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Phase separation in effective hard-core boson and triplet models in one and two dimensions
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Effective models of hard-core hole pair bosons and triplets are derived frotalth@odel in ladders and on
the square lattice by performing a change from site to dimer basis. The Hilbert space is truncated by projecting
out single-occupied electron states and only nearest-neighbor interactions are retained. The resulting effective
models in one and two dimensions are studied by numerical techniques. In both spatial dimensions, the main
result is that each hole pair is surrounded by a singlet cloud expelling triplet excitations from its vicinity. It is
suggested an interpretation of this feature as a phase-separated state between a hole-pair-rich singlet phase and
an undoped triplet phase with antiferromagnetic correlations. The possible relevance of this result to other
theoretical scenarios and experimental results is discussed.
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[. INTRODUCTION “soup,” has precisely arrived at the conclusion that the el-
ementary excitations of the AF ground state are spin-1 ex-
The S@5) theory is a very appealing framework in cited dimers instead of spinoh3.
which antiferromagnetic(AF) and superconductindSC) The pseudogap phaskefo many a central piece of the
phases of high-. superconductors are naturally related. Thispuzzle of understanding highs superconductivity, is a can-
theory not only gives an explanation of the resonant peaklidate to be a realization of an $&)-symmetric state or an
observed in the SC phasbut also predicts that it smoothly RVB state. An effective model on dimers could then be a
connects with the magnon peak of the AF phase as was rgood starting point to understand many features of the
cently observed experimentaflyAnother of the predictions pseudogap phase. In addition, the stripe pHasehich in
of this theory—i.e., the presence of AF order inside the vorsome cuprates appears inside the pseudogap phase, could be
tices present when a magnetic field is applied on the S@xplained in terms of a particular ordering of dimers that is
phase—has recently motivated a flurry of experimentapinned by a spatially anisotropic exchange or by coupling to
activity*® confirming partially this prediction. At the realm the lattice!**In fact, the concept of electron singlets play a
of the S@5) theory lies the fact of the singlet pairing of central role in one of the theories of the stripe phiése.
electrons. This is a deeply strongly correlated electrons fea- There is a more specific, recent experimental result which
ture which is shared with resonant valence bqRYB) could be possibly described in terms of an effective model
theorie§ and excludes an explanation of the most importanon dimers. A scanning tunneling microscopy study of
features of SC cuprates, not only the AF and SC phases, b&i,S,LCaCuyOg, s has shown a phase separation between su-
also the intervening pseudogap phase, via Fermi liquid operconducting islands inside a percolating background with
Fermi liquid instability concepts. Although there have beenphysical properties resembling those of the pseudogap
many attempts at formulating a $&)-symmetric model on  phase'®
lattices!® a connection between the continuum theory and a Other motivations for studying effective models are both
more microscopic model like thieJ model is still missing.  technical and conceptual. From the methodological point of
In this sense, one of the motivations of the present studyiew the reduction of the Hilbert space is an advantage to
is to help bridge the gap between the more phenomenologimost numerical techniques: exact diagonalization, density-
cal SA5) theory and the microscopicd model. More spe- matrix renormalization-group, and quantum Monte Carlo
cifically, our goal is to obtain and study an effective modelmethods. Conceptually, the effective model may, as is shown
obtained by a change of basis from the site, spin-1/2 eledelow, make evident some properties which are somewhat
tron, basis to the dimer basis, and then projecting out singlédidden in the originat-J Hamiltonian.
occupied dimer states. This dimer basis also indicates a rela- As said above, our approach to @Dconcepts is to map
tion with RVB scenarios, in particular with its nearest- the 2Dt-J model onto an effective model in a basis of singlet
neighbor versio.However, in the present work the change electron dimers. Since the original model excludes double-
of basis is performed on a single spatial dimer covering anaccupied sites, this connection is actually closer to a recently
hence the problem of an overcomplete basis which affectproposed variant of the 38 model called the “projected”
RVB models is avoided. In addition, the elimination of SQ(5) [or pSA5)] model’8 This pSA5) model is an at-
single-occupied dimers implies that the excitations of ourtempt to close the bridge with a microscopic model on a
model will not be spinons and holons, resulting from thelattice from the other end with respect to what is intended in
fractionalization of electrons, but as in the @Dtheory, col-  the present work. Although the basis set of the 3 @odel
lective states of singlet binding of electrons in dimkfss a s identical to that of the models that will be shown below,
matter of fact, a recent study of the spin-1/2 Heisenberghere are important differences in the corresponding Hamil-
model in two dimension§2D), starting from a singlet RVB tonians.
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FIG. 1. Change from a site to a dimer basi¢aha chainandb)  model turns out to be disconnected into two pieces: the set

a ladder. with even and the set of odd number of triplets. For example,
in the subspace of tot&8*=0 the first set is generated by

The paper is organized as follows. In Sec. I, an effectiveg ccessive applications of the Hamiltonian to the initial state
model is derived for thé-J model on ladders. In this case, ...sssss..) and thesecond one to the initial state

the procedure can be carried out in a much cleaner way thgh .sstss. . . ), wheres stands for a singlet dimer. This

for thet-J model on the square lattice. In addition, the one-gitting of the Hilbert space does not appear in the effective
dimensional1D) character of this effective model allows its model obtained for chaingig. 1(a)].

study by exact diagonalization .techniques. The main results Away from half-filling, the states with a single-hole occu-
are common to the corresponding ones for the most interes 5ancy on a dimer are projected out.Bfis the projection
ing case, i.e., on the square lattice, Whlc_h are obtained in Se perator on the subspace of retained statesQigithe pro-

[ll. Finally, in the Conclusions, the possible relev_ance of the'.ection operator on the subspace of the eliminated states,
present results to understand a number of previous theore

; o hen the effective Hamiltonian is given by the standard
cal problems as well as experimental results is discussed. formula

Il. LADDERS 1

o : : L Hets=PHP—PHQ Z-=—=QHP, ()
Although the main interest in connection with high- QHQ-Eg

superconductivity is to study the interplay between various

strongly correlated electron phases in 2D, it is instructive tg/nereWo=Eo¥o andHeP¥o=EqPWo. If 7 is the one

start with the analysis of two-leg laddérslt should be no- given by Eq.(;) on the .%2 Iadder with tWO.hOIGS’ the
' ) . o effective Hamiltonian will contain nearest-neighb@iN)
ticed that the-J model on this lattice has been initially stud- : : :
: . o erms only. In this way, the hopping term of the effective
ied, among various reasons, as a realization of an RV amiltonian. results:
state?® In addition, extensive studies have revealed strong et '
similarities between the behaviors obtained on ladders and
on the 2D square lattice. _ H o= —ts 2, (bbj+H.c4nyng i +ng;np )
The Hamiltonian of theé-J model is ()

~ o~ 1 — 't tf b, n n.

H=—<‘_E> tij (€], Cjot H.c.)+<2> Jij(S'Sj—Zninj), t%%ﬁ (bjtj st i +H.C.Anp jngi+njng i)
i]),0 1]

(o

where the notation is standard. On laddefs=t, J;j=J
along the legs, antl;=t, , Jjj=J, on the rungs. On chains ‘. _ o o
and on the square lattice, the isotropic and homogeneoukhereb; is a creation operator of a hole pair in the diner
case {j;=t, J;;=J) will be considered. np,i=b;rbi. ns;=1,0 if the site is emptyi.e., a singlet or
At half-filling, the exact change of basis from the occupied(by a triplet or a pair, respectively. The first term
site to the dimer basigFig. 1(b)] leads to the following corresponds to the hopping of a pair to a singlet site, while
Hamiltonian: the second term corresponds to the hopping to a site occu-
pied by a triplet. The coupling constants,t, are compli-
cated functions of the original parametdikJ, ,t,t,} but
alwaysts>t,, as shown in Fig. 2 for two values of the lattice
anisotropy a=t, /t (t;=2t,, for the isotropic laddera
=1). This is true even in the presence of an NN pair-pair
Coulomb repulsion. This relation between the hopping pa-
rameters already suggests one of the most important results
of this work. That is, the pairs would tend to be surrounded
by singlets rather than by triplets in order to gain kinetic
energy. In addition, the Heisenberg term in E& would
wheretlvi is a creation operator of a triplet witB’=0,1,  favor the clustering of triplets. These two combined effects
—1 (a=0,4+,—) at dimeri, n;;=npj+n;;+tn_;, N, would imply the phase separation between a pair-doped sin-
=t;ita,i . The first term corresponds to the spontaneous creglet phase and an undoped antiferromagnetics phase.
ation of two triplets out of the vacuum with the constraint of  Finally, the full effective Hamiltonian in the projected
keeping totalS*=0 and the second term is a triplet “hop- dimer basis is given by

+JLEi (npi—1), 4)

Hiiadden ZJGED (thitd;—th ith —thith j+He)
+2J<4Z> (t;ita‘j+H.c.)+2J<2> S-S
L))« 0

+JLEi (n,—1), 2
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FIG. 2. Hopping amplitudes between pairsind singletss (ts)
and between hole pairs and tripldtgt;), as defined in Eq(4),
as a function of] and fora=1 and 2. Basis change on a ladder

[Fig. 1(b)].

FIG. 4. Diagonal correlations as a function of distance obtained
for L=12, Ny=1, a=1, and various values df, as indicated on
the plot.(a) Triplet-triplet (dot lineg and triplet-pair(dashed lines
correlations andb) singlet-singlet(solid symbols, divided by 2
(o1 dimen eif) and singlet-triplef{dashed linescorrelations.

Hladder: HJ,Iadder+ Ht,ladder' (5) . . L .
ing a triplet next to a pair is much smaller than the probabil-
ity of finding a pair next to a singlet. The latter, in the one

The 1D effective model can be studied by exact diagonal*") o P . k
pair system, is simplyngng)=1—(nn,). It is more impor-

ization techniqueglLanczos algorithrh Most of the results ! ! :
below were obtained onla= 12 chain with periodic bound- t@nt the result that, as can be easily seen in Fig. 3,
ary conditions. Some computations fola 16 chain show (NtNp) (r=1) is always smaller than the triplet densfty;)
that finite-size effects are not important. All results shown(insé for the sameJ/t. The normalization of the latter is
below correspond to a fixed number of pahs and were ~SUch thatng+ni+n,=1, n,=0.0833 (one paif, and n,
obtained for the ground state=(0,0). In the following, all =0.1667 (two pairg. This result suggests that triplets are

energies and coupling constants are expressed in urtitsfof €XPelled from the vicinity of a pair. ,
the originalt-J Hamiltonian, Eq.(1). The complete picture can be inferred from Fig. 4 by look-

In Fig. 3, the correlation between a pair and a triplet, N9 at various correlationgnany), (a,b=to,t. ,t_.,p) as a
(nn,) at distance =1 (NN sites, is shown for theL =12 function of distance. From now on, the study will be limited
chain with one pair, as a function 6ft and for three ladder {0 the isotropic casett, , J=J, in the originalt-J mode)

anisotropy ratios. It can be seen that the probability of find2ut Similar results were also found for ali>1 investigated.
In this figure, which corresponds also to the system with one

0.20 , : : pair, it can be observed that the triplet-triplet correlation is

02 r
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maximum atr =0, while the triplet-pair correlation is maxi-
mum at the largest distance on the chain. That is, triplets try
to stay as far apart as possible form a pair. On the other hand,
although singlet-singlet correlations are also maximum at
=0, the singlet-pair correlations are maximunr &0. The

final piece is that the singlet-triplet correlation is maximum
at the maximum distance. Similar results were obtained for
the largerL =16 site chain.

The picture emerging from these correlations is that pairs
move preferentially in a background of singlets and that both
pairs and singlets try to keep themselves away from triplets.
Thus, the system is separated between a pair-rich singlet
phase (it is tempting to consider this phase as a doped
“RVB” phase, even though that the present effective models
are obtained for a single dimer coverjngnd a pair-poor
triplet-rich phase which can be identified as an undoped AF
phase.

FIG. 3. Triplet-pair correlation at=1, L=12, N,=1 (open ] o ]
symbolg, as a function of) and for the values of the anisotropy Essentially the same behavior is observed in the case of
ratio a indicated on the plot. The inset shows the triplet density fortwo pairs present in the system. Results for the triplet-pair
the same cluster and parameters. Resultd\fpr 2 (solid circles, correlation in NN sites and the triplet density as a function of
a=1 are also included. J/t are also included in Fig. 3 for comparison with the one
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& T ek ik W - also present in a rotational invariant formulatfon.
0.0 e . s _filli is impli i
0 > 2 0 P ) 5 At half-filling the change of basis implies an exact map

r r ping of the original spin-1/2 Heisenberg model onto a model
, , , , _written in terms of triplets and singlets. In the basis change
FIG. 5. Diagonal correlations as a function of distance Obtameqndicated in Fig. 6 the resulting model is anisotropic with
for L=12, N,=2, a=1, and various values df as indicated on | e jike interactiongFig. 1(b)] given by Eq.(2) in the
the plot.(&) Triplet-triplet (solid symbol$, pair-pair(open symbols horizontal direction and chainlike interactiofisig. 1(a)] in

and triplet-pair (dashed lines correlations; (b) singlet-singlet - . . . . .
(solid symbols, divided by 2and singlet-triplet(dashed lines }:‘:m‘i’lfortr'“c:r']_d”ec“o”' which are given by the following

correlations.

pair case. The probabilities of finding both a pair next to a

triplet and the triplet density are smaller than for the one-pair p(dimen _ __ g thef =ttt —tt +T +HC
case. A likely explanation of this behavior is that the intro- J.chain 02” (toto; —thjto —t it jFH.C)
duction of more pairs in the system increases the volume of
the pair-doped “RVB” phase, leaving less room for the AF +3J E (tgyit;jta,i_t;it;jta,i+H'C')
phase. (i.],a)

In Fig. 5, diagonal correlations are shown fo+12 and
same parameters as in Fig. 4. The new feature in Fig. 5 with -] 2 (tz,ita,j+ H-C-)+JZ S-S,
respect to Fig. 4 is the fact that two pairs repel themselves as {\a i
can be read from the fact that pair-pair correlations are maxi-
mum at the largest distance. Then, the same qualitative be- +JLZ (ni—1), (6)

havior found in the one-pair case holds: the system separates

into a pair-doped singlet region, here formed by two islands

and a pair-poor triplet-rich region, presumably with short-

range AF order, in this case filling the space between thoswhereg=+,0,—, y=—,+,0 for =0,+,—, respectively.

two islands. Notice also in Fig.(B) the singlet-singlet cor- The sign of the second term depends on the definition of the

relations falling down to its bulk value within a lattice singlet. It should be noticed that this term, as in the ladder

spacing. case, locally conserves the tog&fl This Hamiltonian can be
read, with a slightly different notation though, in Ref. 10, and
alternative or similar derivations can be found in several

HIl. TWO DIMENSIONS other places®?! Finally, the exchange part of the Hamil-
The most important situation is that of the square latticetonian in the dimer basis is

which corresponds to the CuyQplanes in superconducting

cuprates. There are again infinitely many different ways in

which a change from the site to the dimer basis can be per- HY e = H e+ H e, (7)

formed. One of them is shown in Fig. 6. A well-known fea-

ture of choosing a dimer basis like the one depicted in Fig. 6

is that the rotation invariance of the square lattice is brokenwith the ladder(chain term acting on the horizontaverti-

and it is not simple to restore it at the level of the effectivecal) direction as indicated in Fig. 6.

Hamiltonian. In the ladder case, examined in the previous Let us consider the originatJ Hamiltonian defined on a

section, this is not important since the lattice itself is spa-chain. To obtain the hopping part of the effective model, the

tially anisotropic. In the case of the square lattice, the purprojection defined by E(3) is again used. In this cash, is

pose of the present study is to provide indications of thehet-J Hamiltonian on a four-site chalifFig. 1(a)] with two

presence, in a rotationally broken effective model for theholes and the effective one will contain NN interactions only.

square lattice, of the singlet-AF phase separation already ofi-he resulting effective hopping term is very similar to the

served in ladders and to suggest that this feature should e in Eq.(4):
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FIG. 7. Hopping amplitudes between pajpsand singletss Th Th

(ts,tso) and between pairs and tripletgt, ,t;o), as defined in Eq.

(8). as a function ofl. Basis change on a chalifiig. 1(a)]. FIG. 8. (a) Variation of energy per site with temperature in the

S$*=0 subspace in the X4 cluster with one and two pairg/t
=0.8. (b) Variation of triplet density and+, ) magnetic structure
eff) . + factor with temperature in the subspa®e=0 in the 4x4 cluster
HgCh)ai”_ _ISGE’D (b; bi+H'C')_t50<iE’j> (Mp,Ns,i+Ns,jNp.i) with two pairs, J/t=0.8. In both panels, solid symbols
at T=0 indicate the corresponding values obtained by SEHS
.y E (bjth,stiJr,sbﬁH-C-) diagonalization.
(1) Alternatively, a diagonalization in a systematically expanded
Hilbert spac& (SEHS is used. With a number of states
—ttoz (np,jnt,i+nt,jnp,i)+~hz (Np,i—1). ~5x 1P, variational energies within 1% of the exact ener-
b ' gies, estimated by extrapolating to the full dimension of the
(8) Hilbert space, are obtained. In order to study larger clusters,
. ) ] ] a quantum Monte Carl@QMC) technique with the conven-
As in the case of Eq(4), the hopping amplitudes satisty  tjonal world line checkerboard decomposifidiis used. Al-
>t;, andts>tyo (Fig. 7) again favoring the movement of though there are no fermions involved, there is a “minus
pairs away from triplet-rich regions. sign problem” which makes impossible the study at low tem-
Coming back to the square lattice, the correct procedure ieratures. There are several terms in the effective Hamil-
to take H as thet-J Hamiltonian on the eight-site cluster tonijan which lead to “minus sign” configurations in th&
indicated by a dashed box in Fig. 6. As a result, the effective+ 1)-dimensional space. An important reduction of this
Hamiltonian contains three- and four-site terms in addition tqproblem is achieved by not generating those configurations
NN interactions. In order to keep the Hamiltonian as close agith interacting cubes which do not conserve the parity of
possible with the proposed p®& model!"*®only NN hop-  the number of triplets on its top and bottom plaquettes. Of
ping interactions as given by Eqgl) and(8) in the horizon-  course, the QMC algorithm is no longer exact but neverthe-
tal and vertical directions, respectively, are retained. Theess it provides a reasonable approximation to its exact be-
signs of these hopping terms coming from the eight-site clushavior. By eliminating certain transitions, it might be pos-
ter calculation are the same as in E¢®.and(8). To com-  sible that certain regions of the phase space are disconnected.
pensate for neglecting three- and four-site terms, the hoppingo cope with this problem, at each temperature, results were
amplitudes in Eq(4) are rescaled by a single constanand  averaged over at least four independent runs starting from
the amplitudes in Eq(8) by another constang. A reason-  different initial states. Variations in the values of the energy
able fit of the energies of the effective model on th&2t  from different runs were somewnhat larger than the statistical
cluster to the exact energies of thed model on the &4  error of each run but nevertheless smaller than 1% in all
cluster in the whole range studied=<0<2.5, is achieved cases. In addition, since the present study concerns zero-
with =1 andB=0.5. In this range oJ, the relative differ- temperature properties, the simulations are restricted to the
ence between these two energies is less than 0.01. The esubspace of zero total magnetization and only local moves
change part of the effective model is given by Ef. are included in the algorithm. Overall simulation error bars
A first insight into the properties of the effective model are approximately twice the size of the symbols used.
can be gained by studying thex44 cluster. Due to the large The evolution of various quantities with temperature in
dimension of the Hilbert space<(7.76x 10 for Npo=1 and the S’=0 subspace on the>4 cluster,J=0.8&, with one
~1.50x 108 for Np=2 taking into account translational in- and two pairs is shown in Fig. 8. The corresponding zero-
variancg, conventional exact diagonalization techniquestemperature results obtained by diagonalization in an ex-
cannot be applied, except by resorting to massive computerpanded Hilbert space are also included for comparison. As
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FIG. 10. Results obtained by QMC on thex8 cluster, T
FIG. 9. Triplet-triplet (solid symbol$ and triplet-pair (open ~ =0.02 at various fillings, and as a function dft. (a) Triplet
symbolg correlations as a function of distandé,=1,2, J=0.8, density (solid symbol$ and triplet-pair correlations at NN sites

(a) on the 4x4 cluster(SEHS and (b) on the 8<8 one (QMC, (open symbols The triplet-pair correlation at the maximum dis-

T=0.02). Pair-pair(starg and singlet-singlefcrossesb) only] tance forN,=1 are shown with stargb) AF structure factoxtri-

correlations folN,=2 are also shown. angles,N,=4; diamonds,N,=8) and superfluid densityplus,
Np=4; starsN,=8).

expected the energies obtained by the approximated QMC _
technique are higher than the obtained by diagonalizatioWhere Apy(7)=px(7+1)—px(7) and py(7)=2x(i,7),
(which are virtually exadt while the triplet densities are Wherex(i, ) is thex coordinate of pair at imaginary timer
smaller than the exact ones. and the sum extends over all the pairs in the system. The
The same correlations previously studied on ladders arguperfluid density follows from
shown in Fig. 9a) for the 4x 4 cluster, with one and two 5
pairs,J=0.8. These ground-state correlations, obtained by - "mf drC(Pexo —i 10
SEHS atk=(0,0), have been averaged over the two direc- Ps™ 070 0 rC(r)exp(~1w). (10
tions x andy. The most important result is again that the . : . . . . .
triplets try to locate as far as possible from the pairs. Similal!t IS Wt_alldknown that thlsdquantlty t\)/amshgs if the Sr']mwa.‘t'otﬂ
results were obtained for the other correlations shown in Fig'.S carried in a zero-winding number subspace which 1s the
5 and for all values ofi/t examined. case in the present study. The way out of this problem stems

Results on the 8 8 cluster obtained by QMC technique Lrglrpo:r;ﬁef?r(r:étttr;t'rt:ae Y;Qr(jlr:'?r]gug?rt)eirt'?naybgi nglr;i)err]?)r:?
atT=0.0% for one and two pairs are shown in Figh® The - Imaginary time, direction, being

behaviors of triplet-triplet and triplet-pair correlations and leﬁlrg gztn;\ﬂth t?}gnongl'ée (:S(I)?r?elnoLr;ebOtr:;ae\rkiEalfi;hzh?:slljrri)eelr-
pair-pair corrrelations are qualitatively similar to those found y y 9

in the smaller cluster at zero temperature. These results aPr nsform in Eq(10) between zero an@/2. This procedure

very suggestive that triplets are expelled from the vicinity of> ould be exact in the limit of infinite Trotter number which

a pair. Notice also that, as for laddéRg. 5), singlet-singlet ' thg limit !n Whi?h’ on 'the other hand, the whole world line
coerelations decay very rapidly to téheigr b531|k ve?lue 9 algorithm is valid. This procedure has been thoroughly
A more systematic study as a function it Ieads; to the checked in the hard-core boson model where exact and nu-

; ; ,28

results depicted in Fig. 18). In all cases, the probability of merical results are avqﬂab?é. .

finding a triplet near a paifopen symbolsis smaller than The superfluid densitps and the magr_letlc structure_ fac-
the average probability of finding a triplet on a given sitetor. at (W'W)r’] XAF: 02. theb8><8 cll;stert.wnh t;(/)turAﬁphd e|ghht
(solid symbol$. Consistently with the idea of pairs expelling pairs, are shown in Fig. 10) as a function of)/t. oug

. o o N ; the ultimate dominance of SC or AF or, eventually, the co-
| h I f f I h X ' '
rg%ztsteggtt:ﬂggsgfggaggg/ asbr']g\yv: fo:qgglgnae g';reé DaF the existence of both SC and AF orders can be determined only
larger than the average triplet probability by a finite size extrapolation which is out of the scope of the

Since the system contains charged pair bosons, it is imPresent study, two qualitative features are apparent. First, as

portant to calculate the superfluid density as a measure Sy paur dopln_g IS T;r\le:assed thedre;éa_n e_nhancement O]; SC and
superconducting properties in this model. The procedure t§ Suppression o - Second, IS increasedyr also

calculate the superfluid densifistarts by computing the cor- 'NCr€ases whilep decreases. Similar results were obtained
relation: with an even simplified model which mimics the spin triplets

by spin doublet€ and can be obtained by projecting out the
S$*=0 component of the tripletsy, again by using Eq(3).
C(7)=(Apy(7)Ap,(0)), 9 The mutually exclusive behavior of AF and superconductiv-
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ity, which has been shown both in the present work andure emerges. Pairs are surrounded predominantly by sin-
previously in Ref. 22, can now be understood in terms of thigjlets, and triplet excitations are located as far apart as pos-
real space phase separation between SC-singlet and AF raible. This is a kind of phase separation between a pair-rich
gions. The growth of one of each phases reduces the spatBVB” phase and a pair-poor triplet-rich phase which would

available for the other phase. correspond to a phase with at least short-range interactions
(since triplet excitations restore AF order from a RVB
IV. CONCLUSIONS staté? and would quite likely be insulating. Pair-pair corre-

] _ ) lation functions indicate that pairs try to be situated at the

In the first place, the present work is concerned with thémaximum distancéthis behavior is more definite in ladders
mapping of thet-J model into an effective model of pairs than in 20). This behavior might correspond to pairs moving
and triplets moving on a “sea” of singlets. The strategy i a singlet phase macroscopically separated from the triplet
adopted was first to map exactly the magnetic interac_tions "ﬂ)hase. Alternatively, the phase separation might be micro-
the undoped system and then to determine the effective hoRgopic: pair-singlet islands moving in a triplet background.
ping interactions in the two-hole sector of the original The behavior of triplet-pair correlations in 1D could favor
Hamiltonian. This second procedure is an approximate ongis second scenario. In any case, these phase separation sce-
because it implies projecting out single-occupied dimers an@arios provide an explanation for the AF-SC mutual exclu-
truncating the range of the interactions nearest neighbors. l§on shown in the previous section.
the case of ladders this procedure is reasonably clean. The Fyrther studies are necessary to distinguish between both
choice of dimers corresponds to the strong-coupling limitypes of phase separation. In the macroscopic PS scenario it
which extends virtually to the anisotropic case. An effectivejs expected a superfluid density comparable with that of the
model in one dimension is obtained in which the hoppinghard-core boson model while on the microscopic PS scenario
couplings between pairs and singlets are larger than betwegnould be considerable reduced. On theoretical grounds,
pairs and triplets. the emerging PS picture could be realted to the AF-SC co-

In the square lattice the procedure to obtain the effectiveyistence phase predicted by GDtheories. The exclusion
model is more complicated. In the first place, the simplepf triplets and pairs is highly nontrivial taking into account
dimer covering adopted breaks rotational invariance of thgpat previous studies on thteJ modef® have suggested a
lattice. Still, the mapping of the magnetic interactions at half-5,nd state betweendgz_,2 pair and a triplet. However, the
filling is exact. In the second place, even by restricting thenternal structure of a pair, essential in the analysis of Ref.
range of hoppings to nearest neighbors, three- and four-sitgg s |ost in the present studyFinally, it is also tempting to
interactions appear at the effective level. To eliminate theseg|ate this PS state to recent observations of inhomogeneities
interactions another fit to the energies of a smallcluster Bi,Sr,CaCu,0g. s (Ref. 16. It might be possible that

was performed to rescale the effective hopping constantg,t-of-plane negative Coulomb centers could attract and pin
The resulting effective hopping couplings show the same bepair-singlet islands in their surroundings.

havior as those obtained for the ladder case.
The resulting effective models were studied by numerical
technlques, exact dlagona_llzatlon in the case of_ the quel ACKNOWLEDGMENTS
obtained for the ladder lattice and approximate diagonaliza-
tion and quantum Monte Carlo for the square lattice case. The author wishes to acknowledge many useful discus-
Again the results obtained in the effective model for ladderssions with Professor S. Maekawa and to Professor M. Bon-
are more clear than the ones obtained for the square latticénsegni for suggesting the procedure to compute the super-
From the study of several correlations the following pic- fluid density.
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