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Pressure suppression of the excitonic insulator state in Ta2NiSe5 observed by optical conductivity
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The layered chalcogenide Ta2NiSe5 has recently attracted much interest as a strong candidate for a long-sought
excitonic insulator (EI). Since the physical properties of an EI are expected to depend sensitively on the external
pressure (P), it is important to clarify the P evolution of a microscopic electronic state in Ta2NiSe5. Here we
report the optical conductivity [σ (ω)] of Ta2NiSe5 measured at high P to 10 GPa and at low temperatures to
8 K. With cooling at P = 0, σ (ω) develops an energy gap of about 0.17 eV and a pronounced excitonic peak at
0.38 eV as reported previously. With increasing P, the energy gap becomes narrower and the excitonic peak is
diminished. Above a structural transition at Ps � 3 GPa, the energy gap becomes partially filled, indicating that
Ta2NiSe5 is a semimetal after the EI state is suppressed by P. At higher P, σ (ω) exhibits metallic characteristics
with no energy gap. The detailed P evolution of the energy gap and σ (ω) is presented, and discussed mainly in
terms of a weakening of excitonic correlation with P.

DOI: 10.1103/PhysRevB.107.045141

I. INTRODUCTION

An excitonic insulator (EI) is an unconventional insulator
in which the attractive correlation between electrons and holes
results in a collective condensation of electron-hole (e-h) pairs
(excitons) and an energy gap at the Fermi level (EF). EIs were
first predicted theoretically in the 1960s [1] with a phase dia-
gram schematically shown in Fig. 1. The starting material for
an EI can be either a semimetal (Eg < 0) or a semiconductor
(Eg > 0), where Eg indicates the one-particle band gap in
the absence of e-h correlation. An EI state is expected in the
vicinity of Eg = 0 below the transition temperature Tc if the
exciton binding energy Eb is larger than |Eg|. Another feature
of the EI is a characteristic flattening of the bands as illustrated
in Fig. 1.

Despite the theoretical interest in EIs, only a few com-
pounds had been considered as candidates for EIs, including
TmSe1−xTex [2] and 1T -TiSe2 [3]. In 2009, Wakisaka et al.
[4] suggested that Ta2NiSe5 should be an EI on the ba-
sis of angle-resolved photoemission spectroscopy (ARPES)
data. Ta2NiSe5 has a layered crystal structure, and exhibits a
structural phase transition at Tc = 328 K, where the crystal
symmetry changes from orthorhombic to monoclinic with
decreasing temperature (T ) [5,6]. Below Tc, the resistivity
increases rapidly with cooling, indicating an energy gap of
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about 0.2 eV [6]. The ARPES study at low T found an un-
usually flat dispersion at the top of the valence band, which
was regarded as strong evidence for an EI [4]. Further ARPES
studies [7] and band calculations [7,8] indicated that the
flat-band feature persisted even above Tc, and suggested the
low-T phase of Ta2NiSe5 to be an EI in the strong-coupling
regime caused by a condensation of preformed excitons [7,8].
It was pointed out that above Tc the hybridization between
the Ta 5d conduction band and the Ni 3d valence band at
the � point should be forbidden by symmetry. It was also
suggested that the structural change below Tc was mainly
driven by the exciton condensation, rather than by a structural
instability due to electron-lattice (e-l) coupling [8]. Lu et al.
[9] reported transport and optical data of Ta2Ni(Se,S)5 and
Ta2Ni(Se,Te)5, where the chemical substitution and external
pressure were used to control Eg of Ta2NiSe5. The optical
conductivity [σ (ω)] of Ta2NiSe5 at low T clearly exhibited
a pronounced peak of excitonic origin at about 0.4 eV and
an energy gap of about 0.16 eV. An experimental phase di-
agram of Ta2NiSe5 was constructed from the transport data,
which was indeed consistent with the predicted one depicted
in Fig. 1 and strongly suggested Ta2NiSe5 to be an EI [9].
Detailed σ (ω) data [10] were analyzed by a theoretical study
[11], which again suggested that Ta2NiSe5 should be an EI
in the strong-coupling regime below Tc, and it should be a
semiconductor (Eg > 0) above Tc [11].

Many more works on Ta2NiSe5 have also been reported, in-
cluding ARPES [12–21], optical conductivity [22,23], Raman
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FIG. 1. Schematic phase diagram of EI in terms of the tem-
perature (T ) and the one-particle band gap in the absence of e-h
correlation (Eg). Positive and negative values of Eg correspond to
semiconducting and semimetallic states, respectively. An EI state is
expected in the vicinity of Eg = 0 below the transition temperature
(Tc), with a characteristic flattening of the band edges as indicated.

scattering [24–28], ultrafast laser spectroscopy [29–31], res-
onant inelastic x-ray scattering [32,33], high pressure studies
[23,26,34], scanning tunneling spectroscopy [35], and theoret-
ical analyses [20,36,37]. While many of these works support
that the transition at Tc is driven by exciton condensation,
some of them question such scenario [20,33,36]. For example,
a semimetallic (Eg < 0) band dispersion around EF has been
reported by an ARPES study above Tc [20]. Theoretically,
it has been shown that a flat valence band may be obtained
by a band calculation without e-h correlation [20], and that
there can be a sizable (∼0.1 eV) hybridization with the mirror
symmetry breaking below Tc but without e-h correlation [36].

Following the above development, it is important to care-
fully evaluate the effects of both the e-h correlation and the
e-l coupling in Ta2NiSe5. An important aspect is the response
of Ta2NiSe5 to changes in the ratio Eb/Eg, since the physi-
cal properties of EIs should sensitively depend on Eb/Eg. In
this regard, photoexcited experiments, which are probed by
either ARPES [12–17] or laser [29–31], have the advantage
of being able to tune the carrier density, and hence to control
Eb through the Coulomb screening of e-h attraction. In fact,
photoinduced gap closing and semimetallic states in Ta2NiSe5

have been observed and analyzed [12–17,31]. Another effec-
tive way of tuning an EI state is the application of external
pressure (P) [9,23,26,34], since an applied pressure usually
broadens the conduction and valence bands, and increases
(reduces) their overlap (separation). Detailed high-P studies
[23,34] have been performed on the crystal structure, resistiv-
ity (ρ), Hall coefficient, and σ (ω) of Ta2NiSe5. They revealed
a rich P-T phase diagram of Ta2NiSe5 as depicted in Fig. 2.
Above the first-order structural transition at Ps � 3 GPa, the
ac plane becomes flatter with less rippling of the ac plane
along the c axis [23,34]. ρ(T ) is reduced with increasing
P, showing a crossover from semiconducting T dependence
below Ps to a completely metallic one well above Ps, with a
quite large and dramatic change of ρ(T ) around Ps. A super-
conductivity with Tc = 2 K appears at about 8 GPa. Above Ps,
from ρ(T ) and σ (ω) data, it has been shown that Ta2NiSe5 is
a semimetal with a partial energy gap, in contrast to the full

400

300

200

100

0 2 4 6 8 10
P (GPa)

T
 (

K
)

Orthorhombic
(Cmcm) Orthorhombic

(Pmnm)

Monoclinic
(P2/n)

Excitonic 
insulator

Tc

T*

Ps

Tscx20

Monoclinic
(C2/c)

FIG. 2. Temperature-pressure (T -P) phase diagram of Ta2NiSe5

after Matsubayashi et al. [23]. Tc, T ∗, and Ps indicate the structural
transition temperatures and pressure, and Tsc the superconducting
transition temperature. The green arrows and dots indicate the (P, T )
paths and points where σ (ω) was measured in this work.

energy gap below Ps. It has been suggested that the electronic
transition at T ∗ to the low-T semimetallic state is caused
by e-l coupling, while that at Tc below Ps is caused by both
excitonic correlation and e-l coupling [23].

In this paper, we present a full account of the σ (ω) and
reflectance data of Ta2NiSe5 at high P and low T , which have
been obtained at the (P, T ) points indicated in Fig. 2. The
data reveal how the well-developed energy gap and excitonic
peak at P = 0, which have been taken as evidence for an EI,
are suppressed as the applied pressure reduces the excitonic
correlation. We have also measured the optical spectra at
P = 0, since they are very important in analyzing the high-P
data. Nevertheless, full details of our P = 0 data are shown
in the Supplemental Material [38], since the P = 0 spectra
have already been reported [10,22] and since our P = 0 re-
sults are similar to the reported ones. Below, selected P = 0
spectra from our results are shown in comparison with the
high-P data.

II. EXPERIMENTAL DETAILS

The samples of Ta2NiSe5 used were single crystals grown
with the chemical vapor transport method as reported previ-
ously [9]. Reflectance spectra of a sample at high P were
measured using a diamond-anvil cell (DAC) [39]. Type-IIa
diamond anvils with a 0.8-mm culet diameter and a stainless-
steel gasket were used to seal the sample with KBr as the
pressure transmitting medium. An as-grown surface of a sam-
ple was directly attached on the culet surface of the diamond
anvil, and the reflectance at the sample/diamond interface
[Rd (ω)] was measured. A gold film was also sealed with
the sample as the reference of reflectance. The pressure in
the DAC was measured with the ruby fluorescence method
[40]. Rd (ω) at high P and low T were measured at photon
energies between 0.025 and 1.1 eV, using synchrotron radia-
tion as a bright infrared source [41] at the beamline BL43IR
of SPring-8 [42]. The measured Rd (ω) spectra below 1.1 eV
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FIG. 3. (a) Optical reflectance [Rd (ω)] and (b),(c) conductivity [σ (ω)] of Ta2NiSe5 at 295 K under high pressure (P). Rd (ω) in the 0.235–
0.285 eV range has been interpolated by a straight line since it could not be measured well due to strong absorption by diamond [39]. The
arrow in (b) indicates the excitonic peak discussed in the text. In (c), the same spectra as those in (b) are vertically offset, and the broken line
emphasizes the shifts and strong suppression of the excitonic peak observed near Ps = 3 GPa. (d)–(f) Rd (ω) of Ta2NiSe5 measured at P = 2.5,
3.5, and 6.5 GPa and at different temperatures. (g)–(j) σ (ω) of Ta2NiSe5 at P = 0, 2.5, 3.5, and 6.5 GPa and at low temperatures. The red
vertical arrows in (g) and (h) indicate the onset of σ (ω), and the blue vertical arrow in (i) indicates the Drude component remaining at 8 K.
The same temperature labels (the colors of the curves) apply in (d)–(f) and (g)–(j).

were connected to the Rd (ω) above 1.1 eV expected from the
R0(ω) measured at P = 0 and T = 295 K using the Kramers-
Kronig (KK) analysis [43] and the refractive index of diamond
(nd = 2.4). Then the connected Rd (ω) spectra were used to
obtain σ (ω) by a modified KK analysis method [44]. More
details of the high-pressure infrared experiments using DAC
have been reported elsewhere [39]. Experimental details about
the P = 0 studies [45] are described in the Supplemental
Material [38].

III. RESULTS AND DISCUSSION

In the crystal structure of Ta2NiSe5, the (-Ta-Se-) and
(-Ni-Se-) chains extend along the a axis in the ac layers
stacked along the b axis [5,6]. Therefore, characteristic optical
responses of EIs are observed with E ‖ a polarization where
E is the electric field of the incident light. Rd (ω) and σ (ω)
at high pressures and at 295 K with E ‖ a are presented in
Figs. 3(a)–3(c). At P = 0.3 GPa, σ (ω) is still similar to that at
P = 0 [38], where the main features are the energy gap and the
excitonic peak, the latter of which is indicated by the arrow in
Fig. 3(b). Note that σ (ω) toward zero energy is not completely
depleted yet unlike those at low T [see Fig. 3(g)] since there
are thermally excited carriers at 295 K. With increasing P,

both Rd (ω) and σ (ω) below 0.2 eV exhibit large and rapid
increases. In addition, the excitonic peak becomes broader
and shifts to lower energy with P. Then, at 3 GPa and above,
the excitonic peak has been strongly suppressed compared
with that below 3 GPa. These results are more clearly seen
in Fig. 3(c) where the σ (ω) spectra are vertically offset. The
strong suppression of the excitonic peak near 3 GPa is almost
coincident with the structural transition at Ps = 3 GPa, which
is believed to be the boundary of the EI phase as shown in
Fig. 2. Namely, the present result explicitly demonstrates that
the excitonic peak is suppressed as the system goes out of
the EI phase. In addition, the result that the excitonic peak
becomes diminished with P even within the EI phase below Ps

is also consistent with the fact that the system is approaching
the EI phase boundary. As discussed in the Supplemental Ma-
terial [38], the Raman spectra of Ta2NiSe5 at high P were also
measured, using the same DAC and sample condition. The
Raman spectra (Fig. S2) exhibit a sudden shift and disappear-
ance of phonon peaks around 3 GPa, which should result from
the first-order structural transition at Ps. This Raman result
further supports that the observed spectral changes in σ (ω)
indeed result from the structural transition at Ps. With further
increasing P above 3 GPa, σ (ω) below 0.1 eV becomes higher
with a rising (Drude) component toward zero energy. This
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indicates that the electronic structures in Ta2NiSe5 become
metallic at higher P, which is consistent with the ρ(T ) data
measured in the same P range [23].

Temperature-dependent Rd (ω) spectra at P = 2.5, 3.5, and
6.5 GPa are indicated in Figs. 3(d)–3(f), and the correspond-
ing σ (ω) spectra in Figs. 3(h)–3(j). First, note that the large
T dependencies of Rd (ω) and σ (ω) observed at P = 0 are
progressively reduced with increasing P. Accordingly, both
the energy gap and excitonic peak at low T are progressively
suppressed with P. At 2.5 GPa, σ (ω) develops a clear energy
gap with cooling [Fig. 3(h)], but the onset of σ (ω) at 8 K
is located at 0.062 eV, which is much smaller than that at
P = 0 [Fig. 3(g)]. Namely, a clear energy gap still exists at
P = 2.5 GPa, but its size has significantly been reduced from
that at P = 0. At 3.5 GPa, σ (ω) below 0.2 eV is still strongly
reduced with cooling, but unlike those at P = 0 and 2.5 GPa,
it is not completely depleted even at 8 K. A rising component
toward zero energy is observed even at 8 K, as indicated by
the arrow in Fig. 3(i), which should be a Drude component
due to free carriers. The thermal energy kBT , where kB is the
Boltzmann constant, is about 0.7 meV at 8 K, while the tail of
the Drude component at 8 K extends to much higher energy,
∼50 meV. Therefore, the electronic state at 3.5 GPa and 8 K
is difficult to understand as a semiconductor with thermally
excited free carriers. Instead, it should be a semimetal, where a
low density of free carriers remains even at low T as shown by
the weak Drude component. The appearance of a semimetallic
state at high P is reasonable since an external P is expected
to increase the bandwidths and drive the system toward the
Eg < 0 side of Fig. 1. At 6.5 GPa, the spectra show only minor
T dependencies, and σ (ω) below 0.4 eV is almost unchanged
from 295 to 8 K. Clearly, at 6.5 GPa there is no energy gap in
Ta2NiSe5 and its electronic structure is quite metallic.

To examine more closely the variations of energy gap
with P and T , the low-energy portion of σ (ω) at P = 0 and
2.5 GPa are displayed in Figs. 4(a) and 4(b), respectively. The
broken lines are extrapolations to the linear-in-energy portion
in σ (ω). Their crossings with σ (ω) = 0, marked with the
vertical arrows, indicate the onset of σ (ω). Here we regard
the onset energy as the gap size �, following a previous
σ (ω) work on Ta2NiSe5 (Ref. [22]) and other optical stud-
ies on strongly correlated electron systems [46]. At P = 0
[Fig. 4(a)], the extrapolation crosses σ (ω) = 0 at 295 K and
below, but not at 320 K. Namely, the gap in σ (ω) becomes
fully open at T between 320 and 295 K, which is reasonable
since the gap formation starts below Tc = 328 K and the gap
is not well developed yet at 320 K. The T dependence of the
onset energy is plotted in Fig. 4(c). The result is similar to that
previously reported by Ref. [22], which reported a T depen-
dence of the form �(T ) = �(0){1 − (T/Tc)α} with α = 2.
For comparison, in Fig. 4(c) we also plot this function with
Tc = 328 K and α = 2, 2.5, and 3. It is seen that the present
data is close to α = 2.5, but cannot be well described by a sin-
gle exponent. At 2.5 GPa [Fig. 4(b)], the extrapolation crosses
σ (ω) = 0 at 160 K and below, but not at 200 K. Namely, the
gap becomes fully open at T between 200 and 160 K, which
is much lower than Tc � 290 K at 2.5 GPa. This is in contrast
to the P = 0 case above, where the gap in σ (ω) is already
open at 295 K which is below but still close to Tc = 328 K.
Namely, it seems that the P dependence of the energy gap in
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FIG. 4. Low-energy portion of σ (ω) in E ‖ a polarization at
(a) P = 0 and (b) P = 2.5 GPa. The broken lines indicate extrapo-
lations to the linear-in-energy portion of the spectra, and the vertical
arrows indicate the onset given by the crossing of the extrapolations
with σ (ω) = 0. (c) The onset energy in (a) and (b) plotted as a
function of temperature (T ). The curves indicate �(T ) = �(0){1 −
(T/Tc )α} with the indicated values of α. �(0) = 0.175 eV and Tc =
328 K are used for P = 0, and �(0) = 0.062 eV and Tc = 170 K
for P = 2.5 GPa. The error bars indicate variations arising from how
the extrapolations (straight lines) are drawn to the linear-in-energy
portions of σ (ω) in (a) and (b).

σ (ω) is different from that of Tc. The T dependence of the
onset at 2.5 GPa is also plotted in Fig. 4(c). It is similar to that
at P = 0, but to fit with the form �(T ) = �(0){1 − (T/Tc)α},
Tc � 170 K and α � 2.5 are required as shown by the red solid
curves in Fig. 4(c). Note that the use of this functional form
is only phenomenological, and not based on a microscopic
theory for EIs. Nevertheless, the model is used here as a way
of quantitatively expressing the observed T dependence of the
energy gap, since this may be useful when the data need to be
compared with theoretical predictions in the future. The much
stronger suppression of energy gap by pressure than that of Tc

will be discussed again later.
In the σ (ω) spectra at 2.5 GPa [Fig. 3(h)], a clear en-

ergy gap is still observed while the excitonic peak has been
suppressed compared with that at P = 0. Namely, a well-
developed energy gap still exists although a much weaker e-h
correlation than that at P = 0 is suggested by the suppressed
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excitonic peak. This result may suggest a possibility that the
energy gap at 2.5 GPa results not mainly from e-h correlation
but from some other mechanism, which most likely is the
hybridization effect as discussed in the Introduction. From the
T dependence of the energy gap size in Fig. 4(c), however,
it is unclear if there are qualitatively different characteristics
between the gap at P = 0 and that at P = 2.5 GPa. In Ref.
[23], the above possibility was not considered, and it was
regarded that the EI phase should basically correspond to
the low-P monoclinic phase below Ps, as indicated in Fig. 2.
However, in the alternative possibility suggested above, the
low-P monoclinic phase may not necessarily correspond to
and may not completely overlap with the EI phase.

To analyze the spectral weight (SW) transfer in σ (ω) with
P and T , the effective electron number N∗(ω) per formula unit
(f.u.) of Ta2NiSe5, expressed as [43]

N∗(ω) = n

m∗ (ω) = 2m0

πe2N0

∫ ω

0
σ (ω′)dω′, (1)

is plotted in Fig. 5. Here, n, m∗, and e are the electron density,
effective mass in units of the rest mass m0, and the elementary
charge. N0 is the number of f.u.’s per unit volume, which
was calculated using the high-P crystal structure data [34,47].
N∗(ω) can be regarded as the number of electrons that con-
tribute to σ (ω) between 0 and ω, and therefore it directly
reflects the SW transfer up to ω. At all P and T in Fig. 5,
N∗(ω) at 1 eV is of the order of 1 f.u.−1, which is reasonable
compared with the total density of states within 1 eV from EF

given by band calculations [23]. At P = 0, N∗(ω) varies with
T over a wide energy range. The N∗(ω) spectra at different

temperatures do not converge even at 1 eV, showing that the
electronic structure reconstruction in the EI phase occurs over
a wider energy scale than the gap size (0.17 eV) and the
excitonic peak energy (0.4 eV). At 2.5 and 3.5 GPa, however,
N∗(ω) varies with T only up to about 0.6 eV, indicating that
the SW transfer is complete within 0.6 eV. At 6.5 GPa, N∗(ω)
is almost independent of T . These results show that both the
amount and energy range of the SW transfer are progressively
suppressed by P, which is closely related with the suppression
of the energy gap.

As discussed in the Introduction, it has been pointed out
that the gap formation in Ta2NiSe5 below Ps may be partly
due to e-l coupling, rather than being solely due to e-h (exci-
tonic) correlation. If their relative contributions do not change
with P, and if both the structural transition at Tc and the gap
opening below Tc are driven by a common mechanism, then
one would naively expect that � and Tc should have similar
P dependencies. This is in contrast to the present results,
in which the reduction of � by pressure is much greater
than that of Tc (from � = 0.17 eV and Tc = 328 K at P = 0
to � = 0.062 eV and Tc � 290 K at 2.5 GPa). Namely, in
terms of the P dependence, � is not scaled with Tc. Interest-
ingly, a pressure decoupling between electronic and structural
transitions has been observed in BaFe2As2 [48], which is
another pressure-induced superconductor. The present results
for Ta2NiSe5 may suggest that, somehow, the e-h correla-
tion is more responsible for the gap development below Tc,
while the e-l coupling is more responsible for the structural
transition at Tc. This would naturally lead to a stronger sup-
pression of � than Tc by pressure, since the e-h correlation
is likely more reduced by pressure than the e-l coupling as
long as the structure does not change. An understanding of
these P dependencies based on a specific microscopic model
is beyond the scope of the present study. It is hoped that the
effects of both the e-h correlation and the e-l coupling with
symmetry breaking induced hybridization are both included
in a microscopic model to understand the pressure evolution
of electronic states in Ta2NiSe5.

IV. SUMMARY

σ (ω) spectra of Ta2NiSe5, a strong candidate for an EI,
have been measured at high pressures and at low temperatures.
A clear energy gap of about 0.17 eV and a marked excitonic
peak at 0.38 eV at P = 0 are suppressed with increasing P,
which is especially marked across the structural transition at
Ps = 3 GPa. At 2.5 GPa (<Ps), the gap is still clearly open
with a reduced size of 0.062 eV, but at 3.5 GPa (>Ps), the gap
is partially filled, indicating that the ground state above Ps is
semimetallic. Detailed T dependence of the energy gap is an-
alyzed and compared between P = 0 and 2.5 GPa, but it is un-
clear whether the characteristics of the gap change from P = 0
to 2.5 GPa. At 6.5 GPa, σ (ω) shows very metallic character-
istics with no energy gap. These results have been discussed
in terms of a progressive weakening of excitonic correlation
with pressure. Also, it is noted that the reduction of energy
gap with pressure is much greater than that of Tc. This result
may suggest that the relative importance of e-h correlation and
e-l coupling in the gap formation changes with pressure.
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