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The resistance of a conventional insulator diverges as temperature
approaches zero. The peculiar low-temperature resistivity satura-
tion in the 4f Kondo insulator (KI) SmBg has spurred proposals of a
correlation-driven topological Kondo insulator (TKI) with exotic
ground states. However, the scarcity of model TKI material families
leaves difficulties in disentangling key ingredients from irrelevant
details. Here we use angle-resolved photoemission spectroscopy
(ARPES) to study FeSb,, a correlated d-electron Kl candidate that also
exhibits a low-temperature resistivity saturation. On the (010) surface,
we find a rich assemblage of metallic states with two-dimensional
dispersion. Measurements of the bulk band structure reveal band
renormalization, a large temperature-dependent band shift, and flat
spectral features along certain high-symmetry directions, providing
spectroscopic evidence for strong correlations. Our observations sug-
gest that exotic insulating states resembling those in SmBg and YbB,;
may also exist in systems with d instead of f electrons.

angle-resolved photoemission spectroscopy | quantum materials |
topological materials | correlated materials

he search for correlation-driven topological physics has been

focused on 4f electron Kondo insulators such as SmBg (1),
where the gap opened by hybridization between localized 4f
electrons and conducting 5d electrons is predicted to host to-
pological states protected by orbital symmetry (2). The ubiqui-
tous low-temperature resistivity plateau led to proposals of
surface-dominated conductivity and observations of nonlocal
transport (3-5). Surface states have been found in angle-resolved
photoemission spectroscopy (ARPES) measurements (6—10), but
the topological origin of these states is under debate (11). Fur-
thermore, discovery of anomalous quantum oscillations (QOs)
(12-15) in the insulating state suggests the existence of exotic
ground states, and questions the traditional dichotomy between
insulators and metals. Whether these QOs are generic properties
of narrow-gap insulators or only of correlated topological insula-
tors remains a central question to this paradigm shift. However,
recent progress in studying these 4f Kondo insulators has slowed
due to the low-energy scale (<10 meV), difficulties in modeling
the strong correlations, and the scarcity of suitable Kondo in-
sulator material families.

We turn attention to the 3d electron narrow gap insulator
FeSb,, that had been previously studied mainly due to its ex-
ceptionally large thermopower at low temperatures (16-19). The
physical properties of FeSb, present many striking similarities to
the exotic insulating state in SmBg. Firstly, electrical transport
shows insulating behavior with an activation gap of ~25 meV.
Below about 6 K a resistivity plateau develops, ubiquitous to
samples from different synthesis method (20, 21), but previously
attributed to impurity states. Secondly, the magnetic susceptibility
has a broad maximum at around room temperature and vanishes
at low temperatures (22), suggesting the presence of spin screen-
ing and formation of Kondo singlets. Thirdly, X-ray absorption
spectroscopy shows the Fe atom has a valence between Fe** and
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Fe’* states (23), resembling the mixed-valent Sm**** in SmB,

(24). Given these intriguing macroscopic properties, electronic
band-structure data are needed to understand the microscopic
mechanisms. The larger gap size and energy scales here compared
to the 4f compounds allows millielectron-volt resolution spectro-
scopic tools such as ARPES to identify the bulk and surface states
that contribute to the strong correlations. We report ARPES data
on the (010) cleavage plane, revealing spectroscopic evidence for
metallic surface states. Further measurements of the bulk bands
reveal renormalization and peculiar flat bands along certain high-
symmetry directions, providing corroborating spectroscopic evi-
dence for strong correlations found in earlier transport and ther-
modynamic studies (22, 25).

Results

FeSb, crystalizes in an orthorhombic marcasite structure
(Fig. 1A4) with lattice constants a = 5.82 A, b = 6.52 A, andc=
3.19 A (20). The bulk Brillouin zone (BZ) and the (010) surface
BZ are shown in Fig. 1B. Fig. 1C shows the resistivity and
magnetic moment as a function of temperature. Below around
6 K a saturation in resistivity is seen (Fig. 1C), consistent with
previous studies. The shoulder feature at around 10 K is also a
reproducible feature from previous works (22). The magnetiza-
tion below room temperature decreases and becomes close to
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Fig. 1. Physical properties of FeSb,. (A) Crystal structure of FeSb,, with
Pnnm symmetry. Fe atoms are shown in red, forming a body-centered or-
thorhombic structure. Sb atoms, shown in blue, form a distorted octahedron
around the Fe atoms. (B) Bulk BZ and the associated surface BZ in the (010)
direction. The high-symmetry points in the surface BZ are labeled with a bar
above the corresponding letter. (C) Resistance (Left) and magnetization
(Right) from 2 to 300 K. Below around 6 K the resistance saturates.

zero at low temperatures (Fig. 1C), consistent with Kondo
screening of the single-ion moment. The slight diamagnetism is
consistent with previous works (20).

Given the low-temperature resistance saturation in FeSb,, we
looked for a Fermi surface in the insulating state at low tem-
peratures. The Fermi energy intensity mapping at 15 K in the
Y-S-R-T k4-k, plane is presented in Fig. 24. Several Fermi sur-
faces can be readily identified: there is an open Fermi surface

along the k, direction, a closed electron pocket centered at the T’
point, and a closed hole pocket centered at the Z point. The three
Fermi surfaces are labeled as a, B, and vy, as shown in Fig. 2B,
where the Fermi momentum kg of each surface are identified by
fitting the momentum distribution curves near the Fermi level
(Ep). Details of the zone center pocket are shown in a high-
resolution mapping in Fig. 24 enclosed by the black rectangle
centered at k, =k, = 0, revealing an apparent splitting along the k,
direction. There are additional lines of intensity along the k, di-
rection, marked by the brown arrows in Fig. 24, that form an open
pocket (see details of this pocket in SI Appendix, section S3).

We examine the three main Fermi surface features more
closely. The p-pocket splitting is shown in energy-momentum
cuts in Fig. 2 C and D. The splitting is largest along T-Z,
reaching about 30 meV, and small or nonexistent along I-X. The
other surface bands display no splitting within our experimental
resolution. The small patch of intensity at U is not from a feature
that crosses Ep, but rather from leaked intensity of the a-band
just below Eg. This is clearly seen in the cut along the U-X di-
rection (Fig. 2F), showing that the intensity near U is connected
to the a-band, and is likely formed from hybridization with the
bulk band. Along Z-U (Fig. 2 F and G), the y-band and a-band
disperse from above Ef into a flat intensity at Eg = 100 meV.
The area enclosed by the B- and y-bands is about 10 and 21% of
the surface BZ, respectively (Table 1), whereas the a-band is an
open Fermi surface feature.

The fact that these states cross Eg in a bulk insulator suggests a
surface origin. To confirm, we checked their two-dimensional (2D)
nature by varying the photon energy to probe the perpendicular k,
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Fig. 2. Characterization of metallic surface states. (A) Fermi surface mapping in the (010) surface from spectral intensity within +10 meV of the Fermi energy
(Eg), taken with 70-eV linear horizontal (LH) photons at 15 K. The surface BZ is marked with magenta rectangles and high-symmetry points in black letters.
Brown arrows indicate position of the additional 1D band. Region centered at (0,0) shows the zone center pocket with high momentum resolution. (B) Position of
kg for the three pockets «, §, and y, which are labeled in red, blue, and green, respectively. kg positions are obtained from fitting the momentum distribution
curves along ky for p and along k, for « and y. The dashed lines are guides to the eye. The black solid lines indicate cut positions for the energy-momentum spectra
in the rest of the figure. (C) Cut along T-Z, showing splitting of the p-pocket. (D) Cut along I-X, where the p—splitting is small or zero. (E) Details of the a-band
along U-X, showing that the intensity at U does not cross E¢. (F) Cut along Z-U, showing the a- and y-band dispersions and the enhanced flat spectral weight at Eg =
100 meV. The slight asymmetry is from the curvature of the cut. Dashed lines are guides to the eye. (G) Second derivative of the spectra in F, showing the
dispersion of the a- and y-bands. (H) k, dispersion measured by varying the photon energy, using a cut along the center of the BZ as shown in the inset.
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Table 1. Momentum space information of the surface bands
Area enclosed by
Band pocket, A2 % of BZ Ve, m/s
o N/A N/A 6.1 x 10° @ U-X
30x 10°@T-Z
p 0.22 + 0.02 10 7.5 x 10° @ X
Y 0.46 + 0.03 21 3.1x10°@ZU

The a-band is an open Fermi surface and does not enclose an area. The
area value for f is the average of its two component pockets.

dispersion. The mapping in the y-z plane is shown in Fig. 2H,
revealing dispersionless features corresponding to the p- and
y-pockets. Due to the smaller velocity of the a-feature along
this cut, and together with the presence of the additional one-
dimensional (1D) band, the o-feature k, dispersion is not
clearly visible. However, we also map the Fermi surface near
the I'-Z-U-X plane (SI Appendix, section S4), showing exactly
the same set of Fermi surface features. Thus, we conclude that
these states crossing Er are 2D in nature.

We further compare the rest of the bulk band structure to
previous calculations (26-28) that have attempted, with different
modifications to local density approximation (LDA) calculations,
to reproduce the transport gap of ~25 meV. The bulk bands
along the high-symmetry directions are overlaid with calculated
band structure from a recent work (28) in Fig. 3 A-D. While
there is some agreement when the surface states are excluded,
there are also a number of discrepancies. Firstly, the calculations
are missing a band with a band bottom of ~350 meV at the S
point. The flat band at Eg = 130 meV along S-Y roughly agrees
with the calculated band, but the bandwidth is significantly
smaller than that predicted by the calculations. This can be seen
clearly in the energy distribution curves (EDCs) shown in
Fig. 3 E and F, where the gray region highlights the narrow
bandwidth. This band is dispersive in the k, direction, and its
dispersion can be tracked in Fig. 34 and SI Appendix, section S6.
The anisotropic flat features here indicate localization only along
the ki direction, consistent with the prediction that FeSb, has
d electrons that show more itinerant behavior than the 4f Kls
and should be situated between a fully hybridized KI and an ionic
band insulator (16). While it is tempting to directly assign the flat
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Fig. 3. Bulk bands show signatures of localization and renormalization. (A) Cut along S-R-S, (B) along Y-T-Y, (C) along S-Y-S, and (D) along T-R-T. Band-structure
calculations with the GW approximation from ref. 28 are overlaid in red. The calculated curves are scaled by 0.77 to fit the experimental bulk band dispersions. A band
at the S point is missing in the calculations, indicated by the black arrows in A and C. The flat band along R-T is clearly visible in D, indicated by the yellow arrow. (E)
EDCs of the energy region enclosed by the bracket in C, with bolded EDCs indicating kr momenta of the p-pocket. Gray region highlights the flat spectral intensity at Eg
~ 130 meV. Dashed blue lines are guides to the eye tracing the p-surface band. (F) EDCs of the bracketed region in D. Bolded EDCs are the ke momenta of the y-pocket.
Gray region highlights the spectral weight enhancement at Eg ~ 100 meV. Red circles and dashed green line are guides to eye tracing the o- and y-surface features.
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Fig. 4. Temperature dependence reveals a rigid band shift. (A) Cut near k¢
of the p-band (Inset) taken with 21-eV photons at 55 K (Left) and at 170 K
(Right). Spectra are divided by the Fermi-Dirac distribution. (B) Position of
the EDC peak (/Inset) near kg of the p-pocket as a function of temperature.
Sample is cleaved at 55 K; red data points are taken during warm-up and
blue points during cooldown (also see raw spectra for before and after
temperature cycling in SI Appendix, section S9). (B, Inset) Raw EDC curves at
ke of the p-pocket, as shown in the BZ schematic. Black triangles indicate
position of the peak corresponding to the intensity at near 150 meV Eg. Here
p is used to represent the general finite temperature chemical potential,
whereas elsewhere Eg is used for the lowest-temperature spectra to indicate
the zero-temperature filling level.

bands as the origin of the Kondo physics, we note that there is no
working theory considering anisotropically localized states as
Kondo spins. However, the comparison to theoretical calculations
already reveals both qualitative and quantitative differences, war-
ranting further development of models suitable for this system. In
addition, we observe a strong enhancement of spectral weight
along R-T at Eg = 100 meV. The EDCs in Fig. 3F show the in-
creased spectral weight at this binding energy, with a bandwidth of
less than 20 meV. However, the spectral weight quickly disappears
away from the high-symmetry cut (SI Appendix, section S5). As
such, the nature of this flat feature is likely different from the flat
band along S-Y and seems to go beyond a simple band description.

The temperature evolution of the band structure reveals ad-
ditional effects that are unaccounted for in LDA. The cut near
kg of the B-pocket is shown in Fig. 44 for 55 K (Left) and 170 K
(Right). A clear rigid shift of the bands is seen, and the shift

15412 | www.pnas.org/cgi/doi/10.1073/pnas.2002361117

magnitude is quantitatively extracted from the EDCs and shown
in Fig. 4B, reaching about 20 meV between 6 and 170 K. The
apparent shift in the chemical potential p of —0.12 mV/K ob-
served here is comparable in magnitude to that in the correlated
superconductor FeSe (29). We checked for gap opening, static
charging effects, and surface degradation (SI Appendix, sections
S7-S9), to rule out these extrinsic experimental effects. As in the
case of FeSe, rigid shifts can be caused by asymmetric thermal
occupation of valence and conduction bands that have different
effective masses, and the shift slope is equal to the Seebeck co-
efficient if p is in a bulk gap (30). Current calculations place the
valence-band top near the R point and the conduction-band
bottom between I' and Z, both with similar effective masses
(26-28). If asymmetric thermal occupation is responsible for the
band shift, then additional significant renormalizations on the
near-Er bands or the presence of additional flat bands is re-
quired. However, we note that many-body effects can also induce
temperature-dependent band renormalizations and shifts (31),
especially considering that the shift observed here cannot ac-
count for the measured colossal Seebeck coefficient of up to
45 mV/K at 10 K (17-19). This suggests that effects other than
asymmetric thermal occupation are responsible for the large
thermopower, such as the recently discussed phonon drag effect
in FeSb, (19). Furthermore, the large band shift observed here
renders the transport activation gap of ~25 meV inaccurate.
These effects must be taken into consideration for modeling this
system. We note that, while becoming broadened like the bulk
bands, the B-surface state is still present at 170 K, above the
resistivity upturn temperature range of 100-150 K associated
with the coherence cross-over (Fig. 1C), but below the single-ion
Kondo temperature of ~350 K (22).

Discussion

The observation of the 2D metallic states, together with the
ubiquitous low-temperature resistivity saturation, raises the im-
mediate question of whether these states originate from topo-
logical protection. This is a difficult question that has not been
fully resolved between theory and experiment even in the more
established KI SmBg due to difficulties in modeling the strong
correlations. In SmBg, the ground state of the localized f orbitals
is a well-defined quartet from the cubic crystal field (32), and the
degeneracy favors the strong topological insulator case with
protection arising from the orbital parities of the inverted f-d
orbitals (33). In FeSb,, the bulk states around Er contain all of
the Fe d orbital, as well as the Sb p orbital, characters (28). The
orthorhombic crystal structure would split any degenerate
ground-state manifolds, and the rotated Sb octahedra mix the
orthogonal states. Furthermore, the more itinerant nature of the
3d electrons compared to that of the 4f compounds likely render
these manifolds less well-defined as atomic orbitals. A complete
topological theory for FeSb, needs to consider not only the d-p
hybridizations, but also possible nontrivial d manifold topology
arising from the extra mirror plane in the z direction and the
resulting Z, categorization (34). We further note that in the
generalized theory of cuboid KIs, both weak and strong topolog-
ical KI states can still be possible in a lower-symmetry KI (33).
Future experiments, for example spin-resolved ARPES, nonlocal
transport, and scanning tunneling microscopy, are needed to fur-
ther characterize the surface and bulk states. Combined with more
refined band-structure calculations, we may then be able to answer
the question of whether the observed surface states are topologi-
cal. We note that a recent transport work has suggested the
presence of low-temperature surface conduction in the related
compound FeSi (35), providing a hint of evidence for nontrivial
conduction in a related d-electron—correlated insulator.

Another pressing question is whether QOs can also exist in
FeSb,. Due to the diverging interpretations of QOs in the 4f
systems, a comparison to FeSb, would allow identification of

Xu et al.
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common features that are key ingredients for such an exotic
insulating state. Furthermore, the measurement of QOs at high
magnetic fields in SmBg and YbB,, is complicated by a field-
induced gap collapse, with the transport gap closing at 85-100 T
(36, 37) and 50 T (38), respectively. For FeSb,, the transport gap
is larger than the 4f compounds, and less likely to be prone to
field-induced gap closing (SI Appendix, section S10). Thus, FeSb,
would be a cleaner test case for QOs in narrow-gap—correlated
insulators. We also note an apparent absence of a linear component
in the low-temperature specific heat (25); thus, observation of QOs
in FeSb, would rule out theories based on charge-neutral Fermi
surfaces. Further studies on other strongly correlated KI candidates
such as FeSi, FeGas;, and Fe,VAl (16) can provide additional
comparison to FeSb,, allowing a better understanding of this class
of d-electron candidate TKIs.

Materials and Methods

Crystal Growth and Preparation. Single crystals of FeSb, were grown with a Sb
self-flux method similar to that described in ref. 20. The electrical transport
and magnetic properties were characterized in a Quantum Design Physical
Property Measurement System. To prepare the samples for ARPES mea-
surements, the crystals were glued to a copper post using H20E silver epoxy
and Torr-Seal epoxy, with a ceramic top post for in situ cleaving. The cleaved
crystals were visually inspected after the measurement to ensure the mea-
surement positions are free of Sb flux inclusions.

ARPES. The crystals were cleaved in situ at 15 K, exposing the a-c (k-k,) plane,
where the highest quality data are obtained. The Fermi surface mapping
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and high-symmetry cuts were taken at Stanford Synchrotron Radiation
Lightsource (SSRL) beamline 5-2 with a Scienta D80 analyzer at energy
resolutions better than 20 meV and base pressures better than 4 x 10~""
Torr, and at Advanced Light Source beamline 10.0.1 with a Scienta R4000
analyzer at energy resolutions better than 25 meV and pressures better than
7 x 107" Torr. The temperature-dependence measurements were per-
formed at SSRL beamline 5-4 with a base pressure of 2 x 10" Torr and
energy resolution of 5 meV. A small heater around the sample is used to
locally vary the temperature and keep the pressure during the temperature
cycling below 2.1 x 107" Torr at all times. We note that the quality of the
ARPES data is highly sensitive to chamber pressure, outgassing, and the
amount of surface contaminants. However, this does not preclude the ex-
istence of topological surface states, as it can be the case that the topo-
logical states move deeper into the crystal after surface degradation.

Data Availability. Data presented in this manuscript are available in the
Stanford Digital Repository at https:/purl.stanford.edu/bb817cf2658 (39).
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