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Antiferromagnetism and phase separation in electronic models for doped transition-metal oxides
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We investigate the ground state properties of electronic models for doped transition-metal oxides. An
effective t-J like Hamiltonian is derived from the case of strong Hund coupling between the conduction
electrons and localized spins by means of the projection technique. An attractive interaction for conduction
electrons and an antiferromagnetic coupling of the localized spin are obtained. A large ratio of the attraction to
effective electron hopping, which is modulated by the spin background, will lead to the phase separation. The
antiferromagnetic phase and the phase separation appear in the case of either high or low density of electrons.
The possible relevance of the phase separation to the charge stripe phase in doped transition-metal oxides is

discussed[S0163-1828)51238-9

The problem of doped Mott insulators has attracted muchion electron andr are the Pauli matrices is the total spin
attention because of its relevance to high temperature supesf the localized electrons at site J,;>0 is the Hund cou-
conductivity and the colossal magnetoresistance effect. Rgjling between the conduction and localized electrons. In the
cent experiments of doped lanthanum cupetatickelaté  manganites, threi, electrons are almost localized and form
and manganitéfamilies of materials exhibit a different type an S=3/2 spin state according to the Hund rule. Electrons in
of charge ordering and spin ordering in an extensive regiore, orbital form a conduction banfin the nickelate, the lo-
For example, the charge and spin stripe phases were 0ORglized spin is jus=1/2.8 In the case of a single electron
served in La_,Sr,NiO, sampleg. Along the charge stripe, the ground state is a fully saturated ferromagnet. It is easier
there is strong antiferromagnetic correlation. It is also showngr the conduction electron to move when the two localized
experimentally that the charge ordering collapses in the prespins on the nearest-neighbor sites are parallel to each other.
ence of an external magnetic field, which can destroy antiThe process may lead to metallic ferromagnetism, and is
ferromagnetic orderingMany efforts have been devoted to cglled the double exchange mechanfstt.

Understand the Origin Of the phenomena and |tS intrinSiC rel- Usua”y the Hund Coup"ng is Very |arge in either manga_
evance to various anomalous transport properties. nites or nickelates. An infinitdy limit is often taken in these

In this paper, starting from an electronic model for dopedsystems, especially to investigate the double exchange ferro-
transition-metal oxides, we derive an effective] like  magnetic phase. However, in the limit, the spin of electron is
Hamiltonian for the case of strong Hund coupling. An attrac-completely frozen to localized spin to form & 1/2 state
tive interaction between conduction electrons, which is assogye to the strong Hund coupling, and the model is reduced to
ciated with the antiferromagnetic correlation, is obtained.g spinless fermion system without a direct electron-electron
Both the attraction and electron hopping are modulated bynteraction, which cannot describe the charge ordering and
the configuration of two localized spins on the nearestantiferromagnetism. We consider the large and fidite
neighbor sites. A larger ratio between them will lead to the(>t) case. As the strong Hund coupling forces most of elec-
phase separation, which is expected in terms of the ideas @fons to formS+ 1/2 states with the localized spins, we will
frustrated phase separation for the charge stripe phAse. restrict our discussion in the space, which includes only the
antiferromagnetjc background leads to at_tracti(_)n betwee@mpty and single occupancies wig 1/2 state. The finite
electrons. We find that the phase separation with electrony  effect can be regarded as the perturbation correction to
rich and electron-poor regimes has a lower energy than aghe |argeJ,, limit. The operator to project onto the space of
antiferromagnetic phase with a uniform density of charge. Apq configurations with empty and tigr 1/2 states is

phase diagram for the model is presented. The possible rel-
evance to the phase separation and the charge stripe phases
in doped lanthanum manganites and nickelates are also dis-

cussed. P:H Pi:H (PhitPg), 2
An electronic model to describe doped transition metal

oxides is a Kondo-like lattice Hamiltonian with the strong

Hund coupling wherePy;=(1-n;;)(1-n; ) and

H:—t<__§>: ¢l Cio—In2 S-Se, oY)
ij),o [

Wherecifg andc; , are the creation and annihilation opera-
tors for conduction electrons, respectively.S.
=EU,U,oU,U,cIUci,U,/2 is the spin operator for the conduc-
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The operatorEiTU=(1—ni —U)CiTU rules out double occu- vo- Many efforts were attempted to investigate the antifer-

pancy on the same sité.is a unity matrix. Utilizing the romagnetism and superconductivity. Emestyal. proposed

Schrieffer-Wolf transformatiof? at-J like effective Hamil-  that a Heisenberg antiferromagnet in-d model is always
tonian is derived unstable to a phase separation at a sufficient dilute ddging.

Their conjecture is supported numericall)t/ﬁt largAr, but it
— - = ,— is still an open problem at smallt strength.® Nevertheless,
Hefﬁ—t%‘;> EiT,chj,(r+4UO<i2j> (Sc-Se=amn). B for the usuat-J model,J=4t?/U and should be very small
_ _ _ in a physical region. The localized spin dnterm is 1/2. In
wherevo=t%/(J49S), Sc=E,,,(,r(0)(,(,ra(,ci,(,//2, andc;,  our case, the spin background can modulate the electronic
:20,(pi+)w,?;i’g,_ In Eq. (3), except for ignorance of behavior, and localized spin can be any value. To simplify
higher-order perturbation correction and a constant tern@ur discussion, we take the classic spin approximation or
—NJuS/2 (N, is the number of electrohswe also neglect large S limit. The spin § can be parametrized by polar
three-site terms in order af/J,S which describe indirect angles 6, and ¢; and S/(2S+1)~1/2. S=Sg, and s
hopping process between the next-nearest-neighbor sites.(sin é cosd¢;,sin 6 sin ¢, ,cos6,). Except for the exchange
They are of ordet/J4S (<1) when compared with the first, coupling between the conduction electron and localized spin,
direct hopping term in Eq.3). A detailed discussion includ- it is believed that the antiferromagnetic exchange coupling
ing these terms will be published elsewhere. The physicabetween the localized spids S - S; also plays an essential
meaning of the operat@, is the component of electron spin role in determining the phase diagram of manganites, espe-
along the localized spin on the same site meanwhile the elegially in the region of low density of electrons. The projected
tron and localized spin form an sp8i 1/2 state. It is shown operatorS=P;SP;= S§0i . We shall consider it in our fol-
that (25+1)S, (=S) is an spin operator witls+ 1/2 if the lowing discussion. In this approach, the quanttsh model
site is occupied by a single electron. Let us first consider twdncluding the localized spin coupling is reduced to
limits. WhenJy— + %, vy—0. The model is reduced to the 0
quantum double exchange.mo&%l“_ Expanding the dressed Hyae= —t i aj— 200, sinZT”aiTaiajTaj
operatorsc in Eqg. (3), we find a direct exchange term for (ij) (ij)
localized spins and its effective exchange coupling is ap-

proximately +JarS2Y, c0s0;;, (5)
(i)
Jge=—t> (S G )(25+1)2, wherea; = cos6,/2c; ; +sin 6,/2e”'*c; | ;
= G,

h 0; 0, 6 e
where (- --) represents the average of the ground state. The Cij=C0S— COS— +Ssin— sin- e i(4i—¢))-
coupling is proportional to the kinetic energy and is always 2 2 2 2
ferromagnetic. It reaches its minimum at quarter filling ( ) ]
=1/2) and vanishes at two density limits=0 and 1 in a C0s @j;=cos f; cos 6;+sin 6 sin 6; cog i — ;).

sense of the mean-field approximation. This result is consis-, . : > -
tent with the physical picture of the double exchange ferro-®ij is the angle between the two spin ursis andsy; and

magnet. At half filling, which means that the number of elec-|Cii| =€08@;/2). a operators are for the conduction elec-
trons is equal to the number of lattice sites, each site igrons whose spins are frozen by the localized spins on the

occupied by one electron and there is no empty site. Th ame site, and therefore can be considered only to describe

effective Hamiltonian(3) is reduced to an antiferromagnetic e charge degrees of freedom. 'I_'he first partigf is the
Heisenberg model with spis+ 1/2 usual double exchange model with a Berry phase, and the

second part comes from the correction of the fidite Both
4y, the renormalized coefficients;; of hopping terms and
Har=5a—z 2 (S-S—(S+ 3)?). (4)  sir(®; /2) of the density-density interaction depend on the
(28+1)° &7 ! back | ; . . ; X i
ground of the spin configurations. Our following discus
This is consistent with rigorous results of the mo¢®Bl at  sion will be based on the Hamiltonig).
half filling for any Jy that the ground state is spin singlet on  From the point of view of localized spins, the mobile
a hypercubic latticé® In the antiferromagnetic Heisenberg electrons favor to the ferromagnetic correlation. However,
model, it is shown rigorously that the ground state possessdbe finite J,; as well as the direct exchange couplidge
antiferromagnetic long-range order on a square lattice fotends to form antiferromagnetism. For instance, in the one-
spin 1 or higher and cubic lattice for spin 1/2 or high®r. dimensional case, the effective double exchange coupling is
Therefore, here aS+1/2<1, we conclude that the Kondo approximately proportional to—sinpn/a. It reaches its
lattice model at half-filling and with strong Hund coupling minimum at quarter filling and approaches to zero at two end
possesses antiferromagnetic long-range order, which is conlimits. The exchange coupling from the finidg is approxi-
pletely opposite to the case of low density of electrons wherenately proportional tg?. It is stronger than the double ex-
ferromagnetic correlation is predominant. change coupling at a higher density of electrons, but is
Although the physics of the two terms in the Hamiltonian weaker at a lower density of electrons. As far as the direct
(3) is clear, the combination of the two terms makes it veryexchange coupling,:S? is introduced, the double exchange
complicated. The usuatJ model from the largé) Hubbard  coupling is always suppressed at the two end limits of den-
model can be regarded as a specific casg=0® with a finite  sity. If J5S? is sufficiently large, the ferromagnetic phase is



RAPID COMMUNICATIONS

PRB 58 ANTIFERROMAGNETISM AND PHASE SEPARATIONN . .. R8879

20

1s . ' ] 0.15 ii\\
16 1 0.1¢ \<\\\

- m 0.05 Ny \\
S 12 >~ \\
0 ~ \\\
10 ) ~ \\
———— — JarS%= 0.05 S
8 PS — — - JarS%= 0.10 SR
-0.05 2 == 1
— — — - JarS%= 0.20 S
6| Ps =
0 0.1 0.2 0.3 0.4 0.5
0 0.2 0.4 0.6 0.8 1 v

The density p
. . FIG. 3. Thev, dependence of the energy difference, E, between
2_ 0
FIG. 1. The phase diagram for a square latticd gi5"=0.05. the charge stripe and a state with a uniform density of charge for

ezchr;sagsfgrerrc:ﬁqrzaggftlfﬁlsr}, t:']aeta;esglmee Ithlzsz r::tzlrlzigr?u:;e differentJ,S?. The inset is the charge stripe phase we discuss. The
g gnet. P P l’jg]ack points stand for single occupancies of electrons.

antiferromagnetic background. “NF” is between the ferromagnetic

phase and phase separation. It is paramagnetic or a mixture of sormeng of electrons is completely suppressed even for very
noncollinear magnetism from the point of view of the mean field . - .
theory. sma_llvolt_._Strong attraction betwe_en fermions will lead to
the instability to the phase separation. When the phase sepa-
ration occurs, the system is divided into two parts: electron-
ich and electron-poor regimes. In the electron-rich regime,
Il electrons accumulate together gne: 1. In this case, the
inetic energy vanishes and the average energy per bond is
—JArS?—2v,. In the electron-poor regimepE 0), the av-
erage per bond is-JorS?. When J,r=0, the spin back-
round of the electron-poor regime can be ferromagnetic.
he phase separation arises in a very small regime near the
alf-filling. For a finiteJ,r, the spin background is antifer-
8magnetic. Hence the average energy per bond for the

always unstable. 18,£S? is not sufficiently large the double
exchange ferromagnetism can survive in a finite range o
doping. A possible phase diagram is shown in Fig. 1 for th
chosen parameters. Asij| is proportional to co%)/2), not
cosO for the ferromagnetic coupling, it is also possible to
lead some noncollinear magnetist**°The boundaries of
phases in Fig. 1 and later in Figs. 2 and 3 are determined
comparing the ferromagnetic phase with the canted ferroh
magnetic phase, the spin spiral phase, the antiferromagnetti

phase, and the phase separation in a mean-field approachWhole system in the phase separation ejs— — (IneS

. From the point. of V‘eW of conduction electrons, the h°p'+2v0p), which is always lower than the energy in an anti-
?'r?g r?f ele_ctro_ns IS r?‘%iwcliy drr]aggf:hd by the s_pm b_?ﬁkgrfoundferromagnetic state with a uniform density of electrons. This
e hopping is prohibited when the angi; = . The ef- .0 iqion holds for any dimensional cad&%hus the phase

fective interaction is also determined By; as well as/t. ; ; ; ;
. . separation occurs in the antiferromagnetic background. The
The ratio —[2uv sir?(®;;/2)]/[t cos@; /2)] approaches to hase diagram in Fig. 1 shows that the phase separation oc-

zero when® =0, i.e., the ferromagnetic case, and becomes, ;i< in the case of either high or low density of electrons.

divergent wher® =, "?f‘f’ the inuferrr(])magnetlc casle..The Between the ferromagnetic phase and the phase separation, it
consequence is quite different from the usud model, in  j5 5 naramagnetic or noncollinear magnetic regime. The

which the ratioJ/t is fixed and is usually very small. When ,naqe giagram is in good agreement with those established
localized spins form a fully saturated ferromagnet, the cony, utilizing Monte-Carlo simulation by Yunokét al?* The
duction electrons are a spinless free fermion gas. Oppositely}, - separation always occurs npas1 no matter how
when the localized spins form an antiferromagnetic baCklarge Jar is andve>0 because the antiferromagnetic cou-

ground, the attraction becomes rather strong since the ho%ﬂng is always predominant in the limit. This is quiet similar

to those obtained in thieJ model in the largeS limit.?* Near
p— 0, Jae Will determine whether the phase separation arises
as the ferromagnetic coupling will dominate over the antifer-
romagnetic coupling ifJa,r=0. When Jo¢#0, the phase
separation can arise since the double exchange ferromagnetic
coupling is approximately proportional to the density of elec-
tron nearp=0, which is always less than a constdpt at a
sufficiently dilute doping. This is also consistent with the
numerical resulté! For a fixedv,, the phase separation can
occur whenJ,r increases as shown in Fig. 2.df, is very
large, the phase separation can occur for &y, and vice
versa. Ifvy=0, i.e., the strong Hund coupling, the phase
0 0.2 9.4 densit:Zj 0.8 1 separation does not arise. Thus the attraction plays a decisive
role in the phase separation. It is worth mentioning that even
FIG. 2. The density dependence of the critical valud giS°to  in the paramagnetic phase the average value of attraction
the phase separation fog=0.05, 0.10, and 0.02 in a square lattice. potentialv o({cos®;;)—1)=—v,, half of that in the antiferro-

0.125

0.025




RAPID COMMUNICATIONS

R8880

SHUN-QING SHEN AND Z. D. WANG

PRB 58

magnetic case. When the phase separation occurs, it will epear in the two-dimension&lJ modef? for a specific dopant
hance the antiferromagnetic coupling especially in thedue to the electron hopping even without the Coulomb inter-
electron-rich regime. This agrees with experimental observaaction. Our findings provide a direct mechanism for electrons
tion that the charge stripe arises at higher temperature thag condensate along the charge stripe. For example, on a
the spin stripe by electron-diffraction and neutron-scatteringquare lattice and at=2/3, a static charge stripe as shown

measurements.

in the inset of Fig. 3 has a lower energy than the state with a

As a conclusion, we disc_uss possible relevancgs of thgniform density of charge for a largeg. The largerd ,pS?
attraction, the phasg separation, and the charge stripe phas€ine |ower the energy of the charge stripe is for a fixgd
Although the attraction could attract the electrons together tqyqever the stripe state is unstable against the phase sepa-
form an electron-rich regime, other physical mechanism hagaion. To stabilize the stripe state, one should consider other
to be taken into account in order to explain the stripe beha"physical processes; for example, effect of long-range Cou-
iors for charge and spin. v et al. proposed the ideas of |omp interactiofi and noncollinear magnetism of localized
frustrated phase separation by considering the nearesining |n short, since the spin background modulates the elec-

neighbor attraction and long-range Coulomb repul§i@ur

tronic behaviors, we believe that our modB) or its quan-

work provides a direct evidence that an attraction betweeR, form (3) is a good starting point to investigate the phase

electrons indeed arises from the superexchange of e|eCtr°§%paration, the charge ordering and spin ordering in doped
for the finiteJ,; case. On the other hand, the role of hoppingiyansition-metal oxides.

term is still unclear in forming the stripe phase. Recent nu-
merical calculation by density-matrix renormalization group  This work was supported by a CRCG research grant at the
(DMRG) found some evidence that the stripe behaviors apWniversity of Hong Kong.
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