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High-temperature properties of the Sr2FeMoO6 double perovskite: Electrical resistivity, magnetic
susceptibility, and ESR
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In this work we present electrical resistivity, magnetic susceptibility, and electron spin resonance data at
high temperature of the Sr2FeMoO6 double perovskite. We found between 300 K and 900 K two metal-
insulator transition temperatures atTc'405 K and'590 K respectively. Below the first transition, the material
is metallic and magnetically ordered. Above 590 K,r shows a metallic behavior again, while in the range
405 K<T<590 K we observed a weak localization. The magnetic susceptibility can be described taking into
account localized and itinerant electrons. The paramagnetic resonance of Fe31 ions with g52.009(5) can be
studied in temperature. AboveTc the linewidth data present similar behavior to that of manganese perovskites,
with a relaxation mechanism related to spin-spin interactions. The intensity of the resonance line decreases
with T faster than a Curie law expected, due to a reduction in the number of localized spins of the Fe31 ions.
At high temperatures (T>520 K! we observe a second paramagnetic resonance line withg51.995(1) asso-
ciated with a small amount of Mo51 ions.
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I. INTRODUCTION

Manganese oxides in the perovskite structure have
cently attracted a great interest of solid state scientists
cause of their particular structural, magnetic, and electro
properties. The recent discovery of huge negative mag
toresistance near the Curie temperature, called colossal m
netoresistance~CMR!,1,2 in lanthanum manganite doped wit
cations such asM21 (M5Ca,Sr,Ba) has created renew
interest in these compounds and has shown promise reg
ing potential applications.

More recently, in this context, polycrystalline samples
an ordered double perovskite Sr2FeMoO6 have been reported
as a promising material for practical devices due to the p
ence of magnetoresistance at room temperature.3 After that,
epitaxial films of this compound in a narrow window of tem
perature and oxygen pressure have been made.4 A band
calculation3 predicts half metallic band structure where t
conduction electrons are highly spin polarized even at ro
temperature (T<TC). In these cases, the magnetoresista
has been associated with electron tunneling5 through an in-
sulating barrier formed at the grain boundaries. Similar
havior has been reported in the parent compounds with6

From pioneer studies7,8 in the A2FeMoO6 (A5Ca,
Sr,Ba) series, it is known that the Sr2FeMoO6 compound has
the maximum Curie temperature. Early magnetic,9 Möss-
bauer, and neutron diffraction10 experiments were mad
showing that Sr2FeMoO6 is ferrimagnetic with Fe31 and
Mo51 electronic configuration. Alternatively to this trad
tional picture of magnetic order, a recent work11 proposes the
Fe21 and Mo61 configuration for this compound and oth
mechanisms to explain the magnetoresistance at room
perature.

In this work we present a systematic study of the m
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netic, electron spin resonance~ESR! and transport propertie
of Sr2FeMoO6 at high temperature.

II. EXPERIMENT

A powdered sample of Sr2FeMoO6 was prepared by the
solid-state reaction technique. Raw materials were Fe2O3,
CO3Sr, and metallic MoO3 ~99.99%!. The raw materials
were mixed and heated at 950°C in a 10% H2 /Ar atmo-
sphere. A final heat treatment at 1150°C under high vacu
~a pressure of approximately 1026 Torr! was performed for
12 h.

Powder x-ray diffraction~XRD! data were recorded on
Phillips PW 1700 diffractometer using CuKa radiation and
a graphite monochromator. X-ray data at room tempera
were refined by the Rietveld method with theFULLPROF

program.12 Our refinement of the x-ray diffraction was mad
on the basis of the tetragonalI4/m space group. The obtaine
lattice parameters werea5b55.5770(2) Å and c
57.9053(3) Å. No secondary phases were detected ne
by x-ray nor by scanning electron microscope~SEM! obser-
vations.

High-temperature electrical resistivity (r) measurements
were carried out by a standard four-probe ac technique w
a lock-in amplifier on a dense sample under a vacuum
approximately 1026 Torr, similar to that used to prepare th
sample.

The magnetization~M! data were measured in a comme
cial Quantum Design superconducting quantum interfere
device ~SQUID! magnetometer in the 5 K<T<300 K tem-
perature range. From room temperature to 600 K a home-
made Faraday balance was used. Approximately 10 mg
sample were placed in a sealed quartz tube of 3 mm in
ameter filled with 10% H2 /Ar gas.

In both magnetometers, theM vs T curves were obtained
3340 ©2000 The American Physical Society
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applying a magnetic field~H! of 5 kG and the magnetic
susceptibility (x) was computed as the ratioM /H. Hyster-
esis loops were taken between250 kG and 50 kG in the
temperature range 5–300 K. For this perovskite, the diam
netic contribution of the atomic cores was estimated to
212031026 emu/mol and it was subtracted from the expe
mental data.

The ESR experiments were performed at 9.5 GHz usin
Bruker ESP-300 spectrometer from 300 K to 600 K.

III. RESULTS

A. Electrical resistivity

The bulk electrical resistivity (r;rb'0.01 V cm! data
were obtained after heating the sample under a vacuum
1026 Torr from room temperature to 900 K. During th
heating process the resistivity showed a strong semicond
ing behavior, with an initial resistivity at room temperatu
of '100 mV cm and reaching'13 mV cm at 900 K. At this
temperature an evolution ofr with time was observed, which
stopped after'4 h with a resistivity value of'12 mV cm.
We assume that this change is associated with a chang
the oxygen content at the grain boundaries. When this e
lution stopped we decreased the temperature at a rat
2 K/min from 900 K to room temperature. The resultin
electrical resistivity under cooling of the Sr2FeMoO6 can be
seen in Fig. 1. For a best description of this behavior
separate three regions:~A! from 300 K to 405~10! K where
the electrical resistivity has metallic behavior.~B! Above this
temperature a change in the sign of the slope can be
served, showing a localization of the electrical carriers up
approximately 590 K and~C! from this temperature to 900 K
where the material becomes metallic again. In summary
creasingT we observe the sequence metal, semiconduc
and metal, where we can define approximately two me
insulator transitions atTMI ,1 andTMI ,2 at 405 K and 590 K,
respectively.

In Fig. 2 we show an experiment at room temperature.
measured the evolution ofr with time having initially the
sample under vacuum, wherer'rb . When we broke the
vacuum to atmospheric pressure,r increases notably with

FIG. 1. Bulk electrical resistivity as a function of temperature
Sr2FeMoO6. The arrows indicate the two metal-insulator transitio
of the compound that define the sequence metal~A!, semiconduct-
ing ~B!, and metal~C! regions. The data were obtained at a press
of 1026 Torr.
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time. We explain this behavior as due to the incorporation
oxygen at the grain boundary, increasing thergb, and affect-
ing the total electrical resistivityr5rgb1rb The samples
measured in air showed semiconducting behavior in
whole temperature range studied and a 4.7% of magnet
sistance at 14 kG at room temperature. This value is sim
to the highest ones reported in the literature.3 It is worth
mentioning that the resistivity behavior shown in Figs. 1 a
2 is reversible and reproducible. Due to the high sensitiv
of this compound to oxidation, we performed the rest of t
experiments under high vacuum or 10% H2 /Ar atmospheres.

B. Magnetic susceptibility

The magnetic characterization of our samples was car
out through several experiments. From the hysteresis loo
5 K, we take atH550 kG the magnetization value as th
saturated magnetizationMs535.4 emu/g~or 2.7mB /f.u.).
This value is similar to that reported by Kobayashiet al.3

@see inset of Fig. 3~a!#. Ms in an ordered ferrimagnetic con
figuration of Fe31 and Mo51 would be 4mB /f.u. The low
observedMs values for this material have been recently e
plained by a Monte Carlo simulation13 taking into account
two mechanisms to reduce the magnetization. One is a
tial disorder in the BB8 site in the double perovskite
A2BB8O6. This effect reduces theMs due to the presence o
antiferromagnetic Fe-O-Fe and paramagnetic Mo-O-Mo
change interactions. The second mechanism is assoc
with the presence of oxygen vacancies that switch off
superexchange interaction between magnetic Fe and Mo
ions. Both mechanisms reduceMs with respect to an idea
material, no oxygen vacancies, and ordered cations.

Magnetization data as a function of temperature@Fig.
3~a!# taken at 5 kG were used to determine the Curie te
perature as the minimum value in thedM/dT vs T curve
@Fig. 3~b!# given TC.405(4) K. In Fig. 3~c! we plot H/M
taken as the inverse of the magnetic susceptibility, and
observable that it does not follow a Curie-Weiss law at a
However, as a rough approximation, a Curie-Weiss temp
ture Q5416(13) K was estimated by extrapolation wh
H/M50 from the linear behavior in a short temperature
terval nearTC @solid line in Fig. 3~c!#, and it is very close to
the Curie temperature. From the slope we obtained an ef
tive magnetic momentme f f56.7(3)mB . This value is

f

e

FIG. 2. Time evolution of the electrical resistivity at room tem
perature. The step inr occurs when the vacuum is broken.
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greater than them5AmFe
2 1mMo

2 56.1mB expected for one
Fe31 (S55/2,5.9mB) and one Mo51 (S51/2,1.7mB) per unit
formula. This difference, together with the fact that at high
temperatures the susceptibility tends to be constant, indic
the presence of itinerant electrons adding a constant valu
the susceptibility.

C. Electron spin resonance spectroscopy

The ESR line shape for sintered pellets was Dyson
Lorentzian line shapes were obtained when the cera
samples were reduced to fine powder and mixed with qu
powder. The ESR spectra forT<TC are shown in Fig. 4~a!.
The shift of the center of the magnetic field and the narro
ing of the line with increasingT are clearly observable.

On the other hand, the spectra forT.TC @Fig. 4~b!#
present a constant value of the resonance magnetic field
corresponds tog52.009(5), indicating the presence of para
magnetic Fe31 ions.14 It is also easy to observe that the lin
width increases and the intensity quickly decreases with t
perature. In Fig. 4~b!, three representative spectra in theTC
to 520 K temperature range are plotted.

At high temperatures, between 520 K and 600 K, the
tensity of the paramagnetic line decreases notably, an
becomes difficult to obtain the parameters that characte
the resonance line. However, in this region a second re
nance can be clearly observed as shown in Fig. 5. It is c
tered atg51.951(1), which is close to the paramagnet
Mo51 ions.15 This line is narrow with aDHpp value of
;64 G. No changes withT in DHpp were observed; never
theless, the peak-to-peak height of the line (hpp) has a linear
behavior as a function of 1/T, thus obeying a Curie law.

FIG. 3. Temperature dependence of~a! M (H55 kG!. The inset
shows the saturated magnetization at lowT. ~b! dM/dT determin-
ing the Curie temperature (TC). ~c! Inverse of susceptibility. The
straight line shows a fit with a Curie-Weiss law and the determi
tion of the Curie-Weiss temperature (Q5416 K!.
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The temperature dependence of the resonance center
(H0) is shown in Fig. 6, where we also indicate the magne
field resonance expected for paramagnetic Fe31 and Mo51

ions. BelowTC , the fieldH0 diminishes with decreasingT
due to the internal magnetic field coming from the magne
order of the material. At highT (>520 K!, we only plot the
H0 values of the narrow line.

The experimental peak-to-peak linewidth (DHpp) for the
crystalline powder of Sr2FeMoO6 as a function of tempera
ture is presented in Fig. 7. TheDHpp shows a minimum of
'270 G atTmin;1.05TC , which is similar to manganites.16

Below this temperatureDHpp(T) increases with decreasin

-

FIG. 4. ESR spectra of Sr2FeMoO6 taken at 9.52 GHz.~a! In the
region T,TC . ~b! In the paramagnetic regionTC,T,500 K,
whereg52.009 corresponds to Fe31 ions.

FIG. 5. ESR spectra of Sr2FeMoO6 taken at 9.52 GHz in the
region T.500 K. These resonance lines correspond to param
netic Mo51 ions.
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T, reaching values of 1000 G at room temperatu
(;0.70Tmin). AboveTmin , DHpp increases withT reaching
1400 G at 520 K.

In Fig. 8 curve B represents the Curie-Weiss law for t
Fe31 ions, xFe(T)5CFe31 /(T2416 K!. The line intensity
I (T) can be computed as a numerical double integration
the resonance line~area under the absorption curve!. Correc-
tions by a skin depth effect (d5A2r/m0v) that could
change the number of resonant ions and by a short mag
field sweep that could cut the tail of the Lorentzian lin
have been taken into account. Both corrections are ne
gible. The value of the intensity is proportional to the ma
netic susceptibility of the resonant ions. Therefore, at 450
where we observe the Fe31 resonance and the line shape
Lorentzian@see Figs. 4~b! and 6#, we multiply theI (T) data
by a constant~f! in order to obtainxFe(450 K!. We name
ESR susceptibility (xESR) to the result off 3I (T) for the
range ofT studied and it is plotted as solid circles in Fig.
Note the difference betweenxESR and xFe at high T. This
could indicate that the number of resonant Fe31 ions dimin-
ishes withT.

FIG. 6. ESR center field (H0) of the observed resonance lines
Sr2FeMoO6, as a function of temperature. The lines indicate
expectedH0 values for paramagnetic Fe31 and Mo51 ions.

FIG. 7. Experimental peak-to-peak ESR linewidth~solid circles!
as a function of temperature. AtT,TC , the open circles indicate
the excess of the linewidth~see text! and the solid line is the fitting
of the data with Eq.~6!. At T.TC , the open triangles are theDHpp

calculated from thexESR data with Eq.~7! in the paramagnetic
region, takingDHpp

` 57500 G ~see text!. The solid line (T.TC)
corresponds toDHpp(T)5@12Q/T#DHpp

` .
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At T5520 K where the two resonances are o
served, we calculatedI (T) for each of them asI (T)
5hpp(T)@DHpp(T)#2. From these intensities we can es
mate the ratio of Fe to Mo ions as the numberNFe /NMo

'I FemMo
2 /I MomFe

2 '30. It indicates that only a few Mo ions
contribute to the intensity of the resonance line. This ratio
not constant, diminishing withT due to the different tem-
perature dependence of both intensities. The Mo51 reso-
nance line follows a Curie law, while the resonance of Fe31

ions does not show this behavior, as we will see below.

IV. DISCUSSION

We observe an appreciable change in the resistivity of
compound by modification of the oxygen content at the gr
boundaries. This instability of the grain boundaries hamp
the study of the bulk resistivity. Therefore, in order to stu
the bulk properties, the experiments were performed un
high vacuum or 10% H2 /Ar atmosphere~see Fig. 2!. On the
other hand, in the samples where the grain boundary effe
present, we measure atH514 kG and at room temperature
magnetoresistance of 4.7%. In this material the magnet
sistance is mainly due to a grain boundary effect17 because of
the spin polarization of the charge carriers, which is resp
sible for the half-metallic character of this compound.3 From
the bulk resistivity measurements two metal-insulator tran
tions atTMI ,15405 K andTMI ,25590 K were found.

Early high-temperature susceptibility measuremen9

showed in ax21 vs T plot a concave downwards curve. Th
behavior and the small value of the saturated magnetiza
extrapolated to 0 K were associated with ferrimagnetism
However, we postulate that the concave downwardsx21(T)
is due to the metallic character of this compound. The Cu
Weiss ~CW! law obtained from the linear portion of th
x21(T) vs T curve ~see Fig. 3! only applies in a smallT
range, showing a deviation at highT with respect to the
experimental data. Furthermore, the Curie constant obta
is too high as compared to the maximum expected valuC
5CFe311CMo51 considering all the spins as localized.
the ESR measurements, the Mo51 ions were practically not
observed, and a band calculation3 shows that the 4d elec-

FIG. 8. ESR susceptibilityxESR ~solid circles! and xdc data
~open circles! as a function of temperature. The solid line A is th
fit x loc5g(T)CFe31 /(T2Q), with g(T) as shown in the inset. The
dotted line B is the Curie-Weiss law for the Fe31 ions and curve C
is x loc1x i t in ~see text!.
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trons of these ions should be partially filling the conducti
band. These observations could indicate that these elec
are itinerants. However, the electrical resistivity shows
semiconducting region or localization of the carriers~see
Fig. 1!. This behavior could be related to a weak Anders
localization18–20 with an associated gap of;3 meV. This
localization should be induced by the same disorder that
duces the saturated magnetization, i.e., some disorder in
Fe and Mo sites, or the presence of oxygen vacancies as
mentioned above. When theTMI2 is reached, the Fermi leve
equals the energy of the mobility edge and the compo
becomes metallic again. In a completely ordered perovs
without grain boundary effects it should be metallic in t
whole temperature range.

According to this picture, the paramagnetic susceptibi
should be

x5x loc1x i t in , ~1!

where the first term represents the contribution to the sus
tibility of the localized moments and they could presen
CW dependence@x5C/(T2Q)#. The second term of Eq
~1! is the metallic contribution and we expect a const
value due to a Pauli (xPauli) and Landau (xLandau) suscep-
tibilities:

x i t in5xPauli1xLandau. ~2!

In this frame, the maximumx loc is found when the elec
trons of the Fe31 ions are fully localized; thusC5CFe31

~see curve B in Fig. 8!. However, the experimental values
xESR5x loc ~solid circles in Fig. 8! decay faster than the CW
law. Thus, we think that a temperature-dependent fractiog
of the Fe31 ions have localized spins, in which caseC
5g(T)CFe31; theng(T)5xESR(T2Q)/CFe31 as shown in
the inset of Fig. 8. Note that nearTC the g values are close
to 1 and decay rapidly withT reaching 0.4 at 520 K. Now
we can suppose that at a givenT, the system presents
fraction g of Fe31 ions with localized spins in equilibrium
with a fraction 12g of delocalized ions
(@Fe31# loc
@Fe31# i t in). This ‘‘reaction’’ can be described
by an equilibrium constant21 which follows an Arrhenius law

K5
@Fe31# i t in

@Fe31# loc

5
12g

g
5A expS 2

D

RTD . ~3!

In this way we obtain

g5
1

11A exp~2D/RT!
. ~4!

The solid line in the inset of Fig. 8 shows the fit ofg data
with Eq. ~4! using A51.63108, D580 kJ/mol ~0.83 eV!,
and the constantR58.314 J/~mol K!. Curve A in Fig. 8 rep-
resents the adjustmentx loc5g(T)CFe31 /(T2Q). In order
to explain the experimental magnetic dc susceptibility,
must addx i t in to x loc as shown in Eq.~1!. However, we have
to take into account two contributions tox i t in , one coming
from the Mo51 ions ~independent of temperature! and the
second from delocalized spins of Fe31, which varies as 1
2g(T):
ns
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x i t in5x i t in@Mo51#1@12g~T!#x i t in@Fe31#. ~5!

With x i t in@Mo51#'0.037 emu/mol,x i t in@Fe31#'0.026
emu/mol, andx loc obtained before we reproduce the tot
susceptibility data forT>1.1TC ~curve C in Fig. 8!.

The ESR data belowTC show that the temperature beha
ior of the spectrum has the characteristic of a ferromagn
or ferrimagnetic resonance: the resonance magnetic field
creases with temperature and a narrowing of the linewidt
observed.

In Fig. 7 we plot with open circles the excess of linewid
@DHexc5DHpp(T)2DHpp(Tmin)# for T,Tmin . This excess
can be related to the phenomenological equation16

DHexc~T,Tmin!54pMs~T!F, ~6!

whereMs is the saturated magnetization andF is a scaling
factor. Following the theory developed by Sparks,22 F
5(v/V)b, wherev is the total pore volume,V is the sample
volume, andb is a factor that relates some geometrical p
rameters. This theory considers the demagnetizing field
spherical pore at the center of a spherical sample as a so
of the inhomogeneous broadening. The solid line in Fig. 7
the excess linewidth obtained with Eq.~6! using our magne-
tization data at 5 kG.

At T>TC the linewidth increases with temperature. R
cently, theDHpp behavior in the insulating paramagnet
phase~aboveTmin) of perovskites of Mn has been exten
sively discussed in a series of papers.23–25 The temperature
dependence of the linewidths has been described conside
only spin-spin interactions26 by the simple formula

DHpp~T.Tmin!5F x0~T!

xESR~T!GDHpp
` , ~7!

where x0(T) denotes the Curie susceptibility of the fre
spins that contribute to the resonance,xESR(T) is the mea-
sured susceptibility, and the second factorDHpp

` should be a
temperature-independent constant. It is usually descri
considering exchange narrowing models and contributi
due to anisotropic interactions. The classical dipolar inter
tion is commonly the source of linewidth broadening but
quasicubic perovskites its contribution toDHpp

` could be
only of a few gauss.27

By using Eq.~7! with x05gCFe31 /T, the experimental
xESR(T) andDHpp

` '7500(500) G~open triangles in Fig. 7!
we can describe the linewidth in the temperature regionT
.Tmin . Also we plot with a solid line the lawDHpp(T)
5@12Q/T#DHpp

` with the same values of the paramete
The agreement is due to the cancellation of thegCFe31 fac-
tor in bothx0(T) andxESR(T).

V. CONCLUSIONS

In this work we have presented electrical resistivity (r),
magnetic susceptibility (x), and electron spin resonance da
at high temperature for the Sr2FeMoO6 double perovskite. In
conclusion, we found in the studied temperature region
following.

~i! Sr2FeMoO6 is very sensitive to oxidation and the re
sistivity is strongly dominated by the carrier scattering at
grain boundaries.
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~ii ! When the oxygen atoms placed at the grain bou
aries are removed, we observed two metal-insulator tra
tions, being clearly metallic belowTC5TMI ,15405 K and
aboveTMI ,2;590 K. For intermediate temperatures, the s
tem presents a possible Anderson localization of the carr
with semiconducting behavior.

~iii ! In the paramagnetic region, the ESR data show
presence of Fe31 ions.

~iv! The intensity of the Fe31 ESR lines decreases fast
than a Curie-Weiss law with increasingT, showing that the
number of Fe31 localized spins diminishes.

~v! The behavior of the Fe31 ESR linewidth is well de-
scribed by inhomogeneous broadening belowTC and by only
spin-spin interactions aboveTC .

~vi! Very small amounts of localized Mo51 ions have
been detected atT.500 K.

~vii ! x(T) in the paramagnetic phase shows the coex
ence of Fe31 localized moments with itinerant electron
coming from Mo51 ions and from an increasing fraction o
Fe31 ions with temperature.
K.
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In summary, the high-temperature ESR and magnetiza
data can be explained by a simple model considering all
Mo51 ions with delocalized spins and for the Fe31 ions a
fraction g with localized spins and the rest contributing
the itinerant susceptibility. This fraction is temperature d
pendent and it is related to an equilibrium constant that
lows an Arrhenius law.
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