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Abstract

The series of the Sr2FeMo1−xNbxO6 compounds have been synthesized throughout the range of 0≤ x ≤ 1 using conventional solid-state
reaction method. The compounds show a tetragonal structure in the range of 0≤ x ≤ 0.4 while showing an orthorhombic structure in
the range of 0.5 ≤ x ≤ 1. Magnetic and electrical properties of the compounds have been studied in order to investigate the effect of the
substitution of non-magnetic Nb5+ ion for Mo5+ (or Mo6+) ion in the double perovskite compound. The magnetization (M) values are found
to decrease slowly with increasingx in all compounds with 0≤ x ≤ 0.75 due to less correlation among the magnetic ions induced by the
non-magnetic Nb5+ ions. The measurements of magnetic susceptibilities at zero-field-cooled and field-cooled conditions show that a transition
from a ferromagnetic (FM) to a ferro-cluster glass state gradually transforms from a paramagnetic (PM) to a spin-glass state with increasing
Nb5+ content. With increasingx, the conductivity decreases. Meanwhile, the compounds lose the ferromagnetic component. The compounds
have good conductivity from 10−3 to 10� cm withx in the range of 0≤ x ≤ 0.3, though they show insulator behavior. While those withx in
the range of 0.6 ≤ x ≤ 0.75 show poor transport property. All samples withx ≥ 0.25 show large negative magnetoresistances (MRs), similar
to that observed in Sr2FeMoO6.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, large negative magnetoresistance (MR) was
reported in the Sr2FeMoO6 double perovskite[1]. Ordered
Sr2FeMoO6 has alternating occupancies of Fe and Mo ions
at B sites of perovskite ABO3 structure, where A and B
represent two different cations. Sr2FeMoO6 is known as
a ferrimagnet metal with a very high ferromagnetic (FM)
transition temperature[1,2]. Each B-site sublattice of Fe3+
(3d5) and Mo5+ (4d1) arranges ferromagnetically, while the
two sublattices are coupled anti-ferromagnetically. The 3d5

electrons of Fe3+ ions are localized showing local spin mo-
mentS = 5/2, while the 4d1 electrons of Mo5+ occupy the
conduction band showing spin momentS = 1/2 on oppo-
site direction. Up to now, there is still uncertainty about the
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mechanism for the magnetic interaction in this compound.
The saturation magnetization value reported in[1] suggests
the configuration of either 3d5(Fe3+) and 4d1(Mo5+) or
3d6(Fe2+) and 4d0(Mo6+). Many groups have done research
work on magnetism for this compound[3–8]. Mössbauer
spectroscopy studies[6] gave more reliable information
of Fe3+ configuration. The configuration of Fe2+Mo6+
should be given with great care since the compound is a
metal. Some neutron diffraction measurements[4] gave
0.5µB for Mo while some[3] reported zero for it. Con-
sidering electronic itineracy of Mo spin down t2g electrons
is compellent to explain the saturation magnetization and
the conductivity of the compound. Besides these, cationic
disorder of the Fe and Mo sites with a few percent might
also play a significant role in the nature of the magnetism
[9,10]. It has been suggested that Sr2FeMoO6 compound
has a half-metal ferromagnetic (HMFM) state, where only
minority spins are present at the Fermi level. Thus, only one
kind of the spin polarized electrons serves the conductivity.
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This compound exhibits a large negative MR at 5 K as well
as at 300 K. It is also reported that a disorder between the
Fe and Mo occupancies destroys the HMFM state and as a
consequence the CMR effect also decreases[11]. Recently
magnetic and electrical properties have been investigated
in Sr2FeMo1−xWxO6 [12–14], Sr2Fe1−xCrxMoO6−y [15],
Sr2−xBaxFeMoO6 [16–18], Sr2FeMoO6+δ [19], etc. [20].
As is well known, Sr2FeNbO6 shows very different struc-
tural and physical properties without showing the ordering
of the cations Fe3+ and Nb5+ over the six-coordinate sites of
the perovskite structure. Sr2FeNbO6 is an anti-ferromagnetic
(AFM) insulator throughout the whole temperature range
with TN of 25 K, where the magnetic moments of Fe3+
ions show anti-ferromagnetic interactions at low tempera-
ture [21]. Sr2FeNbO6 contains Nb5+ (4d0) and Fe3+ (3d5)
species where Nb5+ is a non-magnetic ion. In view of
the 4d0 electronic configuration of Nb5+, the Fe3+ ions
are believed to couple anti-ferromagnetically with each
other via super-exchange interaction. Since Sr2FeMoO6
and Sr2FeNbO6 have different structures and magnetic
properties, it is meaningful to study the structures and
physical properties of Sr2FeMo1−xNbxO6 and the effect
of non-magnetic Nb5+ ion in the compounds. This will be
helpful for further understanding the CMR effect in double
perovskite-like compounds.

2. Experiments

The polycrystalline samples of the series of Sr2FeMo1−x

NbxO6 compounds were prepared by using a traditional
solid-state reaction method. The stoichiometric mixtures of
SrCO3, Fe2O3, MoO3, and Nb2O5 were first calcined at
1000◦C for 4 h in a flow of Ar gas, and then mixed thor-
oughly in an agate mortar and pressed into pellets. The pel-
lets were sintered at 1100◦C for 3 h in a 1% H2/Ar flow,
and finally at a temperature of 1125◦C for 16 h with several
intermediate grindings. The detailed procedure of sample
preparation was described elsewhere[22]. The room tem-
perature X-ray diffraction (XRD) measurements were per-
formed using a Rigaku D/Max-2400 diffractometer with Cu
K� radiation. Magnetic moment and resistivity versus tem-
perature were measured using a Mag Lab System (2000
Oxford UK). Resistivity was measured with the four-probe
technique. Samples were cut into a rectangular shape with
approximate dimensions 8 mm× 3 mm× 1.5 mm. Electri-
cal contacts were established using silver paint. The mor-
phology observation and composition analysis were carried
out with XL30 S-FEG scanning electron microscope (SEM)
equipped with energy dispersive analysis of X-ray (EDAX).

3. Results and discussion

Fig. 1shows the XRD patterns for the Sr2FeMo1−xNbxO6
samples. No impurity is detected in the series of the samples,

Fig. 1. X-ray diffraction patterns of Sr2FeMo1−xNbxO6 samples. No
impurity is detected in all the samples. The samples withx ≤ 0.4 have a
tetragonal structure, while those withx ≥ 0.5 have an orthorhombic one.

indicating well-substituted compounds. In the XRD patterns
for x = 0–0.4 samples, there is a small super-lattice peak
at 2θ ∼ 19◦, which is the characteristic of ordered state
in the double perovskite structure. The XRD patterns for
the samples with x in the range of 0–0.4 can be indexed
to a tetragonal structure with a space groupI4/mmm. The
XRD patterns forx = 0.5–1.0 show no existence of the
super-lattice peak at 2θ ∼ 19◦ and they can be indexed to
an orthorhombic structure with a space groupPnma. The
indexes of the structures are shown in the patterns.

Table 1presents the lattice parameters and unit cell vol-
umes at different compositions. The lattice constants and
the cell volumes increase with increasing Nb content. But
they do not follow the rule in the range between 0.4 and 0.5
due to the structural transition from the tetragonal to the or-
thorhombic structure. This transition is also accompanying
the order–disorder transition in the structure.

Temperature dependence of magnetization (M) for
Sr2FeMo1−xNbxO6 is presented inFig. 2. In the range
of 0.25 ≤ x ≤ 0.5, with increasing temperature the
compounds first undergo a magnetic transition from an
anti-ferromagnetic (AFM) to a ferromagnetic state at lower
temperature and then to a paramagnetic (PM) state at higher

Table 1
Lattice parameters and volumes with different compositions

Nb content,x a (Å) b (Å) c (Å) V (Å3)

0 5.568(3) 7.878(7) 244.2(3)
0.25 5.570(2) 7.875(4) 244.3(2)
0.30 5.591(5) 7.90(2) 247.1(4)
0.40 5.59(2) 7.92(3) 247.6(6)
0.50 5.55(4) 5.62(4) 7.87(2) 245.5(6)
0.60 5.61(3) 5.62(3) 7.88(2) 248.5(4)
0.70 5.60(3) 5.63(3) 7.89(2) 248.5(4)
0.75 5.61(2) 5.62(2) 7.907(8) 249.5(3)
1.00 5.617(4) 5.614(2) 7.952(4) 250.7(2)
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Fig. 2. Magnetization vs. temperature curves for Sr2FeMo1−xNbxO6 at
0.01 T.

temperature. With increasingx, the magnetization value of
the sample reduces gradually and the transition temperature
(TC) from the FM to PM decreases, which shows the expense
of ferromagnetic state. This shows that there is competition
between the FM and AFM interactions with increasing Nb
content. Whenx is up to 0.6, the magnetic phase transition
from FM to PM state disappear and the magnetization de-
creases remarkably. It can be seen fromFig. 2 that theM–T
curve forx = 0.75 is very close to that forx = 0.7 though
it shows lower values. The anti-ferromagnetic transition
temperature (TN) was around 35 K with minor variation,
and in agreement with a reported value of 25 K. TheTC
and/orTN of the Sr2FeMo1−xNbxO6 compounds are pre-
sented inTable 2in order to give a clear comparison. These
properties are different from the Sr2FeMo1−xWxO6 system
[12], where theM–T curves show a cusp or broadened
peak feature around 50 K with a minimal variation of peak
temperature. However, some characters are similar to the
case of Pr0.5Sr0.5Mn1−xMxO3 (M = Ga, In, Al or M = Ti,
Sn) [23], where theTC also decreases with increasing x
in the range of 0–0.06 for M= Ga, In and 0–0.08 for M
= Ti, Sn. TheTN increases and merges with TC finally with
increasingx in the case of M= trivalent cations, while the
anti-ferromagnetic state tends to be destroyed with increas-

Table 2
TC and/orTN of the Sr2FeMo1−xNbxO6 compounds with different com-
positions

Nb content,x TN (K) TC (K)

0 415
0.25 34 406
0.30 33 403
0.40 38 395
0.50 40 380
0.60 36
0.70 38
0.75 36

ing x in the case of M= tetravalent cations. But in our
experiments, the TN of Sr2FeMo1−xNbxO6 almost keeps
the same value with increasing Nb content.

The possible scenarios to explain these observed re-
sults are to reduce ferromagnetic coupling and increase
the anti-ferromagnetic coupling between Fe3+ by the sub-
stitution of non-magnetic Nb5+ for Mo5+(or Mo6+) ion.
Thus, the Sr2FeMo1−xNbxO6 behaves in a ferromagnetic
state macroscopically in the compounds with less content
of non-magnetic Nb5+ ions and in an anti-ferromagnetic
state in those with more contents of Nb5+. The magneti-
zation value decreases by increasing the substitution of Nb
for Mo. It needs to be noted that the vanishment of the
ferromagnetic state in the range of 0.5 ≤ x ≤ 0.6 is prob-
ably accompanied with the structural transition from the
tetragonal to the orthorhombic structure, which is shown
in Fig. 1 as well as inTable 1. Here, it should be pointed
out that the composition range corresponding to the vanish-
ment of the ferromagnetic state is a little higher than those
corresponding to the structural transition.

Since the vanishment of the ferromagnetic state occurs
in the range of 0.5 ≤ x ≤ 0.6, we take the compounds
with x = 0.4, 0.5, 0.6, 0.7 as the candidates for the fol-
lowing measurements.Fig. 3 shows the temperature depen-
dence of the magnetization for Sr2FeMo1−xNbxO6 (x =
0.4, 0.5, 0.6, 0.7) measured after cooling in the zero mag-
netic field (ZFC) and after cooling in a magnetic field (FC).
From thermo-magnetization of typical samples in the pro-
cesses of ZFC and FC warming runs, we can observe a con-
siderable deviation in temperatures below FM–PM transi-
tion, and the deviation decreases with increasing Nb con-
tent. This large thermo-magnetic irreversibility suggests a
ferro-cluster-glass in the compounds, which might be caused
by the competition between the FM and AFM interactions.
For x = 0.4 and 0.5, the samples still exhibit FM from 35
to 205 K and from 35 to 190 K, respectively, and change to
AFM state below 35 K. While forx = 0.6 and 0.7, a clear

Fig. 3. Temperature dependence of magnetization for Sr2FeMo1−xNbxO6.
a∗ and a, b∗ and b, c∗ and c, and d∗ and d are theM–T curves at ZFC and
FC under an applied field of 0.01 T forx = 0.4, 0.5, 0.6, 0.7, respectively.
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Fig. 4. Resistivity vs. temperature curves for polycrystalline Sr2FeMo1−x

NbxO6 at zero magnetic field.

cusps occur in both FC and ZFC magnetization measure-
ments, indicating a spin-glass state. This is similar to the
case in Sr2FeNbO6 where the spin-glass state occurs at low
temperature[21]. Those ZFC and FC measurements show
that with increasing x, the transition from PM to FM state
first transforms from PM to ferro-cluster glass and further
to AF state, and finally from PM to spin-glass state as the
temperature decreases. These results are in good agreement
with the reduction of magnetic moment by increasing the
content of non-magnetic Nb5+ ions.

The electrical resistivities (ρ) versus temperature for the
samples are presented inFig. 4 with a logarithmic scale
as a function of temperature. All of the samples exhibit
an insulating or semi-conducting behavior. Evidently,ρ

versus temperature plots clearly demarcate two regimes.
The compounds withx ≤ 0.3 have low resistivities from

Fig. 5. SEM morphologies of the samples Sr2FeMo1-xNbxO6 with: (a) x = 0.25, (b)x = 0.4, (c) x = 0.5, and (d)x = 0.7.

10−3 to 10� cm, though they exhibit an insulating or
semi-conducting behavior, while those withx ≥ 0.6 have
high resistivities. It is interesting that the compounds with
x = 0.5 has lower resistivity and higher change rate ver-
sus temperature than those withx = 0.4. This is caused
by order–disorder transition accompanying the structural
change from the tetragonal to the orthorhombic phase.
Due to the same structural type of the compounds with
x ≥ 0.5, the resistivities of the compounds increase and
exhibit nearly the same changing rate versus temperature
with increasing the Nb content. Thus, these results clearly
establish a transition of the resistivity change rate versus
temperature as a function of Nb content in the region of
0.4 ≤ x ≤ 0.6. The behavior of electrical resistivity in
Sr2FeMo1−xNbxO6 with increasing Nb content is similar to
that in Sr2FeMo1−xWxO6 system[14], i.e., resistivity value
increases with increasingx over the whole Mo composition
range. However, all of the samples in Sr2FeMo1−xNbxO6
show an insulating or semi-conducting behavior in our ex-
periments, while the samples in Sr2FeMo1−xWxO6 system
exhibit a change from insulator to metal with decreasing W
content.

The resistivity has very close relationship with grain
boundary and grain size. At both sides of the structural
transition composition, four samples were chosen for SEM
observation and composition analysis.Fig. 5(a)–(d)show
the SEM morphologies of the samples withx = 0.25, 0.4,
0.5 and 0.7, respectively. Four samples have nearly same
size grains and nearly same grain boundary case. The com-
positions of the samples obtained by EDAX measurement in
situ SEM are very close to the nominal ones. These results
suggest that different resistivity behaviors of the samples
are caused by the different chemical compositions, not by
the grain size and grain boundaries.
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Fig. 6. Temperature dependence of magnetoresistance values for Sr2FeMo1−xNbxO6 at 1 and 3 T: (a)x = 0.25; (b) x = 0.3; (c) x = 0.4; and (d) 0.5.

As is known, the Sr2FeMoO6 has a ferromagnetic ar-
rangement. With the substitution of non-magnetic Nb5+
ions for Mo ions, the neighboring Fe ions are intervened
by the Nb5+ ions and the ferromagnetic arrangement is
weakened, but the compounds with less substitution of
Nb still show ferromagnetic character and good conduc-
tivity. With further substitution of Nb, the large scale fer-
romagnetic arrangement becomes ferro-clusters and some
neighbor Fe ions have anti-ferromagnetic arrangement. As
a consequence, the magnetization value decreases and the
resistivity increases. With further substitution, the ferromag-
netic clusters become smaller and the anti-ferromagnetic
coupling between Fe ions are dominant. Finally the com-
pounds show the anti-ferromagnetic behavior with high
resistivities.

A magnetoresistance value can be calculated using the
following definition:

MR(T, H) = ρ(T, 0) − ρ(T, H)

ρ(T, 0)
× 100%

whereH denotes the external field and,ρ(T,0) andρ(T, H)
represent the resistivities at 0 andH fields, respectively. Due
to the high resistivity of the compounds with high Nb con-
tent, we chose some compounds with low Nb content for
the MR measurement.Fig. 6(a)–(d)present the tempera-
ture dependence of MR for the samples withx = 0.25, 0.3,
0.4, 0.5 at 1 and 3 T, respectively. For all the samples, the
MR value increases smoothly with decreasing temperature,
which shows a typical behavior of tunneling-type magne-
toresistance. In Sr2FeMo0.6Nb0.4O6, at 5 K the MR values
are as large as 23% (1 T) and 31% (3 T), respectively, and
in Sr2FeMo0.75Nb0.25O6, the MR values are 4% (1 T) and
6% (3 T), respectively, at 290 K.

4. Conclusions

Magnetic and electrical properties as well as the MR have
been investigated for the Sr2FeMo1−xNbxO6 polycrystalline
samples. The magnetization value decreases with increasing
x due to less correlation among the magnetic ions induced
by the non-magnetic Nb5+ ions. With increasingx, the tran-
sition from PM to FM state first transforms from PM to
ferro-cluster glass further to AF state, and finally from PM
to spin-glass state as the temperature decreases. All the sam-
ples show insulating or semi-conducting behavior in elec-
trical transport property and the samples withx = 0.4 and
0.6 show large MR at 1 and 3 T similar to that observed in
Sr2FeMoO6. For example, at 5 K Sr2FeMo0.6Nb0.4O6 ex-
hibits MR values of 23 and 31% at 1 and 3 T, respectively.
Furthermore, Sr2FeMo0.75Nb0.25O6 shows MR values of 4%
(1 T) and 6% (3 T) at 290 K.
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