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Excitonic Insulator State in Ta,NiSes; Probed by Photoemission Spectroscopy
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We report on a photoemission study of Ta,NiSes that has a quasi-one-dimensional structure and an
insulating ground state. Ni 2 p core-level spectra show that the Ni 3d subshell is partially occupied and the
Ni 3d states are heavily hybridized with the Se 4p states. In angle-resolved photoemission spectra, the

valence-band top is found to be extremely flat, indicating that the ground state can be viewed as an
excitonic insulator state between the Ni 3d—Se 4p hole and the Ta 5d electron. We argue that the high
atomic polarizability of Se plays an important role to stabilize the excitonic state.
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The idea of an excitonic insulator was theoretically
proposed to be realized in a semiconductor or in a semi-
metal having a very small band gap E; [1,2]. A very low
carrier concentration results in weakly screened Coulomb
interaction between a hole and an electron leading to an
electron-hole bound state or an exciton. If the exciton
binding energy Ejp exceeds the magnitude of Eg, then
the semiconducting or semimetallic ground state becomes
unstable against the coherent formation of excitons, and
the new ground state is called an excitonic insulator. A
transition from a semiconductor to an excitonic insulator is
characterized by a Bose-Einstein condensation of excitons
while a semimetal undergoes a BCS-like transition to an
excitonic insulator [3]. Because of excitonic coupling be-
tween the valence-band top and conduction-band bottom,
which are separated by a wave vector of w in reciprocal
space, an excitonic insulator is often accompanied by a
new long range order with periodicity of 27/|w|.

However, actual compounds studied from the viewpoint
of excitonic insulator states are numbered. One example is
17-TiSe, which undergoes a 2 X 2 X 2 charge-density-
wave transition at around 200 K [4] and is attracting further
interests due to the recent discovery of superconductivity
induced by intercalation of copper [5]. Thus, many experi-
mental works including angle-resolved photoemission
spectroscopy (ARPES) have been performed on
17-TiSe,, and the ARPES data have been analyzed in
relevance to the excitonic insulator transition and its rela-
tion to the superconductivity [6-9]. Another candidate is
Tm(Se,Te) that is also reported to undergo a transition to an
excitonic insulator state by applying pressure [10].

Very recently, inspired by the discovery of superconduc-
tivity in Fe arsenides [11], Sawatzky et al. have proposed a
new pairing mechanism due to the screening effect of
anions with high atomic polarizability [ 12]. Since selenium
or arsenic atoms have relatively large atomic polarizability,
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local Coulomb interaction between electrons (or holes)
tends to be well screened in selenides or arsenides com-
pared to oxides. On the other hand, screening of electron-
hole interaction is expected to be more insensitive to the
change of anion polarization than that of electron-electron
and hole-hole interaction since the electron-hole pair does
not produce local net charges either positive or negative.
This situation benefits the formation of excitonic insulator
states, and such a chemical trend is consistent with the fact
that the candidates for excitonic inslulators are mainly
selenides. In this view, transition-metal chalcogenides
seem to be more promising than oxides for realizing new
excitonic insulator states.

In the present work, we introduce Ta,NiSes as a new
candidate for this excitonic insulator phase. We analyze the
electronic structure of Ta,NiSes by means of x-ray photo-
emission spectroscopy (XPS) and ARPES, and conclude
that the ground state of Ta,NiSes is characterized by the
excitonic coupling between the Ni 3d—Se 4p hole and the
Ta 5d electron at the I point.

Ta,NiSes has a layered structure stacked loosely by
van der Waals interaction. In each layer, nickel single
chains and tantalum double chains are running along the
a axis and aligned alternately along the ¢ axis forming a
quasi-one-dimensional structure. Selenium atoms are co-
ordinated around the nickel atoms tetrahedrally and/or
around the tantalum atoms octahedrally (see Fig. 1).

Its resistivity shows a metal-like behavior above 550 K
while it becomes semiconductor-like below 500 K with an
anomaly at 328 K which is attributed to a structural (mar-
tensitic) phase transition [13]. Magnetic susceptibility ex-
hibits diamagnetism with an anomaly at the same
temperature found in the resistivity. Although it is well
known that many tantalum chalcogenides undergo phase
transitions accompanying charge-density-wave (CDW) or-
ders [14], they are not found in this system. In spite of the
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FIG. 1. (a) Crystalline structure of Ta,NiSes for one layer. The

nickel and tantalum atoms are denoted as large and small
spheres, respectively. Selenium atoms are supposed to be located
at the vertices of the shaded octahedra. (b) Illustration of the
energy level splitting for the tantalum and nickel sites whose
symmetries are assumed to be octahedral (O;) and tetrahedral
(T,), respectively.

usually expected formal valence of nickel (Ni**, 3d®) and
tantalum (Ta**, 5d'), its semiconducting resistivity and
diamagnetism suggest the absence of unpaired electrons,
which forces us to formulate two different pictures for the
electronic structure. The first scenario is to assume nickel
to be Ni®" (34'°) that leaves tantalum to be Ta>* (54). This
view is corroborated by a tight-binding calculation [15]
although the coexistence of low oxidized nickel and highly
oxidized tantalum seems unlikely. The second one is the
pairing of lone electrons in Ni** sites and in their two
adjacent Ta*" sites to form a Ta-Ni-Ta singlet [16].

Single crystals of Ta,NiSes were cleaved in sifu for XPS
and ARPES measurements. XPS was performed at room
temperature using a JPS9200 analyzer equipped with a
monochromatized Al K« line (hv = 1486.6 eV) as a light
source with an energy resolution of ~0.6 eV. ARPES was
performed at beam line 9 A, Hiroshima Synchrotron
Radiation Center using a Scienta R4000 analyzer with
circularly polarized light of two photon energies hv =
10 eV and 23 eV. The data were collected at several
temperatures (from 40 K to 300 K) with an angular reso-
lution of ~0.3° and energy resolutions of 15 meV for
hv = 10 eV and of 26 meV for hv = 23 eV.

Figure 2 displays the Ta 4f core-level spectra obtained at
300 K and 40 K. In conventional layered tantalum dichal-
cogenides, the appearance of commensurate or incommen-
surate CDW results in splitting or broadening of their Ta4 f
core-level spectra [17]. These tendencies are not ob-
served in our data even at 40 K, implying that no clear
charge-density modulation exists down to at last 40 K in
Ta,NiSes consistent with the absence of CDW transition.
Interestingly, the Ta 4f core-level peaks show an asym-
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FIG. 2. Ta 4f core-level spectra of Ta,NiSes at 300 K (solid
curve) and at 40 K (broken curve).

metric Doniach-Sunjic type line shape caused by metallic
screening effect. In excitonic insulators, the band gap is
created by the exciton formation due to the attractive
Coulomb interaction between the valence-band holes and
the conduction-band electrons. In the final state of the core-
level photoemission process, the core hole attracts the
electrons to the core-hole site and repels the holes from
the core-hole site and would destroy the excitons.
Therefore, metallic screening effect can be recovered
around the core-hole site to provide the Doniach-Sunjic
line shape.

Figure 3 shows the Ni 2p3,, core-level spectrum (solid
curve) taken at 300 K and 40 K. Together with the main
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FIG. 3. Ni 2p;/, core-level spectra of Ta,NiSes at 300 K
(broken curve) and at 40 K (dotted curve). Experimental Ni
2p spectra along with the broadened calculated spectrum (solid
curve) obtained from the NiSe, cluster calculation are shown in
the upper panel. In the lower panel, the calculated line spectrum
is decomposed into cd®, cd’L, and c¢d'°L? components.
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sharp peak at —853 eV, the small satellite structure can be
readily seen at around —861 eV. The satellite structures at
8 eV below the main peaks are observed in the Ni 2p core-
level spectra and are not seen in the Ta 4f core-level
spectra. Therefore, it is reasonable to assign the satellite
to the charge-transfer satellite. The existence of a
transition-metal 2p charge-transfer satellite is an earmark
for partially occupied 3d orbitals [18]. Indeed, the experi-
mental data was successfully reproduced by a NiSe,
cluster-model calculation assuming the Ni formal valence
to be +2. The calculated result with U =3 eV, A =
—2.5 ¢V, and (pdo) = —2 eV is indicated by the solid
curve in Fig. 3. Here U, A, (pdo) are the multiple-
averaged d-d Coulomb interaction energy, the Se 4 p-to-
Ni 3d charge-transfer energy, and the transfer integral
written in the Slater-Koster manner [19-21].

In the present cluster model, the Coulomb interaction
between the Ni 3d electrons are given by the Slater inte-
grals 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 [22]. 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 av-
erage Ni 2p—Ni 3d Coulomb interaction Q is expressed by
F°(2p,3d) and is fixed to U/0.8 [19]. F>(2p,3d) and
G'(2p, 3d) are fixed to 80% of the atomic Hartree-Fock
values [22].

The ground state with 37, symmetry is given by a linear
combination of d®, d°L, and d'°L? configurations where L
denotes a hole in the Se 4p orbital. The final states are
given by linear combinations of cd®, cd’L, and cd'’L?
configurations where ¢ denotes a Ni 2p core hole. The
negative charge-transfer energy A = —2.5 eV generally
means that holes are already located at the itinerant Se
4 p orbitals in the ground state. In fact, the number of Ni 3d
electrons is calculated to be 9.1, suggesting a strong d°L
character of the ground state. Here, it should be noted that

o
P N
B
//v
5

Energy (eV)

il

5

the d°L state has the 3T, symmetry in which the Ni 3d hole
and the Se 4p hole form a spin triplet, and that the Ni
formal valence is +2.

Although, in the usual sense, the itinerant Se 4 p holes of
the d°L ground state contribute to metallic behaviors, the
insulating state of Ta,NiSes could be explained by consid-
ering the formation of the Ta**-Ni’>*-Ta** singlet, the idea
introduced previously. In this scenario, the two holes in the
Ni 3d-Se 4p hybridized band and the two electrons in the
Ta 5d band form the singlet state. The Ta**-Ni?"-Ta**
singlet formation is consistent with the excitonic insulator
mechanism, that is the creation of singlet excitons between
holes at the Ni 3d—Se 4p valence band and electrons at the
Ta 5d conduction band. In other words, an excitonic insu-
lator phase is realized in Ta,NiSes preventing its metallic
conductivity. The tendency of an excitonic insulator is also
manifested in the following ARPES results.

Figures 4(a)—4(d) show the ARPES results measured at
40 K with probing photon energies of 10 eV and 23 eV
along X-I'-X direction (parallel to the chain direction).
Since Ta,NiSes has two Ni chains in the unit cell (see
Fig. 1), the coupling between the two Ni chains is expected
to give the band splitting as predicted by the band structure
calculation [15]. The two bands split by the chain-chain
coupling are clearly seen near the I'" point: the inner band
(with bonding character) and the outer band (with anti-
bonding character) are each well observed at hv = 10 eV
and 23 eV but suppressed at the other due to the transition-
matrix-element effect. Triangle and circle markers added
in the second energy derivative plot mark the approximate
peak positions of the two bands estimated by second
derivative peak positions of its momentum distribution
curve (MDC) and energy distribution curve (EDC) curves,
respectively. Interestingly, the band dispersion of the outer
band is very flat near the I' point, and the flat band
dispersion cannot be obtained by the band structure calcu-
lation [15]. In addition, in the ARPES data taken at 300 K
[Figs. 4(e) and 4(f)], the flat and sharp outer band observed
at 40 K is broadened and shifted towards the Fermi level
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FIG. 4 (color online).
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ARPES results for Ta,NiSes. (a) and (b) are the second energy derivative plot and the EDC plot, respectively,

obtained at 40 K and hv = 10 eV, while (c) and (d) are the counterparts obtained at 40 K and v = 23 eV. Open triangles and circles
indicate the peak positions of the bands estimated by the second derivative of EDC and MDC data of hv = 10 eV, respectively, while
the filled counterparts correspond to v = 23 eV. Broken and solid curves are quadratic fits to the peak positions (see the text). (e) and
(f) are the second energy derivative plot and the EDC plot, respectively, obtained at 300 K and hv = 23 eV.
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indicating that 300 K is very close to the onset temperature
of the excitonic insulator phase. In order to emphasize the
flatness of the outer band at 40 K, we fitted the band
dispersions obtained experimentally from the MDC curves
(triangle markers) to quadratic functions E, + h*k*/2m*
with two fitting parameters E, and m*. As shown in the
second energy derivative plots of Fig. 4, while the broken
curve well reproduces the experimentally obtained inner
band, the solid curve substantially deviates from the outer
band near the I" point.

This band flatness at 40 K is a characteristic of an
excitonic insulator ground state and reported in a number
of ARPES experiments of Cu,Ti;_,Se, [6-9]. Here, it
should be noted that the excitonic insulator state in
Ta,NiSes is characterized by the absence of long range
orders. Ta,NiSes is calculated to have a direct band gap at
the I' point [15] in contrast to 17-TiSe, whose valence-
band top and conduction-band bottom are located at differ-
ent points in the Brillouin zone [23], thus having no long
range orders. If holes at the valence-band top, namely, the
outer band seen in Fig. 4, can couple to electrons at the
conduction-band bottom by the electron-hole Coulomb
interaction and can form an excitonic insulator state, then
the band dispersion of the valence-band top is expected to
be flattened. As for Ta,NiSes, the valence-band top is
composed of Ni 3d 1,, and Se 4p orbitals while the
conduction-band bottom is mainly constructed from the
Ta 5d 1,, orbitals due to their different local symmetries
[Fig. 1(b)]. In addition to the ARPES result, the relatively
short distances between the Ni and Ta ions [13] is consis-
tent with the exciton formation between the Ni 3d—Se 4p
hole and the Ta 5d electron.

In summary, the present XPS experiment and the cluster-
model calculation for Ta,NiSes; reveal that the un-
usual valence state is derived from the smallness of
charge-transfer energy of the Ni site. Although the formal
valence of the Ni site can be viewed as +2, the actual
electronic configuration of the Ni site has the d°L charac-
ter, where L denotes a Se 4p hole. The flatness of the
valence-band top revealed by the ARPES experiment
strongly indicates that the excitonic insulator ground state
is realized in Ta,NiSes. The screening effect due to sele-
nium with high atomic polarizability is probably important
for the exciton formation between the Ni 3d-Se 4p hole
and the Ta 5d electron. The high polarizability of anions
and the small charge-transfer energy of transition-metal
ions are common between the present Ta,NiSes and the
Fe-based superconductors such as LaO;_,F FeAs. In ad-
dition, the excitonic effect has been proposed to be impor-
tant to explain the spin density wave transition with
orthorhombic structural distortion in LaOFeAs [24,25].
In the future, the electronic structure of various
transition-metal selenides and arsenides should be studied

systematically in the viewpoint of an excitonic insulator
and its relation to superconductivity.
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