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Abstract
We have investigated the magnetic susceptibility and magnetocaloric effect of double perovskite oxides Ca

2
FeMoO

6
 . The 

magnetic susceptibility measurement shows that Ca
2
FeMoO

6
 undergoes a ferrimagnetic to paramagnetic phase transition at 

around 280 K. The isothermal magnetic entropy change (-ΔS
M

 ) of Ca
2
FeMoO

6
 is estimated by Maxwell relation and a tem-

perature averaged entropy change (TEC) is adopted to assess the figure of merit of this material. By calculating the exponent 
n dependence of magnetic entropy change with field, we identify the second order phase transition nature in Ca

2
FeMoO

6
.
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1  Introduction

With the keeping development of industry and economy, 
energy and environmental crisis have become more and 
more serious. Whether in daily life or scientific research, 
people rely on refrigeration technology frequently. Most of 
the commercial refrigeration technologies applied now are 
traditional gas compression (CGC) refrigeration. However, 
the gas used in CGC often contains/emisses fluoride/cabon 
dioxide hence CGC technology is detrimental to air and 
the Earth. Further, the efficiency of CGC is relatively low, 
i.e. only 5% - 10% of Carnot cycle efficiency. Therefore, 
an alternative freezing method is appealing. The magnetic 
refrigeration technology born from the magnetocaloric 
effect (MCE) is promising to replace CGC technology as 
an environment-friendly, high efficiency (it can be reached 
up to 30%-60% of Carnot cycle) and wide-utilization can-
didate [1–5].

Due to the extra magnetic entropy change caused by the 
coupling between crystal structure and magnetism, the first-
order magnetic phase transition (FOMT) materials generally 
show large/giant MCE. Therefore, extensive investigations 
have been conducted on first-order ferromagnetic phase 
change materials, such as Gd5Ge4−xSix [6, 7], MnAs1−x
Sbx [8], MnFe(As, P, Si, Ge) [9, 10] and LaFe13−xSix(H� ) 

[11–13]. However, the FOMT compounds often manifest 
significant magnetic hysteresis and thermal hysteresis, which 
would greatly reduce the efficiency of magnetic cooling. 
Moreover, since the crystal expands and shrinks very fast in 
the magnetic field generating/degenerating process, these 
materials will encounter severe mechanical instability [14]. 
Compared with the FOMT materials, the second-order mag-
netic phase transition (SOMT) magnetic refrigerants do not 
have these shortcomings. Therefore, many scientists turn 
to SOMT compounds with large MCE. Among the SOMT 
materials, the manganese-based perovskites once caused 
great interests owing to their large MCE and close to mag-
netic tricritical point [15, 16]. Additionally, they are robust 
to air and moisture at high temperatures, give its oxidation 
nature [17].

Double perovskite oxides are counterpart to manganite. 
The general formula is A 2BB′O6 , where A is alkaline-earth 
or rare-earth element ions, B and B ′ are different transi-
tion metal ions. These materials have been widely studied 
because of their versatile functionality. Kobayashi et al. 
found that Sr2FeMoO6 displays a 10% tunneling magnetore-
sistance effect at room temperature [18], showing promise 
for development of ambient-temperature- operable magne-
toresistive devices. Sugahara et al. systematically studied the 
structural and thermoelectric properties of Ca2FeMoO6 [19]. 
The maximum dimensionless figure of merit ZT could reach 
0.15 at 1250 K. By performing electrical conductivity and 
electrochemical measurements, Huan et al. proposed that 
the A 2BB′O6 system is highly promising anode material for 
solid oxide fuel cells [20]. Although extensive investigations 
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have been carried on, the MCE of these materials remains 
elusive.

In this paper, we present a study on the magnetic sus-
ceptibility and magnetocaloric effect of Ca2FeMoO6 . The 
Curie point is obtained from temperature-dependent mag-
netization. The magnetic entropy change is evaluated by the 
Maxwell relation and the figure of merit is determined by 
analyzing of the temperature averaged entropy change(TEC). 
Also, we have identified the order of magnetic phase transi-
tion according to the exponent n from field dependence of 
magnetic entropy change near Tc.

2 � Experiments

Polycrystal samples were synthesized using conventional 
solid state reaction method. Firstly, the raw Ca2O3 , Fe2O3 , 
MoO3 powders were weighed according to the appropriate 
molar ratio Ca: Fe: Mo = 2: 1: 1. Secondly, the weighed 
powder were ground thoroughly in an agate mortar. Then 
the mixture was pressed into a pellet and heated at 1200◦ C 
for 48 hours in air. To guarantee sample homogeneity, the 
grinding and heating processes were repeated three times. 
The X-ray diffraction (XRD) were carried out at room tem-
perature on a D8 ADVANCE X-ray diffractometer in order 
to determine the crystal structure. The magnetic suscepti-
bility �(T) and the isothermal magnetization measurements 
were performed on a Quantum Design Magnetic Property 
Measurement System MPMS-3. During the magnetic sus-
ceptibility measurement, the magnetic field was set to 200 
Oe and the field cooling(FC) process was adopted. While 
for the isothermal magnetization, the magnetic field ranged 
from 0 to 9 T in a temperature interval Δ T  = 2 K from 260 
to 340 K.

3 � Results and Discussion

Figure 1 shows the X-ray diffraction pattern of the as-grown 
Ca2FeMoO6 polycrystal to identify the crystal structure and 
phase purity. The diffraction data can be well indexed with 
a monoclinic space group P121/N1 (No. 14) except a few 
weak peaks, which most likely due to a small amount of Fe2
O3 . The deduced lattice parameters are a = 5.398 Å, b = 
5.520 Å, c = 7.699 Å, and � = 89.95◦ , respectively, which 
are in good agreement with previous reports [21, 22].

Figure 2 displays the magnetic susceptibility as a function 
of temperature and its derivative in an applied magnetic field 
of 200 Oe during an FC process. One can see that below 
280 K, the magnetization increases rapidly with cooling and 
tends to a saturation. While above 280 K, the dependence 
of magnetization with temperature is relatively weak. The 
results indicate a temperature-induced ferrimagnetism to 

paramagnetism phase transition around 280 K in this system. 
By calculating the first derivative of magnetic susceptibil-
ity to temperature (see red line in Fig. 2), it is clearly seen 
that the slope changes fastest at 280 K. Therefore, the Curie 
temperature is determined to be 280 K. We note that the 
Tc is lower than the published results [18, 21, 22], which 
may originate from the oxygen vacancy and/or site disorder 
induced by long-term heating.

To elucidate the MCE in this system, we first present 
the isothermal magnetization in an applied magnetic field 
up to 9 T in Fig. 3. The temperatures are from 260 K to 
340 K with step ΔT = 2 K. At low temperatures, the mag-
netization increase rapidly at low field and keep increas-
ing with magnetic field in a gentle way at high field. It is 

Fig. 1   (Color online) Room temperature powder X-ray diffraction 
pattern of Ca

2
FeMoO

6
 . The Miller indices are obtained from the 

Inorganic Crystal Structure Database (ICSD)

Fig. 2   (Color online) Temperature dependence of the magnetic sus-
ceptibility and its derivative in an applied magnetic field of 200 Oe 
under an FC process
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seen that the magnetization shows non-signature of full 
saturation even up to 9 T. The non-saturation behavior is 
also observed in single crystal sample [21] and the sister 
compound Sr2FeMoO6 [23], which can be explained by 
the half-metallic origin of ferrimagnetism. While at high 
temperatures, the data show typical Brillouin Function 
behavior, suggesting paramagnetic state is reached.

In equilibrium thermodynamics, a magnet will be 
warmed up in magnetic field and vise versa in an adiabatic 
process. This behavior is well known as MCE [24]. Gener-
ally, the characteristic parameter of MCE can be expressed 
by the Δ S M according to Maxwell relation

where H, M and T are magnetic field, magnetization and 
absolute temperature, respectively. In reality, this formula 
can be further approximated by

where Mi  and Mi−1 represent the experimental values of the 
magnetization at Ti  and Ti−1 under the same magnetic field 
range ΔH. Based on Eq. 1, one can calculate the Δ SM from 
the discrete M(H) data.

Figure 4 shows the results of - Δ SM as a function of T 
and Δ H . It is seen that the - Δ SM peaks at around the Curie 
temperature and the full width at half maximum (FWHM) 
is very large, which may suggest a high refrigerant capacity 
(RC, defined by FWHM times the corresponding - Δ SM ). 
However, the absolute value of - Δ SM s are very low which 

(1)ΔSM(T ,ΔH) = ∫
H

0

(
�M

�T

)
dH

(2)ΔSM(T ,ΔH) =

max∑
0

Mi −Mi−1

Ti − Ti−1
ΔH

would discount the RC significantly. For example, at Δ H 
= 5 T, the maximum of - Δ SM is 1.04 J kg−1 K −1 in Ca2
FeMoO6 while it is 9.5 J kg−1 K −1 in the prototype magnetic 
refrigerant Gd metal [6]. Although the - Δ SM is much less 
than the state of the art materials, it is comparable to its 
sister compound, Sa2FeMoO6 . i.e., at Δ H = 1 T, the - Δ SM 
is ∼0.3 J kg−1 K −1 in Ca2FeMoO6 , while it is ∼0.1 J kg−1 
K −1 in Sr2FeMoO6 [23].

Since the FWHM is not obtained in our experiment, a 
temperature average entropy change (TEC) is adopted to 
determine the refrigerant performance. This caloric material-
based figure of merit was proposed by Griffith etal. [25].It is 
on the ground of - Δ SM data and calculated over a range of 
temperatures, Δ T  lift , that a material can reasonably support 
in response to a given field change Δ H . The TEC is defined 
as following

where, T  mid is chosen by sweeping over - Δ SM(T, Δ H ) data 
and select the value that maximizes TEC(Δ T lift for the given 
Δ T  lift . As is shown in Fig. 5, the TEC(12) increase monoto-
nously with magnetic field from ∼0.3 J kg−1 K −1 at 1 T to 
1.65 J kg−1 K −1 at 9 T. When compared with the several well-
known materials, the MCE performance is rather weak. i.e., 
for Gd5Si2Ge2 , TEC(10) = 6.89 J kg−1 K −1 @1 T; for La(Fe0.88
Si0.12)13 , TEC(10) = 9.11J kg−1 K −1 @1 T; for Gd, TEC(10) =  
2.91J kg−1 K −1 @1 T [25].

At last, we would like to discuss the order of magnetic 
phase transition of Ca2FeMoO6 by using the dependence 

(3)TEC(ΔTlift) =
1

ΔTlift
max
Tmid

⎧
⎪⎨⎪⎩
∫

Tmid+
ΔTlift

2

Tmid−
ΔTlift

2

ΔS(T)
ΔH,TdT

⎫⎪⎬⎪⎭

Fig. 3   (Color online) Isothermal magnetization near Tc with the tem-
perature step of 2 K for temperature range 260-340 K

Fig. 4   (Color online) Isothermal magnetic entropy change at field dif-
ference of ΔH = 1 T to 9 T
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exponent n of magnetic entropy change with field near Tc 
proposed by Law et al. [26]. In their arguments, the FOMT 
and SOMT can be distinguished objectively and straightfor-
wardly by compare an exponent n with a number 2. Where 
the exponent n can be deduced from the field dependence of 
magnetic entropy change at various temperatures by

If the exponent n ≥ 2, then the material is a typical FOMT 
material, otherwise the phase transition would be continu-
ous. As is clearly seen in Fig. 6, the values of n are definitely 

(4)n(T ,H) =
d ln |ΔSM|
d lnH

smaller than 2 around Tc , indicating a second order magnetic 
phase transition.

4 � Conclusions

In summary, by performing magnetic susceptibility and 
isothermal magnetization measurements, we have investi-
gated the magnetic properties and magnetocaloric effect of 
a double peroveskite Ca2FeMoO6 . A ferrimagnetic to para-
magnetic transition at 280 K is identified in the magnetic 
susceptibility measurement. The magnetocaloric effect is 
evaluated by calculating the magnetic entropy change as 
well as the temperature average entropy change. Compared 
with the well-known magnetic refrigerant candidates, the 
performance of Ca2FeMoO6 is found rather modest. At 
last, by deriving the exponent n dependence of magnetic 
entropy change with field, we verify the second order 
phase transition nature of Ca2FeMoO6.
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