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The electronic structure of a Mébius Kondo insulator (MKI) candidate of CeRhSb has been in-
vestigated by employing angle-resolved photoemission spectroscopy (ARPES), and the density func-
tional theory (DFT) and dynamical mean-field theory (DMFT) band calculations. Fermi surfaces
(FS’s) and band structures are successfully measured for three orthogonal crystallographic direc-
tions. A sharp Ce 4f peak is observed at the Fermi level (Er), and its temperature (T')-evolution
agrees with that of the Ce 4f Kondo resonance. The metallic FS’s are obtained for all three dif-
ferent (100), (010), and (001) planes. The Ce 4f FS’s are described properly by the unfolded DFT
calculations considering the reduced Ce-only unit cell. The T-dependence of Ce 4f states as well as
the dispersive coherent Ce 4f bands are described well by the DMFT calculations, and reveal the
anisotropic c¢-f hybridization. The photon energy dependence of the Fermi-edge states in CeRhSb
reveals the 3D character, consistent with the bulk states dispersing to Er over a larger energy scale
rather than the predicted Mobius topological surface states.

PACS numbers: 79.60.-1,71.20.-b,71.27.+4a,71.20.Eh

I. INTRODUCTION

Topological Kondo insulators (TKI’s) belong to a
class of the symmetry-protected topological phases aris-
ing from the effects of strong correlation.’? In TKIs,
the temperature (T')-dependent Kondo hybridization be-
tween conduction electrons and localized f-electrons
leads to the formation of a narrow gap in the bulk
bands at the Fermi level (Ex) and the topologically non-
trivial band inversion. The first theoretically-predicted
TKI was SmBg,"? which was known as a mixed-valent
(Sm?* /Sm3*+) Kondo insulator, but having the resistiv-
ity saturation at low T'. The metallic surface states have
been observed by angle-resolved photoemission spec-
troscopy (ARPES)3 ¢ and transport experiment,” *? sup-
porting SmBg being a promising candidate for a TKI.
But there are conflicting ARPES reports, claiming SmBg
being just a trivial Kondo insulator.'!'? Subsequently,
other rare-earth f-electron systems, such as YbBg,
YbBi2, and g-SmS, were proposed as TKI’s or topological
Kondo semi-metals.!317 Nevertheless, the general con-
sensus on the 4 f-electron TKI's is still lacking.'8

It has been recently predicted that CeNiSn, CeRhSb,
and CelrSb are novel topological Kondo systems hav-
ing Mobius-twisted surface states.'® They belong to the
failed Kondo insulators, for which an insulating gap
develops due to the Kondo screening and yet a semi-
metallic phase is stabilized at lower T', exhibiting large
anisotropy.2? 22 The f-electron pseudo gaps of size 15—20
meV were observed at Fp in high-resolution PES for
CeRhSb?32* with a metallic density of states (DOS) at
Ey, supporting a Kondo semi-metallic phase. On the

other hand, tiny gaps as small as ~ 28 K (~ 2.3 meV)
and ~ 7 K (~ 0.6 meV) were reported in NMR?® and in
resistivity experiments,?% respectively.

The unique features of these systems are the non-
symmorphic glide and screw axis symmetries (Pnma
space group) (see Fig. 1), which bring about the
hourglass-type new topological surface band structures.'®
Hence these systems are called the Mobius Kondo Insu-
lators (MKTI’s). But the predicted features of the MKI’s
have not been confirmed experimentally yet.

In this work, we have studied the electronic structures
of a candidate MKI, CeRhSb, employing both ARPES
experiment and the density functional theory (DFT)
and dynamical mean-field theory (DMFT) band calcu-
lations. We have successfully measured Fermi surfaces
(FS’s) and band structures for the three orthogonal crys-
tallographic directions. This is important because the-
oretically the Mobius surface states are predicted only
for the (010) surface, while the (100) surface is predicted
to be insulating.!® We have also performed T-dependent
ARPES measurement, and observed significant broaden-
ing in the Ce 4f peak near Ey, which allows us to esti-
mate the coherence temperature, Teop, of Ce 4f states.

II. EXPERIMENTAL AND CALCULATIONAL
DETAILS

Single-crystalline CeRhSb samples were prepared by
the Bridgman method.?? They were characterized to be
of very good quality and exhibited strong anisotropy in
thermal conductivity. The details of the sample prepara-
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FIG. 1: (Color online) Crystal structure and BZ of CeRhSb.
(a) The orthorhombic e-TiNiSi-type structure viewed from
the [100] direction, showing that the orthorhombic structure
is slightly deformed from the hexagonal structure. (b) The
original unit cell (black lines) versus the reduced Ce-only unit
cell (the blue-colored cell), for which only Ce ions are consid-
ered and Rh and Sb ions are ignored. (c) The BZ’s of the
orthorhombic (red), hexagonal (blue), and Ce-only (green)
structures, superposed onto one another. (d) The resistivity
p(T) for polycrystalline CeRhSb (adapted from Ref.?®).

tion and characterization are described in Ref.[??]. Ac-
cording to the X-ray analysis, the lattice constants are
a=7.47 A, b=4.63 A, and ¢=7.89 A.

ARPES measurements were carried out at the MER-
LIN beamline 4.0.3 at the Advanced Light Source (ALS)
synchrotron. Single crystalline samples were cleaved in
situ using a blade-type cleaver,?” and measured in vac-
uum better than 5x 107! Torr and at T' ~ 20 K with fur-
ther cooling to 6 K during T-dependent measurements.
Fermi level (Er) energy referencing was performed with
evaporated gold. A total energy resolution of AF = 25
meV was employed at 122 eV photon energy,?” and the
detector 0.1° angular resolution translates to momentum

resolution of Ak < 0.01 A~ at 122 eV. FS maps were ob-
tained via polar scans of the sample. In plotting F'S maps,
the energy window of E; +16 meV was integrated.?® Pho-
ton energies corresponding to the high-symmetry planes
were determined from the photon energy (hv) scans.?®

We have calculated the electronic structure of
CeRhSb within the DFT using the full-potential local-
orbital band method (FPLO) in the generalized-gradient
approximation.3? To describe the band structures in an
effectively reduced unit cell, we have utilized the band
unfolding scheme?! implemented in the FPLO code. To
describe the strong electron correlation effect of the Ce
4f state in the Kondo coherence regime, we have utilized
the DFT+DMFT method implemented in the Wien2k
code.3233 One-crossing approximation (OCA) was used
for the DMFT impurity solver.** The on-site Coulomb
U=5.5 eV and Hund’s coupling J= 0.68 eV for the Ce
4f electrons were adopted in the DMFT calculation.

Figure 1(a) shows a view from the [100] direc-
tion in the e-TiNiSi-type orthorhombic structure of
CeRhSb.35 CeRhSb has an AlBy-derivative structure
(Al=Ce, B=Rh, Sb) having a subcell with Rh and Sb
atoms on the hexagons.?® The orthorhombic structure of
CeRhSb is slightly deformed from the hexagonal struc-
ture, for which the a-axis in the orthorhombic structure
corresponds to the c¢j-axis in the hexagonal structure.?”
Ce atoms form a zigzag chain along a (cp,).3” Hence large
anisotropic physical properties are expected to originate
from the Ce chains along a (along ¢j, in the hexagonal
structure) in CeRhSb, in agreement with the reported
properties.?0"22 Figures 1(b) and (c) show the original
versus the Ce-only reduced unit cells, and the Brillouin
zones (BZ’s) of the orthorhombic, hexagonal, and Ce-
only structures, superposed onto one other, respectively.
The I'-X, I'-Z, and I'-Y lines in the orthorhombic BZ are
along the I'-A, I'-M, and I'-K lines in the hexagonal BZ.

Figure 1(d) shows the resistivity p(T") for polycrys-
talline CeRhSb, reproduced from Ref.38. It exhibits a
typical p(T) behavior of a Kondo insulator, having a
hump and dip structure at T* ~ 100 — 150 K and T'~10
K, respectively.'6 At very low T, it shows a hint of the
plateau-like behavior. A similar behavior was observed
in Ref.?6

III. RESULTS AND DISCUSSION

The Kondo-like temperature evolution of the f-states
in CeRhSb along XI'X for the (001) surface is pre-
sented in Fig. 2, measured at the Ce 4f resonance
(hv=122 V) using linear horizontal (LH) polarization.
The ARPES images for selected temperatures of this
data set are shown in Fig. 2(a), exhibiting two separated
strong Fermi-edge peaks on either side of normal emis-
sion (I'). This feature at low 7T is expected to reflect
the dispersive nature of Ce 4f band. With increasing T,
the f-amplitudes decrease and the peaks broaden grad-
ually until they are not resolved. This trend agrees with
the T-dependent behavior of the calculated DMFT band
structures shown in Fig. 2(b). This behavior is high-
lighted by plotting the Fermi-edge momentum distribu-
tion curves (MDC) both as an image in Fig. 2(c) and as
the line cuts in Fig. 2(d). The T-dependent variation of
the Fermi-edge states manifests that, upon heating, the
sharp peaks broaden into a broad hump at T*~100 K,
indicating that the coherent Ce 4 f band along I'-X disap-
pears above ~ 100 K, suggesting T, ~ T* ~ 100 K. Fig-
ure 2(e) shows the full T-series of the angle-integrated en-
ergy distribution curve (EDC) spectra, which highlights
the energy, width, and amplitude variation of the reso-
nantly enhanced f-character Kondo peak near Fgr. The
additional broad feature at —0.3 eV represents a final-
state spin-orbit (SO) side band peak. With increasing T,
the intensity of the Kondo peak decreases dramatically
with the concomitant broadening of its energy width.

The T-dependent variations of the DMFT band struc-
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FIG. 2: (Color online) T-dependent 4f states of CeRhSb. All the ARPES data were obtained at the Ce 4f resonance (hv=122

eV). (a) The ARPES images along XT'X for selected temperatures. (b) The calculated T-dependent DMFT band structures.

(c) The MDC images of the Fermi-edge states along XT'X from 10 K to 150 K. (d) The Ep-intensity profile of the MDC’s
along XI'X from 10 K to 150 K. (e) The angle-integrated energy distribution curve (EDC) spectra from 10 K to 150 K. (f)
The calculated T-dependent variation of the Ce 4f PDOS, obtained in the DMFT.

ture and the Ce 4f partial density of states (PDOS) are
shown in Figs. 2(b) and (f), respectively. Upon cooling
below T=100 K, the Ce 4f Kondo-resonance band near
Er and the flat SO side bands at ~ £0.3 eV are formed
(see Fig. 8 in the Appendix), in agreement with the mea-
sured ARPES data. In fact, this T-evolution behavior of
CeRhSb both in ARPES and DMFT is consistent with
its p(T') behavior, having a maximum at T*~100 K (see
also Fig. 1(a)).26:38

Figures 3(a)-(c) show the measured FS’s and ARPES
spectra, obtained at the Ce 4f resonance, and the DFT-
calculated FS’s of CeRhSb for three different planes. The
FS’s in the top panel reveal clearly the six-fold symme-
try for the (100) plane, the nearly four-fold symmetry
for the (010) plane, and the two-fold symmetry for the
(001) plane. The observed FS for the (100) plane sup-
ports the relation between the orthorhombic and hexag-
onal structures, described in Fig. 1. These FS’s reflect
that all (100), (010), (001) surfaces are metallic. The
(100) plane exhibits the circular FS’s around I" points of
the hexagonal BZ, while the (010) plane exhibits rather
large elliptical F'S’s and the (001) plane reveals the com-
plicated FS’s of polka-dot patterns. Unlike the theoreti-
cal prediction,'® no gap is quantified in the (100) plane
in our ARPES.

The FS’s and ARPES bands in Fig. 3(a)-(c) arise from
the Kondo resonance states. The measured FS’s in the
(010) plane are larger than the size of the orthorhombic
BZ, but appear to fit in with the enlarged BZ’s, implying
the reduced unit cell. This strange feature arises from
the fact that these FS’s originate from Ce 4f electrons.
Indeed, such a reduced unit cell can be obtained when
considering Ce atoms only but ignoring Rh and Sb atoms
(see Fig. 1 and Fig. 6). Since the FS’s in Fig. 3(a)-(c)

were obtained at the Ce resonance, they are dominated
by Ce 4f electrons, and the contributions from Rh 4d and
Sb 5p electrons are negligibly weak.“® This interpretation
is supported by the smaller sizes of the FS, obtained at
hv=108 eV away from the Ce 4 f resonance (see Fig. 3(d)-
(f)), in which the Rh 4d electron contribution is large.

The measured Ce 4f states along XT'X in the (001)
plane (in Fig. 3(c)) show the hole-like FS pockets around
X and an electron-like pocket around I'. They are more
dispersive than those along MT'M in Fig. 3(a) and along
ZT'Z in Fig. 3(b).?Y The dispersive Ce 4f states along
XTX originate from the zigzag Ce chain along [100].
In fact, the DMFT calculation at T=50 K also shows
the almost coherent Ce 4f band at FEg, revealing the
formation of the hybridization gap. The DMFT band
structures of CeRhSb in the whole BZ, given in Fig. 8 in
the Appendix, show the coherent Ce 4 f Kondo-resonance
band near Er and the flat SO side bands at around £0.3
eV. The observed band slopes indicate the larger effec-
tive mass along MT M and ZT'Z, while a smaller effective
mass along XT'X. Such differences reflect the anisotropic
¢-f hybridization (c¢: conduction electron) along different
k directions, in agreement with the observed anisotropic

properties.20:22

The DFT-calculated FS’s in the middle panel of
Figs. 3(a)-(c) represent those unfolded into the larger BZ
of the reduced Ce-only unit cell (see Fig. 6 and Fig. 7 in
the Appendix). It is noteworthy that the low-T elec-
tronic structures and their FS’s of strongly-correlated
f-electron systems are simulated well by the renormal-
ized DFT bands.'634 Indeed, the comparison between
the measured FS’s and the calculated FS’s reveals fairly
good agreement. Especially, the FS for the (100) plane
in Fig. 3(a), exhibiting the hexagonal-like symmetry, is
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FIG. 3: (Color online) (a)-(c) Fermi surfaces (FS’s) and ARPES data obtained at the Ce 4f resonance (hv=122 ¢V)?° and at
T=20 K with the LH polarization, and the DFT-calculated FS’s of CeRhSb for three orthogonal planes, respectively. In the
top panel are shown the measured FS’s for the (100) plane, the (010) plane, and the (001) plane, respectively. The middle
panel presents the DFT-calculated FS’s,*® which are unfolded into a larger hexagonal BZ (in red) of the Ce-only unit cell.
The original orthorhombic BZ’s are denoted in black. In the bottom panel are shown the measured ARPES spectra along the
several cuts, denoted as green dotted lines in the FS’s of top panel. (d)-(f) FS’s and ARPESs of CeRhSb for the (010) plane
obtained at T=20 K with hv=108 ¢V,? and the corresponding DMFT band structures calculated at T=50 K. (d) ARPES
along I"ZT ZT” (Cut-1) (denoted as green dotted lines in the FS of top panel), obtained with the LH-polarization, is compared
with the DMFT band structure at the bottom. (e),(f) Similarly for two ARPESs along I'ZT'ZI'" (Cut-1) and along I XT' XT’
(Cut-2), respectively, both of which are obtained with the LV-polarization.

described fairly well by the FS unfolded into the larger
hexagonal BZ (in red) of Ce-only unit cell. Further, the
spectral weights of the F'S’s for the (010) and (001) planes
(in Figs. 3(b) and (c)) match well with the periodicity of
the Ce-only BZ, as shown in the middle panels.

Figures 3(d)-(f) show the comparison between the
measured ARPES data, obtained with hv=108 eV,2? and
the DMFT bands calculated at T=50 K for CeRhSb.
Note that, in the 108 eV ARPES data, Rh 4d states are
observed. In Fig. 3(d) are compared the ARPES image
plot along IVZT'ZT", obtained with the LH polarization,
with the DMFT-calculated bands along the same direc-
tion. Similarly, the ARPES image plots along IV ZT'ZT
and IV XTXT’, obtained with the linear-vertical (LV)-
polarized photons, are compared with the corresponding
DMFT-calculated bands in Figs. 3(e) and (f), respec-
tively. Excluding the flat Ce 4f states in DMFT, they
reveal reasonably good agreement. Both the shapes and
energy positions of the measured Rh bands agree well
with those in the calculated DMFT.*!

In order to check whether the metallic states, observed
in our ARPES, have the 2D topological surface-state
(TSS) character, we have measured the hv-dependence
of the Fermi-edge states for CeRhSb (called the hv-map
hereafter). Figures 4(a) and (b) show the Fermi-edge
state hv-map, obtained between 30 eV and 118 eV with

hv along kp, and that between 100 eV and 150 eV with
hv along k., respectively. The hv map in the kp-k. plane
exhibits the elliptical FS’s and the roughly two-fold sym-
metry, while that in the k,-k. plane exhibits the hole-like
FS’s*3 around U points, providing evidence for the 3D
character of the Fermi-edge states in CeRhSb. Namely,
the theoretically predicted TSS’s of the 2D character!?
are not observed. This finding does not rule out the
possible MKI of CeRhSb, because it may be due to the
lack of the ARPES energy resolution relative to the small
gap size. Nevertheless, the 3D character of the metallic
states observed in Fig. 4 indicates that only the pseudo
gap opens in CeRhSb, with the gap size S 20 meV, which
is consistent with the earlier high-resolution PES?324 and
tunneling studies.?! Therefore, this work suggests that a
crucial factor for the realization of the existence of the
TSS in a potential MKI is the full bulk insulating energy
gap on top of the non-symmorphic crystal symmetries. In
this respect, the isostructural CeRhAs, which possesses
the full bulk energy gap, would be more appropriate to
explore the TSS of MKI.
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FIG. 4: (Color online) The Fermi-edge state hv-maps, (a)
between 30 eV and 118 eV with hv along ks, and (b) between
100 eV and 150 eV with hv along k.. Both are obtained with
the LH-polarization. (c) The 3D orthorhombic BZ for which
hv-maps are obtained: the ke-ky (yellow) and kq-k. (blue)
planes for (a) and (b), respectively.

IV. CONCLUSIONS

In conclusion, we have successfully measured the FS’s
and band structures of an MKI candidate CeRhSb for
the three orthogonal crystallographic directions. A sharp
Ce 4f peak is observed at Er and its T-evolution agrees
with that of the coherent Ce 4 f band formation, suggest-
ing Teon &= 100 K. The metallic FS’s are obtained for all
three different (100), (010), and (001) planes. The Ce 4 f
FS’s are described very well by the unfolded DFT cal-
culations considering the reduced Ce-only unit cell. The
T-dependence of Ce 4f states as well as the dispersive
coherent Ce 4f bands are described well by the DMFT
calculations, and reveal the anisotropic ¢- f hybridization.
The hr-dependences of the Fermi-edge states reveal their
3D metallic character, which is consistent with the bulk
states dispersing to Er over a larger energy scale rather
than the TSS’s over the tiny hybridization gap. To make
a firm realization of the existence of the TSS’s of the
MKI, the ultralow-T and very high-resolution ARPES
experiment at the state-of-the-art ARPES beamline is
highly desirable.***5 Such an experiment is quite chal-
lenging, in particular for CeRhSb, because of the intrin-
sic limitation due to the non-ideally flat surfaces of the
cleaved samples.?”
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FIG. 5: (Color online) Fermi surface (FS) maps, Laue pat-
terns, and optical microscopy (OM) images for CeRhSb for
three different planes. (a) The measured FS and Laue pat-
tern for the (100) plane (perpendicular to the a-axis, and
ky-kc plane) At the bottom is shown the OM image of the
cleaved surface, taken after the ARPES measurement. (b),
(¢) Similarly for the (010) plane (the plane perpendicular to
the b axis; kq-k. plane) and for the (001) plane (the plane
perpendicular to the ¢ axis; kq-ks» plane), respectively. Red-
colored dotted lines in the OM images at the bottom panels
denote the beam sizes for the ARPES measurement.

V. APPENDIX

Figure 5 shows the measured FS’s, the Laue patterns,
and the optical microscopy (OM) images for CeRhSb for
three different planes. The Laue patterns (middle panel)
and the OM images (bottom panel) were obtained from
the corresponding cleaved surfaces for which ARPES
measurements were done. The OM images reveal that
the ARPES data presented in this paper were obtained
from the flat regions because the beam size employed
in ARPES measurements was less than S 60 x 50 pm.
Both FS and Laue data reveal clearly the six-fold sym-
metry for the (100) plane, the nearly four-fold symme-
try for the (010) plane, and the two-fold symmetry for
the (001) plane, respectively. These symmetries support
the relation between the orthorhombic and hexagonal
crystal structures, described in the text. These FS and
Laue data confirm that we have obtained three different
cleaved planes of CeRhSb properly, and that the ARPES
data presented in this paper represent those for the (100),
(010), and (001) planes. As shown at the bottom of
Fig. 5, the cleaved surfaces were flat and large enough
for ARPES measurements, but they were not perfectly
flat, suggesting that the energy resolution of the ARPES
data is limited by the non-ideally-flat surfaces. Hence,
even ultra-high resolution and ultra-low 7' ARPES would
have to overcome this limit in order to observe the topo-
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FIG. 6: (Color online) Unfolding procedure of the “Ce-
only” unit cell. (a) The orthorhombic e-TiNiSi-type structure
viewed from the [010] direction (from the b axis). Yellow,
green, and violet balls denote Ce, Rh, and Sb atoms, respec-
tively. (b) The unit cell in the orthorhombic structure. (c)
The “Ce-only” unit cell, for which only Ce ions are considered
and Rh and Sb ions are ignored.

logical metallic surface states inside the very small energy
gap (S a few meV).

The “Ce-only unfolding” scheme is shown in Fig. 6.
The orthorhombic e-TiNiSi-type structure, viewed from
the [010] direction (from the b axis) is shown in Fig. 6(a),
and its unit cell is shown in Fig. 6(b). Figure 6(c) com-
pares the unit cell of the orthorhombic structure (black
lines) and the “Ce-only” unit cell (purple lines), where
only Ce atoms are considered but Rh and Sb ions are
ignored. This figure shows that, if only Ce atoms are
considered and Rh and Sb ions are ignored, the corre-
sponding “Ce-only” unit cell becomes reduced from the
original orthorhombic unit cell under the following rela-
tion:

c:t 20 0 a
bl=1]01 -1 b
c 01 1 c

Here a, b, c denote the lattice axes of the original or-
thorhombic unit cell, and a, b, ¢ denote the lattice axes
of the “Ce-only” unit cell. There are four Ce atoms in
the original unit cell, while there is only one Ce atom in
the “Ce-only” unit cell. Then the Brillouin zone (BZ)
for the “Ce-only” unit cell becomes enlarged and rotated
from the original orthorhombic BZ accordingly, under the
following relation between two BZ’s:

(:L* 10 0 a*
p* | =1(01 -1 b*
c* 01 1 c*

Here a*, b*, c* denote the axes of the BZ for the original
orthorhombic unit cell, and a*, b*, ¢* denote the axes
of the BZ for the “Ce-only” unit cell. Note that the

FIG. 7: (Color online) (a) Schematic drawings of the hexag-
onal (red) and the Ce-only (green) BZ’s on top of the (010)
orthorhombic BZ. (b) Similarly for the (001) orthorhombic
BZ.

Energy(eV)

FIG. 8: (Color online) Dynamical mean-field theory (DMFT)
band structure of CeRhSb at T'=50 K. The Coulomb correla-
tion U=5.5 eV and the exchange correlation J=0.68 eV were
used in the DMFT calculations, and the one-crossing approx-
imation (OCA) was used for the DMFT impurity solver.

positions of Rh and Sb atoms are exchanged to each other
in the next “Ce-only” unit cell (see Fig. 6(c)). We think
that this is the situation for our FS and ARPES data
obtained with hv = 122 eV (Ce 4f resonance).

Figure 7 depicts the hexagonal and Ce-only BZ’s on
top of the (010) and the (001) orthorhombic BZ’s, cor-
responding to Fig. 3(b) and Fig. 3(c) in the main text,
respectively. Note that the Ce-only BZ is twice larger
than the hexagonal BZ along the orthorhombic a* di-
rection, giving rise to the intensity modulation with the
periodicity of 2 x a*. Note that the spectral weights of
the Fermi surfaces match well with the periodicity of the
Ce-only BZ (see Figs. 3(b) and (c) in the main text).

Figure 8 shows the dynamical mean-field theory
(DMFT) band structure of CeRhSb calculated at T'=50
K for the whole BZ. The coherent Ce 4 f Kondo-resonance
band near Er and the flat SO side bands at around £0.3



eV are observed, in agreement with the measured ARPES
data (see Fig. 2). The SO side band above Er is more
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