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The three-chain Hubbard model for;NiSe;, known as a candidate material for an excitonic insulator, is investigated
over the wide range of the energy gBpbetween the twofold degenerate conduction bands and the nondegenerate
valence band including both semiconductiiyy # 0) and semimetallicl < 0) cases. In the semimetallic case, the
difference in the band degeneracy inevitably causes the imbalance of each Fermi wavenumber, resulting in a remarkable
excitonic state characterized by the condensation of excitons with finite center-of-mass momettienso-called
Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) excitonic state. With decrea$ngprresponding to increasing pressure, the
obtained excitonic phase diagram shows a crossover from BE€ Q) to BCS D < 0) regime, and then shows a
distinct phase transition at a certain critical valig< 0) from the uniform § = 0) to the FFLO ¢ # 0) excitonic state,
as expected to be observed inpN#&e; under high pressure.

Recently, TaNiSe; has attracted much attention as a stronthree-chain Hubbard model for JdiSe;, which has not been
candidate for the excitonic insulator (EI) which is characdiscussed in the previous theoretical studifédut might be
terized by the condensation of excitons and has been aealized in experiments under high presstite.
gued since about half a century agd. Its resistivity indi- The three-chain Hubbard model for ;NiSe;®) consists
cates that it is a narrow-gap semiconductor with a quasi-onef the twofold degenerate conductiot) pands from Ta 8
dimensional (1D) structure, where Ni and Ta atoms are aporbitals and the nondegenerate valen€g lfand from hy-
ranged in 1D chain$® A structural transition from the or- bridized Ni 3 and Se 4 orbitals as schematically shown
thorhombic to monoclinic phase occursTaE328 K> below  in Figs. 1(b) and 1(c). Its Hamiltonian is explicitly given by
which the magnetic susceptibility shows a gradual drop, and = Hy + H’ with

flattening of the valence band top has been observed in the

ARPES experimenty”) Several theoretical studf€s® have Ho = Z Z K Chrr + Z 6 fi flr (1)
revealed that the transition can be interpreted as excitonic con- ko o=12

densation from a normal semiconductor to the excitonic insu- =V Z Z " 100-Ci-lao + q*ao_c,w) f' fi, (2
lator from a mean-field analysis for the three-chain Hubbard ia oo

model with electron phonon couplind and from a varla Where Cee (Ciao) and fko_(fm_) are the annlhllatlon operators

model?) and chain degrees of freedom for thelectrona =12 The
Usually, excitonic condensations have been discussed in

a narrow-gap semiconductor or a semimetal with slight
band overlapping with nondegenerate conduction and valence  (a)

(b)
bands for simplicity; where each Fermi wavevector in the \/\// D<0 \\C

semimetallic case coincides to each other as shown in Fig.
1(a). However, the band structure calculafiorevealed that E.
twofold degenerate conduction bands exist ipNi&e;, orig- 7 / \ f/ i

inating from two Ta 8 orbitals, while the nondegenerate

. - , ¢ /
valence band originates from hybridized Ni and Se 4 ke # ke
orbitals as shown in Fig. 1(c). Theft#rence in the band (c)
degeneracy inevitably causes the imbalance of each Fermi —C e O < ]C -O— Ta(5d)
wavenumber in the semimetallic case, as shown in Fig. 1(b), / e ‘ N
where one can expect that the condensation of excitons with —‘(j—._‘(j—._‘o’— Ni(3d)+Se(4p)
finite center-of-mass momentuip takes place, analogous Sk w’
to that of Cooper pairs in Fulde-Ferrell-Larkin-Ovchinnikov _C M O_Ta(Sd)

Sesssnsirnnnnad

(FFLO) superconductivity under an external magnetic field, unit cell

where the Zeeman splitting causes the imbalance of the _ _ _ _ _
Fermi wavenumber for each Spln In fact, several authoFég 1. (Color online) Semimetallic band structures with a negative energy

. . ap D for total electron numben = 2 in the cases that both conductian) (
have recently discussed the possibility of the FFLO excitonig, valence {) bands are nondegenerate whie- k' (a), and the: band

Statelllrlltge electron-hole b”a_yer syst_ems Wlth_ den5|ty 'mbalg twofold degenerate while theband is nondegenerate whége+ kF (b),
ance. The purpose of this letter is to clarify what kind as expected to be realized in;RiSe; under high pressure. (c) Schematic
of excitonic phase (EP) exists in the semimetallic case of thepresentation of the three-chain Hubbard model feNTges.)
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(a) A,
noninteracting(f) band dispersion is given by 0.04 A 0.03
0.035 : -
eV = 2ty (cosk - 1) + (-)D/2, 003 - | W 0025
wheret, andt; are thec and f hopping parameters and set 0025 b Normal 4p7 0.02
tot = ~0.8 eV andt; = 0.4 eV, respectively, which have f 002 L Phase 1 o015
been determined in R& so as to fit the energy band from the 0.015 | |
first-principles calculation for TiNiSe;. D is the energy gap ) 0.01
between the and f bands ak = 0, describing both semicon- 0.O% I i 0.005
ducting © > 0) and semimetalliclj < 0) cases. A® is con- 0.005 2 Il
sidered to be a decreasing function of pressure, weDay a 0 ' : ' : 0
parameter instead of fixing to 0.2 eV as in Ref) so as to re- 08 -06 04 02 0 02
produce the first-principles energy band at ambient pressure. (b) q/n
In EqQ. (2), we consider the intersitef Coulomb interaction 0.04 0.18
V which is crucial for the excitonic order as shown below, 0.035 1[ ©-16
while we neglect the on-site Coulomb interaction, which can 0.03 47 O-14
be dfectively included inD andor the chemical potential = 0.025 1fy 012
within the mean-field approximation by excluding the mag- f 0.02 1f O
netic and density-wave-type ordéts. 0.015 i 008
Now, we discuss the excitonic order within the mean-field ' 0.06
approximation in whictH’ in Eq. (2) is replaced by 0.01 W 0.04
0.005 1 0.02
H e = Z Z (A(k @), ficrqr + H.C.) + const 0 L 0
koo @=12 -0.8 -06 -04 -02 0 02
Here the excitonic order parametatk,q) = —¥ Yy (1 + ) Dlevi )
&) (!, . Cear) Decomes finite when the condensation of e pressure | Consdeuftling

excitonic c-f pairs with center-of-mass momentuyntakes
place and is assumed to be independent @hda for Sim- kg 2. (Color online) Excitonic phase diagrams of the three-chain Hub-

plicity. DiagonalizingHwr = Ho+Hj,e to yield the mean-field bard model for TaNiSes as functions of the energy gdpand temperature
band dispersion T for n=2 andV=0.4 eV, where the magnitudes of the order paramgi€n)
and wavenumbeg/r (b) are shown.

ENF = e.(k0) £ (2O + 20 QP (3)
with e.(k,q) = (¢ = eIL )/2, we obtain the gap equation to
determineA(k, g) as g _ _I Z n 1 + e E&-1/keT e n + 8|Aq|2
v oy T ONL 1y e BT Ho V;
Ak Q) = 5 D1+ NAK. gk ) (@)
K w.r.t. the wavenumbeq, whereF, EES, andug are the free

energy, the energy band, and the chemical potential for the
normal state wittAq = ¢4 = O, respectivelys is the band
index, andu andyug are determined so as to fix the number
of electrons per unit cell ta = n® + nf. Note that the self-
Ak, Q) = AgO) 4 Agl)e"‘ = Ag(1 + ekei%), (5) consistent Egs. (6) and (7) can be reproduced by the stationary
_ . conditionsdsFq/0Aq = 0 andddFq/dpq = O for a giveng. In
whereA, is the magnitude of the order parameter agds e present study, we set 2 andV = 0.4 eV and varyT and

the relative phase between the n((g)arest—neigt}tfopair W('lt)h D as parameters. Here and hereafter, the energy is measured
thec-site to the right of thef -site Ay~ and that to the lefdy”. iy units of eV.

Substituting Eq. (5) into Eq. (4), we obtain the following self-
consistent equations to determiigandgy :

with g(k.o) = 3(f(EYF) — f(EYD))/ Vel (k. q) + 2A(k, 92,
where f(e) = 1/(€€#/%T + 1). In Eq. (4),A(k, g) can be
rewritten as

Figure 2(a) shows the excitonic phase diagram oixhd
plane, where the excitonic order withy # 0 is realized for

Y29 + (@) = 1/V, 6) D= Q.l below t_he transition temperatufe. In the semicon-
W W ducting case with a narrow gap betweendtzand f bands for
tangq = Im x'~(q)/Rex*~(q), (7)  0< D <0.1, the transition from the semiconductor to the El,

i. e., the BEC of excitons, takes place as previously reported
in Ref® When the gajD decreased rapidly increases with
increasing carrier density, as expected in the BEC regime.
still increases with decreasifyin the semimetallic case with
lightly overlappingc and f bands for-0.06 < D < 0, where
the exciton binding energy Aq is larger than the Fermi en-
ergy measured relative to the band edg®|/2. On the other
hand, in the semimetallic case with relatively largefr band
oFq(N. T, Ag, ¢q) = F§T (. T, Ag, éq) — Fo(n, T) overlapping foD < —0.06 whereA, is smaller thanD|/2, the
transition from the semimetal to a BCS-like excitonic conden-

wherex((q) = & Y€ "g(k, ). When we setj = ¢q = 0
in Egs. (6) and (7), the solution coincides with that in F&f.,
where the semimetallic casB « 0) responsible for the finite
g (¢q) solution is not considered.

Generally, Eqgs. (6) and (7) yield self-consistent solution
of Aq andgy for various values of|. Therefore, we determine
the most stable solution by minimizing the free energy
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0.0 ‘ ‘ ‘
sation takes place. In this cask, gradually decreases with (884 [eV] N (d) & [eV] |
increasing the band overlappifig|. Thus, the system shows) g2- I ]
a BCS-BEC crossover & ~ —0.06, whereT. shows a max-
imum as shown in Fig. 2(a). D=-0.080 e\V—

In the semimetallic case with thefféirentc-f band degen- 9-0% 1 [ =0.084 Ve 1
eracy, where the band overlapping causes the imbalance off =-0.087 eV---

i f =-0.090 e\t---

the Fermi wavenumbe¢ # k-, one can expect that the con- g —
densation of excitons with finite center-of-mass momengund.16 17, (e) @/ mrx 104
takes place, analogous to that of Cooper pairs in FFLO super-| \ 1
conductivity under an external magnetic field, where the Zé)elzf 11 ,\\\ i
man splitting causes the imbalance of the Fermi wavenugyyg 1L I\\\\ J
ber for each spikl # kL. In fact, the FFLO excitonic state ANY
with q # 0 is stabilized in a wide parameter region for th@04 11! \\“ 1
semimetallic case as shown in Fig. 2(b), where the wavenum- | sty ‘
berq for which the free energg§Fy becomes minimum is pIOt'O.lﬁ 1L~ ‘ ‘ ® q/nx 3
ted on theD — T plane. The FFLO EPy(# 0) is observed for I .'\\’\. ]
D < -0.08, while the uniform EP( = 0) is observed for 0.12 1 F :\:-\ 4
D 2 -0.14, and the phase boundary between the two is lo- | AN
cated at-0.14 < D < —0.08 depending off . 0.08 I\ 1

In Figs. 3(a)-(c), we plot the magnitude of the excitonic or-
der parameted, its relative phaseg, and the wavenumbey
for which the free energ§Fq becomes minimum as functions
of D for several values of . In the EPA, becomes finite and
increases (decreases) with decreadingn the BEC (BCS) .
regime and then shows a peak in the crossover region. In the © 0.04 ((]).08

FFLO EP, bothy and¢, become finite and monotonically in- 0.035 0.07
crease with decreasing towards the phase boundary with i -
the normal phase. When approaching the transition from the 5o 625 Uniform EP | 0'05
EP to the normal phas@, continuously becomes zero, in- o, :
dicating a second-order phase transition. When approaching By M2 1§ 0%
the transition from the FFLO EP to the uniform EP, bgth 0.015 1§ 0-03
andg continuously become zero at relatively high tempera- 0.01 1M 0.02
tures of T = 0.01 - 0.03, where the transition is the second- 0.005 1F 0.01
order, while discontinuously become zerdat 0.005 where 0 0
Aq also shows a discontinuous jump indicating the first-order 014 -012 -01 -0.08 -0.06

phase transition. Detailed calculations indicate that the transi- i

tion between the uniform and FFLO EPs is second-order f@l’g 3. (Color online)D-dependence of the magnitude of the excitonic or-
T = 0.006 but first-order fofT < 0.006, as shown in Fig- der parametenq (), its relative phaseq (b), and the wavenumbey/z (c)
3(9), where a remarkable reentrant transition is observed fatseveral values of . T-dependence afq (d), ¢ (€), andy/x (f) for several
the phase boundary between the uniform and FFLO EPs \@es oD. (g) Enlargement of Fig. 2(b) around the phase boundary between
mentioned in detail below. the uniform and FFLO EPs.

To observe the reentrant transition explicitly, we plot the
T-dependence of\g, ¢q, andq for several values oD in
the narrow region of the uniform-FFLO phase boundary with
-0.09 < D < -0.08 in Figs. 3(d)-(f), respectively. For citonic states is the corresponding band dispersion given by
D = -0.09, both¢q and g monotonically increase with de- Eq. (3), which yields a more explicit form upon using Eq. (5)
creasingrl below the critical temperatufe = 0.018 at which as
the second-order phase transition between the uniform and VE 5
FFLO EPs takes place. F@ = —0.08 (-0.084), whenT Bee =e(ka) £ \/&(k’ q) + 4A3(L + cosk - ¢q)-  (8)

decreases, we obs_erve the reentrant transition at0.013 In Figs. 4(a)-(c), the energy band structures near the chemical
(0.016) from the uniform EP to the FFLO EP andla& 0.009 0 ntial, are plotted as functions of wavenumigr around
(0.006) from the FFLO EP to the uniform EP, where both trang, gyjjiouin zone center af = 0.005 eV in the following

sitions are found to be the second-order. On the other harmree specific cases. Figure 4(a) shows the energy band of the
for D = —0.087, whenT decreases, we observe the secong=| ;, the uniform EP withAq = 0.022 andg, = q = O for

order phase transition from the uniform EP to the FFLO ER, . semiconducting case with = 0.03, where the flattening

to the uniform EP all = 0.004, whereAq also shows a dis- yheqrv8) which well accounts for the ARPES experiments on
continuous jump. Around the first-order phase transition, W NiSes.& 7 For the El in the semimetallic case with slight
also confirmed that the free eneidfy, has a double minimum . overlapping wittD = —0.08, whereAq = 0.028 and

with respect taj (not shown). , ¢q = q = 0 (uniform EP), the valence band top shows a dou-
A significant diference between the uniform and FFLO ex-

3



J. Phys. Soc. Jpn. LETTERS

ing future problem.

Here, we briefly discuss theffect of the orthorhombic-
to-monoclinic structural transition in IWiSe;, which was
found to be induced in the EI by taking account of the cou-
pling g between the electron and the uniform shear distor-
tion § of the chairf Then, we consider theffect of the same
electron-lattice coupling and obtain some preliminary results:
the FFLO state is suppressed dwgs it resolves the conduc-
tion band degeneracy but survives up to a critical valye
for examplegé. ~ 0.01 eV forD = -0.1 eV. Therefore, we
expect that the FFLO state with small monoclinic distortion
will be realized in semimetallic T&iSe; under high pres-
sure, where the monoclinic phase is suppressed by pressure
and finally disappears at a critical presstffeDetailed results
with the explicit inclusion of the electron-lattice coupling will
be reported in a subsequent paper.

In summary, we have investigated the three-chain Hubbard
model for TaNiSe; over the wide range of the energy gap

» / . 1 D between the twofold degeneratdand and the nondegen-
-0.0% // FFELO EP N eratef band and have obtained the excitonic phase diagram
Nl sl * on theD - T plane, where the second-order phase transition

from the normal phase to the excitonic phase occurg.at
There is a peak of¢ in the crossover region between the
BEC (D z 0) and BCS D < 0) regimes. In the semimetal-

Fig. 4. (Color online) Energy band structures near the chemical potentigic case withD < D. < 0, where the band overlapping is

w as functions of wavenumbdy around the Brillouin zone center @t = Iarger than a critical valuéD,|, the imbalance of the and

0.005 eV: (a) El in the uniform EP fob = 0.03 eV, (b) that forD = -0.08 f Fermi wavenumber due to thefidirence in the band de-

eV and (c) excitonic semimetal in the FFLO EP for= —0.09 eV. . e .
generacy results in the remarkable FFLO excitonic state. This
state is characterized by the condensation of excitons with fi-
nite center-of-mass momentugrcorresponding to the Fermi
wavenumber imbalance. The band structure of the FFLO state

ble peak structure [see Fig. 4(b)]. This is caused by the stropgasymmetric with respect to= 0 owing to the wavenumber

hybridization ofc and f bands due to the excitonic condensasift  together with the relative phase of the order parameter

tion with largeAq. In contrast, in the FFLO EP fd = ~0.09 4 in contrast to the uniform excitonic state wih= ¢, =

eV, whereAq = 0.020, ¢/ = 0.013, andg/n = 0.053, we  reglized in the semiconductingd(> 0) and slightly band

observe the semimetallic band structure with a marked asy@yverlapping semimetallidi; < D < 0) cases. In these cases,

metry with respect t& = O [see Fig. 4(c)]. This is caused by fiattening or a double peak structure of the valence band top

the hybridization ofc and f bands with a Wavenumber shift js opserved. With decreasir®, corresponding to increasing

q due to the imbalance of the Fermi wavenumkfer k¢ and pressure, the system shows a first-order phase transition from

also by the nontrivial wavenumber shift due to the relativehe yniform state to the FFLO state at low temperatures while

phase of the order parametgy as shown by Eq. (8). Note 3 second-order phase transition at relatively high tempera-
that the transition between the El in the uniform EP and thgres. A reentrant uniform-FFLO-uniform transition is also

excitonic semimetal in the FFLO EP is first-order at the lowpserved as a function af for a fixedD aroundDs.
temperaturd = 0.005 eV as shown in Figs. 3(a)-(9). In the semiconducting case wifh > 0, our results re-

In addition to the FFLO state witq > 0 and¢q > 0  garding the El are the same as the previous results infRef.,
mentioned above, another degenerate FFLO state exists WifRere the orthorhombic-to-monoclinic structural transition in
—gq and¢_q = —¢q, Where the dispersioEl’l"f with —qis  Ta,NiSe; at ambient pressure was well accounted for by the
equivalent toEY, with g as can be seen from Eq. (8). Thetransition from the semiconductor to the EI, which shows the
two degenerate states are categorized into the Fulde-Ferfglttening of the valence band top as observed in the ARPES
(FF) type, in which the order parameter has a homogeneoggperiments below the transitiSr) The present results for
magnitude but a modulated complex phase factor. This dghe semimetallic case witB < 0 including the FFLO exci-
generacy may be resolved by variouEeets in real materi- tonic state have been obtained from a straightforward exten-
als such as surface, impurity, and lattice distortion, resultingon of the semiconducting case and are therefore expected to
in the Larkin-Ovchinnikov (LO) type states in which the or-pe realized in TaNiSes under high pressure &3 is consid-
der parameter is real and spatially modulated. In fact, in thered to be a decreasing function of pressure. In fagt\iBe;
electron-hole bilayer system with density imbalance, the LBecomes semimetallic under high pressure and also shows
type state has been found to be stabilized in a finite-size syse orthorhombic-to-monoclinic structural transition, which
tem*® compared with the FF type state, which was revealel suppressed by pressure and finally disappears at the criti-
by momentum space calculatidhs? similar to those in the cal pressure around which superconductivity is obsetfied.
present study. Therefore, discussing the possibility of the LOur preliminary calculation with the random phase approxi-
type excitonic states in the present model will be an interestation revealed that the superconductivity occurs due to the
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