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Abstract. Theoretically, the magnetic behaviours and the magneto-caloric performance of the Pb2CoUO6 double
perovskite were predicted and examined. The results attained in this paper showed that the Pb2CoUO6 double perovskite
was a ferromagnetic state under Tc * 10 K. The order magnetic transition of this system was a second-order from the
ferromagnetic (FM) to the paramagnetic (PM) transition above Tc. The Pb2CoUO6 double perovskite was a hard magnetic
material. Additionally, other physical quantities were determined and examined; namely, the magnetic entropy change
(-DSM) and the relative cooling power (RCP), which were 4.38 J kg-1 K-1 and 25.47 J kg-1, respectively, at the applied
magnetic field of 4 T. All these physical quantities were examined using the Monte Carlo approach (MCA).
Keywords. Magneto-caloric effect; magnetic refrigeration; Pb2CoUO6 double perovskite; spins Hamiltonians; magnetization–demagnetization.

1.

Introduction

Magnetic materials with the second-order phase transitions
are good candidates for the magnetic refrigeration (MR),
thanks to their potential applicability in the MR at the room
temperature and also thanks to a large relative cooling
power (RCP) [1,2]. The MR is based on the magneto-caloric
effect (MCE), which is described as heating or cooling of
the magnetic materials in a varying magnetic field [3,4].
According to many research papers conducted already, this
new technology is a good and promising solution vis-a-vis
the conventional gas compression (CGC), which is based on
the compression/decompression technique. There are four
important parameters or physical quantities for selecting
magneto-caloric materials as magnetic refrigerants. The first
one is magnetic entropy changes (-DSM), the second one is
adiabatic temperature changes (DTad), the third one is RCP
and the last one is temperature transition which is near to
the room temperature [5–11].
There are a number of very interesting materials in the
development of this new technology. Among them, the
double perovskite whose general formula is R2MM0 O6 with
R = lanthanide, M and M0 = transition metals. This type of
material starts to arouse the growing interest not only for
their potential applications in spintronic devices, but also in
MR because of their important magneto-caloric behaviours
[12–19]. The magneto-caloric effect of a double perovskite
oxide PrSrMnCoO6, has been examined and determined in

fields up to 7 T and has shown maximum magnetic entropy
changes of *4.6 J kg-1 K-1 of 5 T field [20]. The magneto-caloric effect in the half-metallic double perovskite
Sr0.4Ba1.6-xSrxFeMoO6 (x = 0, 0.2, 0.4, 0.6) has been
studied. It was shown that this compound has a magnetic
entropy change of 0.078 J kg-1 K-1 upon 0.2 T [21].
Moon et al [22] explored the anisotropy of the magnetic
and magneto-caloric properties of a single-crystal double
perovskite Gd2CoMnO6. The structural data of the compound Ba2NiUO6 was determined by the powder XRD
technical as established in refs [23–27]. The space group of
this compound was Fm3m and the parameters of the unit
cell of this compound were a = b = c = 8.336 Å, besides,
the crystal structure of this system was an undistorted cubic
perovskite [27]. The transition temperature (Tc) of
Ba2NiUO6 was 25 K [25,26]. The magnetic entropy change
was determined to be *8.1 J mol-1 K-1 [26]. By powder
XRD method, the structure data of the system Ba2CoUO6
was determined as stated in ref. [26]. The crystal structure
of Ba2CoUO6 was an undistorted cubic perovskite composite and whose parameters were, as cited in ref. [26],
a = b = c = 8.3738 Å. The space group of this undistorted
cubic perovskite composite was Fm3m. The double perovskite Ba2CoUO6 had a ferromagnetic state under 9.1 K.
The magnetic entropy change, which was due to this
ferromagnetic ordering of Co2? ions in the Ba2CoUO6, was
deduced to be about 4.1 J mol-1 K-1 [26]. In general, the
double perovskite family have been found to have
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considerably high values of DSM and RCP as the prospective magneto-caloric refrigerant around Tc.
In the same manner, Pb2CoUO6 double perovskite is
similar to Ba2CoUO6 double perovskite. Thus, Ba with Pb
is replaced, because the price of Pb is very low when
compared to the price of Ba and Ba2? with Pb2?; both of
which have a very similar ionic radius and the same oxidation state. Further, it is clear that total substitution of Ba
for Pb atoms leads to an increase in the Curie temperature
(Tc), while the MCE is also large due to the weakening of
the second-order magnetic transition (SOMT).
In this work, a compound which is similar to the
Ba2CoUO6 double perovskite is studied. Ba with Pb is
replaced, so that the final compound would be Pb2CoUO6
with a = b = c = 8.3738 Å, Pb (0.25, 0.25, 0.25); Co (0, 0,
0); U (0.5, 0.5, 0.5); O (0.25, 0, 0) and also the space group
is Fm3m. The aim of this work is to determine and predict
the magnetic behaviours and the magneto-caloric performance of the Pb2CoUO6 double perovskite (figure 1). This
compound belongs to the second-order phase transition
materials which are still good candidates for the magnetic
refrigeration.
The studied system is dwelt through four sections: In
section 2, the details of the model and the method are
explained, while in section 3, the results obtained are
elaborated and discussed. As a final part, all the main points
treated in this research paper are summed up in ‘conclusion’
section.

2.

Hamiltonian model and methodology

In this section, the Hamiltonian model of this compound
along with the method is presented with the aim of establishing and predicting the magnetic properties and magnetocaloric effect of the system under study. The charge
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2þ 6þ 2
ordering of this compound is Pb2þ
2 Co U O6 . From this
charge ordering, the magnetic moment of this compound is
deduced, stemmed from the atom Co2? with the magnetic
moment (r = 3/2). The Hamiltonian model of the studied
system was given by:
!
N
X
X
2
H ¼ JCoCo
ri rj  D
ðri Þ  g  lB
hi;ji

H

N
X

!

i¼1

ri ;

ð1Þ

i¼1

P
where the summation hi;ji denoted the nearest neighbour
(i, j) sites, JCo–Co, referred to the first exchange coupling
interaction between the nearest-neighbour spins and the
value of this parameter was: JCo–Co=1.6 K, D identified the
crystal field and the value of this parameter was: D = -0.3
K; H presented the external magnetic field; lB and g were
Bohr–Magneton and gyromagnetic factors, respectively.
The value of the exchange coupling and the crystal field
were chosen in this work because of the transition temperature of the family (M2CoUO6 with M = Ba or Sr) of
this compound was between 9.5 and 10 K as mentioned in
refs [26,27,32]. So, these values were chosen to find the
transition temperature that was close to that of Ba2CoUO6
and Sr2CoUO6.
b ¼ 1=K B T and KB , lB and g were the Boltzmann constant, Bohr–Magneton and gyromagnetic factors, respectively, which were equal to unity in all this work
ðK ¼ g ¼ lB ¼ 1Þ.
Magnetization (M), energy of the system (E), Binder’s
fourth-order cumulate of energy (VL), magnetic susceptibility (v), specific heat (Cv), Binder’s fourth-order cumulate
of order parameters (UL), magnetic entropy change (-DSM)
and the RCP as the physical quantities of the studied system
were determined by employing Monte Carlo approach with
Metropolis algorithm within the Ising model of the three

Figure 1. Geometry of the crystal structure of the double perovskite oxide Pb2CoUO6 in the left column and the structure
magnetic in the right column.
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dimensions. The system size was composed of N = 303
atoms with the spin moment (r = 3/2). The Monte Carlo
simulation was used to calculate the Hamiltonian shown in
equation (1). It selected the values of the spins that were
given as 3/2, 1/2, -1/2, -3/2. The stable configuration was
found by sequentially traversing each spin value and then
judging its flip with Boltzmann probability. According to
the energy difference before and after the spin reversal to
determine whether the spin flip was accepted or rejected via
the conventional Metropolis algorithm [28]; that is to say,
P = exp(-DE/kBT), where kB is the Boltzmann’s constant,
DE is the energy difference between the before and the after
flip and T is the absolute temperature. To make the calculation results reliable, the previous 106 steps were omitted to
ensure that the system is in a stable state. The rest of 104
Monte Carlo simulations steps per spin were used to calculate average thermal quantities by computer program. In
the below section, the results obtained in the present work,
are presented and discussed.

3.

Results and discussion

3.1

Magnetic behaviour

The thermomagnetic curve of the Pb2CoUO6 double perovskite with JCo–Co = 1.6 K and D = -0.3 K is illustrated
in figure 2. The Curie temperature was determined, which
was Tc*10 K, whereas the Pb2CoUO6 double perovskite
displayed a second-order phase transition from FM to PM
transition above Tc, due to the magnetization of the compound at the transition temperature that continued. It is
worth noting that the nature of the material showed a great
RCP. The magnetization is determined by this equation:
*
+
N
1X
M¼
ri :
ð2Þ
N i¼1

Figure 2. Magnetization as a function of temperature for
different sizes: N = 163, 223 and 303 for JCo–Co = 1.6 K and
D = -0.3 K of Pb2CoUO6.
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VL is determined by this equation:
   2
VL ¼ 1  E4 =3 E2 ;

ð3Þ

where E is the energy per site of the compound.
When the size of the compound tended to infinity or the
size of the thermodynamic limit:
If the minimum of the curve VL as a function of temperature is \(2/3) and then, this system exhibited a firstorder from FM to PM transition above Tc, because there is
   2
discontinuity of the energy E4 6¼ E2 .
If the minimum of the curve VL as a function of temperature tended to 2/3 and then, this system exhibited a
second-order from FM to PM transition above Tc, because
   2
there is continuity of the energy E4 ¼ E2 :
The nature of the magnetic transition order that was
noticed from the magnetization, was also checked and
confirmed by Binder’s fourth-order cumulate of energy as
shown in figure 3. It is worth indicating at this point that the
Binder’s fourth-order cumulate of energy (VL) vs. temperature for JCo–Co = 1.6 K and D = -0.3 K with different
sizes of the compound (N = 123, 223 and 303). In this way,
the minimum value of the peak is deduced, which is
0.666666, and the latter value is corresponded to 2/3. This
result confirmed that the transition type of this double
perovskite was a second-order from FM to PM transition
above Tc.
By magnetic susceptibility (v), specific heat (Cv) and
Binder’s fourth-order cumulate of the magnetization
(UL), the value of the transition temperature (Tc) was also
investigated. Figure 4a, b is plotted to display magnetic
susceptibility (v) and specific heat (Cv) as a function of
temperature for JCo–Co = 1.6 and D = -0.3 K. In figure 4a,
b, the curves of v and Cv showed a peak at the transition
temperature which was Tc & 10 K. For figure 4c, Binder’s
fourth-order cumulate of order parameter UL vs.

Figure 3. Binder’s fourth-order cumulate of energy VL as a
function of temperature: N = 163, 223 and 303 for JCo–Co = 1.6 K
and D = -0.3 K of Pb2CoUO6.
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Figure 5. Magnetization hysteresis loop (a) for different values
of the exchange coupling (JCo–Co = 0.5, 1.0 and 1.6 K) for T = 2
K, D = -0.3 K and N = 303, as well as (b) for different values of
temperature (T = 2, 6 and 10 K) with JCo–Co = 1.6 K, D = -0.3 K
and N = 303.

(c)

Figure 4. (a) Susceptibility, (b) specific heat and (c) Binder’s
fourth-order cumulate of the magnetization UL, as a function of
temperature for different sizes: N = 163, 223 and 303 for
JCo–Co = 1.6 K and D = -0.3 K of Pb2CoUO6.

temperature for JCo–Co = 1.6 and D = -0.3 K with different
sizes (L = 163, 223 and 303) of the compound. The curves of
different sizes were intersected at the transition temperature
which was Tc & 10 K. These parameters were determined

by using these equations:

b  2 
M  hM i2
v¼
and
N

b2  2 
E  hE i2 ;
Cv ¼
N
   2
UL ¼ 1  M 4 =3 M 2 :

ð4Þ
ð5Þ

The hysteresis curves in figure 5a, b showed the influence
of both exchange coupling as well as temperature on the
magnetic hysteresis cycle. Firstly, in figure 5a and table 1,
the effect of exchange coupling on the hysteresis curve is
analysed for different values of exchange coupling
(JCo–Co = 0.5, 1 and 1.6 K) with T = 2 K, D = -0.3 K and
N = 303 atoms. The increase in JCo–Co led to an increase in
both the coercive force (Hc) and the remanent flux density
(Mr), due to the fact that the exchange energy between the
atoms of the compound was high or the system or being
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Table 1. Variations in saturated magnetization (Ms), remanent
magnetization (Mr) and coercive field (Hc) at different exchange
coupling(s) (J).
Mr

Mr/Ms

Hc (T)

1.46
1.48
1.5

1.27
1.31
1.27

0.86
0.88
1

0.24
0.73
3.72

M(emu/g)

0.5
1.0
1.6

Ms

Table 2. Variations in saturated magnetization (Ms), remanent
magnetization (Mr) and coercive field (Hc) at different
temperatures.

2
6
10

Ms

Mr

Mr/Ms

Hc (T)

1.5
1.45
1.27

1.5
1.35
0

1
0.93
0

3.72
1.73
0

Magneto-caloric performance

The results of the magneto-caloric effect through determining the magnetic entropy changes (-DSM) and the RCP
under the application of external magnetic field were predicted and investigated.
To determine the magnetic entropy change (-DSM) for
different magnetic fields from 1 to 4 T, the isothermal
magnetization was analysed around the transition temperature (Tc) as shown in figure 6a. Before Tc, the M–H showed
the strong increase in the magnetization for low fields
region and then, it was saturated at high fields, and thus, this
material has a ferromagnetic state. After Tc, the
M (H) curves became linear for low and high fields.
Therefore, this compound presented a characteristic of
paramagnetic materials. So, this material exhibited a FM–
PM transition.
Arrott curve was plotted around the transition temperature (Tc). As stated by the Banerjee [29] criterion, the
positive slope of all H/M vs. M2 curves represents the second order magnetic phase transition, while the negative

(a)
0
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2

3

4

5

6

µBH(T)
2

T=8K

K
=1

3.2

T=20K

'T

more stable with the elevation in JCo–Co. Further, the surface
of the hysteresis cycle was larger. This is due to the width of
the hysteresis curve and this compound is a hard magnetic
material. Secondly, the impact of the temperature on the
magnetic hysteresis loop is calculated for these parameters:
JCo–Co = 1.6 K, D = -0.3 K and N = 303 atoms, in
figure 5b. The increase in temperature led to the minimization in both the coercive force (Hc) and remanent flux
density (Mr), due to the thermal energy which was higher
and the interaction energy became low with the elevation of
the temperature; and consequently, the surface of the hysteresis loop was closed at the Curie temperature whose
value is Tc & 10 K as shown in figure 5b and table 2.
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Figure 6. (a) M vs. H isotherms and (b) Arrott plot, M2 vs.
H/M measured at different temperatures ranging from 8 to 20 K in
temperature interval DT = 1 K.

slope of these curves represents the first order magnetic
phase transition. The Arrott curves of the Pb2CoUO6 double
perovskite exhibited the positive slope, so the nature of
magnetic phase transition is in the second order as presented
in figure 6b. The M–H curves allowed to use the Maxwell
equation to determine the isothermal magnetic entropy
changes (-DSM). This parameter of the magneto-caloric
effect was identified by this formula [30]:
Z H 
oM
DSM ðT; H Þ ¼
dHi :
ð6Þ
oT Hi
0

1
The term oM
oT Hi ¼ KB T 2 ½ðhME i  hEih M iÞ is the thermal
magnetization for the fixed magnetic field Hi.
From the magnetic entropy change presented in figure 7
vs. temperature for different values of magnetic field, the
maximum entropy change (DSMax
M ) displayed a peak at Tc.
The magnetic entropy change increased along with the
increase in the applied magnetic field and slightly shifts
towards the higher temperature region. The maximum value
-1
K-1 at the applied magnetic field
of jDSMax
M j is 4.38 J kg
of 4 T.
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Figure 7. Entropy magnetic changes calculated by applying the
Maxwell relation for the magnetic field changes H = 1, 2, 3 and
4 T.

Figure 9. Entropy magnetic change maximal DSMax
for the
M
magnetic field changes from 0 to H = 1, 2, 3 and 4 T, in and
around the transition temperature (T = 9.5, 10 and 10.5 K).
Table 3. Comparison between the results obtained in this paper
and both experimental and theoretical ones.
Parameters

RCP(J/Kg)

26

24

Compounds

Tc (K)

DSMax
M

RCP
(J kg-1)

Refs

Pb2CoUO6
Ba2CoUO6
Ba2NiUO6
Ba2CoUO6
Ba2NiUO6

10
9.1
25
8.5
24

4.38 J kg-1 K-1
4.1 J mol-1 K-1
8.1 J mol-1 K-1
—
—

25.47
—
—
—
—

This work
[31] Exp.
[31] Exp.
[32] Theo.
[33] Theo.

22

20
1

2

3

4

µBH(T)

Figure 8. Relative cooling power for the magnetic field changes
H = 1, 2, 3 and 4 T.

RCP is an important parameter to estimate the usefulness
of the material for magnetic refrigeration. This parameter is
also used for a comparison with other MCE materials. It is a
measure of amount of heat transferred between the hot and
cold reservoirs in an ideal refrigeration cycle and defined as:
Z T2
RCP ¼
jDSM ðT; H ÞjdT;
ð7Þ
T1

where T1 and T2 are the cold and the hot temperatures
corresponding to both ends of the half maximum value of
DSMax
M , respectively.
RCP based on the magnetic entropy change is illustrated
in figure 8. The RCP increased linearly when the applied

magnetic field changed from 1 to 4 T. The maximum value
of RCP is 25.47 J kg-1 at the applied magnetic field of 4 T.
Around Tc, the magnetic entropy changes maximal DSMax
M
of the Pb2CoUO6 double perovskite as a function of H,
plotted in figure 9 as the final result of the present paper.
This figure shows that the maximal value of -DSM located
at the Tc, because the spin fluctuations were significant at
Tc. In other words, the maximal fluctuations of spins
appeared at Tc  10 K vis-a-vis T * 9.5 and 10.5 K.
Overall, table 3 presents the results obtained in this theoretical study and those reached experimentally in other
works.

4.

Summary

In general, the magnetic behaviours and the magneto-caloric
effect of the Pb2CoUO6 double perovskite were examined
and predicted. By theoretical study, the PM–FM phase transition was observed at Tc * 10 K through M–T curve. The
M–H isotherms showed the FM–PM transition. The Arrott
plots indicated the existence of the second-order magnetic
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phase transition. The -DSM and RCP were obtained,
respectively, at 4.38 J kg-1 K-1 and 25.47 J kg-1, with the
applied magnetic field of 4 T.
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