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Phase separation and enhanced charge-spin coupling near magnetic transitions
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The generic changes of the electronic compressibility in systems which show magnetic instabilities are
studied within a mean-field approach. It is shown that, when going into the ordered phase, the inverse com-
pressibility is reduced by an amount comparable to its original value, making charge instabilities also possible.
We discuss, within this framework, the tendency towards phase separation of the double-exchange systems, the
pyrochlores, and the magnetic transitions of the Hubbard model.

[. INTRODUCTION influences the electronic compressibility. Although most of
the paper is restricted to a mean-field treatment, we expect
The theoretical possibility of phase separatid?® in  the main conclusions concerning PS to survive in the pres-
magnetic systems was first discussed in connection with thence of critical fluctuations, at least in three dimensions. In
Hubbard model for itinerant magnetisrithe work of Emery ~ the systems we study at zero temperatiitabbard mode|
and KivelsoR has since established that PS should be ubigthe effective dimensionality is increaseay 2 or 3, depend-
uitous in doped antiferromagnets. Recent arguments sugge¢ on the dynamical critical exponentThis means that, in
that PS is also likely in other magnetic materials, such adhree dimensions, we are safely.above the critical dimension.
those in which magnetism is due to double-exchanthereforev we do not expect major problems frqm the mean-
interaction™8 Spin polarons, which can be viewed as afield approach. For those models we study at flnlte_tgmpera—
manifestation of PS on a small scale, have been analyzed f§re (double-exchange systems and pyrochlpresitical
relation to the pyrochlore¥. Finally, there is an extensive fluctuations can be important. Nevertheless, phase separation
literature on PS in two-dimension&kD) doped antiferro- €an be con3|dered as a dlverg_lng charge fluctuation at the
magnetgsee, for instance Refs. 1151@lthough there is no Macroscopic scale. Therefore, it is not unreasonable to ex-
definitive consensus on its existence. pect an increase in the PS tendency due to the enhancement
A variety of different experiments show features which of charge fluctuations cau_sed by their coupling to the c_ritical
are compatible with electronic phase segregation, at least dfictuations of the magnetic order parametest included in
small scales, near magnetic transitions. For instance, near ¢ mean-field analysis
antiferromagnetic transition there is ample evidence for the The paper is organized as follows. A general framework
formation of charged stripes, both in the cupritesid in the 1S presented in the next section. Simple appllca'glo_ns to the
nickelatest® In the ferromagnetic manganites, various ex-Hubbard model are conS|dere_d in Sec. Ill. Then it is sh_own
periments suggest the existence of polarons near the curiBat the same approach predicts the existence of PS in the
temperaturé? which, as mentioned above, can be viewed adyrochlores(Sec. ). Section V studies PS in double-
phase separation on small scales. In addition and also in tfgxchange models, including some improvements over the
ferromagnetic manganiteé.e., La,_,CaMnO;, x~1/3), standard mear_1—f|eld qpproaqh. Section Vl'analyzes _the role
inhomogeneous texturdsand hysteretic effects have been of long-range |nteract_|ons._F|naIIy, the main conclusions of
reported neafl,. Note that we are discussing the relatively OUr work are summarized in Sec. VII.
simple case of the optimally dopederromagneticcom-

pounds, avoiding the complications which arise between the Il GENERAL FEATURES OF THE ELECTRONIC
competition between antlferromagn¢t|sm,'charge ordgrmg, COMPRESSIBILITY NEAR A MAGNETIC PHASE
and double exchange in these materials. Finally, there is evi- TRANSITION

dence for inhomogeneous textures in ferromagnetic

pyrochlores’? The purpose of this paper is to show the the- The formation of an ordered phase induces a decrease in

oretical foundations which make likely the existence of elec-the free energy of the material, usually called the condensa-

tronic phase segregation near magnetic transitions. We dion energy. Because of it, quantities which depend on the

not pretend to give an exhaustive list of the experimentalariation of the free energy with temperature, such as the

evidence which supports this view. specific heat, show anomalous, nonanalytic behavior at the
In the following, we analyze how a magnetic transition critical temperature. For instance, the specific heat shows an
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abrupt reduction &t . in mean-field theories. The phase tran- Then, by expandind.(n) aroundny and inserting the above
sition can also be tuned by varyimg the electronic content value ofn in the free energy whei<T,., we find
(per unit cel), in many systems, leading to phase diagrams

like those shown in Figs. 2—4. Thus one expects an anoma- a[Tc(ng)—T] b a%kg [T\ 2

lous dependence of the free energy on the electronic density =~ fm% Zm“— 8 &_n) m*.  (7)
as the phase boundary is crossed by changing the electronic

concentration.

The dependence of . on the density leads to a negative
‘quartic term in the dependence of the free energy on the
magnetization. Wheh/4— (a%%.)(dT./dn)?/8<0, the mag-

A standard Ginzburg-Landau expansion of the free
energy density yields a simple estimate of such an effect:

c a[T—Ty(n)] b netic transition becomes first order. This condition is equiva-
F(m)= E(Vm)2+ TCmZJr Zm4+}“n(n), lent to saying that the effective compressibility, defined in
) Eq. (5), becomes negative. Thus PS near the transition can be

thought of as arising from the transmutation of a continuous
wheremis the electronic magnetization aril(n) stands for  phase transition into a first-order one by the introduction of
a regular contribution to the free energy. We now neglectan additional field, the density, which is a well-known
spatial fluctuations and obtain a mean-field approximation tgossibility in statistical mechaniéé.The new feature found

F. in a magnetic transition is that the correction to the com-
pressibility can easily be comparable to the initial compress-

a[T-Tc(n)] , b , (n—ng? ibility. The latter is determined by the density of states at the

MF— 2 metgmt 2%o @ Fermi level in the paramagnetic phase. In typical magnetic

systems, the transition is driven by a coupling constant
where we have expanded the dependence of the free energich is of the order of the inverse of the density of states.
of the paramagnetic phase onHere', is the(scaled elec-  fina|ly, the dependence of the critical temperature on the
tronic compressibility in the paramagnetic phase, apde-  gjectronic density depends on the change of the coupling
fines the equilibrium density in the absence of magnetismeqnsiant with variations in the density of states, which is of
We will use the name inverse scaled compressibility and thgna same ordefsee examples belowThus no fine-tuning of
symbol& (%, ) to describe the derivative of the chemical parameters is required to obtain corrections to the compress-
potential with respect ta, that is%~'=?7/dn® Notice ibjlity of the order of the compressibility itself.
that our scaled compressibility coincides with the standard
definition except for trivial factors of density. Wheh

<T,, the magnetization isn?=a[T.(n)—T]/b, and the I PHASE SEPARATION IN HUBBARD-LIKE MODELS
free energy becomes A. Ferromagnetic transitions
afT(n)—T]? (n—ng)? Let us consider a one-band Hubbard model:
METT T 2 2y ®
while aboveT, the magnetization vanishes and only the last H= g €Ch oCh.o Z unin; |, (8)

addend survives on the right-hand sid@HS) of both Eqgs.
(2) and(3). Let us now fix the temperatufeand expand this

expression around the density such thatT=T.(n;). We wherei is a site index,or is a spin index ¢=1, ), and

niy(,=<cifociy(,). This model(with appropriate additionshas

obtain ) . )
! been invoked as a reasonable starting point for the study of
a? [9T,\? (N—ng)?2 itinerant ferromagnetisrfr. Within a mean-field approxima-
Fue~— b a_n) (n—ng)%+ o (4) tion, the Stoner criterion gives a ferromagnetic instability for
0

UD(eg) =1, whereD(e) is the density of states per spin at
And by taking derivatives, we have energye. Let us assume that in the paramagnetic phase there
areng electrons per site, with chemical potentjaj:
1
&2.7:M,: . T<O,
an? a?

2b If we shift the two spin bands by 8, the induced polariza-
The compressibility has a jump at the transition. The origintion m=n; ; —n; | satisfies
of this discontinuity is the same as that in the specific heat.
Alternatively and keepingdl fixed close toT.(ng), one m D' )M D' (uo)m?

T.<T,

*l=

2 1

Ko

. 5) Ne=2 f "De)de. 9)

an

T<T,.

can first find the densityy which minimizesFy-. By ex- 6= + 3 - 7 , (10
pandingT(n) aroundn,, we find 2D(po) -~ 16D*(po)  48D"(po)
no T<T where D’ and D" stand for the derivatives with respect to
o, c energy of the density of states. Because of the lack of
n= No+ akom ‘9_Tc T<T.. (6)  electron-hole symmetry when these derivatives are finite, the

2 on’ chemical potential in the polarized state is shifted:
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D' ()8 D' (o)D" (o) 8 three dimension&’ 3! As reported earlier, these solutions ac-
M= Ro=— 2 quire a negative contribution to the electronic compressibil-
2D 4D . o - : .
(ko) (ko) ity near the transition boundaries, making PS possible. In the
D3 )8 D" ()8 following, we analyze the stability of the homogeneous
- 8D%(10) - 24D(10) | 11 mean-field solution in arbitrary dimensions, following a dif-

ferent approach from that used in Ref. 11.
The ground-state energy, at zero temperature, can be written The AF distortion shifts the mean-field levels
as —sgn()Je?+ A2, opening a gap and leading to the follow-
ing staggered magnetization:

m2 D’ 2 m4 D’ m4 I.]2_ m2
E—Egt N (;Sto) B (,U«4o) ‘U ’ )
4D(no)  64D%(no)  192D*(1ao) 4 =S ool o -2 fﬂ den(e S8 o
(12 e 9 i,ovi,o W, \/m!

= I IS i 1 - -
whereEy=2[#0e D(€)de. This is the Ginzburg-Landau ex hereD(e)=D(~ €) and7 are, respectively, the density of

pansion needed to study the phase transition as function Q ; : . i
electronic density at zero temperature. The system becomgsates(per spin and Fermi level in the paramagnetic phase,

ferromagnetic wherD(u)U=1. We can expand the qua- with filling factor n=2f’iW0deD(e) and half-bandwidth
dratic term in the magnetization aroung=2/{°D(€)de as Wo. The energy is given by

1
4

1 }J’Wc)(”—“c) 1y 2 jf* de D(e)sgrte) V2T A%+ A5+ o (2~ ),
D(w) 8D%(me) ~Wo 16

Wh't%h Iteads_tt_o th_e followmghsge:cled w;xerse dconszr?gs_'b'“ty'with the order parameter satisfying the following self-
as the transition is approached from the ordered side: consistency requirement:

o 1 D'(ue)Dlpe)| .
" l=% - - . . (19 1 (R sgre)
2Dy |- 3D A0) = fWOdeD(e)—m. 17

where %y '=[2D(ue)] 1+ (U/2) and U =[D(u)] * is
the critical coupling for the transition to take place. The com-
pressibility is negative ifD"(u)P(uc)/[3D'2(ue)]>1/2.

In particular, near a saddle point in the 3D dispersion rela
tion, we have D(e)=Dy—cy|e—egp/. This implies

IimE%SD{D"(e)D(e)/D’2(6)}%+oc, and the system is al- % 5 U, A2
ways unstable versus PS. f(A)ZZJ deD(e)sgnie) Ve + AT+ "+ 5.

It is interesting to note that, using a different formalism, 0 (18)

phase separation has been shown to appear near ferromag-

netic phases of the Hubbard model in two dimensiSris, ~ Away from half-filling, a critical valueU is required for the

Both the energy and self-consistency equation can be ob-
tained from the minimization of the following functional of
the order parametef(A), which we take as the starting
point for the stability analysis:

good agreement with the picture presented here. instability to take place, wittJ.(n)= —1/f‘iwode D(e)le.
Close to the transition lingl .(n), a Ginzburg-Landau analy-
B. Doped antiferromagnets sis is straightforward, leading to
It is well known that the Hubbard modHEq. (8)] at half- FA)=f ot F,A24 A% (19

filling, in a bipartite lattice and with nearest-neighbor hop-
ping only, has an antiferromagneti&F) ground state, ex- with
cept in one dimension. The main physical features of this

state, a charge gap, long-range magnetic order, and low- [~ U,

energy spin waves, are well described using standard mean- fo_zf_wode eD(e)+ Zn ' (20

field techniques and the random phase approximaiRsnA).

Recent work shows that, in the presence of a static magneti- f,=1/U—1/U(n), (21)

zation, the opening of a charge gap occurs, while the quasi-

particle residues remain finite, at least in the infinite- 1z D(e)

dimension limit? further supporting the validity of a mean- fa=— Zf w de——. (22)
—Wo

field ansatz. Alternatively, a calculation of the ground-state

energy in the limit of large dimensions and small values of The scaled inverse compressibility satisfies
U/t can be obtained by standard perturbation theory around a

mean-field symmetry breaking sta&feThis approach does 1 U B

suggest the existence of PS near half-fillidg. ) 5=t 5 U—U,
: : S : _ ., 0 2D(n) 2

The mean-field solution at half-filling is straightforward kK l=—s%= 5 )

to extend to finite fillings. Hartree-Fock calculations show an 1 YU @Gf)” s

that there are self-consistent homogeneously doped solutions 2D(n) 2 2f, ¢

for a finite range of fillings around half-filling, in two and (23
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Following the transition line on the AF side to the limit of the stable configuration of carriers in the paramagnetic phase
small doping, one hasdff,)?/2f,—1/D(%), leading to at low densities. Now we will show that the existence of
% 1= —1/2D(%). Therefore, we have proved the existencepolarons in the paramagnetic phase is a sufficient condition
of PS in the vicinity ofU.(n), at least close to half-filling.  for the thermodynamic instability of the uniform phase of the

In fact, PS is not restricted to the previous region. It isstandard mean-field analysis.

also present around half-fillingy— 1=, for all values ofU, Let us consider a low concentratign) of carriers in the
as we now show. Close to half-filling and at finit§ the  polaronic configuration. The free energy at fixed temperature
compressibility satisfies is proportional to the number of carriefgolarons:
0 D(e) |71 Fool(T,n)=8f (T, 28
7(71=U/2—= ZAzf d€( 2+(AZ)32} (24) pol( ) pol( ) ( )
“Wo L€ where 6f,,(T) <0 is the free-energy reduction per carrier
and, given the inequalitisee Eq(17)] due to its polaronic bubble. The preference for polarons im-
plies that the homogeneoyparamagnetic phase Fom iS
ZAZJIL q D(e) fﬁ q D(e) 2 above F in the limit n—0. Consider now that the carrier
€ < E———=—, . ~ . . . .
Cwy (E€+A7)F W, Je+rAz U density reaches the valiieat which all volume is filled with

(25) polarons, _each one with its Cor!fined (_:arrier. It is obvious
that, allowing carriers to delocalizgeeping the core mag-

one obtains netization and temperature conspatteir kinetic energy di-

- minishes. This implies the existence of a homogeneous phase

Kk °<0, (26) (with finite core magnetization and total carrier polarization

proving PS around half-filling for all values &f, as previ- With energy below the polaronic phase at finite carrier con-

ously stated. This analysis indicates that PS is a very robu§€ntration. A variational reasoning guarantees that the true

feature of the AF instability at the mean-field level. In fact, homogeneous solution of the mean-field treatment is even

for a flat model density of states, numerical results suggedtelow in free energy. In conclusion, if the single polaron is

that the entire AF region has negative compressibility. ~ Stable, the free energy of the homogeneous phase must sat-

The study of this section can be extended to the case of i&fy
diverging density of states at half-filling:D(e)~|e|* (O

<a<1). The existence of PS is also proved in this case, at Fpol(T:N—0) = 8f po( TIN< Fhon{ T,n—0),
least around the transition ling.(n—1). In particular, this _ _ _
includes the mean-field solution of the Hubbard model in the Fpol( T,1) = 6f pol T)TI> Fhond T, 1)

square lattice, where the density of states has a van Hov

loqarithmic sinaularitv. Th nclusions of our analvsis ar Remember thatF, is linear inn, and bothF,, and Fyom
ogar ¢ singularity. 1€ CONCIUSIONS of our analysIS ar€q, 4 fom the same point. Then the previous inequalities can
consistent with the tendency towards inhomogeneous sol

‘Gnly h if th ture oFyom ch ign with con-
. \ ; . - y happen if the curvature of;,,, changes sign with con
tions found in mean-field studies of the Hubbard modef centration, leading to a negafive compressibility and PS.

Therefore, we have proved our original assertion: stable
IV. PYROCHLORES polarons imply thermodynamic instability towards PS. No-
The pyrochlores are metallic oxides, Mi,O,, which tice tha_t this is a sufficient cpndition, but not necessary: PS
show various anomalous transport and magnetic propertie§@n exist(see below even if the ML polarons are not the
including colossal magnetoresistance. The magnetism &@ble configuration in the paramagnetic phase. A graphical
mostly due to the spins of Mn ions. The electronic carriersd€Scription of the previous argument comparing polaronic-
are assumed to come from a widéoand from Tl orbitals, @nd homogeneous-phase free energies Kor0.113 is
with a very low occupation. These electrons are coupled ferShown in Fig. 1(two upper curves In addition, we also
romagnetically to the Mn spin&:?> We can describe the show the free energy of the correct treatment, including car-

coupled system by the Hamiltonih rier entropy(see below. _ _
There is, however, a source of concern with the previous

+ L, i . . conclusion. In the ML analysis, carriers in the homogeneous

HZKE eka,oCk,U_‘]Z Si-§—J 2 Ci,60 50’ Cio’Sis phase enter with energy but no entropy. This would be cor-

7 . b 27) rect for the usual case of degenerate fermions. But the tem-

perature is finite and the interesting region corresponds to

whereJ andJ’ are positive(ferromagnetit, o represents the very low carrier concentration, making the degenerate as-

carrier spin index ¢=1,]), § is the Mn spin(assumed sumption questionable. For the parameters expected to apply
classical of site i, and ¢, are Pauli spin matrices. The in the pyrochlores® the classical limit would be a more
model undergoes a transition to an ordered phase where th@propriate starting point. In fact, in the limit of zero con-
local spins have a finite magnetizatis¥ [(S)| #0, and the  centration at finite temperature, the chemical potential (
electron gas is polarizedn= |E(,<CI(,5'(,U:CL(,,>| #0. = dnFnom COrresponds to classical particles, and diverges:

In principle, the entire issue of PS in the pyrochloresu(n—0)~In(n). This implies that, in that limit, the homo-
could be settled using results of Majumdar-Littlewood geneous paramagnetic phagecluding carriers entropyis
(ML).*® These authors have shown that magnetic polaronalwaysmore stable than the ML polaronic ansatz. It could be
(i.e., self-trapped, polarized electrons in a magnetic bubblargued that the entropy does not appear explicitly in the ML
of core spins embedded in a paramagnetic environnaget treatment because it is the same in both the polaronic and
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FIG. 1. Free energy vs electron concentration for the exact F
mean-field treatmentsolid line), the polaronic ansatZdashed
straight ling, and the degenerate approximation for electr@lash-
dotted ling, for kT=0.128 and parameters explained in the text. 0.09 )
The arrow marks the onset of negative curvature. 0.000 0.005 0.010

n

homogeneous phases. This would remove any doubt about FiG. 2. Phase diagrams for the mean-field theory of E3f—

the ML analysis, but we see no obvious reason for such @3) for the parameters explained in the text. The solid line is the

cancellation to take place. (scaled critical temperature vs carrier concentration. The region of
Given the previous ambiguities, we study the existence ohegative compressibility is bound by the dashed line and the critical

PS in the pyrochlores with the standard thermodynamigemperature.

analysis of the homogeneous phase, without relying on po-

laronic arguments. We perform the usual mean-field calcula-

tion without simplifying hypothesis for the carriers. The n= 2> ne= fdfe_—- (34)

Helmholtz free energyF contains the coreF;, carrier F,, oot ot ;{ ’LL(’) 1

and core-carrier contributions;,,,, with expressions

sinf(h) We have solved_ the previous equations for parameters
T In( . )—h expected to apply in the case of pyrochlorekTOsz/3
=0.1t, andJ’=t, wheret, a measure the electronic energy
scale, is taken to be the kinetic energy of an electron con-
Lo € fined to a unit cell volume. Searching for negative values of
exr{ KT #?Flan?, we arrive at the phase diagram plotted in Fig. 2 for
small carrier concentration. We see that, beyond a carrier
concentration, a region of negative compressibility opens
+U:2T . MoNg s (29 around the ferro-para transition. Therefore, we confirm the
existence of PS as suggested by the general arguments of
Sec. Il. Notice that in Fig. 2 we show the area of intrinsic
instability: the standard Maxwell construction would in-
crease this PS region even into the paramagnetic phase. We

; ._have plotted(Fig. 1) the free energy of the exact solution
ber of nearest neighbor®(e) represents the paramagnetic (solid line), compared to the ML polaron ansatdashed,

density of stategper spin, andh describes the effective field straight ling and the solution ignoring the electron entropy

characterizing the mean-fleld dlstnbut.lon of core spins, as(dash-dotted lingfor kT=0.11%. As explained at the begin-
sumed to be classical vectors of unit length, therefare,

1 ning of this section, the correct homogeneous pliasxud-
=cothf)—h™". . has the | f |
Minimization of F leads to the following equations: mg_entropy as the owe;t ree energy even at ow concen-
: tration. In contrast, having ignored the electronic entropy
would have led to the prediction that polarons are the pre-

+1

Fo=—kT > | deD(e)In
o=1l

Fem=—Jd"sm, (30

wherem=n; —n is the carrier magnetizatiom,is the num-

p=Jd's=p=0, B ferred configuratior(see two upper curves of Fig).1Nev-
ertheless, P8oesexist, and the onset of negative curvature
m+J3's=u=0, (32)  (hardly visible to the bare eydés marked with an arrow in
that figure.
—Jzs+kTh—-J'm=0, (33 For the parameters corresponding to Fig. 2, electrons are

stronglynondegenerateand the numerical results almost co-
with the occupation constraint incide with the classical limit for the carriers, whose
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Ginzburg-Landau analytic treatment we now present for The model, put forward by Zenéf has received great
completeness. Assuming the electrons to be a classical ideattention in recent times as the building block needed to
gas and performing an expansion in the cerand carrier explain the physics of Mn perovskites. We will restrict our-
magnetizationrm, one obtains the following expressions for selves to its simplest one-band version, leaving aside further

the contributions to the free energy: features such as orbital degeneracy, antiferromagnetic cou-
3 ; 9 plings, or Jahn-Teller distortion, probably required for a
2 S S )
e P more realistic description of manganites.
s (2kT 2 S +20kTs4, (35 PS in double-exchange models has been extensively

studied®~° It was originally observed in numerical studies of

the DE model with AF couplings between core spins, raising

doubts about its existence in the bare verdibhHowever,

we have recently shown that the PS tendency is an intrinsic
Fem=—J"sm, (37)  feature of the simplest DE model without additional tefins.

, , , For completeness, we include here an analysis of the com-
whereng is a reference density marking the onset of the, asqibility using the Ginzburg-Landau expansion outlined in
quan'tu.m. regime. . the preceding sections. The approach is a direct extension of

Minimization of the free energy leads to the following ot ysed in Ref. 38. We leave out the study of PS at zero
transition temperature: temperature due to the competition between direct antiferro-

S kTssz“se
Fn=—nkT+n n Fi; 4‘55{”1 +—i§ﬁ§rn , ( )

KT kT2 37n magnetic interactions and the double-exchange mechanism,
-0 -0 i which also can be case in terms of a Ginzburg-Landau ex-
kT, + + . (38 i
2 2 3 pansion.

In the vicinity of T, core and electron magnetization are The _model IS dete_rmlned by the polqr_lzanon of the Iocql-
related by ized spinss, the density of states of the itinerant electrons in

the absence of spin disord€Py(€), and the temperaturé.
The free energy of the spins comes from the entropy due to
(39  their thermal fluctuations only and coincides with E85),
except for the absence of the direct-exchange term. We as-
and the scaled inverse compressibilityTat: T, is given by ~ sume that the electron gas is degenerate, an excellent ap-
proximation for temperatures in the rangeTaf, and replace
., PF 15k Tk’ its free energy by the ground-state energy in a background of
= n? TR0 T BakT,)F 100" " (40 fluctuating spins. The bandwidth of the electrons is reduced
by a factorf =(cos(ij/2)), wheredij is the angle between

where &, “=kTc/n is the inverse compressibility of the neighboring spins. Thus, the electronic energy can be written
paramagnetic phasek becomes negative beyondps 35

=54(kT.)*(53'%)=1.266x 103, for the parameters used
here, very close to the exact results of Fig. 2. “o

As a final remark, it is important to realize that the precise E=fKo=f f_ € Dy(€)de, (42)
configuration of the coexisting phases in the real material 0
will be complicated by effects beyond the present treatmenivhere u, denotes the chemical potential in the absence of
(disorder, domain boundary contributions, etcThe final  spin disorder andw, is the lower band edgénote that
picture could well be that of an arrangement of polaroniclike—Wy< u,<W,;). We can now expantiin terms of the mag-
structures. The associated spatial inhomogeneity will cerpetizations, to obtain
tainly affect the behavior of these compounds in an impor-
tant way. This suggests that, even if the original polaron 2 2 , 6 4
argument deserves further scrutiny, the associated physics E= §K0+ §K03 N ﬁKOs ' (43
explored by ML might well apply to the pyrochlores.

JrZSZ
~ 3(kT)?

J'n

=SyT it

m

which completes the required Ginzburg-Landau expansion.
V. DOUBLE-EXCHANGE SYSTEMS Th;e Curie temperature of the mc_:del_ is given By=
— 1Ko (Kq is negativé. The magnetization is
The double-exchangé®E) model describes systems with
local spins and itinerant electrons, in the limit where the |0, T=T,,
s

Hund coupling between the electrons and the spins is much 3 2 9 12 , (49
larger than other scalé$The electrons are always polarized ~(2KT+5K0)/(30kT=175Ko),  T<Te
in the direction of the local spins, and hoppiftgto neigh-  \which leads to
boring ions is modulated by the relative orientation of these
spins, leading to the following Hamiltonian: 2 K T=T
3" —e
H=—t X [zi,Z,c/c;+H.cl, (41) =15 Ky ! (45)
(ij),o §¢(O—l(ﬁR(RiJ, T<T.

wherez;, is the spinor describing the orientation of the core
at sitei:  z;=cosG8), z| =sin(z8)exp(—ie). whereR(u) = Z(u+ %)%/ (¥ —u).
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Finally, the scaled inverse compressibility is 0.06 - - - '
2 P
S T—T.+0,
1 3D0(Mo) ( ) 0.04 | 1
K= 46 g
2 142 z
o 110 = F
SDO(MO) 27|K0| 0.02 | ; i
The compressibility belowr . is negative when //
7
[Kol 7, 0.00 €27 : : : .
———<—put. 4 0.0 0.1 0.2 0.3 0.4 05
Do(po) 910 47 X
This result is independent of the initial bandwidthvg. In - - - -
general, there is always PS at low fillings, becausg— /,/l
—Wy while Kg/Dg(uo)—0. At half-filling, uo—0, and 0.08 - i ,' P ]
there is no PS. /’ ,’
If we use 2 yd |
~ /
E /
2 /Wg_ 62 ~ 0.04 | // // F _
Do(e)=— W (48) / //
! -
we find that there is PS if 000 7 , , ,
0.0 0.1 0.2 0.3 0.4 0.
X
=W, \/: 49
|'u0| ° V10 “9) FIG. 3. Phase diagramspper panelfor the mean-field theory

. . of Egs. (50) and (51) and (lower panel for that of Egs.(52) and
Wh_ﬁ? corre_sponds to a_”“”_“ber of elecftr(;]ns pgr Si@.2. %53), both computed using an elliptic density of states. The solid
e previous expansion in powers of the order parametq ne is the(scaled critical temperature vs hole concentration. The

is not necessary, and the complete mean-field equations C3Bshed line marks the boundary of the region of negative compress-

be written as follows: ibility.
1 11 a+fy close to the Curie temperature produces a finite increase of
x—5=5 | dyDo(ytanh —o=], (50 the bandwidth. The chemical potential is pinned at the band

edge, and it decreases with increasing electron density, lead-
fQ 1 (1 a+fy ing to a thermodynamic instability. In our electron-hole sym-
20 —= —f dy yDo( y)tanl‘( ) (51)  metric model, the same would apply to the dilute hole limit.
s 2J)a 20 Although we do not expect the mean-field approximation
wheres=coth@Q)—Q ! is the magnetizatiors describes the to be a serious drawback, certain limitations are clear. For
. B \/ﬁ instance, the inability to distinguish between short-range cor-
doping “Ie;//(zel (electron/holg,  and  f=V3(1+5°)  rejations and long-range order confines the negative com-
:<C,°52(19”)> . The energy, temperature, and chemical po-pressibility region to the ferromagnetic phase, for only there
tential are sqaled_ in units of the half-bandwidth in the ab-gges the bandwidth change with magnetic order. In what
sence of spin disorder by=e/W,, a=u/W,, and follows, we will show that PS is a robust feature that sur-

=kT/W. _ ~ vives several improvements of this basic mean-field ap-
If Dy is taken to be the density of states of the originalproach.

crystal lattice, neglect of the Berry ph&3eollected by the

hopping electron is implicit. More appropriately, we can as- A. Schwinger bosons
sume that spin disorder cancellations favor retraced paths,
leading to a Bethe lattice density of states, with E) as ) 8 ; .
the infinite coordination limit. In Fig. Jupper pangl we thi Schwwr]]ger bosdﬁ_ _methfdl- A nondyna_mlca_ll_r:‘leldi
show the phase diagrafacaled temperature versus hole con-€nforces the constrairt;,z,=1 at every site. The core

centrationx) for the density of Eq(48). Notice that the PS spr:ins are ?u;smtizedllacqordi'ng t‘zi{f’?iv’]h: Sij 5hW’/ 2.
region corresponds to the intrinsic instabilityegative com-  1he mean-field Hamiltonian is obtained through a Hartree

pressibility. Global stability(Maxwell constructionwould ~ decoupling of the bosonir;,z;,, and fermionicc/c; hopping
increase this region. terms:
The simple DE model offers a clear example of the gen-
eral mechanism for PS in the presence of an ordering pro- HMF=N(zth—)\)—,uE c;rci+)\z ZivZis
cess. In fact, the mean-field treatment is intrinsically unstable : '
versus PS in the limit of low carrier density. To see this,
notice that the energy scale of the magnetic order is the elec- —th (ciTcJ- + c]-Tci)—tK E (ZivZjot ZjoZio),
tronic energy, proportional to the carrier concentration in the (ij) (i)
dilute limit. Doubling, for instance, the carrier concentration (52

An improved mean-field theory can be implemented using
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WhereK=<cich) andf=(z,z;,). Such a model was intro- ' ' '
duced by Sarkel? who identified a Curie transition and 002 | P |
found that theey fermion band becomes incoherent above ’
T.. Accounting for the possibility of condensation of
Schwinger bosons, we writ¥ ,=(z,,). Assuming conden- S 7 F
sation only ak=0, we defingp=|¥,_,,|*>. The mean-field S 001 b /;;/ _
equations are then /::/
// re
1= [ g D(y) t%A_Ky) 7z
5a=PT 5g yD(y)co , =2 - - -
2S 28 )1 456 009 60 0.05 0.10 0.15 0.20
X
T o —
=rtos) dvY (y)coth —sg= |,
002 | P 3
1 lfl dv D a+fy
—_——_—— - (=]
X=3 2717(7)tan 20 |’ g .
oot} _ET———e - 1
KlJ'ld D(ytant] £ 53 7
= — —_— 7
2 _1 Yy (7) an 2@ ’ ( ) /’/’,/
where y=¢e/Wo, A=NW,, O=kT/Wo, and a=u/Wo, 0000 002 004 0.06 0.08
W, being the half-bandwidth in the absence of spin disorder. X

Two aspects distinguish this treatment from that of the

previous section. First, core spins are quantum objects with, F'G- 4 Phase diagramispper panelfor the cubic lattice in the
intrinsic dynamics: a minute correction close to the Curiewrtual crystal approach, including Monte Carlo data for the Heisen-
: erg model(Sec. VB and (lower panel for the Bethe lattice of

temperature. Second and more important, long-range mag-., > Do e -
P P 9 9 finite coordination. The solid line is th@caled critical tempera-

n.et.lc order(condensation of SCh.nger bosgis not a_req- ture vs hole concentration. The dashed line marks the boundary of
uisite for short-range correlations: the latter exist and

. . . th i f ti ibility.
change with temperature even in the paramagnetic phase. © region of negative compressibiilty
We have solved the mean-field equations for a semiellip:. . .
tic density of states an8=3/28 Seve?al features of the so—lol'mIt tij =aot. HereFy describes the free energy of the clas-
lution are shown in Fig. 3lower panel. While the critical ~ SIC& Hslsenberg model, with coupling ~ constart
temperature is hardly affected, the region of negative com= 221/(CiC;)[t. A lengthy but simple calculation permits the
pressibility enters now into the paramagnetic phase, an eXollowing connection between the stability criterion and ther-
pected physical feature not present in the previous approxhal properties of the Heisenberg modelibic lattice:

mation. In this approach, the fermion bandwidth collapses to

2
zero at high temperature. Although this is likely an artifact of E: —[1-g(x)fy(T)] (55)
. . . . 2 H ’
the approximations, it takes place well above the Curie tem- an= D(u)
peratures to be a source of concern. with
B. Critical spin fluctuations 2a1,TLZTD(,TL)
The PS region is tied to the magnetic transition, where the 9(x)= 6[(cici)| (58

magnetic ordeland therefore the bandwidtlthanges rap- -

idly with temperature and/or densifgee, for instance, Eq. Where the tilded symbolg andD() are the chemical po-

(44)]. Therefore, one can worry about the importance oftential and density of states scaled to unit half-bandwidth and

critical spin fluctuations, neglected in the molecular field ap-

proximation. Assuming a nearest-neighbor, tight-binding lat- foy(T)= TC(m _
H Jlap+as(cog 6;))]

tice with hopping amplitude;; = —t cos(#;/2) and expand-
E(T) represents the specific heat of the Heisenberg model.

ing the half-angle between spins in the usual manne
cos{f2)=ap+a, cos@), the standard virtual crystal decou- The expected increase 6f(T) near the critical temperature
T. links the tendency towards instability with magnetic or-

pling of the electron-spin system allows integration of the
aering. In any case, for a fixed value ®fT,, the system is

charge degrees of freedom. This produces an effectiv
Heisenberg model for the core spifesssumed classical for bound to exhibit PS, du/dx)<0, owing to the diverging
behavior of g(x—0). Extracting the temperature depen-

simplicity), and the total free energgharge and core spins
dence off(T) from published Monte Carlo ddtafor the

is given by

cubic lattice, we estimate PS to follow the ordering transition
up tox=0.11. The resulting phase diagram and intrinsic in-
where x is the hole concentration anid., is the electron stability region are shown in Fig. @pper panel Notice that
energy (degenerate limit assumeaf the fully disordered no approximate treatment is assumed for the criticality of the

(57)

F=Ko(X)+ Fu(3,T), (54)
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effective magnetic Hamiltonian, the onlynajor surviving 4 - -
approximation being the virtual crystanean-field decou-
pling of mobile carriers and core spins.

kT /Wo = 0.015

C. Infinite dimension

The mean-field decoupling of charge and core spins fluc- 3r

tuations remains in all the previous analysis. This manifests
itself in a mere rescaling of the electronic density of states
with magnetic order. Given that the PS instability can be
seen as a manifestation of correlation between charge and
spin at a macroscopic levéthe only possibility left in a 2 r
mean-field approagh concern might arise about its fate
when charge-spin coupling is properly considered. Although
in the general case a numerical approach would be necessary
to answer this question, there is a limit in which the problem
is solvable but the charge-spin coupling remains nontrivi- 4 ! . !

K/Ko

al: infinite coordinationdimension. The relevance of this 0.0 0.1 0.2 0.3
limit for the understanding of correlated systems in 3D has X
been recognized in recent ye&ts? FIG. 5. Compressibility of the DE model for tH@finitely co-

In the DE case, this problem has been considered byrdinated Bethe lattice, in units of the compressibility of a free-
Furukawal® and indeed PS has been obser%édn those  fermion system with identical density of states, vs hole concentra-
works, the DE model included a large though finite Hundtion at constant temperature.
coupling, leading to AF correlations between core spins that

certainly increase the tendency towards PS. Accumulated X here F. is the free energy of fermions for the average

perience from numerical studies of doped antiferromagnet ) : : i
also seemed to suggest that antiferromagnetism is require nsity of states andlis the core spin entropy, both depend

for PS to exist(see Sec. IlIB and references thedeive  ing onP(Q).

now show that, in spite of recent suggestions on the contrary, For computational convenience, we have solved the prob-

the simple DE model without AF additions indeed exhibitslem with two additional features: degenerate limit for car-

PS close to the ordering temperature, according to the ge,ﬁlers and a core spin distribution parametrized by an effective

eral mechanism explained in this paper. magnetic field(detailed analysis of the exact solution for a
The average density of states for electrons moving in afeW temperatures shows the previous simplifications to intro-

infinitely coordinated Bethe lattice according to the DEduce only minute correctionsThe generic results of previ-

Hamiltonian is given by ous treatments are reproduced here. This is shown in Fig. 4
(lower pane), where the phase diagram presents the ex-
(D(&))g=—(UmIm(g(e,D))q, (58)  Pected region of intrinsic instabilitynegative compressibil-
ity) at low carrier density. The inclusion of a finite Hund
where the local Greens function satisfies coupling will certainly increase the PS region, as observed in
A A previous work$:’ All these studies support the view that the
g(e,Q)=[e—32(e,Q)]? (59 general scheme for PS presented in this paper applies to the

simple DE model with features which are robust and not an
artifact of approximations.

1466 As mentioned before, PS can be thought of as a long-
E(e,ﬁ)=(W0/2)2< - [e—E(e,ﬁ’)]‘1> , range instability caused by the coupling between carriers and

o core spins. Such a mechanism is operative even in the region

and the self-energy is determined by

(600  where the system does not phase separate, and the carriers
. compressibility can be much enhanced close to the Curie
where(} is the unit vector describing the orientation of the temperature. This statement does not contradict the fact that
local core(classical spin, W, represents the half-bandwidth the density of states at the Fermi level is featureless and
for the fully aligned case, and angular averages are takeshows no major change around the Curie temperéfuRe-
with the probability distributior?(2). Notice that, though member that, if the bandwidth were not affected by the spin
the probability distribution for spins in different sites factor- order, the compressibility would be merely proportional to
izes (confining PS to the ferromagnetic phaseharge and the density of states at the Fermi level, which means feature-
spin fluctuations remain coupled at the same site, and thess. It is the bandwidth change with magnetic order that
density of states is not merely rescaled by magnetic ordegproduces this enhancement in the region close to the onset of
[Eq. (60)]. magnetic order. This is shown in Fig. 5, where the compress-
The complete thermodynamic problem is solved by find-ibility of the infinitely coordinated Bethe lattice is measured
ing the probability distribution that minimizes the total free in units of the compressibility of &ree-fermion systentthat
energy: is, no carrier-spin couplingwith the same density of states.
This behavior of the compressibility close to the transition
F=Fo—T8S, (61) temperature is not a peculiarity of the infinite-dimension



400 GUINEA, GbMEZ-SANTOS, AND AROVAS PRB 62

21 T T ogy with the phase diagram of an ordinary liquid-vapor tran-
I | sition. At high fields, phase separation is completely
suppressed. At the highest possible field, we find a critical
point.

0.015 ~ .

VII. PHASE SEPARATION AND DOMAIN FORMATION

The analysis in the previous sections suggests that PS
should be a frequent feature of magnetic transitions. PS on a
macroscopic scale, however, cannot occur, as it requires an
infinite amount of electrostatic energy. The mean-field analy-
ses used in the previous sections may be augmented by the
following argumerft®® to include effects of Coulomb inter-

. actions. Neglecting interactions, the charge susceptibility
1 obeys

0.005 -

li :—v—1ﬁ= -V % 62
im xo(q) m K, (62)

0 L ) L f 1 ) " L ) | " " ) | ) L " ) q— 0
0 0.005 0.01 0.015 0.02

T /W where) andn are the volume and carrier content of the unit

cell, respectively. A charge fluctuation induces an electro-

FIG. 6. Region of phase separation, as a function of magnetigtatic potential, which, in turn, induces more charge polar-
field, in the double-exchange model, for a hole density0.10. The  jzation. The standard self-consistent treatment leads to the

temperature and magnetic field are normalized to the electron ba”%llowing RPA equation for the charge polarizability:
width.

o o . Xo(Q) -V '

limit, but rather a general feature of all systems studied in lim x(q)=—,—> = 2 , (63
this paper. In the case of manganites, the possible connection ~ 970 1- —>xo(q) 1+ —5V %
between this enhancement and the unusual properties of €q €q

these materials remains an open and intriguing question. \yheree is the dielectric constant of bound electrons. Kor

<0 (which, in the absence of Coulomb repulsion, represents

VI. INFLUENCE OF A MAGNETIC FIELD the onset of the instabilily the denominator has a pole at
So far, we have considered the existence of phase separa- 4re?
tion near a ferromagneticor antiferromagnetig-paramag- %=\~ K, (64)

netic transition, at zero magnetic field. When a field is ap-

plied, the features associated with the transition areand charge fluctuations of shorter wavelengths remain un-
smoothed, at sufficiently large fields the magnetic momentstable, whereas the long-range nature of the Coulomb term
are aligned, and the magnetization has a weak temperatupgevents the formation of larger charge inhomogeneities.
dependence. Thus we expect the formation of domains at length scales
The increase in the compressibility which leads to phas@omparable tay, . As mentioned previously, this analysis
separation is associated with the strong coupling betweegkes into account neither the cost in magnetic energy asso-
magnetic and charge fluctuations, as measured by the depegjated with the formation of domain walls nor the effect of
dence of the critical temperature on electronic concentratior]mpurities. In addition to macroscopic charge neutrality,
The magnetic field suppresses magnetic fluctuations, leadingese are expected to be among the major factors affecting

to a smaller increase in the compressibility ndar Phase  the spatial coexistence pattern in real materials.
separation should disappear at sufficiently large fields, when

the temperature no longer induces significant magnetic fluc-
tuations.

A generic case which shows the dependence of the region We have discussed a general framework which shows that
where phase separation occurs on magnetic field, at fixeBS is likely to occur near magnetic phase transitions. The
nominal electronic concentration, is shown in Fig. 6. Thedependence of the critical temperature, or critical couplings,
calculations have been done for the double-exchange modeh electronic density leads to a reduction of the inverse com-
of the previous sections, using the mean-field equatid8s pressibility in the ordered phase. This reduction can be of the
and(44), plus an applied field. The region of negative com-same order as the value of the inverse compressibility in the
pressibility is shown. As in previous examples, a Maxwelldisordered phase. The existence of PS typically depends on
construction gives a somewhat larger region. numerical constants of order unity, related to the electronic

In a small applied field, phase separation takes placstructure. The coupling constants do not require a special
above the Curie temperature. This is due to the rounding diine-tuning for PS to take place. The analysis presented here
the discontinuity afl, of the compressibility induced by the can be relevant to understand a variety of experimental find-
field. The region of phase separation lies between a highings in the manganites, pyrochlores, and doped antiferromag-
magnetization and a low-magnetization phase, in close anahets.

VIIl. CONCLUSIONS
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We have studied PS mostly within a conventional mean-hibited by some of the systems studied here remains an open
field framework. For the systems studied at zero temperaturguestion.
the effective dimensionality should be increased by the dy- Finally, we have discussed the way in which electrostatic
namical critical exponent, and, therefore, we do not expeceffects frustrate the formation of macroscopic domains and
major problems from the mean field study. Corrections duéave provided a scheme to calculate the scales at which do-
to critical fluctuations of the magnetic order parameter willmain formation is expected. Due to the neglect of major
be present for the models considered at finite temperaturéactors affecting the coexistence pattern in real mateftas
Nevertheless, just as critical fluctuations tend to increase thmain walls, impurities, etg, our approach should be consid-
specific heatdivergence of the second derivative of the freeered as a first approximation.
energy with respect to temperatyri is not unreasonable to
expect a similar enhancement of charge fluctuatiaes the ACKNOWLEDGMENTS
PS tendencydue to its coupling to the ordering field. Our
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