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The Kondo insulator SmBg has emerged as a primary candidate for exotic quantum phases,
due to the predicted formation of strongly-correlated, low-velocity topological surface states, and
corresponding high Fermi-level density of states. However, measurements of the surface-state ve-
locity in SmBg differ by orders of magnitude, depending on the experimental technique used. Here
we reconcile two techniques, scanning tunneling microscopy (STM) and angle-resolved photoemis-
sion spectroscopy (ARPES), by accounting for surface band bending on polar terminations. Using
spatially-resolved scanning tunneling spectroscopy (STS), we measure a band shift of ~ 20 meV
between full-Sm and half-Sm terminations, in qualitative agreement with our density functional
theory (DFT) calculations of the surface charge density. Furthermore, we reproduce the apparent
high-velocity surface states reported by ARPES, by simulating their observed spectral function as
an equal-weight average over the two band-shifted domains that we image by STM. Our results
highlight the necessity of local measurements to address inhomogeneously-terminated surfaces, or
fabrication techniques to achieve uniform termination for meaningful large-area surface measure-
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ments of polar crystals such as SmBsg.

I. INTRODUCTION

In a Kondo insulator (KI), strong interactions between
localized f electrons renormalize their spectral weight
towards the chemical potential. Below a characteristic
temperature 7%, conduction electrons begin to scatter
from these renormalized f states, opening a hybridiza-
tion gap at the Fermi level. In a subset of Kls called
topological Kondo insulators, this gap can encode a non-
trivial bulk topological invariant, leading to the appear-
ance of protected surface states [1, 2]. In the KI SmBg,
the onset of the hybridization gap leads to a resistiv-
ity upturn below ~ 50 K [3-5]. Yet, rather than di-
verging, the resistivity saturates below 5 K, indicating
the emergence of an additional conduction channel [6, 7].
This conduction channel has been attributed to topolog-
ical surface states by several theoretical studies, which
span complementary approaches including renormalized
band theory and tight-binding Hamiltonians matched to
LDA (+Gutzwiller) calculations [8-10]. These calcula-
tions predict the existence of three surface Dirac cones
with heavy quasiparticles, of predominantly f character,
as shown schematically in Fig. 1. Such low-velocity Dirac
fermions would provide a high density of states at the
Fermi level, increasing their susceptibility to exotic or-
ders and their potential utility [10-13]. However, the em-
pirical identification of the additional conduction channel
[6, 7] with the predicted topological surface states [8-10]
has remained controversial due to apparent contradic-
tions between different experimental techniques.

Experimentally, angle-resolved photoemission spec-
troscopy (ARPES) and scanning tunneling microscopy
(STM) have each identified key features of the topolog-
ical states in SmBg, but with quantitative and qualita-
tive differences. At low temperatures, ARPES studies
reported a hybridization gap that hosts linearly dispers-
ing surface states [14-18] with a non-trivial spin texture
[19, 20]. However, the apparent velocity of these states is
an order of magnitude higher than theoretically predicted
(see Table I). Meanwhile, the hallmark of a topological
surface state—its Dirac point—has not been clearly re-
solved in any ARPES experiment to date [16], leading to
the suggestion that it has been pushed into the valence
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FIG. 1. Schematic of the SmBg band structure, showing two
heavy f bands hybridizing with a light d band (all purple),
and topological surface states (TSS, orange) that have a low
velocity. Inset of (a): Bulk and surface Brillouin zone of
SmBg.



TABLE I. Comparison of SmBg surface-state properties predicted by theory and measured by STM, ARPES, and quantum
oscillations. We tabulate values for the Fermi velocity v, Dirac-point energy Ep, and surface Fermi wavevector kg, at both the

X and T points of the surface Brillouin zone.

Theory [9] STM [21] ARPES [18] Quantum Oscillation [22]
hwx (meV-A) 7.6 0.3 16+2 240 £ 20 1900 = 300
Ep, (meV) —5.4+0.1 1+1 —65 + 4 —57+9
(krg — X)(7/ao) 0.44 £ 0.06 0.19 £ 0.02 0.51£0.03 (I' =X — T 0.039 = 0.003
hvg (meV-A) 90+£9 50+ 2 220 £ 20 4300 £ 100
Ep. (meV) —9=£2 -7+1 —23+3 —460 + 20
kpﬁ(ﬂ/ao) 0.07£0.01 0.14 £ 0.02 0.15+0.03 0.142 £ 0.001

band by a strong surface potential [23], or by the break-
down of the Kondo effect at the surface [24]. On the other
hand, milliKelvin scanning tunneling spectroscopy (STS)
studies identified several strong resonances within the
hybridization gap, consistent with low-velocity surface
states [25, 26]. Additionally, momentum-resolved STM
directly imaged linearly dispersing low-velocity surface
states that converge to a Dirac point within the gap [21],
consistent with theoretical predictions [9].

The apparent inconsistencies between STM and
ARPES arise from the different experimental length
scales for each technique. STM typically images hundred-
nanometer regions with picometer spatial resolution. On
SmBg, STM universally observes surface domains with
sizes on the order of tens of nanometers [21, 25-29], con-
sistent with its polar structure and the lack of a natural
cleavage plane. Yet the typical ARPES spot size is on the
order of tens of microns [30], and consequently averages
over thousands of SmBg surface domains. This averaging
poses a problem if the various domains exhibit polarity-
driven band bending, as ARPES spectra will contain a
superposition of spectral features, shifted in energy with
respect to one another.

Here we use STM spectroscopy to guide a simulation of
the spectral functions on polar Sm 1 x 1 and non-polar
Sm 2 x 1 terminations, using the energy and momen-
tum broadening of typical ARPES experiments. For a
range of realistic experimental parameters, our simulated
ARPES spectra show topological surface states with an
artificially enhanced Fermi velocity and a buried Dirac
point, similar to published ezperimental ARPES results.
Our findings provide the long-sought, fully-consistent ex-
planation for the apparent discrepancy between the band
structure measured by ARPES and STM. They further
confirm the consistency between STM and theoretical
predictions of low-velocity surface states with an in-gap
Dirac point and high density of states at the Fermi level.

II. METHODS
A. Scanning tunneling microscopy/spectroscopy

We performed STM experiments on single crystals of
SmBg grown using the Al-flux method [31, 32]. We

cleaved the crystals in cryogenic ultra-high vacuum at
~ 30 K before inserting them into the STM head. We
prepared PtIr STM tips by ez situ mechanical sharpening
then in situ field emission on Au foil.

B. Calculations

We performed calculations in the framework of den-
sity functional theory (DFT), as implemented in the
Quantum ESPRESSO package [33]. We calculated
the exchange-correlation functional using the general-
ized gradient approximation of Perdew-Burke-Ernzerhof
(GGA-PBE) [34]. The electron-ion interactions are
described by ultrasoft pseudopotentials with valence
electron configurations of 2s?2p' for B atoms and
5524d'95p56524 f6 for Sm atoms. The energy cutoff for
the plane wave basis is 120 Ry with a charge density cut-
off of 500 Ry. We used a Monkhorst-Pack [35] scheme
with a 12 x 12 x 1 k-mesh for the Brillouin zone integra-
tion for the supercell with one unit cell (1 x 1 Sm) and
6 x 12 x 1 k-mesh for the supercell with two unit cells
(2x 1 Sm). In all calculations, the lattice parameter was
fixed at the experimental value ag = 4.13 A, with slab
thickness 20.65 A and vacuum thickness 15 A to mini-
mize interactions between the periodic images. We did
not consider spin polarization or spin-orbit coupling since
our focus is on the electrostatics of the material.

III. RESULTS
A. Surface characterization

Due to its lack of a natural cleavage plane, an abun-
dance of distinct surface terminations have been observed
by STM on SmBg [36]. Across a dozen STM experiments,
the largest reported domain of an ordered surface on pris-
tine SmBg (< 1% dopants) is only 60 nm [21, 25-29, 36—
38]. Two commonly observed surfaces are the 1x1 square
lattice [Fig. 2(a)] and the 2 x 1 rows that arise when half
of the Sm atoms are removed during cleaving [Fig. 2(b)
and 2(c)] [36]. The 2x 1 surface has also been observed by
low-energy electron diffraction [39] and ARPES, where it
manifests as Umklapp scattering [15, 40]. We confirmed



Ao fe dopant 2

4

v T,

rElT (T

Height
(pm)

TG

0 4 8 12
Distance (ao)

0o 4 8 12 16
Distance (ao)

=

di/dVv (a.u.)
SEYIY AT T 1YE)

LWL

-0.1

B, 1x1

(h)
N
<§>:<8>:<%>:<<>

0. 0.0
S
000!

‘0’0’0
246.7 meV/A’

246.7 meV/A* 74.0 meV/A*
FIG. 2. STM topography of the (a) Sm 1 x 1 termination and
the Sm 2 x 1 termination of (b) pristine SmBg and (c) Fe-
doped SmBg [21]. Acquisition parameters are: (a) Vs = 200
mV, R; = 10 G (b) Vi = 100 mV, R; = 5 GQ and (c)
Vi = 100 mV, Ry = 0.5 GQ (d)-(e) Spatially homogeneous
dI/dV spectra on the Sm 1 x 1 and Sm 2 x 1 surface. Each
curve is offset for clarity. The location is indicated in the inset
of each panel. The inset in (d) shows an area of 2.5 x 2.5 nm?
and (e) an area of 5.1 x 5.1 nm?. Acquisition parameters are:
(d) T =95K, Vo =—-200mV, Ry =2 GQ and (e) T'= 6.5
K, Vo =200 mV, Ry =1 GQ. (f) - (h) Side-view (upper) and
top-view (lower) of different surface terminations and their
corresponding formation energies, calculated by DFT.

the identity of the 2 x 1 surface using lightly Fe-doped
samples where Fe is known to substitute for Sm [41]; we
observed individual Fe-atom signatures centered on the
rows of Sm atoms in Fig. 2(c). We confirmed the identity
of the 1x 1 lattice presented in Fig. 2(a) as a full Sm layer
due to the direction of its band bending compared to the
2 x 1 surface, as shown in Fig. 2(d-e) and discussed in
more detail below.

The relative prevalence of each surface can be under-
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FIG. 3. DFT-calculated electron transfer from Sm atoms to
Be clusters for the 2 x 1 surface (a) and the 1 x 1 surface (c).
Fewer electrons are drawn from each Sm atom on the 1 x 1
surface as compared to the 2 x 1 surface.

stood from its formation energy [Figs. 2(f-h)]. Although
most STM reports have focused on the 1 x 1 surface [25—
28], our more frequent observation of the 2 x 1 surface is
consistent with its lower formation energy as calculated
by DFT. In general, a more balanced charge distribution
on either side of the cleave, as drawn in Fig. 2(g), is in-
tuitively expected to lower the surface formation energy.

B. Termination-dependent band bending

In general, the surface termination can cause a redis-
tribution of charge that affects the local electronic struc-
ture, an effect well studied in conventional semiconduc-
tors [42]. In bulk SmBg, Sm atoms donate equal amounts
of charge to the Bg octahedra above and below them.
However, on the 1 x 1 surface the Sm atoms are under-
coordinated; the B layer beneath the topmost Sm layer
cannot accept all of the excess electrons, so they accumu-
late on the surface. This charge accumulation is qualita-
tively captured in our calculations of the electron trans-
fer, which use Bader analysis to partition the DFT charge
density (Fig. 3).

The increased electron density near the 1 x 1 surface
leads to reduced surface charge transfer shown as a blue
line in Fig. 3(b), greater filling of the Sm orbitals, and to
a slight downward bending of the surface bands. On the
other hand, Sm atoms at the 2 x 1 surface can donate a
greater fraction of their electrons to the B layer below,
because there are only half as many Sm atoms at the
surface as in the bulk. Correspondingly, we found only a
minor deviation in the calculated charge transfer at the
2 x 1 surface, shown as a red line in Fig. 3(b). Although
our Bader charge analysis quantitatively departs from the
experimental Sm valence of around +2.5 [43], it provides
a qualitative understanding of the charge transfer on the
SmBg surface.

To experimentally determine the accumulation of sur-
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FIG. 4. (a) Measured dI/dV on two different surfaces of SmBg. (b) Starting with the electronic structure derived by STM on
the non-polar 2 x 1 surface (red) [21], we inferred the electronic structure on the 1 x 1 polar termination by rigidly shifting the
occupied states down by 20 meV (blue), based on our local STS measurements. The average of the simulated spectral functions
from the 2 x 1 and 1 x 1 surfaces imitates the result of a spatially averaging measurement such as ARPES. We convoluted the
averaged spectral function with a Gaussian kernel in order to account for finite temperature, energy and momentum resolution.
The following realistic experimental parameters have been used to simulate the spectra along the M — X — M and X - T — X
directions. Upper panel: T = 12 K, AE = 10 meV, Ak = 0.04 A~! (as reported in Ref. [18]); lower panel: T = 1 K,
AE =3 meV, Ak = 0.01 A~ (as reported in Ref. [40]). Furthermore, we included band folding as described in Ref. [40] for
the simulation presented in the lower panel. Despite the low-velocity Dirac fermions we started with, both simulations give
the appearance of high-velocity states at the Fermi level that reproduce the ARPES experimental data presented in Refs. [18]
and [40]. (c¢) Two different ARPES intensity maps are reproduced from Refs. [18] and [40] for direct comparison with our
mixed-termination simulations in panel (b). (d) Adding electrons increases the Fermi level by a large amount due to the high
velocity of the surface states above the chemical potential, whereas removing electrons decreases the Fermi level by only a small
amount given the low surface state velocity below the chemical potential..

face charge, we measured local differential conductance,
dI/dV (r, E), where I is the tunneling current and V is
the bias applied to the sample with respect to the tip.
On a typical ordered domain, there are three pronounced
spectral features: a peak around —150 meV, a peak just
below Er, and a shoulder around 40 meV, as shown in
Fig. 4(a). The two filled-state peaks predominantly re-
flect contributions from the Sm 4f states, as determined
by previous STM and ARPES measurements, and by dy-
namical mean-field theory calculations [21, 26, 29, 44].
Although the peak energies are homogeneous within each
ordered domain [see Fig. 2(d-e)], we found that the peaks
are shifted downward on the 1 x 1 surface by about 20
meV compared to the 2 x 1 surface.

C. Spectral function simulation

ARPES spectra can be broadened by local band bend-
ing if the spot size encompasses multiple surface domains
of different polarity. We investigated this possibility in
SmBg by deriving a spectral function for each termina-
tion, from our STM measurements [21]. In accordance

with our data, our simulation includes low-velocity Dirac
states close to the chemical potential, connecting a light
bulk d band to two heavy bulk f bands. Each state in-
cludes a Fermi-liquid-like quasiparticle decay rate oc w?
[45]. We simulated each termination by adjusting the
energies of the f and d bands to match our STM spec-
tra. Specifically, in the 1 x 1 spectral-function simulation,
the occupied states are shifted down by 20 meV relative
to the 2 x 1 simulation. We simulated ARPES spectra
by computing an equal-weighted average of the spectral
functions for each surface, then convolving the result with
a Gaussian kernel that accounts for detector resolution
and temperature broadening as shown in right panels of
Fig. 4(b). Specifically, we mimic the detectors in Ref.
[18] with parameters T = 12 K, AE = 10 meV, and

Ak =0.04 A™", and Ref. [40] with parameters T =1 K,

AFE = 3 meV, and Ak = 0.01 A™'. In each case, our
simulation captures the main features of the measured
ARPES spectra as reproduced in Fig. 4(c): an apparent
hybridization gap of approximately 20 meV, and in-gap
surface states with an apparent high velocity, which seem
to extrapolate to a buried Dirac point [46].



IV. DISCUSSION

A complete understanding of the cleaved SmBg surface
requires considering both electron-rich surfaces, such as
the Sm 1 x 1 surface, and electron-deficient surfaces, such
as the B-rich terminations. Importantly, our STM mea-
surements have shown that the heavy Dirac surface states
become flat only below the chemical potential [21], lead-
ing to a highly electron-hole-asymmetric band-bending
scenario, as depicted in Fig. 4(d). In such a scenario, we
expect that surplus electrons, as found on Sm 1 x 1 ter-
minations, primarily populate the steeper (upper) part
of the surface-state dispersion [see Fig. 1(b)], producing
a notable downward shift of spectral features, as shown
in Fig. 4(a). Conversely, a surface deficient of electrons,
as expected for B-rich terminations, would depopulate
the very flat (lower) part of the surface-state dispersion.
Due to the dramatic difference in band slope (velocity)
above and below the Fermi level, spectral features would
be shifted upward by much less on a surface with missing
electrons, than they would be shifted downward on a sur-
face with the same number of excess electrons. Indeed,
on Bg 1 x 1 surfaces, STM measured a prominent peak
at —6.5 meV [25], which is shifted upward by only 1.5
meV compared to the corresponding peak on the neutral
Sm 2 x 1 surface [see Fig. 4(a)]. Thus, the total band-
bending range, defined by the most negatively charged
Sm 1 x 1 termination and the most positively charged
Bg 1 x 1 termination, is 21.5 meV, as shown in Fig. 5.
Therefore, our ARPES simulation, using data from the
two surfaces we observe, covers more than 90% of the
maximum possible surface band-bending.

While our study focuses on the (001) surface, recent
ARPES experiments also reported high-velocity surface
states on the (110) and (111) surfaces [47, 48]. These re-
ports are surprising because both surfaces are nominally
non-polar and hence are expected to host low-velocity
Dirac states. In fact, magnetothermoelectric studies have
already indicated the presence of heavy metallic states
on the (110) surface [49], contrary to the ARPES mea-
surement. Under closer inspection by STM, the (110)
surface appears to be inhomogeneous on small length
scales [36]. The intense atomic-scale disorder may alter
the local electronic environment and cause local charg-
ing, analogous to termination-dependent band bending
on the (100) surface [26]. This local charging would be
averaged in ARPES measurements, possibly resulting in
enhanced surface-state velocities, similar to our simula-
tions on the (100) surface (Fig. 4).

Band bending on SmBg may also affect the perception
of the hybridization gap and explain the apparent dis-
crepancy between its size, as reported by ARPES and
STM. ARPES generally reports 15-20 meV for the part
of the hybridization gap below Er, as shown in Fig. 4(c)
[14-17, 25, 40], while the full gap, as measured by STM,
is only 8-15 meV [21, 25-27]. In Fig. 4(b), our ARPES
simulation shows a large gap below Ep, of about 25 meV,
despite arising from a band structure with a gap of only
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FIG. 5. Band bending range on SmBg surfaces. The Sm
1 x 1 is the most negatively charged surface with a measured
downward band bending of 20 meV, compared to the charge
neutral Sm 2 x 1 surface. Bands on the Bg 1 x 1 surface,
which is the most positively charged surface, are shifted up
by 1.5 meV [25]. Therefore, our simulation including just the
Sm 1 x 1 and Sm 2 x 1 surface spans more than 90 % of the
maximum energy range of 21.5 meV.

15 meV on the non-polar surface, as measured by STM.
Specifically, averaging over different surface terminations
blurs the top of the bulk valence band, which introduces
an apparent increase of the hybridization gap on the oc-
cupied side. The full impact of excess charge on the sur-
face Kondo environment and d-f hybridization remains
an open theoretical question [24].

V. CONCLUSION

SmBg is a promising platform for devices that exploit
correlated topological phases, but its cubic and polar
structure give rise to small, charged surface domains, on
which band bending may locally distort the Dirac sur-
face states. Using STM spectroscopy, we investigated
two distinct surface terminations and measured a band
shift of about 20 meV between them. These measure-
ments guided a simulation of ARPES spectra, which cap-
tures the essential experimental features of ARPES, but
remains consistent with STM conclusions [21]. Our re-
sults suggest that band bending is most pronounced on
Sm-rich terminations, motivating the development of new
surface treatments or epitaxial-growth techniques such as
molecular beam epitaxy to achieve a more uniform ter-
mination. Control over the termination would allow the
important correlated surface states to be tuned closer
to the Fermi level, without introducing disorder through
chemical doping, which would be advantageous for future
applications [50].



ACKNOWLEDGEMENTS

We thank Jonathan Denlinger, Emile Rienks and
Yun Suk Eo for enlightening discussions and Johnpierre
Paglione, Xiangfeng Wang, Zachary Fisk and Dae-Jeong
Kim for providing the samples. Experiments were sup-
ported by National Science Foundation DMR-1410480.
HP and MHH were funded by the Gordon and Betty
Moore Foundations EPiQS Initiative through Grant
GBMF4536. CEM is supported by the Swiss National
Science Foundation under fellowships P2EZP2_175155.
JJP and WP acknowledge Sahar Pakdel for her con-

tribution at the initial stages of the theoretical work
and financial support from Spanish MINECO through
Grant FIS2016-80434-P, the Fundacién Ramn Areces,
the Marfa de Maeztu Program for Units of Excel-
lence in R&D (MDM-2014-0377), the Comunidad Aut-
noma de Madrid through the Nanomag COST-CM Pro-
gram (S2018/NMT-4321), and the European Union Sev-
enth Framework Programme under Grant agreement No.
604391 Graphene Flagship. WP was funded by the
CNPq Fellowship programme (Pés-doutorado jinior) un-
der grant 405107/2017-0 and acknowledges the com-
puter resources and assistance provided by the Centro de
Computacién Cientifica of the Universidad Auténoma de
Madrid and the RES.

[1] Maxim Dzero, Jing Xia, Victor Galitski, and Piers Cole-
man, “Topological Kondo insulators,” Annual Review of
Condensed Matter Physics 7, 249-280 (2016).

[2] Prasanta Misra, in Handbook of Metal Physics, Heavy-
Fermion Systems, Chapter 11 Kondo Insulators, Vol. 2,
edited by Prasanta Misra (Elsevier, 2008) pp. 291-333.

[3] D.J. Kim, J. Xia, and Z. Fisk, “Topological surface state
in the Kondo insulator samarium hexaboride,” Nature
Materials 13, 466-470 (2014).

[4] J. W. Allen, B. Batlogg, and P. Wachter, “Large low-
temperature Hall effect and resistivity in mixed-valent
SmBg,” Physical Review B 20, 4807-4813 (1979).

[5] J. C. Cooley, M. C. Aronson, Z. Fisk, and P. C. Canfield,
“SmBg: Kondo insulator or exotic metal?” Phys. Rev.
Lett. 74, 1629-1632 (1995).

[6] Steven Wolgast, Calyan Kurdak, Kai Sun, J. W. Allen,
Dae-Jeong Kim, and Zachary Fisk, “Low-temperature
surface conduction in the Kondo insulator SmBg,” Phys-
ical Review B 88, 180405 (2013).

[7] Paul Syers, Dohun Kim, Michael S. Fuhrer, and John-
pierre Paglione, “Tuning bulk and surface conduction in
the proposed topological kondo insulator SmBg,” Physi-
cal Review Letters 114, 096601 (2015).

[8] Maxim Dzero, Kai Sun, Victor Galitski, and Piers Cole-
man, “Topological Kondo insulators,” Physical Review
Letters 104, 106408 (2010).

[9] Feng Lu, JianZhou Zhao, Hongming Weng, Zhong Fang,
and Xi Dai, “Correlated topological insulators with
mixed valence,” Physical Review Letters 110, 096401
(2013).

[10] Victor Alexandrov, Maxim Dzero, and Piers Coleman,
“Cubic topological Kondo insulators,” Physical Review
Letters 111, 226403 (2013).

[11] Xie Chen, Lukasz Fidkowski, and Ashvin Vishwanath,
“Symmetry enforced non-abelian topological order at the
surface of a topological insulator,” Physical Review B 89,
165132 (2014).

[12] Dmitry K. Efimkin and Victor Galitski, “Strongly inter-
acting Dirac liquid on the surface of a topological Kondo
insulator,” Physical Review B 90, 081113(R) (2014).

[13] Alex Thomson and Subir Sachdev, “Fractionalized Fermi
liquid on the surface of a topological Kondo insulator,”
Physical Review B 93, 125103 (2016).

[14] Jonathan D. Denlinger, James W. Allen, Jeong-Soo
Kang, Kai Sun, Byung-II Min, Dae-Jeong Kim, and
Zachary Fisk, “SmBg photoemission: Past and present,”
in Proceedings of the International Conference on
Strongly Correlated Electron Systems (SCES2013) (JPS
Conlf. Proc. 3, 017038, 2014).

[15] N. Xu, X. Shi, P. K. Biswas, C. E. Matt, R. S. Dhaka,
Y. Huang, N. C. Plumb, M. Radovié¢, J. H. Dil, E. Pom-
jakushina, K. Conder, A. Amato, Z. Salman, D. McK.
Paul, J. Mesot, H. Ding, and M. Shi, “Surface and
bulk electronic structure of the strongly correlated sys-
tem SmBg and implications for a topological Kondo in-
sulator,” Physical Review B 88, 121102(R) (2013).

[16] N. Xu, C. E. Matt, E. Pomjakushina, X. Shi, R. S. Dhaka,
N. C. Plumb, M. Radovi¢, P. K. Biswas, D. Evtushinsky,
V. Zabolotnyy, J. H. Dil, K. Conder, J. Mesot, H. Ding,
and M. Shi, “Exotic Kondo crossover in a wide temper-
ature region in the topological Kondo insulator SmBg
revealed by high-resolution ARPES,” Physical Review B
90, 085148 (2014).

[17] M. Neupane, N. Alidoust, S.-Y. Xu, T. Kondo, Y. Ishida,
D. J. Kim, Chang Liu, I. Belopolski, Y. J. Jo, T.-R.
Chang, H.-T. Jeng, T. Durakiewicz, L. Balicas, H. Lin,
A. Bansil, S. Shin, Z. Fisk, and M. Z. Hasan, “Surface
electronic structure of the topological Kondo-insulator
candidate correlated electron system SmBg,” Nature
Communications 4, 2991 (2013).

[18] J. Jiang, S. Li, T. Zhang, Z. Sun, F. Chen, Z. R. Ye,
M. Xu, Q. Q. Ge, S. Y. Tan, X. H. Niu, M. Xia, B. P.
Xie, Y. F. Li, X. H. Chen, H. H. Wen, and D. L. Feng,
“Observation of possible topological in-gap surface states
in the Kondo insulator SmBg by photoemission,” Nature
Communications 4, 3010 (2013).

[19] N. Xu, P. K. Biswas, J. H. Dil, R. S. Dhaka, G. Landolt,
S. Muff, C. E. Matt, X. Shi, N. C. Plumb, M. Radovié,
E. Pomjakushina, K. Conder, A. Amato, S. V. Borisenko,
R. Yu, H.-M. Weng, Z. Fang, X. Dai, J. Mesot, H. Ding,
and M. Shi, “Direct observation of the spin texture in
SmBg as evidence of the topological Kondo insulator,”
Nature Communications 5, 4566 (2014).

[20] Shigemasa Suga, Kazuyuki Sakamoto, Taichi Okuda,
Koji Miyamoto, Kenta Kuroda, Akira Sekiyama,
Junichi Yamaguchi, Hidenori Fujiwara, Akinori
Irizawa, Takahiro Ito, Shinichi Kimura, T. Bal-


http://dx.doi.org/10.1146/annurev-conmatphys-031214-014749
http://dx.doi.org/10.1146/annurev-conmatphys-031214-014749
http://dx.doi.org/10.1016/S1570-002X(08)80013-4
http://dx.doi.org/10.1038/nmat3913
http://dx.doi.org/10.1038/nmat3913
http://dx.doi.org/ 10.1103/PhysRevB.20.4807
http://dx.doi.org/10.1103/PhysRevLett.74.1629
http://dx.doi.org/10.1103/PhysRevLett.74.1629
http://dx.doi.org/10.1103/PhysRevB.88.180405
http://dx.doi.org/10.1103/PhysRevB.88.180405
http://dx.doi.org/10.1103/PhysRevLett.114.096601
http://dx.doi.org/10.1103/PhysRevLett.114.096601
http://dx.doi.org/10.1103/PhysRevLett.104.106408
http://dx.doi.org/10.1103/PhysRevLett.104.106408
http://dx.doi.org/10.1103/PhysRevLett.110.096401
http://dx.doi.org/10.1103/PhysRevLett.110.096401
http://dx.doi.org/ 10.1103/PhysRevLett.111.226403
http://dx.doi.org/ 10.1103/PhysRevLett.111.226403
http://dx.doi.org/10.1103/PhysRevB.89.165132
http://dx.doi.org/10.1103/PhysRevB.89.165132
http://dx.doi.org/10.1103/PhysRevB.90.081113
http://dx.doi.org/10.1103/PhysRevB.93.125103
http://dx.doi.org/10.7566/JPSCP.3.017038
http://dx.doi.org/10.7566/JPSCP.3.017038
http://dx.doi.org/10.1103/PhysRevB.88.121102
http://dx.doi.org/10.1103/PhysRevB.90.085148
http://dx.doi.org/10.1103/PhysRevB.90.085148
http://dx.doi.org/10.1038/ncomms3991
http://dx.doi.org/10.1038/ncomms3991
http://dx.doi.org/10.1038/ncomms4010
http://dx.doi.org/10.1038/ncomms4010
http://dx.doi.org/10.1038/ncomms5566

21]

(22]

23]

(24]

(25]

(26]

(31]

(32]

ashov, W. Wulfhekel, S. Yeo, Fumitoshi Iga, and Shin
Imada, “Spin-polarized angle-resolved photoelectron
spectroscopy of the so-predicted Kondo topological
insulator SmBg,” Journal of the Physical Society of
Japan 83, 014705 (2013).

Harris Pirie, Yu Liu, Anjan Soumyanarayanan,
Pengcheng Chen, Yang He, M. M. Yee, P. F. S.
Rosa, J. D. Thompson, Dae-Jeong Kim, Z. Fisk, Xi-
angfeng Wang, Johnpierre Paglione, Dirk K. Morr, M. H.
Hamidian, and Jennifer E. Hoffman, “Imaging emergent
heavy Dirac fermions of a topological Kondo insulator,”
Nature Physics (2019), 10.1038/s41567-019-0700-8.

G. Li, Z. Xiang, F. Yu, T. Asaba, B. Lawson, P. Cai,
C. Tinsman, A. Berkley, S. Wolgast, Y. S. Eo, Dae-Jeong
Kim, C. Kurdak, J. W. Allen, K. Sun, X. H. Chen, Y. Y.
Wang, Z. Fisk, and Lu Li, “Two-dimensional Fermi sur-
faces in Kondo insulator SmBg,” Science 346, 1208-1212
(2014).

Bitan Roy, Jay D Sau, Maxim Dzero, and Victor Gal-
itski, “Surface theory of a family of topological Kondo
insulators,” Physical Review B 90, 155314 (2014).
Victor Alexandrov, Piers Coleman, and Onur Erten,
“Kondo breakdown in topological Kondo insulators,”
Physical Review Letters 114, 177202 (2015).

L. Jiao, S. RéBler, D. J. Kim, L. H. Tjeng, Z. Fisk,
F. Steglich, and S. Wirth, “Additional energy scale in
SmBg at low-temperature,” Nature Communications 7,
13762 (2016).

Zhixiang Sun, Ana Maldonado, Wendel S. Paz,
Dmytro S. Inosov, Andreas P. Schnyder, J. J. Palacios,
Natalya Yu. Shitsevalova, Vladimir B. Filipov, and Pe-
ter Wahl, “Observation of a well-defined hybridization
gap and in-gap states on the SmBg(001) surface,” Phys-
ical Review B 97, 235107 (2018).

Wei Ruan, Cun Ye, Minghua Guo, Fei Chen, Xianhui
Chen, Guang-Ming Zhang, and Yayu Wang, “Emer-
gence of a coherent in-gap state in the Kondo insulator
revealed by scanning tunneling spectroscopy,” Physical
Review Letters 112, 136401 (2014).

Sahana Rofller, Tae-Hwan Jang, Dae-Jeong Kim, L. H.
Tjeng, Zachary Fisk, Frank Steglich, and Steffen Wirth,
“Hybridization gap and Fano resonance in SmBg,” Pro-
ceedings of the National Academy of Sciences 111, 4798—
4802 (2014).

Michael M. Yee, Yang He, Anjan Soumyanarayanan,
Dae-Jeong Kim, Zachary Fisk, and Jennifer E. Hoffman,
“Imaging the Kondo insulating gap on SmBs,” (2013),
arXiv:1308.1085.

Nan Xu, Hong Ding, and Ming Shi, “Spin- and angle-
resolved photoemission on the topological Kondo insu-
lator candidate: SmBg,” Journal of Physics: Condensed
Matter 28, 363001 (2016).

Yasuyuki Nakajima, Paul Syers, Xiangfeng Wang, Renx-
iong Wang, and Johnpierre Paglione, “One-dimensional
edge state transport in a topological Kondo insulator,”
Nature Physics 12, 213-217 (2016).

D. J. Kim, S. Thomas, T. Grant, J. Botimer, Z. Fisk, and
Jing Xia, “Surface Hall effect and nonlocal transport in
SmBg: Evidence for surface conduction,” Scientific Re-
ports 3, 3150 (2013).

Paolo Giannozzi, Stefano Baroni, Nicola Bonini, Mat-
teo Calandra, Roberto Car, Carlo Cavazzoni, Davide
Ceresoli, Guido L Chiarotti, Matteo Cococcioni, Ismaila
Dabo, Andrea Dal Corso, Stefano de Gironcoli, Ste-

34]

(35]

(36]

37]

(38]

(39]

[40]

(41]

42]

(43]

(44]

fano Fabris, Guido Fratesi, Ralph Gebauer, Uwe Ger-
stmann, Christos Gougoussis, Anton Kokalj, Michele
Lazzeri, Layla Martin-Samos, Nicola Marzari, Francesco
Mauri, Riccardo Mazzarello, Stefano Paolini, Alfredo
Pasquarello, Lorenzo Paulatto, Carlo Sbraccia, Sandro
Scandolo, Gabriele Sclauzero, Ari P Seitsonen, Alexander
Smogunov, Paolo Umari, and Renata M Wentzcovitch,
“QUANTUM ESPRESSO: a modular and open-source
software project for quantum simulations of materials,”
Journal of Physics: Condensed Matter 21, 395502 (2009).
John P. Perdew, Kieron Burke, and Matthias Ernzer-
hof, “Generalized gradient approximation made simple,”
Physical Review Letters 77, 3865-3868 (1996).

Hendrik J Monkhorst and James D Pack, “Special points
for Brillouin-zone integrations,” Physical Review B 13,
5188 (1976).

S. RoéBler, Lin Jiao, D. J. Kim, S. Seiro, K. Rasim,
F. Steglich, L. H. Tjeng, Z. Fisk, and S. Wirth, “Surface
and electronic structure of SmBg through scanning tun-
neling microscopy,” Philosophical Magazine 96, 3262—
3273 (2016).

Lin Jiao, Sahana Ro8ler, Deepa Kasinathan, Priscila
F. S. Rosa, Chunyu Guo, Huigiu Yuan, Chao-Xing Liu,
Zachary Fisk, Frank Steglich, and Steffen Wirth, “Mag-
netic and defect probes of the SmBg surface state,” Sci-
ence Advances 4, eaaud886 (2018).

H. Herrmann, P. Hlawenka, K. Siemensmeyer,
E. Weschke, J. Sénchez-Barriga, A. Varykhalov,
N. Y. Shitsevalova, A. V. Dukhnenko, V. B. Filipov,
S. Gabéani, K. Flachbart, O. Rader, M. Sterrer, and
E. D. L. Rienks, “A consistent view of the samarium
hexaboride terminations to resolve the nature of its
surface states,” arXiv:1810.13380.

S. V. Ramankutty, N. de Jong, Y. K. Huang, B. Zwart-
senberg, F. Massee, T. V. Bay, M. S. Golden, and
E. Frantzeskakis, “Comparative study of rare earth hex-
aborides using high resolution angle-resolved photoemis-
sion,” Journal of Electron Spectroscopy and Related Phe-
nomena 208, 43-50 (2016).

P. Hlawenka, K. Siemensmeyer, E. Weschke,
A. Varykhalov, J. Séanchez-Barriga, N. Y. Shitse-
valova, A. V. Dukhnenko, V. B. Filipov, S. Gabani,
K. Flachbart, O. Rader, and E. D. L. Rienks, “Samar-
ium hexaboride is a trivial surface conductor,” Nature
Communications 9, 517 (2018).

K. Akintola, A. Pal, M. Potma, S. R. Saha, X. F. Wang,
J. Paglione, and J. E. Sonier, “Quantum spin fluctua-
tions in the bulk insulating state of pure and Fe-doped
SmBg,” Phys. Rev. B 95, 245107 (2017).

Zhen Zhang and John T. Yates, “Band bending in semi-
conductors: Chemical and physical consequences at sur-
faces and interfaces,” Chemical Reviews 112, 5520-5551
(2012).

J. M. Tarascon, Y. Isikawa, B. Chevalier, J. Etourneau,
P. Hagenmuller, and M. Kasaya, “Temperature de-
pendence of the samarium oxidation state in SmBg
and Smj_,LazBg,” Journal de Physique 41, 1141-1145
(1980).

J. D. Denlinger, J. W. Allen, J.-S. Kang, K. Sun, J.-
W. Kim, J. H. Shim, B. I. Min, Dae-Jeong Kim, and
7. Fisk, “Temperature dependence of linked gap and sur-
face state evolution in the mixed valent topological insu-
lator SmBg,” arXiv:1312.6637.


http://dx.doi.org/ 10.7566/JPSJ.83.014705
http://dx.doi.org/ 10.7566/JPSJ.83.014705
http://dx.doi.org/10.1038/s41567-019-0700-8
http://dx.doi.org/10.1126/science.1250366
http://dx.doi.org/10.1126/science.1250366
http://dx.doi.org/ doi.org/10.1103/PhysRevB.90.155314
http://dx.doi.org/ 10.1103/PhysRevLett.114.177202
http://dx.doi.org/10.1038/ncomms13762
http://dx.doi.org/10.1038/ncomms13762
http://dx.doi.org/10.1103/PhysRevB.97.235107
http://dx.doi.org/10.1103/PhysRevB.97.235107
http://dx.doi.org/ 10.1103/PhysRevLett.112.136401
http://dx.doi.org/ 10.1103/PhysRevLett.112.136401
http://dx.doi.org/10.1073/pnas.1402643111
http://dx.doi.org/10.1073/pnas.1402643111
http://dx.doi.org/10.1073/pnas.1402643111
http://arxiv.org/abs/1308.1085
http://dx.doi.org/10.1088/0953-8984/28/36/363001
http://dx.doi.org/10.1088/0953-8984/28/36/363001
http://dx.doi.org/10.1038/nphys3555
http://dx.doi.org/10.1038/srep03150
http://dx.doi.org/10.1038/srep03150
http://dx.doi.org/ 10.1088/0953-8984/21/39/395502
http://dx.doi.org/ 10.1103/PhysRevLett.77.3865
http://dx.doi.org/ doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/ doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/ 10.1080/14786435.2016.1171414
http://dx.doi.org/ 10.1080/14786435.2016.1171414
http://dx.doi.org/10.1126/sciadv.aau4886
http://dx.doi.org/10.1126/sciadv.aau4886
http://arxiv.org/abs/1810.13380
http://dx.doi.org/ 10.1016/j.elspec.2015.11.009
http://dx.doi.org/ 10.1016/j.elspec.2015.11.009
http://dx.doi.org/10.1038/s41467-018-02908-7
http://dx.doi.org/10.1038/s41467-018-02908-7
http://dx.doi.org/ 10.1103/PhysRevB.95.245107
http://dx.doi.org/10.1021/cr3000626
http://dx.doi.org/10.1021/cr3000626
http://dx.doi.org/ 10.1051/jphys:0198000410100114100
http://dx.doi.org/ 10.1051/jphys:0198000410100114100
http://arxiv.org/abs/1312.6637

[45] C. M. Varma, Z. Nussinov, and Wim van Saarloos, “Sin-

[46

[47

]

gular or non-Fermi liquids,” Physics Reports 361, 267—
417 (2002).

The Fg) crystal-field-split 4f state is missing in our
STM-derived simulation, but present in ARPES exper-
iments. The discrepancy arises because STM does not
couple strongly to the Féz) state, which lacks the correct
symmetry to hybridize. However the lack of hybridization
also means that the Fg) state does not play an important
role in Kondo or topological physics.

Yoshiyuki Ohtsubo, Yuki Yamashita, Kenta Hagiwara,
Shin-ichiro Ideta, Kiyohisa Tanaka, Ryu Yukawa, Koji
Horiba, Hiroshi Kumigashira, Koji Miyamoto, Taichi
Okuda, Wataru Hirano, Fumitoshi Iga, and Shin-ichi
Kimura, “Non-trivial surface states of samarium hexa-
boride at the (111) surface,” Nature Communications 10,
1-7 (2019).

(48]

(49]

[50]

J. D. Denlinger, Sooyoung Jang, G. Li, L. Chen, B. J.
Lawson, T. Asaba, C. Tinsman, F. Yu, Kai Sun, J. W.
Allen, C. Kurdak, Dae-Jong Kim, Z. Fisk, and Lu Li,
“Consistency of photoemission and quantum oscillations
for surface states of SmBg,” arXiv:1601.07408.
Yongkang Luo, Hua Chen, Jianhui Dai, Zhu-An Xu, and
J. D. Thompson, “Heavy surface state in a possible topo-
logical Kondo insulator: Magnetothermoelectric trans-
port on the (011) plane of SmBg,” Physical Review B
91, 075130 (2015).

Jie Yong, Yeping Jiang, Demet Usanmaz, Stefano Cur-
tarolo, Xiaohang Zhang, Linze Li, Xiaoqing Pan, Jong-
moon Shin, Ichiro Takeuchi, and Richard L. Greene,
“Robust topological surface state in Kondo insulator
SmBg thin films,” Applied Physics Letters 105, 222403
(2014).


http://dx.doi.org/10.1016/S0370-1573(01)00060-6
http://dx.doi.org/10.1016/S0370-1573(01)00060-6
http://dx.doi.org/ 10.1038/s41467-019-10353-3
http://dx.doi.org/ 10.1038/s41467-019-10353-3
http://arxiv.org/abs/1601.07408
http://dx.doi.org/10.1103/PhysRevB.91.075130
http://dx.doi.org/10.1103/PhysRevB.91.075130
http://dx.doi.org/10.1063/1.4902865
http://dx.doi.org/10.1063/1.4902865

	Consistency between ARPES and STM measurements on SmB6 
	Abstract
	Introduction
	Methods
	Scanning tunneling microscopy/spectroscopy
	Calculations

	Results
	Surface characterization
	Termination-dependent band bending
	Spectral function simulation

	Discussion
	Conclusion
	Acknowledgements
	References


