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Abstract

The enhanced low-field magnetocaloric effect was investigated for double perovskite Sr2FeMoO
6

- silver
(SFMO/Ag) composites with 0, 5 and 10 wt.% of Ag. A phenomenological model was used to predict mag-
netocaloric properties of SFMO/Ag composites, such as magnetic entropy change, heat capacity change and
relative cooling power. It was shown that magnetic entropy change (∆S M) peaks of SFMO/Ag span over a
wide temperature region, which can significantly improve the global efficiency of the magnetic refrigeration.
Furthermore, the ∆S M distribution of the SFMO/Ag composites is much more uniform than that of gadolin-
ium. Through these results, SFMO/Ag composite has some potential application for magnetic refrigerants in
an extended high-temperature range.
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I. Introduction

Modern cooling offers a green solution to this emerg-
ing challenge and it allows to generate both heating and
cooling. The modern cooling technology is based on the
use of the magnetocaloric effect (MCE) or electrocaloric
effect. It offers a green solution to refrigerant fluids such
as chlorofluorocarbons, hydrochlorofluorocarbons and
ammonia based compounds. Furthermore, the intrinsic
better performance is the reason that this cooling sys-
tem reduces the electric energy used to run refrigeration
units [1–14]. The magnetic cooling technology is based
on the use of the magnetocaloric effect applied to var-
ious metallic materials and new alloys named magne-
tocaloric materials. Magnetization/demagnetization cy-
cles are then similar to compression/ expansion of a gas
and can be used for cooling [15,16]. In principle, mag-
netic refrigeration is based on the magnetocaloric effect,
which is the temperature change of a magnetic mate-
rial associated with an external magnetic field change in
an adiabatic process. The applications of the magnetic
properties of magnetic materials become more and more
significant for the reliability [17–19]. Double perovskite
Sr2FeMoO6 (SFMO) is a very important material hav-
ing high potential for spintronic and magnetoresistive
applications. It is half-metallic resulting in 100% spin
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polarized charge carriers and it has one of the highest
Curie temperatures, Tc, among half metals, around 410–
450 K [20–23].

In this paper, the enhanced low-field magnetocaloric
effect is investigated for Sr2FeMoO6/Ag (SFMO/Ag)
composite samples with 0, 5 and 10 wt.% of Ag. A
phenomenological model was used to predict magne-
tocaloric properties of SFMO/Ag such as magnetic en-
tropy change, heat capacity change and relative cooling
power.

II. Theoretical Considerations

According to the phenomenological model, proposed
by Hamad [24], the dependence of magnetization on
variation of temperature and Curie temperature Tc is
presented by:

M =
Mi − M f

2
tanh (A (Tc − T )) + B · T +C (1)

where Mi is an initial value of magnetization at
ferromagnetic-paramagnetic transition and M f is a final
value of magnetization at ferromagnetic-paramagnetic
transition as shown in Fig. 1. The parameters A and C

are expressed by the following two equations:

A =
2(B − S c)
Mi − M f

(2)
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Figure 1. Temperature dependence of magnetization in
constant applied magnetic field

C =
Mi + M f

2
− B · Tc (3)

where B is magnetization sensitivity dM/dT at ferro-
magnetic state before transition and S c is magnetization
sensitivity dM/dT at Curie temperature Tc.

A magnetic entropy change of a magnetic system un-
der adiabatic magnetic field variation from 0 to final
value Hmax is available by:

∆S M =

(

−A
Mi − M f

2
sech2(A(Tc − T )) + B

)

Hmax (4)

The observed relatively large magnetic entropy change
is attributed to high magnetic moment and rapid change
of magnetization at Tc. Thus, maximal magnetic entropy
change ∆S max can be evaluated from equation (4) for
Tc = T by the following equation:

∆S max = Hmax

(

−A
Mi − M f

2
+ B

)

(5)

In addition, determination of full-width at half-
maximum of magnetic entropy change, δTFWHM , can be
carried out as follows:

δTFWHM =
2
A

cosh−1
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Full-width at half-maximum is important for estimation
of magnetic cooling efficiency. A magnetic cooling ef-
ficiency is estimated by considering magnitude of mag-
netic entropy change (∆S M) and its full-width at half-
maximum (δTFWHM) [25]. A product of −∆S max and
δTFWHM is called relative cooling power (RCP) based
on magnetic entropy change and can be calculated by:

RCP = −∆S M(T,Hmax) ×
(

Mi − M f − 2
B

A

)

Hmax×

× cosh−1
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(7)
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Figure 2. Magnetization in 0.1 T magnetic field for the SFMO/Ag versus temperature. The dashed curves are modelled results
and symbols represent experimental data from Ref. 26
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Table 1. Model parameters for SFMO/Ag in 0.1 T applied magnetic field

x Mi M f Tc B S c

[wt.%] [emu/g] [emu/g] [K] [emu/g·K] [emu/g·K]
0 10.2 1.7 372 -0.088 -0.35
5 10.2 1.7 370 -0.088 -0.35
10 10.01 1.7 368 -0.088 -0.35

Figure 3. Magnetic entropy change as function of
temperature for SFMO/Ag in 0.1 T magnetic field change

Figure 4. Heat capacity change as function of temperature
for SFMO/Ag in 0.1 T magnetic field change

The magnetization-related change of the specific heat is
given by [25]:

∆CP,H = T
δ∆S M

δT
(8)

According to this model heat capacity change, ∆CP,H ,
can be expressed as [24]:

∆CP,H = −T A2(Mi − M f ) sech2(A(Tc − T ))·

tanh(A(Tc − T ))Hmax

(9)

From this phenomenological model, δTFWHM , |∆S |max,
RCP and ∆T can be simply evaluated for SFMO/Ag
composite samples under magnetic field variation.

III. Results and discussion

Figure 2 shows magnetization versus temperature in
0.1 T magnetic field for SFMO + xAg (x = 0, 5 and
10 wt.%) composite samples. The symbols represent ex-
perimental data from literature [26], while the dashed

curves represent modelled data obtained by using model
parameters given in Table 1. These parameters were de-
termined from experimental data. Figures 3 and 4 show
predicted values for change of magnetic entropy and
heat capacity as functions of temperature, respectively.
It is obvious that magnetic entropy change (∆S M) peaks
of SFMO/Ag span over a wide temperature region. It is
also clear that ∆S max of SFMO/Ag does not change con-
siderably with increasing Ag concentration. This is due
to the Ag distribution on the grain boundaries of SFMO
instead of incorporation of Ag in the SFMO structure.

It is well reported for manganites that Ag cannot sub-
stitute the rare-earth cations, but might segregates at
the grain surface/boundaries [27,28]. There is a large
difference between the ionic radius of Ag+ (1.15 Å)
and that of transition metal ions, Fe3+ (0.65 Å) and
Mo5+ (0.61 Å), which prevents substitution and favours
Ag segregating at grain boundaries according to the
Hume-Rothery criteria. X-ray diffraction patterns of the
SFMO/Ag composites [26] confirmed that the metal-
lic Ag does not enter into the lattice of SFMO and no
change in the lattice parameter was observed. More-
over, the results presented by Kumar et al. [26] indi-
cated that small Ag particles are randomly distributed
over the SFMO grains indicating that no chemical reac-
tion occurs between SFMO and Ag particles. The dis-
tribution of Ag particles, noticed on the peripheries of
the SFMO grains, was found to increase with the in-
crease in Ag content. Furthermore, the high resolution
field emission scanning electron microscope measure-
ments showed that no apparent variations in morphol-
ogy and particle size are observed in spite of the exis-
tence of Ag particles over the surface of SFMO grains
[26]. Thus, SFMO and Ag form two phase composite
system, in which the Ag metal phase occurs in the form
of the secondary phase. Therefore, it may be concluded
that Ag remains mainly at the grain surface/boundary of
SFMO grains in these composites.

It was also shown by Kumar et al. [26] that the re-
sistivity and saturation magnetization slightly decrease
with the increase of the Ag content in the composite
samples. The decrement in value of magneto-resistance
is due to the presence of metallic Ag at the grain sur-
face/boundaries of SFMO, which suppress the spin po-
larized tunnelling and reduces the magneto-resistance.

The values of maximum magnetic entropy change,
full-width at half maximum and relative cooling power
of the SFMO/Ag composite samples made with differ-
ent plating times, in 0.1 T magnetic field variation, were
calculated by equations (5), (6) and (7), respectively,
and tabulated in Table 2. Furthermore, the maximum
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Table 2. The predicted values of magnetocaloric properties for SFMO/Ag in 0.1 T applied magnetic field

Composition
∆H −∆S max δTFWHM RCP ∆CP,H(max) ∆CP,H(min)

[T] [J/kg·K] [K] [J/kg] [J/kg·K] [J/kg·K]
SFMO 0.1 0.03 37.26 1.3 0.48 -0.45

SFMO / 5 wt.% Ag 0.1 0.03 37.26 1.3 0.47 -0.44
SFMO / 10 wt.% Ag 0.1 0.03 36.43 1.27 0.48 -0.45

Table 3. The predicted values of magnetocaloric properties for some compositions in low applied magnetic field changes

Composition
∆H −∆S max δTFWHM RCP ∆CP,H(max) ∆CP,H(min) Ref.
[T] [J/kg·K] [K] [J/kg] [J/kg·K] [J/kg·K]

Ge0.95Mn0.05 film 0.1 (0.4–3.6)10-6 12.69–17.75 (0.63–0.45)10-5 (0.077–1.1)10-4 -(0.073–1)10-4 [39]
La1-xCdxMnO3 0.05 0.011 29.65–44.03 0.326–0.484 0.087–0.105 -(0.07–0.094) [40]

Gd1-xCaxBaCo2O5.5 0.1 (1.65–2.2)10-6 9.77–13.85 (1.61–3.04)10-5 (6.14–6.34)10-5 -(6.94–6.13)10-5 [41]

and minimum values of specific heat change for each
sample were determined from Fig. 4. The calculated val-
ues of ∆S M (Table 2) suggest that SFMO/Ag composite
is a promising candidate for magnetocaloric materials.
Moreover, the large temperature width of the ∆S M peak
is advantageous for practical application, which can sig-
nificantly improve the global efficiency of the magnetic
refrigeration. Therefore, this is a feature for its use as
a magnetocaloric material in a real cooling device. Fur-
thermore, the ∆S M distribution of the SFMO/Ag com-
posite is much more uniform than that of gadolinium
[29,30]. This feature is desirable for an Ericson-cycle
magnetic refrigerator [31]. In addition, perovskite like
structured materials are easier to fabricate and possess a
higher chemical stability. The magnetic entropy change
in perovskite manganites could be attributed to the con-
siderable variation of the magnetization near Tc [32].

The spin-lattice coupling in the magnetic ordering
process could play a considerable role in additional
magnetic entropy change [33]. Due to strong coupling
between spin and lattice, significant lattice change ac-
companying magnetic transition in perovskite mangan-
ites has been observed [34,35]. This coupling mech-
anism induces the lattice structural change, which in-
duces a volume variation and thus can cause an addi-
tional change in magnetism. Thereby, a greater reduc-
tion of magnetization near Tc occurs and results in sig-
nificant magnetic entropy change [36–38]. In this way,
a conclusion might be drawn that a strong spin-lattice
coupling in the magnetic transition process would lead
to additional magnetic entropy change near Tc, and con-
sequently, favours the magnetocaloric effect. Table 3
shows the predicted values of magnetocaloric properties
for some other compositions in low applied magnetic
field change (∆H). The magnetocaloric properties of
SFMO/Ag composite are significantly better than that of
Ge0.95Mn0.05, La1-xCdxMnO3 and Gd1-xCaxBaCo2O5.5
as shown in Tables 2 and 3 [39–41].

IV. Conclusions

A phenomenological model was used to predict mag-
netocaloric properties of SFMO/Ag composites, such as

magnetic entropy change, heat capacity change and rel-
ative cooling power. It is shown that SFMO/Ag compos-
ite samples have magnetic entropy change (∆S M) peaks
spanning over a wide temperature region. ∆S M distri-
bution is uniform, which is desirable for Ericsson-cycle
magnetic refrigerator. In addition, these samples have
higher chemical stability. Moreover, the results point out
the SFMO/Ag composite samples are excellent candi-
dates as working materials for magnetic refrigerants at
high temperatures.
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