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The one-band extended Hubbard model in two dimensions near band-filliegsolved in the
fluctuation exchange approximation, including the long-ranige’)( part of the Coulomb interaction,
up to 4th-neighbor distance. Our results suggest ¢hat,» pairing in the Hubbard model is robust
against the inclusion of long-range Coulomb interactions with moderate 1st-neighbor repulsion strength
Vi. dy_ 2 pairing is suppressed only at lar§je (=0.25U—0.4U), due to incipient charge density wave
instabilities. [S0031-9007(99)08467-7]

PACS numbers: 71.10.Fd, 71.10.Li, 74.20.Mn, 74.72.-h

Several cuprate superconductors appear to exhibit a paiprises the Hubbard on-site repulsiégh= V(0) and an
ing state ofd,>—,» symmetry [1]. Such a nom-wave extendedl/r part, V(AR) = V;/|AR| for 0 < |AR| =
state was also found early on in microscopic pairing theor,, up to thenth-neighbor distance,. HereV; denotes
ries, based on antiferromagnetic (AF) spin correlations irthe strength of the 1st-neighbor repulsion akR is in
the two-dimensional (2D) Hubbard model [2]. While in- units of the lattice constant with a = 1 in the follow-
corporating the local on-sit¢/ Coulomb repulsion, the ing. For the cuprates, we assume- 0.3-0.5 eV and
Hubbard-based,: - pairing theories have so far largely U/r ~ 8-12[4,5]. Absorbing dielectric screening effects
ignored the effects of the spatially more extended Coulomifrom the insulating non-Hubbard electron background into
matrix elements. Although unaffected by the on-dite  an effectiveV, one estimatek,/r < 2-3[6]. Additional
nons-wave pairing states can, in principle, be severelyscreening from phonons reduces thisitg/r < 0.3-0.5
suppressed by the longer-range Coulomb repulsion, dué] but should really be treated explicitly in a more realis-
to the spatially extended nature of their Cooper pair waveic electron-phonon model, because of the low (i.e., poten-
functions. For any pairing theory it is therefore of centraltially relevant) phonon energy scale.
importance to establish whether ngiwave pairing sur- In Fig. 1(a), we show typical (3rd order) FLEX con-
vives the extended repulsion. tributions to the single-particle self-enerdy, written in

Here, we address this question in a self-consistent digderms of the bare particle-hole verticdg for density
grammatic framework, the fluctuation exchange (FLEX)andV,, for magnetic fluctuation exchange. In Figs. 1(b)
approximation [3], applied to aextendedHubbard model. and 1(c), we show the bare vert& and, respectively,
We show that/,-— - pairing is (i) robust against extended the 1st and typical higher (3rd) order contributions to the
Coulomb terms of realistic strength and (ii) suppressedenormalized verteX' for the singlet particle-particle in-
only if the extended repulsion becomes so strong that iteraction. We do not include particle-particle fluctuation
induces charge density wave (CDW), rather than AF spirexchange k. Hence, within our FLEX approximation[3],
density wave (SDW), instabilities in thefilled Hubbard ~ no Aslamazov-Larkin-type diagrams [3,7] contributd o
system. This CDW scenario is apparently not realized ireit or aboveT. (see also previous applications in Ref. [8]).
the undoped cuprates [2]. The finite cutoff, V(AR) = 0 for |AR| > r,, makes

We start from the 2D extended Hubbard Hamiltonian, a numerical solution of the FLEX equations [3] feasible.

+ 1 The key algorithmic ingredients are (i) introduction of a
H = Z(— D tijcioCio + B} > Vijnmnja'>, (1)  mixed real-space and momentum-space basis set [9,10] for
ij v oo’ two-body propagators and (ii) application of a numerical
where c;fg creates a hole with spie- at siteR; on an renormalization group to calculate Matsubara frequency
N = L X L square lattice with periodic boundary condi- sums [8]. The verticesi, Vi, Vi) areM X M matrices,
tions, andn;, = C;racio- In 1;, we include only a 1st- where M is the number ofAR with V(AR) # 0. For

neighbor hybridizationr and the chemical potentigk. ](T/;(a_mgle, (;nthth'e 1St'”ei9hb‘?[’? (:Il) COtUIOTLb mogel,
The Coulomb matrix element; = V(R; — R;) com- | [segFi;sn 1(5";28”12(%;‘]3;?: rix elements@t= (Q, ()

U + 4V,(cosQ, + cosQ,), AR = AR’ =0,
Va(Q: AR;AR) — | U 7 AV1(000:  cos0), QR 7 A T 0 @
—U, AR = AR’ =0,

Vm(Q; AR; AR') = {—Vl, AR = AR’ = *£, 3, )
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U, AR = AR’ =0,

Vs(Q;AR; AR') = {Vl/z, AR = *AR' = *},*+9. )

The superconducting transition occurs whgh= 1, | (n = 1) model. We considefs(0; AR, i#T;AR,iwT)
where A* is the largest eigenvalue of the integral kernelas a measure of the effective interaction between holes
for the particle-particle ladder series with; as the separated byAR in the Q;, = 0 singlet pairing chan-
interaction vertex [3] at total pair momentum-energynel at temperaturd’. Note thatV, affects T, via the
Qs = 0. The T. results reported here are fab X 16  1st order (Hartree-Fock) contribution ¥ (not shown in
lattices and agree witB2 X 32 lattice results to within Fig. 1), via the 1st order contributiov [Fig. 1(c)] to I,

5% at selected parameter values we have checked. and via the charge and spin fluctuation contributions, that

In Fig. 2 we plot the superconducting transition tem-is, via the V4- and V,,-ladder series which enter int®
peratureT,. as a function ofV; for different hole concen- [Fig. 1(a)] andIs [Fig. 1(c)].
trations and differentU in the 1st-neighbor/ = 1) and The primary reason for the robustness of thavave
2nd-neighbor § = 2) Coulomb repulsion models. As in pairing against moderate 1st-neighbor repulsiovs=<
previous FLEX calculations for Hubbard-like models, the V™ is simply the raw strength of the effective electron-
symmetry of the dominant pairing instability ié.--,-  electron interaction generated by the spin fluctuations,
[2,8,9,11]. The striking feature in Fig. 2 is the remarkableprimarily with momentum transfelQ [see Fig. 1(a)]
insensitivity of7, to V, over a wide parameter range. An nearQ = (7, ). For example, at 1st-neighbor distance,
eventual abrupt downturn ifi, occurs only wherV; ap- U = 8¢ and hole densityn) = 3., nj,) = 1.16; this
proaches the crossovm{nd from SDW to CDW fluctua- attractive contribution td’s is of order32¢. This clearly
tion behavior, discussed below. dominates over extended Coulomb effects at modérate

To understand this behavior, we analyze the decompo- At U = 8¢, the primary effect of a moderatg on I’
sition of I'y in Fig. 1(c) for the case of the 1st-neighbor is a slight enhancement of the 1st-neighbor attraction, by
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FIG. 2. d,._,» transition temperatureT. vs 1st-neighbor
Coulomb repulsiony, at (a)U = 8¢ and (b)U = 4t for hole
FIG. 1. Diagrams included in the FLEX approximation: densities(n) = 1.12 (circles), 1.16 (squares), 1.20 (diamonds),
(a) Representative higher (3rd) order contribution to theand 1.24 (triangles). Open symbols are for the 1st-neighbor
fluctuation self-energy2(k). (b) Bare singlet pairing ver- (n = 1), closed symbols for the 2nd-neighbom € 2)

tex, V,(Q,;AR;AR’), with total pair momentum-energy Coulomb model. Vertical dashed (dot-dashed) lines mark the
0, = (Qs, Q). (c) 1st and typical higher (3rd) order contribu- crossoverv;"® from SDW to CDW fluctuation behavior in the
tions to the full singlet pairing verted;(Qs; AR, w; AR/, »’). 1st-neighbor (2nd-neighbor) model, as described in text.
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net amountss0.2¢. This additionalV;-induced attraction evenw s wave in the singlet channel with respective pair-
is caused byQ ~ 0 charge and byQ ~ (&, 7) spin ing eigenvaluesA! ~ 0.35-0.45 and A* ~ 0.25-0.4 in
fluctuation contributions tol’s, which overscreen the the 10%—-20% doping rangel,.—,» pairing is suppressed.
direct 1st order repulsivE; contribution,Vy, in Fig. 1(c).  The singlets-wave attraction suggests that CDW fluctua-
The reason for the slight suppressionZofby a moderate tions may enhance conventional phonon-mediated pairing.
V) at U = 8t is thereforenot the V; effect onI’s, but  In the 2nd-neighbord = 2) Coulomb model, the SDW-
rather its effect onX. By increasing, V, suppresses CDW crossover is similar, but driven by CDW fluctua-
the single-particle spectral weight near the Fermi energyions with maximumid nearQ = (0, 77) and(ar, 0).
which, in turn, tends to reducd.. This X effect The physical origin of the SDW-CDW crossover can
outweighs thd’ effect of V. be understood by considering the exactly solvable ionic
As indicated by the/ = 4 results in Fig. 2(b), a large |imit, + — 0, at4 filling [5]. Large U favors a ground state
U value is important for stabilizing the,.—,» pairing  with single occupancy at each site and AF SDW order for
against extended Coulomb effects. To understand thism = 0*. LargeV;, in the 1st-neighbor Coulomb model,
note first that the spin fluctuation contributions &  favors a CDW ground state with modulation wave vector
andX are stronglyU dependent. For example, &t = Q* = (7, ) and alternating double and zero occupancy

4t, Vi = 0 and (n) = 1.16, the 1st-neighbor attraction in the respective two sublattices. The transition between

induced by the spln_fluctuatlons In, is reduced td_5.47t,_ these two states occurs whéh reaches [5]V1r11d|r=0 _
compared to~32¢ in the U = 8¢ case. Despite this

l . . . . d — 1
order of magnitude decreasg, for U = 4t is slightly 1U which coincides with the exact crossovef iU

higher, due to the accompanying reduction of the self-ShOWn in Fig. 2. In the 2nd-neighbor Coulomb model,

. : the competing CDW state h&" = (0, 77) or (7, 0), with
energy effects dlsqussed above. However, for tlms alternating doubly and zero occupied rows or columns, and
4t parameter sef. is also suppressed much more rapidly

by turning onV;. This is due to the fact that the spin (€ transition occurs avindl_t "= V2U /4 = 0.354U.
fluctuation contribution to the 1st-neighbor attraction in THIS iS roughly consistent with the approximatély and
T, is now suppressed, rather than enhancedypy As ~ {%)-independent crossovéfi™ = 0.406U from Fig. 2(a).
a consequence, the net effectof on T is to suppress This analysis suggests that the1 crossover is driven by
the 1st-neighbor attraction, for example, by aba6t for  incipient CDW instabilities in the;-filled Mott-Hubbard
vV, = 0.5V{™. Because of the reduced overall strengthinsulator. We emphasize that such CDW instabilities and
of T, this is a relatively much larger effect than in the their effects on pairingannotbe treated in strong-coupling
U = 8t case and therefore has a much larger effecton  Versions of the Hubbard rrllodel, such astiemodel [12].
The SDW-CDW crossoveV{™ in Fig. 2 is opera- CDW fluctuations in the;-filled system are precluded
tionally defined as that/; value where the maximal from the outset by the no-double-occupancy Hilbert space
“density” eigenvalueAd becomes equal to the maximal constraints imposed in such models.
“magnetic” eigenvalua™. Here, A% and A™ denote, re- By exploiting the retarded nature of the pairing po-
spectively, the largest eigenvalues of the integral kerneltential, the pair wave function can evade the destruc-
for the V4- and V,-based particle-hole ladder series en-tive effects of the instantaneous Coulomb repulsion [13],
tering into> and T, shown in Figs. 1(a) and 1(c). This provided the characteristic frequen€ys of the pairing-
criterion for V{™ may give only rough estimates of the ac- mediating boson is much lower than characteristic elec-
tual physical crossover since, instead of the full interactiorironic energy scales such as the Fermi enesgy This
verticesI'y and T, [3], it is obtained from the bare inter- Coulomb “pseudopotential” effect [13] is crucial for
action vertices/y andV,,. The estimates are reasonableconventional phonon-mediated superconductors, where
vis-a-vist — 0 limit results discussed below. Qp/er ~ 1072-107°. However, in the present problem,
As V, approaches/["!, CDW fluctuations rapidly take Qp/er ~ 107! is not very small, since the spin fluctua-
over and due to their nearly singular nature precluddion frequencieg)g extend up to a sizable fraction of the
convergence of our self-energy iteration fér=< 0.1  electronic bandwidth [8,14,15]. By a variational analysis,
and V; > V™. In the 1st-neighbor®{ = 1) Coulomb based on restricted trial pair wave functions, we can in-
model, the CDW fluctuations exhibit maximunf near deed show that the pseudopotential effect rai§esnd T,
Q = (m,m). They produce a repulsive 1st-neighbor con-by no more than a few percent; i.e., it is largely inopera-
tribution to I'y, and via 3, they weaken the strength of tive in spin fluctuation mediated pairing.
the attractiveQ ~ (7, 7r) spin fluctuation contribution to Next, we consider longer-range/r Coulomb terms.
Iy, whenV, —» V" The Q ~ (7, ) charge fluctua- As shown in Fig. 2(a), the inclusion of 2nd-neighbor
tions also generate an on-site attraction which is too weaKn = 2) Coulomb terms suppress&s more strongly at
however, to overcome the on-site repulsion dué/tand low V; than in the 1st-neighbor model. However, the
Q ~ (s, 7) spin fluctuations. No pairing instabilities are d-wave pairing also survives to largéf;, since V"¢ is
found down toT ~ 0.1t for V; > V™: the dominant at- increased in the 2nd-neighbor model. Comparat¥
tractive symmetries are odd-s wave in the triplet and are found in longer-range models with> 2.
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0.030 Fr— T T the extended Coulomb repulsion strengthbecomes so

5 large that it induces CDW instabilities in thé—filled
Mott-Hubbard insulator. The ubiquity of AF SDW order
in undoped insulating cuprates appears to rule out the
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FIG. 3. d,_,2 T, vs cutoff radius-, of the extended Coulomb
interaction. Here,, =0, 1, V2, 2, and+/3, for n =0, 1,
2, 3, and 4th-neighbor cutoff, respectively. Open symbols
are forU/t = 8, V,/t = 1; closed symbols are fot/ /¢ = 4,
Vi/t = 0.5, with (n) = 1.12 (circles), 1.16 (squares), 1.20
(diamonds), and 1.24 (triangles). *Email address: esirgen@uga.edu
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