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Configurational disorder and magnetism in double perovskites: A Monte Carlo simulation study
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We examine the effect of antisite disorder on the magnetic properties of Sr2FeMoO6 by means of Monte
Carlo simulation of a physically reasonable model that takes into account the origin of the ferromagnetic
interactions between Fe ions. With this model, the main experimental features found in these compounds are
recovered by the simulations. Special attention has been paid to the study of the critical properties as a function
of disorder. The critical exponentsb andg calculated from the simulations are consistent with experiment.
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I. INTRODUCTION

Double perovskites of the typeA2FeMO6 ~whereA5Ca,
Sr, Ba andM5Mo, W, Re! have been intensively studie
during recent years. Some families of these compou
present considerable low-field magnetoresistance and a
metallic character. These properties, together with their C
temperature (TC), which is usually well above room
temperature,1 make these compounds very promising can
dates for spintronics and other applications. It has been
posed that the origin of the magnetic interaction stabiliz
the ferromagnetic~FM! order relies on the antiferromagnet
~AFM! interaction between itinerantt2g-spin down electrons
of the conduction band and the localized magnetic mom
of Fe ions.2 This conduction band is formed, for instance
the case of Sr2FeMoO6, by hybridized Mo (4d) and Fe (3d)
orbitals and is responsible of the metallicity of this com
pound. In fact, only when the contribution coming fro
these delocalized electrons is taken into account, it is p
sible to explain the magnetic properties of Sr2FeMoO6 above
TC .3 It is thus believed that the FM interaction between
ions is transmitted by itinerantt2g-spin down electrons with
an active participation of Mo orbitals.

From an ionic point of view, Fe and Mo in Sr2FeMoO6
can present two different valence distributions: Fe31/Mo51

(3d5-4d1) and Fe21/Mo61 (3d6-4d0). Different experi-
mental techniques provide different answers to the ques
of which valence distribution is stabilized in this compoun
By means of neutron powder diffraction a very small ma
netic moment has been found in the Mo site~ranging be-
tween 0mB and 0.3mB),4–7 which would favor the
Fe21/Mo61 valence distribution. In contrast, Mo¨sbauer
spectroscopy indicates that the valence of Fe is close
31 than to 21.8,9 However, the fact that a certain fractio
of the electrons are delocalized can make the ionic pic
mentioned not accurate enough to describe this system.

In the ideal double perovskite Fe and Mo ions, placed
the A position of the perovskite structure, are ordered for
ing two interpenetrated cubic lattices. In real compoun
there is a certain number of misplaced cations or antis
~AS! consisting in Fe~Mo! positions occupied by Mo~Fe!
ions. The concentration of AS strongly depends on the s
thesis~or crystal growth! conditions and affects not only th
transport and magnetoresistance properties of the sam
but also the magnetic properties.10 It has been experimentall
0163-1829/2004/69~1!/014406~6!/$22.50 69 0144
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found that the presence of AS reduces the low-tempera
saturation magnetization and widens the magne
transition.11 As the concentration of AS grows, the peak
the measured magnetic susceptibility shrinks, thus sugg
ing that the divergence of the correlation length is chang
by some kind of local magnetism confined in fini
domains.12 Interestingly, at large enough AS concentratio
the Arrot’s plots ofM (H) curves reveal a loss of criticality.11

Similar behavior has been predicted by the random-fi
Ising model.13 However, it is not clear that the Ising mode
with a symmetry-breaking random field, would have t
same physics as a system with random AS disorder.

The effect of AS has been previously studied by means
Monte Carlo simulations by Ogaleet al.14 using an Ising
model in which only exchange Fe-Fe and Fe-Mo near
neighbor ~n.n.! AFM interactions are considered. In tha
work some of the features induced by AS are recovered,
the criticality of the transition and its dependence on A
concentration were not deeply studied. In this paper we fi
introduce a different model that tries to explicitly include th
origin of the FM Fe-Fe interactions. These interactions
mediated by spin-down Fe(t2g) electrons delocalized in a
conduction band that is formed by Mo orbitals. So, the
electrons need the presence of Mo ions to effectively ind
a FM Fe-Fe interaction. The introduction of AS locally su
presses this interaction, thus modifying the magnetic prop
ties of these compounds. In this sense, the main motiva
of the present work is to study, within this more physica
reasonable context, the effect of AS disorder in order to
derstand the origin of the experimental observations. It is
special interest to study the criticality of this system as
function of disorder and to determine if a large amount of A
can induce a loss of criticality.

II. MODEL AND MONTE CARLO SIMULATION DETAILS

A. Model

As we are interested in studying the effect of disorder
the magnetic behavior, we have used a lattice model in wh
only the magnetic ions~Fe and Mo! are taken into account
These ions are considered to be placed on the corners
cubic lattice ofN5L3L3L sites. In real systems there is
slight deviation from this assumption but the differences
the Mo-Fe distances in the three directions are small~about
0.2%!.15 In addition, we assume that the magnetic mom
©2004 The American Physical Society06-1
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comes exclusively from Fe ions and that the role of Mo io
is to transmit the FM interaction. As mentioned, this is ju
tified by the fact that neutron-diffraction results show a sm
magnetic moment in Mo ions (MMo<0.3mB).4–7 Therefore
the Fe-Mo exchange interaction must be less important t
the magnetic interaction transmitted by itinerant electro
and it is thus reflected in the model. In order to reproduce
value of the saturation magnetization we takeS52 for Fe
ions. This model can be viewed as corresponding to valen
distribution Mo61/Fe21 (4d0/3d6).

In order to implement the model, we define two variab
at each lattice site. The first one,xi , takes the value 0 if the
i th site is occupied by a Mo ion and 1 if it is occupied by
Fe ion. The second one,Si , is defined at the sites wherexi
51 and it is the value of the third component of the spinSz
at i th position, wherez is the direction of the external mag
netic field. It can take the valuesSi522,21,0,1,2. The
Hamiltonian used has two terms. One accounts for the str
AFM exchange interaction between Fe ions in n.n. positio
The other one tries to mimic the effective FM interacti
introduced by the itinerant electrons of the conduction ba
To model this term we assume that the delocalized elect
of a Mo ion extend up to the Fe in its n.n. positions, th
introducing an effective FM coupling between these Fe io
So, the Hamiltonian reads

H$xi %
~$Si%!52JFM (

i , j ,k
xiSi~12xj !xkSk

1JAFM(
i , j

n.n.

xiSixjSj2H(
i 51

N

xiSi , ~1!

where JFM is the FM ~mediated by itineranteg electrons!
interaction,JAFM is the AFM ~exchange! Fe-Fe interaction,
andH is the external magnetic field~which will be taken as
zero along the paper!. The first sum extends over alli , j ,k
positions such thati , j and j ,k are n.n. pairs andiÞk. The
terms inside the sum are nonvanishing whenj site is occu-
pied by a Mo ion andi and k sites by Fe ions. This term
introduces FM interactions between Fe in second~next n.n.,
n.n.n.! and third coordination spheres. It is worth noting th
in contrast with simulations previously reported,14 the
strength of the FM interaction between Fe ions in a n.n
position depends on the atoms surrounding those ions. It
take the values zero,JFM , or 2JFM ~see Fig. 1!. The sum in
the second term extends over all n.n. pairs in the lattice
accounts for the AFM Fe-Fe~n.n.! exchange interaction.

We have chosen the value ofJFM57.79K kB(gmB)22

(kB[ Boltzmann’s constant;g52; mB[ Bohr’s magneton!
that reproduces a Curie temperatureTC'420 K for an anti-
site defects free~AS50! system with L540. The value
taken forJAFM552.8K kB(gmB)22 has been chosen to re
produce the value ofTN'750 K found for LaFeO3 with the
same system size.

B. Monte Carlo simulation details

The first step to perform the simulations consists in
signing the AS positions~quenched disorder!. With this pur-
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pose, we first define a perfectly ordered lattice where all
Fe (xi51) ions are surrounded by six Mo (xi50) ions.
Next, we randomly choose the appropriate fraction of Fe a
Mo sites to interchange them. Each realization of t
quenched disorder ($xi% set! defines a different Hamiltonian
following Eq. ~1!.

Monte Carlo simulations have been performed us
Glauber dynamics and ‘‘heat bath’’ algorithm. We seque
tially run along all Fe ions, for each we change the value
Si to a new valueSi8522,21,0,1,2 randomly chosen with
probability

P~Si8!

5
exp$2H$xi %

~S1 ,S2 , . . . ,Si8 , . . . ,SN!/~kBT!%

(
Si522

2

exp$2H$xi %
~S1 ,S2 , . . . ,Si , . . . ,SN!/~kBT!%

.

~2!

We define one Monte Carlo step~MCS! as a run through all
Fe ions. In order to analyze finite-size effects, simulatio
have been performed on lattices of size ranging fromL
510 (N5103 spins! to L580 (N55123103 spins!, with
periodic boundary conditions. Simulations have been d
starting from the lowest temperature of each run. Initially,
this lowest temperature, all the Fe ions at the right positio
takeSi52 whereas those occupying AS positions takeSi5
22. A number of MCS’s~ranging between 1000 and 2000!
are performed to reach thermal equilibrium. Thermal av
ages of the physical magnitudes are obtained by avera
over a long time~about 3000 MCS’s after thermalizing!. For
subsequent temperatures, the last configuration of the pr
ous temperature is taken as initial configuration. All the
sults have been averaged over different realizations of
configurational disorder ranging from 100~for the smallest
system sizes! to 20 for L580. By using this procedure, w
obtain the thermal averages:^M &, ^uM u&, ^M2&, and^M4&.
From those averages we calculate the magnetic susceptib
and the fourth-order Binder’s cumulant:

FIG. 1. Schematic representation of possible FM interact
strengths. The model used introduces FM coupling between F
the third coordination sphere, for instance, between iron labele
‘‘3’’ and ‘‘4.’’ The strength of FM interaction in n.n.n. positions
depends on the local configuration and it can take the values 0~e.g.,
between ‘‘1’’ and ‘‘2’’ !, JFM ~e.g., between ‘‘1’’ and ‘‘3’’!, and
2JFM ~e.g., between ‘‘1’’ and ‘‘4’’!.
6-2
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x[S ]^M &
]H D

T

5
1

T

1

N
~^M2&2^M &2!, ~3!

gL[12
^M4&

3^M2&2
~4!

Five values of the disorder~defined as the fraction of Mo
sublattice sites occupied by Fe ions! have been considered
AS50, 10%, 20%, 30%, and 40%.

III. RESULTS AND DISCUSSION

As a first result, it must be pointed out that the model us
reproduces the dependence of the low-temperature satur
magnetization on the AS concentration found experim
tally: MS54(122AS) mB /Fe ion.14,16 As it is well known,
this dependence is due to the AFM alignment of Fe ions
Mo sublattice due to the strong AFM coupling between n
Fe. The second direct consequence of the presence of A
the systematic reduction of the Curie temperature. This
shown in Fig. 2~a! where the maximum of the differentx(T)
curves shifts down in temperature when the fraction of AS
augmented. The same is observed for very low AS conc
tration ~2% and 4%, not shown!. From Fig. 2~a!, it is also
apparent that the value of the maximum ofx is also reduced
when the amount of disorder is enhanced. In addition,
slope ofx21 curves nearTC is enhanced with the fraction o
AS. We attribute these effects to the strong AFM coupli
between Fe-Fe n.n. pairs. First, as a result of this AFM c
pling, the presence of AS promotes a reduction of the nu
ber of ions involved in the magnetic coupling: Fe in A

FIG. 2. ~a! Temperature dependence of the magnetic susce
bility ~open symbols; left axis! and its inverse~filled symbols; right
axis! for system sizeL540 with different amount of AS as labeled
Data correspond to the average of 40 realizations of disorder~b!
Inverse of the susceptibility up to high temperature in the sa
cases.
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positions do not contribute to the enhancement of the fl
tuations nearTC and the maximum ofx curves is reduced
Second, these Fe-Fe AFM pairs are also present aboveTC
reducing the effective paramagnetic moment, thus enhan
the slope ofx21 curves. At high enough temperature@Fig.
2~b!# these correlations disappear and all the curves pre
the same slope. Indeed, this is the behavior observed by
var et al.3 It follows that high-temperature measurements
crucial to avoid the contribution of AS when analyzing da
in terms of a Curie-Weiss behavior.

Figure 3 shows the obtained susceptibility and magnet
tion ~measured aŝM2&1/2) for systems with sizeL580 and
different amounts of disorder. These curves have been
cessfully fitted~solid lines in Fig. 3! by the laws

^M2&1/25H aS TC2T

TC
D b

for T<TC

0 for T.TC ,

~5!

x5H a1S TC2T

TC
D 2g

for T,TC

a2S T2TC

TC
D 2g

for T.TC ,

~6!

and used to obtain the critical exponentsb and g. The re-
sults extracted from these fits for different amounts of dis
der and for sizesL540 and 80~for smaller sizesx cannot be
successfully adjusted with the sameg exponent at both side
of the transition! are reported in Table I. The values found

ti-

e
FIG. 3. x @~a!, ~b!, and~c! panels# andA^M2& @~d!, ~e!, and~f!

panels# obtained forL580 with different amounts of disorder~a!
and ~d! AS50; ~b! and ~e! AS510%; ~c!, and~f! AS520%. The
solid lines are the best fits of the critical laws@Eqs.~5! and ~6!#.
6-3
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TABLE I. Critical exponents and Curie temperatures obtained by fitting Eqs.~5! and ~6! for different
amounts of disorder and systems with sizesL540 and 80.

L540 L580
x A^M2& x A^M2&

AS g TC b TC g TC b TC

0 1.20~3! 417~2! 0.336~8! 417~2! 1.21~3! 417~2! 0.333~9! 417~2!

10% 1.12~3! 396~3! 0.35~1! 397~3! 1.11~3! 397~2! 0.35~2! 397~2!

20% 1.03~3! 380~2! 0.36~2! 379~2! 1.08~2! 379~2! 0.38~3! 380~2!

30% 0.95~4! 367~2! 0.37~3! 367~2! 1.00~2! 367~2! 0.38~3! 367~2!
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the AS50 case are compatible with those of Ising modeg
.1.25 andb.0.324. It must be emphasized that these
ponents are fairly comparable to experimental ones@g
51.30(1) andb50.389(4)].17

Values of critical exponents and transition temperature
Table I depend on the system size. In order to obtain th
quantities in the thermodynamic limit we have used stand
finite-size scaling techniques. This has been achieved
simulating systems with sizesL510, 20, 30, 40, and 80 fo
the cases AS50, 20%, and 40%. For each system size~and
each AS concentration! we have first obtained the critica
temperature@TC(L)# from the inflexion point of̂ M2&. To
do this we fitted a third-order polynomial to the critical r
gion of these curves. According to standard finite-size s
ing TC(L) must depend onL according to

TC~L !5TC~L→`!1aL21/n, ~7!

whereTC(L→`) is the Curie temperature in the thermod
namic limit andn is the critical exponent governing the d
vergence of the correlation length (j}uT2TC /TCu2n). To
obtainTC(L→`) and a first estimation ofn we fit Eq.~7! to

FIG. 4. ~a! fit of Eq. ~7! to the values ofTC(L) obtained from
the inflexion point of^M2&1/2 curves.~b! Power law regression o
TC2TC(L) vs 1/L, the slope is 1/n.
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the values ofTC(L) @Fig. 4~a!#. Afterward, we have done a
regression of the power law@TC(L→`)2TC(L)#5aL21/n

and obtained a second estimation ofn @Fig. 4~b!#. These two
estimations are very similar and the differences betw
them have been considered as error bars ofn. The extracted
values ofTC andn are collected in Table II. We note that th
exponentn does not show a clear variation with AS. In prin
ciple, the same analysis could be done with the values
TC(L) obtained from the maximum ofx curves. However,
the large error bar inTC(L) determined by this way pre
vented us from successfully performing this analysis.

Critical exponentsb and g have been obtained in th
thermodynamic limit from the scaling expressions predict
that spontaneous magnetization~measured aŝM2&1/2) and
the magnetic susceptibility for different system sizes m
behave as

^M2&1/2}L2b/nM̃ S L1/n
T2TC

TC
D , ~8!

x}Lg/nx̃S L1/n
T2TC

TC
D . ~9!

Equation ~8!, applied at T5TC , leads to ^M2&T5TC

1/2

}L2b/n and allows to obtainb exponents. The correspond
ing values are given in Table II and have been used to s
the spontaneous magnetization curves as shown in Figs.~a!,
5~b! and 5~c!. To obtaing we have first plottedx(e) „where
e5@(T2TC)/TC#L1/n

… and we have integrated it in the in
terval 23<e<3. The value of this integral (I L) must, ac-
cording to Eq.~9!, obey I L}Lg/n. The values obtained ar
included in Table II and have been used to scale the sus
tibility curves as presented in Figs. 5~d!, 5~e!, and 5~f!. The

TABLE II. Critical exponents and Curie temperatures obtain
through finite-size scaling analysis.

AS 0 20% 40%

TC ~K! 416.8~4! 379.5~4! 356.8~6!

n 0.70~6! 0.74~4! 0.70~8!

b 0.31~4! 0.37~2! 0.37~5!

g 1.18~6! 1.48~4! 1.15~7!
6-4
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CONFIGURATIONAL DISORDER AND MAGNETISM IN . . . PHYSICAL REVIEW B69, 014406 ~2004!
scaling of magnetization and susceptibility curves ensu
that the values of critical exponents in Table II are, within t
error bars, correct.

It appears from Fig. 5 that critical behavior is present
to a very high level of disorder (AS540%). We have tried
to corroborate this by studying the behavior of the four
order Binder’s cumulant. This quantity is expected to pres
a unique crossing point when plotted as a function of te
perature for different system sizes. This can be seen in F
6~a! and 6~b! showing gL for system sizes ranging in 1
<L<80 and for AS50 and 20%. In contrast, for AS
540% @Fig. 6~c!#, there are different crossing points for di
ferent system sizes. Fourth-order Binder’s cumulant m
scale according to the expression18

gL}g̃S L1/n
T2TC

TC
D . ~10!

The matching on a single line is found for AS50 and 20%
@Figs. 6~d! and 6~e!# but not for AS540% @Fig. 6~f!#. This
can be interpreted as indicating the absence of a true p
transition for large AS concentration. However, it is also p
sible that the lack of accurate scaling to a single line is du
the relatively large errors in the simulations for this case

It is of special interest to study the effect of the AS d
order on the shape of the magnetization curve. Experim
tally, it is found that the presence of disorder widens
transition.11 Figure 7 shows the comparison between sca
magnetization curves corresponding to AS50 and AS
540% ~with L580). It can be appreciated that the transiti
is widened due to the presence of disorder. However,

FIG. 5. Spontaneous magnetization@~a!, ~b!, and~c!# and mag-
netic susceptibility@~d!, ~e!, and ~f!# scaled according to Eqs.~8!
and ~9! for different systems sizes and different concentrations
AS.
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broadening is less important than that found experimenta
This indicates that the origin of the experimentally observ
widening of the magnetic transition cannot be attributed
AS effects in a homogeneous matrix but more likely, it r
flects a certain distribution of AS defects from grain to gra
Such distribution of AS would introduce a distribution o
Curie temperatures producing a broadening of the transit

IV. CONCLUSIONS

We have formulated a spin model that takes into acco
the origin of the dominant magnetic interactions
Sr2FeMoO6 double perovskites. By means of Monte Car
simulation we have studied it for different amounts of A
disorder. We have found that the model reproduces som

f FIG. 6. ~a!, ~b!, and ~c!: Fourth-order Binder cumulant as
function of temperature for system sizes ranging betweenL510
and 80.~d!, ~e!, and~f!: the same quantity scaled according to E
~10!.

FIG. 7. Comparison of the transition widths for systems w
AS50 and AS540%. The simulations correspond to systems w
sizeL580 and averages over 20 realizations.
6-5
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the experimental results found in these compounds. In
ticular, the reduction of the saturation magnetization and
decrease of the susceptibility maximum when AS disorde
introduced. The behavior of the fourth-order Binder cum
lant suggests that the criticality is lost at high enough
concentration but a definitive answer to this point cannot
given.

We have found a systematic decrease ofTC with the
amount of disorder. The experimental results reported forTC
depend somewhat on howTC is determined, butTC has been
found to decrease with increasing AS.11 This trend is repro-
duced by our model, although the dependence ofTC on AS
found here is considerably stronger than that found exp
mentally. By contrast, some recent theoretical works p
dicted an enhancement ofTC at low concentrations of AS.19

This has been attributed to the fact that the strong n.n. A
interaction introduced by Fe in AS positions also FM alig
Fe in their neighborhood. We have found that this effect d
not apply in our model because even at low concentration
AS ~2% and 4%! a monotonic lowering ofTC is obtained. It
must be pointed out that, in our model, the magnetic in
actions depend linearly on the number of Fe-Mo-Fe pa
present. This linear relation will not apply if due to the pre
ence of AS significant modification of the band structu
occurs.

The experimentally observed broadening of the FM tr
sition in double perovskites containing a large amount of
is larger than that found by the simulations. This could b
consequence that in real systems there is a certain dist
Y.

S.

el

M.
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tion of AS concentrations leading to a distribution ofTC . In
addition, this distribution of AS concentration can contribu
to the loss of criticality experimentally found at a larg
amount of disorder. Before closing we would like to stre
that the simple model of magnetic interactions we have
veloped is a rigid model, where the strength of interaction
assumed to be constant, irrespectively of the presence of
It cannot be excluded that the subtle differences betw
experimental results and predictions reflect electronic re
rangements associated with the presence of defects. T
issues, together with the study of the model under nonz
applied magnetic field, paying special attention to the co
parison with the experimental Arrot’s plots,11 will be re-
ported in the near future.
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