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a b s t r a c t

In this work we study the conventional and anisotropic magnetocaloric effects in the cubic rare-earth
RNi2 (R = Dy, Ho, Er) ferromagnetic intermetallic compounds. For each of these compounds we have
explored the crystalline electrical-field anisotropy to predict the anisotropic magnetocaloric quantities
under rotations of an applied magnetic field of constant intensity. The calculations were performed using
proper parameters reported in the literature. Our results for the anisotropic magnetocaloric effect reveal
some peculiarities of the spin reorientation which can be considered in designing new magnetocaloric
materials for magnetic refrigerators.
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. Introduction

The magnetocaloric effect (MCE) is an exciting topic of investiga-
ion in the condensed matter physics field due to the link between

agnetic and thermal properties of magnetic materials and its
pplicability in refrigeration technology [1]. The MCE is charac-
erized by the release of heat as the result of the alignment of

agnetic moments with an external applied magnetic field. It is
sually characterized by the isothermal magnetic entropy change
�Smag) and the adiabatic temperature change (�Tad) which are
onventionally observed under changes in the intensity of an exter-
al magnetic field (�H). In simple ferromagnets the maximum
ffect occurs around the Curie temperature (TC) at which the mag-

etization changes most rapidly. In this respect, the MCE has been
tudied in several systems that undergo first-order or second-order
hase transformations, including those ones that experience the

nfluence of the magnetocrystalline anisotropy [1]. We shall refer to

∗ Corresponding author at: Universidade Federal de Sergipe, Departamento de
ísica, Av. Marechal Rondon, s/n Jardim Rosa Elze, CP 353 – 49100.000, São Cristóvão,
E, Brazil.
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925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.05.182
the MCE obtained under variations in the intensity of the magnetic
field with fixed orientation as conventional MCE.

In the field of MCE the study of magnetically anisotropic materi-
als in single-crystalline form subjected to a relative rotation of the
applied magnetic field of constant intensity (from one to another
nonequivalent crystallographic direction) is of great importance.
We shall refer to the MCE obtained under variations in the orien-
tation of the magnetic field with fixed intensity as anisotropic MCE
(AMCE). In this context, rare-earth based compounds such as the
RNi2 series offer the possibility of studying new characteristics of
the MCE attached to their anisotropic behavior. Among them, the
compounds with the largest free magnetic moment (R = Tb, Dy, Ho,
Er) have been early studied in order to characterize their magne-
tothermal properties [2,3].

Most of the search for magnetic refrigerants has been guided by
techniques focusing the conventional MCE. Since the discovery of
the giant magnetocaloric effect (GMCE) in Gd5(SixGe1−x)4 systems
[4,5] there is increasing interest in GMCE materials, in which the

large �S is related to the first-order magnetic phase transition from
ferromagnetic (FM) to paramagnetic (PM) coupled to a structural
transformation. The drawback of the magnetic first-order phase
transitions is the occurrence of hysteresis losses which were trying
to be minimized, e.g. by subjecting a bulk material to fragmentation

dx.doi.org/10.1016/j.jallcom.2010.05.182
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ejrplaza@gmail.com
dx.doi.org/10.1016/j.jallcom.2010.05.182
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6] or by the partial modification of its composition [7].
Recently, we have proposed the use of the anisotropic MCE

oncomitantly with the conventional one in order to extend
he operational temperatures in a thermal cycle that combines

agnetic field intensity changes followed by rotation of the single-
rystalline sample [8]. In fact, the idea of using anisotropic magnetic
aterial in rotating thermal cycles was proposed by Kuz’min and

ishin [9]. By developing appropriate techniques, the complete
rocess can be performed in materials showing first (or second)
rder–order or order–disorder magnetic transitions. It was also
howed the possibility of achieving higher MCE exploring the mag-
etic anisotropy, in comparison with the FM–PM magnetic phase
ransition [10].

An important type of order–order magnetic transition is the
pin reorientation transition (SR) as observed in some 4f–3d sys-
ems (with magnetic 3d transition elements). Recently, it has been
hown the inability to explore the room-temperature SR for mag-
etic refrigeration in the referred systems [11], due to the predicted
ery small change in magnetic entropy. However, we claim that
t is possible to find suitable values of �S (inclusive in the scope
f the AMCE) in materials with non-magnetic partner of the rare-
arth element around the SR. For instance, in DyAl2 it was predicted
igher MCE peaks in the anisotropic �S and �T around the SR
emperature than in the conventional �S and �T around TC [10].

In this paper we report a comparative study on the conven-
ional and anisotropic MCE in RNi2 (R = Dy, Ho, Er) intermetallics, in
hich the transition element has negligible magnetic contribution.

n these ferromagnetic compounds the magnetic anisotropy comes
ainly from the crystalline electrical field (CEF) acting on the rare-

arth ions. For the calculations of the magnetic and magnetocaloric
uantities in DyNi2 and HoNi2 the Zeeman, isotropic exchange and
EF interactions were included. In ErNi2 we have also considered
he quadrupolar interaction.

. Theory

In the RNi2 compounds, nickel ions practically have no magnetic
oment but contribute to the establishment of the electronic struc-

ure and exchange interactions that leads to the FM arrangement of
he localized R-magnetic moments. To calculate the magnetization
s well as the magnetic entropy we consider the Hamiltonian

� = Ĥmag + ĤCEF + ĤQ (1)

here

ˆ mag = −g�B[(H cos ˛

+ �Mx)Ĵx + (H cos ˇ + �My)Ĵy + (H cos � + �Mz)Ĵz] (2)

ˆ CEF = W

[
X

F4

(
Ô0

4 + 5Ô4
4

)
+

(1 −
∣∣X∣∣)

F6

(
Ô0

6 − 21Ô4
6

)]
(3)

nd

ˆ Q = −G1
(〈

Ô0
2

〉
Ô0

2 + 3
〈

Ô2
2

〉
Ô2

2

)
− G2

(〈
P̂XY

〉
P̂XY +

〈
P̂YZ

〉
P̂YZ +

〈
P̂ZX

〉
P̂ZX

)
(4)

re, respectively, the magnetic, CEF and quadrupolar interactions,
ritten in an appropriate framework [12]. In relation (2), g is the

andé factor, �B the Bohr magneton, �H = H(cos ˛, cos ˇ, cos �) the

pplied magnetic field, �M = (Mx, My, Mz) the magnetization, � the
xchange parameter and Ĵ = (Ĵx, Ĵy, Ĵz) the total angular momentum
ector operator. ˛, ˇ and � are the angles formed between the mag-
etic field vector and the x, y and z crystallographic axes, chosen
s the [1 0 0], [0 1 0] and [0 0 1] crystallographic cubic directions,
Compounds 505 (2010) 357–361

respectively. In such coordinate system the CEF and quadrupolar
terms [13] are indicated in relations (3) and (4), where F4 and F6
are dimensionless values tabulated for each R-element, W gives the
CEF energy scale and X (

∣∣X∣∣ ≤ 1) gives the relative contributions of
the fourth and sixth degree in Om

n Stevens’ equivalent operators
[14]. P̂ij = (Ĵi Ĵj + Ĵj Ĵi)/2 and G1 and G2 are the quadrupolar parame-
ters. From the calculated energy eigenvalues (εn) and eigenvectors
(|n〉) of the Hamiltonian (1), the magnetization components Mı

(ı = x, y, z) are obtained from the relation:

Mı = g�B

∑2J+1
n=1

〈
n
∣∣Ĵı∣∣n〉 e−εn/kBT∑2J+1

n=1 e−εn/kBT
. (5)

The intensity of the magnetization M and the component of
the magnetization Mh along the applied magnetic field direc-
tion are M =

√
M2

x + M2
y + M2

z and Mh = Mx cos ˛ + My cos ˇ +
Mz cos � , respectively.

The total entropy can be written as the sum of the electronic, lat-
tice (phonon) and magnetic parts, i.e. Stot = Sel + Slatt + Smag, where

Sel(T) = �̄T, (6)

Slatt = −3R ln

[
1 − exp

(
−�

T

)]
+ 12R

(
T

�

)3
·
∫ �/T

0

x3 dx

exp(x) − 1
(7)

and

Smag(T, �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

)
. (8)

One can use Eqs. (6)–(8) to calculate the quantities that
characterize either the conventional or anisotropic MCE. In the con-
ventional MCE, i.e. fixing the magnetic field at an arbitrary direction
and changing its intensity from Hi to Hf, we have

�S[cos ˛a,cos ˇa,cos �a](T, H) = S[cos ˛a,cos ˇa,cos �a](T, Hf )

− S[cos ˛a,cos ˇa,cos �a](T, Hi) (9)

and

�T [cos ˛a,cos ˇa,cos �a](T, H) = T [cos ˛a,cos ˇa,cos �a](Stot, Hf )

− T [cos ˛a,cos ˇa,cos �a](Stot, Hi), (10)

where the set of angles [˛a,ˇa,�a] defines an arbitrary direction in
respect to the x, y and z crystallographic axes. Now it is convenient
to define the set of angles [˛e, ˇe, �e] to the easy magnetization
direction in respect to the same frame. In the anisotropic MCE, i.e.
fixing the magnetic field intensity and changing its direction from
(˛e, ˇe, �e) to (˛a, ˇa, �a), we have

�San(T, H) = S[cos ˛a,cos ˇa,cos �a](T, H) − S[cos ˛e,cos ˇe,cos �e](T, H)(11)

and

�Tan(T, H) = T [cos ˛a,cos ˇa,cos �a](Stot, H)

− T [cos ˛e,cos ˇe,cos �e](Stot, H) (12)

If the magnetic field does not alter neither the Sommerfeld
coefficient (�̄) nor the Debye temperature (�), the total entropy
change (in an isothermal process) is equal to the magnetic entropy
change (�S = �S ). From experimental (or theoretical) magne-
tot mag

tization or specific heat data, it is frequent the use of the relations:
Smag(T, Hi) − Smag(T, Hf ) =

∫ Hf

Hi
−(∂M/∂T)H dH (Maxwell’s relation)

or Stot(T, H) =
∫ T

0
T−1C(T, H) dT to obtain the conventional �Smag

(T) and �Tad (T) curves (C(T, H) being the specific heat). In the
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F Dy, Ho, Er) compounds for �H = 2 and 5 T. The calculations were preformed considering
t data for polycrystalline samples are included.
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Fig. 2. Theoretical anisotropic curves for �San (a) and �Tan (b) in DyNi2 compound
for the magnetic field directional changes from [0 0 1] to [1 1 0] with fixed intensities

T
C

ig. 1. Temperature dependence of the conventional MCE, �S and �T in RNi2 (R =
he average �S and �T in the main cubic crystallographic directions. Experimental

nisotropic case we have previously studied various R–X type com-
ounds with X non-magnetic [8] and the results showed the same
s those obtained from the corresponding Maxwell’s relation [15].

For the calculations of isotropic Sel and Slatt of the RNi2 com-
ounds we use a common value for the electronic heat capacity
oefficient, �̄ = 5.4 mJ mol−1 K−1, and interpolated effective Debye
emperature �-values from the non-magnetic LaNi2 and LuNi2
ompounds [16]. It should be noticed that in this model the
nisotropy corresponds to the magnetic part of the total entropy.

. Application and discussion

In the following we will apply the above theoretical considera-
ions to study the conventional and anisotropic MCE in the DyNi2,
oNi2 and ErNi2 compounds. In order to perform the calculations,
e consider the model parameters listed in Table 1.

The conventional MCE in the RNi2 series has been studied by
on Ranke and co-workers and their results were published in
ome early reports [16,20,21]. For the DyNi2 compound we consider
0 0 1] as the easy axis [22] instead of the [1 1 1] one which follows
rom the considered set of parameters X = −0.10, W = −0.019 and
= 15.5 T2/meV in Ref. [16]. For the HoNi2 compound, instead of the

0 0 1] easy axis indicated in Ref. [20], the common set of parame-
ers included in Table 1 lead to a [1 1 0] easy axis of magnetization
see also Ref. [21]). In the same reference, for the ErNi2 compound
here is a misleading in the reported CEF parameters being cor-
ected here, see Table 1, where we have additionally included the
uadrupolar parameters.

Since these compounds show easy axis in the plane defined by

0 0 1] and [1 1 0] directions, we will consider magnetic fields also
n this plane for the calculations of anisotropic MCE. Then, it is use-
ul to define the angle between the magnetization and the [0 0 1]
olar-axis: 
 = tan−1(

√
M2

x + M2
y /Mz), since in the calculations we

estrict the magnetization in the referred plane.

of 2 and 5 T. The insets show the calculated Stot(T) for H = 2 T ([0 0 1] and [1 1 0]
directions) and T(Stot) for H = 5 T ([0 0 1], [1 1 1] and [1 1 0] directions). The Stot(T)
curve in absence of field is also showed.

able 1
rystalline electrical field, exchange and quadrupolar parameters, easy axis direction (e. a.) and Curie temperatures for the DyNi2, HoNi2 and ErNi2 compounds.

Compound X W (meV) � (T2/meV) G1 (meV) G2 (meV) e. a. TC (K) Ref.

DyNi2 0.49 −0.069 17.5 – – [0 0 1] 21 [16]
HoNi2 −0.44 0.021 9.8 – – [1 1 0] 13 [17,18]
ErNi2 −0.35 −0.086 9.0 8.6 × 10−5 −0.0019 [0 0 1] 7 [19]
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Fig. 3. Theoretical 
(T) (a) and �San(T) (b) curves for the HoNi2 compound. Arrows

the same magnetic field variation) in such a way that �San(T) is
obtained by difference. This is due to the fact that entropy at zero-
field (or very small field) is practically insensitive to the direction
of the applied magnetic field. Another way to obtain �San(T) is
60 E.J.R. Plaza et al. / Journal of Alloy

The top and bottom panels in Fig. 1 show the calculated conven-
ional �S and �T curves, respectively. Experimental curves (from
pecific heat measurements) for the magnetic field variation from
to 2 T and 0 to 5 T were taken from Ref. [16] for DyNi2 and from
ef. [20] for ErNi2. In the HoNi2 case the experimental �S curve
orresponds to a field variation from 0 to 4 T and was taken from
ef. [18].

Since the experimental curves come from polycrystalline
amples the results correspond to an average over all of the
ossible directions. An appropriate average of the calculations
ver the three symmetry axes (�S[0 0 1] + �S[1 1 0] + �S[1 1 1])/3 and
�T[0 0 1] + �T[1 1 0] + �T[1 1 1])/3 gives practically the same results as
he more sophisticated method of Ayant et al. [23]. The exchange
arameters were slightly adjusted in order to reproduce accurately
he peak positions and the agreement between experimental and
alculated results is satisfactory, as we see in Fig. 1. As in NdNi2 and
bNi2 [8], differences between observations and calculations can be
ue to structural and compositional inhomogeneities as well as the
xistence of defects in the polycrystalline samples. In respect to
he CEF parameters it should be taken into account that RNi2 com-
ounds crystallize in a derived Laves-phase superstructure [24].

We discuss now the main contributions and results of our paper,
.e., the anisotropic MCE in the selected RNi2 compounds. Fig. 2(a)
nd (b) shows, respectively, the anisotropic �San and �Tan curves
f DyNi2 calculated for magnetic fields of 2 and 5 T which orien-
ation was changed from the [0 0 1] towards the [1 1 0] direction.
he �San and �Tan curves were obtained from relations (11) and
12), by means of the difference of the isothermal and isentropic
ifferences between the curves shown in the insets of Fig. 2. Note
rom the inset in Fig. 2(a) that the curve with the magnetic field
pplied in the [1 1 0] direction shows higher entropy than the one
alculated at zero magnetic field below 17 K, above which the oppo-
ite behavior is observed. This is a consequence of anisotropy and a
eld-induced spin reorientation transition (SR) at TSR = 11 K. The SR
ransitions are dependent on the intensity of the applied magnetic
eld and on its relative orientation in respect to the crystallographic
xis. Note from the inset in Fig. 2(b) the kink observed for the [1 1 1]
irection, revealing the SR at TSR = 17.5 K for H = 5 T.

Fig. 3(a) and (b) displays, respectively, theoretical results of
(T,H) and �San for the HoNi2, showing characteristics of the field-
nduced SR transitions in this compound. As we see in Fig. 3(a), at
ow temperatures and low fields, 
 ∼ �/2 indicates the [1 1 0] direc-
ion as the easy axis of magnetization. One can observe an abrupt
ecrease in the polar 
-angle either at zero-field or not very intense
agnetic field along the [0 0 1] direction. In the intermediate field

egion (e.g. 0.05 and 0.1 T) the 
(T) curves reveal clearly a first-order
R transition followed by a second-order SR-alignment of the mag-
etization to the direction of the applied field (see inset), i.e. when
= Mh.
Theoretical results for �San(T) in HoNi2 with [1 1 0] to [0 0 1]

eld rotation and intensities 0.5 and 1 T is shown in Fig. 3(b). For
= 0.5 T one observe a table-like shape of the entropy change. Also,

he peak intensity at TSR (marked by arrows) suggests its increasing
ith the field intensity. The inset shows the calculated Smag(T) in

ero field and for H = 0.5 T along the [0 0 1] and [1 1 0] directions.
In Fig. 4, we show theoretical results for anisotropic �San(T)

urves of the ErNi2 compound for magnetic field variation from
0 0 1] to [1 1 0] directions and selected intensities. One can observe
diminution of the �San(T) intensity-peak as the field increases

rom 0.1 to 1 T and a reverted signal (the inverse MCE) when larger
elds are used. This is due to the spin reorientation effects, which

re dependent on the direction and intensity of the applied mag-
etic field. Note the clear first-order SR transition for the H = 0.3 T
urve at 2.8 K approximately.

Different from the approach reported in Ref. [25], we inves-
igated here the influence of magnetic field change direction
indicates the SR-alignment temperatures of the magnetization to the [0 0 1] direc-
tion. The insets show the calculated magnetization M and the component of the
magnetization Mh along the applied magnetic field [0 0 1]-direction as well as the
magnetic entropy contributions.

(constant intensity) on the anisotropic magnetic compounds (RNi2
cases). There are other approaches oriented to optimize the magne-
tocaloric response of the RNi2 magnetic material such as the partial
substitution of Ni by a magnetic element [26]. This can leads to
new perspectives about the role of the spin reorientation in the
anisotropic magnetocaloric effect.

The anisotropic entropy change for the selected RNi2 com-
pounds has been calculated directly by using Eq. (8). Experimen-
tally, through magnetization data of single-crystalline sample, one
can obtain the usual magnetocaloric effect for two directions (using
Fig. 4. Theoretical anisotropic �San curves of the ErNi2 compound for magnetic field
variation from [0 0 1] to [1 1 0] directions and selected intensities.
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y measurements of the isoangle transversal component of the
agnetization at fixed intensity field as deduced by some of us

15]. Despite the lack of magnetic data for these compounds in
ingle-crystalline form, we can predict the anisotropic behavior
ased on the model parameters and experimental results for poly-
rystalline samples. Nevertheless, it is desirable efforts to prepare
nd characterize rare-earth based single crystals (R–X type with X
on-magnetic) in order to study more accurately the details of the
nisotropic magnetocaloric effect.

. Conclusion

We studied the conventional and anisotropic magnetocaloric
ffect in RNi2 compounds (R = Dy, Ho, Er). The correctness of the
odel parameters was checked by fitting experimental results

ound in the literature (conventional �S and �T curves), and there-
ore they were used to calculate the anisotropic behavior of the

CE (�San and �Tan curves). Our predictions for the anisotropic
ase revealed some peculiarities of the spin reorientation which
an be useful for practical applications. Depending on the order of
he transition and the separation between TC and TSR temperatures,
he magnetocaloric curves can show either sharp-lambda or table-
ike type profiles. An interesting observation is the decreases of the

San(T)-peak when the intensity of magnetic field increases (as cal-
ulated for the Dy and Er for some symmetry cases). Additionally,
or the ErNi2 compound the use of larger fields induces a partial or
otal reverted signal (the inverse MCE) of the �San(T) curves. We
xpect this study contributes to stimulate the realization of mag-
etic measurements in rare-earth based single crystals in order to
heck for adequate compound to be used as anisotropic refrigerant
aterials.
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