PHYSICAL REVIEW B 67, 144404 (2003

Charge ordered ferromagnetic phase in manganites
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A mechanism for charge ordered ferromagnetic phase in manganites is proposed. The mechanism is based on
the double exchange in the presence of diagonal disorder. It is modeled by a combination of the Ising double-
exchange and the Falicov-Kimball model. Within the dynamical mean-field theory the charge and spin corre-
lation function are explicitly calculated. It is shown that the system exhibits two successive phase transitions.
The first one is the ferromagnetic phase transition, and the second one is a charge ordering. As a result a charge
ordered ferromagnetic phase is stabilized at low temperature.
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There has been much recent interest in the properties aubstitution. The randomness is inevitably introduced by ex-
doped manganese oxid&_,A,MnO; (R=rare earth, A  periments. The importance of the randomness has been dis-
=Ca,Sr)1? These materials present a very rich phase diacussed both experimentally and theoreticaflythe random-
gram involving phases with spin, charge and orbital orderness can substantially decrease the critical temperature of the
The physically relevant electrons in manganites are thosEM transition?** Here we will incorporate the randomness
from the Mn 3 levels, which are split by the cubic crystal of A-site substitution into the DE model. For simplicity, we
field into triply degeneratey,, levels and higher-energy dou- adopt the randomness Hysite substitution as a random lo-
bly degenerate, levels. Electrons from theg levels are cal potential of the itinerant electrons, although the random-
able to hop between Mn sites and form a conduction band1€ss may cause other effects, for instance, randomness of the
Electrons from the,, levels are localized. The itinerant elec- hoping or exchange integrél.It is well known that the di-
trons and local spins are correlated by the double-exchancgggonal disorder with binary distribution can be modeled by
(DE) mechanisni:* The main feature of the DE is a coop- the Falicov-Kimball(FK) model** Although the FK model
erative effect where the motion of an itinerant electron favords simple, it contains a rich variety of phases. In particular, it
the ferromagnetidFM) ordering of local spins and, vice illustrates the disorder-order phase transition driven by elec-
versa, the presence of the FM order facilitates the motion offon interaction*** Incorporating the diagonal disorder of
the itinerant electron. The DE model qualitatively describeghe FK type into the DE model, one may expect that a
some of the magnetic properties of mangarﬁtréand pro- disorder-order phase transition could present. When the
vides a well-established starting point toward comprehensiv@hase transition occurs, a CO-FM phase may be stabilized at
understanding of the phase diagram of manganites. low temperature. In order to detect the phase transition we

Recently experiments have shown that in addition to thestudy the charge and spin response of system by using the
FM order a charge order can exist in the mangariifséhe ~ dynamical mean-field theoDMFT).'® The DMFT has ex-
charge order exists in regions with no net magnetization andeénsively been used for investigating strongly correlated
surprisingly, can also occur in FM regioh®oping of A" electron system¥ Within the DMFT we explicitely calcu-
ions creates Mh" holes in a MA™ background. The pres- late the charge and spin correlation function. We find that the
ence of two valence states ®hand Mrf* may lead the System stabilizes a CO-FM state at low temperature.
Compounds to a Charge_ordermo) state for appropriate The System which we Study is described by the fOIlOWing
doping. However, the DE model alone cannot explain the Cdamiltonian:
state which coexists in the FM phase. In principle, the
nearest-neighbor Coulomb repulsion may stabilize a CO t
state. However, a large nearest-neighbor repulsion likely deH=——= 2 CiTg-ng_/»LZ nio—ZJHE Sisi+ EWZ W;
stabilizes the homogeneous FM state and may produce a Vd e 7 ' !
checkerboard charge order in three directibAsiother pos-
sible mechanism for the CO phase stabilization is the cou- +U2 N; ;Wi , (1)
pling of itinerant electrons to the Jahn-Teller distortions. '

However, the electron Jahn-Teller phonon coupling can only T

stabilize a CO-FM state where the CO phase transition oc/"€reéCis(Ci,) is the creationannihilatior) operator of an

curs before the FM transitighAt half filling experiments  ltinerant electron with spinr at lattice sitei; t/d is the
have only observed a charge order below the FM transitioROPINg parameter of the itinerant electrons. Here we have
temperaturé: Therefore the Jahn-Teller coupling is unlikely "escaled the hoping parameter with the dimensioof the
responsible for the appearance of the CO-FM state at least 8YStem.Sf is thez component of local spin at lattice site
half filling. In this paper we present a possible alternativeand for simplicity, it takes two valuest1. sf=(n
explanation for the CO-FM state in the manganites. The key-n;)/2, nig=ciTUci,,, w; is a classical variable that assumes
idea is an interplay of the DE and randomness ofAkgite  the valuel(0) if sitei is occupied(not occupied by the A
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ion. U is the disorder strength and is mapped onto the differwhere A ,(7) describes the effective medium. This effective
ence in the local potential which splits energetically favor ofsingle-site problem can exactly be solved. Indeed, the dy-
Mn3* and Mrf* ions. The expectation value==;(w;)/N namics of the localized spiB* and impurityw involved in

(N is the number of lattice sitgscorresponds to the concen- the effective action are independent, hence, we could inde-
tration of unfavorable Mh" sites. The chemical potential pendently take the trace ov&* and w in calculating the
controls the carrier doping, whilg,, controls the fraction of partition function. This is similar to the DMFT solving of the
the sites having the additional local potential. We shall usé~K model® We obtain the local Green function in the limit
the conditionn+x=1, wheren=3; (n;,)/N is the electron Jy—»

doping. This condition determinés, for each doping. The

third term of Hamiltonian(1) is the Hund coupling of itiner- Wo, W,

ant and local electrons. For simplicity we only take into ac- Go(iwn)=z (T +Z PREE
count the Ising part of the Hund coupling. This simplification EARL o
does not allow any spin-flip processes, which can pe impor\'/vherezl,(iwn)ziwn+,u—A(,(i w,) and
tant at low temperature where spin-wave excitations may
govern the thermodynamics of the system. However, in the

DE processes the spin of itinerant electron ferromagnetically WM:[ DS ex;{ — BE,(a'—a)

()

aligns with the local spin, hence, the Ising part of the Hund

interaction plays the dominant role. The DMFT calculations

for the DE model with classical local spins show that the S In(Zgr(iwn)—a’U)H -t
n

a'=0,1 o’

simplification of the Hund coupling does not change the self- Z,(iwy)—aU
energy of the single-particle Green functidbrMoreover,
within the DMFT the numerical results for quantum local with @=0,1. In taking the limitJy—oe in deriving Eq.(3)

spins do not show a significant difference from the ones 1‘0(,\/e must first renormalize the chemical potentialo
classical local spins’ Thus, one expects that within the P jar

DMFT the simplification of the Hund interaction does not:‘];'h' Thf? Sf.lf engrgly |s_tdeterrg1||ned by the Dyson equation
result in a serious backwardnesk, is the strength of the or the efiective single-site problem

Hund coupling, and in the following we will take the limit ) ) .

Jy— . The first three terms of Hamiltonigi) constitute a S (fwn)=Z(iw,) =G, (iwp). 4
simplified DE model. This simplified model captures the

most essential ingredient of the DE processes. The last tw#/ithin the DMFT, the local Green function must coincide
terms of Ham”torﬂar(l) describe a binary randomness of with the Single'Site Green function of the Original lattice, i.e.,
the A-site substitution. They together with the hoping term

form the FK modet® It is well known that within the FK ) 1 .

model the U term induces a disorder-order phase Coliwn) =y ; Go(kiiwp). ®)
transition*° At low temperature a checkerboard ordering
phase is stabilized. Hence, the mod&] may display an
interplay of the FM and CO phase.

We solve mode(1) by the DMFT. The DMFT is based on
the infinite-dimension limit. In the infinite-dimension limit
the self-energy is pure local and has ho momentum deperz:-O
dence. The Green function of itinerant electrons satisfies the
Dyson equation

Equationg2)—(5) form the complete set of equations, which
self-consistently determine the self-energy and Green func-
tion.

We are interested in calculating the chatgeand spin(s)
rrelation function

XSO (i,j)=((dn;; = ;) (nj; = 6n;))) (6)

1 : ’ 2) in the homogeneous paramagnetitM) phase 6n;,=n;,

wp—e(K)+p—2(iwp) —(nj,). In order to calculate the charge and spin response
of system one has to introduce an external field into the

where w,=7T(2n+1), e(k)=-2tS{_jcosk), and Hamiltonian. The charge and spin correlation function can be
2 ,(iwy) is the self-energy. In the infinite-dimension limit obtained by differentiating the Green function respected to
the bare density of states of itinerant electrons becomeghe external field, and then taking the zero limit of the fiéd.
p(e) =exp(=&?t?)/\/mt and we take as the unit of energy Following the standard techniqu&spne can express the cor-
(t=1). The self-energy is determined by solving an effectiverelation functions in the terms of charde) and spin(s)
single-site problem. The effective action of this problem is susceptibilityy*®(q,i ) in momentum space

G()’(k!i wn) :I

ﬁ .
Sert= 2 f deT’CU(T)<a—75(T— )+ A (7= 7) |cy(7) X9 (a)==T2X x*O(a,iwn). v
+ drct 4 UwW=JuoSHc FE W, The charge and spin susceptibility can be obtained by differ-
; f TCA (= uFUW=JyoS)C, (1) + B entiation of the Green functioff.We obtain
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where xo(0,iw,) =2 G(k+q,iw,)G(K,iw,). The matrix

2 (iwp)
ARt (s) N
2+a_20,1( oW, )GW I'Z¥(a) ['¢)(q) satisfies the following equation:
c(S)(p i _ e . ~ ~
X i) L [Eley) @ B () P0)(q)= ) q), ©
[xo(diwy)] "= Glwn) . . ,
@n)/ whereB°®)(q) andQ°®(q) have the following elements:

2 (iwp)

AS,(S)(iwn)n(qaiwn)G(i“’“)( W,

)G,Wlﬁ

BES (a) = dupt 2, XN , (10
1—G2(iwn)<m) +7(0,i 0)G(i wy)
n 7w
Az‘@(iwn)(emwn)(%) —1)
SRICIEDY TN 5 (1D
1—Gz<iwn)<ae(I ”) +7(0,iwn) Gliwy)

with «,8=0,1. In deriving Eqgs(9)—(11) we have used the correlation function atX,=1 and the charge correlation
standard  conversioh [ xo(d.iwy)] '=[G,(iwx)]"2  function atXe=—1. It is found that the spin correlation
+7(d,iwp)[Gy(iwy)]™",  and introduced  quantity functlon)(s(x =1) always diverges at a critical temperature.
A (iw,)= &NaTlﬁzT(lwn)ﬂ“5Wa1/52l(lwn) In the in-  This is the S|gnal of the FM phase transition. The charge
f|n|te dimension limit all of the wave vector dependence ofcorrelation functiony(X,=—1) only diverges forU+0.
xo(0,iw,) and 7(g,iw,) include in the term X(q) This means that without the disorder the system always is
=Zj_,cosq;/d. Hence, the spin and charge correlation func-homogeneous. In Figs. 1 and 2 we present the critical tem-
tion only depend on momentum vi&(q). Each of the de- peratureT. of the FM and CO phase transition as a function
rivatives appearing in Eq€$8)—(11) can directly be calcu- of doping and disorder strength. At half filling=0.5 both
lated from the DMFT solution of Eq€2)—(5). In such the critical temperatures reach their maximal value. Theof
way B°®)(q) and Q°)(q) are calculable once the self- the FM transition always decreases with increasing disorder
Cons|stent equa“ons of the DMFT are Solved Equa(@n Strength This means that the disorder SUbStanUa”y decrease

11
reveals thaf‘c(s)(q) will diverge at a temperature where the '© of the FM transitiorf.™" At the same time, with increas-
o(s) o(s) ing U, T, of the CO phase transition first increases, reaches
determinant oB (q) vanishes, wh|IeQ (q) remains fi-

its maX|maI value, and then decreases. The behavidg, of
nite. This results in an unphysical change of the sign of cor:

o(s) the CO phase transition is similar to the one in the FK
responding correlation functiop®®(q) so that the assump-
tion of the homogeneous PM phase fails for lower

7 0.15 . . .
temperature. By a similar way one could also calculate the
spin correlation functionyg(q) of local spins. After some AR
calculations we obtain - "
[ B N I Y
0.10 + o0 L4 1
xs(@=vo(q) + 2(0), (12 * *
. 2W, =) .
> Bl @yp(a)=—7 (13 .
B=0,1 0.05 oooOOoO 8
o o}
From Egs.(9), (12—(13) one can see that the spin correla- o 1% gbooog o o
tion function of itinerant electrons and local spins will di- o) - o o
verge at the same temperature where the determinant o 000 @ O , ‘ o, °_
BS(q) vanishes. This means that the spin of itinerant elec- 0.0 02 0.4 06 0.8

trons parallel aligns with local spin, and thus is an important
feature of the DE. We calculate the charge and spin correla- FIG. 1. The critical temperatur, as a function of doping for
tion function(7) by solving the DMFT set of self-consistent U=0.5 (squares U=1 (circles. The filled (open symbols areT,
Egs.(2)—(5). We are only interested in the FM and checker-of the FM (CO) phase transition. The solid line & of the FM
board CO phase stability. Hence, we only calculate the spitransition without disordery =0).
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FIG. 2. The critical temperatur€; as a function olJ for vari-
ous dopingn. The filled (oper) symbols areT, of the FM (CO) ]
phase transition. 0.02 0.04 0.06 0.08 0.10 0.12 0.14

model:® At very strong disorder >1) the two critical FIG. 3. Upper panel: the temperature dependence of the spin
temperatures approach tq a same valge. One also notices tnﬁégnetizaﬂonm (mg) of sublatticeA(B) (the dot and dashed

T of the CO phase transition always is smaller than the FMine), and of the charge-order parameter(the solid ling. Lower
transition temperature. Thus, one may expect that the C@anel: the temperature dependence of the free erfergie solid,

state is stabilized in the FM phase at low temperature. HoWtong dashed, short dashed, and dot-dashed line are the free energy
ever, this CO phase stability is respected to the homogeneoisthe CO-FM, homogeneous FM, CO-PM, and homogeneous PM
PM phase, and for safety we also study an inhomogeneouyshase, respectively(=1, u=U/2).

phase. We divide the lattice into two penetrating sublattices

A andB. This lattice division allows us to study the check- . o
. CO phase, that the CO-FM phase is stabilized. We also cal-
erboard CO phase. By using the standard technfqte culate the free energy of the system. The free energy can

matrix Green function can be written in the following form: only be expressed in terms of local quantifiésve plot the

A fwn+ pw—3(iwp,) —e(k) temperature dependence of the free ené&rgy Fig 3 (lower
G, (k,iw,)= ) 8. , pane). It shows that the CO-FM state has lowest free energy,
—e(k) o+ p—2,(iw,) hence the state must be stabilized at low temperature.

In conclusions, we have proposed a mechanism for the
CO-FM phase which has recently been observed. The
mechanism is based on a combination of diagonal disorder
and a simple DE model with local Ising spins. Employing the
DMFT we have calculated the charge and spin correlation
function. It is found that the FM and CO state are stabilized
at low temperature. As a result the checkerboard charge order
can occur in the FM state. However, the manganites are too
Ee(fmplicated a system to be completely described by this

simple model. In particular, the phase with inhomogeneous

critical temperature the magnetizations of both SUbIattice?)ercolation of FM and CO regions is beyond the scope of
exist. They equal to each other until another critical tempera.fhiS paper

ture, where the charge-order parameter exists. At low tem-
perature the system is in the checkerboard CO-FM state. In  This work was supported by the National Program of
this phase the charge order coexists in the FM state, as easic Research on Natural Science of Vietnam, Project No.
perimentally observellIn the way the system exhibits two 4.1.2. The writing was completed at the National Chiao Tung
successive phase transitions. Initially the system goes to théniversity, and was supported by Project No. NSC 91-2811-
homogeneous FM phase, and after that to the checkerboahd-009-006 of R.O.C.

where Eﬁ(B)(iwn) is the self-energy of the Green function
of sublattice A(B). The self-energies are determined by
solving the effective problem of single site of the sub-
lattices® We find that at low temperature a checkerboard
CO-FM state is stabilized. We plot the magnetizatiog g,
=23 a)(S))/N of sublatticeA(B) as a function of tem-
perature in Fig. Jupper panel In this figure we also plot
the temperature dependence of the charge-order parame
A=(Zicao{Niy)—2jcB,0{Njs))/N. It shows that below a
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