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We use scanning tunneling microscopy to investigate the (001) surface of a cleaved SmB6 Kondo
insulator. Variable temperature dI=dV spectroscopy up to 60 K reveals a gaplike density of state
suppression around the Fermi level, which is due to the hybridization between the itinerant Sm 5d band and
localized Sm 4f band. At temperatures below 40 K, a sharp coherence peak emerges within the
hybridization gap near the lower gap edge. We propose that the in-gap resonance state is due to a collective
excitation in magnetic origin with the presence of spin-orbital coupling and mixed valence fluctuations.
These results shed new light on the electronic structure evolution and transport anomaly in SmB6.
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The solution of the Kondo problem induced by single
magnetic impurity embedded in a host metal is a major
triumph of many body physics [1]. However, there are still
many unresolved puzzles in the Kondo lattices formed by a
dense array of magnetic ions coupled to itinerant electrons
[2]. A particularly intriguing phenomenon concerns the SmB6

Kondo insulator, which has a hybridization gap at the Fermi
level (EF) but the resistivity saturates at low temperature
instead of diverging. Recent theories propose that SmB6 is a
Z2 topological insulator (TI) with a topologically protected
surface state (SS) [3,4], which naturally reconciles the
dilemma. In contrast to the existing TIs that can be described
by single electron band theory, this so-called topological
Kondo insulator (TKI) represents the first TI in which the
many body effect is crucial. This new idea has inspired a host
of experimental efforts searching for the topological SS.
Although transport [5,6], angle-resolved photoemission spec-
troscopy (ARPES) [7–11], cantilever magnetometry [12], and
point contact spectroscopy [13] results all point to the
existence of 2D electronic states, it has yet to be confirmed
unambiguously if they are the topological SSs.
Another imperative task for understanding SmB6 is to

elucidate the evolution of its electronic structure. After all,
at the heart of the TKI physics is the bulk band structure
and topology. Moreover, it is quite generic for the Kondo
lattice electronic structure to undergo a series of subtle
reconstructions due to the intricate interaction between the
local f electrons and itinerant bands [14,15]. Even for the
prototypical heavy fermion systems, there are still con-
troversies regarding the nature of the electronic states
[16,17]. From this perspective, the SmB6 Kondo insulator
provides a unique opportunity for exploring the rich
electron physics in the Kondo lattice system.

Owing to its ability to probe both the occupied and
empty electronic states at the atomic scale, scanning
tunneling microscopy (STM) has played a crucial role in
unveiling the novel physics in both TIs and Kondo lattices.
It is thus an ideal probe for clarifying the electronic
structure evolution of the SmB6 Kondo insulator and the
existence of topological SS. In this Letter, we report STM
studies on the (001) surface of cleaved SmB6. Scanning
tunneling spectroscopy (STS) reveals the hybridization gap
opening at high temperatures and the emergence of a low
temperature resonance state within the gap. Implications of
the STM results to the transport anomaly and topological
SS in SmB6 will be discussed.
High quality SmB6 single crystals are grown by the Al flux

method [18]. STM experiments are performed with a low
temperature (T) ultrahigh vacuum system. The SmB6 crystal
is cleaved in the load-lock chamber with pressure better than
10−8 mbar at room T, and then immediately transferred to
the STM stage cooled at 5 K. An electrochemically etched
tungsten tip is used for the STM measurements. Before each
measurement the tip is treated and calibrated carefully as
described elsewhere [19]. Topographic images are scanned in
constant current mode and dI=dV (differential conductance)
spectroscopy is measured by a lock-in amplifier with
modulation frequency f ¼ 323 Hz.
Figure 1(a) depicts the schematic cubic crystal structure

of SmB6. There are two possible cleaving planes parallel
to the (001) surface, one between adjacent Sm/B planes
and the other between two B planes within an octahedron.
Figure 1(b) shows the photograph of a cleaved (001)
surface of SmB6, which is flat and shining. All the STM
data reported in this Letter are taken on similar surfaces.
Figure 1(c) shows the typical electrical resistance (R) vs T
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curve measured on a SmB6 crystal, which exhibits the
characteristic insulating behavior at high T and the saturation
at T < 5 K (inset). The magnetic spin susceptibility also
exhibits an anomaly at the low T regime, as shown in Fig. 1(d).
Figures 2(a) to 2(d) display the STM images of four

types of surface structures we have observed so far, and the
insets are the corresponding Fourier transforms (FT). The
first phase [Fig. 2(a)] has an atomically flat square lattice
(denoted as the “A1” phase), but the distance between two
adjacent atoms is ∼3 Å, or a0=

ffiffiffi
2

p
(a0 ¼ 4.1 Å is the lattice

constant of SmB6). The only possible way to generate such
a lattice constant is to cleave at the blue plane in Fig. 1(a),
and expose the Sm-B network schematically shown in
Fig. 2(e). In fact the topography in Fig. 2(a) already reveals
a weak

ffiffiffi
2

p
×

ffiffiffi
2

p
superstructure, indicating the existence of

two inequivalent sublattices. The second phase shown in
Fig. 2(b) also exhibits a square lattice (“A2” phase), but
with lattice constant a0 formed by the B atoms from either
the blue or purple cleaved plane in Fig. 1(a). The dominant
patterns in the third phase shown in Fig. 2(c) are donuts
(“D1” phase) forming an incomplete square lattice, sitting
on the periodic A1 phase that is responsible for the FT
spots. The atoms making up the donuts are unknown, but
most likely they are four B atoms self-assembled at the
center of an A1-phase square, because the height of the
donut layer is ∼1 Å. The fourth phase shown in Fig. 2(d)
also exhibits donuts (“D2” phase) patterns, but the donuts
here have a larger diameter. Moreover, the underlying
square lattice has a lattice constant that equals a0 ¼ 4.1 Å,
which can be seen from the FT in Fig. 2(d) inset or directly
in the zoom-in image in Fig. 3(a). The structure of this
phase is well defined. As illustrated in Fig. 2(h), the donuts
consist of eight boron atoms exposed by the cleavage
within a boron octahedron, and they sit on a square lattice
of the A2 phase. Among these four types of surface
structures, the D2 phase is the majority phase. We notice

that the surface morphologies here have differences from
that reported by two other groups [20,21]. The most likely
cause is that in our work the SmB6 crystal is cleaved at
room T, whereas in the other two papers the crystals are
cleaved at low T. Different cleaving temperatures will affect
the surface relaxation process, and may even determine the
specific layer where the system might fracture [22].
Figures 2(i) to 2(l) show bias voltage (V) dependent

dI=dV, which is approximately proportional to the local
electron DOS at energy E ¼ eV, taken at T ¼ 5 K on the
four types of SmB6 (001) surfaces. Despite the distinctly
different surface morphologies, the dI=dV spectra share
some important common features. They all exhibit a well-
defined energy gap around EFðV ¼ 0Þ, a sharp peak at
negative energy E1 ∼ −10 meV, a broad hump centered
around E2 ∼ −160 meV, and a large zero bias conductance
(ZBC) corresponding to the residual DOS at EF. The
positions of the peak and hump features vary slightly for the
four surfaces, but the overall dI=dV line shape is highly
similar to each other. The energy gap and large ZBC are
also similar to that observed in point contact spectroscopy
on cleaved SmB6 [13].
Given the mysterious R vs T behavior in SmB6, it is

particularly informative to elucidate the T evolution of the
electronic structure. We have performed dI=dV spectros-
copy over a wide T range on donuts in the majority D2
phase as shown in Fig. 3(a). In Fig. 3(b) we show the large
bias dI=dV spectra taken at four representative Ts. At the
highest T ¼ 60 K, an asymmetric gaplike feature already
exists around EF, so does the hump at E2 ∼ −160 meV.
With decreasing T, the high energy hump feature remains
nearly unchanged but the low energy electronic states
change dramatically. In Fig. 3(c) we zoom into the low
energy range with more detailed T variations of the dI=dV
curve (black open circles). Upon cooling from 60 K,
the DOS suppression around EF deepens continuously.
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FIG. 1 (color online). (a) Schematic crystal structure of SmB6 where two possible cleaving planes parallel to the (001) surface are
shown in purple and blue. (b) Photograph of the cleaved (001) surface of a SmB6 crystal. (c) The R vs T curve of SmB6 shows the
insulating behavior at high T and the saturation at T < 5 K (inset). (d) Inverse magnetic susceptibility as a function of T shows
the deviation from the high T Curie-Weiss behavior at ∼120 K.
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At T ¼ 40 K, the peak at E1 ∼ −10 meV starts to emerge.
With further decrease of T, the peak becomes more
pronounced and meanwhile a dip near −25 meV starts
to develop. At the lowest T ¼ 5 K, the spectrum exhibits a
strongly asymmetric line shape with the sharp peak-dip
resonance located at the lower edge of the energy gap.
The most important question regarding the variable T

spectroscopy is the nature of the gaplike feature persisting to
60 K and the in-gap resonance emerging below 40 K. We
propose that the high T gap is formed by the hybridization
between the itinerant Sm 5d band and localized Sm 4f band.
The hybridization process originates from the Kondo screen-
ing of individual Sm3þ 4f5 local moments by itinerant 5d
electrons, forming a narrow composite fermion band and a
small energy gap around EF. The Kondo screening scenario is
supported by themagnetic susceptibility displayed in Fig. 1(d),
which shows a deviation from the high T Curie-Weiss
behavior at ∼120 K. Recent ARPES measurements also
observed the hybridization gap opening at around 150 K [10].
To account for the tunneling through both the itinerant

and localized bands in the Kondo lattice system, the dI=dV
curves on SmB6 should be simulated by the cotunneling

model [23–27] instead of the Fanomodel for single magnetic
impurity. The total tunneling conductanceGðeVÞ in this case
can be expressed as

GðeVÞ∝ Im
Z

dωf0ðω−eVÞ

×
Z
B:Z:

d3k½tc tf�
"
Gccðω;kÞ Gcfðω;kÞ
Gfcðω;kÞ Gffðω;kÞ

#"
tc
tf

#
:

Here, Gijðω; kÞ (i, j ¼ c, f) are different components of
the retarded Green’s function, and tc=tf are the tunneling
probabilities of electrons through the itinerant electrons
and localized felectrons, respectively. Moreover, the ther-
mal convolution effect at finite T is also accounted for [25].
As discussed in the Supplemental Material (Part A) [28],
both the high energy hump feature at −160 mV and the low
energy hybridization gap can be simulated very well by the
cotunneling model [the fit for the 60 K curve is shown in
Fig. 4(a)]. The energy levels of the two f bands used in our
simulation are also close to those probed by ARPES.
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FIG. 2 (color online). (a)–(d) STM images on the cleaved (001) surface of SmB6. Four types of surface structures are observed,
including atomically resolved A1 (a) and A2 phases (b), donutlike D1 (c) and D2 (d) phases. The weak
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×
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2

p
pattern in the A1 phase

is indicated by the dashed circles in (a). The insets are the corresponding FTs. (e)–(h) Schematic top view of the four cleaved surfaces.
The black circles in (g) and (h) mark the positions of the donuts. (i)–(l) dI=dV spectra taken at T ¼ 5 K on the representative locations
marked by solid circles with corresponding colors in (a)–(d). Vertical offset is used for clarity.
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The sharp peak-dip feature of the in-gap resonance
below 40 K, however, cannot be fit well by the cotunneling
model alone (Fig. S1 in the Supplemental Material [28]).
We propose that it represents a new collective mode unique
to the SmB6 Kondo insulator. The peak feature has totally
different T evolution from the hybridization gap, and
cannot be explained by the simple thermal broadening
effect either (Fig. S2 [28]). We further notice that neutron
scattering [29], Raman spectroscopy [30] and optical
conductivity [31] experiments on SmB6 all detected a
low energy magnetic resonance mode appearing at E ¼
14 − 20 meV below 40 K. Therefore, we propose that the
sharp peak-dip feature observed in our dI=dV spectroscopy
represents a new collective resonance mode unique to
the SmB6 Kondo insulator. Because of the small energy
separation and the spatial variations, it is hard to distinguish
this peak and the f band in the ARPES results.
We found that the spectra below 40 K can be fit with a

Gaussian peak when the hybridization gap background is
subtracted. STS results on similar f-electron states have also
been fit by Gaussian curves in previous reports [14,15].
We have performed the cotunneling plus Gaussian simu-
lations to all dI=dV spectra [red lines in Fig. 3(c)], and the fit
for the 5 K curve is shown in Fig. 4(a). The T dependence of
the peak spectral weight and full width at half maximum
(FWHM) extracted from the fitting are shown in Fig. 4(b),
which clearly illustrate the emergence of the resonance
below 40 K. Figure 4(c) shows T dependence of the

extracted gap amplitude and quasiparticle scattering rate
γf of the f electrons. The gap amplitude, hence, the
hybridization strength, gradually decreases with increasing
T. If we simply extrapolate the gap amplitude linearly to
high T, the gap will close at roughly 150 K, which is
consistent with the ARPES results [10].
From the above analysis, in conjunction with the neutron

and Raman results, we propose that this in-gap resonance
can be understood based on the singlet wave function
describing the Kondo screening of Sm3þ 4f5 local
moments and the valence mixing of Sm2þ 4f6 nonmagnetic
ions. Because of the presence of interactions between
different Sm3þ sites and the spin-orbit coupling, the spin
triplet state can be regarded as the possible low energy in-
gap excitation [32]. This is consistent with the decrease of
magnetic susceptibility starting from T ∼ 50 K in Fig. 1(d),
which is caused by a more rapid suppression of DOS at EF.
Moreover, such a resonance in magnetic origin can strongly
scatter the itinerant charge carriers, resulting in the dramatic
increase of R shown in Fig. 1(c). In contrast, the much
weaker insulating behavior at higher temperature is due to
the slow DOS suppression by the hybridization process.
Therefore, both the transport and magnetization anomalies
can be understood consistently by the emergence of an in-
gap resonance mode of magnetic origin below 40 K.
The last piece of the puzzle is the saturation of resistivity

at low T, and whether SmB6 is a TKI. It is highly plausible
that the large ZBC observed in our STS comes from the
topological SS [3,4], but direct STM evidence for TKI
will be quasiparticle interference (QPI) patterns showing
SS with helical spin texture, as demonstrated on the Bi2Te3
family TIs [33–35]. We have performed preliminary STM
studies of the QPI phenomenon on the A2 phase of the
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FIG. 3 (color online). (a) High-resolution image of the majority
D2 phase. The STS measurements at different temperatures are
all done on donuts in this phase. (b) High energy dI=dV spectra
taken on the donuts in the D2 phase at four selected temperatures.
(c) Low energy spectra (black open circles) taken at varied
temperatures from 5 to 60 K, revealing the emergence of the
resonance peak below 40 K, and the simulations of the dI=dV
spectra (red lines). For curves above 40 K, the hybridization gap
is simulated only by the co-tunneling model. For curves below
40 K, the data are simulated by the co-tunneling model and
a Guassian term for the resonance peak.
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FIG. 4 (color online). (a) Theoretical simulation of the dI=dV
spectra. For T ¼ 60 K only the cotunneling model is used to
simulate the hybridization gap. For T ¼ 5 K, the simulated gap
feature (red curve) is subtracted from the raw data, and the
remaining resonance peak is fitted by a Gaussian term (blue curve).
(b) Theweight and FWHM of the Gaussian peak as a function of T,
showing the disappearance of the coherence peak above 40 K.
(c) T-dependent gap amplitude and quasiparticle scattering rate γf
of f electrons extracted from the cotunneling simulation [Fig. 3(c)].
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SmB6 (001) surface, which has a relatively clean and flat
surface (see Supplemental Material, Part B [28]). However,
so far we have not detected any clear SS features in the DOS
maps or its FT images. We emphasize that we cannot rule out
the existence of topological SS based on this because several
factors may prevent the observation of the expected QPI
patterns. First, strong surface disorders may result in a large
scattering rate of the SS electrons, making the QPI phe-
nomenon extremely weak. Second, the new resonance mode
observed here, which resides in the hybridization gap and
thus may couple strongly with the topological SS, can also
suppress the QPI features. Third, our STM study is per-
formed at T ¼ 5 K, when the saturation of resistivity is
barely present. Therefore, future STM studies on SmB6

surfaces with better morphology at T well below 5 K are
needed to detect the topological SS, if they do exist. This will
be a challenging task due to the lack of an ideal cleaving
plane in SmB6. In fact, a recent ARPES study reveals
polarity-driven surface states formed by B dangling bonds,
that is sensitive to surface conditions [36]. This topologically
trivial metallic SS can explain both the resistivity saturation
and the absence of QPI on a rough surface.
In summary, variable temperature STS on SmB6 reveals

the hybridization gap opening at temperatures above 60 K
and the emergence of a collective in-gap resonance at
T < 40 K. The electronic structure evolution revealed here
can partly explain the anomalous transport and magnetic
susceptibility behavior. Although some features of the
spectroscopy are consistent with the existence of topological
SS, no QPI pattern has been directly visualized. Therefore, it
remains to be unambiguously proved if SmB6 is a TKI.
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