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The thermal stability, magnetocaloric effect, and refrigerant capacity (RC) of Gd–Co–Ni metallic

glasses were investigated. These alloys possess high glass transition temperature and crystallization

temperature as well as a relatively wide supercooled liquid region DTx(DTx¼Tx�Tg) (40–55 K).

With increasing the Co/Ni ratio, the Curie temperature TC of the amorphous Gd–Co–Ni increases

from 140 K to 192 K. For a magnetic field change of 0–5 T, the maximum magnetic entropy

change (�DSM
max) and RC values are in the range of 6.04–6.47 J kg�1 K�1 and 450–502 J kg�1,

respectively. These values are comparable with that of La(Fe0.88Si0.12)13 and higher than those for

the well known magnetic refrigerant Gd5Si2Ge1.9Fe0.1 alloy. The large magnetic entropy change

and refrigerant capacity as well as high thermal stability make the alloys attractive candidates as

magnetic refrigeration materials for service temperatures of 100–230 K. VC 2012 American Institute
of Physics. [doi:10.1063/1.3673422]

I. INTRODUCTION

Magnetic refrigeration, which has the potential to substi-

tute conventional gas compression refrigeration,1 is based on

the magnetocaloric effect (MCE) of magnetic materials. The

basic requirement for magnetic refrigeration materials is a

large isothermal magnetic entropy change DSM. However, a

material with a large DSM does not necessarily have high re-

frigeration efficiency. At present, an accepted criterion to

evaluate refrigeration efficiency is refrigerant capacity

(RC).2,3 To obtain a large RC, a broad DSM peak on DSM �T
curve is also needed.

Large MCE has been found in many crystalline materi-

als with a first-order magnetic phase transition (FOMT) like

Gd–Si–Ge,4 La–Fe–Si,5 Mn–As–Sb,6 and Mn–Fe–P–As.7

However, large thermal and/or magnetic hysteresis accompa-

nying the FOMT and the narrow magnetic ordering range

results in small RC values. In contrast, some materials with

second-order magnetic phase transition (SOMT) have a wide

range of magnetic ordering transition temperatures.

Although their DSM is low, their RC value is relatively

large.8,9 Magnetic metallic glasses are an example of such

materials with second-order magnetic phase transition and

very low hysteresis loss. They also possess special advan-

tages such as tailorable ordering temperature, high thermal

stability, high electrical resistivity, high corrosion resistance,

and good mechanical properties.10 In addition, the broad

temperature range of the magnetic transition from a para-

magnetic to magnetically ordered state also results in high

refrigerant capacity.11 The magnitude of the maximum en-

tropy change of rare-earth-based12–17 metallic glasses is

comparable with that of conventional crystalline Gd,18 indi-

cating their promising future as candidates for magnetic re-

frigeration. However, the magnetocaloric effect of metallic

glasses has not been fully studied. Here we report on the

large magnetocaloric effect and refrigerant capacity in Gd–

Co–Ni metallic glasses.

II. EXPERIMENT

Metallic glasses with the nominal compositions (in at. %)

of Gd55Co25þxNi20-x (x¼ 0, 5, and 10) were prepared in inert

FIG. 1. (Color online) DSC curves of Gd–Co–Ni metallic glasses at a heat-

ing rate of 20 K/min. The inset shows the XRD patterns of the Gd–Co–Ni

metallic glasses.

a)Author to whom correspondence should be addressed. Electronic mail:

xczhong@scut.edu.cn.
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atmosphere by rapid quenching melt spinning on a single cop-

per wheel with a speed of 50 m/s. X-ray diffraction (XRD)

measurements were performed with a Philips diffractometer

using Cu Ka1 radiation. Differential scanning calorimetry

(DSC) data were collected at a heating rate of 20 K/min. The

values of glass transition temperature Tg and the onset crystal-

lization temperature Tx were determined from the DSC traces

with an accuracy of 61 K. Magnetic measurements were car-

ried out by using a Quantum Design Physical Property Mea-

surement System (model PPMS-9).

III. RESULTS AND DISCUSSION

The XRD patterns of the Gd–Co–Ni metallic glasses are

shown in the inset of Fig. 1. Only one broad hump was

observed between 2h of 30� and 35� on each pattern; no

well-defined diffraction peaks of crystalline phases are pres-

ent, indicating that fully amorphous structures are formed.

The glassy feature of the specimens is further confirmed by

the continuous DSC traces at a heating rate of 20 K/min

(Fig. 1). One exothermic peak appeared in the temperature

range between 550 and 600 K for all the Gd–Co–Ni metallic

glasses, indicating one crystallization transition. With

increasing Co/Ni ratio (25:20, 30:15, and 35:10), the crystal-

lization exothermic peak becomes sharper. The values of

glass transition temperature (Tg) and onset crystallization

temperature (Tx) as well as the supercooled liquid region DTx

(DTx¼ Tx� Tg) for Gd–Co–Ni metallic glasses were deter-

mined from Fig. 1 and listed in Table I. High Tg, Tx and large

DTx were obtained in these alloys, which indicates that these

metallic glasses have high thermal stability with respect to

crystallization.

The temperature dependence of magnetization for the

Gd–Co–Ni metallic glasses measured in an applied field of

0.01 T between 5 and 300 K under zero-field cooling (ZFC)

and field cooling (FC) conditions are shown in Fig. 2. The

ZFC and the FC curves overlap each other in the whole

temperature range, and no magnetic/thermal hysteresis exists.

The Curie temperature (TC) was defined as the temperature at

the maximum of dM=dTj j-versus-T plot. The Curie tempera-

ture TC was determined to be 140, 175, and 192 K for

Gd55Co25þxNi20-x metallic glasses with x¼ 0, 5, and 10,

respectively. With increasing Co/Ni ratio, TC increases. Fig-

ure 3 shows hysteresis loops of Gd–Co–Ni alloys measured at

5 K. All alloys show very good soft magnetic properties with

negligible hysteresis and very small coercivity (�20 Oe,

shown in the inset of Fig. 3), which is attributed to the very

weak magnetic anisotropy as a result of the structural disorder

and the zero orbital momentum of Gd atoms. The saturation

magnetization (Ms) is 136, 154, and 161 Am2 kg�1, which

corresponds to 2.85, 3.11, and 3.25 lB/magnetic atom, for

Gd55Co25þ xNi20-x metallic glasses with x¼ 0, 5, and 10,

respectively.

Magnetic refrigerants are generally used in the vicinity

of their magnetic ordering temperatures. In these metallic

glasses, Tx is much higher than the magnetic ordering tem-

perature TC. Hence Gd55Co25þxNi20-x metallic glasses can be

stable in the range of practical application temperatures.

Thus, from an engineering point of view, Gd55Co25þxNi20-x

metallic glasses have high temperature stability.

The isothermal magnetization curves for the Gd–Co–Ni

metallic glasses were measured with an increasing magnetic

field in a wide temperature range. The sweep rate of the field

was slow enough to ensure that the data were recorded in an

TABLE I. Thermal parameters of Gd–Co–Ni metallic glasses determined

from their DSC traces.

Materials Tg (K) Tx (K) DTx¼Tx�Tg (K)

Gd55Co25Ni20 533 571 38

Gd55Co30Ni15 533 580 46

Gd55Co35Ni10 534 589 55

FIG. 2. (Color online) Temperature dependences of magnetization of Gd–

Co–Ni metallic glasses measured in a magnetic field of 0.01 T.

FIG. 3. (Color online) The magnetic hysteresis loops of Gd–Co–Ni metallic

glasses measured at 5 K. The inset shows the enlarged part of magnetic hys-

teresis loops.

FIG. 4. (Color online) Arrott plots of Gd55Co35Ni10 metallic glass con-

structed from M(H) data. The inset shows the magnetization isotherms of

Gd55Co35Ni10 metallic glass.
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isothermal process. Isothermal magnetization M(H) curves of

Gd55Co35Ni10 metallic glass are presented in the inset of

Fig. 4. A typical ferromagnetic transition is evident in the vi-

cinity of TC. The Arrott plots of Gd55Co35Ni10 metallic glass

is displayed in Fig. 4. All slopes remain positive, indicating

that the ferromagnetic–paramagnetic transition is of second-

order.19

The MCE of the samples as a function of temperature and

magnetic field was calculated from the isothermal magnetiza-

tion curves using the Maxwell relation. Figure 5 shows the tem-

perature dependences of (�DSM) under different magnetic field

changes for the Gd–Co–Ni metallic glasses. The (�DSM)

versus T curves display a typical k-shape, also indicating that

the magnetic phase transition near the Curie temperature of

Gd–Co–Ni metallic glasses is a second-order phase transition.

For an applied field change from 0 to 5 T, the maximum values

of (�DSM
max) for Gd55Co35Ni10, Gd55Co30Ni15, and

Gd55Co25Ni20 metallic glasses are 6.47, 6.30, and 6.04 Jkg�1

K�1, respectively. These values are much higher than those of

Gd55Co20Fe5Al20 (2.24 Jkg�1 K�1 at 20 kOe) BMG alloy,20

and Gd65Fe20Al15-xBx glassy ribbons.21

The RC values of these metallic glasses were calculated

by numerically integrating the area under the (�DSM) versus

T curves, using the temperatures at half maximum of the peak

as the integration limits.3 When the applied field changes

from 0 to 5 T, RC values of Gd55Co35Ni10, Gd55Co30Ni15,

and Gd55Co25Ni20 are 502, 487, and 450 Jkg�1, respectively.

These values are comparable to or even much higher than the

most well-known crystalline magnetic refrigeration materials,

such as La(Fe0.88Si0.12)13,
22 Gd6Co2Si3,23 Gd5Si2Ge2,9 and

Gd5Ge1.9Si2Fe0.1 (Ref. 9) (Table II). For these Gd–Co–Ni me-

tallic glasses, structural disorder results in exchange integral

fluctuations, yielding a wide range of magnetic ordering tran-

sition temperatures.24 Therefore, relatively large RC values

are obtained.

IV. CONCLUSIONS

Gd55Co25þxNi20�x (x¼ 0, 5, and 10) metallic glasses

were prepared by the melt-spinning technique. All of these

metallic glasses were ordered ferromagnetically and under-

went a second-order transition at their Curie temperatures.

Negligible coercive force and hysteresis, good thermal sta-

bility, and large MCEs and RC of Gd55Co25þxNi20�x metal-

lic glasses suggest that the alloys are good candidates for

active magnetic refrigeration applications in the temperature

interval range of 100–230 K.
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TABLE II. Magnetocaloric properties upon applying a field H to various

materials and related parameters. (GR and C stand for glassy ribbon and

crystalline, respectively.)

Material Structure

TC

(K)

�DSM

(Jkg�1K�1)

RC

(Jkg�1)

Applied field

(T) Reference

Gd55Co25Ni20 GR 140 6.04 450 5 This work

Gd55Co30Ni15 GR 175 6.30 487 5 This work

Gd55Co35Ni10 GR 192 6.47 502 5 This work

Gd5Ge2Si2 C 275 20.0 305 5 9

Gd5Ge1.9Si2Fe0.1 C 305 7.0 360 5 9

La(Fe0.88Si0.12)13 C 195 23 452 5 22

Gd6Co2Si3 C 295 6.3 503 5 23
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