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Role of cooperative lattice distortion in the charge, orbital, and spin ordering in doped manganites

R. Y. Gu and C. S. Ting
Texas Center for Superconductivity and Department of Physics, University of Houston, Houston, Texas 77204

~Received 28 March 2002; published 7 June 2002!

The role of lattice distortion in the charge, orbital, and spin ordering in half-doped manganites has been
investigated. For fixed magnetic ordering, we show that the cooperative lattice distortion stabilize the experi-
mentally observed ordering even when the strong onsite electronic correlation is taken into account. Further-
more, without invoking the magnetic interactions, the cooperative lattice distortion alone may lead to the
correct charge and orbital ordering including the charge stacking effect, and the magnetic ordering can be the
consequence of such a charge and orbital ordering. We propose that the cooperative nature of the lattice
distortion is essential to understand the complicated charge, orbital, and spin ordering observed in doped
manganites.
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The unusual charge, orbital, and spin ordering~COSO! in
manganites have recently attracted much attention.1–12 In
some of these materials such as Pr1/2Ca1/2MnO3,1

La1/2Sr3/2MnO4,2,3 and La1/3Ca2/3MnO3,4 below a certain
temperatureTCO , electronic carriers become localized on
specific sites, which display long-range order throughout
crystal structure~charge ordering!. Meanwhile, the filled
Mn31 eg orbitals also develop long-range order~orbital or-
dering!. When the temperature is further decreased to a m
lower temperatureTN , the so-called CE-type antiferromag
netic ~AF! ordering with a zigzag pattern sets in@Fig. 1~a!#.
In some others like La1/2Ca1/2MnO3

5 and Nd1/2Sr1/2MnO3,7

the system first undergoes a ferromagnetic~FM! transition at
the Curie temperatureTC , then enters into the CE-typ
COSO state at a lower temperatureTCO5TN . Theoretically,
it has been proposed that the charge and orbital orde
~COO! in half-doped manganites has a magnetic s
origin.8,9 However, such a theory cannot be applied to tho
materials withTCO.TN , where the COO is established b
fore the spin ordering. Even for those whoseTCO5TN , it
has been shown that in a pure electronic model, the on
repulsionU destabilizes the CE structure towards the ro
type (C-type! AF state@Fig. 1~b!# in realistic parameter re
gime of U.13 Yunoki et al.10 considered the effects of lattic
distortions~LD!, and found that both the noncooperative L
~NLD! and cooperative LD~CLD! can lead to the CE-type
COSO. In their workU is neglected and the calculation wa
performed on a 43432 lattice where the size effect i
prominent. Since in the absence ofU the CE state can be
obtained without LD,8,9 the role of LD seems not very clea
there. It is desirable to clarify what the LD results for the C
state would be destabilized byU.

In this work, we investigate the role of LD and largeU in
the COSO in half-doped manganites. For fixed magnetic
dering, by studying the competition between the CE andCs
states, we found that only CLD can stabilize the CE state
the presence of largeU. Furthermore, without invoking the
magnetic interactions, the CLD alone can lead to the exp
mentally observed COO, including the charge stacking
fect. The magnetic ordering is the consequence of suc
COO.

The interaction concerning the lattice freedom includ
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two parts:Hlat5Hep1Hela . Hep is the coupling between
lattice distortion andeg electrons, given by14,15

Hep52
3l

A6
(
igg8

ci
g†~A2bQ1i 1̂1Q2isx1Q3isz!gg8ci

g8 ,

~1!

wheresx ,sz are Pauli matrices,ci
g is electron operator of

orbital g (z5d3z22r 2,z̄5dx22y2), and Q1i5(1/A3)(v i
x1v i

y

1v i
z),Q2i5(1/A2)(v i

y2v i
x),Q3i5(1/A6)(2v i

z2v i
x2v i

y) are
the breathing (Q1i) and Jahn-Teller (Q2i , Q3i! modes of the
LD. Here v i

a5ui 1â
a

2ui 2â
a , with ui 6â

a being the
a-component of the displacements from the equilibrium p
sition of the neighboring oxygen ion in the6a direction.
The parameterb is expected close to 1/2.15 The index of spin
has been omitted, which is always parallel to the local s
due to the strong Hund’s coupling. Throughout the paper,
usea5x,y or z to denote either the direction or the orbit
state, in the latter case it refers to the orbitald3a22r 2, whose
orthogonal state is denoted asā. There are relationships

ci
x,y5ci

z/27A3ci
z̄/2 and ci

x̄,ȳ56A3ci
z/21ci

z̄/2. Hela is the
elastic energy and depends on the relative displacemen

FIG. 1. View of the~a! CE and~b! C phase in thex-y plane. The
arrows refers to the spin.Along thez direction neighboring sites
have the same charge and orbital states but opposite spins.
©2002 The American Physical Society26-1
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neighboring atoms with respect to the ideal perovskite
tice. In a unit cell of the perovskiteA12xAx8MnO3, there are
three kinds of atoms: Mn, O, andZ(5A or A8). The main
contribution toHela may include the elastic energies of th
neighboring Mn-O, O-Z, and Mn-Z atoms. Up to now no
study concerning the elastic energy ofZ atoms has been
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t-made; however, this energy should be important, as with
it the Z atoms can have arbitrary displacement instead
sitting in the center of the cubic cell cornered by eight M
ions, and experimental observations indicate that theZ atoms
also participate in the LD.5 In harmonic approximation, the
elastic energy of the CLD may be written as
Hela5
K1

2 (
i ,k

@~di2ui ,k!•ek#21
K2

2 (
i ,j

@~Di2ui ,j!•ej#
21

K3

2 (
i ,h

@~Di2di ,h!•eh#2, ~2!
t
to

ng

c-
whered, u, and D are the dimensionless displacements
the Mn, O, andZ ions with reference to the ideal perovski
lattice,ek , ej , andeh are unit vectors along the directions
neighboring Mn-O, Z-O, andZ-Mn, respectively, withk,j,
andh the indices of neighbors. In principle, the spring co
stants betweenZ-O andZ-Mn depend on whetherZ5A or
A8, here to simplify our study we replace them by the av
agedK2 andK3. Since the distance between these neighb
ing atoms areLMn-O,LO-Z,LZ-Mn , one expects that the
spring constantsK1.K2.K3.

In the classical treatment of the LD,10,14the displacements
of various sites are determined by minimizing the total e
ergy of the system,]Hlat /]wi

a50, wherewi
a (w5d,D or u)

is thea component of the displacement. For harmonicHela ,
such a calculation can be easily performed in the momen
space to get the optimized values of the displacements. T
after substituting these displacements into Eqs.~1! and ~2!,
Hlat reduces to

Hlat
e f f52e l (

q,aa8
f q

a†Gaa8~q! f q
a8 , ~3!

where e l5l2/K1 , f q
a is the Fourier transform off i

a5bni

1mi
a , with ni5ni

a1ni
ā , and mi

a5ni
a2ni

ā , and ni
a(ā)

5ci
a(ā)†ci

a(ā) . The tensor G5P1DR21W, where
P, D, R and W are 333 matrices, withPaa85daa8(3K1
f

-

-
r-

-

m
en

14K3)Sa
2/(3K1Sa

214K3), Dxx5hxC, Dxy52SxyhxCz , Wxx

5 3K1hxC, Wxy5 23K1SxSy
2Cyz , Rxx54K3(12C2Hx

2 Cz
2 Sxy

2 Hy 2 Cy
2 Sxz

2 Hz) 1 3K2 (22Cxy
2 2 Sxy

2 2 Cxz
2

2 Sxz
2 ), Rxy5CxySxy@4K3(Cz

2Hx1Cz
2Hy 2 Sz

2Hz) 1 6K2#,
where Sa5sin(qa/2) and Ca5cos(qa/2), Saa85SaSa8 and
Caa85CaCa8 , C5CxCyCz , Ha54K3 /(3K1Sa

214K3)
andha5HaSaCa . The other elements ofD, R andW can
be obtained by exchanging the indices, e.g.,Dyy5hyC and
Dyx52SxyhyCz , etc.G(q) at q50 is regarded as the limi
of qx5qy5qz→0. The displacements are connected

G through uq,a
a 52 il(a8Gaa8(q)^ f q

a8&/Sa and dq
a5uq,a

a

2 iltan(qa/2)^ f q
a&/K1, with uq,a being the Fourier transform

of ui 1â , andDq is a function ofuq,a and dq . It should be
pointed out that the form of Eq.~3! is actually general for
Hlat with any harmonicHela , and different choice ofHela

leads to differentG. For example, theHela in Ref. 14 in-
cludesK1 andK18 ~the spring constant between neighbori
Mn sites! terms, where theG tensor isGaa8

(1) (q)5daa8(K1

12K18Sa
2)/(K112K18). While in Refs. 10 and 15, NLD and

CLD yield Gaa8
(2)

5daa8 andGaa8
(3) (q)5Sa

2daa8 , respectively.
Here the difference between CLD and NLD is whether theG
tensor depends onq or not.

Equation~3! indicates that LD results in an effective ele
tronic interaction. In real space, it is
Hlat
e f f52e lS (i ,a Fg0f i

a f i
a2g1f i

a f i 1â
a

2g2f i
a f i 12â

a
1g18 (

a8(Þa)

f i
a8 f i 1â

a8 G1 (
i j ,aa8

8Gaa8
i j f i

a f j
a8D , ~4!
at
pin
where the sum(8 includes all the other terms.g18 is found to
be smaller than the coupling coefficients of the first seve
f i

a f i 1nâ
a terms, but larger than any other coefficientsGaa8

i j .
Figure 2 shows the calculated values ofg0 ,g1 ,g2, andg18 .
From Eq.~4!, the main effects of the CLD corresponds to
effective short-range orbital-dependent coupling between
cupied Mn sites. IfG is replaced byG( i ) ( i 51,2,3), then in
l

c-

the CLD cases ofG(1) andG(3), there are only theg0 andg1

terms, while in the NLD case ofG(2), there is only theg0

term.
Now let us investigate the effect of LD to the COSO

half doping. First we see the case with fixed CE-type s
ordering. In the one-dimensional zigzag FM chain~see Fig.
1~a!!, the double-exchange Hamiltonian reduces to
6-2
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HDE5 (
i 5even

@dBi
† ~ t1cC,i 111t2cC,i 21!

1H.c.#1U~nBinBi8 1nC,i 11
z nC,i 11

z̄ !, ~5!

wheredBi5ci
x andci

y for i 54 j and 4j 12 ~j is an integer!,

cCi5(ci
z ,6ci

z̄)T for i54 j 11 and 4j 13, and i 5even and
odd corresponds to the bridge (Mn31) and corner (Mn41)
sites, respectively,t1,252(t/2,6A3t/2), nBi5dBi

† dBi , and
nBi8 5dBi8†dBi8 , with dBi8 being the orthogonal state of orbita
dBi , andnCi

g 5cCi
g†cCi

g . In realistic manganites, the paramet
regime of the onsite repulsionU510–20t, so that the system
is strongly correlated. In this regime double occupancy
electrons at a site is almost forbidden, and it is appropriat
use the Gutzwiller projection~GP! method, valid forU→`,9

to take into account such a strong correlation effect. In
we introduce constrained electrons at each site. Each elec
operator in Eq.~5! is replaced by the corresponding pr
jected operator to eliminate the double occupancy,dBi→(1

2nBi8 )dBi and cCi
g →(12ni

ḡ)cCi
g @ḡ5 z̄(z) when g5z( z̄)#.
g
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-
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Then we use a mean-field approximation by decoupling
high-order terms such ascBi

x†cC,i 11
z ni 11

z̄ →cBi
x†cC,i 11

z ^ni 11
z̄ &

1^cBi
x†cC,i 11

z &ni 11
z̄ . After a Fourier transform, we have

FIG. 2. Calculatedg0 ,g1 ,g2, and g18 as a function ofK2 /K1,
with fixed K3 /K250.5.
HDE
MF5(

kg
~dBk

† t̃ k
gcCk

g 1cCk
g† t̃ k

g* dBk1egcCk
g†cCk

g !1(
k

e8dBk8†dBk8 1EDE
0 , ~6!
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where t̃ k
g5^12nB8 &^12nC

ḡ &tk
g with tk

z52t cosk and tk
z̄

5tA3i sink, eg522^12nB8 &Re(k^dBk
† tk

ḡcCk
ḡ &, e8

522Re(kg^12nC
ḡ &^dBk

† tk
gcCk

g &, andEDE
0 is the MF energy

constant.
For Hlat of Eq. ~3!, in the case of CE-type spin orderin

the sum overq includes q5(0,0,0),6(p/2,p/2,0), and
(p,p,0), and can be denoted asq50,6p/2 and p in the
one-dimensional FM chain. By decoupling the quartic te

f q
a†f q

a8→^ f q
a†& f q

a81 f q
a†^ f q

a8&, Eq. ~3! reduces to

Hlat
MF5(

k,q
~ck2q

† Dqck1H.c.!1Elat
0 , ~7!

where ck is the Fourier transform ofci5(ci
z ,ci

z̄)T and Dq

52e l(aa8Gaa8(q)^ f q
a8†&Fa, with Fa5b1cosfasz

1sinfasx and ^ f q
a†&5(k^ck1q

† Fack&.
The full HamiltonianH5HDE

MF1Hlat
MF can be solved by

iteration. Below we will make a comparison of the magne
CE andC states. These two states have the same magn
energy2JAF per site, whereJAF is the AF magnetic super
exchange between neighboring local spins, so that the r
tive stability of them is independent of the parameterJAF .
While other magnetic states, say, the FM and laye
(A)-type AF states, have different magnetic energies so
their stabilities depend onJAF , and become less stable wit
respect to the CE andC states whenJAF increases. In theC
tic

la-

d
at

state there is only one effective orbital in each site so thaU
has no effect andHDE52t(kck

x†ck
x in the x-orientated FM

chain. Such a property makes the competition between thC
and CE states alone very interesting. In the absence of
electron-lattice interaction, withoutU the energy per site is
ECE520.693t and EC520.637t, when U increases,EC

keeps unchanged whileECE increases and becomes high
than EC at aboutU55t,13 indicating that the strong elec
tronic correlation would destabilize the CE phase towa
theC state. When the electron-lattice interaction is taken i
account, Fig. 3 shows the energy per site and the cha
disproportionationdc5^n2 j2n2 j 11& as a function ofe l /t in
the CE andC states. Figures 3~a–d! correspond to the tenso
G(1),G(2), G(3) and the presentG, respectively. Ate l50 the
energy ECE.EC, the CE state is unstable. When th
electron-lattice interaction increases, it is found that in
NLD case ofG(2), the CE phase always has higher ener
than C, while in all the CLD cases ofG(1), G(3), and G,
there is a crossover fromC to CE state with the increasin
e l . So here NLD is not enough to stabilize the observed
state, to obtain the CE state the cooperative nature of the
must be taken into account. The different results in the N
and CLD cases can be understood from Eq.~4!. In the CLD
cases, when a pair of neighboring sites are both occupied
additional g1 coupling favors different orbitals on the tw
sites. Since the orbitals on neighboring sites are the sam
theC state but are different in the CE state, the latter is m
6-3
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FIG. 3. Energy per site in CE~solid line! andC ~dotted line! states as a function ofe l /t and the corresponding charge disproportionat
with ~a! G(1), ~b! G(2), ~c! G(3), and~d! G, with b50.5. In G(1) K18/K150.5, and inG K252K350.4K1.
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favored. At large charge dispropornation, one of the nei
boring sites is almost empty and theg1 coupling makes no
difference betweenC and CE states, so in Figs. 3~a! and 3~c!
the energy differencedE of the two states no longer in
creases with further increasinge l . On the other hand,dE
keeps increasing in Fig. 3~d!, which is related to theg2 cou-
pling in Eq. ~4!, and its effect will be discussed later. In th
calculation withG, it is also found that with different value
of K2 andK3.0 we get qualitatively the same results. T
calculated relative displacements of theZ, O, and Mn sites
uDqu/udqu and udqu/uuq,x

x u is independent ofe l : the former
actually depends only onK3 /K2, and the latter decrease
with increasingK2 /K1 or decreasingK3 /K1. In Ref. 5 the
ratios uDqu/udqu'0.56 andudqu/uuq,x

x u'0.93 were measured
at q5(p/2,p/2,0). In the present calculation withK2
52K350.4K1 the two ratios are 0.57 and 0.90, quite clo
to those in Ref. 5.

At strong electron-phonon interaction (e l@t), the charge
disproportionation tends to 1, the electrons become local
and can be treated as classical objects. A classical treat
of electrons can simplify the study considerably and clea
show the effect of CLD, and in fact should be appropriate
some manganites in which the charge difference betw
neighboring Mn sites is close to 1.3 In the classical case
nq5(dq,01dq,Qi

)AN/2 in both theC and CE states, wher

Qi5(p,p,0) and N is the total number of Mn sites, an
mq

x5nq , mq
y5mq

z52nq/2 in the C state, mq
x,y5nq/4

63(dq,Qi/2
1dq,2Qi/2

)AN/8,mq
z52nq/2 in the CE state. For

G( i )( i 51,2,3), the energies obtained fromf q
a5bnq1mq

a
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and Eq.~3! are the same inC and CE states. If we furthe
take the Wigner crystal~WC! state into account, which ha
the same COSO as that of CE in thex-y plane, but along the
z direction the charge density is altering instead of stacki
and f q

a,WC5@ f q
a,CE(11eiqx)1 f q2Qz

a,CE (12eiqx)#/2 with Qz

5(0,0,p), then the energy difference between CE~or C! and
WC states aree l(b21/2)2K18/(2K114K18)2JAF , 2JAF

ande l(b21/2)2/42JAF for G(1), G(2) andG(3). So that in
the cases ofG( i ) ( i 51,2,3), withoutJAF WC should be more
stable than CE state, and forb51/2 a finiteJAF would yield
stable degenerate CE- andC- stacking states. On the othe
hand, Fig. 4~a! shows the energy of theC, CE, WC and stripe
phase~SP! states withG at b51/2 andJAF50, in which CE
state has the lowest energy. A Monte Carlo~MC! simulation
on 83838 lattice with periodic boundary conditions, i
which we consider three possible electronic states on a
site including occupied by elongated orbitalsd3x22r 2,
d3y22r 2 and unoccupied, is performed in real space to fi
the charge and orbital configuration with the lowest ener
The compressed orbitals such asdx22y2 are not taken into
account due to the anharmonic effects.14,16 For a given con-
figuration, we calculate itsf q

a in momentum space and ge
the energy through Eq.~3!. Figure 4~b! is the calculated
phase diagram. Note that the phase diagram is obtained
by comparing the several states in Fig. 4~a!, instead, each
state here has the lowest energy among all the poss
charge and orbital configurations within the range of cons
eration. Forb close to 1/2, the obtained COO is the same
that under CE-type spin environment shown in Fig. 1~a!. The
6-4
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striking feature of charge stacking~CS! along thez direction
is reproduced. Such a stacking is usually attributed toJAF ,10

yet here our calculated results provides another possible
planation, that the CLD may also lead to the CS. It is wo
mentioning that the above simulation can be easily gene
ized to 2/3 doping, where the obtained COO forb close to
1/2 is a CS state same as that observed in Ref. 4, and su
CS cannot be explained byJAF . The COO at half-doping

FIG. 4. In the classical treatment of electrons and with fix
K3 /K250.5, ~a! energy per site in the CE, WC,C, and SP states a
b50.5 as a function ofK2 /K1, ~b! phase diagram from MC simu
lation.The 43432 unit cell of SP is shown in~b!, where the two
434 lattices are in successivex-y planes, andx, y, o represent
orbitalsd3x22r 2, d3y22r 2 and a hole.
.

.

Y.

o,
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h a

may be interpreted by the effective interaction shown in E
~4!. The COO in thex-y plane can be explained by theg1
andg2 terms. Theg1 term favors the charge ordering peak
at (p,p). In such an ordering, if sitei is occupied, theni
1â (a5x or y) is empty andi 12â is occupied. Theg2

coupling between the occupied sitesi andi 12â then prefers
the orbitals in the two sites to be different, thus the desi
in-plane COO is formed. The stacking in thez direction is
related to theg18 coupling which favors neighboring site
occupied by the same orbitals. Whenb is close to 1/2, along
the z direction theg1 and g2 coupling is effectively very
weak as at an occupied sitef i

z5b21/2 is small, then theg18
term is dominant. Note that here the COO is obtained w
out invoking magnetic interactions, so that the COO tran
tion temperatureTCO can be higher than the magnetic tra
sition temperatureTN , in agreement with the experiments
some doped manganites.1–4 Since the effect discussed abov
exists beyond the classical limit, in more general cases
CLD should also favor such a COO. Once this COO is bu
the CE-type zigzag magnetic ordering belowTN can be un-
derstood from the competition between the anisotropic e
tronic hopping andJAF . For an occupied sitei of orbital
d3x22r 2 (d3y22r 2), the electronic hopping between sitesi and
i 1 x̂ ( i 1 ŷ) leads the spins of these two sites to be paral
On the other hand, the spins ofi and its neighbors in the
other two directions are antiparallel as the electronic hopp
integrals in these two directions are much smaller and
enough to overcomeJAF . In this way naturally the CE-type
zigzag magnetic ordering shown in Fig. 1~a! is obtained. In
this picture of the COSO, appropriate at least for tho
whoseTCO.TN , COO comes from the cooperative natu
of the lattice distortion, and the spin ordering is the con
quence of such a COO.
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