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A B S T R A C T

Pb2Cr1+xMo1-xO6 (−1≤x≤1/3) samples were synthesized via a high pressure and high temperature route. X-ray
diffraction results suggest the samples crystallize in a disordered double perovskite structure (Pm-3m). X-ray
photoemission spectroscopy results confirm the presence of Mo4+ for x=−1 and Mo6+ for x=1/3. The measured
magnetic and electrical properties exhibit systematic change with increasing x.

1. Introduction

Double perovskite oxides A2BB′O6 have attracted considerable
attentions in the search of magnetoresistive materials and half-metallic
materials in the last decades [1–3]. For example, one of the extensively
studied members of A2BB′O6 family, Sr2FeMoO6 is a half-metallic
ferrimagnet with high Curie temperature (TC) of ~415 K, and large low-
field magnetoresistance [2]. The superior physical properties make
such materials a good candidate for the applications including non-
volatile magnetic random access memory, magnetic read heads for
hard drives, magnetic sensor and spintronic devices, et al.

Nowadays, experimental and theoretical studies are still being
carried out to seek A2BB′O6 materials with optimized properties. Up
to now, the A2BB′O6 (A=Ca, Sr, Ba; B˭Cr, Fe; B′=Mo, W, Re) analogues
of Sr2FeMoO6 have been systematically investigated [4–6], while the
Pb-based analogues are less studied due to the toxicity of lead, although
the ionic radius of Pb2+ is very close to that of Sr2+. Meanwhile, unlike
the alkaline earth elements, Pb ion has additional 6s lone pair
electrons, which is usually related to the ferroelectricity of perovskite
materials [7]. Recently, first-principles calculations performed by Gong
et al [8] predicted that the ordered double perovskite Pb2CrMoO6 is a
half-metallic ferrimagnet with a TC≥480 K. However, our previous
work revealed that the samples synthesized under high pressure
crystallize in a heavily or fully disordered double perovskite structure
(Pm-3m, a=3.9472 Å) and shows a weak ferromagnetic behavior
(TC~33 K) [9]. We suggested that the observed properties are closely
related to the Cr/Mo disorder. To get a further understanding of the

magnetic structure and the effect of the anti-site disorder in this class
of compounds, we systematically investigated the structural, magnetic
and electrical properties of Pb2Cr1+xMo1-xO6 over a wide range of
compositions (−1≤x≤1/3) in this work.

2. Experimental

Like some lead-based compounds (PbCrO3 [10], Pb2FeMoO6 [11]
et al), polycrystalline samples of Pb2Cr1+xMo1−xO6 (x=−1, −2/3, −1/3,
0, 1/3) were synthesized under high pressure and high temperature
conditions. Stoichiometric mixture of PbO, Cr2O3, Mo and MoO3 was
first ground within an agate mortar for 1 h, pressed into pellets of Φ
6 mm, and then enveloped in Au foil. The ultimate synthesis was
conducted in a cubic anvil-type apparatus at about 880 ℃ and 5.5 GPa
for 30 min. Pressure was released slowly after quenching the specimen
to room temperature.

The crystal structures of the ceramics were examined by powder X-
ray diffraction (XRD) (X′Pert Pro, Philips) with Cu Kα radiation. The
magnetic property measurements were performed on Quantum
Design’s Physical Property Measurement System (PPMS). The elec-
trical property measurements for x＜0 were also carried out on PPMS,
while for x≥0, the temperature control and measurement were
performed on an Oxford Maglab measurement system, the resistivity
data were measured with an external Keithley 2182A nanovoltmeter
due to the large resistivity of the samples. The X-ray photoemission
spectroscopy (XPS) measurements on the x=−1 and x=1/3 samples
were performed at an ESCALAB 250Xi XPS spectrometer with an Al
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anode using the X-ray spot size of 500 µm. For Mo4+ is not a very stable
state under ambient condition, Ar-ion etching (500 eV) was done to
remove the possible oxidation layer on the surface of the PbMoO3

(x=−1) sample.
First-principles calculations using the local-density approximation

(LDA) and the generalized gradient approximation (GGA)+U were
performed with WIEN2k [12], effective coulomb repulsions Ueff (3.0 eV
for Cr [13,14] and 1.0 eV for Mo [15]) are adopted. In the total energy
calculation of disordered double perovskite Pb2CrMoO6, three 3×3×4
supercells where the positions of Cr and Mo atoms are randomly
determined were established to simulate the real system. After the
calculations, the obtained values were normalized to that of an ABO3

unit for comparison.

3. Results and discussion

Fig. 1 shows the powder XRD patterns for different compositions of
Pb2Cr1+xMo1-xO6. The dominant diffraction peaks can be indexed in a
disordered double perovskite structure [17], and exhibit systematic
variation as the composition changes. No superstructure peaks corre-
sponding to the long-range Cr/Mo ordering were found. The space
group of Pb2CrMoO6 (x=0) was determined to be Pm-3m (No. 221)
using convergent beam electron diffraction microscopy, and the results
are reported in our previous work [9].

One notable feature is that the peaks for x=−2/3 are weaker and
broader than that of other samples, which indicates the crystallinity of
this sample is poor and the measured properties, especially the
electrical property would be influenced. It could be clearly seen that
all the main peaks monotonically shift to higher angles with increasing
x, which indicates a systematic reduction in the unit cell parameter.
The lattice parameter a was obtained using WinPLOTR and DICVOL
[18] and is linear with the composition x over the composition range
(−1≤x≤1/3) studied here as shown in the inset of Fig. 1. Same linear
decreasing trend is also observed in Sr2Fe1+xMo1−xO6 for x≤0.25 [19],
Topwal et al. suggested that this is due to the continuous change of Mo
valency from +4 for x=−1 to +6 for x=1/3 with increasing x, while Fe
retains its trivalent state. To directly investigate the valence state of Mo
in our samples, we collected the XPS Mo 3d spectra for the x=−1 and
x=1/3 samples, which should correspond to Mo4+ and Mo6+, respec-
tively. As shown in Fig. 2, both the spectra of the two samples exhibit
good doublet structure, and the peak positions agree well with the

previously reported values of Mo4+ and Mo6+ [20].
By extrapolating the fitted line to the x=1 end member, we could get

a rough estimation of the lattice parameter of PbCrO3, which would be
even smaller if considering the change of Cr valency for x > 1/3. As
illustrated in the inset of Fig. 1, the extrapolated value of 3.894 Å is
significantly smaller than the experimental result (4.002 Å) [10], but is
in consistent with the value (3.862 Å) obtained from the extrapolation
of the equation of state in the high-pressure study [16] and the first-
principles calculation results (3.822–3.921 Å) [21,22] with the simple
cubic structure. Several models have been proposed to explain the
abnormally large unit cell of PbCrO3, such as the missite occupancy of
Pb at the Cr site [21] or a charge disproportionation of the Cr ions [22].

The obtained samples adopt a disordered double perovskite struc-
ture, while the theoretical study suggests that the ordered structure
should be stable at ambient conditions [8] and our preliminary first-
principles calculation also suggests the ordered structure has a lower
total energy than the experimental disordered structure. This disagree-
ment might be attributed to the high pressure synthesis condition
which could make metastable phases stable.

The temperature dependence of the zero-field-cooled (ZFC) mag-
netization and field-cooled (FC) magnetization at 1000 Oe for all the
samples are shown in Fig. 3. For x≥−1/3, the low temperature
magnetization data exhibit a significant irreversibility, which may
indicate the presence of a spin-glass state [23]. In double perovskites,
it has been shown that the site disorder of the B and B′ cations can lead
to a spin glass state as it introduces mixed ferromagnetic and
antiferromagnetic interaction between the magnetic ions [23–25].

The transition temperature (TC) is obtained from the inflection
point of the first derivative of FC magnetization of these samples, which
is related to the average strength of the magnetic interactions [26]. By
making a 9-coefficients polynominal fitting, the TC were determined to
be 25.0 K, 31.5 K and 33.7 K for x=−1/3, 0 and 1/3, respectively.
Obviously, TC increases monotonically with composition x. As the Cr

Fig. 1. XRD patterns of Pb2Cr1+xMo1−xO6 using Cu Kα radiation. Impurity peaks of
Cr2O3 (◇, PDF No.: 4–765), Cr2MoO6 (▼, PDF No.: 33–401), PbMoO4 (▽, PDF No.:

8–475), Au (■, PDF No.: 2–1095), MoO2 (◆, PDF No.: 86–135) and Pb2CrO5(★, PDF

No.: 75–573) are also indicated. The inset shows the variation of lattice parameter a
(open circle) as a function of the composition x, the dashed line is the linear fitting result.
For PbCrO3 (x=1), the observed lattice parameter taken from Ref. [10] is drawn as a solid
circle; the value obtained from the extrapolation of the equation of state which is believed
to be related to the simple cubic structure [16] is also shown as a solid triangle.

Fig. 2. The XPS Mo 3d spectra of Pb2Cr1+xMo1−xO6 for x=−1 and 1/3, which correspond
to Mo4+ and Mo6+, respectively.
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content increases, the average Cr-Cr separation decreases, and the
strong superexchange interactions between Cr-O-Cr bonds should
enhance the coupling between neighboring ions, therefore the magnetic
transition temperature increases [19,27].

As shown in the inset of Fig. 3, the reciprocal susceptibilities above
TC exhibit a significant curvature and don’t obey the simple Curie-
Weiss law χ=C/(T-θ), but can be well fitted with a modified Curie-
Weiss dependence [28–30]:

χ χ C T θ= + /( − )0

where χ0 represents the temperature-independent contributions, which
include the Pauli susceptibility, van Vleck paramagnetism and diamag-
netism et al, C˭Nμeff

2/3kB is the Curie constant, θ is Weiss constant.
We have measured the isothermal magnetization data at 50 K for
x≥−2/3, and they all exhibit linear dependence on the applied magnetic
field, so the fittings were performed in the 50–300 K temperature range
for safety. The fitting parameters and derived effective magnetic
moment per formula unit (f.u.) µeff are summarized in Table 1. The
Weiss temperatures θ are negative for x≤−1/3 but are positive for
compounds having higher Cr content. Compared to the calculated spin-
only moments corresponding to the Cr3+-Mon+(n: 6→4 with x de-
creases from 1/3 to −1) configuration using the equation µeff=[(1+x)
µCr

2+(1-x) µMo
2]1/2 [31,32], the experimental moments are much

smaller, which may signify the delocalized state of electron [29].
For x≥−1/3, the isothermal magnetization (M-H) curves exhibit a

small hysteresis loop at 5 K as shown in Fig. 4 while other samples
don’t in our measurements. The maximum magnetization is obtained
at 7 T for x=−2/3, which is about 0.11 Bohr magneton per formula unit
(μB/f.u.) and is considerably lower than the spin-only moment (1.2–3

μB/f.u.) of ferrimagnetically coupled Cr and Mo ions. The low and
unsaturated magnetizations at 5 K and 7 T should be closely related to
the random arrangement of B and B′ ions [19,33,34]. At 5 K and 7 T,
the magnetization increases with the decrease of Cr content for x≥−2/
3, while PbMoO3 (x=−1) exhibits the smallest magnetization. A
possible explanation is that there are small ferromagnetic domains
involving Cr in the samples, and the domains are antiferromagnetically
coupled, thus the increasing inter-domain cancellation resulting from
the increasing Cr content results in the suppression of the net moment
as depicted in a previous theoretical study [35].

Fig. 5(a) shows the thermal variation of the resistivity of the x=−1
sample. Although the resistivity increases with the decrease of tem-
perature over a large range (about 30–240 K), the small resistivity (at
the order of 10−4 Ω cm) and the proportionality at lower temperatures
indicate that this end member (i.e. PbMoO3) may be metallic. To
substantiate this point, we plot the d(ln σ)/d(ln T) vs. T curve in the
inset of Fig. 5(a). The quantity approaches zero rather than a finite
value as T approaches zero for x=−1, which suggests a metallic ground
state for this compound [19]. This is further confirmed by our first-
principles calculation, and the calculated densities of states are drawn
in Fig. 5(b). The semiconducting behavior of the resistivity at inter-
mediate temperature range should result from the granular nature of
the polycrystalline sample. The data over this range can be well fitted
according to the fluctuation-induced tunneling (FIT) model, ρ(T)
=ρ0exp(T1/(T+T0)), which describes the inter-grain tunneling between
metallic grains separated by thin insulating regions [36,37].

The thermal behaviors of the resistivity for x≥−2/3 in the range of
5–300 K are semiconducting as shown in Fig. 6. It is noted that the
resistivity increases drastically with increasing x, from the order of
10−4 Ω cm for x=−1 to the order of 106 Ω cm for x=1/3 at 300 K.
However, the resistivity for x=−2/3 is close to that of the x=−1/3
sample, which should result from enhanced inter-grain effect induced
by the poor crystallinity of this sample as mentioned earlier. For other
samples, the inter-grain effect should be similar indicated by the
similar synthesis conditions and similar FWHMs of the XRD peaks.
So, this phenomenon most probably indicates a ground state change
from metallic to insulating, which should result from the decrease of
itinerant electrons as the valence state of Mo changes from +4 to +6
with increasing Cr content.

To further understand the transport mechanism in these samples,
we fitted the resistivity data according to different models: the thermal
activation model: ρ(T)=ρ0exp(E0/kT), the adiabatic small polaron
model [38]: ρ(T)=ρ0Texp(E0/kT), and the 3-dimensional variable
range hopping model (VRH) [39]: ρ(T)=ρ0exp(T0/T)

1/4. The VRH
model is the best fit for x=0 and 1/3 as shown in inset of Fig. 6(b),

Fig. 3. Temperature dependence of ZFC (open symbols) and FC (solid symbols)
magnetization for Pb2Cr1+xMo1−xO6 (−1≤x≤1/3). The inset shows the inverse ZFC
magnetization with the fitting of the modified Curie-Weiss law. The curves are normal-
ized with the 300 K data for clarity. The ZFC magnetizations at 300 K for x from −1 to 1/3
are 0.5122, 1.7259, 3.1288, 4.1332, and 4.1339×10−3 emu/g, respectively.

Table 1
Parameters obtained from the modified Curie-Weiss fit of the ZFC susceptibilities of
Pb2Cr1+xMo1−xO6 (−1≤x≤1/3) between 50 K and 300 K.

x C [10−3 emu K/
mol Oe]

θ [K] χ0 [10−3 emu/
mol Oe]

µeff
[µB/
f.u.]

µcal
[µB/
f.u.]

1/3 158.1 ± 1.0 3.1 ± 0.3 2.077 ± 0.004 1.12 4.47
0 251.2 ± 0.6 4.2 ± 0.1 1.640 ± 0.003 1.42 4.24
−1/3 340.4 ± 1.7 −5.1 ± 0.3 0.977 ± 0.007 1.65 4.12
−2/3 186.3 ± 0.1 −3.96 ± 0.04 0.577 ± 0.001 1.22 4.05
−1 20.0 ± 0.4 −91.6 ± 2.1 0.311 ± 0.001 0.40 4.00

Fig. 4. Magnetization curves of Pb2Cr1+xMo1−xO6 (−1≤x≤1/3) at 5 K.
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while none of the three models could give a satisfactory fit for x=−2/3
and −1/3. However, the aforementioned FIT model could well describe
the semiconducting behavior for x=−2/3 and −1/3 as shown in
Fig. 6(a). In addition, it should be mentioned that no significant
magnetoresistance is observed in our measurements down to 2 K under
4 T for x=0 and to 5 K and 7 T for x < 0.

4. Conclusions

We have synthesized Pb2Cr1+xMo1−xO6 over a wide range of
compositions (−1≤x≤1/3) under high temperature and high pressure
conditions. Our samples adopt a disordered double perovskite struc-
ture. Analyses of XRD and XPS results establish a formal trivalent Cr3+

state over the entire range while the Mo valency changes continuously
from +4 to +6 with x to maintain the charge neutrality. The x≥−1/3
samples exhibit a rather weak ferromagnetism, their ZFC and FC
magnetizations diverge at low temperatures and TC increases with
increasing x. The ground state of the x=−1 end member (PbMoO3) is
metallic and the measured thermal variation of resistivity mainly
results from the inter-grain effect. For x > −1, the thermal behaviors
of the resistivities are semiconducting and the experimental data could
be well described by the FIT model (for x=−2/3 and −1/3) and the
VRH model (for x=0 and 1/3).
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