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Observation of antiphase boundaries in Sr2FeMoO6
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A high-purity Sr2FeMoO6 sample was synthesized. According to Rietveld analysis of x-ray diffraction
~XRD! data the occupancy of Fe at its regularB site was 95.6% with the rest occupying the Mo site, i.e., the
antisite of Fe. Despite this, according to57Fe Mössbauer spectra 22% of the Fe atoms resided in a trivalent
state having an extremely low internal field of;2.8 T even at 5 K, whereas a typical 46-T field was seen for
the main component, which is known to arise from mixed-valence FeII/III . Since the low-field FeIII species were
totally invisible to probing by XRD measurements, it is suggested that they are atoms located on antiphase
boundaries~APB’s!. Magnetization measurements revealed a slightly lowered saturation magnetization (Ms)
for the sample exhibiting the highest concentration of APB’s, as compared to samples with low concentration
of APB atoms. The two-Fe-atom-thick APB layer consists of Fe atoms antiferromagnetically coupled to each
other. The spins of the APB layer atoms turned perpendicularly to an applied magnetic field, as observed by
Mössbauer spectroscopy.

DOI: 10.1103/PhysRevB.68.174415 PACS number~s!: 76.80.1y, 75.47.2m, 75.60.Ch
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I. INTRODUCTION

Within the family of B-site ordered double perovskite
(A2BB8O6) Sr2FeMoO6 has attracted a great deal of intere
due to the half-metallic properties and tunneling-type m
netoresistance~TMR! of the phase.1 Several schemes for en
hancing and/or modifying the magnitude of the magneto
sistance effect have been tested. The influence of Fe
disorder~concentration of Fe at its antisite and vice versa! on
the TMR ratio was recently demonstrated.2–4 Cation substi-
tutions at bothA andB sites were also performed and the
effects on the TMR properties are rather well documented5–8

Various grain and domain-boundary and impurity-phase
fects have been studied.9,10 These are generally difficult to
verify, as most of the experimental techniques used ma
detect bulk properties. The presence of antiphase bound
~APB’s! between regions where the ideal alternating stack
of Fe and Mo atoms starts from the opposite cations has b
postulated.11 Crystallographically the bulk materials on e
ther sides of the APB’s are identical, but at the bound
itself Fe-O-Fe bonds are thought to exist due to the ph
shift of p in real space over half a lattice constant~Fig. 1!.
Trials to observe APB in Sr2FeMoO6 using 57Fe Mössbauer
spectroscopy have thus far been unsuccessful.12 However, in
a previous work presence of APB’s was seen in hig
resolution electron microscopy images.13 The influence of
APB’s in thin films of Fe3O4 was recently studied from th
magnetoresistance point of view.14 It was also shown tha
due to the strong antiferromagnetic~AFM! coupling between
the APB atoms the spins will acquire a perpendicular ori
tation with respect to the bulk magnetization upon subject
the sample to an external field, Fig. 1.

In this paper we will present evidence for the presence
Fe atoms located on APB’s in Sr2FeMoO6, as seen using
57Fe Mössbauer spectroscopy. As the method acts as a l
probe it is well suited for distinguishing the Fe atoms that
within the APB’s from those which are not.
0163-1829/2003/68~17!/174415~5!/$20.00 68 1744
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II. EXPERIMENTAL DETAILS

The samples used in the present work were prepared
means of an oxygen-getter-controlled low-O2-pressure en-
capsulation technique as developed earlier.15 In brief, sto-
ichiometric quantities of SrCO3, Fe2O3, and MoO3 powders
were mixed and calcined in air at 900 °C for 15 h. The c
cined powder mixture was pelletized and encapsulated in
evacuated fused-quartz ampoule containing Fe grains ac
as a getter for excess oxygen. The ampoule was then fire
1150 °C for a period of 50 h and quenched to room tempe
ture by putting the hot ampoule on a thick Cu plate. The th
obtained material was denoted sample 1. Additional sam
were synthesized under the same conditions, but wit
shorter sintering time~sample 2! or by furnace cooling it
after the 50-h sintering~sample 3!. The phase purity, crysta
symmetry, lattice parameters, and degree ofB-site order were
investigated by x-ray diffraction@XRD, MAC Science:
M18XHF22. Rietveld analysis using the softwareRIETAN was
done on the XRD data. Magnetization measurements un
applied fields of 0–5 T were performed at 5 K and 300 K

FIG. 1. Schematic illustration of the antiphase boundary. So
and open circles denote Fe and Mo atoms, respectively. The ox
atoms are indicated using small circles. For clarity only Fe spins
drawn. The expected Fe spin alignment assuming a domain bo
ary at the APB’s is also shown to the left, Ref. 14.
©2003 The American Physical Society15-1
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using a dc superconducting quantum interference de
~SQUID! magnetometer~Quantum Design: MPMS-XL!.

A Mössbauer absorber was made by spreading the pow
~sample 1!, mixed with an epoxy resin, on an Al foil. Th
absorber thickness was;20 mg/cm2. Spectra were recorde
in a transmission geometry using the maximum Doppler
locity of 11.15 mm/s. The absorber temperature was set a
K and at 5 K. At 77 K magnetic fields ofBext50 T, 0.01 T,
0.20 T, 0.40 T, and 0.80 T were applied using perman
Nd-Fe-B magnets. In the two latter cases the direction of
magnetic field was perpendicular to the direction of theg
beam, whereas for 0.01-T and 0.20-T measurements it
parallel. Here 300-K Mo¨ssbauer measurements at 0 T and
T were also performed using a Mo¨ssbauer spectromete
equipped with an superconducting magnet at the Departm
of Geology at Uppsala University. A Cyclotron Co.57Co:Rh
~25mCi, Jan. 2002! source was used in the 77-K measu
ments. The full Hamiltonian of combined electric and ma
netic interactions was used to fit the spectra, with the to
magnetic field experienced by the Fe nucleus (B), the
chemical isomer shift relative toa-Fe at 300 K (d), the
quadrupole coupling constant (eQVzz), the resonance line
widths (G), and the relative intensities of the components~I!
as fit parameters. The following conditions and constra
were applied:~i! For each component a certain variation
the parameterB was allowed in order to simulate the fact th
the internal fields have a certain spread. A Gaussian distr
tion was assumed and its width (DB) was also introduced a
a fit parameter.~ii ! The u angle between the wave vector
the g quanta and the direction ofB was fitted. This angle
depends on how the applied fieldBext manages to align the
magnetization of the domains. Also the angleb, which
specifies the direction of the magnetic field with respect
Vzz, was fitted for the main components. The asymme
parameterh and the additional anglesa andf were fixed at
zero.~iii ! All spectral components were constrained to ha
equal line widthsG.

III. RESULTS AND DISCUSSION

According to x-ray diffraction data all samples we
phase pure. From a Rietveld refinement of sample 1 in sp
group I4/m, the regular Fe site was found to be 95.6~5!%
occupied by Fe. The saturation magnetic moment (Ms) at 5
K was 3.70(2)mB . For sample 2,Ms53.91(2)mB was ob-
tained. In Fig. 2 Mo¨ssbauer spectra obtained for sample 1
77 K in applied fields of 0 T, 0.20 T, and 0.80 T are show
The spectra were fitted using four spectral components,
the hyperfine parameters obtained from the fittings are
sented in Table I. The 5-K data are not presented, as
were similar to the 0-T 77-K data. The fitted value foruexpt
illustrates well the increase in degree of domain alignmen
the parallel (i ,uexpt→0°) and perpendicular geometrie
(',uexpt→90°) upon increasingBext. The spectra were
dominated by a component~denotedM1) with an internal
field of ;46 T and an isomer shift of;0.7 mm/s, which in
accordance with previous results, was assigned to a mi
valence state of FeII/III ~Ref. 16!. This assignment is based o
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the lower-than-expected internal field value, as well as
isomer shift value, which is halfway between that of hig
spin FeIII and FeII. Furthermore, there is a strong mixing o
the itinerantd electron from the MoV and the minority spin
t2g band of FeIII ~Ref. 1!, which causes the decrease in t
valence state of Fe from III toward II/III. The scattering o
the b values forM1 in Table I is a result of the very sma
eQVzz value. Antisite Fe has earlier been shown to give r
to a Mössbauer component with a large internal field,16 and
such a component is indeed present in the present Mo¨ssbauer
data as well~denoted AS!. It covered the expected;3%
intensity in accordance with the Rietveld results. Compon
AS is well resolved only in the 77-K spectra measured un
zero applied field, due to the better statistics. An additio
component (M2) has a large internal field (;47 T at 77 K!
and an isomer shift value of;0.6 mm/s, i.e., it seems to b
somewhere between typical FeIII and FeII/III . Following Ref.

FIG. 2. Mössbauer spectra of the Sr2FeMoO6 sample 1 mea-
sured at 77 K in applied fields of~a! 0 T, ~b! 0.20 T, and~c! 0.80 T.
The components used in the fittings are displayed above the d
The labeling of the components is found in the legends, in the s
order as the components.
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TABLE I. Hyperfine parameters obtained from the fit of the spectra of the Sr2FeMoO6 sample 1 at 77 K
and 300 K. The latter data are in the last two columns. Cases where the lower limit has been reac
indicated with an L.

Comp. Param. 0 T 0.01 Ti 0.20 Ti 0.40 T' 0.80 T' 0 T 5.0 Ti

uexpt 54.74°a 52~1!° 36~1!° 73~1!° 79~2!° 54.74a 9~2!°
M1/M18 d ~mm/s! 0.702~1! 0.693~4! 0.708~7! 0.700~3! 0.698~3! 0.51/0.51 0.53/0.51

B ~T! 45.84~1! 45.97~3! 45.98~4! 45.53~2! 45.18~2! 34.2/30.7 30/27
I ~%! 69~1! 71~3! 69~3! 71~2! 73~2! 50/23 51/23

eQVzz(mm/s) 20.42~5! 20.0~2! 20.4~3! 20.4~2! 20.5~2! 0.0/20.3 20.6/21.4
b ~deg! 250~20! 164~8! 51~8! 53~5! 253~2! 2103/94 52/123

APB d ~mm/s! 0.44~1! 0.45~2! 0.45~5! 0.34~3! 0.40~4! 0.30~3! 0.30~4!

B ~T! 2.86~6! 2.95~2! 3.6~2! 3.9~3! 4.33~4! 2.74~3! 5.70~4!

I ~%! 21~1! 22~2! 20~1! 20~2! 17~3! 19~2! 18~3!

eQVzz(mm/s) 20.20~3! 20.3~1! 0.8~3! 20.9~1! 21.0~2! 20.3~2! 20.6~3!

b ~deg! 263~20! 250~5! 242~20! 245~7! 245~9! 255~5! 249~5!

uAPB ~deg! 62~6! 61~10! 80~10! 83~5! 78~3! 70~4! 60~4!

AS d ~mm/s! 0.47~4! 0.39~6! 0.24~9! 0.37~7! 0.42~5! 0.50~6! 0.7~1!

B ~T! 55.3~3! 54.8~5! 55.1~4! 55.2~8! 54.7~4! 40.6~5! 46.0~4!

I ~%! 2.4~3! 4~1! 2~L! 2.9~9! 2.9~8! 2~1! 2~L!

eQVzz(mm/s) 0.6~1! 2.2~2! 0.6~3! 20.5~3! 0.5~2! 0.1~2! 2.0~4!

b ~deg! 253~6! 260~10! 276~30! 28~5! 246~7! 292~7! 292~6!

M2 d ~mm/s! 0.63~1! 0.54~5! 0.57~4! 0.44~3! 0.62~3! 0.58~4! 0.48~5!

B ~T! 48.4~2! 47.8~4! 47.1~5! 48.2~3! 47.6~3! 27.2~4! 23.6~3!

I ~%! 7.3~6! 4~L! 9~2! 7~1! 7~1! 6~1! 6~1!

eQVzz(mm/s) 21.6~4! 20.6~1! 22.0~9! 21.7~9! 21.6~7! 0.2~3! 1.1~4!

b ~deg! 59~1! 180~6! 42~6! 48~8! 58~2! 23~8! 44~5!

aFixed at the so-called magic angle for a randomly oriented sample.
e

T

g

en

e
P

te

a
e

k-

lo
ly

-
0
th

r
In
in-

eld
and

ng
,

s
d
total
or

ere
est

e

ns
as
12 it may be assigned to Fe at sites adjacent to an antisit
atom.

The most striking feature of the zero-field spectra~Fig. 2!
is the low-field component~denoted APB! located around
zero velocity. It covered 22% of the spectral intensity at 0
and appeared to be FeIII , due to its isomer shift of
;0.40 mm/s, indicating that it did not participate in formin
any mixing valence with Mo. Also, for otherA2FeMoO6
samples having Ca, Ba, or Sr at theA site, we recently ob-
served the APB component in the Mo¨ssbauer spectra.17 In
0-T and 77-K measurements of samples 2 and 3 the pres
of APB’s was found, but its portion was only;8%. Upon
increasing the applied field the APB component of sampl
changed appearance drastically. In our first attempts the A
subspectrum in nonzero applied field could only be fit
using two components. Then a separate angleuAPB, between
the g beam and the internal field of the APB Fe atoms, w
introduced and fitting using only one APB component b
came possible. This is due to the fact that whenuexpt ap-
proaches 0°, lines 2 and 5 in the Mo¨ssbauer sextet are wea
ened or missing. However, for this caseuAPB→90°, as
explained below, and lines 2 and 5 are instead enhanced
the APB sextet. When fitting the spectra using only one g
bal uexpt parameter the other fictive APB component simp
accounted for the missing lines 2 and 5.

In order to further study the dynamics of the APB com
ponent 300-K spectra were recorded in external fields of
and 5.0 T, Fig. 3. These spectra were also fitted using
17441
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spectral componentsM1, M2, AS, and APB. However,M1
is split into two components~denotedM1 andM18 in Fig.
3! at 300 K ~Ref. 16! and theM2 component has a lowe
field thanM1, but otherwise the spectra are rather similar.
overall the internal-field values are decreased due to the
crease in temperature. The relative intensity and internal fi
of the APB component are roughly the same at 5, 77,
300 K. The results are included in Table I.

Generally it was observed thatuAPB followed a different
trend thanuexpt, Fig. 4. The behavior can be explained usi
Fig. 1. When theg-ray beam is parallel to the external field
the bulk magnetization of the~partially! magnetized sample
is also parallel to the direction of the beam~henceuexpt
→0°). In this case obviouslyuAPB→90°. Upon increasing
the field strength~in our case to 5 T! the sample magnetize
completely anduAPB should in principle be 90°, but instea
a decrease is observed. This is due to the fact that the
field B observed in the Mo¨ssbauer spectrum is the vect
sum of the internal fieldBW int and the applied fieldBW ext ~plus
the field due to the bulk magnetization!. When BW ext is in-
creased the total fieldBW will be increasingly parallel to the
applied field, explaining the decrease. Two data points w
also recorded in the perpendicular geometry in a mod
field, whereuexpt anduAPB values slightly less than 90° ar
expected. However, for strong external field strengthsuAPB
would eventually converge toward 90°, for similar reaso
as presented for the parallel geometry. The total APB field
5-3
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a function ofBext is also plotted in Fig. 4. The very stron
increase for low external fields is due to the domain alig
ment, which occurs even in weak fields and also acts dire
on the APB atoms.

At this point it is illustrative to review the alternativ
explanation of the APB component—namely, an impur
phase. The strong overall intensity of the APB compon
ruled out the possibility of an impurity phase, as XRD a
magnetization observations indicated a high phase pu
From a chemical point of view any other Fe atoms than th
in the bulk would be in a valence state of II, due to the high
reductive synthesis conditions. However, FeII impurities
would appear with an isomer shift of more than 1.0 mm/s
further support of the origin of the APB component. Add
tional information is obtained from the behavior of the to
field. The direction of the total field of a paramagnetic im
purity would simply be that of the applied field, and its val
would be a sum of the bulk magnetization and the exter
field. The direction of the total field for a ferromagnetic im
purity, which is very unlikely to occur, considering that th
APB component originates from a trivalent oxide, wou
also follow the direction specified byuexpt. Furthermore, as
the Fermi-contact interaction that mediates the internal m
netic field originating from the Fed electrons has opposit
direction as the bulk magnetization,20 a decrease would ini
tially be seen in the total field upon increasingBext, ruling
out this possibility. Note that the decrease in the field val
of M1 and M2 illustrates this decrease of total field fo
ferromagnetic components. For component AS the situa

FIG. 3. Mössbauer spectra of the Sr2FeMoO6 sample 1 mea-
sured at 300 K in applied fields of~a! 0 T, ~b! 5.0 T, and~c! 0.80 T.
The components used in the fittings are displayed above the
The labeling of the components is found in the legends, in the s
order as the components.
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is the opposite, as the total field increases due to its ant
romagnetic coupling to the bulk magnetization.12 The third
possibility, i.e., an ~isolated! antiferromagnetic impurity
phase is also out ruled. In modest fields (Bext,1.0 T) anti-
ferromagnetic impurities would only exhibit line broadenin
as the external field randomly adds or subtracts to the t
field. On the average the total field would remain roughly t
same anduAPB at the random angle 54.74°.

The unique behavior of the APB component in an exter
magnetic field confirms that the two adjacent Fe ato
within the APB’s are antiferromagnetically coupled to ea
other and ferromagnetically coupled to the bulk. Our samp
were also investigated by means of state-of-the-art elec
microscopy techniques and presence of antiphase bound
was clearly seen.18

Using the APB component intensity we can now calcul
the average diameter of a domain~presumed spherical! that
is surrounded by an APB~Ref. 12!: D512a/I APB, wherea
'7.90 Å is the lattice parameter of the~pseudo!cubic unit
cell and the numerical factor 12 (523332) originates
from the facts that there are two Fe atoms within the width
the APB, the surface to volume ratio of a sphere~which
contributes with a factor 3!, and thatD is twice the radius.
Using the valueI APB50.22 we getD'430 Å, which is of
the same order of magnitude as, e.g., the one reported fo
domain size in thin films of Fe3O4 ~Ref. 19!.

According to the predictions APB atoms should expe
ence a strong AFM coupling, due to the almost ideal Fe-O
superexchange bond.21 In thin films of Fe3O4 that exhibited
APB’s, the saturation fields were accordingly found to
large as strong applied fields were required to force the A
Fe species to align with the bulk magnetization.19 The same
is apparently true for the present case as well, as 5 T is
enough to break the bonds of the APB Fe atoms and fo
them to join the bulk magnetization. The extremely low i
ternal field value of the APB atoms is unexpected. Poss
there is a strong competition between the AF superexcha
of the Fe-O-Fe bond in the APB and ferromagnetic doub
exchange interactions. This is a point which needs to
clarified in future works.

ta.
e

FIG. 4. Dependence of the angleuAPB ~circles! and the total
field ~squares! on the external field strength, as analyzed from t
Mössbauer spectra of sample 1. Solid and open circles repre
data obtained in the parallel (uexpt→0°) and perpendicular (uexpt

→90°) geometries, respectively.
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The APB component has not been reported earlier
Mössbauer spectra of Sr2FeMoO6 and related phases. How
ever, small amounts of a possible APB component can
seen in some published data, but it has been left unfitted;
e.g., the 77-K spectra of Ba2FeMoO6 in Ref. 22. In principle
the APB’s could also be based on Mo atoms, but these wo
not be visible in the Mo¨ssbauer data. Chemically a Mo-bas
APB would be rather instable, due to the high Mo valenc

IV. CONCLUSIONS

We obtained evidence for Fe atoms located on antiph
boundaries based on Mo¨ssbauer spectra for a high-puri
Sr2FeMoO6 sample. Using the Mo¨ssbauer data obtained un
der an applied field we showed that the spins of the A
atoms orient perpendicularly to the bulk magnetization, c
firming the antiferromagnetic coupling between the Fe ato
within the antiphase boundary. The internal field of the AP
Fe atoms was unusually small, only;2.8 T at 77 K.

Note added in proof.In a very recent Mo¨ssbauer measure
ment of a sol-gel synthesized Sr2FeMoO6 sample we ob-
served a rather intense low-field component similar to co

*Corresponding author. Electronic addres
karppinen@msl.titech.ac.jp
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20R.W. Grant, inMössbauer Spectroscopy, edited by U. Gonser
~Springer, Berlin, 1975!, p. 106.

21L. Berger, Y. Labaye, and J.M.D. Coey, J. Magn. Magn. Mat
242–245, 1221~2002!.

22J. Gopalakrishnan, A. Chattopadhyay, S.B. Ogale, T. Venkate
R.L. Greene, A.J. Millis, K. Ramesha, B. Hannoyer, and
Marest, Phys. Rev. B62, 9538~2000!.
5-5


