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Magnetic entropy change (ASy) and refrigerant capacity (RC') of CegNigSiz-type GdeCo1.67Si2.5Geop.5 compounds
have been investigated. The GdgCo1.67Si2.5Gep.5 undergoes a reversible second-order phase transition at the Curie

temperature Tc = 296 K. The high saturation magnetization leads to a large AS) and the maximal value of AS)y; is
found to be 5.9 J/kg-K around T¢ for a field change of 0-5 T. A broad distribution of the ASy; peak is observed and
the full width at half maximum of the AS); peak is about 101 K under a magnetic field of 5 T. The large RC is found

around T¢ and its value is 424 J/kg.
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1. Introduction

In recent years, much attention has been paid to
magnetic materials with the giant magnetocaloric ef-
fect (MCE) due to their potential application as mag-
netic refrigerants.l' =3 Large MCE around the transi-
tion temperatures has been found in many materials
with a first-order phase transition, such as GdsSisGes,
La(Fe, Si)13, MnAs;_,Sb,, MnFeP;_,As,, NiMnGa,
etc.*=191 Although, these materials have usually large
magnetic entropy change (ASy), magnetic hystere-
sis loss happens inevitably, which greatly reduce the
actual refrigerant capacity (RC). Therefore, it is im-
portant to explore advanced magnetic refrigerant ma-
terials which possess not only large reversible ASy
but also considerable RC. Recently, there has been
a great deal of interest in the study of MCE of fer-
romagnetic materials that experience a second-order
phase transition because of their high RC. Gener-
ally, heavy rare earth elements and their compounds
are considered to be the best candidate materials for
finding a large MCE due to their high magnetic mo-
Gd metal has the highest MCE among the
second-order phase transition materials and it shows
a maximum ASy of 9.7 J/kg- K at T = 293 K under

ments.
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a field change 0-5 T.['1:12] Recently, a ferromagnetic
silicide GdgCo1 67513 derived from the CegNisSiz-type
structure was reported.['314 The compound exhibits
a good MCE and a reversible second-order mag-
netic transition at room temperature.'>=17 In this
paper, we study the magnetic properties and mag-
netocaloric effects of GdgCoq 675i2.5Geg.5 compound.
Room-temperature maximum ASy; of 5.9 J/kg - K and
large RC' of 424 J/kg are observed.

2. Experiments

Polycrystalline GdgCoq ¢75i2.5Geg.5 was prepared
by arc melting in a high-purity argon atmosphere.
The purities of starting materials were better than
99.9%. The sample was turned over and remelted sev-
eral times to ensure its homogeneity. Ingot obtained
by arc melting was subsequently wrapped by molyb-
denum foil, sealed in a quartz tube of high vacuum,
annealed at 1073 K for 30 days and then quenched
to room temperature. The crystal structure of the
samples was characterized using power x-ray diffrac-
tion (XRD) with Cu Ka radiation. Magnetizations

were measured as functions of both temperature and
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magnetic field by using a superconducting quantum
interference device (SQUID) magnetometer.

3. Results and discussion

Figure 1 displays the room-temperature powder
XRD pattern of GdgCoq.475i2.5Geg.5. All the diffrac-
tion peaks can be indexed in a hexagonal CegNisSis-
type crystal structure (space group P63/m) except
some smaller peaks (centred at about 23.98°, 25.02°
and 36.40°) that indicate the existence of a minor
phase other than the GdgCo1.¢7Si2.5Geg.5 compound.
The lattice parameters are determined to be a =
1.1761(9) nm and ¢ = 0.4161(3) nm by using the Ri-
etveld refinement method, which are slightly larger
than those of GdgCoq ¢7Si311%) because of the atomic
radius of Ge is larger than that of Si.

GdgCo1.675i2.5Geo 5
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Fig. 1. Room-temperature powder XRD pattern of
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The temperature-dependent magnetization was
measured in both zero field-cooled (ZFC) and field-
cooled (FC) processes in order to determine the ther-
mal hysteresis and the magnetic transition tempera-
ture. Figure 2(a) shows the thermomagnetic curves
M-T of GdgCoq.47Si2.5Gep 5 measured under an ex-
ternal magnetic field of 0.05 T. The sample was cooled
down to 5 K in a zero field, the heating curve from
5 K to 300 K was measured first in a magnetic field of
0.05 T, then the cooling curve from 300 K to 5 K was
measured in the same field. It is found that the M—
T curves show a reversible behaviour in heating and
cooling processes at the Curie temperature T, but
without being accompanied by thermal hysteresis, in-
dicating a nature of the second-order phase transition.
It can be seen from Fig. 2(a) that GdgCoy ¢7Si2.5Geg 5
undergoes a magnetic transition from ferromagnetic
(FM) to paramagnetic (PM) state, and its T¢ is de-
termined to be 296 K by evaluating the minimum
value of the dM/dT on the ZFC M-T curve under
a field of 0.05 T, which is nearly as large as that of
pure Gd.['"12] Figure 2(b) shows the temperature de-
pendences of magnetization of GdgCoq 67512.5Geq 5 in
different magnetic fields. The magnetization exhibits
a continuous change around T¢ in different magnetic
fields and T¢ significantly increases with increasing
magnetic field. The temperature dependence of the
magnetization exhibits a rapid decrease at T, even
at higher magnetic fields, therefore, a large ASy may
be expected of GdgCoy ¢75i2.5Geg 5.
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Fig. 2. Temperature-dependent magnetization of GdgCo1.67Si2.5Geg.5 in both zero field-cooled (ZFC) and field-cooled
(FC) processes under a magnetic field of 0.05 T (a), and thermomagnetic curves in different magnetic fields (b).

Figure 3(a) shows the magnetic hysteresis loop at 5 K. One can see from the figure that the hysteresis

loop of GdgCo1.675i2.5Geg 5 exhibits a soft magnetic behaviour, because Gd has no orbital momentum with

relatively small magnetocrystalline anisotropy. Figure 3(b) shows the field dependence of magnetization of

GdgCoq 67512.5Geg 5 at 5 K. The magnetic moment per f.u. in an external field of 13 T is found to be 42.3 ug.

Thus, the magnetic moment of Gd atom is 7.06 ug, which is very close to the value of a free Gd3* ion (7 pug).
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These results mean that the Co atoms are non-magnetic in the GdgCo1 ¢7512.5Geg.5 compound as observed in
R6C01_67Si3 (R = Nd and Tb)[M]
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Fig. 3. Magnetic hysteresis loop (a), and field dependence of magnetization (b) of GdgCo1.67Si2.5Geo.5 at 5 K.

The isothermal magnetization curves of GdgCo1 g75i2.5Geg.5 were measured from 0 T up to 5 T around 7¢ in
order to determine the ASy;. The sweep rate of the field was quite slow to ensure that the M—H curves could be
recorded in an isothermal process. Figure 4(a) shows the magnetization isotherms of GdgCoy 67Si2.5Geg 5 around
T¢ in a temperature range of 150-350 K with a temperature step of 5 K. It can be seen from Fig. 4(a) that the
magnetization is smoothly saturated and its magnitude gradually decreases with the increase of temperature
below T¢, exhibiting typical FM nature. For temperatures much higher than the T, the field dependence
of the magnetization has a linear relation, indicating typical PM nature. Moreover, neither inflection nor
negative slope in the Arrott plots of GdgCo; 67Si2.5Geg s as shown in Fig. 4(b) indicates a characteristic of
second-order FM-to-PM transition. It can also be seen from Fig. 4(a) that the isothermal magnetization curves
obtained well above T show strong curvatures at low fields. Similar results have been observed in some other
intermetallic compounds.['8=2%] This may result from the existence of short-range ferromagnetic correlations
in the PM state. To investigate the reversibility of the magnetic transitions in GdgCo ¢75i2.5Geq .5, the M—H
curves were measured respectively in field increasing and decreasing modes around 7T¢. There is no magnetic
hysteresis in each curve shown, indicating the perfect magnetic reversibility of the magnetic transitions in

GdgCo1.675i2.5Geg 5.
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Fig. 4. Isothermal magnetization curves (a), and Arrott plot (b) of GdgCo1.67Si2.5Gep.5 in a temperature range of
150-350 K with a temperature step of 5 K.

The AS\ of GdgCoq.¢75i2.5Geg 5 has been calcu- 5 shows the ASy as a function of temperature and
lated from isothermal magnetization data by using the = magnetic field. One can see from Fig. 5 that both the

Maxwell relation ASy = fOH (OM/OT)gdH. Figure  peak and the width of ASy depend on the applied
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magnetic field, and increase obviously with increasing
field. No change in peak temperature of ASy is ob-
served and the ASy shape shows a “A”-type one as is
usually seen in magnetic materials with a second-order
magnetic transition. The maximal values of ASy
for GdgCoq.67Si2.5Geg 5 are found to be 3.1 J/kg-K
and 5.9 J/kg-K at 297.5 K for a field change of 0-
2 T and 0-5 T, respectively, which are smaller than
those of pure Gd,[*?] but are comparable with those
of GdgCoy ¢7Sis,15~171 GdgNiy 675i3,!'¢ Gd,Pds,2Y
Gd5SisGes compound prepared with low purity (99%)
commercial Gd metal, 22l and Mns;Gesy 1 Gag.o.23 The
large value of ASy; is due to the high saturation mag-
netization in GdgCoq g75i2.5Geg 5.
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Fig. 5. Temperature dependence of magnetic entropy
change —ASy; for GdgCoj . g7Si2.5Geg.5 compound for dif-
ferent magnetic field changes.

To evaluate applicability of GdgCo1.¢75i2.5Geq 5
as a room-temperature magnetic refrigerant material,
its RC values have been estimated by using the ap-
proach suggested by Gschneidner et al.?*l The re-

frigerant capacity is defined as RC = fTTf |[ASM|dT,
where T7 and T, are the temperatures correspond-
ing to both sides of the half-maximum value of
—AS\ peak. Calculations show that the maximal
value of RC for GdgCoy 67Si2.5Geg 5 is 424 J/kg for
a field change of 0-5 T, which is comparable to
or much larger than those of some magnetocaloric
materials with a second-order magnetic transition,
such as LaFei; 2Cog 7Sii1 (~420 J/kg at 274 K),?
La(Fe.92Cog.08)11.83A11 .17 (~415 J/kg at 303 K),
LaFe;; gCogoSi11 (~275 J/kg at 294 K),* and
LaFe;; 5Cog.7Si1.1Co.1 (~320 J/kg at 290 K),8! but
their ASy is larger than that of GdgCoq.675i2.5Geg 5.
Although some Gd- and Mn-based magnetocaloric
materials with a first-order magnetic transition have
a large ASy, but their RC' values are much smaller
than that of GdgCoq.47Si2.5Gep s in a similar tem-
perature range for a field change of 0-5 T, such as
GdsCesSiy (305 J/kg at 276 K),[2%1 GdsGer5SiisSnoy
(366 J/kg at 278 K),[3% MnFeP( 5Asg 5 (~359 J/kg at
282 K),3U MnFePg 45As0. 55 (~356 J/kg at 308 K),[3Y
where the RC values are estimated from the tem-
perature dependence of ASy in the literature. It
can also be observed that both the values of ASum
and RC for GdgCoq.475i2.5Gegs are comparable to
those of GdgCo ¢7Sis,'%17 and its RC value is larger
than those of GdsGey.9SisFeg12? and the melt-spun
Gd5SiygGeigSngy ribbons prepared at 30 m/s,[?’o] and
they have values of ASy close to each other (see Ta-
ble 1). The present study shows that large RC' and
zero magnetic hysteresis are simultaneously achieved

in GdgCo1 ¢75is.5Geg.5 compound.

Table 1. Curie temperature 7T, magnetic entropy change ASy, and refrigerant capac-
ity RC at T¢ for a magnetic field change of 0-5 T for pure Gd and some Gd-based

magnetocaloric materials.

materials Tc/K —ASM/(J/kg - K) RC/(J/kg) Refs.
Gd 293 9.7 556 [12]
GdgCoySis 295 6.3 503 [12]
GdgCo.67Sis 298 5.2 440 [15]
GdgCor ¢7Sis 300 5.8 426 [17]
GdsGe1.9SioFeg 1 276 7.0 360 [29]
GdsSi1sGe1sSnos 278 6.5 335 [30]
GdeCo1.675i2.5Geo.5 296 5.9 424 this work

4. Conclusion

In conclusion, the GdgCoq 67Si2.5Geg.5 compound with a hexagonal CegNisSig-type structure undergoes a

ferromagnetic ordering below the Curie temperature T = 296 K. A good magnetocaloric property is observed.

027501-4



Chin. Phys. B Vol. 20, No. 2 (2011) 027501

The maximal value of ASy is 5.9 J/kg - K for a magnetic field change of 0-5 T, which originates from a reversible

second-order magnetic transition. The peak of the ASy\—T curve shows a broad distribution and the full width
at half maximum of the ASy; peak is about 101 K under a magnetic field of 5 T. The value of RC for a field
change from 0 to 5 T is found to be 424 J/kg. Good magnetocaloric properties and especially considerable value

of RC indicate that the GdgCoq ¢75i2.5Geg.5 compound is a suitable candidate as magnetic refrigerants in the

room temperature range.
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