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In  this  work,  we  use the Monte  Carlo  method  to calculate  the  magnetocaloric  effect  in  Gd4Sb3 compound,
which  has  second  order ferro-paramagnetic  phase  transition  near  room  temperature.  The theoretically
calculated  isothermal  entropy  change  and the adiabatic  temperature  change  upon  magnetic  field  varia-
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tions are  in  good  agreement  with  the  available  experimental  data.
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are-earth compound

. Introduction

The magnetocaloric effect (MCE), originally discovered by War-
urg [1],  is the capacity of some magnetic materials to heat up or
ool down upon external magnetic field change. The MCE, which
as great importance in the technology of magnetic refrigeration
2–4], is characterized by the isothermal entropy change (�S) and
y the adiabatic temperature change (�Tad) upon magnetic field
ariation. Besides the technological interest, the MCE  provides fun-
amental information about the nature of magnetic ordering and
he magnetic phase transition [5].

The magnetocaloric effect in the series of compounds
d4(BixSb1−x)3, whose crystalline structure belongs to the space
roup I43̄d, with the Gd atoms located at 16(c) [6],  has been inves-
igated by Niu et al. [7,8] considering the bismuth concentrations

 = 0, 0.25, 0.5, 0.75and1.0. Experimental data show that these
ompounds exhibit a moderate MCE  around 266 K. This impor-
ant fact makes these compounds promise candidates to be used as

agnetic refrigerant in magnetic refrigerators around room tem-
erature [9]. Despite the large number of papers found in the

iterature, there is not yet a theoretical description of the mag-
etocaloric effect in this series of compounds. This fact together
ith the sizeable values of the magnetocaloric potentials �S  and
Tad around room temperature, are good motivations to theoret-

cally study the magnetocaloric effect in the series of compounds

d4(BixSb1−x)3.

In the present paper, we theoretically study the magnetocaloric
ffect in the compound Gd4Sb3 by using a magnetic Hamiltonian

∗ Corresponding author.
E-mail address: pilad@cbpf.br (E.P. Nóbrega).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.05.097
that includes the exchange interaction between magnetic moments
and the Zeeman effect.

In order to treat the two  body interaction present in the model
Hamiltonian, we used the Monte Carlo Simulation [10–13] and the
mean field approximation. On the one hand, the mean field theory is
the usual approximation to treat the two  body interactions because
of its simplicity. On the other hand, the theoretical investigation
of the magnetocaloric effect in the compound Gd4Sb3, through the
Monte Carlo simulation is very interesting because its magnetic and
crystallographic structure [8] permits a construction of a proper
boundary condition for magnetic lattice modeling.

Our calculations show that both approaches are able to explain
the experimental data of the magnetocaloric effect. However, the
mean field theory does not explain the magnetic part of the spe-
cific heat around the magnetic ordering temperature (TC). At TC, the
magnetic specific heat calculated within the mean field approxima-
tion goes abruptly to zero in disagreement with experimental data.
This inconsistency between the mean field theory and experiment
occurs because it does not take into account short range interac-
tions. This fact points out that the physical mechanisms involved
in the MCE  in Gd4Sb3 is better described in the Monte Carlo simu-
lation.

2. Theory

We  start with the following Hamiltonian:
Ĥ = −2
∑
l,m

JlmŜl · Ŝm − g�B

∑
l

Ŝl · B, (1)

dx.doi.org/10.1016/j.jallcom.2011.05.097
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:pilad@cbpf.br
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Fig. 1. Cubic structures in I43̄d space group symmetry with 16 Gd atoms. The Sb
980 E.P. Nóbrega et al. / Journal of Alloy

here Jl,m is the exchange interaction parameter, Ŝl and Ŝm are spin
perators for the magnetic ions at l and m-sites, g is the Landé-
actor, �B the Bohr magneton and B the external magnetic field.

In order to calculate the energy given in Eq. (1),  via the Monte
arlo simulation, we use a Potts-like model [10–12],  where the

 components of the spins were considered as quantum quanti-
ies, which can assume discrete values in the interval −S ≤ Sz ≤ S.

ithin this consideration, the maximum value of the magnetic
ntropy is Smag = R ln(2S  + 1), where R is the gas constant [10–12].
or a given temperature and magnetic field, the average energy 〈Ĥ〉
s calculated by:

Ĥ〉 = 1
(NC − N0)

NC∑
i=N0+1

Ei, (2)

here Ei is the energy of the last spin configuration of a given Monte
arlo step. NC represents the total number of Monte Carlo steps and
0 is the number of Monte Carlo steps used for thermalization. A
imilar relation holds for the average square energy

〈
H2
〉

. At a given
emperature, the average magnetization per Gd-ion was calculated
y M/ion = g�B

〈
Ŝ
〉

, where the average value of the spin angular
omentum, for each lattice site is given by:

Ŝ
〉

= 1
(NC − N0)

NC∑
i=N0+1

(
1

NS

NS∑
k=1

Ŝk

)
i

(3)

he label “i” represents the Monte Carlo cycle, the label “k” repre-
ents the lattice sites and NS represents the number of lattice sites.
he magnetic heat capacity Cmag per magnetic ions, is given by:

mag(T, B) =
〈

Ĥ2
〉

−
〈

Ĥ
〉2

�BT2
. (4)

he contribution from the conduction electrons is Cel = �T ,  where
 is the Sommerfeld coefficient; Clat is the contribution from the
rystalline lattice, which is in the Debye approximation given by:

lat(T) = 9RNi

⎡
⎣4
(

T

�D

)3
�D/T∫

0

x3

(ex − 1)
dx − �D

T

1
(e�D/T − 1)

⎤
⎦ , (5)

here Ni is the number of ions per formula unit and �D is the
ebye temperature. The total heat capacity is given by C(T, B) =
mag(T, B) + Clat(T) + Cel(T). The total entropy of the compound
(T, B) = Smag(T, B) + Slat(T) + Sel(T) is obtained in terms of total
eat capacity (C) by:

(T, B) =
∫ T

0

C(T ′, B)
T ′ dT ′. (6)

n the mean field approximation, the magnetization is also calcu-
ated by M/ion = g�B

〈
Ŝ
〉

, where now the average
〈

Ŝ
〉

is calculated
n terms of the Brillouin function. In the absence of the crystalline
lectrical field, the magnetic entropy can be written as [5]

mag(T, B) = NmR [ln Z − xBS(x)] , (7)

here Z = [sinh((2S + 1)/(2S)x)][sinh(x/2S)]−1 is the parti-
ion function; BS is the Brillouin function, and x = [g�BB +
MFA
〈

Ŝ
〉

]/(�BT) where JMFA is the exchange interaction parameter.
n the mean field approximation, Slat(T) and Sel(T) are also obtained
espectively in terms of Clat(T) and Cel(T) by the second law of
hermodynamics.
In the Monte Carlo simulations and mean field approximation,
he quantities �S  and �Tad upon magnetic field variation are calcu-
ated respectively from �S  = S(T, B /= 0) − S(T, B = 0) and �Tad =
2 − T1 under the adiabatic condition S(T2, B /= 0) = S(T1, B = 0).
atoms were not represented. The connections among a selected Gd atom and their
nearest neighbors and next-nearest neighbors were shown.

3. Numerical results

In order to calculate the average energy and consequently the
magnetocaloric potentials �S  and �Tad in Gd4Sb3 by Monte Carlo
simulations, we use a tridimensional cluster of 5 × 5 × 5 cubic
unit cells. Each unit cell has 16 atoms of Gd arranged in such a
way to compose a cubic structure in I43̄d space group symmetry
[6,8]. This cubic structure is presented in Fig. 1, where only the
Gd atoms are shown. Each Gd atom has three nearest neighbors
(NN) and two next-nearest neighbors (NNN); the Fig. 1 shows the
connections between a selected Gd atom and their NN and NNN.
The selected atom and its two next-nearest neighbors are posi-
tioned on a same straight line, along the diagonal of the cube.
The crystal lattice structure formed by 125 unit cells has peri-
odic connectivity, showing no edge effect. In this calculation, only
the interactions between the nearest and next-nearest neighbors
were considered. The exchange interaction parameters for near-
est and next-nearest neighbors interactions in Gd4Sb3, used in
the Monte Carlo simulation were taken as Jlm = 1.34 meV and
Jlm = 0.788 meV, respectively. In the mean field model the effective
exchange parameter used was JMFA = 19.5 meV. The Landé factor
was taken as g = 2 and the spin momentum of Gd as S = 7/2.

For a given temperature, we perform Monte Carlo simulation
using 50,000 Monte Carlo steps, where 25,000 were used for ther-
malization of the system and 25,000 were used to compute the
average values of the physical quantities. The average values of the
energy and spin were calculated from Eqs. (2) and (3).  The mag-
netic part of the heat capacity was calculated using Eq. (4) and
the magnetic entropy was obtained from Eq. (6). The electronic
heat capacity was  calculated using � = 5.4 mJ/mol K2 and the lat-
tice heat capacity and entropy were calculated using �D = 200 K.
These parameters are in the usual range of values used in literature
[5].

In Fig. 2, we plot the total heat capacity, per Gd ion, in the absence
of applied magnetic field. The solid triangles represent the Monte
Carlo results, the solid line represents the mean field results and

the open triangles, the experimental data [7,8]. The inset repre-
sents the theoretical results and experimental data (open symbols)
for the total heat capacity in the presence of applied magnetic field
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Fig. 2. Total heat capacity for B = 0. The solid triangles (solid lines) represent the
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Fig. 4. �Tad in Gd4Sb3 calculated using Monte Carlo simulation for �B=2 T (solid
circles) and �B=7.5 T (solid triangles). The corresponding mean field calculations
(experimental data) are shown by dotted (open circles) and solid lines (open trian-
gles), respectively.
onte Carlo simulations (mean field calculations). Open triangles, the experimental
ata [7,8]. The inset represents the theoretical results and experimental data (open
ymbols) for B=5 T.

f 5 T. A good agreement between the results and the experimen-
al data was obtained. At TC, the magnetic specific heat calculated
ithin the molecular field approximation goes abruptly to zero

n disagreement with experimental data. This can be ascribed to
he short range interactions which are not considered in the mean
eld approach [5].  Using the temperature dependence of the total
ntropy for the following variations of applied magnetic field: �B  =

 T, �B  = 5 T, �B  = 7.5 T and �B  = 10 T, we calculate both the
sothermal entropy change and the adiabatic temperature change.
n Figs. 3 and 4, we plot the isothermal entropy change (−�S) and
he adiabatic temperature change (�Tad) under magnetic field vari-
tions from zero to 2 T and from zero to 7.5 T, where solid circles
nd triangles represents the Monte Carlo results for �B  = 2 T and
B  = 7.5 T. The dotted and solid lines represents the mean field cal-

ulations for �B  = 2 T and �B  = 7.5 T, respectively. We  also plot
n these figures the experimental data [7,8]: open triangles rep-
esents �B  = 2 T and the open circles, �B  = 7.5 T. The maximum

alues of the MCE  potentials, �S  and �Tad, occurs near the mag-
etic ordering temperature (TC∼266 K). Both theoretical results
re in agreement with the experimental data. In Figs. 5 and 6, we

ig. 3. �S  in Gd4Sb3 calculated using Monte Carlo simulation for �B=2 T (solid
ircles) and �B=7.5 T (solid triangles). The corresponding mean field calculations
experimental data) are shown by dotted (open circles) and solid lines (open trian-
les), respectively.

Fig. 5. �S in Gd4Sb3 calculated using Monte Carlo simulation for �B=5 T (solid
circles) and �B=10 T (solid triangles). The corresponding mean field calculations
(experimental data) are shown by dotted (open circles) and solid lines (open trian-
gles), respectively.

Fig. 6. �Tad in Gd4Sb3 calculated using Monte Carlo simulation for �B  = 5 T (solid
circles) and �B  = 10 T (solid triangles). The corresponding mean field calculations
(experimental data) are shown by dotted (open circles) and solid lines (open trian-
gles) respectively.
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lot the isothermal entropy change and the adiabatic temperature
hange under magnetic field variations from zero to 5 T and from
ero to 10 T. Again, we observed a good agreement between the the-
retical results and the experimental data. The calculations confirm
hat the mean field approximation yields reasonable results for the

agnetocaloric potentials �S  and �Tad but it fails in explaining the
xperimental data of specific heat around magnetic ordering tem-
erature. In contrast, the Monte Carlo calculation describes well
oth the �S  and �Tad quantities, as well as the specific heat capac-

ty.

. Conclusions

In conclusion, in this work we discuss the magnetocaloric effect
n Gd4Sb3, by using a Hamiltonian of interacting spins, where the
pin–spin interaction was treated both in the Monte Carlo simula-
ion and in the mean field approximation. The results with Monte
arlo simulations and mean field approach are in agreement with
he available experimental data. Since the Monte Carlo calculations
s much more time consuming than the mean field theory, the mean

eld theory can be used as a first attempt to obtain the trend of the
agnetocaloric quantities. However, for a more realistic descrip-

ion of the physical mechanism involved in the magnetocaloric
ffect of Gd4Sb3 we should use the Monte Carlo calculations. This

[

[

Compounds 509 (2011) 8979– 8982

work is the starting point for the description of the magnetocaloric
effect in the series Gd4(BixSb1−x)3, where an antiferromagnetic
phase appears as we  increase the concentration of Bi.
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