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Abstract

Using a simple model Hamiltonian, the formulation of the anisotropic MCE was introduced and the calculations performed for DyAl2
leads to quantitative values of DSiso[0 0 1][1 0 0]. An anomalous MCE was also predicted when the magnetic field is applied along the non-

easy magnetization direction [0 0 1].

r 2008 Published by Elsevier B.V.
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1. Introduction

The magnetocaloric effect (MCE) occurs in magnetic
materials and is characterized by the isothermal magnetic
entropy change and the adiabatic temperature change
which are observed upon magnetic field changes. On the
basis of MCE, it is possible to create magnetic refrigerators
(and also magnetic heaters) in which the magnetocaloric
materials are used as working bodies [1]. Intensive efforts
have been concentrated in the study of the (MCE) since the
discovery of the giant-(MCE) effect in Gd5(SixGe1–x)4 [2]
in a broad temperature range. More recently, the
so-called colossal MCE were reported in MnAs and
MnFeP0.45As0.55, whose origin was ascribed to a strong
magnetoelastic interaction [3,4]. In this work, we report a
new way of obtaining the MCE; i.e., from the anisotropy of
the crystal electrical field (CEF), where occurs a strong spin
reorientation. The theoretical model is applied to DyAl2
and the results predict a magnetic entropy change by
- see front matter r 2008 Published by Elsevier B.V.
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rotating a single-crystal in a fixed magnetic field. The
obtained temperature and magnetic field dependencies of
the magnetization component along the [1 1 1]-crystal-
lographic direction are in good agreement with the recently
reported experimental data.
2. Theory

The model Hamiltonian that describes the magnetic
properties of the DyAl2 includes crystalline electrical field
(CEF), Zeeman and the exchange interactions:
_

H ¼W ½XF�14 ðO
0
4 þ 5O4

4Þ þ ð1� jX jÞF
�1
6 ðO

0
6 � 21O4

6Þ�

� gmB½ðH cos aþ lMxÞJx þ ðH cos bþ lMyÞJy

þ ðH cos gþ lMzÞJz�. (1)

The first term in relation (1) is the CEF [5] where W gives
the CEF energy scale and X gives the relative contributions
of the fourth and sixth degree in the Om

n Stevens’ equivalent
operators. The second term represents the Zeeman and the
exchange interaction in the molecular field assumption,
where g is the Lande factor, mB is the Bohr magneton and
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Fig. 1. Magnetization along the magnetic field direction [1 1 1] versus T.

The symbols represent the experimental data and the solid curves are the

theoretical results for DyAl2.
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Fig. 2. Magnetization component curves, Mh, along the magnetic field

direction [1 0 0] versus temperature for DyAl2.
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H is the magnetic field applied along an arbitrary direction
forming the angles a, b and g with the cubic crystal-
lographic axes x, y, and z, respectively. The above
Zeeman–exchange interaction was conveniently written in
term of its Cartesians components in order to study the
effect of CEF-anisotropic on the magnetization and on the
MCE.

The component of the magnetization vector, Mh, along
the applied magnetic field direction is

Mh ¼ cosðaÞMx þ cosðbÞMy þ cosðgÞMz, (2)

where the k-component of the magnetization vector
(Mx, My or Mz) is obtained by its thermodynamic average:

Mk ¼ gmB

P
jh�jjJkj�ji expð��j=kBTÞ
P

j expð��j=kBTÞ
. (3)

In this relation, ej and |ejS are the energy eigeinvalues and
eigeinvectors of the Hamiltonian (1). Eq. (3) is solved by a
three-dimensional self-consistent numerical procedure.

The total entropy S of the DyAl2 compound can be
decoupled in the three main contributions, namely:

SðH ;TÞ ¼ SmagðH ;TÞ þ SlatðTÞ þ SelðTÞ, (4)

where Smag is the magnetic contribution [8], Slat is the
lattice entropy which is considered in the Debye approx-
imation and Sel ¼ ḡT is the electronic entropy where ḡ is
the Sommerfeld coefficient.

The magnetocaloric potential is usually characterized
from the isothermal entropy change, DSiso, and the
adiabatic temperature change, DTad, that occur for changes
in the external magnetic field intensity. Nevertheless, it
should be noted that the above magnetic entropy and the
magnetization in anisotropic magnetic materials, can be
strongly dependent on the applied magnetic field direction.
In this way, we define the isothermic and adiabatic
anisotropic-MCE quantities (for a fixed magnetic field

intensity) as:

DSiso½ae;be; ge�½a;b; g� ¼ SðT ;H; ae;be; geÞ � SðT ;H; a;b; gÞ,
(5)

DTad½ae;be; ge�½a; b; g� ¼ TðT ;H ; ae;be; geÞ � TðT ;H ; a; b; gÞ.
(6)

In these relations, the set ðae; be; geÞ represents the angles
formed between the applied magnetic field vector (in the
easy magnetic direction) and the Cartesian axes x, y and z,
respectively. The set ða;b; gÞ represents the angles formed
between the applied magnetic field vector when in an
arbitrary direction in relation to the Cartesian axes.

3. Application to DyAl2 and discussion

The model parameters for DyAl2 are W ¼ –0.0111meV,
X ¼ 0.3 and l ¼ 41.6 T2/meV which were obtained from
(Ref. [6]). In this work, we consider the cubic crystalline
axes of DyAl2 oriented in the Cartesian axes in such a way
that the quantization axis, i.e., z-[0 0 1] is taken as the easy
magnetic direction of DyAl2. Fig. 1 shows the component
of magnetization, Mh, versus temperature for magnetic
field intensities H ¼ 0.2, 1, and 2T applied along the non-
easy magnetic direction [1 1 1]. The solid curves represent
our theoretical results and the symbols represent the
experimental data recently obtained by Lima et al. [7]. It
can be observed, that the component Mh increases with
temperature till a peak value. These peaks are expected
since the easy magnetic direction is [0 0 1] and the effect of
applying the magnetic field along [1 1 1] is to produce a
reorientation process in the magnetic moment. Therefore,
as the temperature increases, the magnetic moment initially
oriented in [0 0 1] direction, starts the reorientation process
and at TR (the reorientation temperature) the reorientation
process is finished and the magnetic moment is in [1 1 1]
direction. For applied magnetic field intensities H ¼ 0.2, 1,
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Fig. 3. Magnetic entropy for DyAl2 versus temperature for H ¼ 0 and 2T

applied in the [1 0 0] direction. The crossing in the two curves occurs at the

spin reorientation temperature TR. The inset gives the adiabatic

temperature change DTad versus T for magnetic field change from

H ¼ 0 to 2T, applied in the [1 0 0] direction.
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Fig. 4. The magnetic entropy calculated in the DyAl2 compound versus

magnetic field at T ¼ 24.2K. The open circles curve was calculated

considering the magnetic field oriented in the easy magnetic direction

[0 0 1] and the open squares curve was calculated for magnetic field

oriented in the [1 0 0] direction. The arrows indicate the magnetic entropy

change due to the CEF-anisotropy.
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and 2T along [1 1 1], the reorientation temperatures are
respectively TR ¼ 51, 44 and 36K. The higher the magnetic
field the lower the thermal energy necessary to support the
CEF-anisotropic energy that holds the magnetic moment
oriented in the easy magnetic direction. Fig. 2 shows the
Mh versus T curves for magnetic field intensities H ¼ 0.2, 1,
and 2T applied along [1 0 0] direction. It is worth noticing
that Mh goes to zero when the magnetic field goes to zero,
since the magnetic moment is oriented in the [0 0 1]
direction which is orthogonal to the [1 0 0] direction. As
the magnetic field intensity increases in the [1 0 0] direction,
Mh also increases, as expected. As the temperature
increases, for a fixed magnetic field, the increasing of Mh

occurs till the reorientation temperature is achieved. The
calculated reorientations temperatures were TR ¼ 49.4,
33.2 and 24.2K for the respectively magnetic field intensity
H ¼ 0.2, 1, and 2T applied along the [1 0 0] direction.
Fig. 3 shows the curve Smag versus T for H ¼ 0 and 2T,
applied along the [1 0 0]-direction. It should be noted that
S2 T
mag comes above S0 T

mag below TR ¼ 24.2K. Above
TR ¼ 24.2K, a normal behavior is observed in which the
applied magnetic field reduces the magnetic entropy. The
anomalous increase in magnetic entropy occurs below
TR ¼ 24.2K since in this temperature interval [0,TR] the
magnetic order increases with temperature, as discussed
and showed in Figs. 1 and 2. The inset of Fig. 3 shows the
adiabatic temperature change DTad versus T for magnetic
field change from H ¼ 0 to 2T, applied in the [1 0 0]
direction. The DTad versus T curves was constructed using
the total entropy, relation (4), where the Debye tempera-
ture and the ḡ value were obtained from (Ref. [8]). An
outstanding result emerges, in which the DTado0; it leads
therefore to an anomalous MCE, i.e., the DyAl2 cools
down upon magnetic field change from H ¼ 0 to 2T
applied in the [1 0 0] direction, below TR ¼ 24.2K. Fig. 4
shows the Smag versus H curves for magnetic field applied
along the easy magnetic direction [0 0 1] (S[0 0 1]-circles) and
along the [1 0 0] direction (S[1 0 0]-squares), for T ¼ 24.2K.
S[0 0 1] decreases continuously with the field, while S[1 0 0]

increases until a critical field HR ¼ 2T and presents a
discontinuity at HR. Above the HR, the magnetic entropy
curves are equals for both [0 0 1] and [1 0 0] directions. The
iso-magnetic-field difference between the magnetic entropy
curves calculated for [1 0 0] and [0 0 1] are indicated
in Fig. 4 by the arrows. We defined this difference
DSiso[0 0 1][1 0 0] as the anisotropic-MCE. This quantity
reaches the maximum value at the critical magnetic field for
the spin reorientation. For T ¼ 24.2K we have HR ¼ 2T,
which leads to DSiso[0 0 1][1 0 0] ¼ 2.6 J/molK.
The investigation of the influence of magnetic anisotropy

on the MCE is just starting in the literature and may be of
high interest in design new materials to be used as
refrigerant materials in magnetic refrigerators.
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