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Magnetic properties and magnetocaloric effects of ThgCo1.67Si3 have been investigated by magnetization mea-

surement. This compound is of a hexagonal CegNizSiz-type structure with a saturation magnetization of 187 emu/g at

5K and a reversible second-order magnetic transition at Curie temperature Tc = 186 K. A magnetic entropy change

AS =7J-kg™1-K~1 is observed for a magnetic field change from 0 to 5T. A large value of refrigerant capacity (RC)

is found to be 330 J/kg for fields ranging from 0 to 5T. The large RC, the reversible magnetization around T¢ and the

easy fabrication make the TbgCo1,67Si3 compound a suitable candidate for magnetic refrigerants in a corresponding

temperature range.
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1. Introduction

Recently, there has been a great deal of in-
terest in the study of magnetocaloric effect (MCE)
of ferromagnetic materials because of their poten-
tial applications as magnetic refrigerants.l:2/ In or-
der to serve as a magnetic refrigerant near an am-
bient temperature, it is necessary to search for suit-
able materials with a large magnetic entropy change
(AS).
rial systems involving the first-order phase transition,
such as Gds;SicGes,l GdsSiaGeq gFeq 1, La(Fe,

Si)13,0%6 MnAs; _,Sb,,["l MnFeP;_,As,,!8 polycrys-
9]

A large AS has been observed in mate-

talline perovskite manganese oxides,'” shape memory
alloys,[1%11] etc. Tt has been found that the first-order
transition tends to restrict AS to a narrow tempera-
ture range around the Curie temperature, which im-
plies that large AS is much easy to achieve in the
vicinity of transition temperature. However, the large
irreversibility and the obvious hysteresis loss in the
first-order transition materials/“'? make magnetic re-
frigeration less efficient and thereby restrict their prac-
tical applications. Although the second-order transi-
tion materials generally show a lower AS than the
first-order ones, they usually exhibit a good reversible

behaviour in magnetization as a function of temper-
ature and magnetic field and a large refrigerant ca-
pacity (RC), which is very important for a material
to be efficiently used as a magnetic refrigerant. It
should be realistic to search for materials with re-
markable magnetocaloric response around the second-
order transition. Recently, a new ferromagnetic com-
pound system RgCo1.675i3 (R = Ce, Nd, Gd, Th
and Dy) has been reported by Gaudin et all'® and

Chevalier et al.[14]

They have obtained a single phase
except for DygCoj 675i3 and studied systematically
their crystal structures and magnetic properties. In
this paper, we report on the magnetic properties and
magnetocaloric effects of compound ThgCoq 75i3. A
reversible second-order magnetic transition around
Curie temperature and a large refrigerant capacity are

obtained in ThgCo1 67Si3.

2. Experimental

Sample of ThgCoy ¢75i3 was prepared by arc melt-
ing an appropriate mixture of Tb (99% in purity), Co
(99.9%), and Si (99.999%) in a high-purity argon at-
mosphere. The ingots obtained by arc melting were
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wrapped in Mo foil, sealed in an evacuated quartz
tube, annealed at 1073 K for 30d and then quenched
to room temperature. X-ray diffraction (XRD) mea-
surement on powder sample was performed by using
Cu K« radiation to identify the phase purity and the
crystal structure. Magnetization was measured as a
function of temperature and magnetic field by using a
physical property measurement system (PPMS) pur-
chased from Quantum Design. The isothermal mag-
netic entropy change was calculated from the magne-
tization data by using the Maxwell relation.

3. Results and discussion

The powder XRD pattern of ThgCoq.675i3 col-
lected at room-temperature is shown in Fig.1. All
the diffraction peaks can be indexed in a hexagonal

CegNiySis-type structure (space group P63 /m)!]

ex-
cept some smaller pecks (centred at about 24.4°, 25.5°
and 37°), which indicates the existence of a minor
phase other than the ThgCo1 67Si3 compound. The
crystal lattice parameters obtained from the XRD
pattern are found to be a = 1.1673(6)nm and ¢ =
0.4129(8) nm, which are almost in agreement with

those reported by Chevalier et al.['4]
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Fig.1. Room-temperature powder XRD patterns of
TbeCo1.67Si3 compound. The diffraction peak from im-
purity phase is indicated by ‘x’.

Figure 2 shows the thermomagnetic M-T curves
of ThgCo1.¢7Si3 measured in the zero field- cooled
(ZFC) and the field-cooled (FC) processes under a
field of H = 0.01 T. One can find from the ZFC and
FC curves that the compound undergoes two magnetic
transitions at 168 and 186 K separately. The transi-
tion at a lower temperature corresponds probably to a
spin reorientation. The transition at a higher temper-
ature indicates a state changing from ferromagnetic

to paramagnetic (FM-PM) with a Curie temperature
Tc = 186 K, where the T¢ is defined as the tempera-
ture corresponding to the maximum M-T slope. The
ZFC and FC curves for ThgCoq 67513 are completely
reversible around T, which is a characteristic of the
second-order transition. However, an irreversibility
between the ZFC and FC curves appears below T,
indicating that the magnetization at low temperatures

has a significantly thermal history dependence.
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Fig.2. Temperature-dependent magnetization  of
TbeCo1.67Si3 in zero field- cooled (ZFC) and field-cooled
(FC) processes under a field of H = 0.01T.

Figure 3 shows the field dependence of magneti-
zation of ThbgCop 47513 at 5 K. Magnetization curve
exhibits a different saturation state even though
for an applied magnetic field reaching 5T. The ‘sat-
uration magnetization’ at 5K and in a field of
5T is 187emu/g, i.e.
TbgCo1.675i3 molecule is 38 ug.

the saturation moment per
According to the

(14 the mag-

experimental results by Chevalier et al,
netic moment of Co atoms is zero in the RgCo1.¢75i3

ternary silicide. Thus, for ThgCo ¢7Si3 the average
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Fig.3. Magnetic field dependence of magnetization for
TbgCo1.67Si3 at 5 K.
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magnetic moment per Tb atom is 6.3 g, which is ob-
viously smaller than that expected of Th3*t free ion
saturated moment (9 up). This may be due to the
crystalline field effects, which can quench the angular
momentum. 4

It can be seen from Fig.2 that for ThgCoq 67513
an obviously negative value of magnetization is ob-
served from the ZFC curve at temperatures lower than
34 K. A similar behaviour has been also observed in

[15] The negative magneti-

ThFes3 5Alg 5 single crystal.
zation is ascribed to the occurrence of a large coerciv-
ity at low temperatures in conjunction with an unbal-
ance of magnetic domains."¥ The hysteresis loop of
TheCoq.67Si3 at 5 K is shown in Fig.4. The compound

has a coercive field of 5.92 x 105 A /m.
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Fig.4. Magnetization curve for TbhgCo1.675i3 at 5 K.

Figure 5 shows the magnetization isotherms of
TbgCo1.675i3 measured under increasing and decreas-
ing fields in a temperature range of 70—240K. In the
vicinity of the Curie temperature, from 162 to 194K,
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Fig.5. Magnetization isotherms of TbgCo1.67Si3, mea-
sured around the Curie temperature.

the temperature step is 4 K; in the far regions of 70—
160 K and 200—240K a step is chosen to be 10 K. The
sweep rate of field is slow enough to ensure that M-
H curves are recorded in an isothermal process. It is
observed that the isothermal magnetization curves of
TbeCo1.67Si3 show a reversible behaviour for the field
increasing/decreasing cycling around T¢, and there is
no hysteresis in magnetization as a function of both
the temperature and the magnetic field. In the Arrott
plot of ThgCo1 67Si3 as shown in Fig.6, neither inflec-
tion nor negative slope is observed as a signature of
metamagnetic transition above the T¢, indicating a
nature of the second-order phase transition.
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Fig.6. The Arrott plot of ThgCo1.67Si3.

The magnetic entropy change of ThgCoq g7Si3
compound is calculated from the isothermal mag-
netization curves, and the AS value as a function
of temperature is shown in Fig.7. A negative peak
around the Curie temperature can be observed from
the curves, and the maximum value of AS for a mag-
netic field change of 0—5T is found to be 7J/kgK.
Although the maximum AS of ThgCo ¢7Si3 is smaller
than those of most magnetocaloric materials with the
first-order phase transition,>~11 a broad distribution
of the AS peak is observed, which is desired for the
compound to be used in an Ericsson-cycle magnetic
refrigerator. For ThgCoy 67513, the width of the AS
peak, defined as the temperature interval correspond-
ing to the half maximum of AS, approaches to about
80K in magnetic fields changing from 0 to 5T. No
change in peak temperature of AS has been observed
up to a field of 5 T, and the AS shape shows a symmet-
rical broadening due to an applied field, which indi-
cates that the AS originates from a reversible second-

order magnetic transition.
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Fig.7. Magnetic entropy of ThgCo1.675i3 varying with temperature under several different magnetic fields:
2,3,4and 5T (a), and refrigerant capacity (RC) shown as the shaded area (b).

The refrigerant capacity RC of ThgCoq g75i3 is
calculated by using the method suggested by Wood
and Potter,['8) who defined the RC for a reversible
refrigeration cycle operating between T}, (the temper-
ature of the hot reservoir) and T¢ (the temperature of
the cold reservoir) as RC = ASAT, where AS is the
magnetic entropy change at the hot and the cold ends
of the cycle (defined as being equal) and a tempera-
ture span AT = Ty, — T,. According to the definition,
the value of RC is zero when T is equal to T}, (T}
is the temperature of AS peak). It is apparent that
the value of RC of the material increases as T, gradu-
ally deviates from 7},. An optimal refrigeration cycle
can be found in an experimental temperature range,
as evidenced by a maximum in RC.[* Figure 8 shows
the RC of ThgCo1.67Si3 as a function of T,. The max-
imum value of RC is found to be about 330 J kg~—! for
a magnetic field change from 0 to 5 T in a temperature
range of 70—240K. The RC value of LaFej; 4Si; ¢ is
also calculated from the AS versus T curve in Fig.4
of Ref.[6] for comparison to be about 250 J/kg for a
field change of 0-5 T, which is much smaller than that
of the ThgCo1.67Sis despite its higher AS value (19.4
J/kgK for a magnetic field change from 0 to 5T at T¢
= 208K).I) The AS peak width of ThgCoy ¢7Sis is
considerably broader, which leads to a larger value of
RC. Therefore, the ThgCo1 475i3 compound is a mag-
netic refrigerant much better than the LaFej; 45i; ¢

compound.
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Fig.8. Temperature-dependent refrigerant capacity at the
cold end of the refrigeration cycle for ThgCo1.67Sis under
a maximum applied field of 5T.

4. Conclusion

We have reported on magnetocaloric effects of
ThbeCo1.67Si3. The compound presents a remarkable
magnetocaloric response and its refrigerant capacity
is found to be RC = 330J/kg. TbgCoq ¢7Si3 has a
high saturation magnetization, a reversible second-
order magnetic transition, easily controlled Curie tem-
perature from low temperature to room temperature
by rare earth doping (Ref.[14]), a large RC, and
All these merits make the
ThbeCo1.675i3 compound a very attractive candidate

easy fabrication as well.

for magnetic refrigerants working in a corresponding

temperature range.
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