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We analytically calculate the ground state pairing symmetry and excitation spectra of two holes doped into
the half-filledt-t’-t"-J, model in the strong-coupling limitJ,> ||, |t’],|t"]). In leading order, this reduces to
thet’-t”"-J, model, where there are regions dfvave, s-wave, and(degeneratep-wave symmetry. We find
that thet-J, model maps in lowest order onto thle t”-J, model on the boundary betwedrandp symmetry,
with a flat lower band in the pair excitation spectrum. In higher ordevave symmetry is selected from the
lower pair band. However, we observe that the addition of the approptiat@ and/ort” >0, the signs ot’
andt” found in the hole-doped cuprates, could drive the hole-pair symmepymave symmetry, implying the
possibility of competition betweep-wave andd-wave pair ground statesAn addedt’ >0 and/ort” <0
generally tend to promotd-wave symmetry.We perturbatively construct an extended quasipair forttide
model. In leading order, there are contributions from sites at a distan¢2 latttice spacings apart; however,
contributions from sites two lattice spacings apart, also of the same order, vanish identically. Finally, we
compare our approach with analytic calculations for>a2plaquette and with existing numerical work, and
discuss possible relevance to the physical parameter regime.
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I. INTRODUCTION work aimed at exploring specific regions of the model’s
phase diagram.

In recent years a number of experiments, particularly To that end, we consider in this paper two holes doped
phase-sensitive ones, have indicated that the pair symmetiyto the half-filledt-t’-t”-J, model in the strong-coupling
of hole-doped cuprate superconductors is at least predomiimit (J,> |t|,|t’|,|t"]). We calculate the symmetry of the hole
nantly d,o-2.'~® Theoretical and numerical studies of the pair in the ground state as well as the pair excitation spec-
two-dimensional Hubbard; J, and related models have also trum. We do not exp|icit|y consider the issues of phase sepa-
suggestedl,> > pairing’~ and studies of Hubbard artdJ  ration or whether superconductivity actually occurs. We con-
models on 2<2 plaquettes have provided an intuitive picture sider first thet’ - J, model, and show how singlet pairs can be
of how d-wave symmetry might aris€:* However, there constructed from our solutions. We next discuss the" -
are few rigorous theoretical results in this general area. 3, model, and then the-J, andt-t’-t"-J, models. For the

Different experimental techniques have indicated that -3, model, we perturbatively construct an extended quasi-
pseudogap with the same symmetry as the superconductingir. As a step towards exploring the range of validity of our
gap persists abov&; in underdoped cupratés?*® This,  approach, we compare with results for x 2 plaquette and
along with the short higf, coherence lengthjis qualita-  with numerical studies. Lastly, we discuss implications of
tively consistent with a strong-coupling picture, where pairsour results for the physically relevant parameter regime,

can preform aff >Tc.*” Numerical work has in addition sug- among which a phase competition scenario is one possibility.
gested that tha-J and t-J, models have many similar Specifically, we consider the Hamiltonian

propertie§18-20 (see, however, Ref. 21and that thet-J,
model may hence provide a suitable starting point for under- H=Hp+H;+H;y+Hj, 1)
standingt-J behavior?

Reductions from Cu@three-band and similar models,
as well as comparison with angle-resolved photoemission
spectroscopyARPES results for a single doped hotésug- Ho=J,2 {(i,y$+l,y + Sy Sy
gest that, besides a nearest-neightiéN) t, the next-NN Y
(NNN) t’, and next-NNN(NNNN) t” hoppings may also be
substantial. Numerical calculations and theory have explored - Z(nx,ynxﬂ,y + MeyMy+d) (5 (2)
some of the qualitative effect that the signtbhas upon hole
pairing2>-?” Given these above results, it is interesting to try
to gain a better understanding of the pairing properties of theH1 = (=) 2 {(€f, Cxr1y,0 + H.C) + (T, Ceyar o + H.C)},
extended +J model. In addition, performing such a study xy.o
analytically could help provide guidance to future numerical 3

where

0163-1829/2004/622)/2245078)/$22.50 69 224507-1 ©2004 The American Physical Society



R. M. FYE, G. B. MARTINS, AND E. DAGOTTO PHYSICAL REVIEW B39, 224507(2004)

Hy=(-t) > {@,y,gﬁx+l,y+l,o+ H.c) _model. We note that in this I|m|F thté_-t_-JZ model pecomes
Xy.o isomorphic to the strong-coupling limit of the antiferromag-

b netic van Hove model of Ref. 28.
+ (Ex,y,acx+1,y—1,(r + H-C-)}; (4)

I. t'-J, MODEL
and z

, R b We consider first the’-J, model, involving only theH,
He=(-1") X {(Cy.oCxr2yo+ H-C) +(Cyy oCuyra st H.CJ. (diagona) hopping term. Defining

Xy, o0

(5) |hkkay> - %E g 2mikllg 2kl ) (10)
Herex andy denote the coordinates of anx L lattice with xy
periodic boundary conditions and evén(with, except for  gnd
the t’-J, model,L>2), ando==1(7,]) refers to electron L
spin. T,y ,=Cyy.,(1-Nyy _,), enforcing the condition of no — =N 2wk L 2k, /L
double yoccurilancy.SZ,k;/:1/2(nxw—nx,y,l) and nyy=ny, o) LE © e sy, o
+n,, . We do not explicitly consider here the spin-flip part
of the magnetic interaction

X,y

with k,k,=0,1,... L—1, we obtain the lowest order wave
functions

‘JL + o +

H, = <_>2 {(%( %(+1, + S( g +1) +H.cl, (6) " 1 ' '
2 Y y y ' |WXky> — E{e_mkxm_|hkx,ky> + Sgr(t’)e_mkyy/L|ka,ky>}

whereS; =cj, G,y and S, =cl, Cyy . (The full t-t'-t'-

J model is recovered wheh, =J,.)

At half filling each site is occupied by exactly one elec- with energies

tron, and the doubly degenerate ground statélgfis then

that of a Néel antiferromagnet. We choddg) to denote the &=+ 4|t/|sm<77_kx)sm<77_kz>_ (13)

state with electron spins(x,y)=(-1**Y and|®,) to denote kky L L

the state witho(x,y)=(-1)*"Y*1. We define the operator Since O<sin(mk,/L) sin(mk,/L)<1, the minus sign

= i =(=1)%tY
Ay Cx,y,a(x,y_) with o(x,y) X(+ }i » and the operatopx,y gives the branch of lower energy. The lowest energy state
=Cyy,oixy) With o(X,y)=(=1)*¥*1, Although our calculations |¢(a)>' with energy —4'|, occurs wherk,=L/2 andk,=L/2
and results are independent of the ordering convention chqi_g_, (,)]. Rewriting in terms of tha,,'s and neélecting

sen, we will denote for specificity overall phase factors, one obtains

@) =(af,raj) @, ral @ al o), (7) 1
Ay — _ 1\XHY. _ ’
where|0) is the state with no electrons, with an analogous [46") L\,'Exzy( DM@ yBiy = SO )2cyraBiyl o).
definition for |®y). ’
We now dope the half-filled staté,) with two holes and (14)
consider the strong-coupling limitd,> [t[,[t'[[t"]). In this  whent' >0 [sgn(t’)=1], the sum over hole-pair operators in
limit, there will be an energy cost of ordf}{ if the two holes  Eq. (14) changes sign upon a 90° rotation around a lattice
arenot NN. Hence, to zeroth order, thigighly degenerale  point, giving the paird-wave symmetryspecifically, dz_,2
two-hole ground state is spanned by the set of all NN hoIqRefS_ 2, 3, and J1. Whent’' <0, there are no such sign
sites(x,y) and (x+1,y) as (Refs. 2 and ).
he ) = Ay vay D), 8 If one adds to Eq(14) the appropriately phased pair op-
M) = BBy D) ® erator for two holes doped into the ground stibg), given
and the state with a vertical NN hole pair at sitgsy) and  in

12

(x+1.y)
oy = LS ppevn eant!
|Ux,y> = ax,y+1ax,y|q)a>- 9 | 0 )= L\'Exy -1 {bx’flvybxvy sgrt )bX1y+1bX,y}|q)b>’
The |h,,)'s and|vy,)’s provide a complete, orthonormal ba- (15)
sis for the two-hole ground state ¢f, corresponding to
|D). one obtains fot’ >0 the usual NN singled,2_,> pair opera-

It costs an energy of ordél, if one of the NN holes hops tor
to a NN site through the hybridization matrix element 1
However, there is no energy cost for hops corresponding to Ag=—2, {(Cyy.1Cxr1y.; ~ Cuy. Cxriy1) — (Cuy.iCuysi.
ort”, as long as the two holes remain NN after the hop. Thus, 2Ly v - o R
to lowest order in 14,, it is only necessary to diagonalize the —c ) (16)
HamiltonianH,+Hj in the subspace spanned by the,)'s Xy, | Oy
and|vxyy>’s, i.e., it is only necessary to consider ttiet”-J,  with t’ <0 giving the analogous singlet extendedperator
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Coy = ei(¢xx+¢>yy)dX'y, (20)

where¢, and ¢, are constantgWe do not include a constant
(17) phase factor as it has no relevant effgltle require

C>]:+1,y+1C>(,y +H.c. =(_ 1)[d>t+l,y+ldx,y + H-C-] (21)

1
A= ZE {(Cxy,1Cxr1y,| = Cxy,iCxs1y,1) + (Cxy,1Cxys1,|
X,y

- Cx,y,lcx,y+1,T)}-

With different relative phases, one can also obtain types of
d-wave ors-wave m=0 triplet pairs; because quantum spin and
fluctuations are not included in thieJ, model, the cases
cannot be differentiated at this level.

One can better understand the dependence oft’the  Solving the previous equations, one can obtain
(and t’-J) pair symmetry on sdit’) by considering phase _
transformations of electron creation and destruction opera- Ot dy=(2p+ D (23
tors. Specifically, we consider transformations of the formand
¢;=€%d;, wherej is some generalized coordinate referring o
to both orbital and spin and(j) i i b= dy=(20+ D

pin and(j) is some function of.

First, as background, |6t denote some arbitrary product for arbitrary integerg andg, of which solutions are

of electron creation and destruction operators, some of

Cl1ys1Cxy + H.C. = (= DALy iy +Hel. (22

(24)

whose operators may be the same, with coordinates referring Cry = (= Ddyy, (29
to orthogonal states. For example, for a one-dimensionay
chain with one orbital per site, one could have
=C11Ch 011G Ciy. Gy = (7 1Py (26)
As previously, let|0) denote a state with no electrons. Restoring the spin coordinates leads to the four following
Then, (0[P'P|0) if it is nonzero reduces to transformations equivalent to changing the sigr’of
— X, — X
PP =0l cco=0Ila-no a8 B = Gt Gy =g @D
v v Coy1 = (- Dy Gy =(- Dy, (28)
for some subsefj} of the generalized coordinates. Hence,
any phase transformation of the forop=€*Vd; does not Cuy 1 = (= D yps Oy, = (- Dy, (29)
affect the value of0|PTP|0).
Now, consider0|P/P,,|0), whereP, and P, are two dif- oyt = (= DYy s Oy, = (= D7y (30

ferent producTts of creation and destruction operators. Each None of the above four transformations changes the sign
nonzero (O|P/P;/|0) also reduces to the general form of the J, term[Eq.(2)]. However, the transformations of Egs.
(0lIjcicf]0), which is again unaffected by the transforma- (29) and (30) (as well as more general transformations not
tions cj:e“’(i)dj. Lastly, consider the expectation value of an discussed here which are different on different sublattices
operator O=3a P, in the (possibly unnormalized state  do not leave theH, of Eq. (6), and hence the spin-spin
3P0y, where thea, andb, are coefficients. Then, interaction of thet’-J model, invariant. The transformations
of Egs.(27) and(28), which do leaveH | invariant, change
(0|3,b P[OZ/ by Py |0) EI,I’,I”aI”bTbI’<O| pITPI,,pl,|O> :jhe dxz__yz I'symm_etryf Céf E?g) pairs ode;(.sld_f) t? S an((jJl the
= % = < .2_\2 singlet pairs of Eq(16) to extendeds singlets and vice
(O[%1bi Py by, Py[0) %/b by (0|P{Py[0) versya. Henced,z_,2 singlets of the form of Eq.16) are trans-
(19 formed to extended-singlets when the sign df is changed
in thet’-J model, and vice versa. More generally, operators
Again, each term of the numerator and denominator reduce®e transformed according to E@7) or (28) when the sign
to the form <0|H{J-}cjch|0>, which is invariant underc; of t’ is changed(The two transformations give the same
:eiﬂ(J)dj_ Hence, an arbitrary phase transformation on elecresults for_ operators with the appropriate sy_m_met_ries, which
tron creation and destruction operators has no effect on fe@enerally includes the operators of interg$his is different
mion operator expectation values in fermion states. Alsoffom Ref. 27. However, the main arguments and conclusions
since an electron creation/destruction operator referring to 8f that paper remain unchanged.
particular basis can always be written as a sum of operators Lt/ -t"-3. MODEL
: . R . 2
referring to a different orthogonal basis, it is not even neces-
sary that the creation/destruction operators under consider- For the more generdl -t”-J, model, one obtains in low-
ation refer to a particular orthogonal basis, as long as thest order thgéunnormalizegl wave functions
phase transformations are consistent.

(O)

+ — a—mikX/L ’
Now, we wish to find a particular phase transformation |lﬂ|2x'ky> =€ (4)s,8hy i)
which is equivalent to reversing the sign ©f Temporarily + e kYL (217 (2 — &2) + 31
dropping the spin coordinate, we choose for simplicity a [« )(Si Si) TX'V]|ka'ky> (31)
transformation of the form with energies
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t 1 betweerd-wave andp-wave symmetry, providing a simple
P P picture for competition between these two states. In the next
s D higher order, neglecting constant additive terms, the energies
h g of the lower pair band separate into

8 4
~ 31cy + 56}, (39)

, IiIG. 1. Hole-pair symmetry in th(j strong-coupli_ng limit of the where herec,=cog2mk, /L) andcy:COS{Zﬂ'ky/L). Two-hole
tDt dg; gggjel as ?gfﬂg‘g‘%’;eﬂf %r;dt ';:de‘lse’gc‘f;:oltz :Z;?;'ﬁgfc; lower band dispersion curves were previously calculated nu-
< The axes éiayszs 4t=0 an dt’s’ixo Py: merically using a variational meth®d and series
' ' expansiong® We then find(in agreement with Refs. 20 and
22) that the purad-wave (t' > 0) state of Eq(14) is selected
éﬁx,kf 21 -5-) 7, (32)  as the lower pair band ground state. However, the closeness
to p-wave symmetry may provide an explanation for the
low-energy p-wave “quasipair’ peaks seen numerically in
o (1N 2 _ 2)\2 N22211/2 smallt-J andt-J, clusterst®
Ty = 2() (§ i) +A) Sﬁi} ' 33 We also note that several different techniques have sug-
As a function oft’ andt”, we find that the ground state gested that the symmetry of a doped hole pair in tthg
symmetry of the pair is as shown in Fig. 1. and/ort-J models may bg wave for some range of gener-
The s-wave andd-wave operators are of the form in Eq. ally intermediate or small,/t or J/t.20-31-33However, this
(14). The ground state associated withwave pairs is, in  has not been rigorously confirmed one way or the oth#?.
contrast, highly degenerate. The multiplevave pair opera- One can perturbatively construct increasingly extended
tors can be eithep, guasipair states for the J, model. Combining results for the
NN d-wave pair operators for ground statds,) and |®),
Apx(ky) = i_z e_ZWikyy/Lax,y(aﬁl,y_ a-1y) (34 one finds the lowest order correction for the singlet pair op-

wheres,=sin(wk,/L), s,=sin(wk,/L), and

LV2xy erator of Eq.(16)
or py
2\(t\(1
6= (- )5NE) S At
1 o d x+1y,0°x+1y,~o
Apy(kx) = SE € 2Trlkxxn_ax,y(ax,y+l - ax,y—l)- (35) 3 JZ L Xy
V< xy

- CI,y+l,—(rCX,y+l,a') Cx+1y+1,0Cxy,0 T (CI+l,y,a'CX+l,y,—a'
In leading order, the, states have energies independent of _d ) ) (39)
k, and thep, states have energies independenkpfBoth %y-1,-0Cxy-1,0)Cx+1y-1,06Cxy,07 *

p-wave pair operators change sign under a 180° rotation. ) _ i
When operating on the appropriate Néel state, each of the

above terms consists of a diagonal hole pair dressed with a
V. t-J. MODEL singlet pair of electrons straddling the bond connecting the
L t-J, . : . ) ) i
pair of holes, as was found in numeridall simulationst
We next consider the strong-coupling limit of theJ,  This form basically arises from the disruption in the local
model. To lowest order, we find that this maps onto thespin order when an electron of particular spin orientation and

above strong-coupling limit of th& -t”-J, model with one hole of a NN hole pair exchange sites to form a diagonal
2/ 2 hole pair. We note that the contribution from pairs a distance
t o= ten = -<—>_ (36)  Oof two lattice sites apart, nominally also of orded,, van-
' ' 3\J, ishes identically in this orde(Variational calculations found

a reduction of such a contributioff This vanishing may
provide an explanation for why only NN and diagonal hole
correlations appear to dominate in thel model near half
N SR ik filling for moderate to largel/t.*137
|1/ka,ky>—T§{e X 5y|hkx,ky>_e Y 5><|ka,ky>}- (37) If one adds the necessary terms to the operator of3Sy.
v to impose a type of spin rotational invariance, one obtains
Flat pair bands were also foutfdf for related(though dif- the composite pair operator invented in Ref. 37 to give a
fereny models and/or treatments. In Ref. 22, a fivefold de-diagonal singlet pair withd,>_,» symmetry. The type of op-
generacy of strong-coupling J, pairs of pured or p sym-  erator of Ref. 37 was also generalteith a 2x 2 plagquette by
metry was noted. applyinge ™ to the pair operator of Eq16). The operator
We see from EQq(36) that, to lowest order, the strong- of Eq. (39), which emerges naturally from perturbation
couplingt-J, model lies on therightmos) boundary in Fig.  theory, also hasl._y2 symmetry.

From Eq.(32), the lower band of the pair excitation spec-
trum then becomes flat, with wave functions
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We also note that, since we calculate energy spectra and N 4 4y
wave functions, our results and approach can be used to cal- Aji = ;_E(C‘TC” ~Ci\Cjy) (46)
culate finite-temperature and real frequency properties. Our v
results can also be easily extended to periodieg ladders
with evenn. However, we do not pursue those issues here.With Al =Al, wherei and j refer to plaguette sites, the
In addition, we note that in contrast to E¢87)~30), the ~ ground state is a linear combination of the two states
phase transformation that is equivalent to changing the sign

of t is given by 1 AT+ AT .
Ay (- DG, 0 (40) |4n) \JE( 1% 424/0) (47
This transformation leaves the spin-spin interactibigsand
the H, of Eg. (6) invariant. Under this transformation the and
symmetries of the hole-pair operators of E(sl), (16), and
(39) all remain the same. 1
=5 AL+ Mgt AL+ al)j0). (49

V. t-t’-t"-J, MODEL AND INTERMEDIATE COUPLING

For [thJt'L|t"|<Js [t/=>|t'|.[t"]; and [t'/J|>(t/3)* or  The ground state hence hasvave symmetry, as was earlier
t"13,]>(t/3)* (so that lowest order terms domingt®ne  found for the two-hole doped plaquette] model®1! As

can use Eq(36) to define discussed previoush;'*this implies that the hole-pair sym-
52 metry isd wave. We note that with’ =0, which automati-

tgﬁ:t’+t{eﬁ:t’+—t— (41) cally satisfies EqQ.(43), _the hole-pair symmetry for the

’ 3J, plaquettet-J,-J, model is always wave, as in the strong-

coupling limit of the general-J, model.(However, because

and . ) : i ;
there are no lattice sites a distance of two lattice spacings
) apart on the plaquette, farJ,<1 the plaquetteé-J, model
Lo = U + L e =t +§J_ (42) reduces to &’-J, model witht’>0 rather than a fullt’-

z t”-J, model, enhancing-wave pairing compared to a larger

One can then simply use Fig. 1 as a guide to pair symmetryattice)

As one step towards investigating the further range of However, there is a level crossing ttt, < and when
validity of our approach, we performed analytic calculationst’ <t/,.ssthe ground state has energy
of thet-t"-J,-J, model[see Eq(6)] on a 2X 2 plaquette. In
what follows, the four plaquette sites are consecutively num-
bered as one goes around the plaquette edge. Spin-spin inter- E.=— _J + 2t/

0 (49

actions and hoppings are between consecutive siteéfop- 2 2
pings are between diagonal sites, and therenargeriodic
boundary conditions(though such boundary conditions gnd wave function
would only renormalize parameter valjies

With no holes(four electrons, one per sjtewve found that 1
the ground state had,._,» symmetry, as is the case for the = S(AT AT £ AT AT
t-J model on a plt';\que%t\“%c’;ll for all 3,>0, J, =0. (There 1Y) Z(Alz Azst Asa= A0)[0)- 0
are two degenerate states only whkn=0, both ofd-wave

symmetry) |5) hasd-wave symmetry, implying that the hole-pair sym-

For two holes, when metry is nows wave. We note that with=0, giving t, .
=0, thet’-J,-J, model hole-pair symmetry on a plaquette is

>t e = l[(JZ+JL) -V(J,+J3)%+64% (43 d wave fort’>0 ands wave fort’ <0, as in the general
8 t’-J, model strong coupling case.
(the more “physical” parameter regimé¢he ground state en- ~ As mentioned previously, some approaches have sug-
ergy is gestedp-wave hole-pair symmetry for some range of gener-
) ally intermediate or t’%rgfélS/;or J,/1.20:31-33However, other
_ 4+ 2 N1/ t-J numerical results=*>>>/indicate thatd-wave features
Eo= 2[0(+ (o +320%)™], (44) of the strong-coupling limit may persist down to physically
relevant intermediate couplind/t~=0.3-0.5. This and the
where above plaquette results are consistent with the strong-
, J, , coupling t-t’-t"-J, model as a potentially useful starting
a=o o 2t (45 point to explore the more physically relevant intermediate-
couplingt-t’-t"-J model.
(We assumelJ,>0, J, =0, and eithert+0 or t'#0.) As a rough guide to the general effectstofandt” on
Defining'! pairing symmetry, one can begin with crwave state in
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I/t
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FIG. 2. Qualitative diagram of proposed hole-pair symmetry for

thet-t'-J, model. ‘D,” “P,” and “S’ denote the same as in Fig. 1,
and no prediction is made for regiok):” Axes cross at’/t=0 and
intermediatel,/t (~0.3-0.5. The possibility ofp-wave symmetry
for t’=0 and intermediatd,/t is not shown.

Fig. 1 arising from the term, presumably in the upper right

PHYSICAL REVIEW B39, 224507(2004)

the symmetry were established to pewvave rather thard
wave, it would suggest that thiet’-t"-J model by itself
could be incomplete as a model for high-superconductiv-
ity. In that case, one possibility for restoridgwave symme-
try could be the addition of electron-phonon coupling in the
d channef® In either case, it may also be of interest to ex-
plore how the existence of or nearnesptaave symmetry,
which effectively reduces the dimensionality of the hole-pair
wave function from 2D to 1D, would correlate with possible
stripe phases observed experimengdiff and in numerical
simulationg—43

Another interesting possibility is the existence of an ex-
otic state which may be close in energy to the > super-
conducting cuprate ground state. Sucltampeting phases
scenarié* could become even more involved if one takes in
account recent numerical calculatiéhpointing to the exis-
tence of strong ferromagnetic fluctuations in the vicinity of

guadrant. Assuming pairs of pure symmetry and that strondoped holes for realistic values tf<0.

coupling qualitatively extends tg'|, |t"|~J,J, botht’>0
and t”<0 will tend to move one deeper into theewave
region; howevert’ <0 andt”>0 will tend to move one to-
wards, and perhaps into, thwave region. Previous-J
work has argued and/or indicated numerically tat-0
strengthengl-wave pairing whilet’ <0 weakens 28?7 and
it was found on a 32-site lattice that a particutax< 0 and
t”>0 together favored g@-wave paif® Also, if one starts
with a possiblet-J, or t-J p-wave pair(upper right quad-
rany, t' <0 andt”>0 would tend to move one deeper into
the p-wave region whildg’ >0 andt” <0 would tend to move
one toward, and perhaps even into, theave region.
Based on this and our strong-coupling resgéissuming
pairs of pure symmetjy we show in Fig. 2 qualitative pre-
dictions of the hole-pair symmetry for thet’-J, model. We
do not show in Fig. 2 the possibility of a crossoveptavave
symmetry for thet-J, model mentioned above. We believe
the predictions shown apply to thet’-J model as well, with
a comparatively smallgp-wave region due to larger energy
differences betweetr J p-wave andd-wave pair statet® An
additionalt”>0 would tend to enlarge thp-wave region,
and an additionat”<0 would tend to enlarge thd-wave

VI. SUMMARY

In summary, we have investigated analytically the ground
state pair symmetry and excitation spectra of two holes
doped into the half-filledt-t'-t"-J, model in the strong-
coupling limit. In lowest order, this reduces to considering
thet’-t"-J, model, where we found regions of ground state
d-wave, s-wave, and(degenerate p-wave symmetry, de-
pending upon the signs and relative magnitudes aindt”.

We next found that the-J, model in lowest order was on the
boundary between thd-wave andp-wave pair symmetry,
with a flat lower pair dispersion, providing a simple picture
for the competition betweed and p symmetries. In higher
order, d-wave symmetry was selected from the lower pair
band. However, because of the closeness-teave symme-
try, we predict that the appropriate<0 and/ort”>0 added
to thet-J, or t-J models with intermediate to largg or J
should drive them intop-wave pairs, and perhaps even
p-wave superconductivity. These signstbfandt” are those
found in the hole-doped cupratd$n contrastt’ >0 and/or

region. Note that in Fig. 2, the horizontal axis cuts the ver+”<( tend to promotal-wave symmetry.This p-wave ten-

tical axis at intermediaté,/t (~0.3-0.5.

t>0 for the hole-doped cuprates, and estimateg’fand
t” are typically in the range$’ =(-0.1)t-(-0.5t, and t”
~0.0-(0.3t, generally with|t’'| > |t"|.2>24 Both these signs

dency could be strengthened following results which suggest
p-wave pair symmetry for intermediate or smalt or J,/t in

the t-J or t-J, models?°31-33 though such results have not
been rigorously confirmetf:3>

of t" andt” are those which could tend to drive the pair We constructed a perturbative correction to the nearest-
symmetry top wave, raising the issue of the hole-pair sym- neighbord-wave pair, giving a more extended quasipair, and
metry in the intermediate-coupling regime. We note thatsthe found that it was similar to thel-wave composite operator
wave is also possible, though we believe it less likely atinvented in Ref. 37 and qualitatively consistent with previous
intermediate coupling. numerical r_esulté? The quasipair included a contribution
It would be interesting to try to determine numerically from sitesy2 lattice spacings apart, but the same-order con-
whether the symmetry of two doped holes in the¢' -t"-J  tribution from sites 2 lattice spacings apart vanished identi-
model is in factd wave for the experimentally relevant val- cally. The structure of the quasipair derived from the disrup-
ues oft,t’,t”, andJ (e.g.,J/t=0.3-0.5. However, drawing tion in local spin order under the exchange of one of the
conclusions from exact diagonalization and other current aprearest neighbor holes and an electron.
proaches may be challengigee, e.g., Refs. 25 and)3®ue We explored ranges of validity of the perturbative ap-
to the possibility of uncontrolled finite-size or other errors, proach of this paper using ax2 plaquette and results from
and such approaches sometimes give conflicting results. bther work?2:34.3537_astly, we discussed implications for the
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