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The possibility of coexistence of superconducti§C) and antiferromagnetic long-range ord@&FLRO)
of the two-dimensional extendeel model in the very underdoped region is studied by the variational Monte
Carlo (VMC) method. In addition to using previously studied wave functions, a recently proposed wave
function generated from the half-filled Mott insulator is used. For hole-doped systems, the phase boundary
between AFLRO and-wave SC for the physical parametedst=0.3,t’/t=-0.3 andt”/t=0.2, is located near
hole density5,=0.06, and there im0 coexistence. The phase transition is first order between these two
homogeneous phases &t
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Correlation between thé-wave SC and AFLRO is one of to 26 sites show that both SC and AFLRO are enhanced by
the critical issues in the physics of the high-temperature suthe external staggered field. This result also implies these
perconductivity(HTS).12 Early experimental results showed two orders can coexist homogeneously in at2Dmodell’
one of the common features of the HTS cuprates is the exowever, the regime of AFLRO predicted by these studies
istence of AFLRO at temperature lower than the Neel temextend to larger doping than the experimental results. The
peratureTy in the insulating perovskite parent compounds.robustness of the coexistence of SC and AFLRO seems to be
When charge carrier&lectrons or holgsare doped into the inconsistent with experiment§.
parent compounds, AFLRO is destroyed quickly and then SC There are several experimental and theoretical studies
appears. In most thermodynamic measurements, AFLRQuggesting the presence of the next- and third-nearest-
does not coexist with SEHowever, this is still a controver- neighbor hopping terms andt” in cuprates. For example,
sial issue. Recent experiments such as neutron-scattering afi topology of the large Fermi surface and the single-hole
muon spin rotation show that the spin density wa8®W)  dispersion studied by ARPE8 and the asymmetry of phase
may compete, or coexist with SC under the external magdiagrams of the electron- and hole-doped cuprates can be
netic field?-° Remarkably, elastic neutron scattering experi-understood by introducing these terms. Further, these longer
ments for underdoped YB&uO, (x=6.5 and 6.6,T.  range hopping terms may be essential for the large endpgh
=55 K and 62.7 K, respectivelyshow that the commensu- for the t-J-type model£%2! In this paper, we would like to
rate AFLRO develops around room temperature with a largglemonstrate the phase diagram constructed by VMC results
correlation length~100 A and a small staggered magnetiza-of the extended-J model. The TWF’s for very underdoped
tion my~ 0.05ug."® These results suggest that AFLRO may systems are generalized from the single-hole and slightly
coexist with SC but the possibility of inhomogeneous phasegloped wave functiofWF) proposed by Leet al??23 The
is not completely ruled out. results for the hole-doped case show theredsoexistence

For the theoretical part, the two-dimension@D) t-J  of d-wave pairing and AFLRO when the next- and third-
model is proposed to understand the physics of HTS. nearest neighbor hopping terms are introduced. And the
Anderson proposed the resonating-valence-baR¥B)  phase boundary of AFLRO is pushed to lower doping den-
theory for the model about one and a half decades ago. Thity.
theory is reexamined agafirecently. The authors compared  The Hamiltonian of the extendddd model is
the prediction of the RVB theory with several experimental
results and found the theory to have successfully explained t 1
the main features of cuprates. This so called “plain vanilla”H =Hi+Hy=- 2 (G ,Cj,o + H.C)) +JZ (Si S - Z”i”j>
theory did not consider the issue of AFLRO, which must be E @5
addressed at very low doping. From analytical and numerical 1)
studies of theé-J model, it was shown that at half-filling, the
d-wave RVB state with AFLRO is a good trial wave function Wheret;=t, t’, andt” for sitesi andj are nearest, next-
(TWF). In this case, SC correlation is zero because of théearest, and the third-nearest neighbdrsj) in H; means
constraint of no-double-occupancy. Upon doping, the carrierghe spin-spin interaction occurs only for nearest neighbors.
become mobile and SC revives while AFLRO is quickly sup-€; ,=(1-n; _,)c ,, satisfies the no-double-occupancy con-
pressed. However, if the doping density is still small, straint. At half-filling, the system is reduced to the Heisen-
AFLRO will survive. Thus SC and AFLRO coexist in the berg HamiltonianH;. As carriers are doped into the parent
very underdoped regimé-1® Exact diagonalizatiodED) up ~ compoundH; is included in the Hamiltonian.
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First we exam the phase diagram of th&model, that is, 0.4 0.020
t'=t"=0. Following Refs. 15 and 22, three mean-field order
parameters are introduced: the staggered magnetization
=(S)=—(S%), where the lattice is divided int& andB sub- 0.8 0.015
lattices, the uniform bond order parametqrs(EUciTchg>, e
and d-wave R\{B (d-RVB) o.neA:_<cjlc.iT—c”cil> if i and ] 02 0.010Pd
are nearest-neighbor sites in tkéirection and A for they <M>
direction. The Lee-Shih WF, which is the mean-field ground
state WF, is 0.1 0.005

Ng/2
W= Pd( > (AkalTatkl"'BkaTbJ—rkl)) ! 0), (2
kesSBZ 0.0 —e | 0.000

whereNs is the total number of sites arm<=(Ef<1)+§;)/Ak 0.00 0.02 0.04 0.06 °'§8 0-10 0.12 0.14
and B,=—(EP-&)/A, with EN=(g2+A2)Y2 and E? h
:(§2+A§)m- Here Ak:%A(COSkx_COSky)- Energy disper- FIG. 1. (M) (full symbolg and P§’® (empty symbols for J/t

sions for the two SDW bands are==[(e+un)*> =0.3, t'=t"=0 (circles and t'/t=-0.3, t"/t=0.2 (triangleg for
+(Imy?]M2- . with ek:—2<t5+gJ)()(COSkX+COSky). A, hole-doped 1X 12 lattice.

= Cyt TP Cirqe AN by o==0BC o+ aCriqy Where Q o _ .
=(1r,m), aE:%{l_[(fk"'l-L)/(g;"'M)]}: and 3&:%{“[(@ It can be seen in Fig. 1 that in the undgrdoped region for
+)/(&+w)]} are the operators of the lower and upperthe J/t=0.3,t'=t"=0 case, AFLRO(full circles) coexists
SDW bands, respectively. is the chemical potential which With SC (open circles for &,<10%, which is smaller than

A . i T 15 H
determines the number of electrons. Note that the summatidiif€ Weak-coupling mean-field resutt15%;™ but still larger

in Eq. (2) is taken over the sublattice Brillouin zoigBz). ~ than the phase boundary of AFLRO determined by experi-
The operatoiP, enforces the constraint of no doubly occu- MeNtSd<5%. The energies dff',s) are lower than those of
pied sites for cases with finite doping. |Wp) 'for all d_opmg densities in this case..Thls result is also
For the half-filled casep=0 and the optimal variational Consistent with the results reported by Himeda and OYata.
energy of this TWF obtained by tuninyandm in the VMC Comparlson of the VMC _result with th_at of the weak-
simulation is —0.332 per bond which is within 1% of the coupling one seems to indicate that the rigorous no-double-
best estimate of the ground state energy of the HeisenbeffCuPancy constraint suppresses the AFLRO faster than the
model. For the case of pure AFLRO withot energy per ~ constraint-relaxed mean-field approximation.
bond is about 3% to 4% higher. Upon doping, there are two NOwW we examine the phase diagram fdrt=0.3,
methods to modify the TWF: one is to use the SDW bandd'/t=—0.3 and t'/t=0.2. For this case, the WF
with a nonzeroy, the other is to create charge excitationsEd- (2) is modified by replacingu by s.+4t, cosk, cosky
from the half-filled ground states. For the former method, the" 2t,(C0s X, +cos %) due to the second- and third-nearest-
TWE is optimized by tuning\, m; andx. Note that for larger ~ Neighbor hopping terms; andt; are variational parameters.
doping densities, AFLRO disappeafsi=0) and the WF t; andt] are not necessarily equal to the bare valemndt”
reduces to the standaddRVBWF. For the latter method, the Pecause the constraint strongly renormalizes the hopping am-

WF is the “small Fermi pocket” staﬂeifp>: plitude. On the other hand, the effecttéfandt” on |¥p) is
Ng2 the choice ofk points inQ,, and the form of Eq(3) is not
W)= Pd< Y (Aalal + Bkblbekl)> |0). changed.
keSBZk¢Q, The optimal wave functions for different densities are de-

(3) termined by minimizing the variational energies among
|W,(ms, A {Qp})) and [ W ¢(mg, A t),t7, ). The differences
of the energies of be$¥ ) and| ¥, o for various hole den-
sities are shown in Fig. ZM) (full triangles and P’ (open

triangleg for 12X 12 lattice are shown in Fig. 1.

k & Q, means thek points in the Fermi pockeQ, are not
occupied. For example, for four holes in X22 lattice,Q,
={(wl2,712),(w/2,-7/2)}. The number of holes is twice

of the number ok points inQ, and u is identical to zero in It can be seen that level crossing occursat 0. 06. W
Eq. (3)._In general_, for the ground state the Qg)t;hould be has lower energy below the critice?l densitﬁro shklwg
determined variationally. Yet as we expected, it agrees Weltlmdhlf ) belong to two different types of WF, we calculate
with the rigid band picture shown in Ref. 23. the oSerIa of them. (W,o| W)/ | W o| W |) s onl

The staggered magnetizatiofM)=(1/NJ(Z;€Ri; ) P P WELSEE pAATE LS p y

L . R 0.01134). The almost orthogonality of the two wave func-

and  the R d-wave  pair-pair  correlation Pu(R)  jons implies that the ground state WF's switch at the critical
=(1/NJ(ZiAg AR +r), WhereAg =Cr,1(Cr+z) +Cr-%1 “CRri+91  density. Another evidence is shown by the correlation func-
~Cr-y)) are measured fod/t=0.3 andt'=t"=0 for the tjons of the two wave functions shown in Fig. 3. It is clear
1212 lattice with periodic boundary conditioRg® is the  that the holes irfW,) repel each other and pairing is very
averaged value of the long-range p@R|>2) of P4(R). The  small, while the behavior is opposite foF, o).
resulting (M) (full circles) and P3"® (empty circles are For 6,<0.06,|¥ ) is the ground state WF an@) is a
shown in Fig. 1. little larger than thet’=t"=0 case whilePZ"® is suppressed
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FIG. 2. Energy difference per site between the two wave func-  FIG. 3. Pair-pair correlatioiy(R) (circles and hole-hole cor-
tions |Wp) and [¥, o for t’/t=-0.3 andt”/t=0.2 in 12< 12 (full  relation H(R) (triangleg of [¥ g (full symboly and [¥,) (open
circle and 16x 16 (open squaredattices. symbolg for eight holes in a 1X 12 lattice.

In summary, for the extendetdd model, we proposed a
new WF |\pr> for the underdoped regime which has lower
variational energy than the traditional WF with coexisting
AFLRO and SC. This WF is constructed under the frame-
work of RVB. The new wave function has AFLRO but SC is
largely suppressed and there is no coexistence of AFLRO

nd SC in the underdoped regime of the hole-doped extended
-J model. The variational phase diagram shows better agree-
Blent with experimental results for the underdoped HTS cu-
prates.

by one order of magnitude. Thus there is AFLRO hatSC

in this regime. The behavior is quite different frgt, o) for
the same doping regime fof=t"=0 case, whos&$’® coex-
ists with (M). A possible reason for this difference is that
although WF|\pr> gains energyshort-range effegtfrom its
d-RV B feature the same d¥, o), yet P{® is greatly sup-
pressed by replacing the large Fermi surface by the sm
pocket. This replacement seems to make the WF decohere
for pairing.

FOT o, larger than %96 the RVB staten=0 in [¥,9) Note that in this study we only consider the homogeneous
optimizes the energyP;™ increases andM) drops 10 zero  gaie5 Since the phase transition comes from the level cross-
sharply. Unlike thet’=t"=0 case there is no region opti- jng of the two classes of states at the critical density
mized by|W¥ ¢ with nonzeroms. In conclusion, there is no  -( og, it is a first order phase transition. It is quite natural to
coexistence of AFLRO and SC for the/t=-0.31"/t=0.2  haye inhomogeneity in the system near the critical pHit.
case. These parameters are close to the values for YBCO aﬂqay also lead to other more novel inhomogeneous states
BSCO compound$’ _ _ such as stripe phaséAnother interesting result of our study

The result that the criticad, for negativet'/t is smaller s that the non-coexistence of SC and AFLRO is much more
than that oft’ =0 case is consistent with the results evaluatedqp st for systems with larger valuestoft andt”/t such as
by exact diagonalizatiGfi?® and the suppression of coexist- ygcoO and BSCG For LSCO wheret’/t and t'/t are
ence of AFLRO and SC is consistent with the slave-bosorymajier, the tendency toward coexistence is larger and the

mean-field_the_or?? _ o possibility of inhomogeneous phase will become much more
The derivation of the effective Hamiltonian of the Hub- likely.

bard model in theU/t—oo limit will generate a three-site

correlated hopping terny as well as the-J terms in Eq. This work was supported by the National Science Council
(2).282° Previous studies show that this term enhancesn Taiwan with Grant Nos. NSC-92-2112-M-029-010-, 92-
SC30-33 Since t; has a similar extended feature as tfhe 2112-M-029-005-, and 92-2112-M-011-005. Part of the cal-
term, we have also examined its effect for the AFLRO/SCculations are performed in the IBM P690 and PC clusters in
phase transition. Our VMC results show that titg-J model  the National Center for High-performance Computing in Tai-
gives similar results as-J model for the relevant density wan, and the PC clusters of the Department of Physics and
regime. Also the shape of Fermi surface is not changed bipepartment of Computer Science and Engineering of Tung-
t3.34 Hencet; is not as important as. hai University, Taiwan. We are grateful for their help.
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