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Antiferromagnetism and pairing in strongly correlated systems
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A competition between antiferromagnetism asdor d-wave pairing in thet-J model is analyzed beyond
the mean-field level. In order to project out the states with doubly occupied sites the electronic self-energy
calculated for the infinitdd Hubbard model is introduced in the effective Hamiltonian. Then the Green’s
function technique has been used to solve this approximated ni&@8l63-182€07)06805-1

I. INTRODUCTION low-lying states and the correlation exponents. In more than
one dimension, i.e., in the most interesting in connection
It is now ten years after the unexpected discovery of highwith the HTSC case, the model is not exactly solvable and a
critical-temperature  superconductivit HTSC) in the  variety of approximate techniques has been used to study it.
cuprates, but the understanding of the phase diagram off he only rigorous result thought of to be applicable to higher
these materials is still one of the most important issues iimensions is a theorem due to Nagadkhage importance of
current physics. There is a lot of evidence that the interplayvhich has often been exaggerated in the literature.
between magnetism and superconductivity is an important The Hubbard Hamiltonian is given by
factor determining the mechanism of HTSC. Thus numerous
works, both experimental and theoretical, have been devoted
so far to understanding the “magnetic aspect” of HTSC.
This paper is also dedicated to this problem: Assuming a
purely electronic mechanism of HTSC, magnetic and supewherec], creates an electron of spin (o=1,]) at sitei,
conducting phases are analyzed in the framework of one oiigzcit,cio, t is the nearest-neighbor hopping energy, and
the simplest models of high; materials: the-J model. U is the on-site Coulomb repulsion. If sitels occupied by
A common feature of the oxide superconductors is thean electron of spimwr, the energy of the state with an electron
presence of active CuQlayers with fourfold-coordinated of spin —o at sitei is shifted byU relative to the state
copper ions and twofold-coordinated oxygen ions, separatedithout this electron. This causes, for large enoughthe
by charge reservoir building blocks. There is considerabléband to split into two subbands: an upper Hubbard band for
evidence that these layers are responsible for superconduetlectrons moving on sites which are already occupied and a
ing as well as the anomalous normal-state properties, but tHewer band for electrons moving on sites which are empty. In
charge carrier concentration is controlled by the modificatiorthe strong-coupling limitU>t for n<1 the actual hopping
of the reservoirs through the substitution or addition of oxy-on occupied sites is negligibléthe expectation value
gen. ni,Ni_, IS estimated to be of the order less than
In 1987 Anderson suggested that the one-band Hubbarg~(-~W+U)/keT \yhereW is the bandwidth ofJ=0 system,
Hamiltonian with a strong Coulomb repulsion can be rel-whereas virtual processes of this kind are possible and cause
evant for the description of the origin of high-critical- the Heisenberg spin-spin coupling. These processes in mo-
temperature superconductivityThis idea was based on the mentum space correspond to virtual electron hopping from
possibility of superconductivity arising from condensation ofthe lower to the upper and then back to the lower subband.
nearest-neighbor singlet pairs induced by Coulomb interacthus, it is possible to carry out a canonical transformation
tions, suggested in 198Ref. 3 in connection with heavy- that removes the cross-subband hopping from the Hamil-
fermion systems. He proposed, as an explanation for HTS@nian. Such a transformation was derived in 1977 by Chao,
in oxides, that single pairésalence bondspreexisting in a  Spatek, and Ole¥

HHubb:_t<g (CiTa-CjO'—’_H'C')—’—UEi niTnil, (1)
ij)o

half-filled “resonating valence bond”(RVB) insulatof The resulting effective Hamiltonian can be written as
would condensate into a superconducting state if the system
were doped away from half-filling. Heg=H; '+ HZ "2+ V+Hg+Hp, 2

According to the Anderson’s suggestion, the Hubbard

Hamiltonian in the largeJ limit was commonly used as a Wwhere the first and second terms describe the kinetic energy
starting point. Thus numerous works have been devoted sof electrons in the lower and upper subbands, respectively,
far to clarifying the physical properties of the strong- V is the Coloumb interaction between two electrons on one
coupling Hubbard model. Although simple in appearancesgite, and the last two terms describe interactions which origi-
the model cannot be solved exactly except in one dimensionate form the cross-subband hoppifhty, is the Heisenberg
through the Bethe ansatzEven there, the exact solution antiferromagnetic Hamiltonian arfdy, includes hopping in-
provides only partial information about the system, and onlyolving three sites. Under the condititf>t the upper sub-
very recently has the complete phase diagram beehand is empty fon<1. Thus one can take into account only
calculated using a simple relation between the spectrum ofstates with no doubly occupied sites. The second approxima-
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tion, frequently applied to this Hamiltonian, is to neglect thewith the hopping and exchange integrals replaced by the
interactions involving three sites. Consequentil; taken  renormalized ones as followg—t'=¢it, J—J3 = ¢;J,
between states with no doubly occupied sit@sd upon ne- where ¢,=26/(1+ 8), ¢;=4/(1+ ).
glecting the three-site termss reduced to the so-called] The slave boson technique is another possible way of
model: treating the constraint. But in the framework of this approach
the single-occupancy constraint, expressed b{Pbi
Hy=—t > (1_ni—u)CiT(eru-(1_nj—a) +20fi*gfig=1, whereb; is a boson operator, representing
(o the holon, and;, is a spin3 neutral fermion operator, rep-
resenting the spinon, is not treated rigorously either. In
+3>, (S-S —inin)). (3  mean-field-type calculations the boson operatoyrare re-
(i) placed by ac numberr=(b;), and thus the constraint is, in
In the literature one can meet some extensions to the abo@eneral, —satisfied only on average, i.e{b/b
model. Namely, the next-nearest-neighbor hoppiftge +Eafit,fig>=1. The second approximation, usually applied
t-t’-J mode), the next-nearest-neighbour exchange interacto the slave boson Hamiltonian, is to replace the local con-
tion (the t-J-J' mode), or both phenomenéghe t-t'-J-J’ straint by the global one, i.e., as an average over all lattice
mode) are taken into account. Generally, the additional in-sites. This corresponds to taking=X\, independent of the
teractions enhance the critical temperatiaed stabilize the lattice site.
Néel and spiral states against the phase separgtion. Unfortunately, as was recently shown by Zhagtel
At half-filling each site is occupied by one electron andthese approximations may lead to a significant number of
therefore the first term in thed Hamiltonian vanishes. The doubly occupied sites, despite the infinite on-site repulsion in
model becomes an antiferromagnetic Heisenberg modelhe original model.
This is a welcome result since the existence of antiferromag- The aim of this paper is to examine another approach to
netism has been clearly established experimentally in théhe constraint. This constraint originates from the strong
new materials. Then, the most important situation correCoulomb repulsion between two electrons of antiparallel
sponds to the analysis of thel model with doping. spins at the same lattice site. Thd Hamiltonian incorpo-
Naturally, one of the crucial goals would be to understandates it by the operator3;,=1—n;,, which project out the
the full phase diagram of the model. Many researchers havetates with doubly occupied sites. In the Hubbard model the
tried to head in this direction using various approximationselectrons that hop on empty sites, i.e., the electrons that ful-
Unfortunately, these approximations are not always confill this constraint, are in the lower Hubbard subband,
trolled to the extent that one would like them to be. whereas the others are in the upper one. This suggests a
There are two main kinds of the approaches to tdde  reintroduction of the Hubbard-Coulomb term into the Hamil-
model, namely, analytical and numerical. The fundamentatonian instead of the projecting operatdes,. For large
obstacle that appears in the analytical approaches is the diénoughU this term leads to a splitting of the band into two
ficulty in handling the local constraint of strong repulsion in subbands, where the lower one consists of electrons which
a satisfactory way. Therefore, apart from a few analyticalhop on empty sites. In the caseldf= =, for n<1 the upper
results [e.g., in one dimension thé-J model is exactly subband is driven out to infinity and all electrons are in the
solved by the Bethe-ansatz method fb+2t (Ref. 1], lower subband. Moreover, fdd =« the superexchange in-
most work on the-J model has been done using numericaltegralJ=4t?/U is equal to zero, and thus the reintroduction
techniques, which can handle this constraint exactly. Amongf the Hubbard-Coulomb term does not result in any addi-
others, exact diagonalization of small systéfhsariational  tional spin-spin correlations.
calculations-*>* and various realizations of quantum Monte  Following this idea we propose to write the effective
Carlo simulation® are used to obtain the properties of this Hamiltonian as
model. Unfortunately, also numerical methods meet some
serious problems. As in exact diagonalization the computer H=—t> ¢’ ¢
lo

20
L,

’ 1
time increases exponentially with the size of the system, and i jotU EI n‘Tn‘i+J<iEj> (S-§=amn)
the method becomes of limited use, especially in more than (4
one dimension, while the fundamental difficulty in the quan-
tum Monte Carlo calculations is the famous sign problem, =H', ,,+H;, (5)

which reduces the usage of this method at low temperatures. ] o ]
where the prime was used to distinguish the reintroduced

Coulomb energyJ’ from the original one. In the Hamil-
tonian (4) one has to put)’' =« in order to preserve the
In the previous section it was mentioned that the singlesingle-occupancy constraint and only in this limit is the ef-
occupancy constraint is one of the main problems which apfective Hamiltonian equal to theJ one.
pear within analytical approaches to thel model. The Then some approximations have to be made to make Eg.
simple renormalization of the hopping integrialst’=6t,  (4) soluble. As one of the approximations which is appropri-
proposed in the early paper of Baskaran, Zou, andte for the first two terms in Eq4) (H'quw, @ Green’s
Anderson® is not valid in the case of smalf, where the function decoupling scheme was proposed by Hubbard with
dynamics of holons becomes importadht® This approxima-  successful results in the study of the Mott-Hubbard
tion has been improved by Zharef al,*® who used the transitiorf! (Hubbard Il). The third term in the Hamiltonian
Gutzwiller approximation to obtain an effective Hamiltonian (4) (H;) is treated within the mean-field theory.

Il. SELF-ENERGY APPROACH TO THE t-J MODEL
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Ill. EFFECTIVE HAMILTONIAN

n
A. Kinetic part 2(w)=- o n® (10

In order to take into account the additional infinte- wheren:nT+nl=2nT.

Coulomb correlation$the second term in Eq4)] we pro- In order to take into account an antiferromagnetic states
pose to replace electrons with hard-core quasiparticles def the Hamiltonian it is necessary to break the spin symme-
scribed, in general, by the Green’s function try. Therefore we divide the lattice into two sublattidesand
B in such a way that all neighbors of a site from sublattice
1 A belong to sublatticd and vice versa. Then we introduce
G,k w)= -2, (K o) ®  two kinds of creatior(annihilation operatoraljg(akyg) and

bl (b in the momentum space defined b
where the self-energ¥ ,(k,») contains all irreducible scat- ko{Po) 1 um sp : y

tering events. The poles
LE al e ™R for icA
Eo(k):Ek+Ea(kaEU(k)) (7) \/N k Ko '

t_
of G,(k,w) determine the quasiparticle spectrum. This leads Cio™ 1 A (1)
—> b} e R for ieB.
= "k,

to the following renormalization of the one-electron Bloch
energiese, : VN
Using the above definitions the kinetic part of the effective
€k €k o(©) = e+ 3 (K, w), (8)  Hamiltonian in the momentum space can be written as

where ¥ (k,w) stands for the Hubbard IlI electronic self-

energy calculated in the limiy' —o. The same method was HE(w)=2 €(w)(@] ,brotbl acs), (12
used in Ref. 22 with a bit more refined self-energy, which K.o

preserves the first four spectral moments, in order to studyyhere

antiferromagnetismwithout superconductivity in the t-J

model. - n

The Hubbard Il approximation does admit only spatially ex(w)= €~ 5_n% (13
uniform solutions, and thus one does not expect spurious

antiferromagnetic phases. This is important in connectiorfNd

with the problem of the competitiofor possibility of coex-

istence between antiferromagnetism and superconductivity =t ek (Ri-Rj, (14)
in HTSC materials. The self-energy,(w) is given by (i)

U In the case of simple square lattice the one-particle band
_ n_,o energies are given by

2= T Ty ©
which means that within the quasiparticle approximation any . .
lifetime effects are neglected. Since the present analysis dod¢1erea is the lattice constant.

not concern ferromagnetism, one may take the self-energy to
be spin independent. (w)=3% (w)=%(w). In the limit

€= — 2t(cok,a+cok,a), (15

B. Exchange part

U’'—w the self-energy(9) reduces to the forntfor finite In order to analyze antiferromagnetic and superconduct-
w; the case of finitew—U’ corresponds to the upper Hub- ing phases on equal footing we perform the mean-field fac-
bard subband torization of theH ; term,

1 1/t T T T 1,1 T T T 1/t T T T
S-S —aninj—a{ci;Cip — ¢ Ci (C41Cjy — ¢ €5 ) + (i Cip — €7 i )(C51.C1y — 65,Cj ) — 7 (Ci Cig + 61 G (€1 ¢ Cj)
1,1 T T T 1/t AT T AT
—7(CiCiy ¢ i )(Cj 1€y +¢j € ) — 3 (i — Ci €y )(Cj1Ciy —Cj Ciy)

Lot of _ ot ot
—2(Ci¢j; = i 651)(Cy1Ci; — € Ciy)

_ _ _ _ 1
=3(ST—Em)c) e — 5 (ST 3 m)c] ¢ + 5 (ST 5ny)chici — 3(ST+3ny)ef 6 — —= A% (cj¢i ¢ Cip)

V2

1
- —=Ay(cficf =<l ¢, (16)

V2
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where the following definitions were used where
W=<CiTTCiT+CiTLCi1>1 17 1
Ak=52 9(b-p - paps) ¥(k—P), (25)
St=3(clicii—clci), (18 P
1 y(k)=2(cok,a+cokya). (26)
Aﬁ:E@iTTCJTL clicfy). (19

IV. EQUATIONS OF MOTION FOR THE GREEN'’S
Then it is easy to show thad ; in the mean-field MF) ap- FUNCTIONS

roximation can be written as
P Putting the termg12) and (24) together one obtains the

effective Hamiltonian

:_Jz

ILCJTCJT"'”ITCuCu

Hﬁfj(w) = kE: ’Ek,a((‘))(al,abk,o—i_ bl,a'ak,a')

1
+— (c cl T
TSR Il Cir
\/5 _(M—f—%z‘]rb,—a)al,oak,a
1 —(p+ 3230 _,)b{ by o
+EA?}(C”CW_CHCW)‘|, (20) K2 ", k,o™k,
1
wheren;, is defined by - EUJ(Akal,UbT—k,—o—i_ Ab_y stk 0) |, (27)
— /et
Nig=(CioCic)- (1) where the chemical potential was introduced to control the
Assumingn;, equal for all sites of a given sublattice we doping concentration. Then one can derive two systems of
introducen,, andng, by the relation the equations of motion for the Green’s functions appropriate
for the evaluation of the sublattice magnetization and the
_ [na, forieA, RVB order parameter:
Nix= : (22)
ng, for ieB. . .
A (K,0)G, (k,w)=v, 28
Then the MF Hamiltoniar20) becomes oK) Gy(k,w)=v (28)
A (K, 0)G (K, w)=0. (29)
HWF = — EZJE > Na—oClyCiy
JeB o Ay (K,w) is 4X4 matrix with a block structure given by
——zJE > N _oClciy 02 Ay
‘ch & Askw)=| ~ |, (30)
Ay oy
_EJ% 2 o(AfciCi, ot AiiCl,C] ), (23 where
where the coordination numberis equal to 4 for a simple . OEQF3ZIM 5, Feép (o)
square lattice. After performing the Fourier transformation W = _~ N , ()
one gets + €, +o(0) otu*zzIng <,
1
—_JE (nBoak -, —a'+nA0'bk Pk, —o) 0 —aJA_y
~ V2
A= , (32
T (Arb_ +aal bl ol (29 L saa 0
- D aj b, _, —0
\/5 k D—k,— o8k, kK, 00—k, 2 k
Kok, @) Py(k,w) 0
o L(K,w) 7 ok Rk, w) 4: 0 a3
Go(k,0)= M, (Kw) |’ G ,(k,w)= Sk | 2Vv=lg (33
No’(klw) %(k,w) 1
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A’ ,(k,w) can be obtained replacing id,(k,w) the sublattice indexXA by B, A (A}) by A_ (A*,), and vice versa. The
following symbols for the Green'’s functions were introduced in the above equations:

Ka(k!w):<<ak,0'|b7k,fo'>>a)! L (k w :<<ak o'|a k*o’>>w!
Mo(K,0)= (@ bl Mo No(k,o)=((axslal ), (34)

and

Po(k!w) = <<bk,a'| b—k,—0'>>w ’ Ro’(kiw) = <<bk,o|a—k,—0'>>w ’
So(k,@)=((biolbl Nwr  Tolk,®)={(byslal e (35)

The Green’s function¥ (k,w), N (k,®), P,(k,w), and Then we can write equations for the RVB order parameter
7.(k,w) are needed, in general, to calculate the sublattice\, and the mean spin-uggpin-down occupation number per
magnetization and the RVB order parameter in a selfsite in the sublatticé and, via the relatiom,,=ng in
consistent way. However, if one allows only antiferromag-the sublatticeB:
netic and nonmagnetic phases, the symmetgy=ng _,,
can be used, and then the Green’s functidhgk, ) and
N, (k,w) are sufficient. These functions can be obtained by :_27 ‘TIZ ai(p,0)fwi(p,0)]¥(p—k), (43
solving Egs. (28). The explicit form of K (k,») and
N, (k,w) is given in the Appendix. 1 4

Applying the spectral theorem one finds for the needed Nao=—2 2 Bi(p,o)f[wi(p,o)]. (44)
expectation values ’ i=

O

1 (o Since «a;(k,0), Bi(k,o), and w;(k,o) depend onA, and
(b_y -l o)="— —f f(w)IMK (k,wo+ie)dw, (36) NaB),s» the above system of equations has to be solved self-
TJ—e consistently in order to obtain the phase diagram of the
L model Hamiltonian.
(a] (,ak’(,>=——f f(w)IMN, (k,o+ie)dw, (37
' ) - V. ANTIFERROMAGNETISM VERSUS PAIRING
wheref(w) is the Fermi-Dirac distribution, The most elegant way to determine the phase diagram is
to assume a general form of thkedependence oA, and
find all the solutions of the system of equatioi28), (43)
Ho)=gpar1 (38)  and(44). Then a comparison of the free energies correspond-
ing to these solutions will indicate the actual one. Unfortu-
with 8=1/kgT. The poles and the residua &% (k,o) and nately, such an approach requires a computational potential
N, (k,w) are needed to calculate the integrals in the rightthat definitively exceeds our possibilities.
hand sidgrhs) of Eqgs.(36) and(37). It is possible to find the The simplest case, when the system is soluble, is
analytical expressions for these quantities, but they are ratherwave pairing with an order parameter of the form
useless because of their complexity. Therefore we have used
numerical procedures to find these values: Ay =A%(coka+cok,a). (45

However, some calculations for the casedefvave pairing

ai(k,o) (39) with

Kolk,w)= E w— w(ko‘)

Ay=A%cok,a—cok,a) (46)

ey (40) were also carried out.
i1 0o—wi(k,0) Assumings-wave pairingA, can be expressed in terms of

I . the Bloch energy,:
Substituting Eqs(39) and (40) into Egs.(36) and (37) one

gets the expressions féb_, _,a, ,) and(a} ,ay ,) in the AS
following form: A== op € (47)
4 The simplicity of the case of-wave pairing consists in the
<b—k,—aak,a>:§l aj(k,o)f[wi(k,0)], (41) fact that then also the quantities;(k,o), Bi(k,o), and
w;j(k,o) depend onk only throughe,. This allows us to
replace the two-dimensional summation knspace with a
T _ one-dimensional integration with respect to the energy,
= i(k, o) f[ wi(k 42
(Ao =2 Bilkio)flwi(ko)] 42 which results in a large reduction of the required CPU time.
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energy/t

FIG. 1. Density of states for noninteracting particles on a two-

dimensional square lattice with nearest-neighbor hopping.

According to Eq.(45) we can calculaté®, the amplitude
of s-wave pairing, as

1 4
2_th2, a';l ai(ey,0)f[wi(€y,0)]€p,
(48)

AS=3A o=~

FIG. 2. Regions in thd/t-n plane where there exist antiferro-
magnetic s-wave,d-wave, and antiferromagnetistn s-wave solu-
tions.

JJE 02 Bi(Ky Ky, ) FLwi(Ky Ky, ) 1dkedk, .
(54)

A. Ground-state properties

where we have stressed the momentum dependence only |n zero temperature the Fermi-Dirac distribution is de-
throughe,. The above equation can be rewritten using thescribed by the step functio®(x). Then the ground state is

features of the Dirac distributioa:

E 2 ai(€,0)f[wi(€,0)]e0(€)de,

— o=

where o (€) is the density of states for noninteracting elec-

trons defined by

1
0(e)= 2 dle=e),

which is shown in Fig. 1.
Using the density of states(e), Eq. (44), can be rewrit-
ten in an integral form

NA E Bi(e,0)f[wi(e,0)]g(e)de.  (51)

—oj=1

Unfortunately, ford-wave pairing the symmetry of the

determined by the following system of equations:

1 (e A
_ﬁf_le {ai(e,7)O[wi(€,1)]

(49
—ai(e,1)OLwi(e, ) }ee(€)de, (55)
. 4
nA,T=J 2 Bi(e.1)Owi(e,1)]e(e)de,  (56)
(50) —i=1
. 4
= |3 BlehOlo(elle@de, 7

which has been solved numerically fqu, A%, and S
= %(nA,T —Np ).

As the case ofl-wave pairing has been treated separately
because of its numerical complexity, states with mixed
andd-wave pairing are not allowed.

For all values of the ratid/t andn=(n, ;+n, ) there

RVB order parameter does not allow us to do the same trangxist nonmagnetic§=0) solutions without RVB ordering

formations and we have to solve the system of E43) and
(44). The amplitude ofl-wave pairingA? can be calculated
as

A=Ay (a0 (52

whereA, is given by Eq.(46). The system of equations for
Na . and AY can be rewritten in integral form as follows:

4
Ad:ffz Z i(Ky Ky, o) fLwi(Kye Ky, 0) ]y

x| k= —0| dk,dk, , (53

(AS=AY=0). The regions where there exist solutions of
other typedantiferromagnetisnfAF), s-wave,d-wave, AF-
s-wave| are presented in Fig. 2.

For J<t, s-wave pairing is allowed for a rather low hole
concentrationof the order of a few percentwhich agrees
with results of mean-field-type as well as cluster calcula-
tions. However, this region is uninteresting for investigation
of the competition or possible coexistence of antiferromag-
netism and superconductivity. One can see that antiferro-
magnetic solutions exist only for a largén comparison
with, e.g., mean-field calculations). Also, the solutions
with d-wave pairing appear only in the lardgeregion. These
results originate from a different treatment of the single-
occupancy constraint. In all mean-field-type approaches the
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FIG. 3. AF order paramete® as a function of the occupation FIG. 5. d-wave RVB order parameter as a function of the occu-
numbern. pation numben.

bandwidth is renormalized and tends to zero when the sys- There exist also solutions with coexisting AF and
tem becomes undoped. Thus the value of the exchange p&Wwave phases, represented by the solid lines in Fig. 6.
rameterJ relative to the bandwidthW is proportional to In the regions in thel/t-n plane, where several solutions
571, J/WecJ/ 8t, and tends to infinity when the system goesare found, the corresponding energies have to be compared
to the half-filling limit. This is not the case of the present in order to determine the actual ground state. These energies
approach. Equatiof8), which contains the main idea of this can be obtained integrating the chemical potential with re-
approach, does not lead to such a band narrowing. The barfpect to the particle number

is wider than within the mean-field-like approximations and

smaller values of the hopping integralare enough to de- N
stroy the antiferromagnetic ordering. Thus, there is no simple E= f wu(n’ydn'. (58)
correspondence between the origital model (3) param- 0

eters and the parameters of the Hamilton{an), especially
for small doping, when the influence of the hard-core poten-
tial U' [Eq. (4)] is dominant.(The validity of the present

approximation in this region is a separate problem and will
be discussed latgrTherefore we prefer to considéft as a
parameter of an independent Hamiltonian, not connected via
equationJ/t=4t/U with the HubbardU andt. Under such
an assumption one can study the effective Hamiltonian for an
arbitrary value ofl/t, not only in the limit of smalb/t, when
the t-J model is equivalent to the Hubbard one.
Figure 3 presents the dependence of the antiferromagnetic 0.2 -
order parametes on the occupancy numbaer for various 3
values of the ratial/t, whereas the RVB order parameters 0'000 0'2 0'4 0'6 0'8 10
AS andAY in the cases of “pure’s- andd-wave RVB states @ ' T on ' '
are presented in Figs. 4 and 5, respectively. 0s
— AF+RVB
1.4 044 - AF
— J/t=10
Rl [ 0.3 -
1.0 4 ...... Jit=2 %5}
J=1 0.2 1
0.1 -
0.0 .
0.0 0.2 1.0
(b)

FIG. 6. Extended-wave RVB(a) and AF(b) order parameters

in the case of the coexistence &fvave pairing and antiferromag-
FIG. 4. Extended-wave RVB order parameter as a function of netism forJ/t=10. The dotted lines show the values &t andS

the occupation number. for “pure” RVB and AF solutions.
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n

FIG. 9. Zero-temperature phase diagram ofttdlemodel in the
present approximation. The dashed lines show the bounds of the
regions where different solutions exighe same as in Fig.)2

FIG. 7. Comparision of ground-state energies betweeand
d-wave phases.

The comparisions betweesr and d-wave and between AF
ands-wave ground-state energies are given in Figs. 7 and Salculated only the Nal temperaturdy and the temperature
respectively. of the s-wave RVB transitionTgyg. The results are pre-
Figure 9 shows the regions of stability of different solu- sented in Figs. 10 and 11. Figure 12 shows the finite tem-
tions. We found that in the smalldimit the model exhibits perature phase diagram foft=7.
s-wave pairing only forn close to 1, whereas fod>t, Both critical temperature§ryg and Ty increase mono-
s-wave pairing is allowed for arbitrary values of Above tonically with occupation numben (excluding the case of
J/t~5 for n>0.7 the RVB state becomes unstable towards amall J/t, when Tgy has a local minimum for
phase transition to the AF ordering. Note that comparison oh=0.1-0.3, reaching the highest values for= 1. For a low
the energies does not allow the coexistence of antiferromadsand filling Tgyg is higher thanTy, whereas for high band
netism ands-wave superconductivity. filling Tryg is lower thanTy . The situation resembles the
Also, we have not found regions where tthavave solu- diagram of stability of the zero-temperature RVB and anti-
tion minimizes the energy. ferromagnetic phasd$ig. 9). Forn close to 1 the increase
Of course, the phase diagram is far from complete. Atof the critical temperatures is very rapid. Such a tendency
least the RVB phases with an order parameter of mixadd  results from the approximation applied within the present
d types, which can be studied on an equal footing with theapproach, which is invalid in the region where effects of

pure s- and d-wave pairing within the present approach, localization dominate.
should be marked. Note thatTgryg Mmay be not equivalent to the supercon-

ducting critical temperatur@., at least in some regions in
- then-J/t plane. Since the exact scenario of superconductiv-
B. Finite-temperature results . - . . )

ity within the RVB approach is still an open question, one

The results from the previous section have been extendeshould not directly compare this critical temperature with the
to the case of finite temperature, by solving the system o&ctually observed superconducting transition temperature.
Egs.(49) and(51) with the Fermi function instead of the step For instance, the RVB ordering can be present in undoped
function. The absence of regions with staldlevave zero- materials, whereas superconductivity has to vanish because
temperature solutions gives no motivation for finite- of the lack of the charge carriers. Thig,g different from
temperature calculations in tilewave phase. Thus, we have zero forn=1 is not an unphysical result and does not ex-

B A .'

O] N M1 — =10 !

5 12 4 ——— J/=8 i

R A

3 1047777 =6 f:
. S /i
5,4 SN 2 81 - - n=2 , /i
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4
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— S-wave
81 - AF
9 . : : . ~Jt=10 0 . ; : :
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0.0 02 04 0.6 0.8 1.0

FIG. 10. Extended-wave RVB transition temperatuiBgyg as

FIG. 8. Comparision of ground-state energies betweerave
a function of the occupation number

and AF phases.
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1 AF
121 B3 RVB

kg T/t

kpTy/t

0.8 1.0

FIG. 12. Finite-temperature phase diagram Jtr=7.
FIG. 11. Nesl temperature as a function of the occupation num-

bern. n close to 1. This guarantees the presence of the phase sepa-

) ration. An argument going back to Maxwell and Gibb¥

cludeT, being equal to zero. See, for example, Refs. 17 angsserts that the free energy of a system must always be a
18 and where the onset temperatures of the RWRvE),  convex function of density: Otherwise, one can always con-
coherent motion of holonsT), and the Bose condensation struct a phase-separated state of lower and convex free en-
of holons (T) are taken into account. The critical tempera-ergy. The regions of upward concavity increase with the in-
ture of superconductivity is then chosen as the lowest otrease of the value df/t, and for large enough/t is seems
Trve, Tp, andTg, and is equal to zero fon=1 despite that phase separation appears for an arbitrary hole concentra-

Of course phase separation may result from the simplicity
of the model. If phase separation were to lead to the forma-
tion of highly charged regions, the Coulomb force would

So far the stability of different phases was analyzed at gurely prevent its occurrence, but thel model does not
fixed concentration of holes. However, phases which are abnclude intersite interactions. However, phase separation
solutely stable when the concentration of holes is fixed coul@ould then take place if negatively charged ions also sepa-
be unstable if one allows density fluctuations. Such a situarate, compensating the hole-charge imbalance.
tion was considered by Vishét.He proposed that the Hub-
bard model in the small-doping regime phase separates into a
hole-rich phase and a hole-poor phase. This scenario has
been recently revived as a generic feature ofttdemodel Finally it is necessary to make some comments on the
close to half-filling?* This phase-separation state means thavalidity of the proposed approach to high-systems. Let us
all of the doped holes exist in one phase, while the otheteave alone the debate on the question if the model is
phase is the undoped pure antiferromagnetic Heisenberg spialevant to describe the low-energy properties of GuO
system. In highF, superconductors the macroscopic phaseplanes’—®> However, the approximation derived in this
separation has been observed in oxygen-dopeslCu®,  work does not claim to be valid for arbitrary values of the
and in photodoped materigls:?® In Ref. 24 a distinction model parameters. It is a proposition how to approach the
was made between two mechanisms leading to phase sedamous single-occupancy constraint beyond the slave par-
ration. WhenJ>t holes are segregated in order to spareticle (SP formalism. The approximation is based on the
antiferromagnetic bonds breaking. On the other hand, in thelectronic self-energy, used to renormalize the one-particle
smallJ regime (<t), the holes polarize ferromagnetically energiese,. The main difference between the proposed ap-
the spin background in order to minimize their own kinetic proximation and the SP approaches appears in the small-
energy and are then collected in large ferromagnetic bubblesloping regime. In the SP approaches the density of states
Since in the present approximation antiferromagnetism aptends to the Dirac thé as the occupation numbargoes to
pears for largel, one can expect that the first of the mecha-1 (the bandwidth is proportional tét, where §=1—n),
nisms will produce phase separation. Such a phase separatisiereas in the present approximation the bandwidth remains
appears if the gain in exchange energy by adding an electrdinite for an arbitrary hole concentration. Thus, in the half-
to the antiferromagnetic phase outweighs the cost in kineti€illing limit the Heisenberg model is not recovered. This is a
energy. Figures 7 and 8 show the ground-state energies agesult of the Hubbard 11l approximation, which does not re-
function of occupation numben in the antiferromagnetic produce the Curie law for the magnetic susceptibility, in the
and RVB cases calculated for spatially uniform phases. UnHubbard model with infinitedd for n=1. This is the main
fortunately, since our approximation is not valid in the casedisadvantage of the proposed approximation, and one can
of n=1, e.g., in the Heisenber@nole-freg phase, it is not expect a wrong behavior of the model in the small-doping
possible to determine the bounds of the regions of a stableegion (unfortunately, a very interesting regijonindeed,
phase-separation state from this figure. However, it is appaf=igs. 10 and 11 show a very strong increase of the critical
ent that the second derivative of the ground-state energiemperature3y andTgyg for n—1, wheread y is expected
Eo=Eg(n) in both the phase@\F and RVB ) is negative for to be finite andl'gyg is expected be finite or zero. It also may

VI. PHASE SEPARATION

VIl. DISCUSSION
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lead to such strong exchange interactions needed to obtain
antiferromagnetism near half-filling. ﬁo,UZEJZAﬁ

Some improvement to the Hubbard Il decoupling scheme
has been made by Kawabafz’ The improved Hubbard IlI
approximation was later applied to thel model®®3°and it
can be the starting point for extending the validity of the
proposed approach to the nearly half-filled case. 5 02

The self-energy approach to the single-occupancy con- Bio= "€~ EJ Ai—
straint, adopted in the present work, modifies the one-particle

! J L J i
,LL+§Z n,| + ,LL+§Z n,

1 ) 1
X M+§anU — € ,quzerLU, (A7)

1 2
m+ EZJI’LU)

properties of electrons, and hence could be applied only to 1 n
the kinetic term of thé-J Hamiltonian. Therefore, we were —2e| mt Ean_(, 2-n' (A8)
not able to treat both the kinetic and exchange parts at the
same level, restricting the treatment of the exchange term to B 1 n
the mean-field approximation. However, since theerm Boo=— M+§an_(, _zekz_n
does not change the number of electrons at a given site, we 5
do not expect that this approach results in the violation of the 1 n
) X —|pu+zzIdn || —] , (A9)
single-occupancy constraint. 2 2-n
2
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) 1 1 1.,
APPENDIX: GREEN'S FUNCTIONS K AND N/ — 26| pt EZJrLo nt EZJno +§J Aj
Generally, the Green's functionsK,(k,») and 1 2 1 2 1 2
N,(k,w), calculated from Eq(28), are very complicated X ,u+§ang +| ut EZJYLU) ot EZ‘]n") ,

guantities. However, restricting magnetic solutions to an an-
tiferromagnetism, we can use the following symmetries in (A11)
order to simplify these functions: 1

n
d1,=dexg—| 6+ 5 I2AL

nA,(r:nB,—U:nU! Ak:A—k! €= €_k-. (Al)

Then, K (k,») and NV (k,») can be expressed as follows: —| pt %an_,, M+%ZJ n(,” (A12)
EIZ o%i, U'wi 2 2
KoK,w)= <47 A2 n 1
o(K,0)= St o8 ew (A2) 52’,,=6ek2(ﬂ> —26k2—J2Aﬁ—(/_L+§ZJn_(,>
. 2 2
Es:oﬁ',gwl _ } 272 L _ l
Ng(k'w):#;'i, (A3) (,U«+22Jng +J°A} - 2 ,LL+22JI’LU
i=0%,0
. 1 n \2
whereq;,,, Bi,, ands;,, are given by X| u+ = ang >=nl (A13)
n
1JA+1J3A+1JA(+1J>2 n [(_n)®
@ (T A ’ = _— [ —
0= 5 B 529N 830= €5 (2_n) 1} (A14)
(A4)
n 2 2
1 54,[,: ﬂ —1} . (A15)
ala:zekEJAkﬂ, (A5)
It is possible to find analytical forms of the poles and the
1 n \2 residua ofC,(k,w) and NV, (k, ), but the fastest way is to
az(r:_JAk[ (_) - 1}, (A6)  do it numerically, and such a method was used in the present
72 2-n calculations.
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