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Magnetic properties and magnetocaloric effect in TbCoz_ »Fe, compounds are studied by DC magnetic measure-

ment. With increasing content of Fe, the entropy changes decrease slightly, though the Curie temperature is tuned

from 231 K (z = 0) to 303 K (z = 0.1). Magnetic entropies of ThCoz compound are calculated by using mean field

approximation (MFA). Results estimated by using Maxwell relation are consistent with that of MFA calculation. It

is shown that the entropy changes are mainly derived from the magnetic entropy changes. The lattice has almost no

contribution to the entropy change in the vicinity of phase transition.
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1. Introduction

Currently, researches on magnetocaloric effect
(MCE) are in the spotlight because of important
impact on the magnetic refrigerant technique.!—1%
There is some degree of resemblance between the mag-
netic refrigerant technique and the traditional com-
pressing gas refrigerant technique. But compared
with the traditional compressing gas refrigerant tech-
nique, the magnetic refrigeration technique is friendly
to environment and energy-efficient. The realization
of magnetic refrigerant technique relies on the excel-
lent magnetic refrigerant materials. Large MCE is the
most important yardstick of quality to magnetic refrig-
erant material. MCE in the vicinity of phase transi-
tion attracts much attention. Giant MCE has been ob-
served in some first-order phase transition materials,
such as Gd5SisGes, M LaFeq3_, M, (M = Si, A1)7[2_9}
MnFePAs,19 MnAs; _,Sb,,' Mn;_,Fe,As,['2l and
NiMnX (X = Ga, Sn) Heusler alloy'3~1% etc. Large
MCEs also are observed in some rare earth met-
als, alloys and compounds with second-order phase

[16-19] Second-order phase transition mate-

transition.
rials do not show hysteresis effect and are thermally
stable; therefore, they are given much research at-
tention. This paper is mainly concerned with the

TbCosz_Fe, compounds.

Laves phase of TbCos compound is of a C15
structure at room temperature. The moments of Co
atoms can be induced by the molecular field from
Tb atoms.
earth Th atom is antiparallel to that of Co atom.

Moreover, the moment of heavy rare

A second-order phase transition takes place from fer-
rimagnetic state to paramagnetic state. During a
magnetic phase transition, its structure undergoes a
transformation from the rhombohedral structure (fer-
rimagnetic state, space group R3m) to cubic structure
(paramagnetic state, space group Fd3m).?%) Duc et
all'"18 and Gomes et all'” have reported the MCE
in ThCos compound, and the results show that the
magnitude of MCE in ThCos compound is compara-
ble to that of Gd, indicating that ThCos comes to the
foreground near room temperature. However, mag-
netic phase transition couples with a structural phase
transition; this indicates that there exists a strong
magneto-elastic coupling. The influence of magneto-
elastic coupling on the MCE in the vicinity of phase
transition has not been clarified, though it is impor-

tant in understanding the mechanism of MCE.

The aim of this paper is to investigate the mag-
netic properties and MCE of ThCos_ ;. Fe, compounds.
By comparing the experimental results with the the-
oretical calculations, the influence of lattice entropy
change on the MCE can be revealed clearly.

*Project supported by the National Natural Science Foundation of China (Grant No 50571112) and the National Basic Research

Program of China (Grant No 2006CB601101).
TCorresponding author. E-mail: zjd@g203.iphy.ac.cn

http://www.iop.org/journals/cp  http://cp.iphy.ac.cn



3844

Zou Jun-Ding et al

Vol. 16

2. Experimental details

Stoichiometric ThCoy_,Fe, (x = 0, 0.05, 0.1)
samples with the normal compositions were prepared
by arc-melting in an ultra-pure argon gas atmosphere
with a 5% excess of terbium over the stoichiometric
composition. The purity of the raw materials is 99.9%
for terbium and iron, and 99.87% for cobalt. The
products were sealed in a quartz tube of high vac-
uum, and a post-annealing at 1273 K for 7 days was
carried out for homogenization. Single-phase speci-
mens with the Laves C15 structure were confirmed by
x-ray powder diffraction study at room temperature.
Magnetization measurement was carried out using a
commercial superconducting quantum interference de-
vice (SQUID) magnetometer and a physical property
measurement system (PPMS) from Quantum Design,
Inc. The temperature dependence of magnetization
was measured with increasing temperature through
zero-field-cooling. Variation of isothermal magnetiza-
tion from 0 to 5 T was measured under an increasing
field.

3. Results and discussions

Figure 1 shows the temperature dependence of
magnetizations for ThCoq_,Fe, (x = 0, 0.05, 0.1)
compounds at 1 mT DC magnetic field. A small dop-
ing content of Fe can improve T¢ dramatically. The
Tc can be adjusted form 231 to 303 K just by 5% dop-
ing of Fe, T¢ increases linearly with the increase of Fe
content (inset in Fig.1). With the increase in the con-
tent of Fe, the interaction between the 3d transition
metal atoms is enhanced, which results in the increase
of T¢. Magnetizations carried out at 4.2 K are shown

in Fig.2.
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Fig.1. Temperature dependence of magnetization of the
TbCoz_zFe, (x = 0, 0.05, 0.1) compounds at 1 mT ap-
plied field. The inset shows that the T increases linearly
with increasing Fe content.

The inset in Fig.2 shows the content dependence
of saturated magnetization per formula unit. These
results show that M; of polycrystalline ThCos sam-
ple is 5.34 pp/fau at 4.2 K, which is smaller than the
results along easy magnetization direction.l?!! As for
ThbCos compound, a value for M of 6.83 ug/f.u at
4.2 K has been found along easy magnetization direc-
tion, and this value for the spontaneous moment is
accounted for by Th and Co moments (8.93 pp and
1.12 puig, respectively).[?! With increasing content of
Fe, the saturated magnetization decreases.
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Fig.2. Variation of magnetization of the TbCoz_,Fe;
(z =0, 0.05, 0.1) compounds with increasing applied fields
at 4.2 K. The inset shows the dependence of saturated
magnetization on x.

Shimizu?? and Yamadal?3 have proposed a phe-
nomenological model to discuss the feature of phase
transition. The free energy F' can be expanded in pow-
ers of order parameter, in which the magnetic part of
the free energy AF' at a finite temperature for a sys-

tem with magnetic moment is written as

AF(M) = %A(t)MQ + lB(T)M4 + %O(T)MG; (1)

4
and the magnetic equation of state is written as:
dAF
H=—r=AT)M + B(T)M?® +C(T)M°. (2)

The condition for the appearance of the metamagnetic
transition is given by

A(T) >0, B(T)<0,

3 AT)OT) 9

6 < BT < 20 (3)

C(T) > 0;

It is well known that the negative slope or s-shape
curves with inflexions, sign of metamagnetic transi-
tion, will appear in the Arrot plot when the condi-
tions (3) are satisfied. Figure 3 shows the isothermal
magnetization of ThCos_,Fe, (x = 0, 0.05) measured
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under increasing field. The step of temperature in- are shown in Fig.4, which shows the feature of the

crease is 2 K. The Arrot plots of x = 0, 0.05 samples  second-order phase transition.
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Fig.3. Isothermal magnetization of the TbCoz_gFe; (z = 0, 0.05) compounds versus applied field; (a) isothermal
magnetization of x = 0 sample from 210 to 260 K with 2 K/step, (b) isothermal magnetization of x = 0.05 sample
from 250 to 300 K with 2 K/step.
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Fig.4. Arrot plots of the TbCo2 compound from 210 to 260 K with 2 K/step (a) and the TbCo1.95Fe.05 compound
from 250 to 300 K with 2 K/step (b).

Tt under different applied field can be calculated by us-

6 | ing Maxwell relation

A OM(H,T)

g 5 AS = /0 (T>HdH. (4)
% 4 The result obtained by using Maxwell relation is the
W 3T total entropy change. Figure 5 shows the temperature
<|] 9 b dependence of entropy changes for the samples with
a x = 0, 0.5 under different applied fields. The peak
value is 6.3 J/kgK for z = 0, and reaches 4.5 J/kgK
0 for x = 0.05 at 0—5 T. Results of TbCos are consistent
with the results of Duc et al.l'™) Tt is obvious that the
peak value of entropy change decreases slightly due to
Fig.5. Temperature dependence of total entropy changes Fe-doping, though T¢ are tuned to room temperature.

of the TbCoa_,Fe, (z = 0, 0.05) compounds under dif-

Structural transformations during the magnetic

ferent applied fields, * = 0 sample (solid symbols) and

= = 0.05 sample (empty symbols).

phase transition indicate the existence of strong
magneto-elastic couplings. Contributions of lattice to

The temperature dependence of entropy change  the total entropy change in the vicinity of phase tran-
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sition are revealed by investigating the discrepancy
between the total entropy change and the magnetic
entropy change. MFA is used to calculation the mag-
netic entropy. According to MFA, the magnetic en-
tropy is written as

o 2J+1
sinh T
— Nk |In —2J

h —
sin i

Sn(T, H) —xBy(z)|, (5)

where N is the number of magnetic spins, By(z) is
the Brillouin function with x = gJpug(H + Hw)/kgT,
g is the Landé g-factor, pup is the Bohr magneton, J
is the total angular momentum, kp is the Boltzmann
constant; H and H,, are external magnetic field and
molecular field respectively. Based on the relation be-
tween the molecular field coefficient and Curie tem-

perature, we can write x as

o S

The normalized magnetization is ¢ = M/Nug with
ts = gJpg. No more than the moments of rare earth
atoms are taken account in the MFA calculation. The
peak values are shown in Table 1.

Table 1.
Maxwell relation) and the magnetic entropy changes (cal-
culated by using MFA) of the TbCo2 compound under
different applied fields.

Total entropy changes (calculated by using

AH/T 1 2 3 4 5
ASyvar/(J/kgK)  2.06 352 461 549  6.32
ASyrEa/(J/kgK)  1.66 3.38 473 581 6.74

The consistency between the total entropy
changes and the magnetic entropy changes are rather
good. Moreover, a relation of ASy,-—H?/? exists in
TbCos_,Fe, (xr = 0, 0.05) compounds at T, which
is shown in Fig.6; the entropy changes increase lin-
early with H?/3,
Oesterreicher and Parker[24 have pointed out that the

Based on molecular field models,

ASy-—H?/3 relation will be followed during a second-
order phase transition. It means that the total entropy
changes are mainly derived from the magnetic entropy
changes. As for the lattice entropy change, it has al-
most no contribution to the total entropy change.
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Fig.6. Dependence of entropy changes of the
TbCoz_zFe, (x = 0, 0.05) compounds on applied field
at Tc, for z = 0 sample (solid circle), and z = 0.05 sam-
ple (empty circle).

4. Conclusion

Though structural transformation accompanies
the magnetic phase transition, the phase transition
in the TbCos_,Fe, compound is a second-order one.
The Arrot plot of ThCos_,Fe, compound shows the
features of second-order phase transition. The total
entropy changes are calculated by Maxwell relation.
The peak values of TbCos_,Fe, (z = 0, 0.05) samples
can reach 6.3 J/kgK and 4.5 J/kgK at 0 — 5 T, re-
spectively. Compared with the TbCos compound, the
peak value of total entropy changes in ThCoy g5Feq o5
decreases slightly, though its T¢ is tuned to 267 K. Ac-
cording to our calculations, the results indicate that
the total entropy changes come mainly from magnetic
entropy changes and the lattice contributions are so
small that they are negligible.
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