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Doping-controlled transition from excitonic insulator to semimetal in Ta2NiSe5
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Excitonic insulator (EI) is an intriguing insulating phase of matter, where electrons and holes are bonded
into pairs, so called excitons, and form a phase-coherent state via Bose-Einstein condensation (BEC). Its
theoretical concept has been proposed several decades ago, but the followed research is very limited, due to
the rare occurrence of EI in natural materials and the lack of manipulating methods of excitonic condensation.
In this Rapid Communication, we report the realization of a doping-controlled EI-to-semimetal transition in
Ta2NiSe5 (TNS) using in situ potassium deposition. Combining with angle-resolved photoemission spectroscopy
(ARPES), we delineate the evolution of electronic structure through the EI transition with unprecedented
precision. The results not only show that Ta2NiSe5 is an EI originated from a semimetal noninteracting band
structure, but also resolve two sequential transitions, which could be attributed to the phase-decoherence and
pair-breaking respectively. Our results unveil the Bardeen-Cooper-Schrieffer (BCS)-BEC crossover behavior of
TNS and demonstrate that its band structure and excitonic binding energy can be tuned precisely via alkali-metal
deposition. This paves a way for investigations of BCS-BEC crossover phenomena, which could provide insights
into the many-body physics in condensed matters and other many-body systems.
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Discoveries of exotic phases driven by many-body in-
teractions have been motivating researchers in condensed
matter physics for decades. In 1960s, in analogy with the
Bardeen-Cooper-Schrieffer (BCS) theory, it was proposed that
small gap semiconductors and small band-overlap semimetals
are unstable against the spontaneous formation of electron-
hole pairs, namely, excitons [1–3]. Like the Cooper pairs
condensation, the condensation of excitons also leads to a
phase-coherent state, called excitonic insulator (EI). Depend-
ing on the way excitons form and condense, EIs can be
classified into two categories [Fig. 1(a)] [4–6], the Bose-
Einstein condensation (BEC)-type EI where electrons and
holes pair into excitons prior to the excitonic condensation,
and the BCS-type EI where excitons form and condense si-
multaneously. More intriguingly, by tuning the band overlap
(Eg), a BCS-type EI can evolve into a BEC-type EI smoothly
and vice verse, which makes EI an ideal platform to study the
many-body phenomena in the BCS-BEC crossover region. In
semiconductors (Eg > 0), the system favors a BEC-type con-
densation and the EI gap opens at the band-gap minima, while
in semimetals (Eg < 0), the system favors a BCS-type con-
densation and the EI gap opens at the band crossings between
the hole band (h-band) and electron band (e-band) [Fig. 1(b)].
In the BCS-BEC crossover region, the system cannot be de-
scribed by either the BCS or BEC theoretical frameworks,
many fascinating, yet not well understood phases such as the
pseudogap phase, Fulde-Ferrell-Larkin-Ovchinnikov phase,
etc. have been proposed [7,8].
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Understanding EI especially in the BCS-BEC crossover
region could provide insights into the many-body complex-
ity of condensed matters and other many-body systems.
However, even though the excitonic condensation theories
have been established for decades, the followed experimental
research is very limited. One reason is that the realiza-
tion of EI is very difficult. The excitonic formation and
condensation are highly sensitive to the electron-hole con-
centrations and screened Column interactions. So far, only
the BCS-type EI has been observed in semiconducting bi-
layer structure [9]. Many EI candidate materials, such as
1T-TiSe2, Tm(Se0.45Te0.55), and Ta2NiSe5 (TNS) have been
proposed [10–17]. Besides the lack of EI materials, the non-
thermal tuning method that tunes the EI condensation in
natural materials is also lacking. As a result, it has not yet
been able to observe directly how electronic structure evolves
through an EI transition. These obstacles impede our under-
standing of the excitonic condensation phenomena, leaving
many questions unanswered [18–22].

Here, we studied the electronic structure of TNS using
angle-resolved photoemission spectroscopy (ARPES). By in
situ depositing potassium on the sample surface, we suc-
ceeded in tuning TNS continuously from a EI to a semimetal,
which enables us to delineate the detailed evolution of elec-
tronic structure through the EI-to-semimetal transition with
unprecedented precision. Our data not only confirm that TNS
is an EI originated from a semimetal noninteracting band
structure, but more importantly, we also resolve two transi-
tions, the excitonic formation and condensation, respectively,
which manifests a BCS-BEC crossover behavior. Our result
clarifies previous controversies and puts strong constraints on
theories. It establishes TNS as an ideal material for studies
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FIG. 1. (a) The general phase diagram of EI predicted by theo-
ries [5,6]. The dashed line indicates the crossover from BCS type
to BEC type. (b) Schematic drawing of the band structures in a
semimetal, semiconductor, and EI. (c) Illustration of the lattice struc-
ture of TNS and the in situ potassium deposition. (d) Schematic
drawing of the Brillouin zone of TNS and the predicted low-energy
band structure.

of the BCS-BEC crossover phenomena and also demonstrates
that the alkali-metal deposition is an effective method for
tuning the excitonic condensation in EI materials.

High-quality single crystals of TNS were synthesized using
a chemical vapor transport (CVT) method [23]. The chem-
ical stoichiometry of our samples was confirmed by energy
dispersive spectroscopy (EDS). ARPES measurements were
performed at Peking University using a DA30L analyzer and
a helium discharging lamp. The photon energy is 21.2 eV.
The overall energy resolution was ∼8 meV and the angu-
lar resolution was ∼0.3◦. The crystals were cleaved in situ
and measured in vacuum with a base pressure better than
6 × 10−11 mbar. The experimental temperature was set to
80 K in order to avoid the surface charging effect. The potas-
sium deposition was performed in situ using a potassium
dispenser [Fig. 1(c)]. For each deposition step, we only kept
the potassium evaporator at the working current for few sec-
onds to achieve a fine doping step, and then took ARPES
spectra. We repeated the deposition-and-measurement circle
several times. The depositing time is defined as the total time

of the potassium deposition. The total K coverage is estimated
to be ∼0.4 ML by counting the Fermi surface volume. For
each step, K coverage increases by ∼0.008 ML.

TNS is a promising EI candidate [12–17]. It has a quasi-
one-dimensional crystal structure with one Ni-Se and two
Ta-Se chains in each unit cell [Fig. 1(c)]. According to band
calculations, the Ni-Se and Ta-Se chains contribute one h-
and two e-bands, respectively, near the Fermi energy (EF )
[Fig. 1(d)] [17,23–25]. The h- and e-bands are either separated
or overlapped by a small energy, which fits the theoretical
requirement of EI. Figure 2 shows how the low-energy elec-
tronic structure of TNS evolves with potassium deposition.
The pristine sample is an insulator. Its valence band (VB) is
around 190 meV below EF . The VB band dispersion flattens
around its band top, which deviates from a normal parabolic
band dispersion. This flattening is consistent with previous
ARPES results and is regarded as an evidence of excitonic
condensation [Fig. 1(b)] [10,13]. When doping with electrons,
a conduction band (CB) emerges at EF . The energy gap
between CB and VB shrinks quickly and eventually disap-
pears at 1200 s. The band structure evolves into a semimetal
with one h-band and one e-band. No hybridization gap is
observed between the h- and e-bands within our experimental
resolution (Ref. [26]), indicating a weak interchain interac-
tion between the electrons and holes. First, the e-band is
quasi-one-dimensional and follows the crystal periodicity of
TNS (Ref. [26]), which suggests that the e-band originates
from TNS and cannot be attributed to the potassium-related
two-dimensional electron gas. Second, most band calculations
consider a three-band model when describing the low-energy
band structure of TNS [Fig. 1(d)] [17,25]. Here, the sec-
ond e-band is found to be above EF (Ref. [26]), and thus
does not contribute to the phase transition. For simplicity, we
only consider one e-band and one h-band in the following
text.

The evolution of low-energy electronic structure clearly
shows an insulator-to-semimetal transition in potassium-
coated TNS. In comparison with the previous K-dosing
work [29], the clear doping effect and sharp ARPES spectrum
suggest that our sample surface is free of any degradation
or contamination during the potassium deposition, which
could be attributed to our high-quality and well-controlled
potassium dispenser. With such high-quality data, we could
characterize the insulator-to-semimetal transition quantita-
tively. We take the momentum distribution curve (MDC) at
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FIG. 3. (a) Schematic drawing of the momentum-doping plane. The MDCs were taken at −0.1 eV. (b) Merged image and (c) raw data of
MDCs taken at different deposition times. The MDC peak positions are determined using Lorenz peak fitting and are marked using green ticks.
The MDCs in (c) are intensity normalized to better visualize the peak positions. (d) Doping dependence of the peak separation (�k) (top) and
the integrated spectral weight (SW) (bottom). (e), (f), and (g) are the same as (a), (b), and (c), but for the EDCs taken at the � point. The EDC
peak positions are determined using Gaussian peak fitting and are marked using blue and red ticks. (h) Doping dependence of the h-band top
(red circle) and the e-band bottom (blue circle) at the � point. The linear extrapolations of the band positions are shown by solid blue and red
lines. The transition at 900 s (T1) is illustrated by a dashed line.

−0.1 eV and plot its doping dependence in Figs. 3(a)–3(d).
We choose −0.1 eV instead of EF to avoid the spectral weight
suppression caused by the Luttinger-liquid behavior of TNS
(Ref. [26]). The −0.1 eV is also close to the band crossings
of h- and e- bands where the energy gap opens (Fig. 2).
The MDC peak positions represent the e-band positions, and
the integrated spectral weight (SW) represents the electronic
density of state at −0.1 eV. As shown in Fig. 3(d), the dop-
ing dependencies of both parameters clearly show a kink at
around 900 s. The SW suppresses below 900 s, indicating an
energy gap opening at −0.1 eV. Correspondingly, the MDC
peak positions represent no longer the e-band positions, but
the momenta of gap minima, when the energy gap opens.
This explains the weak doping dependence of the MDC peak
positions observed below 900 s. The transition is also obvious
in the doping dependence of the energy distribution curve
(EDC) taken at the zone center (�) [Figs. 3(f), 3(g), and 3(h)].
In the heavily doped semimetallic region, the EDC consists of
two peaks, representing the energy positions of the h-band top
and the e-band bottom, respectively. With the decreasing of
deposition time, while the h-band top cannot be tracked due
to the spectral weight suppression near EF , the e-band bottom
bends towards higher binding energy at 900 s, indicating an
energy gap opening.

The alkali-metal deposition normally affects the electronic
structure in two different ways. One is the carrier doping,
which raises the system’s chemical potential. The other one
is the establishment of surface electric field, which changes

the band overlap between CB and VB due to the Stark
effect [30–33]. Our data clearly show both effects. In the
semimetallic region, the band positions shift linearly towards
higher binding energy with potassium deposition, indicating
an increment of chemical potential. Meanwhile, the band
overlap between h- and e-bands also increases linearly. We
could then fit the band shifts in Fig. 3(h) and assume that
this linear relationship could persist to the pristine sample,
if there is no energy gap opening and the system remains
semimetalic. The noninteracting band structure of the pristine
TNS could then be determined by the linear extrapolation
[Fig. 3(h)]. The obtained noninteracting band structure of
TNS is a semimetal with a band overlap around 80 meV.
Firstly, the h-band top and e-band bottom are nearly sym-
metric to EF , which fits the electric-neutrality requirement
of TNS. Secondly, our observation of two well separated
MDC peaks in both the lightly doped and pristine samples is
consistent with a gapped semimetallic band structure, where
two gap minima locate at the band crossings between the h-
and e-bands [Fig. 1(b)]. Thirdly, the momentum separation
between the two gap minima (�k) is around 0.12 Å−1 in the
pristine sample, which is also consistent with the 80 meV band
overlap (Ref. [26]). These consistencies prove the validity of
our linear extrapolation and confirm that the noninteracting
band structure of TNS is a semimetal.

With the noninteracting h-band top (Eh) and e-band
bottom (Ee) as well as the measured e-band bottom
(E ′

e), we can calculate the EI gap (�), using the
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FIG. 4. (a) Doping dependence of the EI gap (�) (black circles),
band overlap (|Eg|) (blue solid line), and chemical potential shift
(�μ) (red solid line). The theoretical predicted gap equation (� =√

�0(�0 − 2�μ)) is shown by a black sold line for comparison with
�0 = 230 meV [19]. (b) Doping dependence of EDCs taken at the �

point. The peak positions are all aligned to better visualize the change
of spectral line shape. (c) Doping dependence of the fitted leading
edge (LE) slope (red circle) and the e-band bottom (blue circle).
The transition at 200 s (T2) is illustrated by a black dashed line.
(d) Schematic drawing of the band evolution in potassium-coated
TNS. The h- and e-bands are illustrated by the red and blue lines,
respectively.

equation [6] � =
√

[(Eh + Ee)/2 − E ′
e]2 − [(Eh − Ee)/2]2.

The band overlap is calculated using |Eg| = |Eh − Ee|, and
the shift of chemical potential is calculated using �μ =
|(Eh + Ee)/2 − (Eh|0s + Ee|0s)/2|. The results are plotted in
Fig. 4(a). The EI gap in the pristine sample (�0) mirrors
the excitonic binding energy of TNS. It is around 200 meV,
which is consistent with the energy scale determined by op-
tical spectroscopy experiments [14,15]. The EI gap shrinks
with potassium deposition and closes at around 900 s. At the
gap closing transition (T1), |Eg| is around 140 meV and �μ

is around 120 meV. Besides T1, the band evolution shows
another abnormal behavior at around 200 s (T2) [Figs. 3(h)
and 4(c)]. The rapid shift of band position below T2 can be
explained by a shift of chemical potential from the gap edge
to the gap center. This indicates a depletion of free electrons in
the system. Meanwhile, as shown in Fig. 4(b), the EDC peak
narrows below T2, which is analogy to the phase coherent be-
havior observed in high-Tc cuprates [34]. We fitted the leading
edge slope and plot its doping dependence in Fig. 4(c). The

leading edge slope steepens at around 200 s, indicating an in-
crement of phase coherence at T2. The evolution of electronic
structure in potassium-coated TNS is summarized in Fig. 4(d).
When going from the semimetallic phase to the EI phase, the
EI gap first opens at the band crossings between the h- and
e-bands at T1. Then, at T2, the chemical potential shifts from
the gap edge to the gap center, and meanwhile, the spectra
become phase-coherent.

Whether the insulating behavior of TNS originates from
exactionic condensation or not is under debate. Some ar-
gue that its insulating property originates from a symmetry
breaking of lattice instead of excitonic condensation [35].
According to theoretical studies, both the carrier doping and
band overlap are critical control parameters for EIs [2,19].
It has been proposed that the EI phase is unstable or en-
ergetically not favored when the band overlap exceeds the
excitonic binding energy (Eg > �0) [2] or the shift of chemi-
cal potential exceeds the half of the excitonic binding energy
(�μ > �0/2) [19]. Our results are quantitatively consistent
with these proposals [Fig. 4(a)], suggesting that the observed
gap opening is related to an excitonic formation. On the other
hand, the energy gap opens at the band crossings instead of at
EF . This excludes that the energy gap is induced by a charge-
density-wave (CDW) instability driven by the Fermi surface
instability. The energy scale of �0 is also too large to be
explained by the symmetry breaking of lattice or the structure
distortion [36]. All these results suggest that TNS is an EI and
undergoes an EI-to-semimetal transition with electron doping.

Along temperature axis, TNS undergoes an
semiconductor-to-insulator transition at 328 K [23,24]. Here,
we show that the noninteracting band structure of TNS is a
semimetal. While this clarifies previous controversy regarding
to the noninteracting band structure of TNS [12–16,35], it also
suggests that the semiconducting phase of TNS above 328 K is
not a normal state but instead could be an exciton pre-pairing
state [12,13,16]. Under this scenario, excitons form already at
a much higher temperature and the transition at 328 K could
be attributed to an excitonic condensation. Along the doping
axis, we resolved clearly two separated transitions. The T1

at 900 s is characterized by a clear excitonic gap opening,
which indicates a formation of excitons. At T2, the spectra
become phase-coherent indicating an excitonic condensation.
Both the semimetallic noninteracting band structure and the
separated excitonic formation and condensation put TNS in
the BCS-BEC crossover region. Meanwhile, the band overlap
of TNS can be tuned by pressure or chemical substitution of
Se by S [24,37]. These make TNS an ideal material to achieve
a continuous transition from a BCS-type EI to a BEC-type
EI. It is then intriguing to study the BCS-BEC crossover
phenomena in TNS. The results would establish a connection
between the BCS and BEC theocratical frameworks and help
us to understand the many-body phenomena in condensed
matters and other systems.

Our detailed delineation of how electronic structure
evolves across the EI transition puts strong constraints on
theories. It has been proposed that a spin-polarized state
would emerge in electron-doped EI [19–22]. However, no
band splitting is observed within our experimental resolution.
Moreover, the large energy scale of the excitonic gap and
the BCS-BEC crossover behavior observed in TNS cannot
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be explained using the weak-coupling theories of EI. Strong-
coupling theories or the interplay between excitons and other
degrees of freedomn, such as phonons, should be consid-
ered [16,17]. Finally, we demonstrate that the alkali-metal
deposition is an effective way to tune the EI transition. This
method can be used extensively in transport, scanning tunnel-
ing microscopy, optical, and ARPES experiments to verify the
existence of EI in other candidate materials such as 1T-TiSe2

and Tm(Se0.45Te0.55). It also paves a way for the manipula-

tion of excitonic-related phenomena in solids, and potentially
helps to seek for excitonic superconductors.
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053703 (2016).

[19] B. A. Volkov, Yu. V. Kopaev, and A. I. Rusinov, Sov. Phys.
JETP 41, 952 (1975).

[20] M. E. Zhitomirsky, T. M. Rice, and V. I. Anisimov, Nature
(London) 402, 251 (1999).

[21] L. Balents and C. M. Varma, Phys. Rev. Lett. 84, 1264 (2000).
[22] L. Balents, Phys. Rev. B 62, 2346 (2000).
[23] S. A. Sunshine and J. A. Ibers, Inorg. Chem. 24, 3611 (1985).
[24] F. J. Di Salvo, C. H. Chen, R. M. Fleming, J. V. Waszczak, R. G.

Dunn, S. A. Sunshine, and J. A. Ibers, J. Less Common Metals
116, 51 (1986).

[25] E. Canadell and M. H. Whangbo, Inorg. Chem. 26, 3974
(1987).

[26] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.102.161116 for details on the band fit-
ting models, raw data, and second derivative images, band
hybridization between the hole and electron bands, missing
electron band, and Luttinger liquid behaviors of Ta2NiSe5,
which includes Refs. [6,17,25,27,28].

[27] J. H. Davies, The Physics of Low-Dimensional Semiconductors:
An Introduction (Cambridge University Press, 1998).

[28] M. Grioni and J. Voit, High-Resolution Photoemission Studies
of Low-Dimensional Systems (Springer, 2002).

[29] K. Fukutani, R. Stania, J. Jung, E. F. Schwier, K. Shimada, C. I.
Kwon, J. S. Kim, and H. W. Yeom, Phys. Rev. Lett. 123, 206401
(2019).

[30] M. Ishigami, J. D. Sau, S. Aloni, M. L. Cohen, and A. Zettl,
Phys. Rev. Lett. 94, 056804 (2005).

[31] A. Ramasubramaniam, D. Naveh, and E. Towe, Phys. Rev. B
84, 205325 (2011).

[32] M. Kang, B. Kim, S. H. Ryu, S. W. Jung, J. Kim, L. Moreschini,
C. Jozwiak, E. Rotenberg, A. Bostwick, and K. S. Kim, Nano
Lett. 17, 1610 (2017).

[33] J. Kim, S. S. Baik, S. H. Ryu, Y. Sohn, S. Park, B.-G. Park, J.
Denlinger, Y. Yi, H. J. Choi, and K. S. Kim, Science 349, 723
(2015).

[34] M. Hashimoto, I. M. Vishik, R. H. He, T. P. Devereaux, and
Z. X. Shen, Nat. Phys. 10, 483 (2014).
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