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We report on the magnetic and magnetocaloric effect calculations in antiferromagnetic perovskite-type

EuZrO3. The theoretical investigation was carried out using a model Hamiltonian including the

exchange interactions between nearest-neighbor and next-nearest-neighbor for the antiferromagnetic

ideal G-type structure (the tolerance factor for EuZrO3 is t¼ 0.983, which characterizes a small

deformation from an ideal cubic perovskite). The molecular field approximation and Monte Carlo

simulation were considered and compared. The calculated magnetic susceptibility is in good

agreement with the available experimental data. For a magnetic field change from zero to 2 T a normal

magnetocaloric effect was calculated and for a magnetic field change from zero to 1 T, an inverse

magnetocaloric effect was predicted to occur below T¼ 3.6 K. VC 2011 American Institute of Physics.

[doi:10.1063/1.3582144]

I. INTRODUCTION

The magnetocaloric effect (MCE) is observed when a

magnetic sample presents temperature changes upon varia-

tion of the external magnetic field and is usually described

by DST (the isothermal magnetic entropy change) and DTad

(the adiabatic temperature change). The MCE was discov-

ered by Warburg1 in 1881. In the last thirteen years, interest

in the MCE was strongly renewed due to the discovery of the

first giant magnetocaloric material reported by Pecharsky

and Gschneidner,2 and to the possibility of its application in

room temperature magnetic refrigeration. Besides the tech-

nological interest, the MCE shows great potential for the

investigation of the fundamental physical properties of mag-

netic materials, since the origin of the MCE is due to the link

between the crystal lattice and the magnetic lattice. For

example, the magneto-elastic coupling,3 the nature of the

first and second order magnetic and crystalline phase transi-

tions,4 the crystalline electrical field magnetic anisotropy,5

the charge-ordering contribution to the heat capacity and en-

tropy change,6 spin fluctuations7 and the magnetic disorder

problems8 have already been addressed in the literature. The

large experimental database for several kinds of magnetic

materials and the theoretical aspects of the MCE was

reported in Refs. 9 and 10).

The perovskite oxides include insulators, semiconduc-

tors, and systems with metallic, magnetic, and superconduct-

ing behavior, exhibiting an enormous variety of physical

phenomena and are important in numerous technological

areas. An ideal cubic perovskite has the formula ABO3, in

which the B ion is surrounded by an octahedron of oxygen

atoms and the A ion is surrounded by twelve oxygen atoms,

as shown in Fig. 1. The structural deformation from an ideal

cubic perovskite is primarily determined by the size-ratio of

the two kinds of ions occupying A and B sites. The cubic

distortion can be quantified by the tolerance factor,

t ¼ A� Oh i=
ffiffiffi
2
p

B� Oh i, where A� Oh i and B� Oh i are

the mean atomic distances between the A ion and oxygen

and the B ion and oxygen, respectively. For an ideal cubic

perovskite, t¼ 1.11 There are a few works about the MCE in

materials with a perovskite-like structure. Kuz’min and

Tishin12 investigated the MCE in the perovskite structural

compounds RAlO3, where (R¼Gd, Dy, Er, and Yb) and

compared them with the garnets, Dy3Al5O12 and R3Ga5O12

(R¼Gd, Dy). They concluded by theoretical analysis that

these perovskite compounds are better refrigerants than the

garnets in the temperature range from 4.2 to 20 K. Kimura

et al.13 showed that DST , calculated through magnetic meas-

urements in single crystals of RAlO3, where (R¼Dy, and Er)

are larger than Dy3Al5O12 and Dy3Ga5O12, is in agreement

with the calculation by Kuz’min and Tishin. The MCE in fer-

romagnetic perovskite manganites R1�xMxMnO3 (R¼La,

Nd, Pr and M¼Ca, Sr, Ba, etc.) was thoroughly investigated

and Phan and Yu14 published a review of these materials,

highlighting the nature of their magnetocaloric properties and

potentials for magnetic refrigeration application.

Recently, Zong et al.15 investigated the crystal structure

and magnetic susceptibility of polycrystalline EuZrO3.

Through Rietveld analysis of the x-ray diffraction patterns,

the orthorhombic perovskite-type structure was determined,

leading to the tolerance factor, t¼ 0.983. Through the sus-

ceptibility measurement, an antiferromagnetic order was

observed below T¼ 4.1 K. Using the values of the exchange

a)Author to whom correspondence should be addressed. Electronic mail:

brunoalho@gmail.com. Telephone and Fax: 0055 21 23340575.
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parameters obtained by Zong et al.,15 Kolodiazhnyi et al.16

calculated the spin pair correlation function between nearest-

neighbors Euþ2 in EuZrO3 and investigated the magnetodi-

electric effect. They concluded that the magnetodielectric

coupling in EuZrO3 is much smaller than that observed in

EuTiO3.

In the present work, we focus on the magnetic and MCE

properties of EuZrO3. As reported by Zong et al.,15 the Euþ2

valence state is dominant (n¼ 0.96) compared with the Euþ3

state (n¼ 0.04) and the tolerance factor is close to one. There-

fore, we considered a four-magnetic-lattice Hamiltonian, in

which the Euþ2 ions in EuZrO3 are localized in the corner of

a simple cube, without the crystalline electrical field interac-

tion (since Euþ2 is an S-state). From our model Hamiltonian,

in the mean field approximation (MFA), four coupled mag-

netic state equations were obtained and, from the self-consist-

ent solution, the magnetization, susceptibility, DST , and DTad

were calculated. Additionally, these magnetic and thermody-

namic quantities were simulated using the Monte Carlo (MC)

procedure. Our theoretical results for the magnetic susceptibil-

ity are in good agreement with the Zong et al. experimental

data in both the antiferromagnetic and paramagnetic phases.

The predicted change in the MCE, from normal-MCE to an

inverse MCE, highlights the spin-flip in EuZrO3 under a mag-

netic field of about 1 T, at T¼ 2 K.

II. THEORY

A. Generalized Mean Field

The generalized mean field theory is usually applied

for magnetic systems described by two or more magnetic

sublattices, including next or more distant nearest-neighbor

exchange interactions. In the case of EuZrO3, we considered

four distinct magnetic sublattices indicated in Fig. 1 by the

numbers (1), (2), (3) and (4). The crystalline electrical field

is neglected, since the Euþ2 – magnetic ions present the

S-state. The model Hamiltonian includes the exchange and

Zeeman interactions

H ¼ �
X
l;m

Jl;mSl:Sm � glBB
X

l

Sl; (1)

where Jl;m is the exchange parameter, Sl and Sm are spin

operators for the magnetic ions at l and m-sites, g is the

Landé-factor (in the present case, g¼ 2), lB is the Bohr mag-

neton, and B is the applied magnetic field. Under the mean

field approximation, the Hamiltonian (1) reads

H ¼ �glB

Xn

l¼1

Beff
l Sl; (2)

where

Beff
l ¼ Bþ

Xn

m¼1

clmMm; (3)

and

clm ¼
2nZl;mJl;m

g2l2
BN

: (4)

Here, Beff
l is the effective field acting on the l-ion, N is the

number of magnetic ions per volume, n is the number of

magnetic sublattices (in the present case, n¼ 4) and Zl;m is

the number of m neighbors of an l- ion. For example, from

Fig. 1, the effective field at site (1) is given by

Beff
1 ¼ Bþ 4J2M1 þ 4J1M2 þ 2J1M3 þ 8J2M4, where J1 and

J2 are the nearest and next-nearest-neighbors effective

exchange interaction parameters, respectively. The magnet-

ization of the l-sublattice is given by

Ml ¼
gSlBN

n
BS

gSlBBeff
l

kBT

� �
; (5)

where S ¼ 7=2 is the total spin of the Euþ2 ion, kB is the

Boltzmann constant, and BS is the Brillouin function. Since

l¼ 1, 2, 3, and 4, the calculation of the magnetic state equa-

tion (5) requires a numerical self-consistent solution of the

four coupled equations, where an initial value, M0
l , is given

for the magnetization of each sublattice and Ml is calculated.

Then, this value is inserted again in relation (5), substituting

M0
l . This process is repeated until Ml ¼ M0

l . To locate the

transition temperatures in agreement with the generalized

mean field theory, we set B¼ 0 in the high temperature

approximation, which leads to a linear homogeneous set of

equations in relation (5). Under the condition to a have

nonzero solution for Ml, four solutions emerge for the critical

temperatures, corresponding to the possible magnetic arrange-

ments (one ferromagnetic, F, and three antiferromagnetic

types, namely: A, C, G).17 As concerns the EuZrO3, we are

interested in a G-type antiferromagnetic spin arrangement (see

Fig. 1) as pointed out by Zong et al.,15 for which the antiferro-

magnetic-paramagnetic critical temperature is given by

TG�type
N ¼ 2SðSþ 1Þ

3kB
ð�6J1 þ 12J2Þ: (6)

FIG. 1. Schematic representation of the G-type antiferromagnetic crystal

structure for EuZrO3, where the numbers localize the four different magnetic

sites.

083942-2 Alho et al. J. Appl. Phys. 109, 083942 (2011)
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The main contributions to the total entropy, SðT;BÞ, in

EuZrO3 include the lattice and magnetic entropies

SðT;BÞ ¼ SlattðTÞ

þ R

n

Xn

l¼1

lnðZlÞ �
gSlBBeff

l

kBT

� �
BS

gSlBBeff
l

kBT

� �� �
;

(7)

where

Zl ¼ sinh
2Sþ 1

2S

gSlBBeff
l

kBT

� �� �
sinh

1

2S

gSlBBeff
l

kBT

� �� �
;

�
(8)

and

SlattðTÞ¼NaR �3lnð1�e�HD=TÞþ12
T

HD

� �3ðHD=T

0

x3

ex�1
dx

" #
:

(9)

Here Na¼ 5 is the number of atoms per unit formula, R is the

gas constant, and HD is the Debye temperature.

The magnetocaloric quantities, DST and DTad, in the

MFA were obtained directly from the total curves of entropy

versus temperature [relation (7)], with and without applied

magnetic field.

B. Monte Carlo Method

For an alternative description of the thermodynamic

properties along with the magnetocaloric effect in EuZrO3,

the spin Hamiltonian (1) is also treated in the classical Monte

Carlo simulation.18,19 Different from the MFA, the MC sim-

ulation includes the short range interactions, which are im-

portant around the temperature of magnetic phase transition.

The classical Monte Carlo simulation for the Heisenberg

Hamiltonian does not provide the saturation value of the

magnetic entropy, Smag ¼ R lnð2Sþ 1Þ, where the term

ð2Sþ 1Þ gives the number of accessible states, because the

spins are treated as classical variables that can assume a con-

tinuous range of values. Therefore, in order to reproduce the

expected saturation value of the magnetic entropy, the Potts-

like model was used,20 where the azimuthal components of

the spins were considered as quantum quantities, which can

only assume discrete values in the interval, �S � Sz � þS.

In order to calculate the mean energy, Hh i, for a given

temperature, the Metropolis algorithm was used.18 For a

Monte Carlo step, the energy of the system is the energy of

the last generated spin configuration, (Ei), where the label ‘i’
represents the number of a given Monte Carlo step. The

mean energy, Hh i, is calculated by

Hh i ¼ 1

NC � N0

XNC

i¼N0þ1

Ei; (10)

where NC represents the total number of Monte Carlo steps

and N0 is the number of Monte Carlo steps used for thermal-

ization of the system. The mean square energy, hH2i, was

obtained by a relation analogous to Eq. (10). At a given tem-

perature, the average magnetization per Euþ2 ion was calcu-

lated by the relation M=ion ¼ glB Sh i, where the mean value

of the spin angular momentum, for each lattice site is given by

Sh i ¼ 1

NC � N0

XNC

i¼N0þ1

1

NS

XNS

K¼1

SK

 !
; (11)

where the label ‘i’ represents the Monte Carlo cycle, the

label ‘K’ represents the lattice sites, and NS represents the

number of lattice sites. The magnetic contribution to the heat

capacity and to the magnetic susceptibility at a fixed temper-

ature were calculated by the usual relations

CmagðT;BÞ ¼
H2
� 	

� Hh i2

kBT2
(12)

and

vðT;BÞ ¼
M2
� 	

� Mh i2

kBT
: (13)

In order to calculate the physical quantities of interest to

study the magnetocaloric effect in EuZrO3, we used a three-

dimensional cluster of 5� 5� 5 cubic unit cells with four

Euþ2 ions per cell, considering the nearest and next-nearest

neighbors interactions. The Monte Carlo simulation was per-

formed using 50 000 Monte Carlo steps, where 25 000 were

used for thermalization of the system and 25 000 were used

to compute the average values of the physical quantities at

each temperature. The mean values of the energy and spin

were calculated from relations (10) and (11). The magnetic

contribution to the heat capacity and magnetic susceptibility

were calculated using relations (12) and (13). The magnetic

entropy was calculated by integration of the heat capacity

curve over the entire temperature range using the relation,

S ¼
Ð

C=T0ð ÞdT0. The lattice entropy was considered in the

Debye assumptions [see relation (9)]. The magnetocaloric

quantities, DST and DTad, were obtained in the same way as

that discussed in the mean field calculations.

III. RESULTS AND DISCUSSIONS

The temperature dependence of the magnetization in

EuZrO3 is shown in Fig. 2 for applied magnetic fields

B¼ 0.005, 0.01, and 0.02 T. The solid lines are the results

from the MFA and the symbols represent the results of the

MC simulations. In the mean field model, the effective

exchange parameters used were J1=kB ¼ �0:032 K and

J2=kB ¼ þ0:017 K. These values reproduce the measured

Néel temperature TG�type
N � 4:16 K (see relation 6) of

EuZrO3.15 The exchange interaction parameters for nearest

and next-nearest neighbors interactions in EuZrO3, used in the

Monte Carlo simulation, were JMC
1 ¼ �0:0056 meV

ð�0:065 KÞ and JMC
2 ¼ 0:0043 meV ð0:05 KÞ, respectively.

These parameters were chosen to correctly reproduce the

experimental order temperature. Despite the large difference

between the mean field approach and the Monte Carlo proce-

dure to deal with the model Hamiltonian, relation (1), the

obtained exchange parameters sets ½J1; J2� and ½JMC
1
; JMC

2
�

are within the same order of magnitude. The profiles of M

083942-3 Alho et al. J. Appl. Phys. 109, 083942 (2011)
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versus T in Fig. 2, are, as expected, typical for an antiferro-

magnetic system when in the presence of an applied magnetic

field. The magnetization increases with the temperature until

around the Néel temperature and a small shift of the M peak

occurs toward lower temperatures as the magnetic field is

increased.

Figure 3 shows the temperature dependence of the mag-

netic susceptibility in EuZrO3 under the external magnetic

field, B ¼ 5� 10�3 T. The open circles represent the experi-

mental data,15 and the solid curve and triangles represent the

theoretical results using mean field and Monte Carlo

approaches, respectively. Good agreement between the ex-

perimental data and the theoretical results was obtained in

both the antiferromagnetic and paramagnetic phases. It

should be mentioned that the experimental data for the mag-

netic susceptibility were obtained in Ref. 15 for a polycrys-

talline EuZrO3 sample and, therefore, the proper relation for

the susceptibility calculation vP ¼ ð1=3Þvk þ ð2=3Þv? was

used, where v? is constant for temperatures below TN, and is

given by the value of the parallel susceptibility peak at TN.

For temperatures above TN, v? ¼ vk, and vk ¼ M=B for the

mean field approximation, and are given by relation (13), for

the Monte Carlo simulations.

The magnetic field dependence of the magnetization in

EuZrO3 at T¼ 2 K is shown in Fig. 4(a). The full circles rep-

resent the experimental data;15 the solid curve and triangles

represent the theoretical results using mean field and Monte

Carlo approaches, respectively. Both theoretical results are

in good agreement with the experimental data, showing an

abrupt change in the magnetization around B¼ 1 T, which

can be ascribed to a spin flipping. Then, M gradually

increases into a ferromagnetic arrangement when increasing

B. For B< 1 T, the Monte Carlo simulation better reproduces

the experimental data compared with the mean field calcula-

tion, which leads to smaller values of the magnetization. Fig-

ure 4(b) shows a comparison between the mean field

approximation and the Monte Carlo simulation for the mag-

netic field dependence of the magnetization for several tem-

peratures (T¼ 1, 2, and 3 K). Full and open symbols

represent the results for the mean field and Monte Carlo,

respectively. For both approaches one can conclude that the

magnetization change shrinks and shifts to a lower magnetic

field with increasing temperature. In the Monte Carlo simula-

tion, the change in M around B¼ 1 T, for T¼ 2 K, is less ab-

rupt than that observed using the mean field calculation. We

attribute this difference to the loss of short range order inter-

actions in the mean field approximation.

The temperature dependence of the isothermal entropy

change, DST , is shown in Fig. 5 for magnetic field changes

from 0 to 1 T and from 0 to 2 T. The full symbols represent

the theoretical results from the mean field approximation and

the open symbols represent the Monte Carlo simulation. It

should be noted that the total entropy change is equal to the

magnetic entropy change in the isothermal process, since we

do not consider the magneto-elastic interaction where the lat-

tice entropy may depend on the magnetic field and magnet-

ization. For both mean field and Monte Carlo procedures,

the �DST versus T is positive for the magnetic field change,

DB : 0! 2 T, as expected for a normal ferromagnetic mate-

rial. Alternatively, for the magnetic field change, DB : 0!
1 T, in both calculations, the inverse magnetocaloric is pre-

dicted in EuZrO3. The inverse magnetocaloric effect is

expected to occur in antiferromagnetic materials below the

Néel temperature and can be physically explained. When an

antiferromagnetic material is placed in a magnetic field and

the temperature is increased, the spins localized in the sublat-

tice oriented in the same direction of the applied field tend to

increase at the expense of the opposite spin field sublattice.

Therefore, the magnetization increases and the entropy

decreases leading to negative values of �DST versus T

below the Néel temperature. In the paramagnetic phase, the

entropy always increases with temperature and �DST versus

T is positive, as shown in Fig. 5. In general, the inverse mag-

netocaloric effect is expected to occur when the magnetiza-

tion increases with temperature as stated by the Maxwell

relation, which relates the field derivative of the entropy with

the temperature derivative of the magnetization, i.e., the sign

of the �DST versus T depends on the sign of the temperature

FIG. 2. Magnetization vs temperature in EuZrO3 for applied magnetic fields

B¼ 0.005, 0.01, and 0.02 T, using the mean field (solid curves) and Monte

Carlo (open symbols) approaches.

FIG. 3. Magnetic susceptibility vs temperature in EuZrO3 at B¼ 0.005 T.

Experimental data (circles), Monte Carlo simulation (triangles), and mean

field calculation (solid curve). The inset shows the total heat capacity vs

temperature from the Monte Carlo simulation, under B¼ 0, 1, and 2 T.

083942-4 Alho et al. J. Appl. Phys. 109, 083942 (2011)
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derivative of the magnetization. Above the Néel temperature,

both mean field and Monte Carlo simulation predictions are

in good agreement. Below the Néel temperature, in the

MFA, the absolute peak value in �DST for the inverse mag-

netocaloric effect curve is higher than the Monte Carlo

ones. For the curve of the direct magnetocaloric effect,

DB : 0! 2 T, a different profile is observed, i.e., a concave

increase occurs for the Monte Carlo prediction and a convex

increase is predicted with the mean field approximation. Ex-

perimental results for �DST in EuZrO3 are desired in order

to verify the real profile below the Néel temperature and to

perform further theoretical analysis. An interesting physical

prediction in our calculation is the change from inverse to

direct magnetocaloric effect that is observed between the

two magnetic field changes, DB : 0! 2 T and DB : 0!
1 T, which can be directly associated with the field induced

transformation from an antiferromagnetic to a ferromagnetic

arrangement as discussed above, experimentally observed in

EuZrO3, and shown in Fig. 4.

In order to calculate the adiabatic temperature change,

DTad, the lattice entropy should be included and the Debye

approximation was considered using relation (9). We did not

find the Debye temperature for EuZrO3 in the literature. Usu-

ally, the perovskite oxides have high Debye temperatures

compared to the magnetic intermetallics. The most similar

compounds we found were CaZrO3 (HD ¼ 631 K)21 and

BaZrO3 (HD ¼ 525 K).22,23 Therefore, in order to perform

the DTad calculation, we adopted the Debye temperature,

HD ¼ 600 K, for EuZrO3. Figure 6 shows the total entropy

versus T curves and the corresponding DTad calculated for

EuZrO3, with B¼ 0 T and B¼ 2 T. The solid curves repre-

sent the mean field calculations and the open triangles repre-

sent the Monte Carlo simulation. The total entropy curves

using the MFA were calculated using relation (7) and the

total entropy curves from the Monte Carlo simulation were

calculated by proper integration of the heat capacity curves

shown in the inset of Fig. 5, which were obtained from rela-

tion (12). The total entropy curves with B¼ 0 and B¼ 2 T

(see Fig. 6), do not cross each other, and therefore DTad is

always positive (a direct adiabatic magnetocaloric effect).

Figure 7 shows the same physical quantities investigated

under the B¼ 0 and B¼ 1 T. A crossing can be observed in

the total entropy curves with B¼ 0 and B¼ 1 T, leading to

the inverse adiabatic magnetocaloric effect (DTad < 0)

below T� 4 K. In this way, EuZrO3 is predicted to heat up

below T� 4 K under the magnetic field change,

DB : 0! 2 T, and to cool down under the magnetic field

change, DB : 0! 1 T.

FIG. 4. (a) Magnetization vs applied

magnetic field in EuZrO3 at T¼ 2 K. Ex-

perimental data (full circles), mean field

calculation (solid curve), and Monte

Carlo simulation (open triangles). (b)

Magnetization vs applied magnetic field

in EuZrO3 for several temperatures. Full

symbols are for mean field (MF) and

open symbols are for Monte Carlo

(MC).

FIG. 5. DSTvs temperature in EuZrO3 for magnetic field changes from 0 to

1 T and from 0 to 2 T. Mean field calculation (full symbols) and Monte

Carlo simulation (open symbols).

FIG. 6. Total entropy vs temperature in EuZrO3 for magnetic fields B¼ 0

and 2 T (inset). Adiabatic temperature changes, DTad , upon magnetic field

change from 0 to 2 T. Mean field calculation (solid lines) and Monte Carlo

simulation (symbols).
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IV. FINAL COMMENTS

The thermal and magnetic properties of the perovskite

compound were theoretically investigated focusing on the

magnetocaloric effect. Mean field calculations and Monte

Carlo simulations were performed to deal with the proper

magnetic Hamiltonian for EuZrO3. The inverse and direct

magnetocaloric effects were predicted to occur for magnetic

field changes from 0 to 1 T and from 0 to 2 T, respectively.

This anomalous magnetocaloric behavior in EuZrO3 was

ascribed to the change from antiferromagnetic to ferromag-

netic arrangements induced by an applied magnetic field

around B¼ 1 T for T¼ 2 K. The Monte Carlo simulation bet-

ter reproduces the experimental M versus B data for B< 1 T.

Different concavity profiles were predicted in DST versus T

curves for a magnetic field change from 0 to 2 T by Monte

Carlo and mean field calculations procedures. In the interme-

tallics, GdNi5, the nature of the concavity in DST was associ-

ated with the density of the magnetic states at low

temperature.24 The predicted anomalous behavior in the

magnetocaloric quantities and their profiles in EuZrO3

requires further experimental investigation.
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