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In this letter we report the results of entropy variations in random anisotropy magnets composed of
TbxY12xAl2 , with x50.15, 0.20, 0.25, 0.35, 0.40, and 0.50. We discovered large entropy variation
associated with the spin glass to paramagnetic transition. Both temperature transition and entropy
changes were studied at different temperatures and with different compositions. Our conclusion is
that these materials are suitable candidates for use as magnetic refrigerants in a temperature range
below 40 K. © 2002 American Institute of Physics.@DOI: 10.1063/1.1506777#
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It is known that magnetic refrigeration is a serious a
real alternative to current conventional refrigerati
systems.1,2 One of the most critical factors for using ma
netic refrigeration in refrigerators is that of finding a suitab
material within the working temperature range of refrige
tion. This accounts for the increasing interest, in recent ye
in the study and characterization of magnetic materials
show large entropy changes when subjected to magneti
tensity variation.

Magnetic refrigeration is based on the magnetocalo
effect. When a magnetic material is subjected to the actio
an applied magnetic field variation, an entropy change
brought about in the magnetic sublattice of the mater
Since the degree of the alignment of magnetic mome
present in the magnetic sublattice of the system chan
when a magnetic field variation is applied, the magnetic
tropy will also change. An increase in magnetic entropy w
be observed when the applied magnetic field intensity is
duced, and conversely the entropy will decrease when
magnetic field increases, since the order of the magnetic
ments in the material increases. The reduction in the m
netic entropy of a material when magnetic fields are app
adiabatically,DS, causes the lattice entropy to increase
the same amount,DS, and the temperature of the materi
thus increases. This is known as the magnetocaloric effe

The magnetocaloric effect was studied for different m
terials in a wide temperature range. Under 40 K there are
types of materials that show a significant magnetocaloric
fect. One of them shows paramagnetic behavior within t
temperature range.3 The second class of materials are tho
in which one can to take advantage of the entropy cha
associated with the ferromagnetic to paramagnetic trans
when the magnetic materials are subjected to an applied
variation near their Curie temperature.2,4,5 The giant and

a!Electronic mail: xavier.bohigas@upc.es
b!Permanent address: Instituto de Astrofı´sica de Canarias, C/ Vı´a Láctea,

38200 La Laguna, Tenerife, Spain.
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time-dependent magnetocaloric effect in molecular clus
was recently studied by our group.6

In this article we present the results of entropy variati
and temperature phase transition in random magnetic an
ropy materials under a modest applied magnetic field.

Measurements of magnetic entropy variation when
fixed magnetic field change is applied allow one to determ
whether a magnetic material may be considered a good m
netic refrigerant. Alternatively, refrigerant capacity may
determined directly by measuring the temperature cha
under an applied magnetic field variation. The equivalence
these two different methods has been demonstrated.4,7

In an isothermal process of magnetization, the total m
netic entropy change of the system due to the application
a magnetic field,DSB , can be derived from Maxwell rela
tions by integrating over the magnetic field, i.e.,

DSB~T,B!5E
Bmin

BmaxS ]M

]T D
B

dB, ~1!

whereBmin andBmax represent the initial and final values o
the magnetic induction.5

It seems clear that a high magnetocaloric effect will
observed when the magnetization varies sharply in a cons
field. This occurs, for example, at the Curie temperature
ferromagnetic–paramagnetic transitions, where the m
mum absolute value of the entropy change is expected.

Samples were prepared using the argon arc melting te
nique. The buttons obtained were remelted several times
annealed at 800 °C for approximately one week, in orde
ensure good homogeneity and the elimination of spuri
phases. This was checked using powder x-ray analysis.
magnetization measurements were taken using an induc
method magnetometer. The magnetization isotherms w
measured by cooling the sample down to 3 K in anominally
zero applied field and then applying an increasing field at
temperature of measurement.8 The magnetic properties o
these materials have been studied extensively.9
7 © 2002 American Institute of Physics
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Initial ac susceptibility,xac, was measured as a functio
of the temperature for different compounds of the form
TbxY12xAl2 , with x50.15, 0.20, 0.25, 0.35, 0.40, and 0.5
The real part ofxac shows two different types of behavio
depending on the Tb composition. Forx,0.30, a sharp peak
is observed at a certain temperature,TSG, which increases
with composition. According to the Edwards–Anders
model, this temperature is associated with the spin glas
paramagnetic phase transition.10 For x.0.30, this peak trans
forms into a smooth shoulder, with a second maximum
pearing at a higher temperature, which also increases wix.
From the susceptibility measurements, we have proposed
phase diagram presented in Fig. 1 for these materials.8

In order to evaluate the magnetocaloric effect of our m
terials, we calculated the entropy changes associated wit
applied magnetic field variation from the isotherm curves
magnetization versus the applied field by using the exp
sion

uDSBu5(
i

M i2Mi 11

Ti2Ti 11
•DBi ,

whereMi and Mi 11 are the experimental values of magn
tization atTi and Ti 11 temperatures, respectively, under
applied field of intensityBi . This expression is a numerica
approximation to the integral in Eq.~1!. Figure 2 shows iso-
thermal magnetization measurements at different temp
tures corresponding to the sample Tb0.50Y0.50Al2 .

FIG. 1. Magnetic phase diagram for TbxY12xAl2 compounds.

FIG. 2. Entropy change was calculated from experimental magnetiza
curves vs applied magnetic field.
rticle is copyrighted as indicated in the article. Reuse of AIP content is s
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Figures 3 and 4 show the temperature dependenc
entropy change corresponding to the compoun
Tb0.20Y0.80Al2 and Tb0.50Y0.50Al2 , respectively, similar be-
havior is observed for the other samples studied. There
clear increase in the entropy change of the specimen w
the temperature increases up to temperatureTmax, at which a
peak appears, with falling entropy change for temperatu
aboveTmax. This temperature peak agrees well for all com
positions, with the temperature at which the spin glass
paramagnetic transition occurs. The large entropy change
sociated with this phase transition can be explained by
magnetic order of these two different magnetic phases. M
netic moments are partially ordered in the coherent spin g
phase, whereas in the paramagnetic phase the magnetic
ments are disordered because there is no interaction betw
them. Thus, in accordance with this change in the magn
order, an entropy change is expected at the magnetic p
transition temperature.

The entropy variation changes considerably according
the composition, as can be seen in Table I, which shows
entropy variation calculated for different applied magne
fields. When the Tb composition increases, the entro
change likewise increases, reaching a value of 7.6 J/K
corresponding to the Tb0.5Y0.5Al2 sample when a modes
magnetic field variation of 2 T is applied. Samples exhi
different transition temperatures when the material comp

n

FIG. 3. Temperature dependence of entropy changes corresponding t
compound Tb0.20Y0.80Al2 .

FIG. 4. Temperature dependence of entropy changes corresponding t
compound Tb0.50Y0.50Al2 .
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TABLE I. Absolute values of the entropy variation calculated from the isotherm magnetization curves o
materials when different magnetic field intensity variation is applied. The table also shows the tempera
which the curveuDS(T)u shows a maximum for different compositions of TbxY12xAl2 .

X
in TbxY12xAl2

uDSu ~J/kg K!
(DB50.6 T)

uDSu ~J/kg K!
(DB51.0 T)

uDSu ~J/kg K!
(DB51.6 T)

uDSu ~J/kg K!
(DB52.0 T)

Tmax

~K!

0.15 0.3 0.4 0.9 1.2 10
0.20 0.4 1.0 1.8 2.4 12
0.25 0.5 1.1 1.9 2.5 14
0.35 1.0 1.8 2.8 3.5 16
0.40 0.9 2.9 3.8 4.5 22
0.50 2.1 3.9 6.3 7.6 30
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tion varies within the 10–30 K temperature range, as can
seen in Table I. A similar dependence of entropy change
composition has been observed in other families of mater
such as perovskite structures with the formu
La0.65Ca0.35Ti12xMnxO3 ~Ref. 11! and series of pseudobinar
Dy12xErxAl2 compounds.2,12

Calculated entropy variations under modest appl
fields for different compositions of Yb in our materials a
summarized in Table I. The entropy change values
greater than, or at least similar to, other previously publis
results calculated in ferromagnetic to paramagnetic ph
transitions in the same temperature ranges. The maxim
value of the entropy variation detected in our materials is
J/Kg K for a magnetic field change of 2 T. This value
higher than that of previously published results12 for similar
aluminides with the same field variation,;5 J/kg K ~for
ErAl2), ;2.1 J/kg K ~for DyAl2), and ;3 J/kg K ~for
DyNi2), and also for the families of materials with the fo
mula Dy12xErxAl2 , which show entropy changes of 2–
J/kg K ~Ref. 2! in a similar temperature range~10–60 K!. As
shown recently by Pecharsky and Gschneidner,4 a meaning-
ful comparison of entropy change in different materia
should be made using J/mol~atom! K, and not J/kg K, i.e., by
presenting the entropy change for 1 mole of atoms, and
for unit mass~or volume!. Accepting this point of view, the
Tb0.5Y0.5Al2 aluminate shows an entropy change of 0.
J/mol~atom! K for DB52 T, while the entropy variation for
the Dy12xErxAl2 compounds increases from 0.15 to 0.
J/mol~atom! K for the same field variation and a similar tem
perature range.

Table I also shows the temperature at which the entr
variation is at a maximum. These values correspond q
well with those of the spin glass to paramagnetic transit
presented in Fig. 1. This indicates that the phase trans
temperature corresponds to the temperature at which m
mum entropy variation is achieved. It is clear from Table
s indicated in the article. Reuse of AIP content is sub
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that Tmax increases over the 10–30 K temperature range
that some of these materials show a sufficient magneto
loric effect to be used as active magnetic refrigerants wit
this temperature range.

In conclusion, we have shown data for the magne
component of entropy variation in random anisotropy ma
nets as a function of the applied field, temperature, and c
position. These data clearly indicate that the magnetocal
effect based on spin glass to paramagnetic phase transitio
TbxY12xAl2 materials is high and tunable. The results o
tained show a strong dependence on the composition of
material. These materials are therefore suitable candid
for use as magnetic refrigerants within a temperature ra
below 40 K.
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