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The TbgoNizpAl,o amorphous alloy was prepared by melt-spinning in the form of ribbons. Its
magnetic behavior shows upon magnetization the occurrence of a spin glass to ferromagnetic and a
paramagnetic to ferromagnetic transitions at 5 and 48 K. The magnetocaloric effects associated with
these transitions were investigated. Large positive and negative magnetic entropy changes upon
magnetization have been observed in a temperature range interesting for gas liquefaction. © 2011

American Institute of Physics. [doi:10.1063/1.3544450]

The magnetocaloric effect (MCE) is a temperature
change in magnetic solids in a varying magnetic field."! It
results of the coupling of the magnetic spins with the mag-
netic field and is related to a magnetic entropy change. As
the compression of a gas, isothermal magnetization de-
creases the entropy and, in a reversible manner, adiabatic
demagnetization, similarly to the expansion of a gas, restores
the zero-field entropy by means of the thermal energy given
by the phonons. This causes the material to cool. It is then
possible to perform magnetically the cycle of a thermal ma-
chine. MCE is used for low-temperature cryogenic applica-
tions and is considered as an energy-efficient and
environmentally-friendly refrigerant technology near room
temperature thanks to the development of giant MCE mate-
rials (AS>10 Jkg'! K™! and AT>5 K for AH=2T) in
which the magnetic transition is associated with a first order
transition.’

Some materials exhibit inverse MCE that is the cooling
under magnetization.}9 This requires an increase in the mag-
netic entropy on application of a magnetic field. Inverse
MCE occurs in system having less ordered magnetic transi-
tion such as antiferromagnetic/ferromagnetic (AF/FM), AF-
collinear/AF-noncollinear, =~ AF/ferrimagnetic ~or  spin-
glass/FM (SG/FM). The last situation can be found in rare
earth (RE)-based metallic glasses when SG state arises from
random magnetic anisotropy (RMA). On cooling, the or-
dered FM phase develops from the disordered PM state and
reenters into another disordered SG phase. Some examples
of such systems are Nd-, Tb-, Dy-, Ho-, and Er-based metal-
lic glasses}5 but entropy change due to inverse MCE has not
been characterized in RE-based metallic glasses.

Here we examine the magnetic field-induced entropy
change related to both MCE and inverse MCE in
TbgoNizpAl, glass. Large direct MCE and inverse MCE
have been obtained at 48 and 5 K, respectively, which make
this glassy material an efficient and versatile candidate as
cryogenic solid-refrigerant at two different working tempera-
tures.
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The alloy composition TbgoNizyAl;, was designed based
on topologic and thermodynamic criteria described
elsewhere'® to ensure a good glass forming ability. The
amorphous alloy was prepared by melting precisely weighted
amounts of high purity elements Tb, Ni, and Al in a levita-
tion furnace. Melting was performed several times to ensure
a good homogeneity, in a water-cooled copper crucible, un-
der a purified argon atmosphere. The amorphous ribbons of
the as-cast alloy were obtained by single-roller melt-spinning
technique with a copper wheel velocity between 25 and
30 ms~! in a purified argon atmosphere.

Structural state of the melt-spun ribbons was examined
by x-ray diffraction (XRD). dc magnetization measurements
were performed using a superconducting quantum interface
device magnetometer in the temperature range of 5-200 K
and applied fields up to 4.6 T.

The XRD pattern of the TbgoNizyAl;, melt-spun ribbons
is shown in Fig. 1. Only two broad diffraction peaks are
observed at similar 26 angles reported elsewhere for
TbssCoyAlys (Ref. 4) which indicates a fully amorphous
state.

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 behavior of the TbgyAl,;(Nisq
glass follows a Curie-Weiss law for temperatures above 80
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FIG. 1. XRD pattern of the melt-spun Tbg,Ni;,Al;, ribbon.
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FIG. 2. H/M ratio plot of the Tbg)NizoAl o glass at uoH=0.1 T. The line
represents the Curie—-Weiss law at high temperature (R>=0.999).

K, with a paramagnetic (PM) Curie temperature 8p,=56 K
and an effective moment of 9.1 ug/Tb. This value of the
magnetic moment is close to the expected value of 9.72 ug
for Tb** which suggests, together with the positive value of
6p, a FM coupling between Tb** ions only.

Figure 3 presents the zero-field-cooling (ZFC) and field-
cooling (FC) magnetization curves M(T) of the amorphous
alloy. The measurements are made in a low external field of
moH=0.05 T. In addition to the PM to FM transition ob-
served for both the ZFC and FC magnetization curves at
T=48 K (Curie temperature), the ZFC magnetization starts
to decrease at T;,,=38 K (irreversibility temperature). Such
bifurcation of the ZFC and FC curves at low temperature is
generally observed in RE-based metallic glasses when the
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FIG. 3. Temperature dependence of the ZFC (open symbols) and FC (full
symbols) magnetization curves at uyH=0.05 T for the Tbg)NisyAl,, amor-
phous alloy. The bottom figure shows the derivative of the magnetization,
dM/dT, vs T. T is the freezing temperature of the spins, T, is the irrevers-
ibility temperature between ZFC and FC curves and 7. the Curie
temperature.
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FIG. 4. (Color online) (a) Temperature and field dependence of the magne-
tization of the TbgNisyAl,, amorphous alloy. The M(H,T) surface is built
from isothermal magnetization with increasing external field. (b) Projection
of the derivative of M(H,T) showing the SG, FM, and PM magnetic phase
fields. (c) Related temperature and field dependences of the magnetic en-
tropy change.

RE atom has an orbital moment (Nd-, Tb-, Dy-, Ho-, and
Er-based glasses3_5) and not in Gd-based glasses (L=0).""1
It causes the presence of a temperature-dependent coercivity,
and is interpreted as the random freezing of the magnetic
moments along local anisotropy axes due to spin orbit
coupling.3 T, denotes the onset of the progressive freezing
of spins toward randomly oriented axes—the FM phase
starts to break up—and 7 (the freezing temperature), deter-
mined by the maximum of dM/dT, indicates the FM to SG
transition below which the SG phase is fully developed at the
expense of the FM phase.

Figure 4(a) shows the magnetization surface according
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FIG. 5. (Color online) Zoom at low temperature and small applied field
change in the magnetic entropy change showing both inverse and direct
MCE in the TbgNizpAl,, glass.

to the temperature and the external applied field obtained
from isothermal M(H) magnetization curves with a field in-
creasing from 0 to 4.6 T at 5, 7, and 10 K and every 5 K
between 10 and 80 K. The hysteretic behavior of M(H,T)
due to RMA can be visualized on the M(H,T) surface by a
change in its curvature in the low H-low T region. Even at
4.6 T, complete saturation is never achieved due to the pro-
gressive flipping of spins to a noncollinear FM alignment.4

The various SG, FM, and PM phase fields can be delimi-
tated from the extremes of the derivative of M(H,T) as seen
in Fig. 4(b) which represents the projection of the (dM/dT)y
surface on the (H,T) plan.

The resulting magnetocaloric response of the
TbgoNizgAl;y amorphous alloy has been derived from Max-
well relation by integrating over the magnetic field:

(ﬁ) ] (%)
oM ), \oT )y
where S represents the magnetic entropy.

The magnetic entropy change, AS,,, produced by the
variation in a magnetic field from O to H,, is given by

H
max [ JNM
0 T [y

Figures 4(c) and 5 show the field and temperature depen-
dence of the magnetic entropy change, AS,,(H,T). Since the
sign of AS), is determined by the sign of dM/JT, it is posi-
tive for temperature below T, and negative above. In the
temperature range between 5 K and T;,, (T}, ranges from 40
to ~5 K with increasing H), the application of an external
magnetic field under adiabatic condition causes the alloy to
cool (AS,,>0, MCE inverse) while it heats up if the mag-
netic field is applied above T, (AS,;<0, MCE). The inverse
MCE of the sample is related to the SG/FM transition expe-
rienced by the alloy when applying the magnetic field at low
T, and the direct MCE is due to the PM/FM transition.
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FIG. 6. Absolute values of the magnetic entropy change per field unit (4.6
or 5 T depending of the studies) vs the magnetic transition temperature of
several amorphous RE-based metallic glasses. TM stands for the transition
metal entering in the glass composition. For the Tbg)NisoAl;, glass, open
symbol is related to inverse MCE and plain symbol to direct MCE. Com-
pounds legend: NdyNizsAl;;  (Ref. 3), TbssCoyAlys (Ref. 4),
Tbs6Y 20A14Co,g (Ref. 9), DysoGd;Al;Co, (Ref. 5), HozpY 56Al,4Coy (Ref.
5), ErspAl,,Co,0Y (Ref. 5), 1—GdgyMnsoln;, (Ref. 12), 2—GdgyMn3,Gaq
(Ref. 12), 3—GdgMn3Al;, (Ref. 12), 4—GdgsFeyAljs (Ref. 15),
5—Gds5Co,0Alys (Ref. 16), 6—Gds, 5Coy65AL; (Ref. 17), 7—GdgyCozpAl o
(Ref. 18), 8—GdgFe (CoyAljy (Ref. 18), 9—GdgyFe,,CojpAly, (Ref. 18),
10—GdgFesAl,y  (Ref.  18),  11—Gds3AlyCoyZr;  (Ref.  19),
12—GdssNipsAlyy  (Ref. 16), 13—GdgoCoyAly,  (Ref.  20),
14—Gds; Al CoxCes  (Ref. 21), 15—GdgAlsCoxZsEr, (Ref. 21),
16—Gds;Aly,CoxNb B, (Ref. 21), 17—Gds;Aly,Co,0Zr,Nb; (Ref. 21),
18—Gds; Al,,CoyNb,Cr, (Ref. 21), 19—Gds3Ery,AlysCoyg (Ref. 19).

The peak value of AS,, for the MCE at T-=48 K is
about —2.0 J kg™' K~! and -6.5 J kg™! K~! for a magnetic
field change of 2 T and 4.6 T, respectively. These values
compare well with others RE-based glasses and follow the
global trend regarding the inverse relationship between AS,,
and T, (Fig. 6). The temperature range corresponding to the
full-width at half maximum of the MCE entropy peak is 45
K and 50 K in field change of 2 and 4.6 T. Such broad peak
of AS,,(T) is usual for magnetic amorphous alloys,s’“_14 in
contrast with crystalline materials that exhibit higher ASH¢**
with narrower temperature range.14 Lowering of T, and
broadening of AS,, are two general characteristics of amor-
phization.

The maximum of the magnetic entropy change due to
inverse MCE at T=T, (<30 K) is about 3.7 J kg™! K! and
8.0 Jkg™! K~! for a magnetic field change of 0.6 T and 4.6
T, respectively, which is higher than the absolute value of
MCE for this material at 48 K and those of Gd-based glasses
(Fig. 6).

In conclusion, large MCE and inverse MCE are observed
in the TbgoNizpAl;, in the temperature range of 5-50 K. In
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addition to the coexistence of positive and negative MCE,
others attractive features common to all metallic glasses such
as the tunable nature of T, the small magnetic hysteresis
loss, the high mechanical strength, the high oxidation, and
corrosion resistances, and the polymerlike thermoplastic be-
havior, make the TbgyNizgAl;, amorphous alloy an interest-
ing candidate as a solid refrigerant for gas liquefaction.

This work was supported by the Conseil Régional
d’ Aquitaine.
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