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Consistency between ARPES and STM measurements on SmB6
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The Kondo insulator SmB6 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 velocity in SmB6 differ by orders
of magnitude, depending on the experimental technique used. Here we reconcile two techniques, scanning
tunneling microscopy (STM) and angle-resolved photoemission spectroscopy (ARPES), by accounting for
surface band bending on polar terminations. Using spatially resolved scanning tunneling spectroscopy, we
measure a band shift of ∼20 meV between full-Sm and half-Sm terminations, in qualitative agreement with
our density-functional theory 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 measurements of polar crystals such as SmB6.

DOI: 10.1103/PhysRevB.101.085142

I. INTRODUCTION

In a Kondo insulator (KI), strong interactions between
localized f electrons renormalize their spectral weight toward
the chemical potential. Below a characteristic temperature
T ∗, conduction electrons begin to scatter from these renor-
malized f states, opening a hybridization gap at the Fermi
level. In a subset of KIs called topological KIs, this gap
can encode a nontrivial bulk topological invariant, leading
to the appearance of protected surface states [1,2]. In the KI
SmB6, the onset of the hybridization gap leads to a resistivity
upturn below ∼50 K [3–5]. Yet, rather than diverging, the
resistivity saturates below 5 K, indicating the emergence of an
additional conduction channel [6,7]. This conduction channel
has been attributed to topological surface states by several
theoretical studies, which span complementary approaches
including renormalized band theory and tight-binding Hamil-
tonians matched to LDA (+Gutzwiller) calculations [8–10].
These calculations predict the existence of three surface Dirac
cones with heavy quasiparticles, of predominantly f charac-
ter, 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 orders and their
potential utility [10–13]. However, the empirical identification
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of the additional conduction channel [6,7] with the predicted
topological surface states [8–10] has remained controversial
due to apparent contradictions between different experimental
techniques.

Experimentally, angle-resolved photoemission spec-
troscopy (ARPES) and scanning tunneling microscopy (STM)
have each identified key features of the topological states in
SmB6, but with quantitative and qualitative differences. At
low temperatures, ARPES studies reported a hybridization
gap that hosts linearly dispersing surface states [14–18]
with a nontrivial 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 resolved in any ARPES experiment to date
[16], leading to the suggestion that it has been pushed into
the valence band by a strong surface potential [23], or by
the breakdown 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 SmB6, STM universally
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FIG. 1. (a) Schematic of the SmB6 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 SmB6. (b) Zoom-in
of band structure at the Fermi level.

observes surface domains with sizes on the order of tens of
nanometers [21,25–29], consistent 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 conse-
quently averages over thousands of SmB6 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 × 1 and nonpolar Sm
2 × 1 terminations, using the energy and momentum broad-
ening 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 experi-
mental ARPES results. Our findings provide the long-sought,
fully consistent explanation for the apparent discrepancy be-
tween 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
SmB6 grown using the Al-flux method [31,32]. We cleaved
the crystals in cryogenic ultrahigh vacuum at ∼30 K before
inserting them into the STM head. We prepared PtIr STM tips

by ex situ mechanical sharpening then in situ field emission
on Au foil.

B. Calculations

We performed calculations in the framework of density-
functional theory (DFT), as implemented in the QUANTUM

ESPRESSO package [33]. We calculated the exchange-
correlation functional using the generalized gradient approx-
imation of Perdew-Burke-Ernzerhof [34]. The electron-ion
interactions are described by ultrasoft pseudopotentials with
valence electron configurations of 2s22p1 for B atoms and
5s24d105p66s24 f 6 for Sm atoms. The energy cutoff for the
plane-wave basis is 120 Ry with a charge-density cutoff of 500
Ry. We used a Monkhorst-Pack [35] scheme with a 12 × 12 ×
1 k mesh for the Brillouin zone integration for the supercell
with one unit cell (1 × 1 Sm) and 6 × 12 × 1 k mesh for the
supercell with two unit cells (2 × 1 Sm). In all calculations,
the lattice parameter was fixed at the experimental value a0 =
4.13 Å, with slab thickness 20.65 Å and vacuum thickness 15
Å to minimize 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 abundance
of distinct surface terminations have been observed by STM
on SmB6 [36]. Across a dozen STM experiments, the largest
reported domain of an ordered surface on pristine SmB6 (<1%
dopants) is only 60 nm [21,25–29,36–38]. Two commonly
observed surfaces are the 1 × 1 square lattice [Fig. 2(a)] and
the 2 × 1 rows that arise when half of the Sm atoms are
removed during cleaving [Figs. 2(b) and 2(c)] [36,39]. The
2 × 1 surface has also been observed by low-energy electron
diffraction [40] and ARPES, where it manifests as Umklapp
scattering [15,41]. We confirmed the identity of the 2 × 1
surface using lightly Fe-doped samples where Fe is known
to substitute for Sm [42]; we observed individual Fe-atom
signatures centered on the rows of Sm atoms in Fig. 2(c).
We confirmed the identity of the 1 × 1 lattice presented in
Fig. 2(a) as a full Sm layer due to the direction of its band
bending compared to the 2 × 1 surface, as shown in Figs. 2(d)
and 2(e) and discussed in more detail below.

The relative prevalence of each surface can be understood
from its formation energy [Figs. 2(f)–2(h)]. Although most
STM reports have focused on the 1 × 1 surface [25–28], our

TABLE I. Comparison of SmB6 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 ED, and surface Fermi wave vector kF , at both the X and � points of the surface
Brillouin zone.

Theory [9] STM [21] ARPES [18] Quantum oscillation [22]

h̄vX̄ (meV Å) 7.6 ± 0.3 16 ± 2 240 ± 20 1900 ± 300
EDX̄

(meV) −5.4 ± 0.1 1 ± 1 −65 ± 4 −57 ± 9
(kFX̄

− X̄ )(π/a0) 0.44 ± 0.06 0.19 ± 0.02 0.51 ± 0.03 (� − X − �) 0.039 ± 0.003

h̄v� (meV Å) 90 ± 9 50 ± 2 220 ± 20 4300 ± 100
ED

�
(meV) −9 ± 2 −7 ± 1 −23 ± 3 −460 ± 20

kF
�

(π/a0) 0.07 ± 0.01 0.14 ± 0.02 0.15 ± 0.03 0.142 ± 0.001
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FIG. 2. STM topography of the (a) Sm 1 × 1 termination and the
Sm 2 × 1 termination of (b) pristine SmB6 and (c) Fe-doped SmB6

[21]. Acquisition parameters are (a) Vs = 200 mV, RJ = 10 G�

(b) Vs = 100 mV, RJ = 5 G�, and (c) Vs = 100 mV, RJ = 0.5 G�.
(d), (e) Spatially homogeneous dI/dV spectra on the Sm 1 × 1 and
Sm 2 × 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 × 2.5 nm2 and (e) an area of 5.1 × 5.1 nm2. Acqui-
sition parameters are (d) T = 9.5 K, Vs = −200 mV, RJ = 2 G�,
bias excitation amplitude Vrms = 2.82 mV, and (e) T = 6.5 K, Vs =
200 mV, RJ = 1 G�, Vrms = 1.41 mV. (f)–(h) Side-view (upper)
and top-view (lower) of different surface terminations and their
corresponding formation energies, calculated by DFT.

more frequent observation of the 2 × 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 intuitively expected to
lower the surface formation energy.

B. Termination-dependent band bending

In general, the surface termination can cause a redistribu-
tion of charge that affects the local electronic structure, an
effect well studied in conventional semiconductors [43]. In

FIG. 3. DFT-calculated electron transfer from Sm atoms to B6

clusters for the 2 × 1 surface (a) and the 1 × 1 surface (c). Fewer
electrons are drawn from each Sm atom on the 1 × 1 surface as
compared to the 2 × 1 surface.

bulk SmB6, Sm atoms donate equal amounts of charge to
the B6 octahedra above and below them. However, on the
1 × 1 surface the Sm atoms are undercoordinated; the B layer
beneath the topmost Sm layer cannot accept all of the excess
electrons, so they accumulate on the surface. This charge
accumulation is qualitatively captured in our calculations of
the electron transfer, which use Bader analysis to partition the
DFT charge density [Fig. 3].

The increased electron density near the 1 × 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 × 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 × 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 [44], it provides a qualitative understanding of
the charge transfer on the SmB6 surface.

To experimentally determine the accumulation of sur-
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 spec-
tral features: a peak around −150 meV, a peak just below
EF , and a shoulder around 40 meV, as shown in Fig. 4(a).
The two filled-state peaks predominantly reflect contributions
from the Sm 4 f states, as determined by previous STM and
ARPES measurements, and by dynamical mean-field theory
calculations [21,26,29,45]. Although the peak energies are
homogeneous within each ordered domain [see Figs. 2(d) and
2(e)], we found that the peaks are shifted downward on the
1 × 1 surface by about 20 meV compared to the 2 × 1 surface.

C. Spectral function simulation

ARPES spectra can be broadened by local band bending
if the spot size encompasses multiple surface domains of
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FIG. 4. (a) Measured dI/dV on two different surfaces of SmB6. Acquisition parameters are (blue curve) T = 9 K, Vs = −250 mV, RJ =
2 G�, bias excitation amplitude Vrms = 2.8 mV, and (red curve) T = 8 K, Vs = 200 mV, RJ = 1 G�, Vrms = 1.4 mV. (b) Starting with the
electronic structure derived by STM on the nonpolar 2 × 1 surface (red) [21], we inferred the electronic structure on the 1 × 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 × 1 and 1 × 1 surfaces imitates the result of a spatially averaging measurement such as ARPES. We convoluted the
averaged spectral function with a Gaussian kernel 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 − � − X directions. Upper panel: T = 12 K,
�E = 10 meV, �k = 0.04 Å−1 (as reported in Ref. [18]); lower panel: T = 1 K, �E = 3 meV, �k = 0.01 Å−1 (as reported in Ref. [41]).
Furthermore, we included band folding as described in Ref. [41] 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. [18,41]. (c) Two different ARPES intensity maps are reproduced from Refs. [18,41] 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.

different polarities. We investigated this possibility in SmB6

by deriving a spectral function for each termination 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 includes a Fermi-liquid-like
quasiparticle decay rate ∝ω2 [46]. We simulated each termi-
nation by adjusting the energies of the f and d bands to match
our STM spectra. Specifically, in the 1 × 1 spectral-function
simulation, the occupied states are shifted down by 20 meV
relative to the 2 × 1 simulation. We simulated ARPES spec-
tra 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 pa-
rameters T = 12 K, �E = 10 meV, and �k = 0.04 Å−1, and
Ref. [41] with parameters T = 1 K, �E = 3 meV, and �k =
0.01 Å−1. 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
[47].

IV. DISCUSSION

A complete understanding of the cleaved SmB6 surface
requires considering both electron-rich surfaces, such as the
Sm 1 × 1 surface, and electron-deficient surfaces, such as
the B-rich terminations. Importantly, our STM measurements
have shown that the heavy Dirac surface states become flat
only below the chemical potential [21], leading to a highly
electron-hole-asymmetric band-bending scenario, as depicted
in Fig. 4(d) and Fig. 5. In such a scenario, we expect that
surplus electrons, as found on Sm 1 × 1 terminations, pri-
marily 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 ter-
minations, 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 surface with the same number of excess
electrons. Indeed, on B6 1 × 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
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FIG. 5. Band-bending range on SmB6 surfaces. The Sm 1 × 1 is
the most negatively charged surface with a measured downward band
bending of 20 meV, compared to the charge neutral Sm 2 × 1 surface.
Bands on the B6 1 × 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 × 1 and Sm 2 × 1 surface spans more than
90% of the maximum energy range of 21.5 meV.

the neutral Sm 2 × 1 surface [see Fig. 4(a)]. Thus, the total
band-bending range, defined by the most negatively charged
Sm 1 × 1 termination and the most positively charged B6

1 × 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 [48,49]. These reports are
surprising because both surfaces are nominally nonpolar 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 [50],
contrary to the ARPES measurement. 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
charging, analogous to termination-dependent band bending
on the (100) surface [26]. This local charging would be aver-
aged in ARPES measurements, possibly resulting in enhanced
surface-state velocities, similar to our simulations on the (100)
surface [Fig. 4].

Band bending on SmB6 may also affect the perception of
the hybridization gap and explain the apparent discrepancy
between its size, as reported by ARPES and STM. ARPES
generally reports 15–20 meV for the part of the hybridization
gap below EF, as shown in Fig. 4(c) [14–17,25,41], 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 EF, of about 25 meV, despite arising from a band
structure with a gap of only 15 meV on the nonpolar 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 occupied side. The full impact of excess charge on
the surface Kondo environment and d- f hybridization remains
an open theoretical question [24].

V. CONCLUSION

SmB6 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 surface states. Using
STM spectroscopy, we investigated two distinct surface termi-
nations and measured a band shift of about 20 meV between
them. These measurements guided a simulation of ARPES
spectra, which captures the essential experimental features of
ARPES, but remains consistent with STM conclusions [21].
Our results 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 termina-
tion. 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 [51].

All data underlying Figs. 1–5 can be accessed in Ref. [39].
The data that support the findings of this study are available
from the corresponding author on reasonable request.
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