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Origin of neutron magnetic scattering in antisite-disordered Sr2FeMoO6 double perovskites

D. Sánchez, J. A. Alonso,* M. Garcı́a-Hernández, M. J. Martı´nez-Lope, and J. L. Martı´nez
Instituto de Ciencia de Materiales de Madrid, CSIC, Cantoblanco, E-28049 Madrid, Spain

Anders Mellerga˚rd
NFL-Studsvik, Uppsala University, S-611 82 Nyko¨ping, Sweden

~Received 17 April 2001; revised manuscript received 6 September 2001; published 26 February 2002!

Antisite disordering in Sr2FeMoO6 double perovskites~containing Mo atoms at Fe positions, and vice versa!
has recently been shown to have a dramatic influence in their magnetic and magnetotransport properties. In the
present paper, two polycrystalline Sr2FeMoO6 samples showing different degrees of antisite disorder~a nomi-
nally ‘‘ordered’’ sample with;70% of cationic ordering and a nominally ‘‘disordered’’ sample with;18% of
cationic ordering! have been examined by magnetic measurements and neutron powder diffraction techniques
in the 15–500 K temperature range. Our main finding is that the ‘‘disordered’’ sample exhibits a strong
magnetic scattering~noticeable even at 500 K!, comparable to that displayed by the ‘‘ordered’’ one below
TC5415 K. For the ‘‘disordered’’ sample, the magnetic scattering exhibited on low-angle Bragg positions, is
not to be ascribed to a~nonexistent! ferrimagnetic ordering: our results suggest that it originates upon naturally
occurring groups of Fe cations in which strong antiferromagnetic~AFM! Fe-O-Fe superexchange interactions
are promoted, similar to those existing in the LaFeO3 perovskite. These Fe groups are not magnetically
isolated, but coupled by virtue of Fe-O-Mo AFM interactions, which maintain the long-range coherence of this
AFM structure. Susceptibility measurements confirm the presence of AFM interactions below 770 K.

DOI: 10.1103/PhysRevB.65.104426 PACS number~s!: 61.12.2q, 75.25.1z
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INTRODUCTION

Some of the oxides of the double perovskites fam
A2B8B9O6 ~A is alkali earth;B8, B9 is heterovalent transi
tion metals! have been recently described to exhibit ferr
magnetism and half-metallicity with a high spin polarizati
at the Fermi level, making them promising candidates
materials suitable for spin devices. The case of the h
metallic ferromagnet~ferrimagnet! Sr2FeMoO6 is paradig-
matic; with a Curie temperature above room temperat
(TC5415 K), it can be considered as a serious alternativ
manganese perovskites for practical applications.1–5

The ideal structure of Sr2FeMoO6 can be viewed as a
regular arrangement of corner-sharing FeO6 and MoO6 octa-
hedra, alternating along the three directions of the crys
with the voluminous Sr cations occupying the voids in b
tween the octahedra. In a simple picture, the ferrimagn
structure can be described as an ordered array of par
Fe31 (S55/2) magnetic moments, antiferromagnetica
coupled with Mo51 (S51/2) spins. In this ideal model, th
saturation magnetization, at low temperature, would be
4mB per formula unit~f.u.!. In the real world, such a larg
magnetization value has not been obtained for b
Sr2FeMoO6 up to date; instead smaller values bello
3.7mB /f.u. have been reported.1,5,6 The origin of this differ-
ence with the theoretical magnetization can be found in
so-called antisiteB-cation disorder, implying that som
Mo51 cations occupy the positions of Fe31 cations,
and vice versa.

The problem of the order-disorder ofB cations in double
perovskitesA2B8B9O6 is a well-known one, and it has bee
previously addressed.7,8 If the charge difference betweenB8
andB9 is greater than 2, complete ordering of these cati
is found, for instance in perovskites of the typ
0163-1829/2002/65~10!/104426~8!/$20.00 65 1044
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A2B21B61O6 and A2B1B71O6. For them, a perfect rock
salt-like structure is obtained for theB-cations sublattice.
However, for perovskites of the typeA2B31B51O6, various
degrees of order of theB cations are observed. The actu
degree of order depends mainly on synthesis conditions;
primarily controlled by kinetic processes and not by therm
dynamic equilibrium considerations. As a rule of thumb,
creased order may be obtained with increased synth
temperatures6 or treatment time.7

Order-disorder effects in complex oxides can significan
impact their properties. As we have briefly mentioned,
magnetization of Sr2FeMoO6 depends on the synthesis co
ditions, through the Fe/Mo degree of order achieved fo
particular synthetic protocol.6,9,10 Moreover, we have re-
cently demonstrated11 that the low-field magnetoresistance
a set of Sr2FeMoO6 samples prepared under very differe
conditions~including soft-chemistry low-temperature proc
dures and high-pressure treatments! depends monotonically
on the degree ofB antisite disorder of the perovskit
structure.

In this paper we report on the results of a temperatu
dependent neutron powder diffraction~NPD! study on two
samples with very different degrees of ordering: we sh
that, in spite of the large difference in saturation magneti
tion exhibited by both samples, the magnetic neutron sca
ing is surprisingly similar~excepting subtle differences in it
thermal evolution!, when we would have expected a consi
erably weakened magnetic scattering in the disorde
sample. We ascribe the observed scattering to Fe-rich
gions, where strong Fe-O-Fe superexchange interactions
rise to the antiferromagnetic~AFM! ordering of the Fe spins

EXPERIMENTAL SECTION

Sr2FeMoO6 perovskites with two different degrees o
B-site ordering were prepared in pollycrystalline form b
©2002 The American Physical Society26-1



n

s
a
l
n

re

le

ze
a

ou

a
P
tro
or
a
1

th

te
th
ng
to
m
tr
F
g
fm
re

nc
e

ll-
RT
pe
ur

m
Ri-
ing
nd
m-
ve

‘or-
a-

in
a

ch-
ly
re

the

D. SÁNCHEZ et al. PHYSICAL REVIEW B 65 104426
soft-chemistry procedures. Stoichiometric amounts of a
lytical grade Sr(NO3)2 , FeC2O4•H2O, and (NH4)6Mo7O24
•4H2O were dissolved in citric acid. The citrate1nitrate so-
lutions were slowly evaporated, leading to an organic re
containing a homogeneous distribution of the involved c
ions. This resin was first dried at 120 °C and then slow
decomposed at temperatures up to 600 °C. All the orga
materials and nitrates were eliminated in a subsequent t
ment at 800 °C in air, for 2 h. This treatment gave rise to
highly reactive precursor material. The ‘‘disordered’’ samp
was obtained after a thermal treatment at 850 °C for 2 h in a
H2 /N2 ~15%/85%! reducing flow. The ‘‘ordered’’ sample
was prepared from a batch of the previously synthesi
‘‘disordered’’ one: a fraction of this sample was retreated
1050 °C for 12 h in an H2 /N2 ~5%/95%! flow, in order to
favor theB-cations ordering.

The initial characterization of the products was carried
by laboratory x-ray diffraction ~XRD! ~Cu Ka, l
51.5406 Å!. The degree of ordering of both samples w
established by Rietveld analysis of the XRD patterns. N
patterns of both samples were collected at the SLAD neu
diffractometer of the Studsvik Neutron Research Laborat
in the temperature range 15–500 K. About 5 g of sample w
contained in a vanadium can; the counting time was up to
h for each pattern. A wavelength of 1.116 Å was used. All
patterns were refined by theFULLPROF Rietveld refinement
program.12 A pseudo-Voigt function was chosen to genera
the line shape of the diffraction peaks. No regions in
refinements were excluded. In the final run the followi
parameters were refined from the NPD data: scale fac
background coefficients, zero-point error, unit-cell para
eters, pseudo-Voigt parameter, positional coordinates, iso
pic thermal factors, and the magnitude of the Mo and
ordered magnetic moments. The coherent scattering len
for Sr, Fe, Mo, and O were 7.02, 9.45, 6.72, and 5.803
respectively. The dc magnetic susceptibility was measu
with a commercial superconducting quantum interfere
device magnetometer on powdered samples, in the temp
ture range of 5 to 800 K.

RESULTS

Sr2FeMoO6 oxides were obtained as black, we
crystallized powders. The laboratory XRD diagrams at
are shown in Fig. 1. The patterns are characteristic of a
ovskite structure; the ‘‘ordered’’ sample shows superstruct
peaks arising from the Fe/Mo ordering@e.g., ~011! and
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~013!#, which are absent in the ‘‘disordered’’ sample. Fro
the analysis of the intensities of these reflections, via
etveld refinements of the XRD data, the degree of order
was estimated to be of 68 and 18% for the ‘‘ordered’’ a
‘‘disordered’’ samples, respectively. If we define the para
eterx as the fraction of Mo atoms at Fe positions, we ha
x50.41 for the ‘‘disordered’’ sample andx50.16 for the
‘‘ordered’’ sample. Notice thatx would take a value of 0.5
for a completely disordered sample.

Magnetic data

The magnetization versus temperature data of the ‘
dered’’ sample@Fig. 2~a!# shows a low-temperature satur
tion characteristic of a spontaneous ferromagnetic~FM! or-
dering. The magnetization vs magnetic field data shown
Fig. 3~a! at 5 K are characteristic of a ferromagnet with
saturation magnetic moment of 2.8mB /f.u. Taking the first
derivative of theM (T) curve we establish aTC of 415 K. By
contrast, the data for the ‘‘disordered’’ perovskite@Figs. 2~a!,
2~b!, and 3~b!# show a more progressive evolution~almost
linear! of the susceptibility as temperature decreases, rea
ing a much weaker saturation moment at 5 K, of on
0.8mB /f.u. It is striking the presence, in the high-temperatu

FIG. 1. XRD pattern~Cu Ka! for Sr2FeMoO6 perovskites at
RT. The insets show the first two superstructure peaks@~011! and
~013!# in the tetragonal setting, witha5b'&a0 , c'2a0 , a0

'3.9 (Å) for the ordered and disordered samples studied in
present paper.
FIG. 2. Magnetization at 5000
Oe for ~a! ordered and~b! disor-
dered perovskites.
6-2



ORIGIN OF NEUTRON MAGNETIC SCATTERING IN . . . PHYSICAL REVIEW B65 104426
FIG. 3. Magnetization vs field
isotherms (T55 K) for ~a! or-
dered and~b! disordered perovs-
kites.
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region, of a well-defined maximum centered at 770 K@Fig.
2~b!#, which suggests the establishment of AFM interactio
below this temperature.

The strong suppression of the FM properties in the ‘‘d
ordered’’ sample is due to the antisite Fe/Mo disorder in
B positions of the perovskite, if we consider this saturat
magnetization (Ms) to be the result of an ideal ferrimagnet
ordering between the moments of theB8 andB9 positions of
the double perovskite, asMs5MB82MB9 . In a simple pic-
ture, assuming localized magnetic moments of 5mB for Fe31

and 1mB for Mo51, the antisite occupancy of Mo at Fe po
sitions and vice versa would give a variation of the saturat
magnetization asMs5(428x)mB /f.u.,6,10 where x is the
fraction of Fe atoms replaced by Mo. In our ordered a
disordered samples, the calculatedMs values for the ob-
served degree of ordering are 2.72 and 0.72mB /f.u., respec-
tively, in good agreement with the observedMs values.

Structural refinement

Above 415 K the structure of the ‘‘ordered’’ sample w
refined in the cubicFm3̄m space group~No. 225!, with a
doubled unit-cell parameterc'2a0 , a0'3.9 Å. Table I in-
cludes the unit cell, atomic and thermal parameters, and
crepancy factors after the refinement at 500 K. Fig. 4~a!
shows the goodness of the fit for the 500 K pattern. Bel
415 K the crystal structure was defined in theI4/m space
group~No. 87!, Z52, with unit-cell parameters related toa0
~ideal cubic perovskite,a0'3.9 Å! as a'b'&a0 , c
'2a0 . Sr atoms were located at 4d positions, Fe at 2a, Mo
at 2b sites, and oxygen atoms at 4e and 8h positions. Figure
4~b! illustrates the profile agreement for the 15 K patte
including the magnetic-structure refinement that is descri
below. The structural results for the ‘‘ordered’’ sample co
pletely agree with those recently published by Chmaiss
et al.13

For the ‘‘disordered’’ sample the structure was found to
tetragonal in whole of the temperature range, from 15 to 5
K, thus all of the NPD patterns were refined in theI4/m
space group. The antisite disordering obtained from the X
patterns was included in the model, but it was not refin
since a strong correlation with the magnetic contribution
the scattering was found in trial refinements. The unit-c
parameters and volume variation with temperature for b
samples is represented in Fig. 5, as well as the thermal
lution of the tetragonal strain, defined asc2&a. A larger
volume is observed for the disordered sample, in which
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electrostatic repulsion of the highly charged Mo51 cations is
not minimized due to the frequent occurrence of Mo-O-M
configurations.

Magnetic structures

For both ordered and disordered samples, the lo
temperature NPD data reveal a strong magnetic contribu
on the low-angle reflections. The magnetic scattering can
mostly appreciated on the~011! and~013! superstructure re-
flections; the evolution of both reflections at selected te
peratures is displayed in Fig. 6. The thermal variation of
integrated intensity for the~011! reflection is plotted in Fig. 7
for the ordered and disordered samples. We considered
different models to describe the magnetic structures of b
samples.

Ordered sample

In a first trial, a FM structure was modeled with magne
moments only at the Fe positions; after the full refinemen
the profile for the 15 K NPD data, including the magne
moment magnitude and orientation, a discrepancyRmag fac-

FIG. 4. Observed~open circles!, calculated~full line! and dif-
ference ~bottom! NPD Rietveld profiles for Sr2FeMoO6 perovs-
kites: ~a! ordered, 500 K (Fm3m), ~b! ordered 15 K (I4/m), ~c!
disordered 500 K (I4/m), ~d! disordered 15 K (I4/m). The second
series of tick marks correspond to the magnetic Bragg reflectio
6-3
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D. SÁNCHEZ et al. PHYSICAL REVIEW B 65 104426
tors of ;8% was reached. The subsequent introduction
magnetic moments at the Mo positions in an AFM arran
ment with respect to Fe moments~i.e., describing a globa
ferrimagnetic structure! lead to a dramatic improvement o
the refinement:Rmag dropped to;4% for the final param-
eters listed in Table I. After the final refinement, order
moments of 3.9(1)mB and 20.37(6)mB were obtained for
Fe and Mo positions, respectively. Trials to ferromagne
cally couple Fe and Mo moments invariably led to a serio
deterioration of the fit. The spatial orientation of the m
ments is affected by a large error and was not refined; a fi
orientation parallel to thec axis was considered. The sam
model for the magnetic structure was used to refine the

FIG. 5. Thermal variation of~a! unit-cell parameters,~b! unit-
cell volume, and~c! tetragonal strain, defined ass5c2&a.
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maining NPD patterns; the parameters were refined seq
tially on increasing temperature, up to 415 K. Figure 8 sho
the thermal evolution of the ordered magnetic moment at
positions.

Disordered sample

The most surprising result of this work was the obser
tion of a strong magnetic contribution to the scattering in
disordered sample, for which the saturation magnetizatio
very small, hardly 0.8mB /f.u. A priori we would have ex-
pected that the structural disordering at theB position of the
perovskite would have led to the absence of long-range m
netic ordering between Fe and Mo magnetic moments. H
ever, in Fig. 6 we observe a magnetic contribution, similar
magnitude, on the same low-angle reflections for b
samples. Surprisingly, the integrated intensity of the~011!
reflections are quite comparable at 15 K~Fig. 7!; moreover,
it is slightly larger in the ‘‘disordered’’ sample in all the
temperature range. An abrupt decay of the intensity is
served aboveTC for the ‘‘ordered’’ sample, as expected; th
residual intensity corresponds to the structural Fe/Mo ord
ing. As for the disordered sample, the decay is more grad

FIG. 6. Low-angle region of the NPD patterns,~a! ordered
sample and~b! disordered sample, showing the evolution of t
magnetic scattering on the~011! and ~013! superstructure reflec
tions.

FIG. 7. Temperature evolution of the integrated intensity
~011! reflection for the ‘‘ordered’’ and ‘‘disordered’’ patterns.
6-4



dered

ORIGIN OF NEUTRON MAGNETIC SCATTERING IN . . . PHYSICAL REVIEW B65 104426
TABLE I. Atomic parameters after the Rietveld refinement of NPD patterns for ordered and disor
Sr2FeMoO6 perovskites.

Sample

15 K 500 K

Disordered Ordered Disordered Ordered

I4/m Fm3̄m
a~Å! 5.562 41~7! 5.554 0~5! 5.595 0~3! a~Å! 7.907 2~4!

c~Å! 7.896 9~2! 7.900~1! 7.915 4~8! V~Å3! 494.39~8!

V~Å3! 488.67~2! 487.4~1! 495.6~1!

Sr 4d( 1
2 0 1

4 ) Sr 8c( 1
4

1
4

1
4 )

B~Å2! 0.31~2! 0.20~2! 1.05~3! B~Å2! 1.05~3!

Fe 2a(000) Fe 4a(000)
B~Å2! 0.29~2! 0.2~1! 0.73~3! B~Å2! 0.6~1!

Magnetic moment (mB) 2.20~3! 3.9~1! 1.02~6! Magnetic moment (mB)

Mo 2b(001
2 ) Mo 4b( 1

2
1
2

1
2 )

B~Å2! 0.01~2! 0.1~2! 0.43~3! B~Å2! 0.3~1!

Magnetic moment (mB) 20.37~6! Magnetic moment (mB)
O1 4e(00z) O 24e(x00)
z 0.249~3! 0.254~4! 0.256~2! x 0.251~1!

B~Å2! 0.61~5! 0.55~8! 0.4~1! B~Å2! 1.28~2!

O2 8h(xy0)
x 0.272~3! 0.277~2! 0.257~2!

y 0.227~3! 0.228~2! 0.232~2!

B~Å2! 0.42~3! 0.25~5! 1.6~1!

Reliability factors Reliability factors
x2 10.4 10.9 12.0 x2 7.93
Rp~%! 7.23 7.94 11.1 Rp~%! 11.8
Rwp~%! 9.43 9.42 13.0 Rwp~%! 11.0
RI~%! 2.47 2.88 4.87 RI(%) 4.84
Rmag~%! 6.54 3.60 29.1 Rmag~%!
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and a substantial magnetic contribution is still present at
K, as it can also be observed in Fig. 6.

As it will be discussed later, we believe that the magne
scattering of the disordered sample originates from AF
coupling between neighboring Fe cations through Fe-O
paths, which naturally occur in a random distribution
Fe/Mo cations. We have modeled, thus, the magnetic st

FIG. 8. Thermal dependence of the Fe magnetic moments
the ‘‘ordered’’ and ‘‘disordered’’ perovskites.
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0

c

e
f
c-

ture as a perfect AFM arrangement of Fe spins with altern
ing directions, occupying all theB positions of a perovskite
structure with the same unit cell and positional parameter
the host Sr2FeMoO6 perovskite. We have constrained th
scale factor of both structural and magnetic models, and
fined the magnitude of the Fe magnetic moments. The
rameters after the Rietveld refinement of the 15 K pattern
included in Table I. The goodness of the fit is shown in F
4~d!, where both structural and magnetic contributions to
scattering have been included. The thermal variation of
magnitude of the Fe magnetic moments is included in Fig

Notice that the ideal AFM model for the magnetic stru
ture of the ‘‘disordered’’ sample implies the absence of ma
netic scattering at the~h,k,l! peaks whenl 5even, whereas
for the ferrimagnetic structure of the ‘‘ordered’’ sample th
magnetic contribution occurs at bothl 5even and odd. This
is shown in Fig. 9, where the magnetic contributions to
scattering for both samples are presented. This effect~the
absence of magnetic peaks forl 5even! is impossible to be
observed directly from the diffraction patterns, as there
always a strong crystallographic contribution on thel
5even Bragg positions. Only the Rietveld refinement
both patterns allowed us to confirm the proposed model.
als to refine the ‘‘disordered’’ structure with the ferrimagne

or
6-5
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D. SÁNCHEZ et al. PHYSICAL REVIEW B 65 104426
model ~starting from 3.9mB at Fe positions and 0.37mB at
Mo positions! led to a fast increase of the magnetic mome
at the Mo positions,~and a decrease at Fe positions!, leading
to a model close to that proposed for the ‘‘disordere
sample, with comparable moments at all positions. In fac
slightly larger moment was observed on Fe positions, wh
is due to the contribution of the 18% of Fe/Mo orderin
present in the sample.

It is also worth underlying that the presence of a F
coupling between near-neighbor Fe-Fe magnetic mom
would inevitably imply the absence of any magnetic inte
sity on the~011!, ~013!,... Bragg positions, in contradictio
with the observation.

DISCUSSION

A tetragonal-to-cubic structural transition concomita
with the FM transition (TC) has been recently described f
Sr2FeMoO6,13,14 which is in agreement with our observa
tions. It is commonly admitted that the high-temperatu
structure~aboveTC! crystallizes in theFm3̄m space group,

FIG. 9. Observed NPD patterns~open circles! and calculated
magnetic scattering~thick line! for a ferrimagnetic model~ordered
sample! and AFM model~disordered sample!. The magnetic scat-
tering on (hkl), 15even reflections occurs only for the ferrima
netic model.
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which allows for a rock-salt-like distribution of Fe and M
cations over theB sublattice positions, in perfectly ordere
samples, and implies a Fe-O-Mo angle of 180°. Howev
there is still some discrepancy regarding the space grou
the tetragonal low-temperature phase~below TC!; although
the space groupsI4/mmmand P4/mmm ~Refs. 6, 14! have
been suggested, we have adopted the model recently
scribed by Chmaissenet al.,13 in I4/m. The structure of
Sr2FeMoO6 can be described as the result of a single
tiphase octahedral tilting along thec axis. The magnitude of
the tilting can be simply derived from the Fe-O2-Mo ang
this angle~Fig. 10! evolves from a maximum value at 15 K
~f55.5° for the ‘‘ordered’’ sample! to f50 at TC , at the
onset of the structural phase transition from tetragonal~low
temperature! to cubic ~high temperature!. For the ‘‘disor-
dered’’ sample the structure is still tetragonal at the ma
mum measurement temperature of 500 K, at which the tilt
angle takes a significant value off52.5°.

As shown in Table II, in the ‘‘ordered’’ sample FeO6 oc-
tahedra are significantly larger~expanded! than MoO6 octa-
hedra. This observation is coherent with the larger ionic s
of Fe31 vs Mo51.15 For the ‘‘disordered’’ sample the Fe-O
and Mo-O bond lengths are more similar, as expected for
high degree of antisite disordering.

FIG. 10. Temperature dependence of the tilting angle of
FeO6 and MoO6 octahedra.
TABLE II. Main interatomic distances~Å! and angles~°! for ordered and disordered Sr2FeMoO6

perovskites

Sample

15 K 500 K

Disordered Ordered Disordered Ordered

I4/m Fm3̄m
FeO6 octahedra FeO6 octahedra
Fe-O1 1.97~7! 2.00~3! 2.011~2! Fe-O 1.986~9!

Fe-O2 1.97~2! 1.99~1! 1.950 8~6!

MoO6 octahedra MoO6 octahedra
Mo-O1 1.98~7! 1.95~3! 1.947~2! Mo-O 1.967~9!

Mo-O2 1.98~2! 1.95~1! 2.008 2~6!

Fe-O1-Mo 180.0 180.0 180.0 Fe-O-Mo 180.0
Fe-O2-Mo 170.2~9! 168.9~5! 175.33~7!
6-6
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ORIGIN OF NEUTRON MAGNETIC SCATTERING IN . . . PHYSICAL REVIEW B65 104426
Although the actual electronic configuration
Fe31(3d5)-Mo51(4d1) vs Fe21(3d4)-Mo61(4d0) have
been considered as possible, the average valence for F
been found to be intermediate between high-spin config
tion values of Fe21 and Fe31 from Mössbauer spectroscop
studies.16 This is to say that both electronic configuratio
~with Fe21 and Fe31! must be considered as degenerate,
final state being a combination of both configurations. At
K we find a small but significant ordered magnetic mom
on the Mo sites@mMo5(0.3760.06)mB#, antiferromagneti-
cally coupled with the Fe magnetic moments in a ferrima
netic configuration, which is clearly consistent with an int
mediate V-VI oxidation state for Mo.

The main issue to be addressed in this paper is the or
of the magnetic scattering on the sample showing an imp
tant component of antisite disordering. We have been abl
accurately fit the magnetic contributions to the neutron s
tering by modeling an AFM structure consisting of a perfe
arrangement of Fe cations occupying all of theB positions of
a perovskite structure with the same unit-cell parameter
the crystallographic Sr2FeMoO6 phase. The refinement o
the magnitude of the magnetic moments on the Fe positi
at 15 K, gives an ordered magnetic moment of 2.2mB , with
constrained scale factors for the crystal and magnetic st
ture. An equivalent approach is to constrain the Fe31 mag-
netic moment to 5mB and to refine the scale factor of th
magnetically diffracting phase: by doing so we have obtain
that about one-half of the main crystallographic phase is a
magnetically diffracting. This is to say that, in spite of th
disordered nature of the Fe distribution upon the crys
structure, almost all of the Fe31 cations are actively partici
pating in the magnetic scattering.

The almost random distribution of Fe/Mo cations that
expect for the ‘‘disordered’’ sample implies that the Fe-O-
configuration frequently occur~as well as Mo-O-Mo con-
figurations!; in these regions we must consider that the F
O-Fe magnetic interactions are by far more similar to th
happening in LaFeO3 perovskite than in SrFeO3. The former
Fe31-containing perovskite experiences an AFM orderi
below a surprisingly high Ne´el temperature,TN5750 K.17

However, for the Fe41-containing SrFeO3 perovskite,TN is
much lower, of 134 K.18 Our high-temperature susceptibilit
measurements@Fig. 2~b!# show a maximum at 770 K, sug
gesting AFM interactions of strength similar to those o
served in LaFeO3. In the regions where the Fe-O-Fe co
figurations occur, in spite of having a local chemic
composition closer to SrFeO3, we must not forget that the
electronic delocalization of the Mo-electron that is s
present despite theB-cation disordering enables the esta
lishment of a global charge neutrality across the crys
keeping the nominally trivalent valence for Fe.

Our picture thus shows a disordered Fe/Mo pattern
which the Fe-O-Fe superexchange AFM interactions
comparable to those existing in LaFeO3. Figure 11 shows a
simplified image of the magnetic ordering in the disorde
sample; only one layer ofB cations is shown for the sake o
simplicity. The coupling between near-neighbor Fe-Fe
Fe-Mo atoms is always AFM~as it happens in the perfectl
ordered perovskite!. The important fact is that the coheren
10442
has
a-

e
5
t

-
-

in
r-
to
t-
t

as

s,

c-

d
o

l

-
e

-

l

-
l,

n
e

d

r

between the magnetic ordering of isolated Fe-O-Fe cou
is maintained by the intermediate Mo atoms, by virtue of t
also-AFM nature of the Fe-O-Mo interactions. We cann
argue if isolated Mo atoms inside Mo-O-Mo regions~without
Mo-Fe contacts! are magnetically ordered: in fact this is i
relevant for our model of magnetic structure, in which w
only consider the antiferromagnetically ordered Fe-O-Fe
gions, mostly contributing to the magnetic scattering. T
small extra contribution of the Mo-rich regions can be n
glected for our purposes.

The thermal variation of the magnetic moment on Fe p
sitions ~Fig. 8! shows a distinct behavior for both sample
The Fe moment for the ‘‘ordered’’ perovskite exhibits a
abrupt decay at 415 K, which corresponds to the vanishin
ferrimagnetic ordering, whereas the Fe moment for the ‘‘d
ordered’’ sample gradually decreases and it is still signific
at the highest measurement temperature, of 500 K. This
havior can be understood on the basis of the stronger su
exchange Fe-O-Fe interactions operating in the ‘‘disorder
sample. An extrapolation of the data represented in Fig
gives a Ne´el temperature for the ‘‘disordered’’ sample aroun
760 K, close to the maximum observed in the susceptibi
curve @Fig. 2~b!#. At the same time, while the ‘‘ordered’
sample exhibits a phase transition from tetragonal to cu
upon heating acrossTC , the ‘‘disordered’’ perovskite is still
tetragonal at the highest measurement temperature of 50
as clearly suggested by the unit-cell parameters and s
thermal variation, in Fig. 5. This fact could explain the co
troversy observed in related literature, in which the desc
tion of Sr2FeMoO6 samples has been assigned to both cu
and tetragonal symmetries at RT, probably depending on
degree of ordering of these particular samples.

It is worth commenting that recentab initio calculations
of the disorder effects on electronic structure and magn
structure suggest19 that in the disordered samples the ind
vidual magnetic moments at each Fe site are strongly
duced due to the destruction of the metallic state, while
coupling between the various Fe sites continue to be F

FIG. 11. Schematic view of the magnetic coupling in a dis
dered sample, showing a high degree of B-antisite disorder
Dark atoms and moments correspond to Fe, light ones to Mo.
6-7
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their results suggest that near-neighbor Fe-Fe and Mo-
interactions are FM in origin. This is in contrast with ou
experimental observation; moreover, the presence of a str
magnetic contribution to the scattering on the~011! super-
structure reflection clearly indicates that the FM alignment
near-neighbor atoms is to be excluded: only a AFM arran
ment of the corresponding spins gives rise to a magn
superstructure and explains the diffraction on these Bra
positions.

In agreement with our findings, Monte Carl
calculations10 predicted that disorder may lead to AFM cou
plings between neighboring Fe sites, instead of the FM c
pling proposed for the idealized structure. Furthermore,
possibility of existence of strong AFM couplings betwee
adjacent Fe-Fe next-neighbors has also been suggeste
Dass and Goodenough,20 who attribute the little hysteresis
exhibited by theM /H curves of Sr2FeMoO6 to AFM Fe-
O-Fe interactions across antiphase boundaries. Moreover
anomalous susceptibility and the abnormal increase of
paramagnetic Weiss constant can be accounted for20 by a
chemical inhomogeneity in disordered samples consisting
a layer of three~111! all-Fe planes giving rise to strong 180
Fe-O-Fe superexchange interactions between the layers.

CONCLUSIONS

Neutron diffraction data on a disordered Sr2FeMoO6
sample shows a strong magnetic contribution on superst
ture reflections, which provides strong experimental supp
Y.
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to the hypothesis that near-neighbor Fe-Fe atoms are an
romagnetically coupled, by virtue of strong superexchan
Fe-O-Fe interactions. In a pattern of randomly distributed
and Mo atoms, the magnetic scattering originates from n
rally occurring Fe-O-Fe pairs, experiencing AFM Fe-Fe
teractions; the refinement of the magnitude of the orde
magnetic moment shows that virtually all of the Fe ato
participate in the scattering process. The coherence of
AFM arrangement of neighboring Fe-O-Fe regions is ma
tained across the crystal by AFM Fe-Mo superexchange
teractions. The chemical disorder, giving rise to Fe-O-Fe
Mo-O-Mo couples, seems to be accompanied by a cha
segregation in such a way that an average trivalent oxida
state is attributable to Fe atoms in Fe-rich regions. Given
different origin of the main magnetic interactions with r
spect to the ordered sample, the thermal variation of the
dered magnetic moments in the ‘‘disordered’’ sample sho
a slower decay upon heating; this sample is antiferrom
netically ordered below 770 K.

ACKNOWLEDGMENTS

We acknowledge the financial support of CICyT to t
projects MAT2001-0539, MAT99-1045, CAM 07N/0008
2001 and the European Community — Access to Rese
Infrastructure action of the Improving Human Potential P
gram~HPRI-CT-1999-00061! for making feasible our acces
to the NFL-Studsvik. We deeply acknowledge Marı´a Mar-
tı́nez for her help during the experiment.
g,
. B

fr.,

T.

s-

.

*Corresponding author. Electronic address:
ja.alonso@icmm.csic.es

1K.-I. Kobayashi, T. Kimura, H. Sawada, K. Terakura, and
Tokura, Nature~London! 395, 677 ~1998!.

2B. Garcı́a-Landa, C. Ritter, M. R. Ibarra, J. Blasco, P. A. Algar
bel, R. Mahendiran, and J. Garcı´a, Solid State Commun.110,
435 ~1999!.

3K.-I. Kobayashi, T. Kimura, Y. Tomioka, H. Sawada, K. Teraku
and Y. Tokura, Phys. Rev. B59, 11 159~1999!.

4T. H. Kim, M. Uehara, S.-W. Cheong, and S. Lee, Appl. Ph
Lett. 74, 1737~1999!.

5Y. Tomioka, T. Okuda, Y. Okimoto, R. Kumai, K.-I. Kobayash
and Y. Tokura, Phys. Rev. B61, 422 ~2000!.

6Ll. Balcells, J. Navarro, M. Bibes, A. Roig, B. Martı´nez, and J.
Fontcuberta, Appl. Phys. Lett.78, 781 ~2001!.

7P. Woodward, R. D. Hoffmann, and A. W. Sleight, J. Mater. R
9, 2118~1994!.

8F. Galasso,Structure, Properties and Preparation of Perovski
Type Compounds~Pergamon, Oxford, 1969!.

9D. D. Sarma, E. V. Sampathkumaran, S. Ray, R. Nagarajan
Majumdar, A. Kumar, G. Nalini, and T. N. Guru Row, Sol
State Commun.114, 465 ~2000!.

10A. S. Ogale, S. B. Ogale, R. Ramesh, and T. Venkatessan, A
,

.

.

S.

pl.

Phys. Lett.75, 537 ~1999!.
11M. Garcı́a-Hernández, J. L. Martı´nez, M. J. Martı´nez-Lope, M. T.

Casais, and J. A. Alonso, Phys. Rev. Lett.86, 2443~2001!.
12J. Rodrı´guez-Carvajal, Physica B192, 55 ~1993!.
13O. Chmaissem, R. Kruk, B. Dabrowski, D. E. Brown, X. Xion

S. Kolesnik, J. D. Jorgensen, and C. W. Kimball, Phys. Rev
62, 14 197~2000!.

14C. Ritter, M. R. Ibarra, L. Morellon, J. Blasco, J. Garcı´a, and J.
M. De Teresa, J. Phys.: Condens. Matter12, 8295~2000!.

15R. D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys., Dif
Theor. Gen. Crystallogr.32, 751 ~1976!.

16J. Linden, T. Yamamoto, M. Karppinen, H. Yamauchi, and
Pietari, Appl. Phys. Lett.76, 2925~2000!.

17Landolt-Börnstein, Zahlenwerte und Funktionen aus Naturwi
senschaften und Technik~Springer-Verlag, Berlin, 1970!, Neue
serie, Band 4, Teil a, p. 238.

18T. Takeda, Y. Yamaguchi, and H. Watanabe, J. Phys. Soc. Jpn33,
967 ~1972!.

19T. Saha-Dasgupta and D. D. Sarma, Phys. Rev. B64, 064408
~2001!.

20R. I. Dass and J. B. Goodenough, Phys. Rev. B63, 064417
~2001!.
6-8


