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a b s t r a c t

The magnetocaloric effect and magnetoresistance (MR) of nanocrystalline/amorphous Gd65Co15Al10Zr10
alloy were investigated. The as-spun alloy shows a large maximum magnetic entropy change (MEC) of
5.4 Jkg�1K�1 under a field change of 5 T and a refrigerant capacity of 468.9 Jkg-1. It is found that Ar ion
irradiation increases the MEC and refrigerant capacity (RC) of the alloy, which is associated with the
anisotropic stress and heating effects, increasing the atomic mobility and short-range order around Gd.
Moreover, the maximum MEC shows a power-law (linear) relationship with the MR above (below) the
Curie temperature for the as-spun ribbon, which alters after irradiation.

© 2019 Elsevier B.V. All rights reserved.
The magnetocaloric effect, characterized by the temperature
change of a magnetic solid when exposed to an external magnetic
field variation, is closely related to its atomic and magnetic struc-
tures. During the last several decades, intense research activities
were devoted to developing various kinds of magnetocaloric ma-
terials with largemagnetic entropy change (MEC) [1e10]. Andmost
of the efforts were previously focused on the crystalline magne-
tocaloric materials, especially those with first order structural/
magnetic transition, which may show giant magnetocaloric effect
[1e5]. Nevertheless, in thesematerials the giantMEC usually occurs
in a very narrow temperature range and usually some non-
desirable effects such as poor mechanical and thermal stability,
and magnetic hysteresis exist [1e4]. Magnetic materials with sec-
ond order magnetic transition usually show moderate maximal
MEC (-DSm), but with a broad MEC peak, which may produce very
high refrigerant capacity (RC) [8,9]. Recently, amorphous alloys
(AMs) with a second order transition have been attracting world-
wide research interest due to their many magnetic/electronic/
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mechanical advantages [8e17]. Many publications investigated the
effects of composition, crystallization, hydrogenation, magnetic
anisotropy and effective magnetic moment on the magnetocaloric
performance of Fe-based and rare earth based metallic glasses in
ribbon, bulk rod andwire-shaped forms [8e20]. To further enhance
RC, composites were also fabricated by stocking two or more kinds
of amorphous alloy ribbons layer by layer in a proper weight
fraction to obtain materials with a table-like MEC response [21]. In
addition, in-situ formed two-phase or multi-phase magnetic
composite systems are attracting increasing interest. And in situ
formed composite materials with high RC were reported in several
rare-earth-based alloys: Gd-Al-Mn, Gd-Fe-Al and Gd-Co-Al
[22e24]. Despite some progress in exploring the MEC of amor-
phous alloys and related composites, the nature of their magne-
tocaloric behavior is still poorly understood due to the structural/
magnetic complexity. And for practical reason the magnetocaloric
performance of AMs and their composites requires urgently to be
further improved to make them more competitive.

In this Letter, we explored the microstructure, magnetocaloric
response and magnetoresistance (MR) of the Gd65Co15Al10Zr10
melt-spun ribbon, particularly the effects of Ar ion irradiation. The
ribbon shows amorphous/nanocrystalline composite structure and
two magnetic transitions. During Ar ion irradiation, the combina-
tion of anisotropic stress and heat induces change of morphology,
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atomic arrangement and structure ordering of the surface layer.
Importantly, obvious improvement of magnetocaloric performance
by irradiation has been obtained. Moreover, the maximal MEC is
found to correlate uniquely with the MR in both the as-spun and
irradiated ribbons, which is different from the relationships of
some reported crystalline and amorphous solids. These findings are
of significance for fundamental research and potential applications
of amorphous and nanocrystalline alloys.

The alloy ingot with nominal composition of Gd65Co15Al10Zr10
was first prepared by arc melting technique in a Ti-gettered argon
atmosphere. Then the glassy ribbons with a thickness of ~30 mm
and a width of ~4 mm were fabricated by using single roller melt-
spinning method. The microstructure of the ribbonwas checked by
x-ray diffraction (XRD) using D/MAX2550VB3þ/PC diffractometer
with Cu Ka radiation, and transmission electron microscopy (TEM;
JEM-2100F) operated at 200 kV. The magnetization and resistivity
were measured using a physical properties measurement system,
PPMS 6000 of Quantum Design Company. The Ar ion irradiation
with energy of 170 kev was performed on an ion beam irradiation
system. During irradiation process, the specimens were placed in a
vacuum of ~1.33 � 10�2 Pa. The ion fluence of 1.0� 1015 was ob-
tained. The atomic force microscope (AFM, SeikoSPA300HV, Japan)
was used to observe the surface morphology of the as-spun and
irradiated ribbons.

The XRD patterns of the as-spun and irradiated alloys are shown
in Fig. 1, which show the composite structure of both alloys. Irra-
diation does not alter the main feature of XRD pattern, but small
change can be detected, such as the position and width of the first
sharp diffraction peak and its neighboring peak (the inset of Fig. 1
Fig. 1. (a) XRD patterns of the as-spun (lower curve) and Ar irradiated (upper curve) alloys,
TEM of the irradiated ribbon showing the amorphous plus nanostructured composite natu
(a)). This indicates that irradiation induces rearrangement of
atoms of the sample. Both the as-spun and irradiated ribbons show
amorphous plus crystalline composite structure, which can be
indicated from the TEM results of the irradiated ribbon as an
example (shown in Fig. 1). In addition, by using the Debye-Scherrer
equation the average grain size is determined to be 19.2 nm and
22.2 nm for the as-spun and irradiated samples, respectively,
indicating the growth of nanocrystals in the surface layer due to the
heating effect. As the Ar ions bombard the ribbon sample, their
kinetic energy partly converts into heat and the momentum can
convert into force, which may lead to nucleation and growth of
nanocrystals in the alloy [25]. The average modulus and hardness
from the Nano-indentation experiments are 60.3 GPa and
3.58 GPa,respectively for the as-spun sample. And after irradiation,
they increase slightly to 61.8 GPa and 3.63 GPa, respectively at a
depth of ~1.0 mm, indicating the hardening effect of irradiation. The
surface morphology of the pristine (Fig. 1(cee)) as well as the
irradiated (Fig. 1(feh)) ribbons is shown in Fig. 2. From the AFM
images, mound-like structure can be clearly seen in the as-spun
ribbon surface, which is related to the island like growth of nano-
crystals during melt spinning process. Obviously, Ar ion irradiation
changes the surface features and remarkably damages those
mounds found in the pristine ribbon (Fig. 1(feh)). The surface
roughness is determined to be 88.5 nm and 15.8 nm for the as-spun
and the irradiated ribbons, respectively, indicating the smooth-
ening of the surface upon irradiation. Note that we use a low energy
of 170 kev for irradiation experiment, which has the advantage of
modifying only the surface layer leaving the bulk unaltered.

To further understand the impact of irradiation on the
the inset shows the enlarged part around the first diffraction peak. (d) High-resolution
re. And AFM images of the as-spun (cee) and Ar ion irradiated alloys (feh).



Fig. 2. (a) Temperature dependence of the magnetization under 200 Oe for the alloys. (b) Isothermal magnetization curves at a set of temperatures for the as-spun ribbon. (c) MEC
under a field change of 5 T for both ribbons. The inset shows the MEC under a field change of 2 T. (d) Field dependence of the magnetic entropy change of the as-spun alloy, the inset
shows the temperature dependence of the n value.
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magnetization and magnetocaloric effect, magnetic measurements
were carried out. Fig. 2(a) presents the temperature dependence of
magnetization under a magnetic field of 200 Oe, which was
measured on heating after initially cooling to 2 K in 200 Oe. Both
alloys show clearly double magnetic transitions, which indicates
that the irradiation does not change the composite nature. The
lower magnetic transition mainly arises from the amorphous phase
and the higher magnetic transition mainly comes from the nano-
structured phase(s). Nevertheless, clear change of the magnetiza-
tion after irradiation can still been observed. After irradiation, the
magnetic transition around 270 K gets smoothed, and especially
the low temperature magnetization (below 100 K) increases
considerably (roughly from 10 emu/g to 14 emu/g). It is well known
that the magnetic/mechanical properties of amorphous/nano-
crystalline composite materials depend strongly on their local
structure/property, like local strain, grain size/shape, amorphous-
nanocrystalline interface, defects, etc. Therefore, the change of
magnetic behaviors of the ribbon after Ar ion irradiation should
relate to stress relaxation and local atom arrangement induced by
irradiation. The high-energy Ar ions bombarding the ribbons will
engender heat along with a perpendicular force on the atoms of the
ribbon, which promotes atomic diffusion and deformation, and
thereby causes structure relaxation and atomic short-range
ordering. During this process, the change of Gd-Gd distance and
local environment around Gd may result in the increase of
magnetization after irradiation.

Fig. 2(b) displays a set of isothermal M-H curves of the as-
quenched ribbon (as an example) from 0 to 50 kOe, from which
theMEC of the sample can be determined from the thermodynamic
Maxwell relations. To ensure that each magnetization curve was
measured isothermally, the sweeping rate was slow enough during
the measurement. From the Maxwell equation, a maximum MEC
can be obtained near the magnetic transition temperature where
the magnetization varies sharply with temperature in a constant
field. Sharper change of the magnetization around 100 K for the
irradiated sample (Fig. 2(a)) implies its larger maximum MEC than
that of the as-spun ribbon. From Fig. 2 (b) it is observed that below
~1.5T, the magnetization increases more slowly with increasing
field than that of typical Gd-based metallic glasses due to the muti-
phase nature of present alloys [8], which obstructs the magneti-
zation process of the sample.

Fig. 2(c) shows the -DSm as a function of temperature under 5T
for the as-spun and irradiated samples (the inset shows the -DSm
under 2 T). The maxima of -DSm (under a field change of 5 T) are
5.4 Jkg�1K�1 at 105.5 K and 6.0 Jkg�1K�1at 111.5 K for the as-spun
and irradiated samples, respectively. These values are lower than
those of many Gd-based amorphous rod, wire and ribbons [8,14],
because of the considerable amount of nanocrystalline phase in
present alloys. The well separated Curie temperatures of the
amorphous and nanocrystalline phases (around 100 K and 270 K for
the amorphous and nanocrystalline phases, respectively) do not
lead to broadening of the MEC peak, and thus RC enhancement by
the composite structure is not observed here. In contrast, the
enhancement of RC in the Nd-Pr-Fe composite was obtained, since
the two successive magnetic phase transitions (303 and 332 K)
leaded to obvious broadening of the DSm peak. However, these
maximum MEC and RC values of present alloys are still larger than
those of Fe-based amorphous alloys [1,10]. Present work focuses on



Fig. 3. Temperature dependence of the resistivity under different fields of the as-spun
alloy, the inset shows the enlarged part. (b) The temperature dependence of MR under
different fields for the as-spun alloy. The inset shows the MR under 1 T and 2 T for the
irradiated alloy.
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the effect of irradiation on the MEC properties, instead of compo-
sition effect. From Fig. 2(c), it is clear that the shape of MEC curve
does not change, but the -DSm values are enhanced clearly in the
whole investigated temperature range after irradiation. And the RC
value of the as-spun alloy can be determined to be 468.9 Jkg-1, and
increases to 511.4 Jkg-1 after irradiation. The RC was calculated by
numerically integrating the area under the -DSm-T curve, using the
temperatures at half-maximum of the peak as the integration
limits. The RC values are comparable to the Gd-based metallic
glasses [8], and larger than those of the Gd5Ge1.9Si2Fe0.1 (360 Jkg-1)
and Gd5Ge2Si2 (305 Jkg-1) alloys [1,2], which are considered as
typical magnetic refrigerants. The increase of -DSm and RC by
irradiation is in accordance with the enhancement of magnetiza-
tion. This is partly related to the local structural relaxation, which
decreases the stress-induced anisotropy and eliminates the free-
volume and anti-free-volume and other defects. On the other
hand, irradiation-induced enhancement of short-range order and
atomic mobility may promote the Gd-Gd cluster formation and
strengthen the Gd-Gd exchange interactions, which improves the
magnetocaloric performances.

For materials with second order magnetic transition, the mean
field theory predicted that the field dependentmaximal -DSm at the
transition temperature obeyed a power law relationship: jDSMaxjf
Hn [26], where n was ~2/3. Experimentally, n varies from 0.66 to
0.87 for various amorphous alloy systems around the magnetic
transition temperature, which implies that n is sensitive to the
short to medium range ordered structures of AMs [10,15]. And it
was found that a larger degree of inhomogeneity or order in
composites can lead to a larger n value [27e29]. Recently, in the Gd-
Er-Al-Co AMs it was found that n is related to the degree of mag-
netic frustration among randommagnetic anisotropy and exchange
interactions [29]. In present alloy, it is found that the power law fits
the data very well in the whole temperature range investigated as
shown in Fig. 2 (d) for the as-quenched sample. And both the as-
spun and irradiated alloys show similar temperature dependence
of n (see the inset of Fig. 2(d)), with their minimal of ~0.77 at
108.5 K (determined under 5 T), which suggests that the irradiation
does not change the field dependence behavior of MEC in present
alloys. And the larger value of n than the predicted 2/3 around the
Curie temperature is related to the composite nature of present
alloys. In addition, it was found that for multi-phase materials n
decreasedwith increasing applied field [10]. This implies that larger
n values can be obtainedwhen using smaller magnetic field change.

To reveal the relationship betweenMR andMEC in the Gd-based
composite alloy, we further measured the electric resistance under
different magnetic fields. Fig. 3 displays the temperature depen-
dent resistivity measured in different magnetic fields for the as-
spun sample. The zero-field resistivity increases with increasing
temperature (below 260 K), which is different from the typical Gd-
based AMs showing negative temperature coefficient of resistivity.
And there is no clear change around the lower magnetic transition
temperature ~100 K, but exists a shallow minimal around the
higher magnetic transition temperature which is suppressed by the
external fields. Nevertheless, the two magnetic transitions can be
clearly seen from the temperature dependence of MR (¼R(H)/R(0)-
1), especially under 2 and 5 T, which shows two shallow minima.
Similar behavior has been observed in the irradiated sample as
shown in the inset of Fig. 3 (b). The MR vs eDSm plot is shown in
Fig. 4(aed) for the as-spun ribbon. Above the Curie temperature, it
is found that eDSm and MR follow almost a linear relationship for
the as-spun sample. Below the low magnetic transition tempera-
ture, the eDSm vs MR obeys a power law relation very well:
MRfjeDSmjc, where the c is determined to be around 0.5.
Furthermore, irradiation changes the relationship obviously as
shown in Fig. 4(e and f), which is sensitive to the external field.
Under 1T, a power law/linear relationship is observed above/below
the Curie temperature. But under 2 T, the power law is observed
both below and above the Curie temperature. The difference of the
MR-MEC relationship between the as-spun and irradiated sample is
related to the local structure change and stress relaxation by irra-
diation. In some crystalline compounds like CoPt3, Tm-Cu(Ag)
[30,31], a linear relationship between MR and MEC was observed
above, at, and just below TC. Different relationships were also
observed in other crystalline solids [32,33]. Note that in a Gd-based
metallic glass ribbon, the eDSmwas reported to show a power-law/
linear relationship with MR above/below the Curie temperature
[34], which is in contrast with present nanocrystalline/amorphous
alloys. The above results indicate that local atomic structure has a
significant influence on the relationship between electronic and
magnetic properties. At present the underlyingmechanism of these
correlations is still unclear, which requires more theoretical and
experimental investigations.

In conclusion, large magnetocaloric response has been observed
in a Gd-based nanocrystalline/amorphous composite with twowell
separated magnetic transitions, in which the interactions between
the amorphous and nanocrystalline phases can be neglected. The
magnetocaloric performance can be further improved by Ar irra-
diation, which is attributed to the stress and heating effects by
irradiation (leading to the local structure change around Gd atoms).
This demonstrates that the irradiation could be useful to tune the
magnetocaloric properties of nanostructured/amorphous materials
in a non-homogeneous manner. Different from the conventional
annealing, irradiation allows a route to induce localized structural
modifications over large surface areas to tune the properties. In
addition, it is worthy of noting that, irradiation induced crystalli-
zation should be different from thermal crystallization, since strain
produced during irradiation has an important impact on the



Fig. 4. Relationship between MR and MEC above/below the Curie temperature under different field changes for the as-spun and irradiated ribbons.
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crystallized products. The correlation between DSm and MR in-
dicates the magnetoresistance can act as a probe to the MEC in the
amorphous/nanocrystalline composites as well as other alloys.
Compared with the heat capacity or magnetization measurements
to determine DSm, magnetoresistance experiment is faster. These
findings reveal new insights on the nature of MEC of amorphous/
nanocrystalline composites, and can guide the design of advanced
composite materials for magnetic cooling application.
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