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Angle-resolved Photoemission Spectroscopy Study of the Mobius Kondo Insulator
Candidate CeRhSb
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! Department of Physics, The Catholic University of Korea, Bucheon 14662, Korea
2 Department of Physics, Pohang University of Science and Technology, Pohang, 37673, Korea
3MPPHC_CPM, Pohang University of Science and Technology, Pohang 37673, Korea
4 Department of Quantum Matter, Graduate School of Advanced Sciences of Matter,
Hiroshima University, Higashi-Hiroshima 739-8530, Japan
® Advanced Light Source (ALS), Lawrence Berkeley Laboratory, Berkeley, CA. 12345, USA

The electronic structure of a Mébius Kondo insulator (MKI) candidate of CeRhSb has been
investigated by employing angle-resolved photoemission spectroscopy (ARPES), and the density
functional theory (DFT) and dynamical mean-field theory (DMFT) band calculations. The Fermi
surfaces (F'S’s) and band structures are successfully measured for three orthogonal crystallographic
directions. 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 different (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 Mdbius topological surface states.

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

Topological Kondo insulators (TKI’s) belong to a
class of the symmetry-protected topological phases aris-
ing from the effects of strong correlation.’? In TKI’s,
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)? ¢ 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,
YbBj2, and g-SmS, were proposed as TKI’s or topological
Kondo semi-metals.!3 17 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 Fg in high-resolution PES for
CeRhSb?32* with a metallic density of states (DOS) at
Eg, 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 (MKI’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 Md&bius 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 dramatic k-shifting
in the Ce 4f peak near Ew, which allows us to estimate
the coherence temperature, T,,p, of Ce 4f states.

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-
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-
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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.?®).

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. Notable is that
the energy resolution of the ARPES data is limited by
non-ideally-flat surfaces of CeRhSb,?” as described in Fig.
S1 in the supplement. FS maps were obtained via polar
scans of the sample. In plotting FS maps, the energy
window of E; = 16 meV was integrated.?® Photon en-
ergies 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.?® 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
4 f 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.3° CeRhSb has an AlB,-derivative structure
(Al=Ce, B=Rh, Sb) having a subcell with Rh and Sb
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FIG. 2: (Color online) T-dependent 4f states of CeRhSb.
All the ARPES data are obtained at the Ce 4f resonance
(hv=122 eV) and normalized to the maximum intensity at

each T. (a) The ARPES images along XT'X for selected tem-
peratures. (b) The normalized MDC images of the Fermi-edge

states along XT'X from 10 K to 150 K. (¢) The calculated
T-dependent DMFT band structures. (d) The Ep-intensity
profile of the MDC’s along XI'X from 10 K to 150 K. (f)
The calculated T-dependent variation of the Ce 4f PDOS,

obtained in the DMFT.

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 cj-axis in the hexagonal structure.?”
Ce atoms form a zigzag chain along a (cy,).>” 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.2® 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 K and T=10 K,
respectively.'® At very low T, it shows a hint of the
plateau-like behavior. A similar behavior was observed
in Ref.?6

The Kondo-like temperature evolution of the f-states
in CeRhSb along XT'X for the (001) surface is presented
in Fig. 2, measured at the Ce 4 f resonance (hv=122 eV)
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 emission (I').
With increasing T', the f-amplitudes decrease, the k-gap
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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. In the middle
panel are shown the measured ARPES spectra along the several cuts, denoted as green dotted lines in the FS’s of top panel.
The bottom 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. (d)-(f) FS’s and ARPESs of CeRhSb for the (010) plane
obtained at T=20 K with hv=108 eV,? and the corresponding DMFT band structures calculated at T=50 K. (d) ARPES
along IV 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'ZI'ZI'" (Cut-1) and along I XT' XT’
(Cut-2), respectively, both of which are obtained with the LV-polarization.

between the two Ep-peaks disappears, and the two peaks
merge into a single central peak at k=0. This behavior is
highlighted by plotting the Fermi-edge momentum distri-
bution curves (MDC) both as a normalized image in Fig.
2(b) 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 merge into one peak at 7*~100
K, indicating that the coherent Ce 4f band along I'-X is
formed below T, suggesting T, ~ T ~ 100 K. Figure
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 Er. 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-
ture and the Ce 4f partial density of states (PDOS) are
shown in Figs. 2(c) and (f), respectively. Upon cool-
ing below T~100 K, the Ce 4f Kondo-resonance band
near Fr and the flat SO side bands at ~ £0.3 eV are
formed (see Fig. S4 in the supplement), in agreement
with ARPES measurement. The SO side band above
FEr is more pronounced than that below Er. 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 sym-
metry for the (100) plane, the nearly four-fold sym-
metry for the (010) plane, and the two-fold symmetry
for the (001) plane, which support the relation between
the orthorhombic and hexagonal structures, described in
Fig. 1. The Laue patterns, obtained after ARPES mea-
surements, confirmed the same symmetries as the mea-
sured FS’s (see Fig. S1 in the supplement).3? These FS’s
reflect that all (100), (010), (001) surfaces are metal-
lic. The (100) plane exhibits the circular FS’s around
I points of the hexagonal BZ, while the (010) plane ex-
hibits rather large elliptical FS’s and the (001) plane re-
veals the complicated FS’s of polka-dot patterns. Unlike
the theoretical 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, imply-
ing 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
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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.

(see Fig. 1 and Fig. S2 in the supplement).?® Since the
FS’s in Fig. 3(a)-(c) were obtained at the Ce resonance,
they are dominated by Ce 4f electrons, and the contri-
butions from Rh 4d and Sb 5p electrons are negligibly
weak.*! This interpretation is supported by the smaller
sizes of the FS, obtained away from the Ce 4 f resonance
(hv=108 V) (see Fig. 3(d)-(f)), in which the Rh 4d elec-
tron contribution is large.

The measured Ce 4f states along XT'X in the (001)
plane (in Fig. 3(c)) show the hole-like F'S 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).?° 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 Ep, revealing the forma-
tion of hybridization gap. The DMFT band structures
of CeRhSb in the whole BZ, given in Fig. S4 of the
supplement,®® show the coherent Ce 4f Kondo-resonance
band near Er and the flat SO side bands at around 40.3
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 (¢: conduction electron) along different
k directions, in agreement with the observed anisotropic
properties.20:22

The DFT-calculated FS’s in the bottom panel of
Figs. 3(a)-(c) represent those unfolded into the larger
BZ of the reduced Ce-only unit cell.?? It is noteworthy
that the low-T' electronic structures and their FS’s of
strongly-correlated f-electron systems are simulated well
by the renormalized DFT bands.'%34 Indeed, the com-
parison 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 described fairly well by the F'S unfolded
into the larger hexagonal BZ (in red) of Ce-only unit cell.
Further, the spectral weights of the FS’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 at the bottom

panels.

Figures 3(d)-(f) show the comparison between the
measured ARPES data, obtained with hv=108 eV, and
the DMFT bands calculated at T=50 K for CeRhSb.
Note that, in the ARPES with hv=108 eV, Rh 4d states
are observed significantly. In Fig. 3(d) are compared the
ARPES image plot along IV ZT'ZT”, obtained with the LH
polarization, with the DMFT-calculated bands along the
same direction. Similarly, the ARPES image plots along
I"ZTZT" and IV XT XT’, obtained with the linear-vertical
(LV)-polarized photons, are compared with the corre-
sponding DMFT-calculated bands in Figs. 3(e) and (f),
respectively. 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.42

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* 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.

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 T, =~ 100 K. The metallic FS’s are obtained for all
three different (100), (010), and (001) planes. The Ce 4f
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 T'SS’s over the tiny hybridization gap. To make
a firm realization of the existence of the TSS’s of the
MKI, ultralow-T" and very high-resolution ARPES ex-
periment is highly desirable, albeit quite challenging due
to the intrinsic limitation of the non-ideally flat sample

surfaces.?”
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