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The magnetocaloric properties of several AlxGdyFez ~with x1y1z5100) ternary alloys have been
determined between 2 and 300 K. Three distinct peaks in the magnetic entropy changeDSm versus
T were found: a low-temperature peak~near 10 K!, an intermediate temperature peak~80–160 K!,
and a higher temperature peak~210 to 280 K!. The low-temperature peak coincides with a
field-induced antiferromagnetic-to-ferromagnetic transition; the intermediate and high temperature
peaks are associated with other magnetic transitions. Above 60 K, these alloys exhibited
superparamagnetic behavior and possessed enhancedDSm values, as predicted earlier for magnetic
nanocomposites. ©2004 American Institute of Physics.@DOI: 10.1063/1.1667832#

Magnetic refrigeration, based on the magnetocaloric ef-
fect, has created the opportunity for developing an efficient
and environmentally friendly cooling technology. In fact,
compared to conventional vapor compression refrigeration,
magnetic refrigeration can in principle be much more effi-
cient than conventional processes~because of its reversible
nature! and it does not rely on ozone-depleting chlorofluoro-
carbon refrigerants.1 The magnetocaloric effect is the thermal
response of a magnetic material under the application of an
external magnetic field. The magnitude of this effect is given
by the field-induced entropy changeDSm . When a magnetic
field is applied to the material there is a decrease in its mag-
netic entropy due to the alignment of the spins with the field.
The reverse takes place upon the removal of the applied
field. A change in temperatureDT follows, and is the basis
for magnetic cooling.

In recent years, research and development efforts in the
area of magnetic refrigeration have focused on finding mate-
rials with improved magnetocaloric effects. These include
materials capable of operating at different temperature
ranges, depending on the intended application. For example,
the work of Gschneidner and Pecharsky and their co-workers
at Ames Laboratory has shown that a large magnetocaloric
effect ~dubbed as the ‘‘giant’’ magnetocaloric effect! can be
obtained in some gadolinium-silicon-germanium~GdSiGe!
alloys.2 These authors have adjusted the composition of these
alloys in order to shift the ferromagnetic~FM! transition
temperature~e.g., the temperature of peakDSm) from 30 K
to room temperature. A complementary approach has been
employed by Shull and his group at NIST to both ‘‘tune’’ and
enhance the magnetocaloric effect for magnetic refrigeration
applications at different temperature ranges by focusing on
the development of magnetic nanocomposites.3,4 These nano-

composites were initially based on gadolinium-gallium gar-
nets with additions of FM transition-metal elements, such as
iron.

Low-temperature, as well as high-temperature, applica-
tions are envisioned. For near to mid-term astronomical and
exploratory missions, NASA in particular needs more effi-
cient low-temperature space-based cooling systems in order
to meet more stringent sensitivity and heat transfer require-
ments in its satellite detector systems. With smaller devices
more devices are packed into the same volume and greater
cooling is required. NASA also wants to replace its detector
array mechanical cryocoolers because they~1! are inefficient
below 20 K ~only a few percent Carnot efficiency! and ~2!
are often the source of unwanted vibrations that reduce the
detector sensitivities.

The GdFeAl system was selected for the present study
because of the ‘‘mictomagnetic’’ state previously discovered
in Fe-Al alloys.5 Such a system is comprised of FM clusters
and possesses superparamagnetic character in certain tem-
perature ranges. In addition, recent work on FeAl alloys has
also shown these materials to possess spin density waves6

which, it was felt, should also contribute to the magnetother-
mal effects in the system. The addition of Gd was expected
to form magnetic clusters with much larger magnetic mo-
ments because of the larger moment of the Gd atom, thereby
contributing to much enhanced magnetocaloric effects as
predicted for magnetic nanocomposites.3

Various Al-Gd-Fe alloy samples were prepared in this
study by arc melting, using a water-cooled copper hearth in
an argon atmosphere under ambient pressure, starting with
the appropriate amounts of the component elements. The pu-
rity of the starting constituents was a mass fraction of 99.9%
or better. Magnetic measurements were conducted on alloy
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samples in the as-cast condition. The microstructure of the
samples was characterized by SEM.

The magnetocaloric responses of the alloy samples were
determined by measuring their magnetizationM as a func-
tion of temperature and applied magnetic field using a super
conducting quantum interference device~SQUID! magneto-
meter. The magnetizationM was measured at discrete tem-
perature intervals from 2 to 360 K and at discrete magnetic
field intervals ranging from 0 to 3.98 MA/m~5 T!. M was
normalized to the sample mass, and the magnetic entropy
change (DSm) was calculated from the integrated Maxwell
relation and the magnetization data. That is,
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Integration of this expression leads to
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In Eqs. ~1! and ~2!, M represents the magnetization,T the
temperature, andH the applied magnetic field. For magneti-
zation measurements made at constant temperature at dis-

crete magnetic field intervals, this Maxwell expression can
be approximated by the following expression:
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Therefore, using the approximation given by Eq.~3!, DSm as
a function of temperature for each sample was computed
numerically by first differentiating the magnetization dataM
with respect to temperature and then integrating the resulting
derivatives from zero field to some valueH up to 3.98 MA/m
~5 T!. The experimental uncertainty of magnetization mea-
surements as well as that the magnetic entropy change
(DSm) values calculated from the magnetization data are
roughly equal to the symbol sizes in their respective plots.

The magnetization versus field curves for Al28Gd60Fe12

at various temperatures~2–60 K! are presented in Fig. 1.
These curves were generated from magnetic data taken with
increasing applied field. Although not shown, the companion
curves taken with decreasing field are very similar as there
was not much hysteresis in the data. Within this temperature
range, the magnetization versus field curves show that this
alloy exhibits different magnetic behavior below and above
moH51.59 MA/m ~2 T! (mo5the magnetic permeability of
free space!. In fact, below 2 T, the magnetization exhibits
FM behavior, whereas above 1.59 MA/m~2 T!, the magne-
tization increases rapidly followed by an approach to satura-
tion atmoH53.18 MA/m ~4 T!. The rapid rise in magnetiza-
tion atmoH51.59 MA/m ~2 T! is likely the result of a field-
induced first-order magnetic phase transition. Figure 1
indicates that this first-order transition occurs at higher field
values with increasing temperature. The overall magnetiza-
tion behavior of this alloy is similar to that observed by Li7

on the Gd2Al alloy and is consistent with the initial presence
of two distinct magnetic phases: a FM phase and an antifer-
romagnetic~AF! second phase. Upon field application, the
antiferromagnet transforms into a ferromagnet at tempera-
tures between 2 and 60 K~for moH,5 T). Above this tem-
perature range, the alloy exhibits superparamagnetic behav-
ior, indicative of small isolated FM clusters, up to about 200
K, above which it becomes paramagnetic. TheM versusT
data@at a constant field ofmoH51.27 MA/m ~1.6 T!# in Fig.
2 also shows the presence of a small peak near 50 K, indica-
tive of the presence of an AF transition. Furthermore, exami-

FIG. 1. Magnetization vs field curves~2–60 K! of the Al28Gd60Fe12 alloy,
in the as-cast condition. The curves show a rapid rise in the magnetization
for field values above 1.59 MA/m~2 T!, indicative of a field-induced first
order magnetic phase transition.

FIG. 2. Magnetization vs temperature curve at a fixed field value of 1.27
MA/m ~1.6 T! of the Al28Gd60Fe12 alloy, in the as-cast condition, showing
the presence of a small peak near 50 K, indicative of two different magnetic
phases.

FIG. 3. Backscattered SEM micrograph showing the typical microstructure
of the Al28Gd60Fe12 alloy, in the as-cast condition. The microstructure in-
dicates the presence of three distinct phases.
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nation of the alloy microstructure by high-resolution SEM,
showed the presence of three chemically distinct phases~Fig.
3!: a dominant matrix gray phase whose average composi-
tion is Al26Gd71Fe3 ; a dark minor phase with an average
composition of Al32Gd39Fe30, and a light-colored phase that
was composed mostly of gadolinium with some aluminum,
but no iron. It is believed that the Al26Gd71Fe3 is the phase
that undergoes the AF/FM first-order phase transition above
2 T.

The DSm values plotted as function of temperature for
the Al28Gd60Fe12 alloy are presented in Fig. 4. Using both
Eqs. ~2! and ~3!, the values ofDSm were calculated by nu-
merical differentiation and integration of the corresponding
magnetization data. TheDSm versus temperature curve
shows the presence of two peaks: one larger peak centered at
about 10 K and a smaller peak centered around 65 K. Al-
though not shown for the sake of brevity, Al33Gd55Fe12 and
Al30Gd67Fe3 alloys exhibited a magnetic behavior similar to
that of Al28Gd60Fe12 alloy. That is, in the 2–60 K tempera-
ture range, both alloys showed the presence of a first-order
field-induced phase transition above 2 T. In addition as ob-
served in the Al28Gd60Fe12 alloy, the transition occurs at
higher field values with increasing temperature. The corre-
spondingDSm versus temperature curves showed the pres-
ence of two peaks: a low-temperature peak~respectively cen-
tered at 5 K for the Al33Gd55Fe12 alloy and at 10 K for
Al28Gd67Fe3) and an intermediate-temperature peak centered
at about 50 K for both alloys. For the three alloy samples and
for DmoH51.59 MA/m ~2 T!, the maximumDSm value for
the lower-temperature peak was 2.5–2.8 J/Kg K, whereas for
the higher temperature peak, the maximum value was 0.6–
1.2 J/Kg K. The magnitudes and locations ofDSm peaks cal-
culated using the Maxwell relations, as done here, may not
be exact for systems exhibiting first-order transitions~e.g., in
an AF/FM transition!, but the temperature variation ofDSm

would still show the same trends.8 Consequently, magnetic
data is used here as a screening tool in these systems, to be
followed up by more definitive calorimetric measurements at
some later time.

Similar to that observed in the three alloys just dis-
cussed, the magnetization versus field curves up to 60 K for
an alloy sample of composition of Al33Gd45Fe22 also indi-

cated the presence of a field-induced AF/FM transition above
moH51.59 MA/m ~2 T!. However, the strength of this tran-
sition was smaller than in the three previously described al-
loys. The correspondingDSm versusT curve, for DmoH
52.39 MA/m ~3 T!, showed, in addition to the lower- and
the intermediate-temperature peaks previously observed, the
presence of a third peak centered near the much higher tem-
perature of 210 K. However, for Al33Gd45Fe22 the two low-
temperature peaks had shifted up in temperature to 20 and 60
K, respectively. When the alloy composition was changed to
Al45Gd45Fe10, the corresponding magnetic data showed a
much weaker field-induced magnetic transition in the 2 to 40
K temperature range@moH51.59 MA/m (2 T)#. In addition,
the correspondingDSm versus temperature curve forDmoH
53.98 MA/m ~5 T! ~Fig. 4! showed the high-temperature
peak, first observed for the Al33Gd45Fe22 alloy, had shifted
from 210 K to between 280 and 290 K. In addition, the
intermediate-temperature peak had shifted to a slightly
higher temperature.

The field-induced first-order magnetic phase transition
was not observed for the following alloy compositions:
Al2Gd, Al50Gd40Fe10, and Al50Gd33Fe17. Although not
shown, the DSm versus T curve @DmoH
52.39 MA/m (3 T)# for these three alloy samples showed
only the presence of a single intermediate-temperature peak
centered at 100, 120, and 160 K for Al2Gd, Al50Gd40Fe10,
and Al50Gd33Fe17 respectively. In these three alloys, the peak
value ofDSm varied between 3.5 and 4.5 J/Kg K forDmoH
52.39 MA/m ~3 T!.

Superparamagnetism was found in several alloys around
the Al28Gd60Fe12 composition between 40 and 200 K. As a
consequence, peaks in the magnetocaloric effect were also
found in that temperature range, consistent with such en-
hancements found in other magnetic nanocomposites. In ad-
dition, a much largerDSm peak was found at temperatures
near 10 K, due to the presence of a field-induced AF/FM
phase transformation on one of the crystallographic phases
making up this composition. This latter peak is particularly
attractive for low-temperature magnetic cooling. Alloys with
less Gd and more Al~e.g., Al45Gd45Fe10) resulted in the de-
velopment of a near-room-temperatureDSm peak.
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FIG. 4. ComputedDSm, normalized with respect to sample mass and inte-
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