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The electronic structure of CeNiSn, which is a potential topological Kondo insulator (TKI) and a
Dirac nodal-loop semimetal, has been investigated by employing temperature (T')-dependent angle-
resolved photoemission spectroscopy (ARPES). The Fermi surfaces (FSs) and the band structures of
CeNiSn for three orthogonal crystallographic planes are measured, in which both the very dispersive
bands and the flat bands are observed, having mainly the Ni 3d character and the Ce 4f character,
respectively. The measured FSs and ARPES bands agree reasonably well with the density func-
tional theory (DFT) calculations. The Fermi-edge (EFr) photon energy (hv) map along ki, (=k10))
shows that the metallic Er-crossing states on the (010) surface have the three-dimensional charac-
ter, suggesting that the observed Ep-crossing metallic states do not correspond to the topological
surface states of the two dimensional character. On the other hand, albeit weak, the features of
the hourglass-type bulk band crossings are observed along SXS, with the energies and the slopes
being similar to those predicted by the DFT calculations, supporting the Dirac semimetallic nature
of CeNiSn. In T-dependent ARPES, the Ce 4f Kondo resonance states are clearly revealed at low
T, which become much suppressed above ~ 80 K. This feature is consistent with the Kondo tem-
perature of CeNiSn, estimated from its p(7T") data. This work demonstrates the importance of the

coherent Kondo states in determining the topological properties of CeNiSn.

I. INTRODUCTION

Among various topological insulators [1, 2], strongly-
correlated Kondo insulators are unique because they
exhibit temperature (T')-dependent topological phases
[3, 4]. The representative topological Kondo insulator
(TKI) might be SmBg [3, 4]. SmBg exhibits bulk insulat-
ing behavior below 50 K, and then a resistivity plateau
at low T below 5 K, which is considered to originate from
the topological surface state (TSS). Despite extensive ex-
perimental and theoretical studies on SmBg, however, the
TKI nature of SmBg is still controversial experimentally
[5-11].

Recently, Ce-based Kondo insulator CeNiSn has been
predicted to be a TKI theoretically, having the Mdbius-
twisted TSS on the (010) surface (see Fig. 1(d)) [12].
The unique feature of CeNiSn is that it has the nonsym-
morphic glide and screw-axis symmetry (Pnma space
group), which brings about such exotic electronic struc-
tures. Indeed a low-T resistivity plateau was observed in
Sb-doped CeNiSn [13]. However, it has not been ver-
ified yet whether the resistivity plateau in CeNiSn at
low T is really formed by the TSS. In addition, due
to the nonsymmorphic glide and screw-axis symmetry
of CeNiSn, the emergence of intriguing hourglass-type
bulk band crossings and the consequent Dirac nodal-loop
structures are predicted around the k=S point in the
[100] Brillouin zone (BZ) boundary [14]. In order to
prove whether CeNiSn really belongs to a TKI having

the Mobius-twisted TSS as well as a Dirac semimetal
having the hourglass-type bulk band crossings, it is es-
sential to examine the electronic structure of CeNiSn via
angle-resolved photoelectron spectroscopy (ARPES).

In this work, we have investigated the electronic struc-
ture of CeNiSn, which is a potential candidate of a TKI
[12] as well as a Dirac nodal-loop semimetal [14]. We have
performed ARPES measurements using synchrotron ra-
diation. We have successfully measured Fermi surfaces
(FSs) and band structures for three orthogonal crystallo-
graphic planes, which is important because the M&bius-
twisted TSSs are predicted to be realized on the (010)
surface [12] and the Dirac nodal-loop structures are ex-
pected to be in the [100] BZ boundary enclosing S [14].
Previously the ARPES study for the (101) surface of
CeNiSn was reported [15], where the high-T' Fermi sur-
face and the effect of the anisotropic hybridization at
low T in CeNiSn was discussed. Note that it is diffi-
cult to prepare the flat (100), (010), and (101) surfaces
of CeNiSn because the natural cleavage plane of CeNiSn
is the (101) plane [15-19]. We have also performed T-
dependent ARPES measurements, and found that the
behavior of Ce 4f ARPES is consistent with that of the
Kondo resonance states having the Kondo temperature
(Tk) of Tk~ 80 K. This work demonstrates the impor-
tance of the coherent Kondo states in determining the
topological properties of CeNiSn.
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FIG. 1. (Color online) Crystal structure and electrical resistivity of CeNiSn. (a) e-TiNiSi-type orthorhombic crystal structure
of CeNiSn. (b) The Brillouin zone (BZ) for the orthorhombic crystal structure, where the (010) surface BZ projected along ks
is marked in green. (c¢) T-dependent electrical resistivity p(T') data of the purified single crystal of CeNiSn along a, b, and ¢
directions [21, 24]. (d) Two-dimensional (2D) plot of a pair of Mobius-twisted surface states on the (010) surface BZ, which
is adopted from Ref. [12]. Here red and blue lines denote the states with positive and negative glide eigenvalues, respectively.
Double lines along XU and X'U’ denote the doubly degenerate surface states.

II. EXPERIMENTAL DETAILS

A single crystal ingot of CeNiSn was obtained by the
Czochralski method using the tungsten crucible [20, 21].
The pulling speed was 10 — 12 mm/hr. The furnace was
filled with helium gas. A pipe line through which helium
gas flowed was cooled by liquid nitrogen, which became
a getter for impurity gasses contained in the helium gas.
The ingot was annealed under a high vacuum of 107°
Torr via the solid-state electrotransport method. The in-
got was heated up to about 900°C' by flowing the DC cur-
rent for the ingot under high vacuum for a period of about
two weeks. According to the X-ray diffraction (XRD)
data, CeNiSn crystallized in the orthorhombic e-TiNiSn-
type structure with the lattice constants of a=7.540 A,
b=4.602 A, and ¢=7.614 A at T ~ 300 K [20].

ARPES measurements were carried out at the 4.0.3
beamline of the Advanced Light Source (ALS). The
ARPES chamber is equipped with a Scienta R4000 elec-
tron analyzer with 0.1° angular resolution, and a verti-
cal analyzer slit. Single crystalline samples were cleaved
in situ by using a blade-type cleaver, with Laue-assisted
sample mounting to obtain (100), (010), (001), and (101)
cleave surfaces. Measurements were performed in vac-
uum better than 5 x 10~ Torr and at ~ 20 K. The
Fermi level (Er) and the instrumental resolution of the
system were determined from the Fermi-edge spectrum
of evaporated Au. A total energy resolution (AFE) of
AFE = 20 meV was employed at the photon energy (hv)
of hv ~ 70 eV. FS maps were obtained via polar rotations
of the manipulator.

Band structure calculations were performed by em-
ploying the all-electron density functional theory (DFT)
method, implemented in the full-potential local orbital
(FPLO) code [22]. The generalized gradient approxima-

tion (GGA) is utilized for the DFT exchange-correlation
functional [23], and the spin-orbit coupling (SOC) effect
is included in the band calculations in a fully-relativistic
way.

III. RESULTS AND DISCUSSION

A. ARPES and Hourglass-type Band Structures

Figure 1 shows the crystal structure and T-dependence
of the electrical resistivity p(T) for CeNiSn. Figure 1(a)
shows the e-TiNiSi-type orthorhombic crystal structure
of CeNiSn, where Ce, Ni, and Sn ions are denoted in red,
grey, and black balls, respectively. Figure 1(b) shows
the BZ for the orthorhombic crystal structure, where the
(010) surface BZ, which is projected along ks, is marked
in green.

In Fig. 1(c) is shown the T-dependence of the electri-
cal resistivity p(T') of CeNiSn along a, b, and ¢ directions
[21, 24]. As shown Fig. 1(c), the p(T") data of purified
single crystals of CeNiSn exhibit the characteristics of
the coherent f-electron systems. That is, upon cooling,
p(T') increases and then decreases with maxima at cer-
tain T*’s. Thus T™ can be considered as the coherence
temperature T.,,. Due to its inherent anisotropic hy-
bridization nature of CeNiSn, the observed T* values are
different: ~ 15 K along a and ¢, and ~ 50 K along b.
Noteworthy is that, while p, and p. show the semicon-
ducting nature at low 7', p, shows the semimetallic na-
ture [21]. The Kondo temperature T can be determined
from the logarithmic T-dependence of p(T) in the high T
side [25]. Since p(T") deviates from the —In(T") behavior
below Tk [25, 26], Tk values in CeNiSn are supposed to
be ~ 80 K along a, ~ 70 K along b, and ~ 60 K along ¢
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(Color online) ARPES data of CeNiSn for different hu’s.
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(a) The optical-microscopy (OM) image of a typical

surface, which was measured after ARPES measurements were done. The size of the incident photon beam is drawn as a red
dotted ellipse. (b) The Laue pattern of the (001) surface, for which ARPES measurements were done. (¢) The 3D BZ of
the orthorhombic CeNiSn with the YT'Y and SX.S symmetry lines being marked in red, along which ARPES data shown in
(e) and (f) are obtained. (d) The schematic drawing of the ARPES measurement geometry with the linear horizontal (LH)

polarization and the linear vertical (LV) polarization. (e),(f) The measured ARPES image plots of CeNiSn along YT'Y and
SX S, respectively, obtained with various hv’s of 72 eV, 90 eV, 102 eV, and 122 eV. The data in the top and bottom panels
were obtained with the LH and LV polarizations, respectively. These data were obtained at T' ~ 20 K. On top of each ARPES,
the corresponding momentum distribution curve (MDC) at Er is displayed. (g) Stack of the MDCs of the Er-states along

YTY from 72 eV to 122 eV, obtained with the LH polarization. (h) Similarly for the MDCs along SXS.

(see Fig. 1(c)). These Tk values are comparable to the
previously estimated Tk’s [27, 28].

Chang et al. predicted that CeNiSn could belong to a
new family of the topologically-protected heavy-electron
system having the Mobius-twisted surface states due to
its nonsymmorphic crystal symmetry [12]. In Fig. 1(d)
is shown the two-dimensional (2D) plot of a pair of the
Mébius-twisted topological surface states (TSSs) on the
(010) surface BZ schematically, which is adopted from
Ref. [12]. Here red and blue lines correspond to the
states with positive and negative glide eigenvalues, re-
spectively. Double lines along XU and X'U’ denote the
doubly degenerate surface states due to a combination of
time-reversal and glide symmetry. The Mobius charac-
ter arises from the connectivity between Kramers pairs
at T' and X(X’) points, and the hourglass structure of
the Mobius-twisted T'SS contains two Dirac cones at the
I point. The details of the M&bius-twisted TSSs are de-
scribed in Ref. [12]. As shown in Fig. 1(d), the M&bius-
twisted TSSs are expected to be observed along XT'X’

on the (010) surface BZ of CeNiSn.

Figure 2 shows the typical ARPES image plots of
CeNiSn. An optical-microscopy (OM) image of a cleaved
surface and the Laue pattern for the ARPES-studied sur-
face are shown in Figs. 2(a) and (b), respectively. The
red-dotted elliptical circle in Fig. 2(a) denotes the size of
the incident photon beam, revealing that the ARPES and
FS data, presented in this work, were obtained from the
sufficiently flat region, corresponding to the well-defined
surfaces. In order to check the orientation of the mea-
sured surfaces, Laue diffraction measurements were done
before and after ARPES measurements. As an exam-
ple, the measured Laue pattern for the (001) surface is
shown in Fig. 2(b), which exhibits the two-fold symme-
try and confirms the measured surface to be the (001)
plane. In Fig. 2(c), the symmetry lines along YTY and
SXS are marked in red in the three-dimensional (3D)
orthorhombic BZ of CeNiSn.  Figure 2(d) shows the
schematic geometry for the ARPES measurements with
the linear horizontal (LH) and the linear vertical (LV)
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FIG. 3. (Color online) DFT band structures and comparison with ARPES. (a) Calculated bulk band structures of CeNiSn along
several high-symmetry lines, obtained in the DFT calculations. The zoomed-in view of a red circle shows the enlarged view of
the hourglass-type bulk band structures near the S point. (b) 3D BZ of CeNiSn, where the high-symmetry lines denoted in red
represent those along which ARPES spectra in (c)-(e) were obtained. (c) (Top) The measured ARPES image plots along YTV
for the energy range of —2 eV < E; < Ep, and the comparison with the calculated band structures on the right part. (Bottom)
The zoomed-out comparison for —0.8 eV < E; < Er along YI'Y. (d),(e) Similarly along SXS and ZI'Z, respectively. In
these comparisons, the calculated band structures are shifted by +0.2 eV upward. Along SXS, a yellow box in the bottom
panel denotes the hourglass-type bulk band structures predicted in the calculations. These data were obtained at T ~ 20 K.

polarizations, respectively. When photons are incident
on a sample at a glancing angle, as shown in Fig. 2(d),
the electric field (E) is always parallel to the measured
surface with the LV polarization, while E has both per-
pendicular and parallel components to the measured sur-
face with the LH polarization.

Figures 2(e) and (f) present the ARPES image plots
of CeNiSn along YTY and SXS symmetry lines, respec-
tively, obtained by varying hv’s from hv=72 eV, 90 eV,
102 eV, and 122 eV. The ARPES images in the top panel
were obtained with the LH polarization, and those in the
bottom panel were obtained with the LV polarization.
On top of each ARPES, the corresponding momentum
distribution curve (MDC) at Ef is displayed. In all of
them, very dispersive bands are observed, which arise
mainly from Ni 3d states [14], and the observed fea-
tures reveal the good quality of the measured ARPES
data for CeNiSn. As will be confirmed in Fig. 3, these
features indicate that they represent the intrinsic elec-
tronic structures of CeNiSn. The band shapes of these
dispersive bands change with changing hv, reflecting the
3D electronic structure of CeNiSn. Significant variation
in the highly dispersive bands is observed for the four

different hv’s. This is also observed in the MDC stacks
in Figs. 2(g) and (h), where the MDC peak positions
vary with changing hv’s. This reflects their 3D charac-
ter, which is highlighted later in the hv-dependent Ep
maps in Fig. 7. As discussed later, they do not corre-
spond to the Mobius-twisted TSSs of the 2D character
[12].

Note that the hvy=122 eV ARPES image plots appear
quite different from those obtained at other hv’s. This is
because Ce 4f emissions become strong at hv=122 eV,
which corresponds to the Ce 4d — 4f resonance energy,
while, at other hv’s, Ni 3d emissions are dominant [29].
At hv=122 eV, two flat bands at EFr and at ~ —0.3 eV
represent the Ce 4f Kondo states (4f5/, final states) and
the spin-orbit (SO) split side bands (4f7/, final states),
respectively. At hv=122 eV, apart from two flat bands,
highly dispersive bands are also observed, which exhibit
similar features at other hv’s. This similarity suggests
the existence of large hybridization between Ce 4f and
Ni 3d states.

We have compared the measured ARPES data with
the DFT band calculations, and show them in Fig. 3.
Figure 3(a) shows the calculated bulk band structures of
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FIG. 4. (Color online) Calculated Fermi surface (FS) and constant-energy (CE) contours of CeNiSn. (a) The calculated FS
and CE contours on the [100] (k, = 0) plane of CeNiSn, obtained from the density functional theory (DFT) calculations. The
initial-state energy E; for each CE contour is labeled on the top of each contour. (b) Similarly, for the [010] (k, = 0) and [001]
(ke = 0) planes of CeNiSn. Here the BZs in all the FS/CE contours represent those of the orthorhombic BZs.
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FIG. 5. (Color online) Comparison of the measured and calculated FS and CE maps on the [010] (k» = 0) plane of CeNiSn.
(Upper panel) The measured FS and CE maps with E;=0 eV (=FS), —0.1 eV, —0.3 eV, —0.5 ¢V, and —0.7 eV, respectively.
These data were obtained at the Ce 4f resonance (hv=122 eV) with the LH polarization and at T=20 K. (Lower panel) The
DFT-calculated FS and CE contours, cut at F;=—0.2 eV, —0.3 eV, —0.5 eV, —0.7 eV, and —0.9 eV, respectively. Black lines
denote the BZs for the orthorhombic structure. In this comparison, the Fermi level (Er) in the DFT calculations was shifted
upward by 0.2 €V (i.e., E'=FE — 0.2 €V). These data were obtained at T ~ 20 K.

CeNiSn along several high-symmetry lines, which were
obtained in the DFT calculations. The flat bands near
and above Er up to ~ 0.5 eV correspond to Ce 4 f states.
The bands centered around —1.5 eV and the dispersive
bands to Ep starting from these bands correspond to
mainly Ni 3d states. It is seen that these dispersive Ni
3d states are hybridized with the Ce 4f states near Ep.

In the zoomed-in view of the red circle in Fig. 3(a) is
shown the hourglass-type bulk band structures near the S
point. In Fig. 3(b) are shown the 3D BZ of orthorhombic
CeNiSn schematically, where three symmetry lines are
denoted in red, along which the measured ARPES im-
ages are compared with the calculated band structures
in Figs. 3(c)-(e).
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FIG. 6. (Color online) Comparison of the measured FSs and the calculated FSs of CeNiSn. (a) (Left) The measured FSs on
the [010] (ky = 0) plane, obtained at the Ce 4f resonance (hv=122 eV) with the LH polarization. (Right) The DFT-calculated
FS on the [010] (ks = 0) plane, which is unfolded into a larger BZ (in red) of the Ce-only unit cell (see Top of (c)). The
original orthorhombic BZs are denoted in black. (b) Comparison of the FS on the [001] plane of CeNiSn, obtained at hv=122
eV with the LH polarization, with the unfolded DFT-calculated CE on the [001] plane (see Bottom of (c)). Here the calculated
CE contour of E; = —0.1 eV is chosen. (c) (Top) Comparison of the Ce-only BZ on top of the [010] orthorhombic BZ.
(Bottom) Similarly for the [001] plane. (d) The [101] plane corresponding to the measured F'S shown in (e) is denoted in grey
in the 3D orthorhombic BZ. (e) (Left) The measured FS on the [101] plane, obtained at hy=78 eV with the LV polarization.
(Right) Comparison of the measured FS with the DFT-calculated CE on the [101] plane, superposed onto each other. In this
comparison, the calculated CE contour of F; = —0.2 eV is chosen and the orthorhombic BZ is shown. All the F'S data were

obtained at T=20 K

The top panels of Figs. 3(c)-(e) show the measured
ARPES image plots of CeNiSn along YTY, SXS, and
ZTZ, respectively, for the wide energy range (—2 eV
< E; < EF). On the right parts of the figures, the
measured ARPES images are compared with the corre-
sponding calculated band structures. Similarly, the bot-
tom panels of Figs. 3(c)-(e) show the ARPES and their
comparisons to the calculations for the narrow energy
range (—0.8 eV < E; < Er). In the comparisons between
ARPES and calculations, the calculated band structures
are shifted by +0.2 eV upward [30]. As described in
Fig. 2, the measured ARPES image plots reveal both
the dispersive bands, having mainly the Ni 3d charac-
ter, and the flat bands near EFr and ~ —0.3 eV, which
have the Ce 4f character. The existence of light-mass Ni
3d hole-like bands dispersing from —1 eV and converg-
ing at EFp at I' and X, and the existence of shallower
electron bands with ~ —0.2 eV minima at Y and S are
in reasonably good agreement between ARPES and the
overplotted DFT bands in Fig. 3(c)-(e). Note, however,
that the Ce 4f SO-side bands near —0.3 eV cannot be
described by simple DFT calculations. For the descrip-
tion of these Kondo states, one needs to resort to using
the dynamical mean-field theory (DMFT) band calcula-
tions, incorporating properly the Coulomb correlation of
Ce 4f electrons [14]. Figs. 3(c)-(e) show that the mea-

sured ARPES and the corresponding calculations along
YTY, SXS, and ZT'Z agree reasonably well in the wide
energy scale.

In Fig. 3(d) along SXS, a yellow box in the bottom
panel denotes the hourglass-type bulk band structures
predicted by the DFT band-structure calculations. In the
DFT calculations for CeNiSn [14], there are hourglass-
type bulk band crossings around the k=S point and the
resulting Dirac nodal-loop structures enclosing S in the
[100] BZ boundary. Both the hourglass-type band cross-
ings [14] and the Mobius-twisted TSS’s [12] arise from the
nonsymmorphic glide and screw-axis symmetries (Pnma
space group) of CeNiSn. Hence, it is significant to check
experimentally the existence of the hourglass-type band
crossings at low T'. A Dirac nodal-loop semimetallic state
having the hourglass-type band crossings is predicted to
be an equilibrium state in the absence of coherent Ce 4 f
bands at high 7', but the hourglass-type band crossings
are predicted to survive even at low T' [14]. In Fig. 3(d),
the hourglass-type band crossings along SX S are not ob-
served clearly in the measured ARPES images. On the
other hand, there are some features near the expected
hourglass structures with the energies and the slopes be-
ing similar to those of the DFT results. This finding, as
well as the general agreement between ARPES and cal-
culations in the wide energy scale, tends to imply that



the hourglass-type bulk bands indeed exist along SX S in
CeNiSn.

B. Constant Energy Contours and Fermi Surface

Figure 4 shows the calculated FS and constant-energy
(CE) contours of CeNiSn. The 2D BZs in Fig. 4 represent
those of three orthogonal [100] (k,=0), [010] (k»=0), and
[001] (k.=0) planes of the orthorhombic structure. The
initial-state energy (E;) for each CE contour is labeled
on the top of each contour. Figures 4(a) and (c) exhibit
the two-fold symmetry for the [100] and [001] planes,
while Fig. 4(b) exhibits the nearly four-fold symmetry
for the [010] plane, consistent with the lattice parameters
of CeNiSn. The calculated FS and CE contours on the
[100] plane of CeNiSn exhibit two FSs near the I' point.
With increasing |E;|, the size of the inner CE decreases,
while that of the outer CE increases, implying that the
inner and outer FSs originate from an electron pocket
and from a hole band, respectively. A similar trend is
observed in the FS and CE contours on the [001] plane,
implying that the inner FS has the electron character
while the outer FS has the hole character. In contrast,
FS and CE contours on the [010] plane exhibit rather
complicated features.

In Fig. 5 are compared the measured and calculated
FS and CE maps on the [010] plane of CeNiSn. The up-
per panel of Fig. 5 shows the measured CE maps on the
[010] plane of CeNiSn with FS (= E;=0 V), E;=—0.1
eV, —0.3 eV, —0.5 eV, and —0.7 eV, respectively, ob-
tained at hv=122 eV (the Ce 4f resonance) with the LH
polarization and at T=20 K. The lower panel of Fig. 5
shows the DF T-calculated CE contours on the [010] plane
of CeNiSn, cut at for F;=—0.2 eV, —0.3 eV, —0.5 €V,
—0.7 eV, and —0.9 eV, respectively. In this comparison,
we have compared the measured CEs with the calculated
CEs that are shifted by —0.2 eV (corresponding to shift-
ing Er upward by E'=F + 0.2 eV). These shifts in the
DFT-calculated CE maps yield a better agreement with
the measured CE maps, as in the comparison between
ARPES and the calculated band structures (see Fig. 3).

The trend in the measured CE maps with increasing
|E;| is similar to that in the calculated CE maps. Fur-
thermore, reasonably good agreement is found between
the measured and calculated CE maps, near the I'" point
(in the first BZ) for E;=0¢V, —0.1 eV, —0.5 eV, and —0.7
eV. These findings indicate that the measured CE maps
are obtained from the proper (010) surface and that they
represent the intrinsic features of the (010) surface. On
the other hand, the features in the outer BZs (the second
BZs surrounding the first BZ) in the measured CE maps
appear different from those in the calculated CE maps.
The major discrepancy is that the repeated features in
the measured CE maps are larger than that expected for
the orthorhombic BZ.
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FIG. 7. (Color online) The measured photon energy (hv)
maps. (a) Schematic drawing for the hv axis and the mea-
sured plane for the hv map shown in (b), which are denoted
in green in the 3D orthorhombic BZ. (b) The hv maps with
the horizontal axis || k» and the vertical axis (hv) along k.
(hv || kc), which cut through YT'Y. The hv map for the
Fermi-edge state (FS: E; = 0 eV) and that for the initial-state
energy (E;) of E; = —0.5 eV are presented. (c) Schematic
drawing of the measurement configuration for the hrv map in
(d). (d) The hv maps for FS and E; = —0.5 eV, which cut
through ZT'Z with the horizontal axis || k. and the vertical
axis (hv) along ky (hv || kb). In both (b) and (d), the hv
maps were obtained for 40 eV < hv < 150 eV with the LH
polarization, and the BZ is calculated by using the inner po-
tential of Vo = 12 eV. The arcs in the E; = —0.5 eV maps
represent the corresponding hv’s. These data were obtained
at T~ 20 K.

To understand the origin for such discrepancies, we
have examined the DFT-calculated FS for the original
orthorhombic structure and that unfolded into a larger
BZ of the reduced Ce-only unit cell [31]. Since the FS
and CEs in Fig. 5 were obtained at the Ce resonance
energy, it is likely that they represent those by the Ce
4f states near Er. Thus we have compared some of the
measured hy=122 eV FSs with the unfolded FSs in Fig. 6
by taking into account the effect of the reduced Ce-only
unit cell. The left panel of Fig. 6(a) shows the measured
FS on the [010] plane, obtained at the Ce 4f resonance
(hv=122 V) with the LH polarization at 7=20 K. The
right panel of Fig. 6(a) shows the DFT-calculated F'S on
the [010] plane, which is unfolded into a larger BZ (in
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FIG. 8. (Color online) Angle-integrated PES spectra of
CeNiSn, measured T' ~ 20 K. (a) Comparison of the survey
PES spectra of CeNiSn, where Sn 4d core levels are included.
They were obtained at the Ce 4f resonance (hv=122 eV) and
away from the Ce 4f resonance (hv=90 eV), respectively. (b)
Angle-integrated valence-band PES spectra of CeNiSn, ob-
tained at the Ce 4f on resonance (hv=122 eV) and with the
linear horizontal (LH) polarization (black) and the linear ver-
tical (LV) polarization (red), respectively. (c) The near-Er
PES spectrum of CeNiSn in comparison with that of Au as a
Fermi-level reference. Both were obtained at 122 eV with the
LH polarization and the experimental resolution of 20 meV
(AE =~ 20 meV). (d) Comparison of the near-Er PES spec-
trum of CeNiSn before (black) and after (red) being divided
by a broadened Fermi Dirac distribution (FDD) function with
T.;y=60 K. Green curve shows the Au spectrum divided by
the FDD function.

red) of the Ce-only unit cell. The original orthorhombic
BZ is denoted in black and that for the reduced Ce-only
unit cell is denoted in red. The relation between the
reduced Ce-only unit cell and the orthorhombic unit cell,
the relation between the enlarged Ce-only BZ and the
orthorhombic BZ, and the unfolded FS calculations are
described in Ref. [31] (see Fig. 1, Fig. 6, and Fig. 7
in Ref. [31]). In this comparison, the calculated CE with
E;=—-0.1 eV was chosen in both Fig. 6(a) and (b) because
they yield good agreement with the measured FS and the
amount of shift is similar to that employed in the ARPES
comparison (+0.2 eV upward shift) (see Fig. 3).

Indeed good agreement is found between the measured
FS and the unfolded FS on the [010] plane, supporting
that the discrepancy in the periodicity between the mea-
sured hv=122 eV FS and the calculated FS for the or-
thorhombic BZ arises from the fact that the hv=122 eV
FS represents that due to the Ce 4f electrons. Simi-
larly, in Fig. 6(b) are compared the measured F'S on the

[001] plane (left), obtained at hry=122 eV with the LH
polarization, with the unfolded DFT-calculated CE on
the [001] plane in the enlarged Ce-only BZ (right). In
this comparison, the calculated CE contour of F; = —0.1
eV is chosen because the intensity of the calculated FS
(E;=0 eV) is very weak. Similarly as for the [010] plane,
a reasonably good agreement is found between the mea-
sured and the calculated FSs. From top to bottom in
Fig. 6(c) are compared the Ce-only BZs on top of the
[010] and the [001] orthorhombic BZ, respectively.

On the other hand, Ni 3d emissions are dominant away
from the Ce 4 f resonance, so that the measured FS away
from the Ce 4f resonance is expected to represent that
determined mainly by the Ni 3d states that cross Ep.
Hence, we also compare the FS, obtained away from the
Ce 4f resonance, with the DFT-calculated FS that is
not unfolded into a Ce-only BZ. For this purpose, we
have chosen hv=78 eV FSs on the [101] plane, and show
them in Fig. 6(e). The [101] plane, corresponding to the
measured FS at hv=T78 eV (see Fig. 6(e)), is denoted
in grey in the 3D orthorhombic BZ in Fig. 6(d). The
left and right panels of Fig. 6(e) show the FS on the
[101] plane, obtained at hv=78 eV with the LV polariza-
tion, and the comparison between experiment and theory.
Here the DFT-calculated FS (red curves) is superposed
on the measured FS. The hv=78 eV FS is similar to
that in Ref. [15]. Since Ni 3d emissions are dominant
at hv=T78 eV, the measured FS is expected to represent
that determined mainly by the Er-crossing Ni 3d states.
Hence, in Fig. 6(e), the calculated FS is drawn for the
orthorhombic structure and the BZ is not unfolded into
a Ce-only BZ in contrast to the comparisons made in
Figs. 6(a) and (b). This comparison reveals a reasonably
good agreement between experiment and theory, confirm-
ing that the F'S obtained at hv=78 eV indeed represents
that by the Ni 3d states and the intrinsic features of the
(101) surface of CeNiSn.

C. Photon Energy Map and 3D Electronic
Structures

Figure 7 shows the measured hv maps of CeNiSn for
FS and the initial-state energy (F;) of E; = —0.5 eV,
obtained for hr between 40 eV < hr < 150 eV at T=20
K with the LH polarization. Figure 7(a) shows the hv
axis and the measured plane by the hr map, shown in
Fig. 7(b), in the 3D orthorhombic BZ. These hv maps
cut through YT'Y, with the horizontal axis parallel to &
(Il kco10y) and the vertical hv-axis along k. (hv || k.), so
that the measured FS and CE contours represent those
on the ky-k. plane (= [100] plane). The hy map for
the Fermi-edge state (E; = 0 eV), corresponds to FS.
The arcs in the E; = —0.5 eV hv map represent the
corresponding hv’s. Similarly, Fig. 7(c) shows the hv
axis and the measured plane by the hv map, shown in
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FIG. 9. (Color online) T-dependent 4f states of CeNiSn. (a) (Left) The schematic drawing of the symmetry line, along which
ARPES data were obtained. It is denoted in red in the 2D orthorhombic BZ for the [101] plane. (Right) The ARPES images
along YT'Y for selected temperatures. These were obtained at hv = 122 eV with the LH polarization. On top of each ARPES
is displayed the corresponding MDC at Er. (b) The T-dependence of the angle-integrated energy distribution curves (EDCs)
from 10 K to 210 K. (c) The T-dependent MDCs of the Fermi-edge states along YTY from 10 K to 210 K. (d) The intensity
plots of the MDCs of the Fermi-edge states along YT'Y from 10 K to 210 K. (e) The intensity plot of the MDC peak at ky = 0

of the Fermi-edge states vs. log(T).

Fig. 7(d). These hv maps cut through ZT'Z, with the
horizontal axis parallel to k. (|| k(o1) and the vertical hv-
axis along kp, so that the measured FS and CE contours
also represent those on the k.-k;, plane ([100] plane). In
both Figs. 7(b) and (d), the BZ is calculated by using
the inner potential of Vp = 12 eV [32].

Note that these hv maps in Figs. 7(b) and (d) are rel-
evant to the confirmation of the Mobius-twisted TSSs,
which are predicted to be within the very narrow region
of the bulk insulating gap (in the k space) along X'T'X in
the (010) surface BZ, i.e., along k(100 in the (010) surface
BZ (see Fig. 1(d)). Namely, if there exist FSs arising from
the TSSs on the (010) surface, straight line-like FSs are
expected to be observed along k;, (hv || ks), indicating the
2D surface electronic structure of the Fermi-edge states.
In the FS (E; = 0 eV) in Fig. 7(b), a circular FS centered
at the I' point is observed, the size of which is found to
increase with increasing |E;| (not shown here), implying
its character to be the hole-pocket type FS. This argu-
ment is consistent with the observation of the increasing
size of the FS centered at the I' point in Fig. 7(d) for
larger |E;|. However, no straight line-like FSs are ob-
served along k;, in both Fig. 7(b) and (d), suggesting
that these Fermi-edge states correspond to the 3D bulk
states. To summarize, the measured hv maps for CeNiSn
reveal that the metallic Ep-crossing states in the (010)

surface BZ have the 3D nature, which seems to be against
the 2D character of the predicted Mobius-twisted T'SSs
in CeNiSn.

D. T-dependent Ce 4f States and Topological
Electronic Structure

Figure 8(a) shows the angle-integrated survey photoe-
mission spectroscopy (PES) spectra of CeNiSn, obtained
at the Ce 4f on-resonance (hv=122 eV) and well away
from the resonance (hvy=90 eV), respectively. Clean Sn
4d core-levels are observed around ~ —24 eV, which ex-
hibit the spin-orbit (SO)-split 4ds,, and 4ds/, peaks.
This comparison shows clearly that both the Ce 4 f states
(in the valence band) and Ce 5p states (~ —18 eV) are
enhanced at hv=122 eV due to the Ce 4d — 4f reso-
nance. The different line shapes of the valence-band spec-
tra, obtained at hvy=90 eV and hv=122 eV, reveal that
the Ce 4f states are located near Er while most of the Ni
3d states are located around ~ —1.2 eV (see hv=90 eV
spectrum) [29]. Figure 8(b) shows the angle-integrated
valence-band PES spectrum of CeNiSn, obtained at the
Ce 4f on resonance (hv=122 eV) with the LV polariza-
tion. The schematic geometry of the LV polarization
measurement is shown in Fig. 2(c). The feature at
~ —1.2 eV represents the Ni 3d electron emission, which



is supported by the hv=90 eV spectrum in Fig. 8(a). As
is typical in Ce systems, the Ce 4f PES emissions ex-
hibit double-peak structures, one near Fr and the other
at a deep binding energy (BE). The high BE peak at
~ —2.5 eV represents the trivalent Ce 4f! — 4f° transi-
tion (a bare Ce 4f° peak) [33, 34]. The peak near Ep is
the Kondo peak, corresponding to the 4f! — 4f! tran-
sition, arising from the hybridization between Ce 4 f and
conduction-band electrons [35-37]. The second peak at
E; ~ —0.3 eV is the Kondo side-band peak, correspond-
ing to the SO-split 4f7/, final state.

Figure 8(c) shows the near-Ep PES spectrum of
CeNiSn, in comparison with a Fermi-level reference Au.
Both were obtained at hr=122 eV and at T = 20 K,
which is below the estimated Tk’s in Fig. 1(c). The
same experimental resolution (AF =~ 20 meV) was em-
ployed for these data. To determine the intrinsic den-
sity of states (DOS) near Er for the Ce 4f states, we
have divided the hvy=122 eV spectrum of CeNiSn by a
broadened Fermi Dirac distribution (FDD) function, the
results of which are shown in Fig. 8(d). As a reference,
the Au spectrum divided by the FDD function is also
shown in Fig. 8(d) (green curve), which reveals the flat
DOS above Er, in agreement with the expected DOS for
Au. In contrast, the FDD-divided Ce 4f PES spectrum
of CeNiSn exhibits an increasing DOS above Ef, con-
firming that the Ce 4f peak below Ep corresponds to
the tail of the Kondo resonance peak that is located just
above EF [35, 36]. Hence the analysis of the near-Ep
spectrum of CeNiSn using the FDD function confirms
the existence of the Ce 4f Kondo peak in CeNiSn. The
Ce 4f Kondo peak clearly reveals the overall metallic
bulk ground state of CeNiSn, consistent with its Kondo
semimetallic nature. This feature also suggests that the
region for the existence of the Mobius-twisted TSS in the
k space could be very small. In other words, the bulk in-
sulating region of CeNiSn in the k£ space would be very
small. This finding makes it difficult to make a direct
observation of the M&bius-twisted T'SS experimentally.

We now discuss the T-dependence of the Ce 4f Kondo
states in CeNiSn, by showing the T-dependent ARPES of
the Ce 4f states in Fig. 9. The left of Fig. 9(a) shows the
2D orthorhombic BZ for the [101] plane of CeNiSn, where
the YT'Y symmetry line is denoted in red, along which
ARPES data were obtained. The right of Fig. 9(a) shows
the ARPES image plots along YT'Y for selected temper-
atures. All the ARPES data were obtained at Ce 4 f res-
onance (hv = 122 ¢V) with the LH polarization. On top
of each ARPES is displayed the corresponding MDC at
Er. The ARPES image plots exhibit a strong Fermi-edge
peak near the I" point at low T', which becomes weakened
upon heating, and disappears finally. Figure 9(b) shows
the angle-integrated energy distribution curves (EDCs)
from 10 to 210 K. They reveal the T variation in the am-
plitude and width of the Ce 4f Kondo resonance states
near Er. With increasing T', the intensity of the Ce 4f
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Kondo peak decreases dramatically with the concomitant
broadening of its energy width. This trend is similar
to that of CeRhSb, an isostructural TKI candidate [31].
The additional broad feature at ~ —0.3 €V represents a
SO-split 4 f7/ final-state (SO side-band peak), which is
rather insensitive to 7.

This behavior is shown clearly by plotting the MDCs
of the Fermi-edge states along YI'Y. The MDC line cuts
along YTY from 10 K to 210 K are shown in Fig. 9(c)
and the corresponding MDC images of the Fermi-edge
states from 10 K to 210 K are shown in Fig.  9(d).
The T-dependent variation of the MDCs of the Fermi-
edge states manifests that, upon heating, the sharp peaks
broaden into broad humps above T' ~ 80 K, which is sup-
ported by the trend in the MDCs shown in Fig. 9(a). This
finding indicates that the Ce 4f Kondo resonance states
along YT'Y are suppressed above ~ 80 K, suggesting that
the Kondo temperature (T ) is approximately 80 K.

This feature is seen more clearly in the intensity plot
of the peak at k;, = 0 in the MDCs of the Fermi-edge
states vs. log(T') shown in Fig. 9(e). According to the
impurity Kondo model, the Kondo resonance peak has
the logarithmic dependence on 7', the intensity of which
falls to a half of the T=0 K peak height at T' =~ 0.5Tk
[38]. As shown in Fig. 9(e), the Kondo peak indeed re-
veals the logarithmic T-dependence, and it becomes half
at T ~ 40 K, yielding Tx ~ 80 K. This value of Tk is
indeed consistent with those estimated from p(T) data
in Fig. 1(c). This feature also suggests that, due to the
expected lower Ti,p, than Tk (Ti.n was estimated to be
~ 15 K in Fig. 1(c)), it would be hard to clearly observe
either the coherent hybridization gap that is to be formed
below T,,;, or the TSSs that are supposed to emerge
inside the gap in the temperature range of the present
ARPES measurement.

Finally, we would like to remark on the possible topo-
logical electronic structure of CeNiSn. In this work, we
have succeeded in obtaining the intrinsic FS and ARPES
data for three orthogonal planes of CeNiSn. The mea-
sured ARPES data reveal the dispersive bands of mainly
Ni 3d character and the flat Ce 4f Kondo resonance.
However, in the measured ARPES data for CeNiSn (see
Fig. 2), no M&bius-twisted TSSs are observed, which ap-
pears to be inconsistent with the topological nature of
CeNiSn. Nonetheless, the missing T'SSs are not against
the prediction of CeNiSn being a possible TKI because
the Mobius-twisted TSSs might exist within the very
small bulk energy gap near Er as well as within the
very narrow region of the bulk insulating gap in the k
space along k(100) in the (010) surface BZ. On the other
hand, the weak features of the hourglass-type bulk band
crossings are observed along SX S in the ARPES images
on the [100] BZ boundary plane, with the energies and
the slopes being similar to those in the DFT calculations
(see Fig. 3), which provides some evidence for the Dirac
nodal-loop semimetallic nature of CeNiSn and serves as



a positive step for CeNiSn being a possible TKI. In order
to confirm the existence of the T'SSs in CeNiSn, the state-
of-art ARPES experiment would be required, which sat-
isfies the experimental conditions of the exposure of the
perfectly flat plane, very low temperature, and very high
energy resolution. Above all, it is important to prepare
the flat (010) surface plane of CeNiSn, which is difficult
because the easy cleavage plane of CeNiSn is the (101)
surface plane [19].

IV. CONCLUSION

By employing T-dependent ARPES, the electronic
structure of a potential TKI candidate and a Dirac nodal-
loop semimetal CeNiSn has been investigated. We have
successfully measured the FSs and the band structures of
CeNiSn for three orthogonal crystallographic planes. The
very dispersive bands of mainly Ni 3d character and the
flat Ce 4 f Kondo resonance are observed. The measured
FSs and ARPES bands agree well with the DFT calcu-
lations, indicating that the measured FSs and ARPES
band structures are intrinsic to CeNiSn. The Fermi-
state hv-map on the k.-kp plane (with the vertical hv-axis
along kp) reveals the 3D character for the metallic Ep-
crossing states, which refutes the observed FEp-crossing
metallic states being the Mobius-twisted TSSs of the 2D
character on the (010) surface. Nevertheless, the weak
features of the hourglass-type bulk band crossings are ob-
served along SXS in the ARPES images, with the ener-
gies and slopes being similar to those in the DFT calcu-
lations. This finding provides a positive step toward the
investigation of the TKI nature of CeNiSn with the state-
of-art ARPES experiment. In the T-dependent Ce 4f
ARPES measurement, the Ce 4f kondo resonance states
are observed at low T, which become weak with increas-
ing T" and vague above ~ 80 K, consistent with the Tk
values of CeNiSn estimated from p(T) data. This work
suggests the importance of the coherent Kondo states in
determining the topological properties of CeNiSn.
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