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Temperature-dependent angle-resolved photoemission spectroscopy study of the Ce 4 f states in a
possible topological Kondo insulator CeRhAs
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The electronic structure of a possible topological Kondo insulator of CeRhAs has been investigated by 
employing temperature (T )-dependent angle-resolved photoemission spectroscopy (ARPES). Fermi surfaces 
(FSs) and band structures are successfully measured for three orthogonal crystallographic planes. The measured 
Fermi-edge states are found to have a three-dimensional (3D) character, contradictory to the proposed topo-
logical surface states of the 2D character. The measured FSs due to the Ce 4 f electrons agree well with those 
from the density functional theory band structures unfolded into the reduced Ce-only unit cell. The theoretically 
predicted hourglass-type bulk bands along X̄ S̄X̄ are not clearly resolved, in spite of the evident existence of those 
band features. T -dependent ARPES measurements reveal that the coherent Ce 4 f states, having two pseudogap 
structures of �1 ∼ 80 meV and �2 ∼ 30 meV, persist to remain above 200 K, in agreement with the high Kondo 
temperature of CeRhAs.

I. INTRODUCTION

Topological insulators (TIs) possess robust metallic sur-
face states inside a bulk energy gap, which are protected by
time-reversal symmetry (TRS). They belong to a new quan-
tum phase [1–4]. In topological Kondo insulators (TKIs) of
rare-earth (R) 4 f systems, the symmetry-protected topolog-
ical phases are considered to arise from strong correlations
[5,6]. In TKIs, the Kondo hybridization between the localized
f electrons and conduction electrons (c) leads to the formation
of a narrow gap in the bulk bands near the Fermi level (EF)
and the topologically nontrivial band inversion [7–13]. De-
spite extensive studies on the topological properties of TKIs,
the topological nature of 4 f electrons is still controversial
[12,13].

Other kinds of novel topological Kondo systems [14] have
been predicted for isostructural CeNiSn, CeRhSb, and CeIrSb.
They belong to the failed Kondo insulators, for which an
insulating gap develops due to the Kondo screening and yet
a semimetallic phase is stabilized at a lower temperature
(T ), exhibiting large anisotropy [15–17]. The unique fea-
ture of these systems is that they have nonsymmorphic glide
and screw-axis symmetries (Pnma space group), which bring
about exotic Möbius-twisted topological surface states (TSSs)
of the hourglass type [14]. These systems are called Möbius
Kondo insulators (MKIs). The predicted features of MKIs
have not yet been confirmed experimentally [18,19]. Further,
it was reported recently that the intriguing hourglass-type
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bulk band crossings exist around the k = S point in all three
systems [20], which produce the Dirac nodal-loop structures
enclosing S in the [100] Brillouin zone (BZ) boundary. These
TKIs are expected to display T -dependent topological phase
transitions from a potential MKI at low T to a Dirac nodal-
loop semimetal at high T . Hence it is very important to
investigate the T -dependent behavior of the coherent Kondo
states and to identify such hourglass-type bulk band crossings
experimentally.

It was found that a crucial factor for the clear observation of
the TSS in a potential MKI is the full bulk insulating energy
gap on top of the nonsymmorphic crystal symmetries [18].
CeNiSn and CeRhSb reveal a pseudogap (�) of small size
(∼4 meV in CeNiSn and 5–30 meV in CeRhSb) [15,21–24].
In contrast, the observed energy gap in isostructural CeRhAs
[21,24] is much larger, 100–120 meV. Further, the resistivity
of CeRhAs is larger than those of CeRhSb and CeNiSn by an
order of magnitude [25,26]. In this respect, CeRhAs would
be a more appropriate system than CeNiSn and CeRhSb to
explore the Kondo insulating nature as well as Möbius TSSs,
if they exist.

In this paper, we have performed T -dependent angle-
resolved photoemission spectroscopy (ARPES) measure-
ments for CeRhAs, which is a promising candidate of both
an MKI [14] and a Dirac nodal-loop semimetal [20]. We
have successfully measured Fermi surfaces (FSs) and band
structures for three orthogonal crystallographic planes, which
is important because the Möbius TSSs are predicted to be
realized only for the (010) surface [14]. We have found that
the T -dependent behavior of Ce 4 f ARPES is consistent with
the high Kondo temperature (TK ) of CeRhAs, suggesting the
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FIG. 1. Fermi surfaces (FSs) of CeRhAs. (a) The measured FS of CeRhAs for the (100) plane (top), in comparison with the DFT FS for
the (100) plane (bottom). The data were obtained at the Ce 4 f resonance (hν = 122 eV) and at T = 20 K. The original orthorhombic BZ is
denoted as black lines, and a larger hexagonal BZ is denoted as red lines. The measured Laue pattern for the (100) plane (perpendicular to
the a axis) is shown on the left. (b), (c) Similarly for the (010) and (001) planes, respectively, where the red-colored BZs denote those for the
smaller Ce-only unit cell (so that the larger BZs). (d) The Fermi-edge state photon-energy (hν) map for 30 eV � hν � 150 eV with hν along
kc. Here, the BZ is calculated using the inner potential of V0 = 18 eV [32]. See Fig. S1 in the Supplemental Material (SM) for the effect of the
inner potential values [35].

importance of the coherent Kondo states in determining the
topological properties of CeRhAs.

II. EXPERIMENTAL AND CALCULATIONAL DETAILS

Good-quality single-crystalline CeRhAs samples were pre-
pared by the Bridgman method, as described in Refs. [26,27].
According to the x-ray analysis, the lattice constants are
a = 7.390 Å, b = 4.311 Å, and c = 7.374 Å at T ∼ 20 K
[26]. ARPES measurements were carried out at the MERLIN
beamline 4.0.3 of the Advanced Light Source (ALS). Single-
crystalline samples were cleaved in situ using a blade-type
cleaver, and measured in vacuum better than 5 × 10−11 Torr
and at ∼20 K. Fermi energy (EF) referencing was performed
with evaporated gold. A total energy resolution of �E ≈
25 meV was employed at 122 eV photon energy (hν). The
detector 0.1◦ angular resolution translates to a momentum res-
olution of �k < 0.01 Å−1 at 122 eV. FS maps were obtained
via polar scans of the sample. In plotting FS maps, the energy
window of Ei ± 16 meV was integrated. Band-structure cal-
culations were performed by employing the all-electron fully
relativistic density functional theory (DFT) method, imple-
mented in the full-potential local orbital (FPLO) code [28]. The
generalized gradient approximation (GGA) scheme is utilized
for the DFT exchange-correlation functional [29].

III. RESULTS AND DISCUSSION

In Figs. 1(a)–1(c), the measured FSs and the DFT FSs
of CeRhAs are compared for three different planes. All the
measured FSs in Figs. 1(a)–1(c) were obtained at the Ce 4 f
resonance (hν = 122 eV) and at T = 20 K. The (100) plane
exhibits circular FSs around the � points, while those for the
(010) and (001) planes exhibit elliptical FSs, elongated along
ka for both cases. The Laue patterns shown at the left, obtained
after ARPES measurements, confirm that the measured FSs
really represent those of the (100), (010), and (001) planes,
respectively.

CeRhAs exhibits a structural transition from the hexago-
nal to orthorhombic structure below T = 360 K [30,31]. The

orthorhombic structure is deformed slightly from the hexago-
nal structure, with the orthorhombic a axis [100] correspond-
ing to the hexagonal ch axis [18]. In Fig. 1(a), the original
orthorhombic BZ is denoted as black lines, and the larger
hexagonal BZ is denoted as red lines. Sixfold symmetry is
observed clearly in the measured FS for the (100) plane,
supporting that the measured surface indeed represents the
(100) plane.

Similarly, Figs. 1(b) and 1(c) show the measured and cal-
culated FSs for the (010) and (001) planes, respectively [32].
Note that the symmetric features in the measured FSs in
the (010) and (001) planes do not match with those of the
orthorhombic BZ (black lines), but they appear to fit with
those of the enlarged BZs. Indeed, fairly good agreement is
found between the measured and the calculated FSs, where
the DFT FSs represent those unfolded into the larger BZ
(red-colored BZ) of the reduced Ce-only unit cell [18,33].
Namely, the FS in the (100) plane, exhibiting quasihexagonal
symmetry, is described well by the FS unfolded into the larger
hexagonal BZ (in red) of the Ce-only unit cell, and those
in the (010) and (001) planes [34] also match well with the
periodicity of the Ce-only BZ. This is because the measured
FSs in Figs. 1(a)–1(c) are obtained at the Ce resonance, so
that they are dominated by Ce 4 f electrons and the contri-
butions from the Rh 4d and As 4p electrons are negligibly
weak [35,36].

Figure 1(d) shows the Fermi-edge state hν map, obtained
between 30 and 150 eV with hν along kc and k‖ along X̄ �̄X̄ .
Here, �̄ and X̄ denote the symmetry points in the projected
surface BZ. Bulk � and Z along [001] are projected onto
�̄ and bulk X and U along [001] are projected onto X̄ . An
elliptical FS centered around �̄ is observed, indicating the
three-dimensional (3D) character of the EF states. Hence,
Fig. 1 reveals that the EF states in CeRhAs have a 3D char-
acter. These findings are inconsistent with the theoretically
predicted Möbius-twisted TSSs of a 2D character [14]. Note,
however, that the existence of the Möbius-twisted TSSs is
not ruled out completely if the bulk energy gap is much
smaller than the energy resolution of our ARPES data (�E ≈
25 meV).



FIG. 2. (a) Left: ARPES image plot of CeRhAs along X̄ S̄X̄ , obtained with hν = 122 eV. Right: Comparison between ARPES and DFT
bands. (b), (c) Similarly along Ȳ �̄Ȳ and X̄ �̄X̄ , respectively. In the comparison between ARPES and DFT, all the DFT bands are shifted by
−20 meV. Details of the comparison are shown in Fig. S2 of SM [35]. In (a), red circles denote the hourglass-type bulk band structures in the
calculated band structures.

Figures 2(a)–2(c) show the measured ARPES image plots
along X̄ S̄X̄ , Ȳ �̄Ȳ , and X̄ �̄X̄ , respectively, which are com-
pared with the DFT bands along XSX , Y �Y , and X�X ,
respectively. The process of the comparison is shown in Fig.
S2 of SM [35]. ARPES data were obtained at the Ce 4 f res-
onance (hν = 122 eV). Here, the symmetry line along X̄ S̄X̄
is chosen in order to observe the hourglass-type bulk band
structures in CeRhAs [20]. At low T below the Kondo coher-
ence temperature Tcoh, the hourglass-type bulk band structures
are predicted to be located well below EF, so that it will be
easier to observe them experimentally than to observe the
Möbius-twisted TSSs that might exist within the very small
bulk energy gap near EF.

The flat spin-orbit (SO) sidebands of Ce 4 f states are
observed at ∼ − 0.3 eV. Then the dispersive bands are ob-
served, which are centered at X̄ along X̄ S̄X̄ , at �̄ along
Ȳ �̄Ȳ , and at �̄′ along X̄ �̄X̄ , corresponding to the holelike
FS around X̄ , �̄, and �̄′, respectively. The different band
slopes indicate different effective masses. Excluding the flat
Ce 4 f states at ∼ − 0.3 eV in ARPES, which are missing
in DFT calculations, they reveal reasonably good agreement
along X̄ S̄X̄ and Ȳ �̄Ȳ . Nonetheless, the hourglass-type bulk
bands along XSX (denoted as red circles) are not resolved
clearly in ARPES, contrary to our expectation. On the other
hand, the energies and the slopes of the several bands along
XSX in DFT calculations reveal the overall agreement with
ARPES, suggesting that the calculated bands indeed exist
in ARPES. But they appear to be smeared out and are not
resolved in ARPES, which can be due to the nonflat surfaces
in our ARPES measurements or due to the large lifetime
broadening.

We now discuss the T dependence of Ce 4 f states in CeR-
hAs in Fig. 3, where all the data were obtained along X̄ �̄X̄
at the Ce 4 f resonance. Figure 3(a) shows the T -dependent
angle-integrated energy distribution curves (EDCs). Note that
a strong 4 f Kondo peak is observed well below EF (∼80 meV
below EF), reflecting a pseudogap in the Ce 4 f states. This
feature will be discussed further in Fig. 4. The additional
broad feature at −0.3 eV represents a final-state SO sideband
of 4 f character. Interestingly, with increasing T up to ∼200 K,
the Kondo peak does not disappear, although its intensity
decreases. This behavior is highlighted by plotting the ARPES
images for several selected temperatures in Fig. 3(b). At low
T , strong 4 f peaks are observed at �̄′ at ∼ − 80 meV. With

increasing T , the f amplitudes decrease slightly, but the 4 f
peaks do not disappear up to ∼200 K, in agreement with the
behavior in Fig. 3(a).

Such T dependence is verified in the momentum distribu-
tion curves (MDCs) of the 4 f states, which are presented as an
image versus T in Fig. 3(c) as well as the line cuts in Fig. 3(d).
These MDCs manifest that the coherent f states exist up to
T ∼ 200 K, implying Tcoh for CeRhAs � 200 K. In other
words, the coherent Ce 4 f states remain at least up to ∼200 K,
making a sharp contrast with that of isostructural CeRhSb that
belongs to the original MKI candidates [18]. In CeRhSb, sharp
f peaks disappear around Tcoh ≈ 100 K. These differences in
T -dependent ARPES for CeRhSb and CeRhAs are consistent
with the much higher TK of CeRhAs (TK ∼ 1200–1500 K)
[21,24] than that of CeRhSb (TK ∼ 60–100 K) [15,23,24].
Hence, this finding supports that the coherent Kondo states
play a crucial role in determining the topological properties of
CeRhAs.

Figure 4(a) shows the angle-integrated valence-band PES
spectra of CeRhAs, obtained at the Ce 4 f resonance (hν =
122 eV) and away from the Ce 4 f resonance (hν = 90 eV),
respectively. At the Ce 4 f resonance, the Ce 4 f electron
emission is dominant over Rh 4d and As 4p/Sb 5p elec-
tron emissions [35,36]. This comparison shows clearly that
Ce 4 f states are located near EF while most of the Rh 4d
states are located around ∼ − 2 eV. Figure 4(b) compares the
valence-band PES spectra of CeRhAs and CeRhSb, obtained
at hν = 122 eV. Both of them exhibit the Kondo peak near EF

and the SO sideband peak at ∼ − 0.3 eV. The Kondo peak in
CeRhAs is weaker, broader, and located more deeply than that
in CeRhSb.

Figure 4(c) shows the Ce 4 f PES spectrum of CeRhAs
near EF, obtained with �E ≈ 20 meV, compared with the
PES spectrum of Au metal as an EF reference. A weight
suppression, starting at ∼ − 80 meV, is observed clearly, but
with a finite residual weight at EF, suggesting that this weight
suppression arises from a pseudogap. Namely, the energy gap
opens partially in the k space (not over all the k space).
Noteworthy in Fig. 4(e) is the change in the slope around
∼ − 30 meV.

To show this feature more clearly, we have divided the
PES spectra by the Fermi-Dirac (FD) function convoluted
with the instrumental resolution, as a rough approximation to
the density of states (DOS). Then the FD-divided results for



FIG. 3. T -dependent Ce 4 f states of CeRhAs along X̄ �̄X̄ . All the ARPES data were obtained at the Ce 4 f resonance. (a) The integrated
Ce 4 f spectral intensity from 20 to 200 K. (b) ARPES image plots for selected temperatures. (c) MDC images of the EF states from 20 to
200 K. (d) The EF-intensity profile of the MDCs from 20 to 200 K.

CeRhAs are symmetrized for the region above EF. Indeed, the
4 f DOS in CeRhAs decreases at ∼ − 80 meV, indicating a
pseudogap, in contrast to the flat DOS in Au (see the inset).
If we define the pseudogap (�) as the energy position for
the decrease in the DOS, then �1 ∼ 80 meV for CeRhAs, in

FIG. 4. Angle-integrated valence-band PES spectra of CeRhAs.
(a) Comparison of the PES spectra of CeRhAs, obtained at (hν =
122 eV) and away from (hν = 90 eV) the Ce 4 f resonance, respec-
tively. (b) Comparison of the on-resonance PES spectra of CeRhAs
and CeRhSb. (c) The PES spectrum of CeRhAs for the near-EF

region (obtained with �E ≈ 20 meV), in comparison with that of Au
as a Fermi-level reference. Here, dashed lines are guides for the slope
change. (d) Similarly for CeRhSb. (e) Comparison of the near-EF

PES spectrum of CeRhAs (black) with that divided by a broadened
FD function and then symmetrized for the above-EF region (red).
The inset shows the corresponding PES spectra of Au. (f) Similarly
for CeRhSb, for which the above-EF region is not symmetrized after
being divided by an FD function.

agreement with the earlier high-resolution PES study [21,22].
But one notices the slope change at ∼ − 30 meV, which also
signifies another pseudogap feature, �2 ∼ 30 meV. Hence this
FD analysis indicates that there are two energy scales for the
pseudogap in CeRhAs, �1 and �2. This feature in CeRhAs
makes a sharp contrast to that in CeRhSb [18], where the sharp
Kondo peak is located very close to EF with no pseudogap
within the experimental resolution [see Figs. 4(d) and 4(f)].
Note that Fig. 4(f) reveals the increasing slope at EF in the
DOS of CeRhSb, supporting the Kondo resonance peak being
located just above EF so that the observed peak in PES is the
tail of the Kondo peak above EF [37].

Distinctly from CeRhSb and CeNiSn, CeRhAs has a
structural transition from hexagonal to orthorhombic at T =
360 K. The existence of the structural transition only in CeR-
hAs is understood based on its small volume [38]. There
has been a longstanding question on the relation between
this structural transition and the stability of the energy gap,
namely, which one, the structural transition or the f -c band
hybridization, governs the gap formation [26,30,31]. It is ex-
pected that the structural transition would produce a charge
density wave (CDW)-type energy gap, which causes the sud-
den jump in the resistivity along the b and c directions of
the orthorhombic phase [26]. The CDW gaps open at some
specific k points on the BZ. We conjecture that the larger pseu-
dogap in ARPES �1 ∼ 80 meV corresponds to this CDW gap.
Meanwhile, the smaller pseudogap �2 ∼ 30 meV in ARPES
is thought to arise from the f -c band hybridization. This
speculation is supported by the dynamical mean-field theory
(DMFT) calculation for hexagonal CeRhAs at T = 500 K
(Fig. S4 in the SM) [35], which shows coherent f states near
EF, demonstrating that Kondo screening is active already in
the high T hexagonal phase.

IV. CONCLUSIONS

In conclusion, we have successfully measured FSs and
band structures of a possible TKI of CeRhAs for three or-
thogonal crystallographic planes. The measured EF states are
found to have a 3D character, distinct from the theoreti-
cally predicted Möbius-twisted TSSs of a 2D character. The
measured FSs due to Ce 4 f electrons agree well with the
calculated FSs, unfolded to the reduced Ce-only unit cell.
The measured band structures along Ȳ �̄Ȳ reveal reasonably



good agreement with the DFT calculations. In contrast, the
hourglass-type bulk bands along X̄ S̄X̄ are not resolved clearly.
In T -dependent ARPES, coherent Ce 4 f states persist to re-
main from low T up to above 200 K, with two pseudogap
structures of �1 ∼ 80 meV and �2 ∼ 30 meV, consistent with
the high TK ∼ 1200–1500 K of CeRhAs. This finding reveals
the importance of coherent Kondo states in determining the
topological properties of CeRhAs.
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