PHYSICAL REVIEW B VOLUME 61, NUMBER 10 1 MARCH 2000-II

Phase diagram of the one-dimensional extended attractive Hubbard model
for large nearest-neighbor repulsion
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We consider the extended Hubbard model with attractive on-site interddtenmd nearest-neighbor repul-
sionsV. We construct an effective Hamiltoniath¢ for hoppingt<V and arbitraryU <0. Retaining the most
important termsH¢; can be mapped onto tw§XZ models, solved by the Bethe ansatz. The quantum phase
diagram shows two Luttinger liquid phases and a region of phase separation between them. Fomdensity
<0.422 andU < —4, singlet superconducting correlations dominate at large distances. For some parameters,
the results are in qualitative agreement with experiments in B§BiO;.

[. INTRODUCTION lation exponenkK , in systems of up td. =16 sites, predict a
Luttinger liquid phase with dominant superconducting corre-
BaPh_,Bi,O; and Ba_,K,BiO; are superconductors lations at large distancé®?° However, from an analysis
with transition temperatureB, near 13 K(Ref. 1) and 30 K based on the infinit¥ limit and the extrapolation of the spin
(Ref. 2, respectively. In spite of the fact that these systemgap, Penc and Mila suggested that the result& pfwere
do not contain Cu and are nonmagnétthey have important  affected by finite-size effects, and the system would not be a
similarities with the cuprate superconductors, like the perovLuttinger liquid in that regiort? For n=1/2, perturbative ar-
skite structure, relatively higfi, and low density of states at guments around the infinitélimit (developed in more detail
the Fermi levef While the electron-phonon interaction is N€r@ suggested that this region corresponds fo phase
very important in these materials, as shown by inelastic neus_fepar.atlosﬁ. Monte Carlo studies in systems with~64 lat-
tron measuremenfsand the existence of displacements of otice site$® have shown that the region of phase separation in
atoms and lattice distortiorfs/ several other experiments (e model extends to much lower values \bfthan those

suggest that the pairing mechanism is, at least in part, O?btalnel:_d f%”‘ﬁw' le_?r\]’"ég p_ractlfally no plzcetfor a LUt]
electronic  naturd. Excitons combined with O [N9er iquid phase wi ominant superconducting correfa-

displacement&? and on-site attractive interactidd based tions for largeV. The extent of this phase remains unclear.

on nonlinear screenin:*have been proposed as the origin Furthermore, due to the above mentioned finite-size effects,
’ prop 9M and  technical problems with different Monte Carlo

of superconductivity in doped BaBiOIn these approaches, method<? the region of smallU| andV>8t, wheret is the
repulsive interactions at finite distances play an importanhopping ' ’

X : ) ! ‘ is practically unaccessible to the present available
role, that is consistent with poor screening of Coulomb in- merical methods. This region is also out of the range of
teractions by the low density of carriers.

) - ) ) applicability of the continuum-limit field theoryalso called

As first shown by Rice and Snedd&hreating the dis- g ology), which has been applied to the extended Hubbard
placementsd of O ions in the direction of their nearest- jnd related modef®—28
neighbor Bi ions in the antiadiabatic approximation, leads to | this work, we study the one-dimensional attractive
a decrease i) by zg?/K, and an increase of the repulsin  Hupbard model in the limitvst. Extending previous
between nearest Bi atoms lgf/K, wherez is the coordina-  work 1° we derive an effective low-energy Hamiltonian in-
tion number,g the electron-phonon interaction, adthe  cluding terms up to second ordertinunder certain approxi-
second derivative of the elastic energy with respedt fBhis  mations, which are not essential for sufficiently lakgethe
leads naturally to the extended Hubbard model for the deaffective Hamiltonian is mapped into twoXZ models, rep-
scription of doped BaBig and to superconductivity carried resenting the movements of particles in singly and doubly
by bipolaronga pair of carriers at Bi sites accompanied by O gccupied sites respectively. From the Bethe ansatz solution
displacements'“**While the excitonic mechanism involves of these models, the phase diagram in the thermodynamic
partial occupation of O states by hofés) agreement with jimit L — as a function o, U/t<0 and largeV/t is ob-
optical experiments}*°it is still possible that this one-band tajined. In the next section, we explain the model and the
model describes the low-energy physida@s in the mapping procedures. The results are shown in Sec. Ill. Sec-
cuprated’). This is certainly the case in the purely electroniction |\ contains the conclusions and a discussion of the pos-

model proposed by Varma, in which nonlinear screening nokjpje relation between our results and the phase diagram
only reduces the bare atomid~11 eV, but renders it measured in Ba ,K,BiO5.”

negative'°

In recent years, the phase diagram of the extended Hub-
bard model in one dimension has been studied by numerical
techniques, with particular emphasis in the quarter filled case
(number of particles per site=1/2)1¥=?* Forn=1/2 orn The one-dimensional extended Hubbard Hamiltonian in
=2/3,V>5 and small negativ¥J, calculations of the corre- standard notation is

II. MODEL AND EFFECTIVE HAMILTONIAN
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interchange(interaction of a doublon and a particle at a
H=—1t> (¢l 1,Cip+H.C)+UX nyny +VX niagn, singly occupied next-nearest-neighbor site.
7 ' ' 0 ForV=+, all terms ofH ¢ vanish except the first term
of Eq. (3) and the first term of Eq4), andH ¢ can be solved
and we consider the cae<0, V>t. In this limit, there are  exactly® In this limit, for U>—4t and sufficiently small
no nearest-neighbor occupied sites in the low-energy suldensity n, the system has no doubly occupied sites and is
space. The terms in E@L) which mix states of this subspace described byHs. Instead, forU< —4t, n<1, the ground
with states with nonzero occupancy at nearest-neighbor sitestate ofH. is the same as that dfiy and has no singly
can be eliminated through a standard canonical transformayccupied sites. For other values Wfandn<1, the system
tion, as described in Ref. 19. This procedure originates termghase separates into the phases just described, and the limits
of order t*/V or smaller in the low-energy subspace. Theof the region of phase separati®9 can be obtained using
resulting effective Hamiltonian within this subspd@epro-  the Maxwell constructiofifinding the common tangent to the
jectorP=1II;,,/(1—nj,N;i;1,) is implicit] can be written in  curvesE(n) andE4(n), whereE (n) is the ground state of
the form H,, at densityn].
For the sake of clarity we call “metallic’{M) the phase
Hefr=Hs+Ha+Hsa, @ without double occupancgground state oH,), and “bipo-
WhereHS involves 0n|y S|ng|y Occupied sites: laronic” (BP), the phase described by the grOUnd state of
Hq, although the negative) is not necessarily related with
_ N B B atomic displacements in a real system. For finite but 1afge
He= _t% (Ci41Cie T H.CH(LI—Ni) (1Nt 10) the energy cost for constructing a uniform phase with both,
singly and doubly occupied sites is high in comparison with
B B M4, M, andV¢y. Thus, in the ground statklg4 can only act
+VS.E, NigNi+ 207 (1= Nig) (1= iy 2,) in the PS region, at the boundary between M and BP phases,
e and is irrelevant in the thermodynamic limit. Our main ap-
+ proximation is the neglect dflg4. This should be correct as
+V5.2, (Cr+3vci+2<fci+1o’ci<f’+ H.c), ) long as the energy gain &f in the PS region{-t) is larger
e than the terms oH¢4(~t%/V). We also neglect the last term
with Vs= —t?/V. The second term is an interaction betweenof Eq. (3). This term vanishes at the extreme densities of the
second nearest neighbors, and the third term displaces tWa phase (=0 andn=1/2). The ratio of its expectation
next-nearest-neighbor particles one lattice parameter. value with respect to the expectation value of the first term of
The second term in Ed2) can be described entirely in Eq. (3) can be estimated by perturbation theory:
terms of the operator(.‘i;iT=ciJrchl , which create “doublons”
at each site:

r:\t—/ Ns cog 7mNg) — %sin(wns) , (6)

HdIAdZ dfdi—tq> (df, di+H.c)

lo

whereng=n/(1—n). The remaining terms oflg, and the
whole of Hy can both be mapped into a spinless fermion

sf _ .
+Vd2i df. ,d;,,d'd;, @) modelHS" (a=s or d):

where Ag=U—4t%/(V-U), ty4=2t%(V-U), and Vg4 HY'=A, > ffi—t,2 (Fl o fi+He)+V il fi,,
=4t[1/(V—U)—1/(3V—U)] are the effective on-site en- ' a

ergy, nearest-neighbor hopping, and next-nearest-neighbor @)
repulsion respectively, for doublons. with A¢=0. Whena=s, a site occupied by a fermiof{
The last term in Eq(2) describes interactions between corresponds to a single occupied sitelan empty site at the
singly and doubly occupied sites: right of it, as explained in detail by Penc and Mil4a simi-
lar mapping was also used in a model for oxygen ordering in
HstMlzi: [(C?+1TC?71¢+C?71TC?+1¢) YBa, Cu;05.« (Ref. 29]. Then, forL sites and\N particles

in Hg, the corresponding number of sites and particldﬂjﬁ
areL;=L—N, Ng=N. Then, the energy per sitg(n) of Hy

X (A=) (1=Nig)(di g+ 2di+dig) +HC for densityn is related to the corresponding quan&/(ng)

of HSM by
+M2i2 (cl,dl, 5dici o+ H.C) °
o E ESf
. e(n)=—1=17 1 =(L-nelny). ®
tVea 2 Mig(1-nig)dl i . (5) :

Similarly, Hy can be cast into the form of E¢Z), mapping a
HereM ;= —t?[1NV+1/(V—U)]/2 describes annihilation of doubly occupied site and an empty site at the right of it into
a doublon with creation of two particles at empty sites, anda single site occupied by a fermion. The mapping of the
the Hermitian conjugate process, whiM,=1t2/(2V—U) different physical quantities is the same as that used before to
(Veg=t[2/(V—U)—2/(2V—U)—1/(2V]) corresponds to find the correlation exponerit, in a generalized-J model
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with very large three-site terdf:*! The number of sites and
fermions inHZf areLy=L—N/2, Ng=N/2. The energy per
site of Hq is given in terms of that oH3" by

ed(n)=(l—g)e§f(nd): Ng=5_—5- )]

To calculateK ,, we also need the mapping of the velogity

p?

L 2
. sf_ sf
Uy Ldvd 5 pld (10
and/or the Drude weight
L PEq(®)  Lg &PES (D)
=3 d(2 ):4Td d(2 ) 52— n)Ds".
oD N
(11)

HereE4(®) [ES(®4p)] is the energy of a ring described by

Hyg (Hzf) threaded by a fluxb (Pgy). The correlation expo-
nent can be calculated%s

1/2

’7TDd Dd

20%e4/9n?

TU(g

20%,/dn® Vg

12

Kp =1

Similar expressions givé, for Hg, but we do not give
them, since in the M phase alwal(s <1, and we are inter-
ested in the regiokK ,>1, for which superconducting corre-
lations dominate at large distances.

Using a Jordan-Wigner trr:msformatiorh-lzf is trans-
formed into an equivaleX XZ model withL , sites andV,
spins down:

HST=HO 22,3 (SIS + )+ VoD SISy

+A N,+V,(N,—L_,4). (13

We have calculated the energfgf(na) solving numerically
the integral equations of the exact Bethe ansatz solution
Eg. (13) in the thermodynamic limi#? To obtainK,, we

have calculated the excitation energies for two small mo-
menta, solving numerically the corresponding Bethe ansat

equations® This allowed us to extraat$'(ng). From it, the
numerical second derivative ef(n), Egs.(9), (10) and the
first Eq. (12), K, was calculated fong# 1/2. Forng=1/2,
we had technical problems in the calculationugf(nd), but
fortunately, analytical expressions are knotf

i Ttsinu
Udg = , d
"

pu=arccogV/2t). (14

Using Egs.(10), (11), (12) and (14), one has forn=2/3
(ng=1/2)

ForV,=0, Hzf can be solved triviall§? and Eqs.(9), (10),
(11), (12) lead to another analytical result foiy=0:

(15

A. A. ALIGIA

PRB 61

0-0 M 1 v 1 M 1 M 1

02F N / B

fc
~

0.4 F
06| .

0.8 B

1.0f .
1 1 2 1 1 1 1 1 "

0.2

0.0 0.4 0.6 0.8

n 1.0

FIG. 1. Ground-state energy of the phase with singly occupied
sites(dashed lingand doubly occupied sitétull line) as a function
of density. The dotted line is the Maxwell constructi@ee text

2 2
K,(2/3)= Gl

5 (16)

Since alwaysVy/t4>0, andK, decreases with increasing
Vq4, EQ. (16) implies that for largeV, no phase with domi-
nant superconducting correlations exists foe2— 2
=0.59.

Ill. BETHE ANSATZ RESULTS

In Fig. 1 we show the energy per site l8f [ es(n)] with
the last term neglected, and thattdf [ e4(n) ], as a function
of densityn for U=—2 andV=7. We taket=1 as the unit
of energy. The dotted line represents the energy for average
compositionn, of an inhomogeneouphase separatedix-
ture of the “metallic” (M) phase described iy for density
n,=0.2307 and the “bipolaron’{BP) phase(ground state of
Hgy) for densityn,=0.5901. These compositioms, repre-
sented by diamonds in Fig. 1, are obtained finding the com-
mon tangent to both curves(n) andey(n) (Maxwell con-
O§truction. Between them, the energy of the phase separated
phase is lower than botiy(n) andey(n). The energyeg(n)
is dominated by the first term of E¢B), which already exists
gnr V =+, The effect of finite larg&/ is small[except near
n=1/2 for which the first term of Eq.3) vanishe$ and does
not changen; significantly. Instead, the effect of a finite
large V on n, is dramatic, reducing it froom,=1 to n,
<0.6. This is because f&f= +x, e4(n) is always a straight
line [extending fromey(0)=0 to ey(1)=—1 if U=-2].
The second and third term &f 4 [Eq.(4)], taken into account
exactly, are responsible for the curvatureegfn) and the
shift of n, from 1. This is the main effect of finite largé.
Another important effect of a finit&/ is that the pairs
acquire mobility and for low densities, superconducting cor-
relations dominate at large distancels 1) in the BP
phase. In Fig. 2 we represeHt,(n) in this phase for the
same parameters of Fig. 1. Also shown is the analytical re-
sult Eq.(16), which is an upper bound d&f, for any values
of U<0 andV>t. ForV— + o, we obtain a critical density
nc=0.422 for whichK,(n;)=1. For n<n. and arbitrary
values ofU <0 andV>t, the exponenK,(n)>1. Thus,n.
lies in the interval (0.422,2\2). For —5<U<0 and 5
<V=20, we find thatn.<0.45. Also, n. depends very
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FIG. 2. Correlation exponeri{, as a function of density in the 0.4f
“bipolaron” (BP) phase forU=—-2 and V=7 (full line). The o
dashed line is the result in absence of the effective nearest-neighbc |
repulsion between doubly occupied sité4€0). 0.0

1.0
n

weakly onU andV within the studied range of parameters, os}
decreasing with increasing repulsions. Ebr —2, V=7 (as

in Figs. 1 and 2 n.=0.429. These results disagree with
those obtained by numerical diagonalization of small
systems;»?®which obtainedk ,>1 for small values ofU|, 0al
largeV andn=1/2, n=2/3, but agree with the statement that
the system might not be a Luttinger liquid in that regiSn, s
and with recent Monte Carlo results in larger systéms. _ _
These results and the ones shown below indicate that there js F!G- 3. Phase diagram of the model in the denkltplane, for -

phase separatiofP9 in that region. We believe that the dn‘fererlt value.s”oi\/. The phase without dpubly ogcupled S|te§ is
reason for the artificially large values &f, in the above called “metallic” (M), while the phase with no singly occupied

mentioned numerical results is that they were calculated uss‘i'tes is denoted as “bipolaronic(BP), and if K,>1 we call it

. ) . . ing” (). i tion is labeled
ing the first Eq.(12) with 72e] gn2= 1/(Kn2) determined nu- superconducting”(S). The region of phase separation is labele

merically from the energy foN, N—2 andN+2 particles
with N/L=n. In phase separated regiofashed line in Fig.  qjies is affected neither bil.4 [EQ. (5)] nor by the third

1), the compressibilityx diverges in the thermodynamic term ofH, but might be changed slightly by terms of order
limit, but in small systemsx can be large and positive due to ;4

finite-size effects, leading to very large valueskgf, while
in fact the system is not a Luttinger liquid. This effect was
present in numerical studies of the one-dimensioral
model with correlated hopping. Generalizing a previous approathwe have constructed

In Fig. 3 we show the phase diagram of the model, deteran effective HamiltonianH.; for the extended Hubbard
mined using the Maxwell constructiqas in Fig. 1 for dif-  model whenV>t and U<0. This permits us to study the
ferent values olU andV (points indicated with solid symbols region V>8t, which is outside the region of validity of
in Fig. 3), and searching the critical densitiag for which  weak-coupling approaché¥;2® while numerical diagonal-
K,(nc)=1. The phase diagram fov— +o was already ization of small system&2°22display important finite-size
known, except for the boundary iat= 0.422, which separates effects, as discussed in Sec. Ill, and Monte Carlo calculations
the BP phase with ,<1 (in which charge correlation func- have some technical probIer?fS?I’he effective Hamiltonian
tions are the dominant ones at large distan®esn the “su-  can be divided in three partst,, Hy, andHgy4. The latter is
perconducting”(S) phase withk ,>1. The most noticeable irrelevant for sufficiently largev, and Hg (Hg) acts on a
effect of a finiteV, already present fo¥ as large as 20s the  phase in which all particles move in sing(gloubly) occu-
change in the boundary between the BP and PS regions, apied sites.Hy and the most important terms &, were
consequence of the above mentioned curvaturey@f) for  mapped into a Bethe ansatz exactly solvable model, which
V<+w. Also, asV decreases, the region S wik),>1 in-  allows us to obtain the energy and correlation expokerin
creases, moving to larger values Wfand to slightly larger the thermodynamic limit. From this information we have
densities. Finally, the PS region is reduced. constructed the phase diagram. We obtain a region for low

The case/=5 is probably beyond the quantitative valid- and intermediate densities and sufficiently negafivein
ity of our largeV approximation. Monte Carlo results fof  which the system behaves as a Luttinger liquid with domi-
=8 (Fig. 14 of Ref. 23 are in qualitative agreement with our nant superconducting correlations at large distances, for any
results. Quantitatively, Clayet al. obtain that forU=0, finite V>t. The existence of this phase and the main changes
phase separation beginsrat~0.5, while forV=7 we ob- in the phase diagram with respect to tie- + limit, are
tain n,=0.345. This difference might be due to the effect of due to the dynamics of doubly occupied sitesHp, con-
terms of ordet™ with m>2 or the third term oH¢[Eq.(3)],  troled by terms of ordet?/ (V—U). The most noticeable
which we have neglected. Terms of ordérreducety and  effect of a finiteV for moderate values dUU| (U>—4), is
increasen,. The limit between S and M phases at low den-that the upper density of the phase separati®® region is

0.6

0.4F

IV. SUMMARY AND DISCUSSION
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reduced froom=1 to much lower values. Instead, the larger charge density wave correlations at large distances, with
density for which superconducting correlations dominate atvave vector R-= 7n. Experimentally, the ground state of
large distances remains ne&=0.42. Thus, the place left by Ba, _,K,BiO5; has different charge density wave orderings
the PS region is mostly occupied by the Bipolaronic”  for 0<x<~0.4 (1=n>~0.6)" As n is further lowered
“normal™) phase rather than by the(Ssuperconducting )  (corresponding to increasing=1—n), the model enters a
phase. Nevertheless, dslecreases from very large values 10 region with dominant superconducting correlations at large
V~7, the upper value o) for which the S phase exists distances, which has a corresponding superconducting phase
increases from-4 to ~—3. . _ in Ba, _K,BiO; (for ~0.4<x<0.5)". Abovex=0.5 the ex-

_ The extended Hubbard model with attractiecan be  perimental system cannot be formed, since the solubility
justified in different ways, as a model for doped BaBi@s |imit of K atoms is exceeded. This picture is also consistent

discussed in Sec. I. In spite of the different dimensionality ofith mean-field calculations in the three-dimensional model
the real compound, one can discuss qualitatively the physicgr different parameter¥

expected from the phase diagrdffig. 3). BaBiO; has one
electron per siter{=1), and the ground state of the model is

a charge density wave, in which nearest-n_eighbor sit_es are ACKNOWLEDGMENTS
not equivalent, as experimentally observedl.For suffi-
ciently negativel, asn decreasescorresponding to partial We are partially supported by CONICET. This work was

replacement of Ba for K keeping n.~0.4<n<1, the sponsored by PICT 03-00121-02153 of ANPCyT and PIP
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