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Ta,NiSs is supposed to be a simple semiconductor in which excitonic instability of Ta,NiSes is suppressed
due to its large band gap. However, the Ni 2p core-level photoemission of Ta,NiSs exhibits a satellite indicating
Ni 3d orbitals are mixed into its conduction band as expected in an excitonic insulator. The valence band does not
show dispersion flattening and spectral sharpening which are fingerprints of an excitonic insulator. Instead, Ni
3p-3d resonant photoemission indicates Mottness of the Ni 3d electron in Ta,NiSs with negative charge-transfer
energy. The present results show that Ta,NiSs can be viewed as a valence bond insulator with a band gap

exceeding the exciton binding energy.

DOI: 10.1103/PhysRevB.100.245129

I. INTRODUCTION

Semimetals with hole and electron Fermi pockets or semi-
conductors with a narrow band gap tend to exhibit charge-
spin-orbital density wave transitions due to electronic cou-
pling between the Fermi surfaces or between the valence band
top and the conduction band bottom. Such charge-spin-orbital
instabilities can be described by the theoretical framework of
the excitonic insulator which was established in the 1960s
[1-4]. When the exciton binding energy between the hole
and electron is larger than the magnitude of the band gap,
the semiconductor or semimetal ground state undergoes the
coherent formation of excitons which corresponds to the
transition to the charge-spin-orbital density waves.

As for candidates of excitonic insulator, Tm(Se,Te) has
been proposed to be an excitonic insulator under pressure
[5-7], although it is not established yet due to the difficulty
of spectroscopic study under pressure. Another candidate
1T-TiSe, [8] has been studied by means of angle-resolved
photoemission spectroscopy (ARPES) [9-16] as well as time-
resolved ARPES [17] and electron energy loss spectroscopy
[18]. Although the spectroscopic studies on 17'-TiSe, have
suggested the excitonic coupling between the valence band
top and the conduction band bottom, it is still controversial
whether the transition of 17-TiSe, is driven by excitonic
coupling or electron-lattice coupling. In addition, the effect
of excitonic coupling has been discussed in strongly corre-
lated transition-metal oxides such as PrysCag 5CoQO3 [19] and
CayRuOy4 [20], in which the interplay between Mottness and
excitonic coupling may create novel quantum states.

Among the excitonic insulator candidates, Ta,NiSes is
very unique in that it is semiconducting below and above
the transition temperature [21,22]. In addition, the transition
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is accompanied by a very small lattice distortion in contrast
to the large distortion in 17-TiSe,. Therefore, Ta;NiSes is
likely to be the most promising candidate located in the
semiconducting side of the excitonic insulator phase diagram.
Actually, ARPES studies on Ta;NiSes suggest the BEC type
transition [23,24], which is consistent with the theoretical
calculations on a realistic model [25-27]. On the other hand,
semiconducting Ta;NiSs5 does not show any transitions prob-
ably due to the relatively large band gap as demonstrated by
the recent transport and optical studies [28—30]. In Ta,NiSes,
ultrafast optical response of the excitonic order parameter has
been extensively studied by a pump-probe reflectivity experi-
ment [31,32] and time-resolved ARPES [33,34]. In Ta,;NiSs,
the exciton binding energy is smaller than the band gap and
the excitonic instability can be suppressed [29]. However, a
time-resolved ARPES study has revealed that the band gap of
Ta,NiSs collapses by optical excitation in a similar manner
to Ta;NiSes [34]. Therefore, although Ta,;NiSs does not show
any phase transitions, its electronic structure may deviate from
that of conventional band insulators. In this context, it is very
interesting to study the electronic structure of Ta;NiSs and
compare it with that of Ta;NiSes.

II. EXPERIMENT

Single crystals of Ta,NiSs were grown as reported in
the literature [28]. The single crystals were cleaved in situ
for XPS and ARPES measurements. XPS was performed at
room temperature using a JPS9200 analyzer equipped with a
monochromatized Mg Ko line (hv = 1253.6 eV) as a light
source with an energy resolution of ~0.6 eV. The ARPES
measurements were performed at beamline 28A of Photon

©2019 American Physical Society
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FIG. 1. (a) Crystal structure of Ta,NiSs created by VESTA [35], electronic configurations for Ni 3d%, 3d°, 3d'°, Ta 5d°, 5d', and the
Brillouin zone of Ta,NiSs. The Ni chain and Ta double chain run along the a axis. (b) ARPES spectra taken at 200 K for the entire valence
band for Ta,;NiSs along the a axis with photon energy of 59 eV, along the ¢ axis with photon energy of 59 eV, and along the b axis with photon

energies from 57 eV to 69 eV.

Factory, KEK using a SCIENTA SES-2002 electron analyzer
with circularly polarized light. The total energy resolution
was set to 20-30 meV for the excitation energies from
hv = 41-67 eV. The base pressure of the spectrometer was in
the 10~ Pa range. The single crystals oriented by ex situ Laue
diffraction were cleaved at 200 K under the ultrahigh vacuum
and the spectra were acquired at various temperatures. The
Fermi level (Er) was determined using the Fermi edge of gold
reference samples.

III. RESULTS AND DISCUSSION

The orthorhombic crystal structure of Ta,NiSs is illus-
trated in Fig. 1(a). The Ni chain and Ta double chain run
along the a axis. The cleavage surface corresponds to the ac
plane. Possible electronic configurations for Ni 34 and Ta
5d and one-eighth of the Brillouin zone are also illustrated
in Fig. 1(a). Figure 1(b) shows the band dispersions of the
entire valence band for Ta;NiSs. The valence band exhibits
substantial dispersions along the a axis (chain direction) cor-
responding to the Z-U or T-R direction in the Brillouin zone.
On the other hand, the band dispersions along the Z-I" or
T-Y direction are relatively small, which is consistent with
the ARPES results for Ta,NiSes [23,24]. In addition, the
band dispersions are negligibly small along the Z-T direction,
which is perpendicular to the cleaved surface.

Figure 2 shows the Ni 2p core-level XPS spectra
of Ta,;NiSes and Ta;NiSs. Both Ta;NiSes and Ta;NiSs

exhibit the satellite structure located at the binding energy
of ~861 eV. The satellite structure can be reproduced by the
NiS; or NiSe, cluster model calculation. The calculated result
with U = 3.0 eV, A = -2.5 ¢V, and (pdo) = —2.2 eV is
indicated by the solid curve in Fig. 2. The agreement between
the calculation and the experimental results is reasonably
good, indicating that both Ta;NiSes and Ta,NiSs have the
negative A. Here U, A, and (pdo) are the multiplet-averaged
d-d Coulomb interaction energy, the Se 4p(S 3p)-to—-Ni 3d
charge transfer energy, and the transfer integral written in the
Slater-Koster manner [36-38]. In the present cluster model,
the Coulomb interaction between the Ni 3d electrons are
given by the Slater integrals F%(3d, 3d), F*(3d, 3d), and
F*(3d,3d). The average Ni 3d-Ni 3d Coulomb interaction
U is expressed by F°(3d, 3d) and is an adjustable parameter.
F2(3d, 3d) and F*(3d, 3d) are fixed to 80% of the atomic
Hartree-Fock values [39]. The Coulomb interaction between
the Ni 2p core hole and the Ni 3d electron is expressed by the
Slater integrals F°(2p, 3d), F>(2p, 3d), and G' (2p, 3d). The
average Ni 2p—Ni 3d Coulomb interaction Q is expressed by
FO%Q2p, 3d) and is fixed to U/0.8. F2(2p, 3d) and G'(2p, 3d)
are fixed to 80% of the atomic Hartree-Fock values [39].
The ground state with *7, symmetry is given by a linear
combination of d%, d°L, and d'°L? configurations, where L
denotes a ligand hole in the S 3p or Se 4p orbital. The final
states are given by linear combinations of cd®, cd’L, and
cdVr? configurations, where ¢ denotes a Ni 2p core hole. The
negative charge transfer energy A = —2.5 eV shows that the
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FIG. 2. Upper panel: Ni 2p core-level spectra of Ta,NiSes (red
circles) and Ta,NiSs (blue triangles) and the calculated spectrum
(solid curve) obtained by the cluster model calculation. Lower panel:
calculated line spectra without broadening which are decomposed
into d®, d°L, and d'°L>.

ground states are dominated by d°L rather than d® and that
holes are already located at the itinerant S 3p or Se 4p orbitals
in the ground state.

The existence of the charge transfer satellite has encour-
aged us to perform a Ni 3p-3d resonant photoemission mea-
surement. Figure 3 shows the Ni 3p-3d resonant photoemis-
sion spectra for Ta;NiSes and Ta;NiSs. The intensity of the
satellite region around ~ — 5 eV below Ep depends on the
incident photon energy indicating the interference between
the 3d°L — 3d3L + € process and the 3d°L — c3d'°L —
3d®L + € process. Here, ¢ denotes a Ni 3p core hole. The
resonance behavior is somewhat similar to that reported for
NiS, with small charge transfer energy [40]. The enhancement
of the satellite at the resonance (hv = 65 eV) is stronger
in Ta;NiSs; than in Ta;NiSes. As shown in the insets of
Fig. 3, the intensity of the satellite is enhanced by ~80% in
going from hv =57 eV to 65 eV for Ta,NiSs, while it is
enhanced by ~20% for Ta,NiSes. In addition, the resonance
behavior of the main valence band at ~ —2 eV is much
more significant in Ta;NiSs than in Ta;NiSes. In Ta;NiSs, the
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FIG. 3. (a) Ni 3p-3d resonant photoemission spectra for
Ta,NiSs. The inset shows the photon energy dependence of the
intensity at —5.5 eV. (b) Ni 3p-3d resonant photoemission spectra
for Ta,;NiSss. The inset shows the photon energy dependence of the
intensity at —5.0 eV.

small spectral weight around —0.2 eV observed at hv = 57 eV
can be assigned to a surface state formed within the band
gap.

The unoccupied part of the Ni 3d and S 3p orbitals indi-
cated by the Ni 2p XPS for Ta;NiSs would be consistent with
the excitonic coupling between the Ni 3d—S 3p valence band
and the Ta 5d conduction band. However, the unoccupied Ni
3d or S 3p level is not sufficient to have an excitonic insulator
transition. Since the band gap of Ta,;NiSs is larger than the
excitonic binding energy, the excitonic instability is expected
to be suppressed. As for Ta;NiSes, since the Ni 3d-Se 4p
state is coupled to the Ta 5d state, the excited Ni 3d—Se 4p
electron quickly escapes from the Ni 3 p core hole site to the Ta
5d site to suppress the resonance. In this situation, the Ni 3p
core hole tends to decay by the normal Auger process. Indeed,
the Auger peak is clearly observed in Ta;NiSes as shown in
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FIG. 4. (a) Band dispersions and energy distribution curves taken
at 200 K with photon energy of 65 eV for Ta,NiSs. The triangles
and squares indicate band positions determined from energy and
momentum distribution curves. (b) Band dispersions and energy
distribution curves taken at 200 K with photon energy of 65 eV
for Ta,NiSes. (c) Band dispersions and energy distribution curves
taken at 40 K with photon energy of 65 eV for Ta,NiSs. (d) Band
dispersions and energy distribution curves taken at 40 K with photon
energy of 65 eV for Ta,NiSes.

Fig. 3(b). On the other hand, in Ta;NiSs without the excitonic
coupling, the excited Ni 3d—S 3p electron remains at the Ni 3p
core hole site and provides the Ni 3p-3d resonance behavior.
The strong resonance behavior is derived from Mottness of Ni
3d indicating that Ta;NiSs is a valence bond insulator with
localized Ni 3d and S 3p holes.

The next question is why Ta,;NiSs can have the substantial
band gap in spite of the unoccupied Ni 3d orbitals similar
to Ta;NiSes. When the Ni 3d orbitals are partially occupied
and the charge transfer energy is positive, the system becomes
a charge transfer type Mott insulator such as CuO [36,37].
On the other hand, the system with negative charge transfer
energy can be described as a valence bond insulator just like
NaCuO; [41]. Therefore, in Ta,;NiSs, the S 3p ligand hole is
strongly tied to the Ni 3d hole forming the spin singlet state.
The substantial band gap is formed by the local hybridization
between the Ni 3d and S 3p orbitals exceeding the exciton
binding energy.

Figures 4(a) and 4(b) show the ARPES spectra of the
valence band around the Z point of the Brillouin zone for
Ta,NiSes and Ta,;NiSs taken at 200 K, respectively. Since the
exciton binding energy of about 0.3 eV is smaller than the
band gap of Ta,;NiSs [29], the excitonic insulator transition
is expected to be suppressed. Figures 4(c) and 4(d) show

the valence band ARPES spectra of Ta;NiSes and Ta,;NiSs
taken at 40 K, where the dispersion flattening and spectral
sharpening are clearly seen in Ta,;NiSes consistent with the
previous studies [23,24]. On the other band, the valence
band dispersion does not show any appreciable change in
TazNiSS.

The satellite structure in the Ni 2p photoemission spectra
indicates the 3d°L character both in Ta;NiSes and Ta,;NiSs,
where L represents a ligand hole. In the simplified picture,
the difference between Ta,NiSes and Ta,;NiSs depends on
whether the ligand hole is tied to the Ni site or the Ta
site. In the case of Ta;NiSs, the ligand hole is confined in
the NiS4 cluster, and the system becomes a valence bond
insulator where the Ni 3d spins and ligand holes form a
spin singlet and obtain a band gap larger than the exciton
binding energy. On the other hand, in Ta;NiSes, since the
ligand hole is not confined in the NiSe4 cluster, the band
gap becomes smaller than the exciton binding energy and
the system exhibits the excitonic instability. The proximity
between the valence bond insulator and the excitonic insu-
lator suggests that transition-metal compounds with negative
charge transfer energy with d"*'L ground state may have
instability towards excitonic insulators. It would be interesting
to explore high valence transition-metal oxides or transition-
metal chalcogenides along this line as possible candidates of
excitonic insulators.

IV. CONCLUSION

In summary, we have investigated the electronic structure
of Ta;NiSs by means of Ni 2p x-ray photoemission, Ni 3p-3d
resonant photoemission, and angle-resolved photoemission
spectroscopy. In the Ni 2p core-level spectra, Ta;NiSs and
Ta,;NiSes commonly exhibit charge transfer satellites, indi-
cating that the Ni 3d subshell is partly unoccupied and that
the S 3p or Se 4p orbitals accommodate holes. The Ni 3p-3d
resonance spectra indicate that the S 3p hole is bounded to the
Ni site in Ta;NiSs, while the Se 4p hole is more itinerant in
Ta,;NiSes. The dispersion flattening and spectral sharpening
of the valence band are observed only in Ta;NiSes, and the
excitonic instability is suppressed in Ta,;NiSs. Ta;NiSs can
be viewed as a valence bond insulator in which the band
gap is formed due to hybridization between localized Ni 3d
electrons and S 3p holes. The present work suggests that the
transition-metal compounds with small or negative charge-
transfer energies may commonly show excitonic instability if
the coupling between the transition-metal d electron and the
ligand p hole can be modified by chemical effect or external
stimuli.
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