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Kondo insulators mix local and itinerant 
states of opposite parity.[3]

SmB6 is known historically as the first 
mixed valent compound and Kondo insu-
lator and the proposal that it could be the 
first topological Kondo insulator reinvig-
orated interest in this material.[4] Early 
results seemingly confirmed the idea: 
Only the surface was found to remain con-
ductive at low temperature,[5,6] and surface 
states were found at the Γ and X  points 
of the surface Brillouin zone conform 
to the topological scenario.[7–9] In spite 
of this progress, today—nearly a decade 
since the original publication—it is still 
debated whether the proposal by Dzero 
et al. applies to SmB6 which consequently 
would make it the first strongly correlated 

topological insulator at all. Various experimental methods have 
led to contradicting conclusions. In particular, the disagree-
ment about crystal termination between scanning tunneling 
microscopy (STM) and angle-resolved photoemission (ARPES) 
studies has been emphasized as major hindrance toward a 
solution of this fundamental controversy.[4] A variety of sur-
face terminations has been suggested on the basis of STM: A 
(2 × 1) structure was interpreted as a missing-row reconstruc-
tion,[10,11] because bulk truncated (100) surfaces are polar and 

SmB6 has recently attracted considerable interest as a candidate for the first 
strongly correlated topological insulator. Such materials promise entirely new 
properties such as correlation-enhanced bulk bandgaps or a Fermi surface 
from spin excitations. Whether SmB6 and its surface states are topological or 
trivial is still heavily disputed however, and a solution is hindered by major 
disagreement between angle-resolved photoemission (ARPES) and scanning 
tunneling microscopy (STM) results. Here, a combined ARPES and STM exper-
iment is conducted. It is discovered that the STM contrast strongly depends 
on the bias voltage and reverses its sign beyond 1 V. It is shown that the 
understanding of this contrast reversal is the clue to resolving the discrepancy 
between ARPES and STM results. In particular, the scanning tunneling spectra 
reflect a low-energy electronic structure at the surface, which supports a trivial 
origin of the surface states and the surface metallicity of SmB6.
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Since topological insulators were established, a lot of interest 
has turned to systems combining nontrivial topology with 
stronger electron correlation. The electron correlation will help 
to suppress the bulk conductivity which is an issue with the 
weakly correlated topological band insulators known to date.[1] 
Strongly correlated topological insulators also hold the promise 
of novel phenomena such as spin-charge separated excitations 
that form a Fermi surface.[2] Dzero et al. opened an important 
avenue to correlated topological insulators, by pointing out that 
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the reconstruction would lift the polarity. Areas with (1 × 1) 
structure have nonetheless been reported as well.[10–12] Rößler 
et al. have interpreted some (1 × 1) areas as B and some as Sm 
terminated.[11] Seemingly different (1 × 1) topographies are also 
reported by Sun et al.[13] Finally, apparently unstructured areas 
were found to be abundant,[10,12] with areas of the well-ordered 
topographies (2 × 1) and (1 × 1) existing only on small length 
scales.[10] ARPES results, on the other hand, strongly suggest 
the existence of just two distinct, chemically pure termina-
tions.[14] Because the ARPES method averages over macroscopic 
areas, this result means that the single dominant termination 
persists on the scale of hundreds of micrometers.[15]

Here, we resolve this apparent contradiction by studying sur-
faces prepared from the same crystal with STM and ARPES. 
Scanning tunneling spectroscopy (STS) further probes the local 
density of states (LDOS) and can be used to test a hypothesis 
based on ARPES results, namely that surface shifts of the 4f-like 
states at EF cause the surface conductivity in SmB6.[14] The 
results of our comparative study allow us to link the ordered 
STM topographies reported earlier,[10,11] to the two crystal termi-
nations seen in photoemission.[14,15] We show that our STM and 
ARPES results, which are consistent with earlier studies, can be 
understood in the same manner: Tiny energy shifts of the order 
of +10 and −10 meV are present on the two crystal terminations 
and these surface shifts are the trivial explanation for the sur-
face states measured in nearly all ARPES studies on SmB6.

STM and ARPES experiments were done using surfaces 
prepared from the same floating zone grown SmB6 crystal.[14] 
STM experiments were performed at a temperature of 6 K on 
samples cleaved in ultrahigh vacuum at T = 80 K. The latter is 
higher than the temperatures T ≤ 30 K at which samples have 
been cleaved in earlier studies.[10,11] The obtained surface struc-
tures appear nonetheless very similar, although exposure of the 
relatively warm surface to the residual gas may have led to a 
larger number of defects. In order to obtain a maximum signal 
at the required energy resolution, a 5 mV peak-to-peak bias 
modulation amplitude is used in STS.

Photoemission measurements were done using the 
13-ARPES experiment at BESSY II's UE112-PGM2b beam-
line. Samples are cleaved in ultrahigh vacuum at temperatures 
below 45 K. Spatial resolution is determined by the size of the 
synchrotron beam with a full width at half maximum (FWHM) 
of ≈250 µm, the energy resolution is 3 meV.

We have studied surfaces prepared by cleaving pieces cut 
from the same ingot with both ARPES and STM in order to 
find a relationship between the results from both methods. 
From photoemission we obtain the following properties: The 
first striking result is that surfaces prepared from this crystal 
tend to consist of areas exceeding the size of the synchro-
tron light spot, in which a single termination dominates the 
photoemission signal. In Figure 1 we show a set of measure-
ments from ten independently prepared surfaces. The results 
on the left and right of panel (a) clearly form two distinct sets, 
even though they are obtained under identical conditions. 
The results in the left column of Figure 1a can be associated 
with B termination on the basis of the corresponding B 2p 
and Sm 4f spectra, those on the right with Sm termination.[14]

The energy distribution curves in Figure 1b show that the 
Sm 4f-like intensity at k|| = (3π/4a, 0) is displaced for the two 

different terminations by an amount that is roughly equivalent 
to the peak width. We can therefore conclude that the distribu-
tion of the results is bimodal with negligible overlap between 
the modes: The energy distribution curves from B terminated 
samples (blue) have less than 20% of their maximum inten-
sity at EB = 10 meV (indicated by the dashed vertical line in 
Figure 1b). Spectra from Sm terminated samples (red), on the 
other hand, have attained >85% of their maximum intensity at 
this binding energy.

In Figure 1c we present the photoemission intensity inte-
grated along the Γ–X  direction, in order to see to what extent 
the angle-integrated LDOS will differ for the two termina-
tions. The maxima of the curves in Figure 1c are displaced  
by ≈5 meV (ΔLDOS). We can thus expect that part of the sur-
face shifts observed in ARPES will persist in tunneling spectra 
obtained on differently terminated surfaces. The dashed ver-
tical lines in Figure 1c indicate the normal emission energies 
of the surface component on the B (blue) and Sm terminated 
surface (red) along with the position of the more bulk-like 4f 
component common to both terminations.

The data in Figure 1 represent about half of the surfaces 
prepared from this crystal that we have studied with ARPES. 
Figure 1 features results from the subset on which we have 
performed the experiment under the same conditions: hν = 
31 eV, s-polarization, –XΓ  orientation. We find a large majority 
(≈90%) of all surfaces to have single termination areas that 
exceed the size of the synchrotron light spot, which means 
they are larger than ≈7 × 105 µm2. In fact, with a sample size of 
≈1 mm2 we typically find a single termination to dominate the 
entire sample surface.

We can now draw the following conclusions from the photo-
emission experiments that will prove important for the inter-
pretation of the STM results:

1. The crystal tends to expose areas on the mm-scale that are 
dominated by a single termination.

2. By combining valence and B 2p core-level spectra we can con-
clude that either termination appears to have only a single  
undercoordinated element, i.e., is purely Sm or B terminated.[14]

3. Finally, we find both terminations to show umklapp features 
in ARPES indicative of superstructures with twice the lattice 
constant. This result is presented in Figure S1 in the Support-
ing Information.

With STM we have encountered two distinct topographies 
on different surfaces prepared from pieces of the same crystal 
used in the photoemission experiments above:

• (2 × 1) reconstructed areas with a prominent maximum near 
−7 mV in tunneling spectra, shown in Figure 2a,b.

• Seemingly unreconstructed areas with a less structured 
low-bias spectrum, given in Figure 2c,d.

Both Yee et al. and Rößler et al. have observed well-ordered 
surface areas with very similar characteristics:[10,11] A (2 × 1) 
topography with dI/dV spectra nearly identical to that shown 
in Figure 2b has been reported by both groups. Both Yee et al. 
and Rößler et al. have also observed well-ordered (1 × 1) topog-
raphies, but spectra from these areas show a larger variation: 
Rößler et al. have reported two kinds of spectra from (1 × 1) 
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topographies. One type is very similar to 
that in Figure 2d, i.e., Fano resonance-like 
with q  ≈ 0, while the second one has a more 
pronounced maximum at the negative bias 
side.[11] Yee et al. report only one type of tun-
neling spectra.[10] These are more similar to 
the second one with a prominent maximum  
near −28 mV on the (1 × 1) areas.[10] In two 
sub-Kelvin studies Jiao et al.[17] and Sun 
et al.[13] observe on (1 × 1) areas nearly iden-
tical fine structure spectra.

An important departure from earlier pub-
lications is that we only find a single type of 
topography on a given surface. In contrast, 
Rößler et al. report that (1 × 1) regions form 
a rare exception to (2 × 1) areas,[11] while 
Yee et al. even find the majority of the sur-
face to be disordered.[10] We attribute our 
result to the presence of large single-termi-
nation areas (photoemission result 1). Given 
that the illuminated area in ARPES is more 
than six orders of magnitude larger than the 
STM scan range, it is not feasible to con-
firm directly that a single topography has the 
same extent. Instead, we have sampled the 
cleaved area in different locations separated 
by hundreds of micrometers. The probability 
of finding only one out of two equally abun-
dant topographies decreases rapidly with an 
increasing number N of independent sam-
plings ( 2 1%p N= <−  for N > 6). We have 
approached each cleaved surface with the 
tip in a sufficient number of different loca-
tions to render this probability negligible. 
We therefore propose that the distinct topog-
raphies presented in Figure 2 correspond to 
the photoemission terminations.

We propose an assignment, i.e., which 
topography corresponds to which termina-
tion, based on the following result: We find 
the STM contrast on the (1 × 1) topography 
to depend strongly on the bias voltage. This 
is illustrated in Figure 3 where the corruga-
tion maxima shift by half a lattice constant 
depending on the bias voltage. We attribute 
this effect to a different energy dependence 
for the density of Sm and B-derived states. 
Bulk band structure calculations[18,19] reveal 
a several eV wide gap in the B 2p density of 
states around EF. The validity of this view 
at the surface is reinforced by the results 
of Denlinger et al. who have successfully 
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Figure 1. The two terminations in ARPES. a) Photoemission intensity from ten independently 
prepared surfaces obtained under identical conditions (hν = 31 eV; s-polarization). The results 
in the left (right) column are assigned to B termination (Sm termination). The label (#) indi-
cates the order in which the surfaces were prepared. b) Energy distribution curves at k|| = −3π/4a 
[dashed vertical lines in (a)]. c) Angle-integrated photoemission intensity from #6 (blue) and  

#8 (red). The difference between maxima (ΔLDOS) 
amounts to 5 meV. Dashed lines in (c) indicate 
the position of surface components at Γ for B [EB 
(B)] and Sm termination [EB (Sm)] identified by 
Hlawenka et al.[14]
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matched the occupied part of the calculated B 2p band structure 
to photoemission results.[15] We treat this topic in more detail in 
Figures S2 and S3 in the Supporting Information. Since SmB6 
has the CsCl crystal structure, the corrugation maximum can 
shift from Sm to B6 sites depending on which states dominate 
the tunnel current.

The a/2 phase shift of the corrugation is only seen on the  
(1 × 1) surface. Using the photoemission result 2 that the ter-
minations are chemically pure, we can conclude that the (1 × 1) 
topography corresponds to B termination: With the B 2p states 
spatially closer to the tip, the B contribution will start to domi-
nate the tunneling current at bias voltages above the B 2p den-
sity of states threshold (|Vb| ≤ 1 V). At the Sm terminated sur-
face, on the other hand, the outermost Sm layer is closer to the 
tip and therefore likely to dominate over the entire bias voltage 
range. We can thus assign the (1 × 1) topography shown in 

Figure 2c to B termination. Another consequence of the energy 
dependence of the B density of states is that an absolute bias 
voltage larger than ≈1 V is required to access B 2p states and 
reliably image the location of B atoms.

The circles and diamonds in Figure 3a,b highlight the two 
most common defects we find on the (1 × 1) surface. The 
circled defect appears as a weak depression at low bias but 
becomes much more prominent at Vb = −3 V. Using the rea-
soning that led to the above assignment we conclude that this 
type corresponds to a defect in the surface B layer. The other 
type of defect highlighted with the diamond is relatively pro-
nounced at both bias voltages. It appears at on-top sites of the 
low-bias lattice (and consequently in the hollow site of the high-
bias, presumably B lattice).

Since STS also provides experimental access to the density of 
states, we can try and establish further connections. Hlawenka 
et al. have observed termination-dependent shifts of the 4f-like 
intensity near EF using photoemission:[14] A 4f component 
appears at a binding energy EB ≈ 28 meV, about 10 meV below 
the bulk peak for B termination. Interestingly, both Yee et al.[10] 
and Rößler et al.[11] have reported a feature near this energy  
(−27 and −28 mV) in tunneling spectra obtained on the (1 × 1)  
topography. This result supports the interpretation given above 
that the (1 × 1) topography corresponds to the B terminated 
surface. In addition, the prominent feature near −7 mV in 
tunneling spectra on the (2 × 1) topography nearly coincides 
with a surface component seen in photoemission for the Sm 
terminated surface (EB ≈ 9 meV, i.e., about 10 meV above the 
bulk component[14]). Jiao et al. and Sun et al. further reported 
a fine structure in sub-Kelvin tunneling spectra.[13,17] It is 
tempting to interpret this fine structure in terms of peaks in 
the LDOS, and the attribution to crystal electric field splitting 
seems reasonable.

Interference between parallel tunneling pathways, however, 
complicates the differential conductance spectra in Kondo sys-
tems.[16,20] We interpret the spectra using a model for tunneling 
into a Kondo lattice by Maltseva et al.,[16] more detail is provided 
in the Supporting Information.

The most relevant model parameter in the present context 
is the energy λ at which the structure in the differential con-
ductance is observed. Since λ relates directly to the energy 
of the renormalized 4f level, i.e., the energy of the Kondo 
resonance, we should expect it to reflect the different sur-
face 4f binding energies seen in ARPES. We indeed find that 
agreement between model and data can only be obtained by 
assuming a different value of λ for the different topographies 
in Figure 2b,d. We find that λ = 0.2 meV matches the experi-
mental spectrum on the (2 × 1) surface, while −3 meV fits the 
(1 × 1) case. This shift of the renormalized 4f energy further 
supports the assignment of the (2 × 1) reconstructed topog-
raphy to Sm termination, and the (1 × 1) to B termination: With 
ARPES the smaller surface 4f binding energy is found at the 
Sm terminated surface. In addition, the difference between λ 
values of 3.2 meV matches the estimated difference between 
LDOS maxima for B and Sm termination of 5 meV (ΔLDOS in 
Figure 1c) rather closely.

Before concluding, we will discuss the assignment we pro-
pose with respect to the literature. Where we propose that the 
unreconstructed topography corresponds to the B terminated 
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Figure 3. Demonstration of contrast inversion. a,b) STM topographs 
with bias voltages of 0.2 V (a) and −3.0 V (b); current: Iset = 86 pA and 
Iset = 260 pA, respectively. The insets in (a) and (b) highlight the area 
indicated by the white squares. Circles (orange) and diamonds (blue) 
in (a) and (b) highlight the two most common types of defect on this 
topography. c) Line profiles indicated by blue and red lines in (a) and (b). 
Dashed lines separated by 2a  indicate a contrast inversion.
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Figure 2. The two terminations in STM and STS. a) (2 × 1) reconstructed 
topography (Vb = −9 mV, Iset = 4.1 nA) with corresponding b) experimental 
tunneling spectrum (markers) along with model description (solid line). 
c) (1 × 1) topography (Vb = −3 V, Iset = 840 pA) with d) corresponding  
tunneling spectrum. We assign the (2 × 1) structure to Sm termination 
and the (1 × 1) to B, see text. The dashed lines in (b) and (d) show model 
descriptions with λ values optimized for the other topography, see text.
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surface, Rößler et al. have assigned (1 × 1) areas with a slightly 
different appearance to B and Sm termination.[11] We question 
this assignment, because it is based on results with bias volt-
ages where B states are not expected to contribute noticeably to 
the tunnel current. In addition, as the spectra obtained on these 
areas appear indistinguishable, we suggest that they should all 
be attributed to B termination.

Both Yee et al.[10] and Rößler et al.[11] assign the (2 × 1) struc-
ture to a Sm missing-row reconstruction. While such a struc-
ture would avert divergence of the electrostatic surface potential 
at the bulk-truncated (100) surface, we note that a missing-row 
structure is not compatible with result 2 from our photoemis-
sion experiments: There appears to be no distinct termination 
with both undercoordinated B and Sm atoms.[14] Whatever 
the nature (structural or electronic) of the of the (2 × 1) super-
structure, we expect that it only consists of undercoordinated 
Sm atoms.

Back-folded photoemission intensity, reported in sev-
eral ARPES studies,[7,8,14] could provide a further test for the 
assignment of STM topographies to terminations, but as 
we demonstrate in Figure S1 of the Supporting Information, the 
photo emission results from both terminations bear signs of a 2a 
superstructure. Since only one of the STM topographies shows 
a clear superstructure we cannot use this result to correlate 
terminations and topographies. Using our assignment of the  
(2 × 1) topography to Sm termination and the (1 × 1) topog-
raphy to B termination, the origin of the umklapp intensity 
is accounted for at the former, but remains a question for the 
latter termination. We propose the superstructure observed in 
ARPES for B termination could be due to a subtle effect such as 
a tilt of the B octahedra, not easily seen in STM.

In conclusion, we present a consistent view of the SmB6 
(100) surface by combining STM and ARPES experiments on 
surfaces of the same crystal. Using the element-specific state 
densities, we conclude that the (1 × 1) STM topography corre-
sponds to B termination, and the (2 × 1) to Sm termination. We 
find the differential conductance of the different topographies 
to be distinct, and show that this result supports the interpreta-
tion that a shift of the Sm 4f-like state is the trivial origin of the 
SmB6 surface states.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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N. C. Plumb, M. Radović, J. H. Dil, E. Pomjakushina, K. Conder, 
A. Amato, Z. Salman, D. M. Paul, J. Mesot, H. Ding, M. Shi, Phys. 
Rev. B 2013, 88, 121102.

[8] 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, D. L. Feng, Nat. Commun. 2013, 4, 3010.

[9] G. Li, Z. Xiang, F. Yu, T. Asaba, B. Lawson, P. Cai, C. Tinsman, 
A. Berkley, S. Wolgast, Y. S. Eo, D.-J. Kim, Ç. Kurdak, J. W. Allen, 
K. Sun, X. H. Chen, Y. Y. Wang, Z. Fisk, L. Li, Science 2014, 346, 1208.

[10] M. M. Yee, Y. He, A. Soumyanarayanan, D.-J. Kim, Z. Fisk,  
J. E. Hoffman, arXiv:1308.1085,  2013.

[11] S. Rößler, T. H. Jang, D.-J. Kim, L. H. Tjeng, Z. Fisk, F. Steglich, 
S. Wirth, Proc. Natl. Acad. Sci. USA 2014, 111, 4798.

[12] W. Ruan, C. Ye, M. Guo, F. Chen, X. Chen, G.-M. Zhang, Y. Wang, 
Phys. Rev. Lett. 2014, 112, 136401.

[13] Z. Sun, A. Maldonado, W. S. Paz, D. S. Inosov, A. P. Schnyder,  
J. J. Palacios, N. Y. Shitsevalova, V. B. Filipov, P. Wahl, Phys. Rev. B 
2018, 97, 235107.

[14] P. Hlawenka, K. Siemensmeyer, E. Weschke, A. Varykhalov, 
J. Sánchez-Barriga, N. Y. Shitsevalova, A. V. Dukhnenko,  
V. B. Filipov, S. Gabáni, K. Flachbart, O. Rader, E. D. L. Rienks, Nat. 
Commun. 2018, 9, 517.

[15] J. D. Denlinger, J. W. Allen, J.-S. Kang, K. Sun, B.-I. Min, D.-J. Kim, 
Z. Fisk, JPS Conf. Proc. 2014, 3, 017038.

[16] M. Maltseva, M. Dzero, P. Coleman, Phys. Rev. Lett. 2009, 103, 206402.
[17] L. Jiao, S. Rößler, D.-J. Kim, L. H. Tjeng, Z. Fisk, F. Steglich, 

S. Wirth, Nat. Commun. 2016, 7, 13762.
[18] V. Antonov, B. Harmon, A. Yaresko, Phys. Rev. B 2002, 66, 165209.
[19] F. Lu, J. Zhao, H. Weng, Z. Fang, X. Dai, Phys. Rev. Lett. 2013, 110, 

096401.
[20] J. Figgins, D. K. Morr, Phys. Rev. Lett. 2010, 104, 187202.

Adv. Mater. 2020, 32, 1906725


