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The magnetic behavior, magnetocaloric effect (MCE), and refrigeration capacity of the
GdgAl;(Mnj, metallic glass containing nanocrystallites of Gd are investigated. It is found that the
temperature dependence of the magnetization exhibits multiple second-order magnetic transitions
due to the composite effect. The resulting magnetic entropy change and adiabatic temperature
change compare well with MCE of known magnetic refrigerants. A high refrigeration capacity of
660 J kg™!, a large operating temperature range around 150 K and a soft magnetic behavior make
this nanocomposite an attractive candidate as magnetic refrigerants in a temperature range where
pure Dy is the best material currently available. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2884326]

Magnetocaloric effect (MCE) is the heating or the cool-
ing of magnetic solids in a varying magnetic field." Adiabatic
magnetization of a material gives rise to an increase of its
temperature while a cooling results of an adiabatic demagne-
tization. Magnetization/demagnetization cycles are then
similar to compression/expansion of a gas and can be used
for cooling. Magnetic refrigeration based on MCE attracts
very much attention because it is an environmentally friendly
and high energy efficiency cooling technology.2

MCE results of the isothermal magnetic entropy change
AS,; upon the application of a magnetic field, due to the
coupling of magnetic spins with the magnetic field. The adia-
batic temperature change AT,y is due to an increase (or a
decrease) of the lattice vibration entropy resulting of the
variation of the sum of the lattice and electronic entropies by
the opposite sign of AS,, under adiabatic magnetization (or
demagnetization) of the material. AS,, and AT,y are propor-
tional to the size of the magnetic moments and the strength
of the applied field.

A good solid refrigerants is a magnetic materials exhib-
iting: (i) a high density of magnetic moments (high concen-
tration of 4f and/or 3d elements), (ii) a strong temperature
and field dependence of the magnetization (occurrence of a
magnetic phase transformation around the working tempera-
ture), and (iii) high permeability and reduced magnetic hys-
teresis to avoid energy losses during the magnetization/
demagnetization cycles.

Families of magnetic materials which exhibit large
MCE values include the rare-earth (RE) intermetallics REM
(M=Al, Co, and Ni),> Gds(Si,_,Ge),* Mn(As,_Sb,),
MnFe(P,_As,), La(Fe,_Si);; and their hydrides,’
Ni,MnGa (Heusler alloys),® FeyRhs,,” and the manganites
(RE,_,M ,MnO3; where M=Ca, Sr, and Ba).10 Giant MCE is
obtained by combining several contributions to the total en-
tropy variation, e.g., the giant MCE of Gds(Si,Ge,) results of
the coupling between a first-order structural transition (lat-
tice, AS},) and a second-order magnetic transition,” for
Fe,oRhs; it is the coupling between electronic (AS,) and
magnetic transitions.’ However, first-order transition and
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strong magnetocrystalline coupling present several disadvan-
tages: the highly hysteretic and hard magnetic behavior re-
duces the efficiency of the cooling process since it gives rise
to energy losses, and the structural change promotes cracks
nucleation and propagation which may cause severe damages
of the refrigerant material during cycling. Furthermore, the
refrigeration capacity or the relative cooling power (RCP) of
a solid refrigerant is also a function of the temperature range
over which the transition takes place; this quantity is often
taken as the full width at half maximum (FWHM) of
AS\(T), 6Tpwym.'" First-order transitions are sharp which
reduces the operating temperature range and the RCP. An-
other important parameter to evaluate the performance of
magnetic refrigerants is the shift in temperature of the mag-
netic transition point A7), in a magnetic field.">" AT, is
usually less significant for a magnetic transition superim-
posed on a first-order structural transition.

Because of these, the main direction that we have chosen
to investigate concerns materials with second-order magnetic
transition only, and high MCE properties. Metallic glasses
display a very unique combination of properties interesting
for applications in magnetic refrigeration: (i) they are soft
magnets with second-order magnetic transition, reduced co-
ercivity, and high permeability, (ii) the transition temperature
can be tailored by either composition tuning and
annealing,m’16 i.e., composite effect due to the formation of
nanocrystallites into the amorphous matrix, and (iii) the me-
chanical and corrosion resistances are highly improved in the
glassy state."”

We have produced a series of RE-based metallic
glasseslg*20 and we report here the magnetic properties and
magnetocaloric effect of a Gd-based glass with a nominal
composition GdgyAl;Mns, containing nanocrystallites of
Gd. Its MCE properties are compared with other reference
materials from the literature.

The alloy composition was designed based on topologic
and thermodynamic criteria described elsewhere'® to ensure
a good glass forming ability. Furthermore, no ternary com-
pound containing more than 33.3 at. % of gadolinium is re-
ported in the Gd-Al-Mn system. Master alloy with the
nominal composition was prepared by melting high-purity
elements in a levitation furnace under argon atmosphere. The

© 2008 American Institute of Physics
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FIG. 1. TEM dark field micrograph of the melt-spun Gdg,Al;,Mnj;, ribbon
showing nanocrystallites of less than 10 nm is size embedded into the amor-
phous matrix. X-ray diffraction pattern is also shown in the inset figure.

amorphous alloy was produced in the form of ribbons by
single-roller melt-spinning technique with a circumferential
speed of 30 m/s.

The structural state of the melt-spun ribbons was exam-
ined by x-ray diffraction (inset of Fig. 1). In addition to two
diffuse diffraction bands, peaks from hexagonal Gd are
present which indicates a mixture of amorphous and crystal-
line phases. This result is confirmed by transmission electron
microscopy (TEM) showing nanocrystallites of 10 nm in di-
ameter embedded into an amorphous matrix (Fig. 1).

Plot of the ratio H/M (H is the applied field and M the
magnetization) as a function of the temperature at uoH
=0.1 T (Fig. 2), shows that the behaviour of the
GdgpAl;(Mn3, nanocomposite can be reproduced by a Curie—
Weiss law for temperature above 300 K, with a paramagnetic
Curie temperature 6p=238 K and an effective moment of
5.8up. Given the effective moment of Gd** ions (7.94up), it
is found an effective magnetic moment of 3.45up for the
Mn?* ions. At lower temperature (<300 K), the susceptibil-
ity starts to deviate from the Curie—Weiss temperature.

In Fig. 3, the zero-field-cooled (ZFC) and field-cooled
(FC) magnetization curves M(T), for an applied field uoH
=0.1 T, show three second-order magnetic transitions at
T=278, 250, and 149 K.

The thermal event at 278 K is very close to the Curie
temperature of pure Gd, i.e., 293 K, and is attributed to the
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FIG. 2. H/M ratio plot of the GdgAl;(Mns, nanocomposite at H

=1000 Oe (uoH=0.1 T). The line represents the Curie-Weiss law at high

temperatures (R2=0.999). The figure inset shows the magnetic hysteresis
loop M(H) at 140 K.
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FIG. 3. (Color online) Temperature dependence of the ZFC (open symbols)
and FC (full symbols) magnetization curves at uoH=0.1 T for the
GdgyAl yMns, nanocomposite. The derivatives of the magnetization, dM/dT
vs T, at 0.1 and 5 T are shown by the solid (red) and dashed (blue) lines,
respectively.

ferromagnetic ordering of Gd moments in the Gd nanocrys-
tallites.

The second event at 250 K can be attributed to the in-
teraction between nanocrystallites of Gd, i.e., the ordering of
the magnetic clusters.”!

The magnetic transition at 149 K is broad, which is typi-
cal of structurally disordered phase in which exchange inter-
actions fluctuate in space as a result of the variation of local
environments and distances, and can be attributed to the
magnetic ordering of the amorphous matrix. As shown in the
inset of Fig. 2, the GdgyAl;,Mn3, nanocomposite behaves as
a soft magnet with negligible coercivity and remanence, and
a high relative permeability of 4 X 10°.

AS,, is shown in Fig. 4 as a function of the temperature
and the applied field. AS,, was calculated from the isother-
mal M(H) curves (inset of Fig. 4) using the Maxwell
formula,22

H
ASy = J (oM/3T) ydH. (1)
0

Due to the amorphous matrix and multiple second-order
magnetic transitions related to the presence of Gd nanocrys-
tallites, the peak entropy is very broad with temperatures

FIG. 4. (Color online) Temperature and field dependences of the magnetic
enfropv change and magnetization (inset figure) of the Gdj Al Mna
nanocomposite.
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FIG. 5. (Color online) Normalized relative cooling power, RCP/AH, plotted
against the transition temperature, 7, for some high MCE crystallized com-
pounds (Ref. 13), metallic glasses,” 2" Gd,”” Dy,” and the GdgAl,oMny,
nanocomposite from the present work.

ranging from 20 to 300 K. The peak entropy change ASPS™*
shift from 149 to 171 K when wuoH increases from
0.1 to 5 T, and is related to the magnetic transition of the
amorphous phase. ASPS* reaches —1.4 and —3.3 Jkg™' K/,
OTrwrM 18 150 and 200 K, and the resulting refrigeration
capacity, RCP=ASP™ STy, is 210 and 660 J kg™!, for a
field change of 2 and 5 T, respectively.

Indirect determination of AT,; can be performed from
the measured ma%netization and temperature dependence of
the heat capacity, 324

T
Co(T)

AT (T;0 - H)=— AS)(T;0 — H). (2)
The temperature dependence of the heat capacity at zero
field, C(T), was measured by a relaxation method using a
Quantum Design physical properties measurement system
(PPMS). At the peak entropy change, Cy(T)
=285 J kg™! K7!, which gives AT,;=0.8 and 2 K for AH
=2 and 5 T, respectively.

Despite lower peak values of AS,, and ATy, compared
to giant MCE materials, the GdgyAl;(Mn;3, exhibits higher
RCP than most of the crystalline materials with first-order
transition. Such high RCP results of the extension of the
MCE over a large temperature range (of the order of 100 K)
due to the amorphous nature of the matrix and the presence
of nanocrystallites; in comparison, MCE of crystalline mate-
rials with first-order transition is concentrated over a narrow
range (of the order of 10 K). In the so-called intermediate
temperature range between 80 and 250 K, MCE of RM,
Laves phases and manganites have been extensively studied.
For working temperature around 180 K, the best magnetic
refrigerant material is pure Dy.12’13’28 As shown in Fig. 5,
where the normalized RCP/AH is plotted against the transi-
tion temperature 7, for some crystallized compounds and
metallic glasses, the GdgyAl;)Mnsy, nanocomposite has a
higher refrigerant capacity than pure Dy at comparable work-
ing temperature.

Appl. Phys. Lett. 92, 122501 (2008)

One can also note the high value of AT,
(=22 K for AH=5 T) which compares well with other giant
MCE crystallized materials."?

In conclusion, the GdgyAl;oMn;, nanocomposite, a ma-
terial with second-order magnetic transitions resulting of the
amorphous nature of its matrix and the presence of nanocrys-
tallites, exhibits a refrigeration capacity comparable to the
best crystallized materials with a magnetic transition super-
imposed on a first-order structural transition. This high re-
frigerant efficiency combined with a very soft magnetic be-
havior (very high permeability and negligible coercivity) and
a wide operating temperature range make the GdgnAl;(Mny
nanocomposite an attractive candidate as magnetic refriger-
ants around 150 K, where very few materials are currently
available.

This work was supported by the CNRS through the Ex-
ploratory program RM2 PE1.8-13.
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