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In the present work, we report the magneto-caloric effect (MCE) of a binary Gd50Co50
amorphous alloy near the freezing temperature of water. The Curie temperature of
Gd50Co50 amorphous ribbons is about 267.5 K, which is very close to room tempera-
ture. The peak value of the magnetic entropy change (-∆Sm

peak) and the resulting adia-
batic temperature rise (∆Tad .) of the Gd50Co50 amorphous ribbons is much higher than
that of any other amorphous alloys previously reported with a Tc near room tempera-
ture. On the other hand, although the -∆Sm

peak of Gd50Co50 amorphous ribbons is not
as high as those of crystalline alloys near room temperature, its refrigeration capacity
(RC) is still much larger than the RC values of these crystalline alloys. The binary
Gd50Co50 amorphous alloy provides a basic alloy for developing high performance
multi-component amorphous alloys near room temperature. C 2015 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4930832]

I. INTRODUCTION

With the rising concerns on global warming and the ever increasing global consumption of
energy in recent years, a number of new refrigeration technologies have been developed to replace
the traditional vapor-cycle refrigeration in order to save energy and avoid ozone-depleting gases.
Among these, magnetic refrigeration (MR) technology based on the magneto-caloric effect (MCE)
of magnetic materials has shown promising application potential because it is regarded as a more
energy efficient and environmentally friendly technique.1–8 In MR technology, the working mate-
rials are critical and many magnetic materials with excellent MCE have been developed in the last
few decades.9–35

Magneto-caloric materials can be divided into two types: materials that undergo a first-order
magnetic phase transition, including most of the crystalline alloys such as Gd-Si-Ge, Ni-Mn-Ga,
La-Fe-Si, Mn-As-Sb and Mn-Fe-P-As, and exhibit a sharp but narrow magnetic entropy change
(∆Sm) peak;9–18 and materials that undergo a second-order magnetic phase transition, including
amorphous alloys and a few crystalline alloys (for example, Gd and Gd6Co2Si3), exhibit a broad
distribution of the ∆Sm peak.19–35 The amorphous alloys seem to be ideal candidates for magnetic
refrigerants because they usually exhibit ultrahigh refrigeration capacity (RC, which is defined
as the amount of heat that can be transferred in a thermodynamic cycle) due to their broadened
magnetic entropy change vs temperature ((-∆Sm)-T) curve. In addition, they have a tunable Curie
temperature (Tc) within a large compositional range, low energy loss due to their large electric
resistance and ultralow magnetic hysteresis, better corrosion resistance and mechanical properties
than their crystalline counterparts due to their unique disordered structures.21–35

However, the broadened -∆Sm peaks of the amorphous alloys also induce a relatively low peak
value of the magnetic entropy change (-∆Sm

peak) and a resultant low adiabatic temperature rise
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(∆Tad .) near Tc. Although recent efforts have demonstrated improved -∆Sm
peak values comparable to

pure Gd, and RC several times larger than crystalline alloys in some of the Gd-based bulk metallic
glasses (BMGs), the Tc values of these BMGs are still much lower than room temperature.27–35

On the other hand, some of the Fe-based amorphous alloys show a Tc near room temperature,
but unfortunately, their -∆Sm

peak is so low that they can hardly be applied as magnetic refriger-
ants.21–24 Therefore, one of the key challenges for the application of amorphous alloys as magnetic
refrigerants is to obtain large -∆Sm

peak values near room temperature.
Our previous work on the glass forming ability (GFA) of a Gd-Co binary alloy system has

shown that the Gd50Co50 is a better glass former in binary alloys and Gd50Co50 metallic glass can
be fabricated in the shape of ribbons by melt-spinning.36 In the present work, we studied the mag-
netic properties and magneto-caloric response of the Gd50Co50 amorphous alloy. The amorphous
alloy shows excellent MCE with rather high -∆Sm

peak, ∆Tad . and RC values among the various
amorphous alloys with Tc near room temperature.

II. EXPERIMENTS

A Gd50Co50 ingot was prepared by arc-melting 99.9% (at.%) pure Gd and Co under a titanium-
gettered argon atmosphere. As-spun ribbons, about 40 µm in thickness, were prepared by a single
copper wheel with a surface speed of about 30 m/s under a pure argon atmosphere. The structure of
the ribbons was characterized by X-ray diffraction (XRD) on a Rigaku D\max-2550 diffractometer
using Cu Kα radiation. The thermal properties of the ribbons were measured by Perkin-Elmer
DIAMOND differential scanning calorimetry (DSC) under a purified argon atmosphere at a heating
rate of 20 K/min. The magnetic properties of the Gd50Co50 amorphous ribbons were measured
by a Quantum Design Physical Properties Measurement System (PPMS 6000). The temperature
dependence of the magnetization (M-T) curve of the ribbons was measured from 150 K to 300 K
under a field of 0.03 T. The hysteresis loops of the amorphous ribbons were measured under a field
of 2 T at 150 K and 300 K respectively. The isothermal magnetization (M-H) curves of the ribbons
were measured from 150 K to 320 K in steps of 5 K under a field of 5 T.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern of the Gd50Co50 as-spun ribbons. The typical broad diffraction
maxima in the XRD pattern of the as-spun ribbons indicate the features of the amorphous phases.
The DSC trace of the Gd50Co50 as-spun ribbons is shown in the inset of Fig. 1. The glass transition
followed by exothermic crystallization in the DSC trace also illustrates the amorphous feature of the
as-spun ribbons.

Figure 2 shows the hysteresis loop of the Gd50Co50 as-spun ribbons measured at 150 K and
room temperature under a field of 2 T. The amorphous ribbon is paramagnetic at room temperature,

FIG. 1. XRD pattern of the Gd50Co50 as-spun ribbon, the inset is the DSC trance of the ribbon.
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FIG. 2. Magnetic hysteresis loops of the Gd50Co50 as-spun ribbon at 150 K and 300 K under a magnetic field of 2 Tesla, the
upper left inset shows the M-T curve of the amorphous ribbon under a field of 0.03 T and the lower right inset shows zoom
of the hysteresis loop at low field.

and is soft magnetic at 150 K, with a saturation magnetization (Ms) of about 120 Am2/kg and nearly
zero coercivity (about 0.003 T, as shown in the lower right inset of Fig. 2). The M-T curve of the
Gd50Co50 as-spun ribbons, measured from 150 K to 300 K under a field of 0.03 T, is shown in the
upper left inset of Fig. 2. The Curie temperature (Tc) of the ribbons is about 267.2 K, which is very
close to the freezing temperature of water, indicating that the amorphous alloy can be applied at
sub-room temperature.

The temperature dependence of the magnetic entropy change ((-∆Sm)-T) curves for the
Gd50Co50 amorphous ribbons can be derived from the isothermal magnetization (M-H) curves,
according to the thermodynamic Maxwell equation

∆Sm(T,H) = Sm(T,H) − Sm(T,0) =
 H

0

(
∂M
∂T

)
H

dH (1)

Figure 3 shows the (-∆Sm)-T curves for the Gd50Co50 amorphous ribbons under different
magnetic fields. The -∆Sm

peak values of Gd50Co50 amorphous ribbons under fields of 1 T, 2 T,
3 T, 4 T and 5 T are listed in Table I. The -∆Sm

peak values, under different magnetic fields, of
other amorphous alloys, such as Fe90Zr8B2 glassy ribbons at 240 K, Fe88Zr8B4 glassy ribbons at
280 K, Fe87Zr6B6Cu1 amorphous ribbons at 300 K, Fe86Zr7B6Cu1 amorphous ribbons at 320 K,

FIG. 3. (-∆Sm)-T curves of the Gd50Co50 as-spun ribbon under the field of 1 T, 2 T, 3 T, 4 T 5 T, the inset is the ln(-∆Sm
peak)

vs ln(H ) plots for the ribbon.
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TABLE I. The -∆Sm
peak and RC under different magnetic fields of Gd50Co50 and other amorphous ribbons.

MCE of amorphous ribbons 1 T 2 T 3 T 4 T 5 T Reference

Gd50Co50 -∆Sm
peak (Jkg−1K−1) 1.38 2.36 3.16 3.92 4.6 Present work

RC (Jkg−1) 89.6 212.8 366.9 506.9 685.9

Fe90Zr8B2 -∆Sm
peak (Jkg−1K−1) — 1.3 — — 2.6 23

RC (Jkg−1) — 198 — — 514

Fe88Zr8B4 -∆Sm
peak (Jkg−1K−1) — 1.3 — — 2.8 23

RC (Jkg−1) — 201 — — 551

Fe87Zr6B6Cu1 -∆Sm
peak (Jkg−1K−1) — 1.6 — — 3 23

RC (Jkg−1) — 208 — — 590

Fe86Zr7B6Cu1 -∆Sm
peak (Jkg−1K−1) — 1.6 — — 3.1 23

RC (Jkg−1) — 205 — — 582

Fe60Cr14Cu1Nb3Si13B9 -∆Sm
peak (Jkg−1K−1) — — 0.9 — — 24

RC (Jkg−1) — — 38 — —

Fe76Mo4Cr4Cu1B15 -∆Sm
peak (Jkg−1K−1) 1.07 under 1.5 T 22

RC (Jkg−1) 82 under 1.5 T

FeCoSiAlGaPCB -∆Sm
peak (Jkg−1K−1) 0.6 under 1.5 T 21

RC (Jkg−1) <10 under 1.5 T

Fe60Cr14Cu1Nb3Si13B9 amorphous alloy at about 226 K, Fe76Mo4Cr4Cu1B15 glassy ribbons at about
350 K and FeCoSiAlGaPCB amorphous alloy at about 320 K,21–24 are also listed in Table I. There-
fore, Gd50Co50 amorphous ribbons exhibit a rather high -∆Sm

peak near room temperature compared
with other amorphous alloys (the -∆Sm

peak values for the Fe76Mo4Cr4Cu1B15 and FeCoSiAlGaPCB
amorphous ribbons obtained under 1.5 T are much lower than even the value of the Gd50Co50 amor-
phous ribbon under 1 T). On the other hand, another important parameter in evaluating the MCE for
technical applications, the RC of the amorphous ribbon calculated by RC=-∆Sm

peak × ∆Tm (where
∆Tm is the temperature range at the half maximum of the -∆Sm

peak), can also be obtained from
the (-∆Sm)-T curves under different magnetic fields, as listed in Table I. The RC for the Gd50Co50
amorphous ribbons is also much higher than the values for the amorphous alloys mentioned above,
and much larger than those of the intermetallic compounds with Tc near room temperature.17,18

The investigation on the field dependence of the magnetic entropy change may be helpful for
better understanding the physical characteristics of amorphous materials.34,35,37–39 In general, for
soft magnetic amorphous alloys, the field dependence of the magnetic entropy change follows a
-∆Sm ∝ H n relationship: n=1 at a temperature well below Tc; in the paramagnetic range, n=2 as a
consequence of the Curie-Weiss law; near Tc, n≈2/3 as proposed by Oesterreicher and Parker ac-
cording to the mean field theory, or n≈0.72 as predicted by V. Franco and his co-workers according
to the Arrott-Noakes equation. The -∆Sm

peak ∝ H n fittings for the Gd50Co50 amorphous ribbons are
shown in the inset of Fig. 3. The n value is found to be 0.75, which is similar to the values of other
amorphous ribbons, indicating the similar magneto-caloric behavior and amorphous structure of
these glassy ribbons. The n value obtained from the -∆Sm

peak-H curves is larger than the theoretical
one predicted by the mean field theory and is believed to be due to the local inhomogeneities in the
amorphous ribbons.

Although the Gd50Co50 amorphous ribbons show a -∆Sm
peak larger than that of other amorphous

alloys near room temperature, the value is still much lower than that of the Gd-based BMGs at low
temperature.25–35 Therefore, a more direct parameter, the adiabatic temperature rise, is employed
for a comparison between different magneto-caloric materials under a particular magnetic field. The
temperature dependence of ∆Tad. (∆Tad.-T curve) under a magnetic field can be obtained from the
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FIG. 4. The ∆Tad.-T curve of the Gd50Co50 as-spun ribbon under the field of 2 T and 5 T, the inset is the heat capacity of the
Gd50Co50 amorphous ribbon under a zero magnetic field.

measured magnetization and the temperature dependence of the heat capacity (Cp(T)) as follows:

∆Tad (T,0 → H) = − T
Cp (T)∆Sm (T,0 → H) (2)

The temperature dependence of the heat capacity (Cp(T)) of the Gd50Co50 amorphous ribbons is
shown in the inset of Fig. 4. Thus, combining the (-∆Sm)-T curve and the Cp(T) curve, we deter-
mine the ∆Tad-T curve of the Gd50Co50 amorphous ribbons according to equation (2), as shown in
Fig. 4. The peak value of the adiabatic temperature rise for the Gd50Co50 amorphous ribbons is
about 4.9 K under 5 T and 2.4 K under 2 T, near 270 K, both of which are larger than most of the
values of other amorphous alloys previously reported.32–35

It should be noted that the Gd50Co50 amorphous alloy is a binary alloy of simple composi-
tion. Thus, according to the empirical rules40,41 and our previous work on the micro-alloying of
BMGs, the GFA and MCE of the Gd50Co50 amorphous alloy can be further improved by alloying,
doping and element substitution. Therefore, the Gd50Co50 amorphous alloy could be an ideal basic
alloy for the development of high performance multi-component metallic glass, and it is envisaged
that ternary or quarternary amorphous alloys with excellent MCE near room temperature will be
fabricated in the near future.

IV. CONCLUSIONS

We report the magneto-caloric effect near room temperature of a Gd50Co50 amorphous alloy.
The Gd50Co50 as-spun ribbons were fabricated by melt-spinning and their amorphous characteris-
tics were demonstrated by the XRD and DSC. The Curie temperature is about 267.2 K and the
saturation magnetization of the amorphous ribbon measured at 150 K under a field of 2 T is about
120 Am2/kg. The -∆Sm

peak and RC under different magnetic fields obtained from the isothermal
magnetization curves of the Gd50Co50 amorphous ribbon are found to be higher than those of
other amorphous alloys near room temperature, respectively. The field dependence of -∆Sm

peak fol-
lows a -∆Sm

peak ∝ H0.75 relationship near the Curie temperature, indicating similar magneto-caloric
behavior of the Gd50Co50 amorphous ribbon to that of other amorphous ribbons. The adiabatic
temperature rise of the amorphous ribbon, approximately 4.9 K under 5 T and 2.4 K under 2 T
near 270 K, is larger than most of the values of other amorphous alloys previously reported. All
the above results indicate that amorphous Gd50Co50 is one of the best candidates for application
as a magnetic refrigerant near the freezing temperature of water. The binary Gd50Co50 amorphous
alloy constitutes an excellent basic alloy for developing multi-component amorphous alloys with
enhanced GFA and MCE near room temperature.
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