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The opening of an energy gap in the electronic structure generally indicates the presence of interactions.
In materials with low carrier density and short screening length, long-range Coulomb interaction favors the
spontaneous formation of electron-hole pairs, so called excitons, opening an excitonic gap at the Fermi
level. Excitonic materials host unique phenomena associated with pair excitations. However, there is still
no generally recognized single-crystal material with excitonic order, which is, therefore, awaited in
condensed matter physics. Here, we show that excitonic states may exist in the quasi-one-dimensional
material Ta2Pd3Te5, which has an almost ideal Dirac-like band structure, with the Dirac point located
exactly at the Fermi level. We find that an energy gap appears at 350 K, and it grows with decreasing
temperature. The spontaneous gap opening is absent in a similar material Ta2Ni3Te5. Intriguingly, the gap
is destroyed by the potassium deposition on the crystal, likely due to extra-doped carriers. Furthermore, we
observe a pair of in-gap flat bands, which is an analog of the impurity states in a superconducting gap. All
these observations can be properly explained by an excitonic order, providing Ta2Pd3Te5 as a new and
promising candidate realizing excitonic states.

DOI: 10.1103/PhysRevX.14.011047 Subject Areas: Condensed Matter Physics,
Materials Science

When the dimensionality is reduced, the screening of
the Coulomb interaction becomes weak, leading to strong
electron correlations in favor of various novel states. One
such example is an excitonic state, which hosts electron-
hole pairs bounded by Coulomb attraction, namely, the

excitons. The excitonic order builds up spontaneously
when the binding energy of excitons is larger than the
original band gap [1]. Similar to superconductors, excitonic
insulators open an energy gap corresponding to the binding
energy of excitons and have a pair-breaking effect by
impurity scattering [2]. In contrast to a large variety of
superconducting materials, however, excitonic insulator
candidates are very rare.
Excitonic states have been so far reported for some

fabricated bilayer structures [3–8] and for monolayer
tellurides [9–12]. There are also reports for single crystals
but only of two compounds under normal conditions:
1T-TiSe2 and Ta2NiSe5 [13–21]. These two single-crystal
candidates, however, entangle with other phase transitions,
making the verification of the possible excitonic states
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rather complex. In 1T-TiSe2, the valence and conduction
bands are located at different momentum spaces with an
indirect gap. The excitonic pairing with a finite wave vector
naturally coexists with a charge-density wave (CDW),
leading to intrinsic difficulties in distinguishing excitonic
order from a CDW. In Ta2NiSe5, both the valence band and
conduction band locate at the Brillouin zone center with a
direct gap. In such a case, there is no coexisting CDW.
However, an orthorhombic-to-monoclinic structure transi-
tion appears at the proposed excitonic transition temper-
ature. Whether the change of energy gap is induced by
excitonic order or structure transition, is still under debate
[22–24]. Because of these circumstances, one has been
waiting for single crystals which host only excitonic order
and do not entangle with other phase transitions. In
particular, theoretical calculations [25] predict the
Ta2Pd3Te5 monolayer to be an excitonic insulator with
rather simple band structures, inspiring experiments to
explore the possible excitonic states in the single crystals
of this compound.
An ideal Dirac semimetal, in which the Dirac point is

located exactly at the Fermi level, has very low carrier
density (almost zero), and the electron and hole excitations
are almost symmetric. In such a unique system, it is
expected that the electrons and holes are easily bounded
by Coulomb interaction, and an excitonic order naturally
occurs. In this work, we find such an ideal Dirac semimetal
state in single-crystal material Ta2Pd3Te5, with the follow-
ing features supporting the existence of excitonic order:
(i) There is an energy gap opening at 350 K, and it is
associated with a tiny lattice distortion unveiled by electron
diffraction. (ii) The spontaneous gap opening is absent in a
similar material Ta2Ni3Te5. (iii) The energy gap is
destroyed by carrier doping, according to our experiments
of the potassium deposition on the crystal surface. (iv) The
in-gap spectra show double flat dispersions in the energy
gap, most likely from impurity states, similar to those
emerging in superconductors due to the breaking of Cooper
pairs [26,27]. These observations put a strong limitation on
the origin of the energy gap and are, most importantly,
explained reasonably by an excitonic order.
Ta2Pd3Te5 single crystals are synthesized by the self-

flux method. Details of the synthesis process can be found
in Ref. [28]. The high-resolution angle-resolved photo-
emission spectroscopy (ARPES) measurements are carried
out with a 6.994-eV laser and a VG-Scienta R4000WAL
electron analyzer at the Institute for Solid State Physics,
The University of Tokyo. The energy resolution for the
experiments is set to approximately 3 meV. The synchro-
tron ARPES measurements are performed at beamline 5-2
of the Stanford Synchrotron Radiation Lightsource with a
ScientaOmicron DA30L analyzer. The overall energy
resolution is 10–20 meV. In both ARPES experiments,
the spot size of incident light is smaller than approximately
50 μm. The samples are cleaved in situ and kept in an

ultrahigh vacuum below 5 × 10−11 Torr during the ARPES
measurements.
Ta2Pd3Te5 has a quasi-1D crystal structure [28–31], with

Ta-Te or Pd-Te chains along the b axis [Fig. 1(a)]. The
resistivity measurement [Fig. 1(b)] shows a typical semi-
conducting behavior at low temperatures. It shows an
upturn around 350–360 K and becomes metalliclike above
350–360 K, indicating some changes in the electronic
structure. Indeed, electron-diffraction experiments unveil
some structure distortions. As shown in Fig. 1(c), at 370 K
the electron-diffraction data taken along the [001] zone axis
consist of diffraction peaks with kþ l ¼ 2n (hkl are Miller
indices, and n is an integer), consistent with that of space
group no. 62, while at 94 K the peaks with kþ l ¼ 2nþ 1
appear. From the temperature evolution in Fig. 1(d), we
find the distortion happens around 330 K [thick line in
Fig. 1(d)], roughly consistent with the transition temper-
ature in resistivity measurement. We note the emerged
kþ l ¼ 2nþ 1 peaks at 94 K are very weak. For example,
the (005)peak intensity is just 2.7%of the (004)peak intensity
in Fig. 1(c). This indicates a very small lattice distortion.
Indeed, x-ray diffraction (XRD) along (h00) and specific
heat measurement did not resolve such a small structure
distortion (Supplemental Material [32] Fig. 2), probably
because they are not as efficient as electron diffraction.
More sophisticated measurements may be able to resolve
this tiny lattice distortion from XRD and specific heat.
In Fig. 1(e), we plot the ARPES intensity map measured

at 10 K along the Γ-Y-Z sheet slightly below the Fermi
level (EF) at −30 meV. The quasi-1D character of the
electronic structure is evident from parallel segments with
only a little warping. This feature is more clearly demon-
strated in the right inset panel by taking the curvature of
the ARPES intensities to show the location of energy
states [33]. Figures 1(f) and 1(g) display the band structures
along the high-symmetry lines Γ-Z and Γ-Y described as
cut 1 and cut 2 in Fig. 1(e), respectively. The energy
dispersion is much stronger along cut 2 than along cut 1 due
to the quasi-1D structure. Along cut 2, we observe three
humps just below EF, consisting of an m-shaped band and
an n-shaped band in the middle, as illustrated in Fig. 1(g).
We investigate the evolution of the band structure over a

wide range of temperatures from 350 to 20 K, with 30- and
67-eV photons, as displayed in Figs. 2(a) and 2(b). Here the
data are divided by the Fermi function at measurement
temperatures to remove the cutoff effect above EF.
At 350 K [Figs. 2(a2) and 2(b2)], Dirac-type bands are
observed. It is further clarified in Figs. 2(a1) and 2(b1) by
taking the curvature of Figs. 2(a2) and 2(b2). The Dirac
point is located almost exactly at the Fermi level, indicating
an ideal Dirac semimetal state. The band dispersions at
different photon energies are extracted and illustrated in
Fig. 2(c). Except for one m-shaped valence band and one
cone-shaped (n shaped at low temperatures) valence band,
the conduction bands from 30- and 67-eV data show
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slightly different dispersions. These two dispersions may
come either from the same band at different ka (out-of-
plane direction, or kz in general expression for ARPES) or
different bands. We cannot distinguish between these
two scenarios due to the limited momentum resolution
along ka in ARPES. The first-principles calculations
(Supplemental Material [32] Fig. 3) show only one
conduction band with a small ka dispersion around EF;
this suggests that conduction bands of the 30- and 67-eV
data are likely originated from the same band and exhibit
slightly different dispersions due to different ka.
Since the m-shaped valence band does not cross EF, we

focus on the cone-shaped (n shaped at low temperatures)
valence band and the conduction band crossing EF.
With decreasing temperature, an energy gap gradually
develops between the conduction and valence bands in
both Figs. 2(a2)–2(a6) and 2(b2)–2(b6). The gap-opening
feature is further demonstrated in Fig. 2(d) by plotting the
intensity difference between the data at 250 and 350 K
for 30 eV. The reduced intensity (blue color) due to a gap
opening (Δ) is seen around EF. We note the intensities just
below EF in Figs. 2(a6) and 2(b6) are from impurity states
(ISs), which are discussed in detail in Fig. 5.
We examine the gap behavior in more detail by tracing

the temperature evolution of the valence-band top (Ev) and
the conduction-band bottom (Ec). We trace Ev from 30-eV
data and Ec from 30- and 67-eV data [see cyan, red, and
blue arrows in Figs. 2(a3), 2(a5), and 2(b3), respectively].
The Ev is obtained from the curvature-enhanced intensity

plot in Fig. 2(e), which corresponds to the dashed box
region in Fig. 2(a5). We see the shifting down of Ev from
−27 meV at 200 K to −54 meV at 20 K. Above 200 K,
however, the valence-band top has some intensity overlap
with the conduction-band bottom, so the Ev cannot be
accurately determined. The temperature evolution of Ev
from 30-eV data is plotted with a solid red line in Fig. 2(g)
for the range below 200 K. We determine the Ec at 67 eV
directly from the peak positions of the energy distribution
curves (EDCs), as shown in Fig. 2(f) with blue dots
marking the peaks. The evolution of Ec from 67-eV data
with the temperature is plotted with a solid blue line in
Fig. 2(g). The cyan Ec curve is acquired in a similar way,
but from 30-eV data. Note that the plot is only for the
range above 150 K, since the band bottom cannot be
reliably extracted below 150 K due to the cutoff effect of
the Fermi function.
Both Ec and Ev values are acquired at 150 and 200 K and

they are roughly equal. Thus, it would be reasonable to
assume that the band gap opens symmetrically to EF,
Ec ≈ Ev. With this assumption, we can compensate the
missing values of Ec and Ev at low and high temperatures,
respectively, by mirroring the solid red and blue lines
according to EF, as shown in Fig. 2(g). The difference
between the mirrored and original curves in the overlapped
temperature range (150 and 200 K) is small enough to
justify the assumption of symmetric gap opening to EF.
The dashed black lines sketch the full evolution of the
conduction and valence bands, and thus, the gap with the
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FIG. 1. The crystal structure and electronic properties of Ta2Pd3Te5. (a) Crystal structure of Ta2Pd3Te5. The Ta-Te chains are along
the b axis. (b) Resistivity curve from 250 to 400 K. The inset shows the overall behavior from 2 to 400 K. (c) Electron-diffraction
measurement of the [100] zone axis. The data are taken at 94 and 370 K, respectively. (d) Temperature evolution of the (00l) peaks. The
vertical intensity axis is in a log scale. See Supplemental Material [32] Fig. 1 for the same plot in a linear scale. (e) Intensity mapping in k
space around the Γ-Z line measured by a 7-eV laser ARPES. The data are taken at −30 meV [dashed blue line in (f)] and integrated over
an energy window of �5 meV. The left and right insets show the bulk Brillouin zone and the curvature plot of the data in gray scale,
respectively. (f),(g) Band structures measured at 10 K by ARPES, perpendicular to the chain [cut 1 in (e)] with s-polarized light and
along the chain [cut 2 in (e)] with p-polarized light, respectively.
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temperature. From this result, we conclude that the gap has
a value of approximately 100 meV at 20 K, and closes at
about 350 K.
As a comparison, we further measure the band structure

of Ta2Ni3Te5, which has the same crystal structure as
Ta2Pd3Te5. At low temperature 10 K [Fig. 3(d)], the band
structure of Ta2Ni3Te5 also shows an m-shaped band
[red line in Fig. 3(d)] and a parabolic band [blue line in
Fig. 3(d)] near EF, similar to the one in Fig. 1(g). In sharp
contrast to the spontaneous gap opening in Ta2Pd3Te5, we
notice the valence band in Ta2Ni3Te5 does not shift with
the temperature at all, as shown in Figs. 3(a)–3(d) and their
curvature plot Figs. 3(e)–3(h). The valence-band dispersion
at 10 K is extracted from EDC peaks in Fig. 3(h) and
plotted in both Figs. 3(e) and 3(h). We find the dispersion

from 10 K overlaps with the 300 K data very well,
indicating the valence band has no change from 300 to
10 K. The EDCs at kb ¼ 0 at different temperatures are
plotted in Fig. 3(i). As guided by the red dashed line in
Fig. 3(i), the EDC peaks show no change over a temper-
ature range of 10–300 K. We also extract the EDC peaks in
Figs. 3(e)–3(h) and plot the peak position with a blue line in
Fig. 3(j). The curve is almost flat, further demonstrating
the absence of energy gap change. Ta2Ni3Te5 is a semi-
conductor, while Ta2Pd3Te5 is a semimetal at 350 K. At the
same time, the spontaneous gap opening is absent in
Ta2Ni3Te5 but exists in Ta2Pd3Te5. Since the two materials
have exactly the same crystal structure, we conclude that
the spontaneous gap opening with the temperature is
originated from the semimetal nature of Ta2Pd3Te5, and
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it is not a simple conduction-band and valence-band shift
with the temperature as in some semiconductors [34–36].
To distinguish the origin of the spontaneous gap opening

in Ta2Pd3Te5, we deposit potassium on the sample surface
to dope extra carriers and investigate how the gap evolves.
Figures 4(a) and 4(b) show the ARPES dispersions and
their curvature intensities, respectively, measured at 10 K
after deposition for different times from zero up to four
minutes (from left to right panels). The most pronounced
variation is seen in the conduction band; its bottom shifts
down below EF after a 0.5-minute deposition. With further
deposition, another conduction band at higher energies

appears below EF. The appearance of these conduction
bands can also be identified in the momentum distribution
curves (MDCs) at EF [Fig. 4(c)]. From the MDC maxima,
we determine the conduction band near EF for one-, two-
and four-minute doping, and display these by red dots in
Fig. 4(b). To analyze the conduction-band shift quantita-
tively, we fit each result to a parabolic function [solid red
lines in Fig. 4(b)]. In the fitting procedure, the quadratic
term is fixed since carrier doping should not renormalize
the band. We estimate the conduction-band bottom from
the fitting curves and plot it against the deposition time in
Fig. 4(d) by red dots.
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The potassium deposition introduces not only extra
carriers but also the Stark effect due to the electric field
induced by the ionized potassium adatoms at the surface.
Whereas the carrier doping shifts the conduction and
valence bands both to higher binding energies, the Stark
effect shifts these bands in opposite energy directions to
each other [37–41]. That is why, in our data, the conduction
band shifts down and eventually overlaps with the valence
band at larger potassium deposition. The shift of the
conduction band is confirmed to have a linear behavior
with deposition time, as shown by the fitted solid red line in
Fig. 4(d). This implies that the carrier doping and Stark
effect both change the band position linearly for energy.
Extrapolation of the conduction-band bottom to zero
minutes should remove these linear shifts from the carrier
doping and Stark effect and recover the original band
position [41]. However, we find that the bottom of
the extrapolated conduction band [blue dashed curve in
Fig. 4(d)] does not coincide with that of the original band
at 10 K [black solid curve in Fig. 4(d)], which is about
50 meV above EF. Instead, the extrapolated conduction-
band bottom almost touches EF. This indicates that there
is a third effect that moves down the conduction band at
low deposition (<1 min), except for the carrier doping
and Stark effect, which are dominant at high deposition
(>1 min). Since the extrapolated conduction-band bot-
tom locates at the energy position the same as the
conduction-band bottom in the gapless high-temperature
phase (350 K), the third effect seems to close the energy
gap. Therefore, we conclude that the energy gap is fragile
to carrier doping.
By closely investigating the data measured by high-

resolution laser-based ARPES, we find double flat bands
near EF within the energy gap at 10 K. The in-gap flat
bands have relatively low spectral intensities, and these
are observed only with the light of proper polarization.
In Figs. 5(a) and 5(c), we exhibit the ARPES images
capturing these flat-band signals perpendicular to and
parallel to the 1D chains, respectively. The flat bands are
clearly visible, although the color contrast needs to be
changed till saturating the intensities of the valence band.
The spectral weight for the in-gap flat bands modulates
along the momentum axis [Fig. 5(a)]. This modulation
coincides with the momentum variation of the valence-
band intensity due to the matrix element effect; it is,
indeed, removed by normalizing the EDCs to the inten-
sities of the valence band [Fig. 5(b)], which indicates
the in-gap flat bands have a close relation with the
valence band. The EDCs of the flat bands are displayed
in Fig. 5(d). Here, the spectra are integrated over
the momentum regions marked by arrows in Figs. 5(a)
and 5(c). The flat bands are located at approximately −8
and −18 meV in these data and appear only when using
s- and p-polarized light for the data taken perpendicular to
and parallel to the chain direction, respectively.

We note here that these flat bands are relatively weak in
intensity but far enough from EF, as is clear from the EDCs
in Fig. 5(d), so that they are not a residual part of a
conduction band cut off by the Fermi function, such as
polaronic bands [42–44]. The in-gap flat bands generally
come from random impurities or defects in materials
[26,27,45–48]. We notice that the large-scale topographic
image of scanning tunneling microscopy shows a reason-
able amount of defects in Ta2Pd3Te5 [30]. The M-H and
susceptibility measurements for our samples (Supplemental
Material [32] Fig. 10) show no evidence of magnetic order.
By fitting a curve of the paramagnetic susceptibility to the
data, we get a magnetic moment per atom to be about
0.03μB. This value is small enough to conclude that the
impurities or defects do not have a large magnetic moment
and should be nonmagnetic. We also measure crystals
synthesized by a different method and detect similar but
more intense signals of the in-gap states, where the
temperature dependence of the in-gap states also suggests
an impurity origin (see Supplemental Material [32] Fig. 7
for more details). In a simple two-band model with local
impurity scattering, only one flat band of impurity states
exists, either below the conduction band or above the
valence band. However, if the conduction and valence
bands are hybridized when the gap opens, it is possible
to generate double impurity bands inside the gap [49,50].
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For example, in superconductors, the impurity states appear
in a pair inside the superconducting gap due to the particle-
hole mixing [27]. Similarly, the double in-gap impurity
bands observed in our data suggest that the conduction and
valence bands are mixed when the energy gap opens.
The above results on the energy gap can be summarized

in the following four points: (i) The gap opens at 350 K
from an ideal Dirac semimetal state, and it is associated
with a tiny lattice distortion. (ii) The gap opening is absent
in a similar material Ta2Ni3Te5. (iii) Potassium deposition
destroys the energy gap. (iv) Double in-gap impurity bands
are observed, suggesting that the conduction band and
valence band are hybridized when the gap opens. Some
interactions involving electrons may cause the opening or
enlarging of a band gap (namely, “interaction-induced gap
or pseudo-gap”). For example, electron scattering can yield
a gaplike feature [51], and electron-phonon coupling can
cause a gap size change with the temperature in semi-
conductors [35,52]. However, an interaction-induced gap
or pseudo-gap should not be accompanied by a lattice
distortion, should not be fragile to potassium deposition,
and should not lead to double impurity states. The
spontaneous gap opening we observed in Ta2Pd3Te5 is
most likely induced by an ordered state (namely, “order-
induced gap”). For example, CDW, spin-density-wave
(SDW), superconductivity, and excitonic states all generate
an electronic energy gap when the order appears. Among
electronic orders, we exclude the possibility of super-
conductivity by resistivity measurement. Density-wave
states (CDW or SDW) cannot be a candidate either, since
the Fermi surface exists only around k ¼ 0, having no
chance to form density waves with a finite wave vector Q.
An excitonic order matches the observed results in a

perfect way. First of all, Ta2Pd3Te5 is an almost ideal Dirac
semimetal. The carrier density is almost zero, and the
electron and hole excitations are almost symmetric.
Therefore, the screening of the Coulomb interaction is
very weak, and the electrons and holes can be easily
bounded by long-range Coulomb interaction, of which the
binding energy is clearly larger than the semimetal gap
(0 eV). Thus, an excitonic order could naturally occur.
More importantly, all four observations mentioned above
on the energy gap from (i) to (iv) can be explained well by
excitonic states: (i) The excitonic gap has a similar temper-
ature dependence to that of a superconductor or a CDW or
SDW.When the excitonic order forms, the electron-phonon
coupling leads to the tiny lattice distortion. (ii) Ta2Pd3Te5
has an ideal Dirac-type band. Such a band structure is very
unstable against excitonic order, so it is natural to have
excitonic order in Ta2Pd3Te5 and no such order in semi-
conducting Ta2Ni3Te5. (iii) When extra carriers are doped,
the electron-hole balance could be destroyed, and the
binding of excitons becomes weak, reducing the excitonic
gap in Ta2Pd3Te5. Note that such a technique—doping
carriers by potassium to destroy the excitonic gap—has

been widely used to prove the existence of excitonic states
[12,40,41]. (iv) According to calculations, double flat
bands of in-gap impurity states should appear in excitonic
insulators with nonmagnetic impurities [2,49,50]. All these
arguments lead us to conclude that an excitonic order is the
most likely mechanism for the energy gap in Ta2Pd3Te5.
In the previous excitonic candidate Ta2NiSe5, there is an
obvious structure transition when the gap opens, which
leads to the debate whether the gap is originated from
structure transition or from excitonic order. In Ta2Pd3Te5,
the lattice distortion is very tiny and even undetectable by
XRD and specific heat measurements (see Supplemental
Material [32] Fig. 2). It is unlikely to produce the observed
large gap from such a tiny lattice distortion. The sponta-
neous gap opening should come from the excitonic order,
and the tiny lattice distortion is a secondary phenomenon
from the excitonic order. We note that another paper [55]
also observed evidences for an excitonic order in
Ta2Pd3Te5 at the same time.
An ordered state expects a jump in specific heat at the

critical temperature. However, no jump was distinguished in
our specific heat measurement at the gap-opening temper-
ature (350 K), as shown in Supplemental Material [32]
Fig. 2. We note that a pure electronic transition at high
temperature should not be judged from the specific
heat jump, as electronic specific heat at high temperature
is too small compared to the lattice specific heat. For
example, the electronic heat capacity constant of iron, a
typical metal, is γ ¼ 4.98 mJ=ðmolK2Þ [53], and the
electronic heat capacity at 350 K is estimated to be
Ce ¼ γT ¼ 1.7 J=molK. On the other hand, a total heat
capacity of Ta2Pd3Te5 is obtained as about 250 J=mol K
at 350 K from our measurement (Supplemental Material
[32] Fig. 2). A simple calculation tells us that the
electronic heat capacity is 2 orders smaller than the
lattice heat capacity: 1.7=ð250–1.7Þ ≪ 0.01. In particular,
Ta2Pd3Te5 is an ideal Dirac semimetal with almost zero
carrier density; thus, the electronic heat capacity must be
even much smaller than that of a typical metal (for
example, the electronic heat capacity of semimetallic
bismuth is more than 100 times smaller than that of
iron [53]). Therefore, even if there is a jump induced by
electronic order, it would be too small to be distinguished
at 350 K. Interestingly, this situation is similar in super-
conductors: The specific heat jump for superconducting
transition in some cuprates is not distinguished with Tc
around or higher than 100 K [54]. On the other hand,
although there is a lattice distortion accompanied by the
excitonic transition resolved by electron diffraction, it is
very tiny and likely does not produce an observable
specific heat jump either, which we discussed previously.
The previous excitonic insulator candidates TiSe2 and

Ta2NiSe5 coexist with either a CDWor structure transition
[13,17]. The coexistence of different phases makes it
difficult to justify excitonic states. In contrast, there is
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no entangling order in Ta2Pd3Te5. The lattice distortion
observed in electron diffraction is too tiny and should be a
consequence of the excitonic order. Although further
experimental evidence would be desired to reach a defini-
tive conclusion, our results provide that quasi-1D
Ta2Pd3Te5 is the first promising candidate of an excitonic
insulator in which entangled phases are absent, being
highly advantageous for developing the condensed matter
physics on excitonic states.
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