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Abstract

Topological Kondo insulators are a new class of topological insulators in which metallic
surface states protected by topological invariants reside in the bulk band gap at low
temperatures. Unlike other 3D topological insulators, a truly insulating bulk state, which is
critical for potential applications in next-generation electronic devices, is guaranteed by manybody effects in the topological Kondo insulator. Furthermore, the system has strong electron
correlations that can serve as a testbed for interacting topological theories. This topical
review focuses on recent advances in the study of SmB6, the most promising candidate for a
topological Kondo insulator, from the perspective of spin- and angle-resolved photoemission
spectroscopy with highlights of some important transport results.
Keywords: topological insulator, Kondo insulator, topological Kondo insulator, ARPES,
electronic structure, correlation effect
(Some figures may appear in colour only in the online journal)

1. Introduction

because of their fundamental scientific importance and great
potential in applications. The quantum Hall insulator (Chern
insulator) was the first discovered non-trivial topological
phase showing an emergent edge state. i.e. the materials that
form two-dimensional (2D) electron gas exhibiting an integer quantum Hall effect (IQH) [3]. Under a strong magnetic
field, the 2D electron gas can have only discrete energy values
(Landau levels) due to the quantization of the cyclotron orbits.
When the chemical potential sits between adjacent Landau
levels, the IQH system behaves like a bulk insulator, but at the
boundary incomplete cyclotron orbits lead to metallic states
along the edges with quantized Hall conductance (Ze2/ħ). In
IQH materials the Hall conductivity σxy of the edge current

1.1. Topological insulator

Quantum states of condensed matter are characterized both
by energy band structure and by the nature of wave functions
[1, 2]. The topological property of wave functions remains
unchanged under adiabatic deformations of the system so that
states with different topological orders cannot be transformed
into each other without forming new phases at the boundary.
The properties of topological materials and of their boundaries are an increasingly important theme in modern condensed matter physics, and experimental realizations of novel
topological phases have recently attracted significant interest
0953-8984/16/363001+16$33.00
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is topologically protected and described by an integer Chern
number (Thouless–Kohmoto–Nightingale-den Nijs (TKNN)
integer) [4, 5], which characterizes the different topological
ground states.
A topological insulator (TI) is a novel quantum phase in
which any boundary to an ordinary insulator always shows
metallic states. The TI is classified by a two-valued topological invariant, the so-called Z2 index, which is determined by
the topology of the bulk wave functions. Nowadays the term
‘topological insulator’ (coined in [6]) refers in particular to
this Z2 TI with time-reversal symmetry (TRS). The topological invariant is a global property of a system, whereas local
order parameters are embodied in Landau symmetry breaking
theory [7]. A 2D TI, also known as a quantum spin Hall (QSH)
insulator, was proposed in a model of graphene by Kane and
Mele [8, 9] in 2005, can be considered as two time-reversed
copies of the quantum Hall insulator. In such topological
quantum states, strong spin–orbit coupling (SOC) acts as an
effective magnetic field, and therefore the pair of the IQH
edge states protected by TRS can be realized without an external magnetic field. In 2006 Bernevig, Hughes and Zhang proposed HgTe/CrTe quantum wells as a candidate for the QSH
insulator and established an intuitive model Hamiltonian to
describe a topological phase transition driven by band inversion [10]. The QSH effect in quantum wells was observed
experimentally soon after by König et al [11] in 2007.
Unlike the quantum Hall insulator that is only defined
for a 2D system, the concept of a TI has been extended to
three-dimensional (3D) materials, in which four Z2 invariants
fully characterize the quantum phase. The metallic surface
states of the 3D TIs protected by TRS host Dirac fermions
with spin-momentum locking [9,10, 12]. The peculiar spin
structure of the Dirac fermions suppresses scattering by nonmagnetic impurities and disorder [13, 14] and gives rise to
a dissipationless spin current [15]. Various 3D TI materials
have been discovered [16]. Fu and Kane predicted that the TI
can be realized in Bi1−xSbx alloys, the nontrivial topology of
which can be probed by mapping an odd number of Fermi surface (FS) crossings between two TR-invariant momenta [12].
This has been experimentally confirmed with angle-resolved
photoemission spectroscopy (ARPES) by Hsieh et al [17]
Tetradymite semiconductors (Bi2Se3, Bi2Te3 and Sb2Te3) were
also proposed [18] to be TIs and confirmed experimentally
[13, 19]. In addition, TI states are also predicted in other mat
erials such as thallium-based III–V–VI2 ternary chalcogenides
[20, 21], Bi14Rh3I9 [22], Ag2Te [23], ZrTe5 [24], TlN [25],
BaBiO3 [26], and Li2IrO3 [27]. In some of these materials the
TI states have been experimentally verified [22, 28, 29].
Besides the topological and quantum Hall insulators, there
are topological materials in which the wave functions can be
classified by some other topological invariants. For example, topological crystalline insulators (TCI) can be specified
by a mirror Chern number invariant with a nonzero integer
[30], which has been predicted [31] and experimentally realized [32–35] in SnTe. In the last decade, because of its ability
to reveal electronic structure and identifying bulk and surface contributions to it, ARPES and its spin-resolved variant

Figure 1. (a) The topological phase diagram as a function of the
relative position between the f level and the bottom of the conduction
band. (b) and (c) Band structure illustration for the d/f states without
and with band crossing, respectively. (a) Reprinted with permission
from [38], copyright 2010 American Physical Society, and (b) and
(c) from review article [40], copyright 2016 Annual Reviews.

(SARPES) have played a vital role in the experimental confirmation of novel topological phases.
1.2. Topological Kondo insulator and predicted candidate:
SmB6

Studies of nontrivial band topology have mainly focused on
weakly correlated, inversion symmetric materials such as
Sb2Te3, Bi2Te3, and Bi2Se3 and have been conducted within the
framework of non-interacting topological theory [36, 37]. In
such materials the energy gap is small and conducting channels
other than the topological surface states can be easily formed
[16], which poses a serious obstacle to the application of TIs
in electronic devices. As a crucial way around this issue, it has
been suggested that TIs with a robust insulating gap could be
realized in some Kondo insulators. In a Kondo insulator, the
spin orbit coupling of f electrons is much larger than the characteristic energy gap, and the f states are odd-parity while the
conduction d states are even parity. Based on the above considerations, Dzero, Sun, Galitski and Coleman have brought
forward the concept of a topological Kondo insulator (TKI)
that is a strongly interacting version of the Z2 topological insulator [38, 39], as shown in figure 1. TIs with strong electronic
correlations may host a variety of novel interaction-driven phenomena that have attracted considerable theoretical attention.
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Figure 2. (a) Crystal structure of SmB6. (b) Temperature dependence of resistivity of SmB6, reproduced from [41], copyright 2016 American

Physical Society.

Figure 4. Universal curve of photoelectron mean free path as a
function of photoelectron energy [51].

to characterize the surface states experimentally and identify whether SmB6 is the first topological Kondo insulator.
The transport properties of SmB6 have been well studied
[41–43]. Figure 2 shows the resistivity of SmB6 as a function of
temperature (T) and 1/T. At high temperatures SmB6 behaves
as a correlated bad metal, and with decreasing temperature
a metal-to-insulator transition occurs due to the opening of
a hybridization band gap. Below ~3.5 K, however, instead of
diverging as in an insulator, the resistivity saturates, indicating
additional conduction channels that were suspected to originate from in-gap states—e.g. bulk impurity states [41–43].
Recent transport experiments provided convincing evidence of surface conductivity in the perfect bulk insulator
[44, 45], suggesting SmB6 is an ideal topological insulator for
topological device applications. Point-contact spectroscopy
revealed that the low-temperature Kondo insulating state
harbors conduction states on the surface, in support of the

Figure 3. Schematic diagram of an angle-resolved photoemission

experiment (reprinted with permission from [50], copyright 2011
IOP Publishing).

As the first candidate TKI, the mixed valence Kondo insulator SmB6 is currently of high interest. In this compound
the hybridization of the localized f electrons with conduction d electrons opens a narrow band gap on the order of ~10
meV at low temperatures, and then the chemical potential
lies in the gap (see figure 1(c)). First principle calculations
predict that SmB6 has a nontrivial Z2 topology and topologically protected surface states (TSS). The topologically
nontrivial surface bands of SmB6 are an emerging subject
that helps extend our understanding of topological insulators beyond non-interacting ones. Theoretical studies offer
the exciting possibility of topologically protected surface
states (TSS) in strongly correlated SmB6. Thus it is crucial
3

Topical Review

J. Phys.: Condens. Matter 28 (2016) 363001

Figure 5. Valence band structure of SmB6. (a) The first Brillouin zone of SmB6 and the projection on the cleaving surface. High-symmetry
points are also indicated. (b) and (c) ARPES intensity plots at Γ and X for the kz  =  4π plane, respectively. (d) and (e) Same as (b) and (c),
but for the kz  =  5π plane. Reprinted with permission from [53], copyright 2013 APS.

way to study the topology is to measure the surface states and
their spin structure directly.
2. Electronic structure of SmB6 probed by ARPES
2.1. Angle-resolved photoemission spectroscopy

ARPES is a modern application of the photoelectric effect [47]
that directly probes the electron band structure of crystals [48,
49]. By shining light on a clean metal in a vacuum vessel, electrons are emitted from the surface by the photoelectric effect.
The intensity of photoelectrons at a kinetic energy (I (EK )) is
proportional to density of states (DOS) at a binding energy
EB: I (EK ) ∝ N (EB)f (EB), where f (EB) is the Fermi–Dirac
distribution function. From energy conservation, the kinematic relation in the photoemission process is expressed as:
EK = hν − φ + EB where φ is the work function of the sample
surface. Thus photoemission spectroscopy (PES) is a powerful tool to measure the occupied DOS. In addition, band dispersions and Fermi surfaces can be determined by measuring
emission angles of the photoelectrons as well as their kinetic
energy.
In the photoemission process, the momentum of the photoelectron p is conserved along the in-plane direction. Under
the experimental configuration depicted in figure 3, the wave
vector of an electron inside the crystal can be expressed as:
Figure 6. Plots of the Fermi surface (a), and ARPES intensity near
the Fermi energy (EF) along the Γ–X (b) and X –M (c) directions,
measured at T  =  17 K with hv  =  26 eV and circular polarized light.
Reprinted with permission from [53], copyright 2013 APS.

k = p =

→

→

2mEK {sin(θ ) sin(ϕ )kx + sin(θ ) cos(ϕ )k y}.

This relationship is valid provided that the relaxation time of
the photo-holes is much longer than the escape time of the
photoelectrons.
Although the out-of-plane wave vector (k⊥) is not conserved due to the translation symmetry breaking along the

nontrivial topology in the Kondo insulators [46]. However, the
surface conduction obtained by transport measurements does
not help elucidate the topology of these in-gap states. An ideal
4
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Figure 7. Photon energy dependent ARPES measurements. (a) Photon energy dependent intensity along the X –M direction, covering more

than 1.5 BZs along kz. (b) Corresponding momentum distribution curves (MDCs) at EF. (c) Extracted dispersions of the β band for different
photon energies. Data are collected at T  =  17 K with circular polarized light. Reprinted with permission from [53], copyright 2013 APS.

Brillouin zone (BZ), indicating its strong bulklike 3D character. The hybridization between the γ band and f electrons opens
a bulk gap Δ  =  20 meV (figure 5(b)), which agrees fully with
the bulk band from theoretical calculations [38, 39, 56, 57].
This leads to bulk insulating behavior in SmB6 at low temper
atures. On the other hand, 2D metallic states are observed in
the hybridization band gap (figure 6(b)) and have three electron-like FSs in the first surface Brillouin zone (SBZ) (figure
6(a)): one α pocket is centered at the Γ point and two β pockets
encircle the X point. Similar ARPES results have reported by
Neupane et al [58] and Jiang et al [59].

normal direction at the sample surface, k⊥ can be extracted by
using a nearly-free electron approximation for the final states:
ħk⊥ =

2mEK cos2 θ + V0

where V0 is the inner potential, which can be estimated from
first-principle calculations. In modern synchrotron-based
ARPES experiments, the photon energy can be tuned continuously and thus one can map out the band structure in the
whole 3D momentum space.
For incident photon energy in the vacuum ultraviolet
(VUV) region, the small mean free path of photoelectrons
with corresponding EK results in ARPES being a surface sensitive technique [51] that is powerful for revealing surface/
subsurface electronic structures. As shown in figure 4, one can
increase the bulk sensitivity in ARPES either by using highenergy photons in the soft x-ray region or by using low-energy
photons from excitation sources. While the former is accessible with tunable synchrotron-based light [52], laser sources
have the advantage of high resolution in both energy and
momentum. In addition, the time structure of the light source
enables ARPES with time-resolution in the pump-probe
setup. By finely tuning the photon energy of the pump pulse,
electrons in valence bands can be pumped into the empty conduction bands and probed by the following probing pulse (two
photon photoemission). This makes the unoccupied states
measurable, with a much higher cross-section and resolution
than the alternative method of inverse photoemission [48].

2.3. Two-dimensionality and surface origin of the in-gap
states

These in-gap states are distinct from the calculated bulk
states [38, 39, 56, 57]. The photon energy dependence of
the ARPES spectrum further confirms its surface origin [53,
58, 59]. As seen from figures 7(a) and (b), for the β band at
the X point, the kF remains constant while the incident photon energy is varied. The extracted dispersions of the β band
for various photon energies overlap each other (figure 7(c)),
demonstrating the 2D nature of the β band. Similar measurements have been performed for the α band and, although the
intensity of this this band is weak, the obtained results [53,
59] reveal that the α band is also non-dispersive along kz.
The 2D nature of these in-gap states, which is not expected
in the cubic symmetry of the bulk and totally different from
the bulk γ band, indicates the surface origin of the α and β
bands.

2.2. Bulk hybridization gap and in-gap states in SmB6

VUV-ARPES is an ideal technique that can visualize the
surface states of insulating SmB6 to reveal their topological nature. Figure 5 shows the ARPES spectra along high
symmetry lines in SmB6, reported by Xu et al [53]. At low
temperature (T  =  17 K), a highly dispersive electron-like band
(γ band) hybridizes with three flat 4f  6 bands, consistent with
previous studies [54, 55]. The γ band appears at X for kz  =  4π
and at Γ for kz  =  5π, which are equivalent to the X point in the bulk

2.4. Surface reconstructions

The surface of SmB6 is complex because of the absence of a
natural cleavage plane in the cubic crystal structure. Scanning
tunneling microscopy (STM) studies by Yee et al [60] and
Rößler et al [62] suggest that only a small amount of the
cleaved (0 0 1) surface shows pristine Sm/B-terminations
5
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Figure 8. STM topographic images on the cleaved (0 0 1) surface of SmB6. (a) 1  ×  1 Sm termination (10 nm  ×  10 nm). (b) 1  ×  2 halfSm termination (10 nm  ×  10 nm). (c) Disordered B termination (10 nm  ×  10 nm). (d) 1  ×  1 B termination (2 nm  ×  2 nm). (e) Complex
reconstructed surface (30 nm  ×  30 nm). (f) Doughnut-like surface. (a)–(c) Reprinted with permission from [60], copyright 2013, (d) and (e)
from [61], copyright 2014 APS, (f) from [62].

Figure 9. Temperature dependent ARPES measurements with circular polarized light. (a) Temperature dependence of the intensity of the
surface state β band and the bulk conduction band with (without) hybridization with the f electrons γH (γun). (b) and (c) MDCs along the X –M
direction as a function of temperature, taken at EF and EB  =  30 meV, respectively. (d)–(f) ARPES intensity plots for 17, 70, and 280 K. (g)–(i)
Corresponding illustration of the band structures in the R1, R2, and R3 regions. Reprinted with permission from [64], copyright 2014 APS.

picks up a summation of contributions from different surface
domains. Nevertheless, the position dependence of the angleintegrated DOS from PES could be due to different surface
conditions, as observed by Denlinger et al [63].
Surface band structures are only well-defined for an
ordered surface with translation symmetry. Therefore, the
sharp and clear band structure observed in ARPES experiments is mainly from ordered surfaces with the signature of
folding bands β′ at the Γ point—i.e. the 1  ×  2 reconstructed
Sm-termination, as shown in figure 6(b) [53, 59, 64]. This
is consistent with low-energy electron diffraction (LEED)
results with a space resolution in the same order, showing a

because these non-reconstructed surfaces are charge-polar
and energetically unfavorable (figures 8(a) and (d)). Instead,
a 1  ×  2 reconstruction with half samarium termination, which
is charge-neutral, appears over most of the surface (figure
8(b)). More complex surfaces are also observed by different
cleaving methods, including the doughnut-like one of Ruan
et al [61] (figure 8(f)).
STM studies [60–62] consistently show that the domain
sizes at surfaces under any condition are much smaller than
the footprint of the light in ARPES measurements (typically
tens of micrometers). Therefore ARPES cannot resolve the
electronic structures of a single surface domain; rather it
6
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Figure 10. (a) Schematic diagram of hybridization band shifting in the crossover region. (b) Temperature dependent energy distribution

curves divided by the Fermi–Dirac distribution, with enlarged spectra near EF shown in the inset. (c) Temperature-dependent ARPES
intensity at EF. (d)–(f), Band structure along X′-H-X′ s at T  =  6 K, 180 K and 300 K. (a) and (b) reprinted with permission from [65],
copyright 2014 APS, (c)–(f) from [66].

superlattice structure of 1  ×  2 reconstruction in addition to the
1  ×  1 of the bulk [54].

that the energy position of the bottom (top) of the bulk hybridized conduction (valence) band shifts with changing temper
ature, Min et al propose that charge-fluctuations in the bulk
states occur in the crossover region (figures 10(a) and (b)).
Denlinger et al have observed a continuous change of the
Fermi momentum (figure 10(c)) and Fermi velocity (figures
10(d)–(f)) when temperature varies in the cross-over region,
and at the same time the in-gap states evolve from 2D states at
low temperature to 3D at high temperature.

2.5. Temperature evolution of electronic structure

The evolution of both bulk and surface electronic structures
as a function of temperature has been investigated by VUVARPES measurements [53, 59]. Neither the surface α and β
bands nor the bulk band gap resulting from the hybridization between the γ band and flat f band is observed at high
temperatures, and they appear when T  <  110 K. On the other
hand, the gap appears to close at much lower temperatures
(15–30 K), as shown in the DOS obtained from both partially
angle-integrated laser-based ARPES [59] and STM [60]
experiments. A quantitative temperature-dependent ARPES
study by Xu et al [64] reconciles the apparent controversy.
A crossover from the high-temperature metallic phase to the
low-temperature Kondo insulating phase takes place over a
wide temperature region (R2 in figure 9(a)). In the crossover
region a conduction band (γun in figure 9(b)) crossing EF coexists with a hybridized γH band (figure 9(c)) with the ratio
of γun/γH reducing with decreasing temperature. The surface
in-gap states emerge only when the d–f hybridization occurs
(β in figure 9(a)). The partial γun band crossing EF makes
SmB6 a bad metal in the R2 region, which results in the nonzero DOS at EF observed in angle-integrated ARPES [59] and
STM [60]. Below 30 K, the d–f hybridization opens a clear
gap, which turns the system into a bulk insulator. At very low
temperatures (below 3.5 K), the surface in-gap states dominate the transport properties, causing the resistivity to satur
ate instead of diverging as the temperature approaches zero.
The crossover scenario has also been proposed by Min
et al [65] and Denlinger et al [66] Based on the observation

3. Scenarios for the in-gap states in SmB6
3.1. Topological Kondo insulator surface states
3.1.1. Consistency with TSS calculations. The experimentally
determined surface states in [53, 58, 59] are consistent with
the topologically non-trivial surface states predicted by the
calculations, in which strong correlation effects are taken into
account. Figure 10(a) shows the dispersions of the topological
surface states (red lines) and the projections of the bulk bands
on the (1 0 0) surface (blue lines) obtained from the local-density approximation combined with the Gutzwiller method by
Lu et al [56]. The odd number of the Fermi surfaces of the surface states predicated by the calculation, as well as their shapes
and locations, are consistent with the ARPES measurements
(figures 11(b) and (c)), which provide the first spectroscopic
evidence that at low temperatures the surface states in the TKI
candidate SmB6 are topologically non-trivial in nature. Similar
calculation results have also been obtained by Takimoto [57]
and Alexandrov et al [68]. In spite of these agreements between
the experiments and calculations, the Fermi velocity of the β
band obtained by ARPES measurements [53, 58, 59] is one
order of magnitude larger than that of the calculations [38, 39,
7
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Figure 12. (a) Band structure calculation for the uniform solution.

(b) Band structure calculation for the surface Kondo breakdown
with a much larger Fermi surface and higher velocity quasiparticles,
which are consistent with experimental results. Reprinted with
permission from [69], copyright 2015 APS.

Figure 11. Comparison between theoretical calculations and

experimental results of the band structures on the SmB6 (1 0 0) surface.
(a) Theoretical results of band structure obtained by LDA  +  Gutzwiller
method. The red lines represent the TSS. The inset shows the Fermi
surfaces for the TSS. (c) Experimental Fermi surface of the surface ingap states. (d) 3D plot of the electronic structure of SmB6 measured by
ARPES. (a) reprinted with permission from [56], copyright 2013 APS,
(b) from [64], copyright 2014 APS, (c) from [67] with permission from
MacMillan, copyright 2014.

56, 57], which may result from the Dirac points buried in the
intense bulk f-/d-bands, making the Fermi velocity difficult to
extract from the experiments. The higher Fermi velocity found
in ARPES measurements can be reconciled by taking the possible Kondo break-down effect on the surface into account,
as shown in the recent calculations by Alexandrov et al [69]
(figure 12(b)). The Fermi surface areas calculated by Alexandrov et al are also larger than that obtained from the uniform
solution (figure 12(a)), which reproduces well the surface ingap state dispersions obtained from ARPES.
The surface in-gap states in SmB6 show unusual properties,
which make it distinct from other trivial surface states and
support the TKI scenario.

Figure 13. Temperature-dependent density of states integrated near

the X point. Reprinted with permission from [58], copyright 2013
Macmillan.

wave functions, topologically non-trivial surface states are
expected to be robust against the thermo-cycling process.
Inmeasurements on SmB6, Neupane et al have shown that the
ARPES spectral intensity of the in-gap surface state shows no
obvious change after thermo-cyclings (figure 13) [58], which
provides further evidence that these surface states are topologically non-trivial in nature.

3.1.2. Robustness against thermo-cycling. Most trivial surface states are sensitive to the surface conditions and unlikely
to survive thermo-cycling. In contrast, because they are protected by time-reversal symmetry and encoded by the bulk

3.1.3. Effects of magnetic/non-magnetic impurities. Kim et al

studied the effects of impurities in thickness-dependent transport measurements [70]. The results show that resistivity satur
ation behavior at low temperature, which is directly related
8
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3.1.5. Evidence for spin-polarized surface in-gap states. The

most fundamental difference between a TSS and a trivial surfaces state is that a TSS forms an odd number of Fermi surfaces that are spin polarized with spin-momentum locking.
Therefore, the spin-polarization of the surface in-gap states
is compelling evidence for the TKI scenario in SmB6. This is
supported by observation of weak localization (WAL) [75] in
SmB6 by Thomas et al [76]. For a TSS with spin-momentum
locking, the destructive interference effect between electrons
with time-reversed paths will lower the resistance [36, 37, 77,
78], i.e. WAL. Due to TRS breaking, this effect is destroyed
in the presence of a magnetic field, leading to a resistance
peak at zero magnetic field, which is observed in SmB6 and
well fitted to the Hikami–Larkin–Nagaoka (HLN) equation (figures 16(a) and (b)). It is worth mentioning that strong
spin–orbit coupling can also induce WAL, which implies that
the observed WAL in SmB6 cannot yet be conclusively linked
to a TSS. The spin-polarized surface states are also suggested
by the linear, non-Fermi liquid temperature dependence of the
quasiparticle scattering rate [64], as shown in figure 16(c).
Similar scattering rate suppression due to spin-momentum
locking is also observed in non-interacting TI Bi2Se3 [79].
Circular dichroism results by Jiang et al [59] suggest that the
in-gap states possess chirality of the orbital angular momentum (figure 16(d)), providing further indirect evidence for the
spin-polarized TSS. In the last part of this review, we discuss
the direct observation of the spin texture of the surface in-gap
states in SmB6 as strong evidence of the TKI scenario [67].

Figure 14. Temperature dependent resistance curves of Y- and Gd-

doped SmB6. Reprinted with permission from [70], copyright 2014
Macmillan.

to the surface in-gap states, is robust against non-magnetic Y
impurities (figure 14(a)) but destroyed by a similar amount of
magnetic Gd impurities (figure 14(b)). The sensitivity of conductance at low temperature to the perturbations that break TRS
also supports the scenario that the in-gap surface states originate from the Z2 topological feature of the bulk states in SmB6.

3.2. Trivial surface states

Trivial polarity-driven surface states have been proposed by
Zhu et al based on their ARPES and density functional theory
studies [80]. Unlike other theoretical approaches [38, 39, 56,
57], the Sm 4f states were treated as core levels that do not
interact/hybridize with the conduction/valence electrons. The
calculation reveals a metallic bulk band and two trivial surface
state bands on the non-reconstructed (1 0 0) surface of SmB6
(figure 17(a)); one located at 1.5 eV below EF and the other
located near the chemical potential, forming a large electronlike pocket at the SBZ center Γ point. The calculated trivial
surface states are supported by their ARPES spectra along the
M –Γ–M direction (figure 17(b)). However, this trivial polarity-driven surface state with a single electron-like pocket,
as seen from figure 17(c), is not observed in other ARPES
studies [53, 58, 63, 64, 65, 66], one possible reason might
be the rarity of the non-reconstructed (1 0 0) surface and its
small domain sizes, as suggested by STM results [60–62].
On the other hand, Denlinger et al [66] observed that spectral
intensity near the chemical potential forms four individual hot
spots (figures 17(d) and (e)), and the momentum locations of
the spots along the Γ–M direction are similar to those of the
trivial surface state suggested by Zhu et al Denlinger et al proposed a different scenario that these hot spots are from intensity tails of bulk 4f states gapped at low temperature (figure
17(f)), instead of trivial polar metallic surface states. There is
also a scenario that the metallic states around X could result

3.1.4. Evidence for Dirac cone dispersion of the surface states
from quantum oscillations. The first magneto-torque oscilla-

tion results from the (1 0 0) and (1 1 0) surface states in SmB6
were reported by Li et al [71]. The obtained angular depend
ence of the oscillating frequency F is fitted to 1/cos(θ–45 °),
where θ is the angle between magnetic field and crystalline c
axis, suggesting the quantum oscillation signals are related to
2D electronic states. The  −1/2 Landau Level index obtained
from the extrapolation to the high magnetic field limit indicates
that the in-gap states have 2D Dirac cone-like dispersion (figure 15). On the other hand, Tan et al have also observed magneto-torque oscillations in SmB6 but attributed the quantum
oscillation signals to 3D bulk states [72]. However, it is a
mystery how these quantum oscillation signals can occur in
a bulk insulating state. Denlinger et al analyzed the quantum
oscillation data from the both groups, and favored the 2D surface states by comparing with their ARPES results on (1 0 0)
and (1 1 0) surface [73]. Erten et al pointed out that the Kondo
breakdown at the surface has to be considered in order to interpret the quantum oscillation results, which can reconcile the
contradiction in the topological surface states scenario [74].
9

Topical Review

J. Phys.: Condens. Matter 28 (2016) 363001

Figure 15. Plot of the Landau Level index of the surface in-gap states versus magnetic field for α (a), β and γ (b). Reprinted with

permission from [71], 2014 copyright AAAS.

Figure 16. (a) Magneto-resistance with magnetic fields (both perpendicular and in-plane direction) measured at 20 mK. (b) ΔG  =  Δ(1/

(ρ) fitted to Hikami–Larkin–Nagaoka equation. (c) Temperature dependence of imagery part of self-energy by analysis of the MDC fits.
(d) Circular dichroism measurements of the Fermi surface. (a) and (b) reprinted with permission from [76], (c) from [64], copyright
2014 APS and (d) from [59] (copyright Nature Publishing Group, 2013. Published under a CC BY 3.0 licence, www.nature.com/
ncomms/2013/131218/ncomms4010/full/ncomms4010.html).

surface. They have attributed the inner two electron-like
pockets around the Γ point to Rashba-split surface states, and
the outer one to the folding of band β on the 1  ×  2 reconstructed surface. On the other hand, this surface assessment
is inconsistent with observations in STM experiments that
do not show any 1  ×  2 reconstruction on the B6-termination
in SmB6 [60–62]. The B6-terminated surface revealed by
STM is not reconstructed and has a domain size of around
10 nm, which is much smaller than the spatial resolution of
ARPES. Indeed, the dispersion of the outer pocket at the
Γ point shows great similarity to the folded band β′ on the

from the chemical potential at the surface and near  =  surface
regions being different inform the bulk. In this scenario, they
are not in-gap states [81].
3.3. Rashba surfacve states

Hlawenka et al reported ARPES results on the B6-terminated
(1 0 0) surface in SmB6 [82]. In addition to the two β pockets around the X point observed by other groups’ ARPES
results on the (1 0 0) surface, they observed three electronlike pockets centered at the Γ point on the B-termination
10
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Figure 17. (a) Bulk band structure calculation (black lines) with polar surface states (red lines). (b) ARPES results along M –Γ–M
direction. (c) Zoomed in near EF. (d) and (e) Constant energy maps at EF and  −5 meV. (f) ARPES results along the X –H –X direction.
(a)–(c) Reprinted with permission from [80], copyright 2013 APS, (c)–(f) from [66].

1  ×  2 reconstructed Sm termination [53, 59]. Currently, the
observation of Rashba surface states is still under debate,
and further studies are needed.
4. Spin texture of SmB6
4.1. Spin-resolved ARPES

For systems in which the spin degeneracy is lifted by the
TRS breaking (magnetic materials) or inversion symmetry breaking (non-centrosymmetric materials, surfaces and
interfaces), the spin polarization of the electronic states is
critical to understand the underlying physics. ARPES with
spin resolution (SARPES) is one of the most powerful
techniques that can directly measure the spin polarization
of the wave functions of a crystal. In a SARPES measurement, photoelectrons with well-defined kinetic energy and
emission angle (corresponding to the desired initial states
EB(k)) are collected like in ARPES, and then the collected
electron beam is sent to a spin detector which measures
the difference of currents for the spin-up and spin-down.
Most spin detectors, including spin-polarized low energy
electron diffraction (SPLEED) [78], very low energy electron diffraction (VLEED) and Mott detector [79], are
based on the asymmetry of the spin-polarized electron
scattering in crystalline solids. Compared to the former
two spin detectors, Mott detectors have the advantages of
high stability and high accuracy, and are the most commonly used for SARPES. As originally discussed by Mott,
when electrons with high kinetic energy (⩾25 keV) scatter
off heavy nuclei (e.g. gold foil), the scattering rate shows
a dramatic dependence on the spin polarization direction.

Figure 18. Schematic diagram of COPHEE, the Complete

Photoemission experiment. Reprinted with permission from [84],
copyright 2002 Elsevier.

The asymmetry is written as: A = (N+ − N−)/(N+ + N−),
where N+ and N− are the numbers of electrons parallel and
anti-parallel to the spin polarization direction, respectively.
The spin polarization rate (P) is proportional to the asymmetry: P = A /S , where a coefficient called the Sherman
function (S) [83] can be determined by measuring a fully
polarized electron beam. With the measured spin polarization
11
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Figure 19. (a) FS map of SmB6. (b) Low energy excitations near EF along C1 in a. The red curve is the MDC at 10 meV above E (ESR).
(c) Spin-resolved MDCs along the x direction measured at ESR, with a photon energy of 26 eV and C  +  polarization. (d) Corresponding
spin polarization along the x direction. (e) and (f) Same as (c) and (d) but along the y direction. (g) and (h) Same as (c) and (d) but along the
z (out-of-plane) direction. Reprinted with permission from [67], copyright 2014 Springer.

Figure 20. (a) Schematic diagram of the spin polarized Fermi surface of SmB6. (b) Spin polarization (x component), measured along
C1 with hv  =  30 eV. (c) Spin polarization (y component), measured along C2 with hv  =  26 eV. (d) Same as (c), but for the x component
measured along C3. Reprinted with permission from [67], copyright 2014 Springer.

rate, the spin-resolved ARPES spectra can be expressed as:
I↑ = (1 + P )(N+ + N−)/2; I↓ = (1 − P )(N+ + N−)/2, where I↑/I↓
is the SARPES intensity for spin up/down. For systems with

strong spin–orbit coupling, the states can possess spin structures in which a single quantization axis of the spins cannot be defined so that measurements of the spin components
12
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Figure 21. (a)–(d)Spin-polarized energy distribution curves measured with different polarizations (C + , C − , linear horizontal and linear

vertical). Reprinted with permission from [90], copyright 2014 The Physical Society of Japan.

Figure 22. (a) Low-energy excitations near EF along the high symmetry line M –X –M . (b) Spin polarization (x component), measured
along C1 with hv  =  30 eV. (c) Spin polarization (y component), measured along C2 with hv  =  26 eV. (d) Same as (c), but for the x
component measured along C3. Reprinted with permission from [67], copyright 2014 Springer.

along various axes are required to determine the polarization
directions of the photoelectrons. In practice, two pairs of
electron detectors are installed orthogonally within a single
Mott detector in order to measure the spin polarization along
two different directions simultaneously.

Figure 18 shows the schematic of the Complete
Photoemission experiment (COPHEE) setup at the Surface/
Interface Spectroscopy beamline at the Swiss Light Source
[84]. The photoelectrons, selected by the hemispherical analyzer with desired energy and emission angle, are accelerated
13
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Figure 23. (a) Bulk band structure calculation without hybridization. (b) The phase diagram. (c) and (d) The two spin textures in phases I

and II, respectively. Reprinted with permission from [94], copyright 2015 APS.

at ESR (10 meV above EF). As shown in figures 19(c) and (d).
The difference between I↑ and I↓ of two branches of the β band
clearly reveal that the surface bands are spin-polarized along
the x direction. Two additional peaks are observed between
the main β band peaks in the Px spectrum (figure 19(d)) and
are attributed to the folded band β′ originating from the 1  ×  2
surface reconstruction. On the other hand, the β and β′ bands
show no spin polarization along the y and z direction as seen
in figures 19(e)–(h).
More SARPES measurements have been done to explore
the complete spin texture of the surface in-gap states
(figures 20(b)–(d)). As summarized in figure 20(a), the measured spin polarization of the β band shows a helical structure
with spin-momentum locking, fully consistent with both TRS
and the crystal symmetry. The folded band β′ has the same
spin texture as the original β band, which is expected from an
Umklapp mechanism [85].

to 40 keV, bent by ±45 °, and sent into two orthogonal Mott
detectors. The geometry of the experiment involving two
Mott detectors allows the determination of the complete
spin polarization of the photoelectrons along all three special axes. The spin-polarization can be further transformed
into the sample frame Px, Py, and Pz, by a simple rotation
matrix. Corresponding spin-resolved ARPES spectra can be
calculated.
4.2. Spin texture of the surface in-gap states in SmB6

The determination of the spin texture of the surface in-gap
states by SARPES makes it possible to distinguish the TSS
from the trivial surface states and provides key evidence for
examining the TKI scenario in SmB6. However, it is extreme
challenging, because (1) the efficiency of SARPES is normally
five orders of magnitude lower than that of ARPES due to the
scattering process and single-detection-channel in the Mott
detector, so that much more time is needed to obtain reliable
data; (2) the energy resolution of synchrotron-based SARPES
at the present stage is 60–150 meV, while the surface in-gap
states in SmB6 are within the bulk Kondo gap of ~20 meV;
(3) the bulk f states and conduction d states are intense and
located close to the surface in-gap states.
By pushing the resolution of SARPES to the limit
(60 meV), Xu et al succeeded to measure the spin texture of
the Fermi surface of the surface in-gap states in SmB6. The
spin-integrated FS mapping (figure 19(a)) and the band structure along the M –Γ–M direction (figure 19(b)) clearly show
the surface bands α and β. To determine the contribution from
the bulk states, spin resolved MDC measurements are taken

4.3. Photon energy- and polarization-dependence of the spin
polarization of the surface in-gap states

In SARPES on states with no net spin polarization, spin polarization signals may appear due to photoemission effects [86,
87]. These effects have been observed in the core-levels of
non-magnetic solids [88], the bulk valence bands of Tis [89]
and the bulk f states of SmB6 [90]. Unlike the intrinsic spin
signal, the non-intrinsic spin signal strongly depends on
the energy and polarization of incident photons. As seen
in figure 21, the non-intrinsic signal of the f states in SmB6
changes direction when the photon polarization changes from
C + to C − circularly polarized light and vanishes with linear
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polarization (l-pol). To confirm that the measured spin texture of the surface in-gap states is intrinsic, photon-energy and
-polarization dependent SARPES measurements were carried
out by Xu et al. For various incident photon energies (figures
19(d) and 20(a)), a consistent momentum-locked spin texture
is obtained. The spin polarization of the photoelectrons also
does not depend on photon polarization (figures 22(b)–(e)),
confirming that the measured spin polarizations reflect the
intrinsic spin structure.

such as the effects of the sample growth conditions (small
amount of impurities and disorder) on the resistivity behavior at low temperature. The dispersion of the α band and its
termination dependence is not clear. The spin texture of the α
band and the STM quasiparticle interference patterns, which
can conclusively pin down the TKI scenario, are still missing.
Syers et al demonstrate control of bulk and surface conduction
by gating thin films, representing a step forward in applications of the robust metallic states in SmB6 [96]. Finding other
TKI candidates, especially with a high Kondo temperature,
will advance the current understanding of correlated TI’s and
applications of TSS’s in the future.

4.4. Spin polarization of the bulk states

In order to determine the contribution of the bulk f and d
states to the spin-polarization signal, SARPES measurements have been done. The bulk f states show no spin signal
with l-pol light (figures 21(c)–(d)) as mentioned previously.
Measurements at a higher binding energy (EHB), where the
bulk d states dominate the photoemission intensity, also show
no spin polarization (figures 22(f) and (g)). Therefore, the spin
texture observed in the SARPES measurements originates
from the surface in-gap states, which provides compelling
evidence that SmB6 is the first realization of a TKI.
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