-
cies. This tendency increases with higher Sn concentration,
which limits the phase diagram for ARPES studies of the
Dirac cone surface states. For this reason, we have codoped
Pb, _,Sn,Te by Bi.’® The codoping, however, not only success-
fully moves the chemical potential and allows the ARPES inves-
tigation of an extended phase diagram, it also induces a very large
Rashba effect of the valence band. This effect does not exist
for undoped Pb;_,Sn,Te and reaches one of the largest
Rashba coupling constants ever measured (ag of 3.8 eVA for
Pbgs4Sng46Te(111) doped with 1% Bi).[loz] The Rashba effect
occurs for systems with broken inversion symmetry in the bulk
or at the surface.”®! We could experimentally exclude bulk
ferroelectricity as the origin of the effect. Moreover, we used
its dependence on the photon energy, i.e., on the electron wave
vector component perpendicular to the surface k,, to identify the
observed Rashba splitting as a 2D Rashba effect.[**

Surface band bending is identified as the origin, caused by
acceptor-type trap states at the surface, which lead to upward
band bending. This generates a 2D Rashba effect in the valence
band. A tight-binding model confirms that the dependence of the
Rashba effect on the Bi doping in the bulk is explained by an
occupation of the trap states that depends on the bulk Fermi
level. A clear proof that the doping dependence is not due to
the surface concentration of Bi is achieved by Bi deposition,
which does not lead to a Rashba splitting.!**

5.2. Topological Quantum Phase Transition in Pb,_,Sn,Se

Pb;_,Sn,Se has properties similar to those of Pb,_,Sn,Te. Due
to the sensitive dependence of the band inversion on the lattice
constant, the topological phase transition can be monitored
directly in temperature-dependent ARPES experiments.!'*!
Also, in this case, the (100) surfaces of single crystals had
predominantly been studied. As mentioned above, an important
difference of the polar (111) surfaces is that they
feature two different surface states, at the T' and M points,
whereas the (100) surface states are located at the X points. In
both cases, the number of Dirac cones per surface Brillouin zone
is even. This distinguishes TCI from Z, topological insulators
where this number is odd.

When we apply the same strategy of n-doping by Bi in the bulk
to extend the range of measurable Sn concentrations (the larger
the Sn concentration, the more p-doped the system becomes), we
notice that in addition to the desired shift of the Fermi energy, a
large bandgap of the order of 0.1 eV opens at the Dirac point at
T (Figure 6).'"*" Comparison to the Dirac cones at the M points
show that these remain gapless. Because there are one I' and
three M points per surface Brillouin zone, the gap means an
odd number of intact Dirac cones, which characterizes a Z,
topological insulator. In other words, the protection has changed
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Figure 6. Pb;_,Sn,Se, where 28% Pb is replaced by Sn, is a TCI at low temperature. When the system is doped with 2.2% Bi, a) only the Dirac cone at T’
opens a gap, whereas b) the Dirac cones at M are closed. With three Dirac cones at M per surface Brillouin zone, this changes the number of intact Dirac
cones from even to odd and the topological phase from topological crystalline to Z, topological insulator. Adapted and reproduced under the terms of a
Creative Commons Attribution License.'® Copyright 2017, The Authors, published by Springer Nature.

from mirror symmetry for the TCI to time-reversal symmetry for
the Z, topological insulator (Figure 6).'°* As origin of this topo-
logical quantum phase transition, a lattice distortion is identified
because for the (111)-oriented films this lifts the fourfold valley
degeneracy of the system. The bulk band inversions, which occur
at the L points of the bulk Brillouin zone, react differently on a
lattice distortion along the [111] surface normal: The L point that
projects onto I is much more affected than the specular L points
that project onto the M points at the border of the surface
Brillouin zone.

Because the band inversion can also be tuned by the tempera-
ture, two new phase transitions can be observed by ARPES:
For the example of Pbg;,Sng,sSe, this is from TCI to Z, at
low temperature by 0.6% Bi doping and from Z, to trivial insu-
lator for 1% Bi by temperature above about 100 K (Figure 6).
Interestingly, the underlying lattice distortion is expected to be
ferroelectric. This idea, which requires further confirmation
by structural investigations at low temperature, holds the prom-
ise for electrically switchable topological phase transitions.

6. 3D Weyl Semimetal in a Layered Material
While a topological insulator is a bulk topological phase with a

protected Dirac cone in two dimensions, there are topological
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phases with Dirac cones in three dimensions."” They can be
viewed as originating from an incomplete bulk band inversion
that leaves a Fermi surface in only a single point—a 0D one.
In 3D Dirac semimetals, the Dirac cones are degenerate due
to crystal symmetry. In 3D Weyl semimetals, this degeneracy
is lifted by either breaking of inversion'® or of time-reversal
symmetry.l'°? In both cases, Weyl points of opposite chirality
are connected by topologically protected Fermi arcs which are
the counterpart of protected surface states of topological insula-
tors. Recently, Weyl semimetals have been classified into type I
and type II. Type I is Lorentz invariant and comprises TaAs and
related materials. Type II breaks Lorentz symmetry because its
Weyl cones are strongly tilted.*®”) This tilt leads to a Fermi surface
principally very different from that of type-I Weyl semimetals.
WTe, is a material known for its large nonsaturating magne-
toresistance!'®®! and has been predicted to be such a type-II Weyl
semimetal. 'l WTe, is a layered van der Waals material with
broken inversion symmetry. We studied the (100) surface
obtained by cleavage. Here, we could identify the predicted elec-
tron pocket Fermi surface because it shrinks with increasing
binding energy as well as the hole pocket, which behaves in
the opposite way.'*% The Weyl points themselves are predicted
to lie above Er and are therefore not detectable by ARPES.
However, additional features do not move with changing photon
energy and were therefore assigned to surface states or
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resonances. Their dispersion with the wave vector parallel to the
surface k;, distinguishes them further: One surface state con-
nects electron and hole pockets, whereas two features are degen-
erate with electron and hole pockets.['*! We concluded that these
mediate the coupling between the surface and bulk.

The observed surface resonances are a signature for the
expected strong surface-bulk coupling near the Weyl points.
Also in In-doped Bi,Se;, the coupling through surface resonan-
ces to the bulk plays an important role because it explains how
gapped Dirac cones occur on either side of the topological-to-
trivial phase transition™® and in Sb,Tes;, where a kink in the
dispersion has been recognized as a sign for the coupling
between the Dirac cone and bulk states."'” Belopolski et al.
discuss different scenarios for the connectivity of the Fermi arcs
in Mo,W;_,Te,.''Y Bruno et al. had slightly different findings:
They identified Fermi arcs in WTe, but because these appear
only at one out of two possible terminations, they are considered
trivial.''?! Fermi arcs were reported also by Wu et al.'"*! and
Wang et al.l'**l The vanishing density of states at the Weyl point
makes the chemical potential sensitive to doping. This enabled
the observation of a Lifshitz transition by temperature"**! and by
surface doping with potassium.[''® Despite enormous experi-
mental progress, there are several outstanding issues such as
the direct observation of the Weyl points, the clarification of the
number of Fermi pockets,"'*''® and a determination of the
length of the Fermi arcs. The spin texture is apparently rather
complex but spin polarization in agreement with time-reversal
symmetry has been measured for the range of the Fermi
arc!'”! and the hole pocket.['!”:118]

7. Conclusion

Topological materials are defined by the connectivity of their
band structure. This is investigated theoretically by density func-
tional theory and experimentally by ARPES. In the case of strong
electron correlation, the two can deliver very different results as
is known from unconventional superconductors, to name an
example. This strengthens the role of ARPES and in the current
work it was demonstrated that ARPES does not support that
SmBg is the first strongly correlated topological insulator by
showing that the surface states observed in ARPES are of trivial
origin.

One might expect that for all other cases of topological insu-
lators, where band structure calculations and ARPES agree very
well, the extra insight provided by experiments might be rather
limited. The examples shown in the current work emphasize that
ARPES experiments are indispensable for verifying the effects
predicted under the guidance of band structure theory. Dirac
cone warping is a fascinating phenomenon and ARPES clarifies
where its effects can be misjudged. Also, the magnetic gap at the
Dirac point and its dependence on magnetic anisotropy and tem-
perature, the existence of a nonmagnetic gap and its relation to
the spin—orbit interaction could only be clarified by ARPES, with
control experiments involving selenides and tellurides. The same
holds for lattice distortions in topological crystalline insulators
where individual bulk band inversions can be manipulated.
Transitions between novel topological phases could be demon-
strated. Weyl semimetals pose a particular challenge and require
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the ability of ARPES to probe momentum space in three
dimensions.

The systems addressed in the current topical review promise a
functionalization of topological properties in various ways, e.g.,
to form quantum anomalous Hall edge states and perform fer-
roelectric switching of topological phases. With their implemen-
tation in devices, ARPES will continue to serve topological
materials as an essential investigation method, especially when
performed in operando.
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