PHYSICAL REVIEW B VOLUME 61, NUMBER 2 1 JANUARY 2000-11

Phase diagram of an extended Kondo lattice model for manganites:
The Schwinger-boson mean-field approach
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We investigate the phase diagram of an extended Kondo lattice model for doped manganese oxides in the
presence of strong but finite Hund's coupling and on-site Coulomb interaction. By means of the Schwinger-
boson mean-field approach, it is found that, besides magnetic ordering, there will be nonuniform charge
distributions, such as charge ordering and phase separation, if the interaction between electrons prevails over
the hybridization. Which of the charge ordering and phase separation appears is determined by a competition
between effective repulsive and attractive interactions due to virtual processes of electron hopping. Calculated
results show that strong electron correlations caused by the on-site Coulomb interaction as well as the finite
Hund’s coupling play an important role in the magnetic ordering and charge distribution at low temperatures.

. INTRODUCTION site-energied? and the phase separation scenatié® Im-
portance of various interactions on the physical properties of
The doped manganese oxides with perovskite structurthe manganites is currently one of the lively-debating sub-
R;_yAMnO; (R=La, Pr, Nd andA=Sr, Ca, Ba, Ph have jects. A comprehensive understanding of the magnetic and
recently attracted much attention due to the observation afharge ordering states as well as their relations to the trans-
colossal magnetoresistan@MR).1~* Theories based on the port properties are highly desirable.
double exchangéDE) model®~’ in which the exchange of In this paper, we investigate effects induced by strong but
electrons between neighboring manganese ions with a strorfgnite Hund’s couplingdy and on-site Coulomb interaction
Hund’s coupling drives spins of on-site electrons to alignU. In the manganites, threg, electrons are almost localized
parallelly, have been developed for a long time and carand form anS=3/2 spin state according to the Hund'’s rule,
qualitatively elucidate the relation of transport and magnewhile electrons iney orbit evolve a conduction band. In the
tism in the doping range of 0s2x<0.45. However, recent conventional DE modely is usually regarded to be infinite
systematic experimental studies revealed rich phase diandU is neglected, so that there exist only single-occupied
grams, which are difficult to be understood by the DE modektate with spinS+1/2 and empty state with spi@ In this
alone. For instance, the system is actually insulating in théimit, since neitherS—1/2 state nor double occupancy &f
half-doping casex=0.5) at low temperature; but a metallic electrons on the same site is allowed, the effects induced by
ferromagnetidFM) state would be expected according to thetwo kinds of virtual processes, that an electron hops to a
DE model, for the DE hopping reaches its maximum and thempty site with its spin antiparallel to the core spin on the
effective FM interaction becomes strongest at this dopingsite and that an electron hops to a singly-occupied site, are
Furthermore, fox=0.5, a charge ordering characterized by completely eliminated. In this work we will show that the
an alternating MA" and Mrf*-ion arrangement in the real effects due to the two kinds of virtual processes are impor-
space was observed to be superimposed on the antiferromagnt to account for the observed phase diagrams. On one
netic (AF) ordering®® This charge ordering is sensitive to an hand, the two kinds of virtual processes can produce an AF
applied magnetic field, and even melts under a moderateuperexchange coupling between the neighboring localized
magnetic field. In the meantime, the resistance may decreasgins, with coupling strength beintf/(2Jy) and t%/(Jy
by several orders in magnitudé? implying that there is a +U), respectively, whereis the hopping integral of the,
close relation between the charge ordering and the AF spialectron. The AF coupling induced by the virtual processes is
background. usually much stronger than the direct AF superexchange
Many efforts have been made to understand the phaseoupling between neighboring localized spins. On the other
diagram of a doped manganese oxide based on variodsand, the virtual process of producing a single-occupied state
modelst'~® To explore the origin of the unique magne- with spin S—1/2 can lead to a repulsive interaction between
totransport, many further theories on the basis of DE modetonduction electrons, while the virtual process of producing
have been proposed, such as Jahn-Teller displacement aadlouble occupancy can result in an attractive one, as will be
electron-phonon interactiort&!’ spin-polaron formatiod®  shown in Sec. Il A. The two types of interactions between
Anderson localization with diagonal and off-diagonal electrons can produce nonuniform charge distributions, such
disorder’® a Kondo lattice model with two-level as charge ordering and electronic phase separation, provided

0163-1829/2000/62)/1211(7)/$15.00 PRB 61 1211 ©2000 The American Physical Society



1212 R. Y. GU, Z. D. WANG, SHUN-QING SHEN, AND D. Y. XING PRB 61

that the interactions prevail over the hybridization effects of —— _
electrons. Which of charge ordering and phase separation Hef=—t > Sl Gt e S-S+
appears is determined by a competition at different doping W) W) W)
between two types of interactions, for the repulsive interac-
tion is favorable to the charge ordering while the attractive
interaction may cause the phase separation.

In Sec. Il, starting from an extended Kondo lattice model, )
we have an effective projected Hamiltonian in the case of ~ . ) o N
strong but finited,; and U. The repulsive and attractive in- €r€S is the spin operator with=S+1/2. Pj, andPj; are
teractions, which are associated with magnetic ordering anf'® Projection operators for empty state with si@nand
non-uniform charge distributions, are obtained. Asingle occupancy with spinS, respectively. §=S§Pj,
Schwinger-boson mean-field theory is developed to establish- SSP/S. ¢;,=P;c;,P; and ¢ =P;c| P, are projected
the phase diagram at low temperatures. In Sec. Ill we focuslectron operators, wherg;=P;,+ PiTS, projects onto the
attention on the case af=1/2. The possibility that the FM, space of non-doubly-occupied site. The last two terms in Eq.
AF or canted ferromagnetitCF) order appears, as well as (2) are the second-order perturbation corrections whigre
that the Wigner lattice or phase separation appears, is dis=t2/(23H~s3) andJ,=t%/[(J4S+ U)~82], respectively, stem-
cussed. In Sec. IV numerical results for phase digram arening from different virtual processes) and (b). In virtual
presented. In the largd, case, the hybridization effect is process(a), an electron first hops from a site to one of the
dominant and there exists metallic ferromagnetism, whicearest-neighbor empty sites to form a spin1/2 state and
accords with the DE model. As the repulsive interaction dughen hops backward; while in virtual proce$s, an electron
to finite J, effects is relatively strong, the charge orderingfirst hops to a single-occupied site, where there has been an
will be formed at half doping in the AF background. On the electron with opposite spin, and then hops backward. Owing
other hand, the phase separation may arise when the attrd€ J1>0 and J,>0, both virtual processes favor the AF

tive interaction due to finit&J becomes dominant. arrangement of the core spins and enhance greatly the AF
coupling between the neighboring spins. Whether nonuni-

form charge distributions can appear is dertermined by a
competition between electronic hybridization and interac-
tions of electrons with one another. The hybridization, the
A. Effective projected Hamiltonian overlap of electron wave functions centered on different
ites, is a quantum-mechanical effect that allows electrons to
op from one atom to another, thus tending to spread the
electronic density uniformly through the system. In contrast,
the interactions of electrons in the system tend to promote
nonuniform charge distributiorfS. The addition of the last
H=—t > clcptUD nin—Jdy> ¢S 0,0C,  WOtermsin Eq(2), arising from the finitel,, andU effects,
(i) i oo’ enhances greatly the interaction side in the competition and
thus favors the occurance of the nonuniform charge distribu-
+Iae S S . (1)  tions. On the other hand, since the valueslgfS-S;—S9
g andJ,(S-S;—S?) are always nonpositive, it is clear that the
two terms represent the repulsive and attractive interactions
between conduction electrons on neighboring sites, respec-

T tively. The competition between them will lead to different

conductlon electrons at S'tE.W'th SPIN o, Nig=CioCio 1S the nonuniform charge distributions, the charge-ordered state
particle number operato§ is the total spin operator of the 5.4 the phase separation.

localized electrons at sitewith S=3/2, andeo is the Pauli
matrix. In the manganites the Hund’s coupling constint
and the on-site Coulomb interactibhare much greater than
the hopping integral as well as the direct AF superexchange A projected electron operator may be regarded as a com-
coupling J,c. On a given site, an itinerant electron con- bination of the operatof for a spinless charge fermion and
strained by the strong Hund’s coupling has its spin parallel tahat for a neutral boson with spi®=S+1/2, i.e., ag

the core spin, forming a spif+ 1/2 state. The singly occu- :fibiU/\/Z—é’ whereb;,, is the Schwinger boson operafdr.
pied state for the itinerant electron with spin antiparallel toj, the Schwinger boson representation, the Rin(S =S,
the core spin ar)d the doybly occgpled state are_almost fordr %) can be expressed aa,:%z(m,b_f o,.b.., with
bidden, making it appropriate to utilize the projective pertur- i + R g o ,

bation technique to investigate Hamiltoniéh. The effects ~ constrain ,bi,b;,=2S" (S'=SorS). This constraint can

of finite Jy, andU can be regarded as a perturbation correc2so be written ag b b;,=2S+n;, wheren;=f[f; is the
tion to the larged,, and U limit where there are only the particle number operator of fermions. The projection opera-
empty and single occupancy with+1/2 state. Up to the tors can be replaced by, =1—n; and Pf,=n;. Then, by
second-order perturbation, an effective Hamiltonian for Equsing the identity S-S/ = —%AijTAij +S'S with A

(1) can be derived &% =3(bi;b;; — by bj;), the effective Hamiltonian is reduced to

><<s-§j—s”spmp,-2+az(i2j) (§-5-)PLPL.

Il. GENERAL FORMALISM

The electronic model Hamiltonian for doped manganeséz
oxides we considered presently is given by

Here ¢, (ciT(,) is the annihilation(creation operator for

B. Schwinger boson representation
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- 1 ~ Here J=Jae+ (3,—J3)[(1—x)2— 8%]+3,(1—X) is the ef-
_ 2 t t AF 2 1 1
H=JxeS _t% fifiFi— 2 % Aij[IartJ2(1—ni)n; fective AF coupling constanhl\ is the number of lattice sites,
Z is the coordinate number of the lattice, andy
+32ninj], (3) =Ng (Np) for ieA(B). A=(A;) with A; being the

5 o B B Lagrange multiplier introduced at siteto enforce the local
where Fi;=3,bl b;,, T=t/(28), 3;=3,—Jac/S, andJ,  constraints b b;,=2S+n;,% and u is the chemical po-

=J,—Jar[S+I,/4S?. The difference betweerd, and  tential of fermions which is determined by the total conduc-

J, (n=1 and 2 is caused by the finit& effect, and would  tion electron number. After diagonalizifggese and H rermi,
disappear in the large spin limit. we have

C. Mean-field approximation Heosem > EkBlo’BkU—'— > (Ex—A)
ko k
We now make a Hartree-Fock mean-field approximation
by decoupling various terms in E@). As an example, we and
have

AT A iy — A A ) + (AT A () () + (A Hrami= 2 (o= )i

X<Aij>”i<”j>+<AiTi><Aii><ni>”J_3<AiTj><Aij> with boson and fermion dispersions as

X{n){ni).

mi)ng) E=VAZ—(ZAJy )%~ ZTK ¥,
For the fermions, we havgn;)=1—x in a uniform density
state. In the presence of the charge ordering=afl/2, the and
lattice can be divided into two sublattices=A andB, and S— -
(njy=Ny=1—x+ad wherea=1 or —1 fori e A or B, and s1=— SO 710 ZVAYJ,—31) 27+ TF 292,
6 (0=6=<1-x) is the charge ordering parameter. The uni- . i .
forgn state can)be regardedgas a spegirfl case=d. As in respectlvely. Herey=2"'3 n‘?lk'" with » the. vector of t.he
Refs. 15 and 27, the FM and AF order parameters can paearest neighbors of each site, and the shifted chemical po-

respectively written as tential is given by

~ 1 ~ -~ ~
(Fij)=F, p=pt+ A+ 5ZA3:+2(3,-T)(1-%)].
(Aip)=(=1)"A, From the fermion spectrum, it is found that the energy band
wherer; depends on the position of sife being an odd of fermions is divided into two separated branches, between

number in one sublattice and an even number in the othekhich there is an energy gap provided0 andJ,#3J;.
sublattice. The average value ¢ff/f;) is assumed to be a Thus, in the half-doping casex€ 1/2) at zero temperature,
constantk. Under the Hartree-Fock mean-field approxima-the lower branch 4,>0) is fully occupied by fermions

tion, Hamiltonian(3) is reduced to while the upper one¥,<0) is empty.
Hwr=Eo+ Hpgoset Hrermi (4) lll. CHARGE ORDERING AND PHASE SEPARATION
with Now we come to discuss the magnetic ordering and non-

uniform charge distributions at=0.5. First let us write
~ ) 1 ) down the mean-field equations. When the magnetic ordering
Eo=NZIKF+NZJaeS"— NA2S+ 2 NZA arises, the Schwinger bosons should condensate to the lowest
energy state. Frork,_,=0, we have
X{Iar+2(1-%)31+3[(1-%)°= 6°1(3,~ I},
A=Z\1?K?2+AZ32,

—J . . . .
Hpose= 2 7(_ 1)riA(Ai’rj +Aij)+A2 b! bi, Using the spectra of quasi-fermions and bosons, we obtain a
io set of self-consistent equations at zero temperature:
~TK >, bl b, 1 TFy2
e 7 K (58

2N K \J(3,-3p)2A0 0% T2F27
Heermi= _TF% finj_(A"'M)Ei n;

TK(2S+2-%x) 1 K
F:—__ ’
1 o B Fowz, azi2 N K 224 AZ72 2
—EAZZZ [2(J2—=J1)Nx+J1]n;. A Ve A e (5b)
|
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AJ(2S+2-x) 1 AJ(1- 75) and that for caséii) is given by
- ik aze N % VIZK2EAZI2(1— 92) (25+2-x—Co,— D)t 29,
I N e 7 EF A
5o i 5 (3,-3)A%s ‘ 50 which is a function ofp,. For a CF state, the magnitude of
N K G, TR T onesponding 1o 8 FM Stats. It s found inat a phase

From Eq.(5d), it follows that the charge ordering may ap- transition occurs from a CF state to a FM state whette-

pear (5+0) only whenJ;>1J,, otherwise there exists only a creases t&/(123+ 9). _
trivial solution of §=0. Physically, the effective interaction ~ The uniform density phases discussed above may be un-
between electrons is repulsive f3£_32>0, which is re- stable toward the phase separation, which will occur if

sponsible for the formation of the charge ordering. There ard#/9X=0. In our model, when the virtual process) is

two types of possible ordering states: the pure magnetic oldominant over process), i.e.,J,>J;, the effective interac-
dering phase without charge ordering and the charge ordetion between theey electrons on neighboring sites will be
ing phase in which the charge and magnetic orders coexis@ttractive. If such an attractive interaction is strong enough,
The former includes FM, AF, and CF phases; while the lattethe e, electrons will tend to accumulate together to lower the
is the Wigner lattice §=1/2, K=F=0, andA=A,;,) or a total energy of the system. In this case, the electronic density
combination of the charge ordering €09<1/2) and mag- IS no longer uniform and the phase separation occurs be-
netic ordering A<A,., K and F#0). Since the system tween electron-rich and electron-poor regions. The chemical-
under consideration is a three-dimensiof®) simple-cubic ~ potential judgment of phase separatiojg 9x<0, equiva-
lattice, for convenience, we introduce two parameterdeént to the energy judgmenw2Eg/ax2§0 due to u
m=12F2I[(3,-T,)2A%6?] (0=p,=<o) and 7,= —AZI?/ =JEg4/ox. The phase separetlon will appear when
(1?k?+A%3%) (—1<7,=<0) and define the following two fjfgt{g;ii?x where bothy, andJ in Egs.(7) and(8) are

3D integrals:
c 1 1 IV. PHASE DIAGRAMS AND DISCUSSIONS
iITN e T
N 1+ 7i Yk Mean-field equationg6a)—(6d) have been numerically

solved and the phase diagrams«at0.5 are plotted in Figs.
b 1 > Yk 1 and 2. To make the results comparable with each other for
iTN<“ .2 different S, we have used reduced coupling constaj
=JaeS” andj,=JyS. Figure 1 is the phase diagramjgf /t
with i=1,2. Then the set of mean-field equatidbs)—(5d)  andt/j,, in the largeU limit with S=3/2 andS— . In this

can be rewritten as case,J,=0, andt/j, indicates the ratio of the repulsive in-
teraction due to virtue process) to the kinetic energy of the
K= E\/—D 6a electron. It is found that the system is in the FM state for
2Vt small j 4/t andt/j,,, where either direct or indirect AF su-
perexchange coupling is weak compared with the FM cou-
F=V1+9,(25+2-x—-C,), (6b)  pling due to the DE mechanism. With increasipg/t and
t/jn, the AF superexchange coupling between the neighbor-
A=\—7,(2S+2—x—C,+D,), (60 ing localized spins is enhanced. Ast/(125+9), the CF

state appears; meanwhile, a repulsive interaction between
fermions is increased due to the increaset/¢f,. At this
o= §Cl- (6d) stage, there is a CF ordering but the charge ordering has not

yet arisen, which is labeled as the CF1 state in Figs. 1 and 2.
For the Wigner lattice §=1/2), from Eq.(6d), it follows  Whent/j,, is increased beyond a threshold so that the repul-
Cy=1and»n;=0, sothakK=0, ,=—1, andF=0. Inthis  sive potential between fermions dominates over the kinetic
case,A reaches its maximum,,,~25+0.597, indicating a energy, the fermions begin to tend toward one sublattice and
fully AF insulator in which all the electrons are localized in thus charge ordering emerges, which is called as the CF2
one sublattice. Another limiting case is that there is nostate. Finally, with further increase dfj,, & increases
charge ordering §=0), where there are two sets of solu- gradually. Ats=1/2, all theey electrons are confined in one
tions: (i) K=F=0 andA= A, which is an AF state and sublattice in the AF background, forming a Wigner lattice. It
(il) =+, K#0, andF#0, which is a CF state for 0 is found that the phase diagram 8« 3/2 is very similar to
<A<Anax Or a FM state forA=0. There is the lowest en- that for S—«. The difference between them can be seen in
ergy in the ground state. This ground state energy per site ithe largej ,;/t case, for the effective repulsive interaction is

the AF state{case(i)] is proportional to the factod; —J, or t/j,— ja/(2tS?S). For
~ finite S the increase of ,; will decrease this factor and so be
Eq=—JAMa!2, (7 unfavorable to the charge ordering. As a result, the quantum



PRB 61

0.4

PHASE DIAGRAM OF AN EXTENDED KONDO LATTICE . .. 1215

(a)

FIG. 1. Phase diagram of the extended Kondo
lattice model withU=« for (a) S=1.5 and(b)
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S—ow. FM, CF1, and CF2 denote regimes of me-
tallic ferromagnet, canted ferromagnet without
and with charge ordering, respectively. WL
stands for the Wigner lattice.
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fluctuation of finiteS leads to enlargements of ti&F1 and
CF2 regions.

For manganites, it is roughly estimated that0.15 eV,
in=0.75 eV,U~10 eV, andj,~8 meV? so thatj ¢/t

~0.05 andt/j,,~0.2. From Fig. 1, it follows that the repul-

sive interaction from virtual process) alone enables the,
electrons to form the charge ordering. This indicates that thigharge ordering occurs depends not only on the ratidjqf
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FIG. 2. Phase diagram ofj, andj,/U. The AF coupling con-
stant is taken to bg,;/t=0.03. PS stands for the phase separation.Coulomb interaction, and the former should be accompanied

0.3

process plays an important role in determining the collective
behavior of electrons. In actual doped manganites, there may
also be other effects that favor charge ordered phase, which
are not considered in the present paper, such as the direct
Coulomb interactions between electrons at different
sites?®?8-31|t s worth pointing out here that whether the

but also on the magnetic ordering of the system. In doped
manganites, the amplitude for an electron to hop from one
site to another is determined by the relative orientation be-
tween the core spins at the two sites, being greatest when the
core spins are parallel and least when they are antiparallel.
As a result, a FM state has the greatest hybridization and so
tends to spread the electronic density uniformly through the
system; while an AF state has the least hybridization and
favors the charge ordering. This can account for the sensitiv-
ity of charge ordering with respect to an applied magnetic
field that tends always to align the core spifsin addition,
there is a difference between two types of repulsive interac-
tions mentioned above in the response to an applied mag-
netic field: with a decrease in the AF correlation, the super-
exchange electron-electron interaction is reduced, while the
direct Coulomb interaction remains unchanged. Therefore,
charge ordering caused by virtual procésgsis more easily
affected by the magnetic field than that caused by the direct
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by an approximate spin-AF configuration, while the latter 20
may survive in an FM background, as exhibited in phase
diagrams of earlier work&:30:3

In Fig. 2, we present the phase diagramjgef(j,+U)
andt/j,,. In the finiteU case,j,/(j,+ U) describes the rela-
tive strength of the effective interaction due to virtual pro-
cess(b) to that due to proces@). For smallt/j,, there is
only a FM state, where the Hund’s coupling is very strong,
both virtual processe&@) and (b) are suppressed so that the 8
hybridization effect and the DE ferromagnetism dominates
over the system. With increasindj,,, both J; andJ, be-
come large and so the AF superexchange coupling due tc 44 CF
virtue processe&) and (b) is enhanced, leading to the CF1 0.0 ' 02 ' 04 06 ' o8
state. Ast/j, is increased beyond a threshold, the charge 1-x
ordering.or phase separati.on may occur, depending on the FIG. 3. Phase diagram fdg, /t=0.01 andU=0.
competition between effective repulsive and attractive inter-

actions. Forj<U, J;>J,, the net repulsive interaction fa- gjectronic chemical potentidf. Such a mechanism is in-
vors the charge ordering. The opposite cash isJ,, where  cluded in the present effective Hamiltonié2). Other terms,
there is is a net attractive interaction and so the phase sepaspecially the last term of Eq2), in conjunction with the
ration may occur. In the middle region ne@y/(j,+U)  double exchange, enlarge the doping range of phase separa-
=0.5, a cancellation of; andJ, leads to a very small net tion considerably, and lead to the phase separation even at
interaction so that the nonuniform charge phase can not bzero temperature. AS is increased, procesb) will be sup-
formed. Thus, the phase diagram shown in Fig. 2 is deterpPressed, since the energy paid necessarily for the double oc-
mined by two types of competitions: one competition be-cupancy,U+JyS, will become high. The phase separation
tween hybridization and interaction and the other betweeslisappears wheu is large enough. In doped manganites, the
the repulsive and attractive interactions, respectively, arising@n-site Coulomb interactiob is usually much stronger than
from virtual processe&) and(b). In Ref. 31, in the absence the Hund’s couplingl;S. However, if the orbital degeneracy
of the direct Coulomb interaction, no charge ordering is ob-at each site is further taken into account, the energy paid for
tained at half-doping folJ =16t andJ,=40t. Accordingto  the doubly occupancy might be much lower thdr-JyS,
the above discussion, the reason might lie in that the effedor two e, electrons at the same site can occupy two different
tively attractive interaction is very weak in this case, andorbits and so their spins can be parallel to each other as well
thus the system is dominated by the DE mechanism. as the core spin. In this sense, the virtual process of the
At this stage, we wish to point out that in realistic man- double occupancy may revive.
ganites, the charge ordering is likely to be accompanied by Finally, we wish to discuss briefly the validity of the
the orbital ordering and the lattice distortibnyhich is not ~ present Schwinger boson method, which has been widely
considered in the present model, for the main purpose of thigpplied to strongly correlated electron systems such as the
work is to examine the effects of the finilg; andU. More  t-J model and the DE model. One important advantage of
virtual processes will be involved if the orbital degeneracy isthe Schwinger boson method is known to produce nice de-
taken into account, since there are more mediate statescriptions of phase with long-range magnetic order, while
Meanwhile the lattice distortion will affect the virtual pro- more controlled methods, such as the laigeheories in
cesses due to its effect on the electron hopping. These addihich the spin is carried by a fermion, often fail to do so.
tional virtual processes may be important in the realisticUsing this method, the quantum effect of finfehas been
manganites. taken into account reasonably. The coincidence of our result
The present method is not confined to the half-dopingat U=0 with the numerical simulation indicates the reliabil-
case. Figure 3 is the phase diagram for arbitrary doping, ity of the present method. As in all other mean-field theories,
which, for simplicity,U is set to zero to maximize the effect the present method has its limitation partly due to that we
of process(b). In order to examine the reliability of the work within a limited subspace of the possible order param-
present approximation, we compare our result with that obeter space, particularly for some low dimensional systems.
tained from the density-matrix renormalization group tech-
niques by Malvezziet al,®* where it was found that for a
one-dimensional Kondo lattice model in the absence of the
nearest neighboring Coulomb interaction, the phase separa- In summary, we have studied an extended Kondo lattice
tion occurs at either high or low concentrations of gy  model in the presence of strong but finite Hund's coupling
electrons, and a FM state is stable in the mediate doping. Oand on-site Coulomb interaction. By means of the
calculation agrees qualitatively with these results. The phas8chwinger-boson representation and a mean-field approxi-
diagram obtained here is also similar to the result of Montemation, we show that the effects of the finitg andU favor
Carlo simulation® and analytical results by other antiferromagnetism. In the half-doping case, it is found that
authors®>1532|t s worth mentioning that at finite tempera- the charge ordering may be superimposed on the magnetic
ture phase separation can also arise from a pure DE modetdering by the repulsive interaction between electrons due
due to the coupling between magnetic fluctuations and théo the virtual process of electron hopping. If the on-site Cou-

164

124 FM

jn /'t

PS

V. CONCLUSION
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