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a b s t r a c t

Magnetism, magnetocaloric effect and transport properties of Cr doped double perovskites compound
Ba2Fe1−xCrxMoO6 with (0 ≤ x ≤ 1) were investigated by magnetization and electrical resistivity measure-
ments. The samples show a cubic structure of cell parameter, a, decreases with increasing Cr content. The
temperature variation in magnetization reveals a ferromagnetism for all samples with TC decreases signif-
icantly as the Cr doping content increases from 340 K to 310 K for x = 0 and 1, respectively. The saturation
magnetic moment, �S, was found to decrease with increasing the Cr doped content from 3.63�B/f.u. for
x = 0 to 2.69�B/f.u. for x = 1 which may relate to the increase of the anti-site disorder defects or magnetic
dilution due to the substitution of Cr for Fe. The magnetocaloric effect is calculated from the measure-
ment of initial isothermal magnetization versus magnetic field at various temperatures. The maximum
magnetic entropy change,

∣∣�Smax
M

∣∣, of Cr doped double perovskite is found to decrease with increasing of
Cr content from 2.08 J/kg K for x = 0 to 0.55 J/kg K for x = 1 upon 1 T applied field change. Interestingly, the
value of

∣∣�Smax
M

∣∣ = 2.08 J/kg K for x = 0 at 1 T was found to be about 64% that of pure Gd, which is thought
Transport properties to be the optimum magnetic refrigerant for use near room temperature. Thus, this perovskite is beneficial
for the household application of active magnetic refrigerant materials. The zero field electrical resistivity
measurements exhibit a change from metallic behavior at x = 0 to semiconducting like behavior for all
doped samples (x ≥ 0.2) over the entire measurement temperature region from 4.2 K to 300 K.
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. Introduction

The double perovskite half metals have recently been the object
f extensive research due to the exotic physics and potential spin-
ronic applications [1]. The chemical formula is A2BBÒ6, where A
s alkaline ion, and B and Bàre different transition metal cations
2–4]. The crystal structure of the double perovskite can be viewed
s a regular arrangement of corner-sharing BO6 and BÒ6 octahedra
lternating along the three directions of the crystal, with the large
cations occupying the voids in between the octahedra. Depend-

ng on the relative size of the B and Bc̀ations with respect to the A
ations, the crystal structure can be occurred as cubic (with space
roup Fm3m), tetragonal (I4/mmm) or monoclinic (P21/n) [5,6]. The

ouble perovskite with two ordered B-site cations are ferromag-
etic for B = Cr, Fe, Co. . . and B` = Mo, Re, W, U. . . [7,8]. Magnetic
ehavior comes from antiferromagnetic coupling among localized
d5 electrons of high spin ion at B-site and itinerant 4d electrons
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of ion at Bs̀ite [9]. Moreover, the interest in the double perovskites
is the discovery of colossal magnetoresistance (CMR) properties
at temperatures above room temperature in Sr2FeMoO6 which is
significantly higher than for any mixed-valence manganite [10].
Further interest for the double perovskite has also been driven by
possible technological applications of these materials in magneto-
electronic devices. In general, the interesting physical properties
of the double perovskites are primarily due to the electronic inter-
actions of B-site cations. Thus, small chemical substitutions on B
and/or Bc̀an lead to change the magnetic properties and a distor-
tion of the structures of the double perovskites that are correlated
with their electronic properties. For example, in most studied com-
pound, Sr2FeMoO6, partial or complete substitutions onto the Fe
site is a useful method to probe the physics because the magnetic
and electronic properties are critically dependent on the exchange
splitting of the Fe2(t2g) and (eg) orbitals [11]. On the other hand,
several authors have investigated the effect of a number of substi-

tutions on B and/or Bs̀ites in the double perovskite on structural,
magnetic, transport, magneto-transport, and magnetocaloric prop-
erties [11–18]. To our knowledge, no studies have carried on the
magnetocaloric effect (MCE) of the Ba2Fe1−xCrxMoO6 double per-
ovskite.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:magelhagary@gmail.com
dx.doi.org/10.1016/j.jallcom.2010.04.172
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Fig. 1. X-ray diffraction patterns of Ba2Fe1−xCrxMoO6 (0 ≤ x ≤ 1) systems.

In this paper we attempt to synthesize Ba2Fe1−xCrxMoO6 dou-
le perovskite samples with x = 0, 0.2, 0.4, 0.6, 0.8, 1 to investigate
he magnetocaloric effect with different Cr doing concentration on
he B (Fe3+) site. In addition, the magnetic and transport proper-
ies upon a partial disorder of Cr on the B-site of Ba2Fe1−xCrxMoO6
ouble perovskite samples are also investigated.

. Experimental details

A series of polycrystalline samples of Ba2Fe1−xCrxMoO6 (x = 0, 0.2, 0.4, 0.6, 0.8,
) were synthesized by a conventional solid state reaction method. Stoichiometric
mounts of high-purity analytical grade (99.99% or better) BaCo3, Fe2O3, MoO3, and
r2O3 were mixed and ground in an agate mortar for about four hours. The mixed
owders were calcined at 900 ◦C in Ar atmosphere for 10 h with intermediate grind-

ngs and pelletizations. The calcined mixed powders were pressed into pellets. The
ellets were then sintered at 1200 ◦C for 10 h in a gas flow of 5% H2 and 95% Ar. The
nal disk-shape samples are obtained after a very slow cooling process from the
intering to room temperature.

The structure and phase purity of the samples were checked at room temper-
ture by means of X-ray powder diffraction (XRD) Shimadzu Diffractometer XRD
000, Japan, with Cu-K�1 radiation (� = 1.54056 Å). The data were collected by step-
can modes in a 2� range between 15◦ and 80◦ with step-size of 0.02◦ and step time
f 0.6 s. Pure Silicon∼ Si 99.9999% was used as an internal standard. The magnetic
easurements in the temperature range 1.8–400 K with a frequency of 40 Hz were

erformed on a quantum design vibrating sample magnetometer PPMS-6000 VSM.
esistivity was measured by four-probe DC technique.

. Results and discussion

.1. Structural characterization
X-ray diffraction (XRD) studies for Ba2Fe1−xCrxMoO6 (0 ≤ x ≤ 1)
amples at room temperature exhibited an almost single phase
amples without detectable secondary phase (see Fig. 1). The XRD
atterns were indexed on the basis of the cubic structure with a
pace group Fm3m. As can be seen in Fig. 1 no structure transi-

able 1
nit cell parameter, magnetic, magnetocaloric and transport data of Ba2Fe1−xCrxMoO6 (0

x a (Å) TC [K] �S (at 20 K) [�B/f.u.]
∣∣�S

0 8.061(2) 340(5) 3.63 2.09
0.2 8.051(1) 338(5) 3.48 1.20
0.4 8.042(2) 333(5) 3.30 0.86
0.6 8.032(3) 325(5) 3.10 0.70
0.8 8.022(3) 316(5) 2.88 0.63
1 8.013(2) 310(5) 2.69 0.55
Fig. 2. Temperature dependence of magnetization, M(T), for Ba2Fe1−xCrxMoO6

(0 ≤ x ≤ 1) measured at applied magnetic field of 1 T.

tion has been observed on substituting Fe/Cr over the entire Cr
range. This is in agreement with the crystallography results of the
previously studied Ba2CrMo1−xWxO6 double perovskite [16]. They
reported that a partial substitution of W5+,6+ by Mo5+,6+ on the
Bs̀ite indicates change of average ionic radius without distortion of
the crystal symmetry. The lattice parameters of Ba2Fe1−xCrxMoO6
(0 ≤ x ≤ 1) obtained with the method of least square refinement are
summarized in Table 1. The results show a continuous decrease
in the lattice constant with increasing Cr content in the samples
(a = 8.061 Å for Ba2FeMoO6 and a = 8.013 Å for Ba2CrMoO6) which
is obvious due to smaller ionic radius of Cr3+ (0.615 Å) compared to
ionic radius of Fe3+ (0.645 Å). The lattice parameter values of par-
ent compounds are in good agreement with lattice parameters of
Ba2FeMoO6 and Ba2CrMoO6 reported in literatures [16,19].

3.2. Magnetic properties

The temperature dependence of magnetization measurements,
M(T), of the double perovskite Ba2Fe1−xCrxMoO6 (0 ≤ x ≤ 1) at 1 T
are shown in Fig. 2. The curves reveal paramagnetic (PM) to fer-
romagnetic (FM) phase transition at Curie temperature, TC. The
Curie temperatures, TC, of the samples were determined from the
temperature at which dM/dT curve reaches a maximum in the
magnetization versus temperature (under low magnetic field) rep-
resentations, see Table 1. Apparently, the ferromagnetic transition
decreases significantly as the Cr doping content increases, from
340 K for x = 0 to 310 K for x = 1. This reduction in TC is principally
a consequence of combined effects of the chemical pressure [20],
carrier doping and anti-site disorder defects [21]. Due to smaller

ionic radius of Cr, the substitution of Cr in place of Fe increases
the chemical pressure in the lattice. As a result the orbital over-
lap and exchange coupling changes. Nevertheless, the presence of
(Fe,Cr)/Mo disorder due to anti-site defects was the main origin of
destroying the ferromagnetic state, and leads to a decrease of TC.

≤ x ≤ 1).

max
M

∣∣ (�oH = 1 T [J/kg K] � (at 300 K) (� cm) � (at 10 K) (� cm)

4.60 × 10−4 2.64 × 10−5

4.79 × 10−3 3.91 × 10−2

7.40 × 10−3 8.71 × 10−2

8.60 × 10−3 1.10 × 10−1

1.02 × 10−2 1.30 × 10−1

2.10 × 10−3 2.68 × 10−2
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tion obtained at the temperatures T and T , respectively, under
ig. 3. Magnetization curves for Ba2Fe1−xCrxMoO6 (0 ≤ x ≤ 1) at 20 K under an exter-
al field up to 9 T; the inset shows the saturated magnetic moment versus the Cr
ontent, x.

he TC value at x = 0 is similar to that of Ba2FeMoO6 sample reported
y Zhong et al. [14]. Furthermore, the magnetization decreases
radually with the increasing of small amounts of Cr doping (Fig. 2).

The field dependence of the magnetization for
a2Fe1−xCrxMoO6 samples (x = 0, 0.2, 0.4, 0.6, 0.8 and 1) at
0 K under an external field up to 9 T is displayed in Fig 3.
he results reveal that the saturation magnetic moment, �S,
f Ba2Fe1−xCrxMoO6 double perovskite (0 ≤ x ≤ 1) compounds
ecreases as Cr doping content increases from 3.63�B/f.u. for x = 0
o 2.69�B/f.u. for x = 1, see the inset of Fig. 3. This is confirmed
ith the fact that the Cr3+ saturation moment is expected to be

maller than the Fe3+ saturation moment. The significant decrease
f the saturation magnetic moment with x might be attributed
o the increase of the anti-site disorder defects [22,23] or mag-
etic dilution due to the substitution of Cr for Fe. The values of
S for pure compounds are in good agreement of those values

eported in literatures [14,19]. It is worth noting that the observed
alue of the saturation magnetic moment for Ba2FeMoO6 double
erovskite lies slightly below the theoretical value of 4�B/f.u. of
he fully ordered Ba2FeMoO6 double perovskite. This reduction
s principally a consequence of Fe/Mo anti-site disorder [22–24].
ccording to Ogale et al. [23] the saturation magnetic moment of
.7�B/f.u. corresponds to an anti-site disorder of 2.4% in the Fe and
o sites.

.3. Magnetocaloric effect

Some intermetallic compounds and alloys of heavy rare earths
ith a large magnetic moment, such as Gd and Gd5Ge2Si2 have

een proposed to be good candidates for magnetic refrigeration
pplications at room temperature [25,26]. Additionally, the large
agnetic entropy changes of rare earth intermetallic compounds

T13−xMx (R = rare earth, T = Co, Fe and M = Si, Al) obtained at a
elatively low field make these intermetallic compounds are pos-
ible candidates for magnetic refrigerant materials, see e.g. Ref.
27]. Furthermore, several authors have investigated the magne-
ocaloric effect in ABO3 type perovskite manganites and found their

agnetic entropy change is comparable to that of Gd [28–32]. How-
ver, to our knowledge little results have been reported on the

CE of the double perovskite transition oxide [14–16]. Here, we

tudy the effect of Cr doping at B–site (Fe) in the polycrystalline
a2Fe1−xCrxMoO6 (0 ≤ x ≤ 1) double perovskite on the magne-
ocaloric properties.
Fig. 4. Isothermal magnetization versus magnetic field obtained at different tem-
peratures under an external field up to 1 T for Ba2Fe1−xCrxMoO6 (a) sample with
x = 1 and (b) sample with x = 0.

The magnetic entropy change can be measured either by the adi-
abatic change of temperature under the application of a magnetic
field or through the measurement of initial isothermal magnetiza-
tion versus magnetic field at various temperatures. In this study,
the second method was used to avoid the difficulties of adiabatic
measurements.

According to classical thermodynamic theory, the magnetic
entropy change �SM due to the variation of the external magnetic
field from 0 to maximum field H is written as:

�SM(T, H) =
H∫
0

(
∂M

∂T

)
H

dH′ (1)

For magnetization measured at discrete field and temperature
intervals, the magnetic entropy change �SM can be approximated
as:∣∣�SM

∣∣ =
∑

i

Mi − Mi+1

Ti+1 − Ti
�H (2)

where Mi and Mi+1 are the experimental values of the magnetiza-

i i+1

the magnetic field H. The change of magnetic field �H – i.e. the dif-
ference between the minimal and maximal external magnetic field
applied – in our case is equal to H (because the minimum field was
set to 0).
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of the Cr doping at the B-site could be caused by the change of
the double exchange interaction [37,38]. In order to make a com-
parison of the maximum entropy change values for these samples
with those reported in literatures for several materials considered

Table 2
Magnetocaloric properties obtained for Ba2Fe1−xCrxMoO6 (0 ≤ x ≤ 1) compounds
compared with different materials.

Sample TC [K] �oH [T]
∣∣�Smax

M

∣∣ [J/kg K] Reference

Ba2FeMoO6 340 1 2.09 Present work
Ba2Fe0.8Cr0.2MoO6 338 1 1.20 Present work
Ba2Fe0.6Cr0.4MoO6 333 1 0.86 Present work
Ba2Fe0.4Cr0.6MoO6 325 1 0.70 Present work
Ba2Fe0.2Cr0.8MoO6 316 1 0.63 Present work
Ba2CrMoO6 310 1 0.55 Present work
Gd 292 1 3.25 [39]
Ba FeMoO 340 1 1.54 [14]
ig. 5. The M2 versus H/M plots at different temperatures for Ba2Fe1−xCrxMoO6 (a)
ample with x = 1 and (b) sample with x = 0.

Isothermal magnetization, (M–H), curves are obtained around
he Curie temperature of samples. Fig. 4(a and b) shows an exam-
le of such curves for the end member samples (x = 0, 1) of
a2Fe1−xCrxMoO6 compound measured over a wide temperature
ange under an external field up to 1 T. The temperature step is 3 K,
K in the range from 250 K to temperature above 300 K for samples
ith x = 0 and 1, respectively and 50 K for the others temperature

anges. Obviously, the magnetization has been found to increase
ith decreasing temperature in the temperature range 100–350 K,
here thermal fluctuation of spins decreases with decreasing tem-
erature. The nature of the magnetic phase transition in the Cr
oped investigated compounds has been examined by using Baner-

ee criterion [33]. According to which the slope of M2 versus H/M
urves (Arrott plot) denotes whether the observed magnetic phase
ransition is of the first order (negative slope) or, second order
positive slope). A typical set of M2 versus H/M curves for the
nd compositions (x = 0 and 1) of Ba2Fe1−xCrxMoO6 compound is
epicted in Fig. 5(a and b). Clearly, the Arrott plots obtained for all
he Ba2Fe1−xCrxMoO6 (0 ≤ x ≤ 1) samples indicate positive slope in
heir complete M2 versus H/M curves and confirm the transition to
e the second order.

Based on Eq. (2), the magnetic entropy changes as a function of
emperature, for all samples, at external magnetic field of 1 T were

alculated. The temperature dependence of the magnetic entropy
hange,

∣∣�SM

∣∣, as a function of temperature under an applied field
f 1 T for Ba2Fe1−xCrxMoO6 double perovskite samples with x = 0,
.2, 0.4, 0.6, 0.8 and 1 is shown in Fig. 6. As expected from Eq. (2)
Fig. 6. Temperature dependence of the magnetic entropy change
∣∣�SM

∣∣ at the mag-

netic applied field change of �oH = 1 T for Ba2Fe1−xCrxMoO6 (0 ≤ x ≤ 1); the inset
shows the variation of maximum entropy change with the Cr content, x.

the maximum values of
∣∣�SM

∣∣, i.e.
∣∣�Smax

M

∣∣, are obtained around
each Curie temperature TC. It is obvious that the maximum entropy
change is rather large,

∣∣�Smax
M

∣∣ = 2.08 J/kg K, for Ba2Fe1−xCrxMoO6
with x = 0 upon 1 T external applied field change. Moreover, as the
Cr doping content increase, maximum entropy change

∣∣�Smax
M

∣∣
decreases (see Table 1) and the curves of the magnetic entropy
changes become broader. The broadening in the magnetic entropy
change due to Cr3+ substitution can be explained as follows: when
small amounts of Cr3+ doped in Ba2FeMoO6 the magnetic transition
becomes broader and broader due to Cr3+ substitution, so gives rise
to a larger broadening of the magnetic entropy change. It has been
shown that the large magnetic entropy change in perovskite results
mainly from the considerable variation of magnetization near TC
[34–36]. The spin–lattice coupling in the magnetic ordering process
also plays an important role in additional magnetic entropy change
near TC, and consequently, enhances the MCE [35,36]. Therefore,
the large magnetic entropy change in the present perovskites
Ba2Fe1−xCrxMoO6 (0 ≤ x ≤ 1) compounds can originate from the
abrupt reduction of magnetization, which is associated with a FM to
PM phase transition in the vicinity of Curie temperature TC. Namely,
spin alignments induced by magnetic field led to negative entropy
change. Furthermore, the sharper the change in magnetization at
TC the larger magnetic entropy change obtained (see Fig. 6). How-
ever, the decrease of the magnetic entropy changes with increasing
2 6

Ba2CrMoO6 335 1 1.26 [16]
La0.77Sr0.23Mn0.8Cu0.2O3 293 1 2.68 [28]
La0.67Ca0.275Sr0.055MnO3 285 1 2.80 [29]
La0.67Ca0.33MnO3 260 1 1.20 [40]
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ig. 7. Resistivity under zero applied magnetic field as a function of temperature
or Ba2Fe1−xCrxMoO6 (0 ≤ x ≤ 1).

romising for magnetic refrigeration we have collecting the differ-
nt

∣∣�Smax
M

∣∣ values in Table 2. One should be noted that the value
f the maximum entropy changes for Ba2Fe1−xCrxMoO6 with x = 0
ample above 300 K at 1 T is found to be 25% higher than that for
a2FeMoO6 sample under a field change of 1 T reported by Zhong
t al. [14]. However, our value of the maximum entropy change for
a2Fe1−xCrxMoO6 with x = 1 under field change of 1 T is lower than
hat value reported by Dhahri et al. [16] for Ba2CrMoO6 under a
eld change of 1 T. Furthermore, it is important to see also from
able 2 that the value of

∣∣�Smax
M

∣∣ obtained in the Ba2Fe1−xCrxMoO6
ith x = 0 sample is about 64% that of pure Gd, which is thought to

e the optimum magnetic refrigerant for use near room tempera-
ure. In addition, when compared with Gd and its alloys [39], the
resent perovskites are easier to fabricate, possess a higher chem-

cal stability and their TC can be adjusted by tuning the doping
oncentration. Finally, it is interesting to note that the large mag-
etic entropy changes were found to occur around 300 K, allowing
oom temperature magnetic refrigeration. This result indicates that
he present double perovskite samples especially at x ≤ 0.4 are of
ractical importance, because it could be good working materials
or magnetic refrigeration in household refrigerators.

.4. Electrical transport properties

Fig. 7 depicts the temperature dependence of the zero field
esistivity �(T) of Ba2Fe1−xCrxMoO6 (0 ≤ x ≤ 1) compounds. It can
e seen that both parent compounds have a very low resistivity.
he �(T) curves exhibit a change from metallic behavior (d�/dT < 0)
t x = 0 to semiconducting like behavior (d�/dT > 0) for all doped
amples (x ≥ 0.2) over the entire measurement temperature region
rom 4.2 K to 300 K. Furthermore, the resistivity increases by some
rder of magnitude with the increase of the Cr content. The
esistivities at room temperature (300 K) are 4.6 × 10−4 � cm and
.1 × 10−3 � cm for x = 0 and 1, respectively, whereas the resis-
ivities are 4.79 × 10−3 � cm, 7.4 × 10−3 � cm, 8.6 × 10−3 � cm and
.02 × 10−2 � cm for x = 0.2, 0.4, 0.6 and 0.8, respectively. It should
oted that the resistivity of the sample with x = 0.2 shows a shal-

ow peak at low temperatures. Accordingly, we can see a charge
ocalization and destruction of the metallic behavior of the Cr dop-
ng. The carriers are localized over the entire composition range
0 ≤ x ≤ 1) although the existence of ferromagnetic exchange and

erromagnetic order. The shallow peak in �(T) at low temperatures
n the sample with x = 0.2 can be explained similar to that given by
ayathri et al. for maganites perovskites [41]. The sample (x = 0.2)
an be considered as a composite including both the metallic and
emiconducting regions. The metallic behavior are mostly of com-

[

[

[

ompounds 502 (2010) 376–381

position close to x = 0 sample. As the temperature is decreased the
resistivity of the metallic regions reduces while that of the semi-
conducting regions increases. This tends to increase current paths
through the metallic regions of low resistivity. Consequently, the
conduction from the metallic regions predominates and resistivity
decreases as the temperature is reduced. Thus, the shallow peak
in resistivity signifies a crossover from metallic to semiconduct-
ing behaviors. However, for the samples with x ≥ 0.2 the metallic
regions make marginal contribution to conductivity even if they are
present in small volume fractions. Further investigations on the
magneto-transport properties of the Ba2Fe1−xCrxMoO6 (0 ≤ x ≤ 1)
double perovskite will be presented elsewhere.

4. Conclusions

We have made a systematic investigation of the effect of dilu-
tion of Fe3+ by Cr3+ on the magnetic, transport and magnetocaloric
properties of the double perovskite Ba2FeMoO6. The substitution
of Cr on the B-site cation (Fe) in series Ba2Fe1−xCrxMoO6 (0 ≤ x ≤ 1)
decreases the Curie temperature (from 340 K to 310 K for x = 0
and 1, respectively) and the saturation magnetic moment, �S,
from 3.63�B/f.u. for x = 0 to 2.69�B/f.u. for x = 1. It was found that
Cr doping in the double perovskite Ba2Fe1−xCrxMoO6 (0 ≤ x ≤ 1)
reduces the maximum value of magnetic entropy change under low
magnetic field. The maximum value of magnetic entropy change
2.08 J/kg K for x = 0 at 1 T was found to be about 64% that of pure Gd,
suggesting that these materials can be used as magnetic refriger-
ants near room temperature. A transition from metallic behavior at
x = 0 to semiconducting like behavior for all doped samples (x ≥ 0.2)
is observed.
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