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Intergrain tunneling magnetoresistance in polycrystals of the ordered double
perovskite Sr2FeReO6
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Intergrain tunneling magnetoresistance~TMR! subsisting up to room temperature has been observed for
polycrystalline ceramics of Sr2FeReO6, which has ordered double perovskite structure with Curie temperature
above 400 K. The first-principles band calculation predicts that Sr2FeReO6 shows the half metallic ground state
with the ferrimagnetic coupling of Fe and Re spins. The experimental results of electronic and magnetic
properties are in accord with this picture. In fact, the magnitude of intergrain TMR with the magnetic field of
7 T at 4.2 and 300 K is as large as 21 and 7%, respectively, reflecting high spin polarization of carriers.
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Tunneling-type magnetoresistance~TMR! in perovskite-
type transition-metal oxide has recently been investiga
extensively.1–5 Because of high spin polarization inherent
the oxide compounds, carrier motion across the tunne
junction depends sensitively on the relative angle betw
the magnetic moments on both sides of the ferromagn
domains which is controlled by a low external field. This h
been clearly demonstrated for the trilayer junction compo
of the ferromagnetic-metallic layers~mostly manganites! in-
tervened by a nonmagnetic-insulating tunneling bar
layer.1,2 Furthermore, in polycrystalline manganite sampl
field control of the spin dependent scattering of carriers at
grain boundary has also been demonstrated to cause a
tergrain TMR-like behavior.3 Unfortunately, however, in al
the manganite systems investigated so far, working temp
ture was unexpectedly low as compared with their Cu
temperatures and hence lower than room temperature.

More recently, Sr2FeMoO6 with ordered double perov
skite structure has been proposed as another prototype o
metals other than the perovskite manganites. In fact it
been demonstrated that polycrystalline samples
Sr2FeMoO6 with the Curie temperature (TC) of 415 K show
a sharp low-field TMR not only at low temperatures but ev
at room temperature.6 In this system, the temperature vari
tion of the observed MR magnitude is approximately in a
cord with that of square of the spin-polarization of the ca
ers, i.e., (M /Ms)

2, Ms being the saturation magnetizatio
up to room temperature. This means that the spin-depen
scattering at the grain boundary or magnetic domain bou
ary is a dominant factor for the observed resistance and m
netoresistance. In this paper, we report the finding of an
dered double perovskite, Sr2FeReO6, which shows similar
TMR characteristics to Sr2FeMoO6 despite the difference in
the number of 4d/5d conduction electrons.

In the ordered double perovskitesA2B8B9O6 ~A being
alkaline-earth or rare-earth ion!, transition metalsB8 andB9
occupy the transition metal sites~perovskiteB sites! alterna-
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tively as depicted in the inset of Fig. 1. According
literature7 there are many combinations inA2B8B9O6 which
show the ferromagnetic or ferrimagnetic states. The moti
tion of the present study is to explore other prospective h
metallic compounds as a TMR material in a broad family
the ordered double perovskite.7 In the light of high TC ,
Sr2FeReO6,

8,9,10,11whoseTC was reported to be 401 K, wa
chosen in this study and the TMR effect in polycrystalli
samples has been explored as a hallmark of high-TC half
metal.

To argue the anticipated half metallic feature, we fi
show the electronic structure of ordered double perovs
Sr2FeReO6, which was calculated by the full potential aug
mented plane-wave~FLAPW! method based on the genera
ized gradient approximation~GGA!.12 The calculation was
carried out by postulating the cubic structure witha
57.89 Å ~Ref. 9! and the position of bridging oxygen at th
center between the Fe and Re sites. The cutoff energy fo
basis function is 12 Ry and the number of samplingk points
in the irreducible Brillouin zone is 32. The density of stat
obtained by this calculation is shown in Fig. 1. At the Fer
level (EF), there exists density of states only in the dow
spin band and no state in the up-spin band. Namely, ther
an energy gap~;1 eV! between the occupied Feeg band and
the unoccupied Ret2g band in the up-spin state. This ha
metallic nature gives rise to 100% spin polarized charge c
riers in the ground state. The occupied up-spin band n
below EF mainly consists of Fe 3d electrons forming the
localized spins on the Fe sites. On the contrary, the do
spin band aroundEF is mainly occupied by hybridized Re
5d t2g and Fe 3d t2g states. The predicted electronic featu
for Sr2FeReO6 quite resembles that for Sr2FeMoO6, imply-
ing the presence of half metallic ground state as a gen
feature for a broad class of the ordered double perovsk
As compared with the case of Sr2FeMoO6 ~Fig. 1 of Ref. 6!,
where partial density of states~DOS! of Mo(t2g) in the
down-spin band is comparable with that of Fe(t2g) at the
11 159 ©1999 The American Physical Society
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FIG. 1. ~Color! The density of states of Sr2FeReO6. The inset shows the schematic structure of ordered double perovskite,A2B8B9O6,
where the different transition metal atoms,B8 and B9, occupy the perovskiteB site alternatively along the@111# direction, respectively
forming B8O6 andB9O6 octahedra. The electronic structure was calculated by the full potential augmented plane-wave~FLAPW! method
based on the generalized gradient approximation~GGA! ~Ref. 8! ~see text!.
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Fermi level, the partial DOS of Re(t2g) in Sr2FeReO6 is 3–4
times larger than that of Fe(t2g) at the Fermi level. This may
reflect the change in nominal number of 4d/5d conduction
electrons~Re5155d2 vs Mo5154d1!.

Sr2FeReO6 was prepared by the solid-state reaction. T
mixture of raw materials, SrO, Fe2O3, Re2O7, and metallic
Re powder were weighed to a prescribed molar ratio
pelletized in a glove box in pure Ar atmosphere, and ca
nation was carried out at 900 °C for 3 h in evacuated silica
capsules. Pellets were finely pulverized and pelletized ag
and sintered at 1200 °C for 2 h inevacuated capsules~sample
1!. Sintered pellets were then annealed at 1150 °C for 2 h in
a stream of pure Ar gas~sample 2!. X-ray diffraction powder
pattern shows that sample 1 includes only a small amoun
unidentified hetero-phase~s! which almost vanishes after an
nealing. Rietveld analysis indicated that the degree of ord
ing of Fe and Re on theB site was attained as large as arou
95%. Chemical composition of Sr, Fe, and Re of the
e

d
i-

in

of

r-

e

samples, before and after annealing in Ar flow, was c
firmed to be stoichiometric (Sr:Fe:Re52:1:1) by ICP~in-
duction coupled plasma! analysis within the error of 1%
This denies the probability of precipitation of a high Fe/R
ratio phase by volatilization of Re. Resistivity and magne
properties were measured with dc four-probe method an
superconducting quantum interference device magnetom
respectively.

Resistivity of samples 1 and 2 show different temperat
dependence as displayed in Figs. 2~a! and 2~c!. At zero mag-
netic field, resistivity of sample 1~without annealing! exhib-
its nearly T-linear decrease with decreasing temperat
down to 60 K and has a nearly saturated value aroun
31023 V cm at temperatures below 20 K. The observed m
tallic feature in the ferromagnetic state@see also Fig. 2~b!# is
in accord with the half metallic nature predicted in Fig.
Application of magnetic field slightly decreases the resist
ity only in a lower temperature region but does not sign
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cantly in a higher temperature region. Thus ther-T curve
directly reflects the metallic character of the Sr2FeReO6
grains, and the grain boundaries of Sr2FeReO6 without an-
nealing do not effectively scatter the carriers in a spin dep
dent manner. The existence of a small amount of he
phase~s! present in sample 1, that is only discernible diffe
ence from sample 2, seems to play no essential role.

On the contrary, resistivity of sample 2~after annealing!
is apparently larger than the sample 1 by three orders
magnitude, but only moderately increases with decreas
temperature in the order of 100 V cm. In the case of sampl
2, application of magnetic field distinctly decreases the re
tivity over the whole temperature region below 300 K. T
magnitude of MR in this sample decreases with increas
temperature not steeply but only gradually just like the c
of Sr2FeMoO6.

6 Note, however, that the temperature depe

FIG. 2. ~a! and~c! The temperature dependence of resistivity
polycrystalline samples of Sr2FeReO6 at zero field and under a
magnetic field of 0.5, 1, 3, 5, and 7 T; sample 1~before annealing!
and 2~after annealing, see text!, respectively.~b! and~d! The tem-
perature dependence of magnetization measured at 1 T for samples
1 and 2, respectively.
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dence of magnetization at 1 T is almost the same for both
Sr2FeReO6 samples as shown in Figs. 2~b! and ~d!. More-
over, the magnetization curve (M -H) is also almost identica
for the both samples at 4.2 or 300 K. The observed satura
magnetization of 2.7mB /f.u. at 4.2 K is comparable with the
ideal value of 3mB /f.u. in the case of a perfect 1:1 orderin
of Fe and Re on theB sites. These indicate that the anneali
procedure affects only the nature of the grain boundary
polycrystalline Sr2FeReO6 and causes negligible effect o
the grain bulk. Thus the grain bulk of the ceramics should
metallic but the nature of conduction pass, i.e., through gr
boundary, is very sensitive to the annealing in inert gas. T
resistance of the annealed sample is dominated by the ca
scattering at the grain boundaries which has been wid
observed for polycrystalline ceramics samples. Incidenta
the slight MR observed in sample 1~before annealing! at 4.2
K may also be ascribed to the same mechanism whic
effective only at a relatively small portion of grain boun
aries.

In the case of Sr2FeMoO6, r value has been reported i
the order of 1022 V cm, and ranges from 0.005–0.5V cm
depending on the sintering or annealing conditions.6 In the
case of Sr2FeReO6, however, intermediate state has not be
observed between those exhibited in Figs. 2~a! and~c!. This
suggests that the character of the grain boundaries as a
dependent scatterer appears quite different in Sr2FeReO6 and
Sr2FeMoO6, although their detailed nature and origin are n
known at all.

We show the isothermal MR for sample 2~after anneal-
ing! at 4.2 and 300 K in Fig. 3. We define the magnitude
MR as

MR~T,H !5@r~T,Hpeak!2r~T,H !#/r~T,H !. ~1!

Here, Hpeak is the magnetic field wherer takes a maximal
value. Then,MR(4.2 K, 7 T) and MR(300 K, 7 T) are as
large as 21 and 7%, respectively. It should be noticed th
sharp low-field MR is observed in good coincidence with t
steep magnetization process shown in the lower panel
each figure in Fig. 3. In the isothermal MR curve at 4.2
Hpeakcoincides with the coercive field. Such a close corre
tion between the MR and the magnetic-domain rotation

f

FIG. 3. Isothermal magnetoresistancer(H) ~upper panels! and magnetizationM curves ~lower panels! for polycrystalline ceramics
~sample 2, see text and the caption of Fig. 2! of Sr2FeReO6 at 4.2 K ~a! and 300 K~b!.
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well as the gradually decreasing magnitude of MR with te
perature ensures that the observed MR is due to the
suppression of the spin dependent scattering, namely
enhancement of carrier tunneling, at the grain or dom
boundaries.

In conclusion, we have shown that the ordered dou
perovskite Sr2FeReO6 is a half metal by the first-principle
electronic structure calculation. In accord with the ban
theory prediction, the compound~properly processed! shows
the ferromagnetic metallic ground state with the saturat
magnetization of 2.7mB /f.u. @comparable with the idea
value of 3mB /f.u. arising from the antiferromagnetic cou
pling between Fe31 (S5 5

2 ) and Re51 (S5 2
2 )#. Annealing in

Ar atmosphere changes only the character of the g
m
o,

r,
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boundary of Sr2FeReO6 but not that of grain bulk. As a re
sult, in succession to Sr2FeMoO6, the annealed sample o
Sr2FeReO6 was demonstrated to show the spin depend
tunneling-type giant magnetoresistance which subsists u
room temperature. The ordered double perovskite co
pounds, including Sr2FeMoO6 and Sr2FeReO6, can thus be a
new class of prospective magnetoelectronic materials po
bly with half metallic characteristics working at room tem
perature.
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