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a b s t r a c t

In this work we present the Maxwell-like formulation of the anisotropic magnetocaloric effect for mate-
rials in single crystalline form subjected to a rotating applied magnetic field of constant intensity. This
effect is a new topic in the magnetocaloric research area and can highlight some relevant mechanisms
on spin reorientation. Application of the model to the ferromagnetic compounds DyAl2 and TbNi2, which
are subjected to cubic crystalline electric field anisotropy and isotropic exchange interaction, are per-
formed. We obtain continuous and discontinuous reorientation transitions for the Cartesian components
of magnetization which revealed some characteristics of the anisotropic magnetocaloric curves.
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. Introduction

In the last twelve years the study of the magnetocaloric effect
MCE) has been stimulated by the discovery of the excellent mag-
etothermal properties in the Gd5(SixGe1−x)4 compounds [1,2]
hich was pointed out as potential candidates to be used as

efrigerant materials. The MCE materials for magnetic refrigera-
ion can be characterized by the adiabatic variation of temperature,

T, of a magnetic material upon changes in the intensity of the
pplied magnetic field, �H. In complement, this conventional MCE
an be characterized by the magnetic field-induced change in
ntropy in an isothermal process, �S, for a given magnetic field
ntensity change. On the other hand, in the anisotropic magnetic

aterials, where the magnetization is dependent on the applied
agnetic field orientation (in the crystallographic referential frame

f the sample), two directions are particularly interesting: the easy

agnetic direction and hard magnetic direction where the mag-

etization presents maximum and minimum values, respectively.
he easy magnetic direction can be temperature and magnetic field
ependent as is the case of the ferromagnetic HoAl2 compound
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aracanã, Rio de Janeiro 20550-013, Brazil.
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(TC = 30 K) which presents rotation from the [1 1 0] easy magnetic
direction to the [1 0 0] one (at T = 20 K) when the magnetic field
applied along [1 0 0] direction reaches the critical values of 0.1 T
[3,4]. Evidently, under these conditions, one can expect a change in
the magnetic entropy due to the field-induced spin reorientation
process. Therefore, in anisotropic magnetic materials the magneti-
zation dependence on the magnetic field direction can lead to a
strong dependence of the magnetic entropy on the relative ori-
entation of the applied magnetic field, i.e., for a fixed magnetic
field intensity the entropy can change upon magnetic field direc-
tion change. In this way, for anisotropic materials, both �S and �T
should be properly investigated maintaining constant the intensity
of the applied magnetic field and changing its direction (in relation
to crystallographic axes).

Anisotropic entropy changes in magnetic systems are of par-
ticular interest for the magnetocaloric effect due to the possibility
to explore the spin reorientation process [5]. Among the magnetic
systems that present field-induced spin reorientation are some
lanthanide-based compounds due to the existence of the magnetic
anisotropy that comes from the crystalline electric field (CEF) [6,7].

In this work we report a study about the determination

of the entropy changes in systems subject to cubic CEF and
isotropic exchange interactions under the influence of changing
the magnetic field direction. Additionally, we extend the Maxwell’s
thermodynamic relation used in the conventional MCE (where the
magnetic field intensity changes at fixed magnetic field direction)

dx.doi.org/10.1016/j.jallcom.2010.05.044
http://www.sciencedirect.com/science/journal/09258388
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o obtain the �S in anisotropic version (where the magnetic field
irection changes for fixed magnetic field intensity). Applications
f the model were performed in DyAl2 and TbNi2 compounds.

. Theory

The measures and conventional calculations of the magnetic
ntropy change upon magnetic field intensity change (from Hi to Hf)
an be obtained from magnetization data through the well-known
ntegral which follows from the differential Maxwell’s relation [8].

S(T) =
∫ Hf

Hi

(
∂M

∂T

)
dH (1)

On the other hand, the isothermal and adiabatic anisotropic-
CE potentials were introduced in a recent work by von Ranke et

l. [9]. To do this it was necessary to define the set (˛e, ˇe, �e) which
escribes the angles formed between the applied magnetic-field
ector (in the easy magnetic direction) and the Cartesian axes x, y,
nd z, respectively. The set (˛, ˇ, �) similarly describes the angles
ormed between the applied magnetic-field vector when in an arbi-
rary direction in relation to the Cartesian axes and the anisotropic
ntropy change is defined as the difference between S (T, H, ˛e, ˇe,
e) and S (T, H, ˛, ˇ, �).

One can extend this definition by considering arbitrary direc-
ions for the applied magnetic field. Therefore, in order to obtain
he Maxwell-like formulation for the anisotropic isothermal mag-
etocaloric potential, we consider an arbitrary orientation for the
agnetic field in relation to the magnetization vector. In this way,

he Maxwell’s relation leads to the following isothermal entropy
hange:

S = ∂ �M
∂T

· d �H (2)

For the investigation of the above entropy change, d �H is obtained
xing the field intensity and changing its direction. In spherical
oordinate system, an infinitesimal change in �H from one arbitrary
irection (�, �) to another direction (� + d�, � + d�) is given by:

�H = H

[(
∂û(�, �)

∂�

)
�

d� +
(

∂û(�, �)
∂�

)
�

d�

]
(3)

where û(�, �) is the unit vector parallel to �H. The infinitesimal
hange d �H can be written in terms of the fixed Cartesian unit vectors

ˆ, ŷ and ẑ as:

�H = H[(cos � cos �x̂ + cos � sin �ŷ − sin �ẑ)d�

+ (− sin � sin �x̂ + sin � cos �ŷ)d�] (4)

From relations (2) and (4) the following entropy change, due to
he magnetic field change direction, is obtained:

(i) for fixed azimuthal angle �:

−�S�i→�f
an (T) = H

∫ �f

�i

(
cos � cos �

∂MX

∂T
+ cos � sin �

∂MY

∂T
− sin �

∂MZ

∂T

)
d�

(5)

ii) for fixed polar angle �:∫ �f ( )

−�S�i→�f

an (T) = H

�i

− sin � sin �
∂MX

∂T
+ sin � cos �

∂MY

∂T
d� (6)

where MX, MY and MZ are the Cartesian components of the
magnetization.
Compounds 503 (2010) 277–280

It is worth noticing that the anisotropic-MCE is related with the
transversal component of the magnetization whereas the conven-
tional MCE is related to the longitudinal component, i.e., along the
field direction. In fact, it is easy to show that relations (5) and (6)
can be written as

−�S�i→�f
an (T) = H

∫ �f

�i

(
−∂M�

t

∂T

)
d�, (7)

and

−�S�i→�f
an (T) = H

∫ �f

�i

(
−∂M�

t

∂T

)
d�, (8)

where M�
t =

(
MX cos � cos � + MY cos � sin � − MZ sin �

)
and

M�
t =

(
−MX sin � sin � + MY sin � cos �

)
are the transversal com-

ponents of the magnetization corresponding to fixed � and �,
respectively. Relations (7) and (8) are the Maxwell-like formulation
for the anisotropic magnetocaloric effect.

On one hand, if the transversal magnetization components are
obtained experimentally as function of temperature and for differ-
ent directions of external magnetic field (either � or � constant),
one can obtain −�San by means of relations (7) and (8). On the
other hand, in order to calculate theoretically −�San, for a rota-
tion of the applied magnetic field from (�i, �i) to (�f, �f) in the
system under study, one can determine the thermal behavior of
the magnetization components which appear in relations (5) and
(6). It is interesting to perform calculations for the case of rare earth
magnetic compounds and we consider a Hamiltonian including the
CEF, Zeeman and exchange interactions (in mean field approxi-
mation). From this Hamiltonian, the energy eigenvalues, εn, and
eigenvectors, |n〉, are numerically determined to calculate the mag-
netization components. Details of the calculations of magnetization
and entropy were described elsewhere [9]. In short, for a given mag-
netic field direction, one can use relations (9) and (10) to obtain the
magnetization components ˛ = (x, y, z) as well as the directional
magnetic entropy of the magnetic system under investigation.

M
�H
˛ = g�B

∑2J+1
n=1

〈
n
∣∣Ĵ˛∣∣n

〉
e−εn/kBT∑2J+1

n=1 e−εn/kBT
(9)

S
�H = R

{
1

kBT

∑2J+1
n=1 εne−εn/kBT∑2J+1

n=1 e−εn/kBT
+ ln

∑2J+1

n=1
e−εn/kBT

}
(10)

In the following we will apply the above relations to study some
aspects of the anisotropic-MCE in the ferromagnetic cubic com-
pounds DyAl2 and TbNi2.

3. Application and discussion

The DyAl2 compound has been extensively studied (Ref. [9], and
references therein). The DyAl2 presents cubic symmetry and orders
ferromagnetically below 61 K with the easy axis along the [1 0 0]
direction.

The cubic-crystalline axes are usually oriented parallel to the
Cartesian ones, being z-[0 0 1] the orientation of the selected easy
magnetic direction, chosen here as the quantization axis. In order
to perform the calculations in the anisotropic DyAl2 compound we
used the same set of CEF and exchange parameters considered
in Ref. [9]. The magnetization isotherms curves were calculated

changing the magnetic field (of fixed intensity H = 5 T) from [0 0 1]
to [1 1 1] direction, in a plane defined by these directions, i.e., fix-
ing the azimuthal angle at � = 	/4 and varying the angle �. Fig. 1(a)
shows calculated results for the Cartesian components of magne-
tization in terms of the polar field-angle where one can note the
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Fig. 1. (a) Calculated components of magnetization in DyAl2 compound, MX = MY

(lower curves) and MZ (upper curves), in function of the polar field-angle for selected
temperatures. (b) Deduced anisotropic entropy change from experimental conven-
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plane. The calculated thermal evolution of the magnetization com-
ional entropy changes at [1 0 0] and [1 1 1] directions (obtained from Ref. [6]).
heoretical results corresponds to direct calculations S[1 1 1] − S[0 0 1] (solid line) and
rom Maxwell’s relation (5) (solid triangles) for H = 5 T, 0◦ ≤ � ≤ 54.7◦ and � = 45◦ .

iscontinuities for the temperature ranges from 18 to 27 K (approx-
mately) due to the first order spin reorientations process. It is

orth noticing the paramagnetic–metamagnetic-like behavior of
he MX and MY magnetization components (lower curves) and the
erromagnetic-like behavior of the MZ component (upper curves).
ue to the symmetry of the magnetic field rotation at fixed � = 45◦,
e have MX = MY for 0◦ ≤ � ≤ 54.7◦ and all temperatures. Note that

t low temperatures MX = MY ≈ 0 and Mz ≈ 10�B since the easy
agnetic direction is [0 0 1]. As the temperature increases the com-

onent MZ decreases and the components MX = MY increases since
he increasing thermal energy unbalances the anisotropic energy
which determines the [0 0 1] as the easy magnetic direction) and
he magnetization vector direction displaces from the easy axis to
he direction of the applied magnetic field. Then, depending on the
hermal energy one can obtain MX = MY = MZ at the [1 1 1] field direc-
ion. At 20 K all components are equal to 5.41�B whereas at 62 K
he common value is 3.54�B (see Fig. 1(a)). It is important to men-
ion that the temperature range for the spin reorientation can be
uned by selecting the intensity of the applied magnetic field. As an
xample, applying the field at the [1 1 0] direction for the intensity
f 1 T we found TSR (spin reorientation temperature) equal to 33.5 K
hereas for 2 T the reorientation occurs at 23.5 K (not shown in this
ork).

The corresponding anisotropic entropy change can be cal-
ulated directly according to either −�S0−54.7◦

an = S[1 1 1] − S[0 0 1]

r using the Maxwell’s relation (5) with � = 45◦ in the present

ase. From the experimental point of view, measurements in sin-
le crystals can provide the adequate quantities (namely S[0 0 1]

nd S[1 1 1]) to determine this isothermal anisotropic-MCE. The
[0 0 1] and S[1 1 1] are determined, as example, by measurements
Fig. 2. (a) Calculated components of magnetization in TbNi2 compound as a func-
tion of the temperature for selected azimuthal field-angles, H = 2 T and � = 90◦ . (b)
Theoretical calculations, S[1 1 1] − S[0 0 1] (solid line) and from Maxwell’s relation (6),
(open squares) for H = 2 T, 0◦ ≤ � ≤ 45◦ and � = 90◦ .

of specific heat with applied field along the [0 0 1] and [1 1 1] direc-
tions, respectively. Otherwise, through magnetization data one
can obtain the usual magnetocaloric effect (−�S vs. T) for these
directions, i.e., −�S[0 0 1] and −�S[1 1 1] for a field variation from
Hi = 0 to Hf, so that −�S[0 0 1] − (−�S[1 1 1]) = S[1 1 1] − S[0 0 1], since
the zero-field entropy cancel mutually in the isothermic process.
In Fig. 1(b) we reproduce the experimental data for the usual mag-
netocaloric effect in DyAl2 by changing magnetic field along [0 0 1]
and [1 1 1] directions [6]. The isothermal difference of these two
curves gives the anisotropic entropy change (open diamonds sym-
bols in Fig. 1(b)). Our calculations for −�S0−54.7◦

an vs. T, either from
relation (5) or by the difference of directional entropies (trian-
gles and solid curve Fig. 1(b), respectively) is in good agreement
with that obtained from experimental measurements. Observing
the usual and anisotropic-MCE curves in Fig. 1(b), one can deduce
the possibility to combine both quantities in order to improve the
magnetocaloric effect. In fact, one can apply a field of 2 T along
the [0 0 1] direction of the DyAl2 single crystal and then rotate the
crystal in such a way that the field ends oriented along the [1 1 0]
direction. In this case, the anisotropic-MCE has higher values than
those observed in conventional MCE, as reported in Ref. [10], for
a region of temperatures around TSR which permits to extend the
range of temperatures for magnetic refrigeration using the MCE.

The TbNi2 compound is a cubic ferromagnet with TC = 37 K with
the easy magnetic axis along the [1 1 1]-direction. For the calcula-
tions we use the same CEF and exchange parameters considered
in Ref. [11] and the magnetic field intensity H = 2 T. Using the pro-
posed model discussed above, we investigated the consequences of
a magnetic field rotation from [1 0 0] to [1 1 0] direction in the x–y
ponents are illustrated in Fig. 2(a) where one can note kinks for the
indicated field orientations (at T = 32 and 34 K for � = 90◦ and � = 0◦

and 45◦) which are associated to second order spin reorientations.
The vertical dotted lines at T = 34 K shows that only MX component
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xist above T = 34 K, for H = 2 T applied along [1 0 0] direction. Sim-
larly, the vertical dotted lines at T = 32 K shows that only MX and

Y components exist above T = 32 K, for H = 2 T applied along [1 1 0]
irection. Note in Fig. 2(a) that MX = MY for � = 45◦ and MX = MY for
= 0◦ as expected due to the cubic symmetry.

In Fig. 2(b) we observe a type of signature in −�San between
2 and 34 K, a sharp change in the slope due to spin reorientation
hat takes place in the presence of the rotating field from [1 0 0] to
1 1 0] direction. Due to the fact that the transformation involves
change of second order nature, we used the Maxwell’s relation

6) to obtain −�San in the total interval of temperatures (open
quares) and one can observe the complete equivalence with direct
alculations determined from S[1 1 0] − S[1 0 0] (solid curve).

We considered the anisotropic-MCE model by exploring the
ubic anisotropy in DyAl2 and TbNi2 rare earth intermetallic com-
ounds with non-magnetic transition elements. However, it should
e pointed out that the model applications can include other
aterials with more complex anisotropy and crystallographic sym-
etries.
On one hand, we know that uniaxial magnetocrystalline

nisotropy is a desired characteristic in permanent magnetic mate-
ials but it is a source of several disadvantages for EMC due to
nergy loss effects. For this symmetry and considering the case
f 3d–4f systems (with a magnetic partner for the rare earth ion),
uz’min and Richter [12] have showed that the entropy change
ssociated to spontaneous spin reorientation is too small to be
onsidered in room-temperature magnetic refrigeration. Never-
heless, in 4f-based materials with strong anisotropy a magnetic
efrigerator working on a rotating principle has been proposed
13]. As an example, one can considers the rotation of a DyAlO3
ingle crystal in a magnetic field. The DyAlO3 has very differ-
nt effective magnetization along the [0 1 0] and [0 0 1] directions.
ue to this fact, the magnetic entropy can change by switching

he magnetic field between these directions [13]. In our study,
e found advantages associated to field-induced spin reorien-

ation such as competitive −�San intensity and the possibility
o extend the operational temperature range to be used in EMC
evices.

As well as the conventional MCE in ferromagnets show a peak
n TC (at ferromagnetic–paramagnetic transition temperature), the

nisotropic-MCE in the studied compounds may be characterized
y particular signatures at TSR. Depending on the proximity of these
emperatures the magnetocaloric curves can show either table-like
r sharp-lambda type profiles as calculated in the cases described
bove and illustrated in Figs. 1(b) and 2(b), respectively.

[

[
[
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4. Conclusions

We studied the effects of a continuous magnetic field rotation
on the magnetic and magnetocaloric behavior with application in
DyAl2 and TbNi2 simple cubic magnetic systems under anisotropy
that comes from the CEF. For the DyAl2 compound, where [0 0 1] is
the easy magnetic direction, we have considered the [0 0 1]–[1 1 1]
magnetic field rotation observing first order spin reorientation. For
the TbNi2 compound, where [1 1 1] is the easy magnetic direc-
tion, we have considered the [1 1 0]–[1 0 0] magnetic field rotation
observing second order spin reorientation. The Maxwell-like for-
mulation for the anisotropic-MCE has been introduced and applied
to the above mentioned situations. The corresponding results for
−�San were the same as the one calculated directly through direc-
tional entropies. The explicit evolution of the Cartesian components
of magnetization revealed characteristics of the anisotropic-MCE
curves (due to the order of transition and the separation between TC
and TSR). However, magnetization discontinuities associated with
first order spin reorientation must be adequately handled in the
Maxwell-like relations.
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