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Abstract

The perovskites Sr2VMoO6 and Ca2VMoO6 have been synthesized by liquid-mix technique in citrate melts, and their electronic,

magnetic and structural properties have been investigated. No signs of V/Mo ordering are seen by synchrotron X-ray powder diffraction,

but despite the chemical disorder both oxides are highly conductive and Pauli paramagnetic. Electrical conductivities of these solid

solutions are comparable or higher than those reported for polycrystalline AMoO3 end members. It is suggested that the delocalized

metallic conductivity of these compounds with two different transition-metal atoms implies valence equilibrium between the degenerate

oxidation-state couples V4+Mo4+ and V3+Mo5+.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Among conducting oxides those compounds which
adopt the perovskite structure are disproportionately
represented. This is due in part to the fact that the high
symmetry of the perovskite structure produces a highly
disperse conduction band. Thus for appropriate electron
counts mobile carriers and delocalized electronic transport
are expected. Furthermore, perovskite structures readily
accommodate oxygen defects so that ionic conductivity can
and does develop. Those perovskites that exhibit both
electronic and ionic conductivity are attractive for applica-
tions as anodes or cathodes in solid-oxide fuel cells, as well
as for semi-permeable membranes for oxygen separation
from gas mixtures.

Although there are many perovskites that are well
conducting, relatively few of these oxides are truly metallic.
e front matter r 2006 Elsevier Inc. All rights reserved.
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The necessary (yet not sufficient) condition for metallic
behavior in a transition-metal perovskite is an intermediate
valence state of high covalency [1], as an example,
tetravalent ruthenium in ferromagnetic SrRuO3. Other
perovskites that exhibit metallic conductivity are for
example SrVO3 and SrMoO3; both of which are Pauli
paramagnetic [2,3]. The same is valid for their calcium
variants [2,4]. With room-temperature conductivity of
�2� 105 S/cm, single-crystalline SrMoO3 is reported [5]
to have the highest electrical conductivity of any known
oxide. In fact, this conductivity is two times that of Pt or
Fe. An increasingly important area of application for
metallic perovskites is their use as substrates for epitaxial
growth in multilayer electronic devices that contain other
types of functional perovskites.
In this study, we synthesized 1:1 solid solutions of these

alkaline-earth vanadium and molybdenum perovskite
oxides in order to see whether a sufficient V/Mo orbital
mixing allows both solid solutions to remain metallic
and Pauli paramagnetic. The advantage of combining
two redox-prone transition-metal states in an oxide is
that it widens the stability range in terms of equilibrium
partial pressures of oxygen [6]. This feature could make
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Table 1

Reaction conditions of the A2MoVO6+w sintering to the specified porosity

and the resulting w according to cerimetric titration

A Sintering in argon-based atmospheres The product

t (1C) H2 (%) H2O (%) log pO2 (bar) Porosity (%) w

Ca 1200 10.3 1.97 �13.1 48 0.003(2)

1300 9.33 1.96 �11.9 16 0.037(1)

Sr 1200 10.3 1.99 �13.1 67 0.025(1)

1350 10.3 2.09 �11.5 44 0.017(3)
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these materials attractive for electrode applications in
certain environments. In addition, formation of the
solid solution would allow tuning unit-cell parameters
by varying the V/Mo as well as Ca/Sr proportions. This
may have a practical application for allowing greater
flexibility in lattice matching of substrates for epitaxial
growth.

While there is no prior report of Ca2VMoO6, the Sr
variant has been synthesized and reported as a cubic
perovskite with metallic conductivity above ambient
temperatures [7]. However, the magnetic properties and
low-temperature conductivity have not been previously
examined and are reported here. In order to carefully look
for the presence of long-range ordering of V and Mo in the
title phases, we have utilized synchrotron X-ray powder
diffraction to investigate the structural characteristics of
these materials.

2. Experimental

2.1. Synthesis

Sr2VMoO6 and Ca2VMoO6 were synthesized from
amorphous precursors obtained via liquid-mixing proce-
dure in melted citric acid monohydrate. In order to
produce roughly 30 g of Sr2VMoO6, 350 g of high-purity
citric acid monohydrate (Fluka, reagent grade, o0.02%
sulfate ash) was melted together with �50mL of redistilled
water in a 2L beaker. Strontium was added to as a nitrate
(Fluka, reagent grade) in concentrated solution. Then
NH4VO3 (Merck, reagent grade, V2O5 assay by gravime-
try) and (NH4)6Mo7O24 � 4H2O (Baker Analyzed) were
dissolved together into a saturated solution. About 5mL of
this solution was carefully added into the boiling citrate/
citric-acid solution on a magnetic hot-plate stirrer, with
the effect of starting the reduction of the nitrate ions
by the citric acid. After the vigorous evolution of nitrous
gasses ceased, the rest of the vanadate and molybdate
solution was added. The procedure for Ca2VMoO6 was
analogous, except that calcium was added as CaCO3

(reagent grade) in the last step, after the evolution of
nitrous gasses has ceased, and dissolved upon addition of a
small amount of (redistilled) water. In both cases, the
resulting dark blue transparent liquid was evaporated to
dryness in a drying oven at 170 1C. The formed porous
xerogel was crushed to powder and slowly incinerated in a
tall porcelain crucible with lid at 390 1C. The Ca-containing
precursor was calcined overnight at 770 1C in H2 gas
(99.997% purity, 4 ppm H2O, 3 ppm O2). The Sr-contain-
ing precursor was calcined at 870 1C in a commercial gas
mixture of 10.5% H2 in Ar (99.999%, with certified
analysis), humidified in a saturated solution of KBr at
ambient temperature. The calcinations produced perovs-
kite-type phases (with broad Bragg lines) of dark violet
color. After homogenizations in a vibration mill, pellets
were pressed (160 bar), and fired for 20–30 h at various
temperatures in flowing argon-based atmospheres of
controlled low partial pressure of oxygen (Table 1). The
resulting porosities were assessed by weighing a sample of a
regular geometrical shape.
2.2. Nonstoichiometry analysis

The average oxygen nonstoichiometry of the sample
(assuming ideal stoichiometry for the metals) was deter-
mined by cerimetric titration of Fe2+ formed upon
oxidation of the sample into hexavalent molybdenum by
an acidic solution of FeCl3. Approximately 0.2 g of
powdered sample in an Ar-flushed glass ampoule was
added to 1mL 1M FeCl3, 3mL water and 5mL of
concentrated HCl in the said order. The ampoule was
sealed and warmed to �50 1C. In less than 1min, a clear
solution was obtained. After cooling down, it was titrated
cerimetrically with ferroin as an indicator.
2.3. X-ray diffraction

Powder X-ray diffraction data for characterization of all
synthesis steps were obtained with a focussing Guinier–
Hägg camera with Cu Ka1 radiation and Si as an internal
standard. For the least nonstoichiometric samples, syn-
chrotron X-ray powder diffraction (SXPD) was performed
at the X7A beamline located at the National Synchrotron
Light Source at Brookhaven National Laboratory. Data
were collected at 300K, with a linear position-sensitive
detector, over an angular range of 5–501 2y, on samples
sealed in glass capillaries of 0.3mm in diameter, in
radiation of l ¼ 0:695156 Å (with 0.006% of a l/2
contribution) obtained from a focusing Si 220 monochro-
mator. The powder sample density was estimated to correct
the data for absorption. Refinements of the crystal and
magnetic structures were performed using the Rietveld
method as implemented in the GSAS software suite [8].
A linear interpolation of fixed points was used to model
the background. CIF files can be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany, (fax: (49)7247 808 666; e-mail:
crysdata@fiz-karlsruhe.de) on quoting the depository
number CSD 416201 for Ca(V0.5Mo0.5)O3 and CSD
416202 for Sr(V0.5Mo0.5)O3.
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Table 2

The refined structure of Ca2VMoO6 at 298K, as obtained from SXPD

data (l ¼ 0:695156 Å)

Atom Site x y z Uiso� 100 (Å2)

Ca 4c 0.0354(2) 1/4 –0.0063(4) 1.11(2)

V/Mo 4b 0.5 0 0 0.33(1)

O(1) 4c 0.4841(8) 1/4 0.0750(7) 1.14(12)

O(2) 8d 0.2876(5) 0.0357(4) 0.7124(5) 0.39(7)

The space group symmetry is Pnma, and the unit cell dimensions are

a ¼ 5:46613ð8Þ Å, b ¼ 7:6822ð1Þ Å and c ¼ 5:40335ð7Þ Å. The figures of

merit are Rwp ¼ 0:0406, fitted Rp ¼ 0:0290, RðF2Þ ¼ 0:0277, based on 258

reflections and 20 variables.
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Fig. 1. Rietveld fit for Ca2VMoO6 (50% along both scales is shown).
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2.4. Electrical conductivity and magnetic susceptibility

measurements

Electrical conductivity measurements were performed in
the temperature range 10–300K of the He-cryostat, using a
linear four-probe method. Leads were attached to the
regularly shaped bars using silver paint. Magnetization
measurements were carried out using a Quantum Design
MPMS magnetometer in a temperature range of 5–350K
on irregularly shaped sintered pellets of 20–60mg mass.
Zero-field cooled (ZFC) measurements were performed
after samples had been brought from room temperature to
�5K in a very low magnetic field HE0.5G, and a
measuring field of typically H ¼ 100G was then applied.
ZFC magnetization data were monitored upon warming,
with each data point being measured after the temperature
had stabilized. Field cooled (FC) measurements were
performed on cooling in the applied field, temperature
being controlled in the ‘‘undercool off’’ mode to minimize
the effect of temperature hysteresis.

3. Results

3.1. Formation and characterization

The preparations were single phase according to
synchrotron X-ray diffraction. Assuming the metal stoi-
chiometry entered in the synthesis from standardized or
analyzed chemicals, the average nominal oxygen contents
of the sintered products are listed in Table 1, together with
details on temperature and composition of the flowing
reaction atmospheres.

The reaction conditions listed in Table 1 are close to the
limit for oxidative decomposition of the title phases.
Accordingly, the analyzed oxygen contents correspond to
an oxygen excess, which, however, in perovskite-type
structures is likely to be achieved by formation of metal
vacancies. The nominal formulae in Table 1 need to be
interpreted as confirmations that the synthesized phases are
approaching stoichiometry from the side of oxidation,
and that practically no reduced valence states are to
be expected. For further illustration of the synthesis
conditions consider the following. When the limit for
the oxidative decomposition is crossed, for example by
decreasing the hydrogen content in argon from �10% by
volume [log(pO2

/bar) ¼ �12.3] used for the synthesis of
Ca2VMoO6 to 1.4% [log(pO2

/bar) ¼ �10.7], a completely
fused mixture of CaMoO4 and CaVO3 is obtained at
1250 1C.

3.2. Crystal structure

For both phases, the samples with lowest oxygen
nonstoichiometry (Table 1) were used for SXPD. The
nonstoichiometry has been neglected in the subsequent
Rietveld refinements, owing to its low level and the
ambiguity of distinguishing between low concentrations
of metal vacancies versus oxygen interstitials as alterna-
tives. No signs of ordering of V and Mo atoms into a
supercell are seen in SXPD patterns of either phase. The
crystal structure of Sr2VMoO6 is that of the undistorted
cubic perovskite (space group Pm�3m, a ¼ 3:91581� 3 Å),
in agreement with data in Ref. [7] obtained by conventional
X-ray powder diffraction. In order to accommodate the
divalent calcium ion, which is smaller than strontium, the
structure of Ca2VMoO6 undergoes an octahedral tilting
distortion, which lowers the symmetry to the orthorhombic
Pnma space group. Among the various types of octahedral
tilting distortions this type (designated as a�bþa� in Glazer
notation [9]) is the most common, occurring at ambient
conditions in more than half of all perovskites [10] (Fig. 1).
The refined structural parameters for Ca2VMoO6 are given
in Table 2.
3.3. Electrical conductivity

Fig. 2 shows that electrical conductivities of both
Ca2VMoO6 and Sr2VMoO6 are very high and increase
with decreasing temperature. This behavior is typical of
compounds exhibiting metallic conductivity. The high
porosity (44%) of the Sr2VMoO6 sample, as well as
difficulties of resistance measurements on such a highly
conducting material, contributed to the scatter of data in
Fig. 2. However, the conductivity decrease observed below



ARTICLE IN PRESS

4
5
6

104

2

3

4
5
6

105

� 
(S

/c
m

)

30025020015010050

T (K)

 Sr2VMoO6

 Ca2VMoO6

Fig. 2. Electrical conductivities (s) vs. temperature for polycrystalline

Ca2VMoO6.037(1) and Sr2VMoO6.017(3) samples.
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Fig. 3. Field-cooled (K) and zero-field cooled (J) magnetic susceptibility

vs. temperature for the Ca2VMoO6.003(2) and Sr2VMoO6.017(3) samples.
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some 100K appears real and should be attributed to
contribution from activated grain-boundary resistance,
which prevails upon cooling. It is seen that formation of
such a temperature-independent range upon cooling starts
at lower temperatures for the Ca-based sample of only
16% porosity. This approaches behavior of polycrystalline
malleable metals, where the grain-boundary contribution is
even smaller. Attempts to measure the conductivity of the
more porous (48%) yet on average less nonstoichiometric
sample Ca2VMoO6.003(2) resulted into rather scattered
values that were equal or somewhat larger than those
shown for Ca2VMoO6.037(2) in Fig. 2. This suggests that
variations in the oxygen excess w do not have large effect
on conductivity of Ca2VMoO6+w.

3.4. Magnetometry

Magnetic susceptibility (w) measurements as a function
of temperature (T) were collected both in the ZFC and FC
regime using an applied field of 100G. Fig. 3 shows both
types of data for Ca2VMoO6 and Sr2VMoO6.

Ca2VMoO6 shows a weak, temperature-independent
susceptibility typical of Pauli paramagnetism. Such a
behavior is consistent with metallic conductivity of this
phase. The constant susceptibility of 7.024(1)� 10�4 emu/
Oe was obtained by extrapolation to 0K of ZFC molar
susceptibility data from above 100K, as shown in Fig. 3
top. After correction for diamagnetism of core electrons,
wcore ¼ �1:12� 10�4 emu=Oe per formula unit, calculated
from atomic values listed in Ref. [11], an estimate is
obtained for the total susceptibility (diamagnetic Landau
and paramagnetic Pauli) of conduction electrons per mol
Ca2VMoO6: wlp ¼ 8:14� 10�4 emu=Oe. This value is some-
what larger than the sum of the reported net paramagnetic
susceptibilities per mol of CaVO3 (2.8� 10�4 emu/Oe [12],
or 4.4� 10�4 emu/Oe [2]) and CaMoO3 (2.5� 10�4 emu/Oe
[4]). When the electron-mass enhancement me*/me asso-
ciated with band-structure effects is neglected, the Landau
diamagnetic susceptibility is one third of the magnitude
of the Pauli paramagnetic susceptibility, and wpp ¼ 1:2�
10�3 emu=Oe is hence obtained as an upper estimate for
Pauli paramagnetic susceptibility per mol of Ca2VMoO6.
When the electron-mass enhancement is considered, the
ideal 1/3 ratio of the magnitudes of the Landau diamag-
netic and Pauli paramagnetic contributions is scaled by a
factor of (me/me*)

2. Because me*/me41 is evaluated from
specific-heat measurements in similar phases such as
CaVO3 [13], the wlp value may be considered the minimum
estimate.
There is a Curie-like increase in susceptibility for both

ZFC (below 70K) and FC (below 250K) measurements.
Analogous behavior is seen for similar Pauli-paramagnetic
oxides, for example the end members of the title solid
solutions: CaVO3 [12] and SrMoO3 [14] and is attributed to
the presence of residual localized valence electrons. Also
aliovalent point defects undoubtedly contribute to this
paramagnetism, and traces of magnetic impurities cannot
be excluded. Also the hysteresis observed between the ZFC
and FC data sets suggests a ferromagnetic, ferrimagnetic or
spin-glass like contribution.
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Magnetic susceptibility of Sr2VMoO6 is also practically
constant as a function of temperature (Fig. 3 bottom).
There is even greater evidence of the presence of trace
magnetic defects in this sample. This statement is based on
the observation that the magnetization maximum at 220K
on the ZFC curve was poorly reproducible, varying by tens
of Kelvin from measurement to measurement. The Pauli
paramagnetic behavior of Sr2VMoO6 was analyzed in the
same manner as described above for Ca2VMoO6, using the
290–350K ZFC molar susceptibility data to determine
the constant susceptibility of 5.56(1)� 10�4 emu/Oe per
formula unit. The constant susceptibility corrected for
diamagnetism of the core electrons is close to the sum of
such molar values for SrVO3 (2.80� 10�4 emu/Oe [15]) and
SrMoO3 (2.15� 10�4 emu/Oe [3]). Again, only a rough
estimate was possible for the Pauli paramagnetic suscept-
ibility, giving wppE1.0� 10�3 emu/Oe when m�e=me ¼ 1; a
value similar to that obtained for Ca2VMoO6.

4. Discussion

In Table 3, electrical conductivities at 290K from Fig. 2
are compared with those reported for the end-member
phases of the title solid solutions. It is seen that the
electrical conductivity of the V, Mo solid solution is at least
as high as that of the Mo-based end member whereas
conductivities of the V-based perovskites are lower, despite
being metallic and Pauli paramagnetic as well. When Ca
replaces Sr, the octahedral tilting distortion decreases the
M–O–M angles from the 1801 value found in the cubic
perovskite structure. This structural distortion decreases
the orbital overlap between the metal d-orbitals and the
oxygen 2p orbitals, which leads to a decrease in the
conduction band width and a corresponding decrease in
electrical conductivity [16]. Because the 3d orbitals of the
Table 3

Comparison of room-temperature electrical conductivities, bond distances

and bond angles for the title phases A2VMoO6 and their solid-solution end

members

A AVO3 A2VMoO6 AMoO3

Ca

s (S/cm) 2.9� 10�2 3.6� 103 8.5� 102

Porosity Not reported 16% 38%

Reference [12] This study [17]

M–O distances (Å) 2� 1.9121(5) [O(1)] 2� 1.965(1) [O(1)]

2� 1.920(2) [O(2)] 2� 1.959(3) [O(2)]

2� 1.913(2) [O(2)] 2� 1.966(3) [O(2)]

M–O–M angles (1) 161.33(2) [O1] 155.64(0) [O1]

159.16(3) [O2] 156.6(2) [O2]

Reference [12] This study

Sr

s (S/cm) 4.0� 102 1.2� 104 1.0� 104

Porosity 15–20% 44% 54%

Reference [18] This study [17]

M–O dist. (Å) 1.9212(1) 6� 1.95791(1) 1.9876

M–O–M angles (1) 180 180 180

Reference [2] This study [19]
vanadium ion are smaller than the 4d orbitals of the
molybdenum ion, the effect of the octahedral tilting on the
electrical conductivity is more pronounced in the AVO3

series (A ¼ Sr, Ca), where the conductivity decreases by
roughly five orders of magnitude upon replacing strontium
with calcium, than it is in AMoO3 series, where the
conductivity only decreases by roughly one order of
magnitude. Interestingly, in the V/Mo solid solution the
drop in conductivity (�70%) associated with the octahe-
dral tilting distortion is even smaller, even though the
structural distortion is comparable.
The fact that the conductivities of the studied V/Mo

solid solution phases are comparable with those of the
corresponding ternary Mo oxides suggests that a pure
single-crystalline Sr2VMoO6 is one of the highest conduct-
ing oxides recorded to date. Although the polycrystalline
oxides are rather poorly sinterable at typical synthesis
temperatures from carbonate precursors, for some applica-
tions the high surface and low sinterability would be an
added benefit. The metallic conductivity and Pauli para-
magnetism of Sr2VMoO6 and Ca2VMoO6 leave little doubt
that the d-electrons of these two transition metals are
highly delocalized. This behavior further suggests a
considerable energetic overlap of the vanadium and
molybdenum t2g orbitals. The delocalized metallic con-
ductivity of these compounds with two different transition-
metal atoms implies valence equilibrium between the
degenerate oxidation-state couples V4+Mo4+ and
V3+Mo5+. Such an assignment is also consistent with the
observed V/Mo–O bond distances (Table 3): The expected
average transition metal–oxygen distance, based upon
Shannon radii [20] (assuming a coordination number of
two for the oxygen, as is most accurate for perovskites), is
1.965 Å for V4+/Mo4+ and 1.975 Å for V3+/Mo5+. The
very small difference between ionic radii for the alternative
t2g configurations is at least partially responsible for the
fact that electron transport in these compounds shows little
sign of coupling with the lattice. Hence metallic conductiv-
ity rather than polaronic transport is observed. Given the
full miscibility of SrMoO3 and SrVO3 [7] and cubic
symmetry up to x ¼ 0:25 in (CaxSr1�x)VO3 [21], an array
of cubic metallic substrates can be tailored for perovskite
epitaxy, with unit-cell parameters ranging from 3.83 Å [21]
for Ca0.25Sr0.75VO3 to 3.975 Å [7] for SrMoO3.
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