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a b s t r a c t

A sign change of the magnetocaloric effect is induced by a magnetic field, which is related to a field-
induced transition from the antiferromagnetic to the ferromagnetic state below the Néel temperature of
CoCl2 nanoparticles. The reversible magnetic-entropy change −�Sm (4.1 and 11.5 J kg−1 K−1 at 27 K for
ccepted 16 July 2010
vailable online 4 August 2010
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a field change of 3 and 7 T, respectively) almost without hysteresis and the large cooling power (83.4
and 148 J kg−1, correspondingly) indicates that CoCl2 is a potential candidate for application in magnetic
refrigeration in the low-temperature range.

© 2010 Elsevier B.V. All rights reserved.
ntiferromagnetic
erromagnetic

. Introduction

Due to its energy-efficient and environment-friendly features,
agnetic refrigeration based on the magnetocaloric effect (MCE)

as recently become a promising alternative for gas-compression
efrigeration technology which is presently widely used [1–7]. Up
o now, the MCE has been used in magnetic refrigerant devices

ainly in the low-temperature range by using the paramagnetic
PM) salt Gd3Ga5O12 (T < 20 K) [8]. Therefore, it is of interest to
xplore magnetic refrigerant materials with a large MCE in other
emperature ranges. Usually, a large MCE can be obtained near
he magnetic-ordering temperature due to an external magnetic
eld greatly influences the spin ordering, while a giant-MCE is

ound to relate with a field-induced first-order magnetic transition
9–13]. However, a first-order magnetic transition usually gives
ise to considerable thermal/magnetic hysteresis which is disad-
antageous for application. Therefore, much attention has been
ecently focused on finding new materials with a large MCE and

small thermal/magnetic hysteresis. Furthermore, as the ther-
al/magnetic hysteresis is quite small for antiferromagnetic (AF)

ystems, compared with giant-MCE ferromagnetic (FM) materials,
hey may be more suitable for application on the aspect of refriger-

nt efficiency and energy conservation. Cobalt chloride CoCl2·6H2O
s an AF material with Néel temperature of 2.29 K [14]. How-
ver, the AF CoCl2 has Néel temperature of 24.9 K, in which the
xchange interaction between Co2+ ions is isotropic in the ionic

∗ Corresponding author. Tel.: +86 24 83978856; fax: +86 24 23891320.
E-mail address: wliu@imr.ac.cn (W. Liu).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.07.180
spins [15]. The electronic structure and magnetic properties of
CoCl2 have been investigated by several groups [16–19], but the
magnetocaloric effect was not reported. In this work, we study the
magnetic and magnetocaloric properties of the antiferromagnet
CoCl2 at low temperatures. A negative magnetic-entropy change
and a large cooling power are found together with a field-induced
MCE conversion (the MCE changes its sign in the applied magnetic
field).

2. Experimental

CoCl2 was fabricated by following method. The cobalt chloride CoCl2·6H2O of
99% purity was dried at 373 K for 20 h in air to obtain CoCl2 powder. The X-ray diffrac-
tion pattern confirms the almost single-phase state of the powder, crystallizing in
the hexagonal CdCl2-type structure (space group R3̄m), and the lattice parameters
a and c is 3.553 and 17.35 Å, respectively. The orientation of Co2+ moments is per-
pendicular to the hexagonal c-axis [20]. The average grain size of the powder was
determined to be about 40 nm by the Scherrer formula [21]. The magnetization
data were measured by using a superconducting quantum interference device mag-
netometer from 4 to 300 K at applied fields up to 7 T. The powder was fixed by
paraffin in a capsule in order to immobilize the randomly oriented particles during
the measurements.

3. Results and discussion

The temperature dependences of the magnetization in zero-
field-cooling (ZFC) (solid circle) and field-cooling (FC) (half circle)
from 4 to 300 K with applied field of 0.01 T are shown in Fig. 1.

It is found that the sample exhibits transition from paramagnetic
(PM) to AF at the Néel temperature of around 22 K (as the arrow
indicates), slightly lower than the value of 24.9 K reported in Ref.
[15], which may be due to the decrease of the grain size of CoCl2. In
other words, the transition temperature of nanoparticles decreases

dx.doi.org/10.1016/j.jallcom.2010.07.180
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wliu@imr.ac.cn
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A large MCE is expected around TN where the magnetization
rapidly changes with varying temperature. The isothermal entropy
change was derived from the magnetization data by means of the∫
ig. 1. Temperature dependences of the magnetization in zero-field-cooling (ZFC)
solid circle) and field-cooling (FC) (half circle) from 4 to 300 K of CoCl2, measured
t an applied magnetic field of 0.01 T. Inset: Hysteresis loop at 5 K in an applied field
f 5 T, the arrow indicates the field-induced transition from AF to FM.

s compared with that of the bulk [22,23]. The inset of Fig. 1 presents
he magnetic hysteresis loop at 5 K in an applied field of 5 T. It
an be noticed that the coercivity is extremely small (only about
.005 T) and the remanent magnetization is close to zero. Further-
ore, there is nearly zero magnetic hysteresis in the transition field

as the arrow indicates). Compared with typical giant-MCE materi-
ls (such as Gd5(Ge1−xSix)4 [10], in which the magnetic hysteresis
s about 1 T near the magnetic-transition temperature), the small

agnetic hysteresis of CoCl2 is advantageous for application at low
emperatures.

Fig. 2 represents the magnetization curves of CoCl2 between 4
nd 42 K with �T = 2 K. Below TN, the magnetization increases grad-
ally with the applied field in the low field range, and then jumps
t a critical field, but unsaturated even at 7 T. The step in the mag-
etization curves clearly indicates a field-induced AF to FM phase
ransition. The critical magnetic field Bc (determined by the maxi-

um of dM/dB) is about 1.7 T. The M–B curve at 6 K in an applied
eld of 7 T and the values of dM/dB dependence of B are presented

n Fig. 3(a) and (b), respectively. It can be found that the AF CoCl2 is
metamagnetic state at low temperature in applied field, and the
irection of spins can be changed by relatively large applied field
f about 1.7 T, which is different from the conventional AF materi-
ls (such as NiO or CoO). Mills [24] reported that the field applied

arallel to the direction of the easy magnetization direction of AF
ublattice may lead to the instability of the ground state of AF mate-
ial, if the strength B exceeds the critical field Bc. The metamagnetic
ransition was not found in some AF materials, which may be due

ig. 2. Magnetic isotherms of CoCl2, measured between 4 and 42 K with a temper-
ture step of 2 K.
Fig. 3. The M–B curve at 6 K in an applied field of 7 T (a), and the values of dM/dB
dependence of field B (b). The directions of two sublattice spins of the AF CoCl2
dependence of applied field are simply indicated by arrows in (a).

to large Bc greatly exceeds the applied field [25]. The directions of
the two sublattice spins at applied field are illustrated in Fig. 3(a)
by arrows [26]. However, as our sample is powder, it is very dif-
ficult to observe the sharp transition from AF to FM as in a single
crystal.

In order to further understand this magnetic transition, the tem-
perature dependence of the magnetization M(T) in different applied
fields (1, 1.3, 1.7, 2.5, 3.1 T) is plotted in Fig. 4 (temperature range
from 4 to 42 K with �T = 2 K). It is found that the TN at around 22 K
in a low field is consistent with Fig. 1. A field-induced transition
from AF to FM state below TN is observed. The critical magnetic
field (determined from the maximum of dM/dB) for this transition
is about 1.7 T. A peak corresponding to TN is observed at low field
(B < 1.7 T), which disappears at high fields with negative slopes of
magnetization. Moreover, the transition temperature shifts to low
temperatures with increasing applied field (as dashed line indi-
cates).
expression �Sm(T, B) = B

0
(ıM/ıT)dB that can be obtained from the

Fig. 4. Temperature dependence of the magnetization at different magnetic fields
(1, 1.3, 1.7, 2.5, and 3.1 T) obtained from M(B) data shown in Fig. 2. The dashed line
indicates that the transition temperatures shift to low temperatures with increasing
field B.
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ig. 5. Negative magnetic-entropy change, −�Sm, of CoCl2 as a function of temper-
ture for different magnetic field changes (�B). Inset: dM/dT versus T at 1, 1.7 and
.1 T.

axwell relation. The curves of −�Sm versus T in different applied
elds are given in Fig. 5. The inset shows the dM/dT versus T in
pplied field of 1, 1.7, 3.1 T. The minimum of dM/dT at around
7 K for different field indicates the large MCE at this tempera-
ure. Furthermore, for small magnetic field (2.1 T),−�Sm is negative
inverse MCE) below TN, whereas it changes to small positive values
ith increasing temperature. Usually, the inverse MCE is observed

n first-order magnetic transitions such as AF/FI [27], AF/FM [28].
he inverse MCE has also been reported in AF/PM transition sys-
ems [29], in which the applied field results in a spin-disordered
tate near the transition temperature, which leads to increase of
he entropy [6]. When the applied magnetic field is higher than 3 T,
positive cusp-shape −�Sm with peak position at 27 K is observed,
hich is consistent with the minimum value of dM/dT (see the inset

f Fig. 5).
The applied field destroys the antiparallel alignment of the spin

oments, and the spin disorder results in a negative −�Sm, becom-
ng more negative with increasing applied field. However, the value
f −�Sm increases with further increasing magnetic field, due
o the field-induced transition from the AF to the FM state, and
ecomes positive at 3.1 T. Thus, clearly, the field-induced AF to
M transition is responsible for the conversion from the inverse
o the conventional MCE in CoCl2. The maximum of −�Sm of 4.1
nd 11.5 J kg−1 K−1 at 27 K for �B = 3 and 7 T, respectively. The slope
f the curve in Fig. 5 is relatively small, and the smooth variation
f −�Sm with temperature is more useful than a sharp one, which
s another property of CoCl2 that makes it a promising magnetore-
rigerant.

The relative cooling power −�SmaxM�Tfwhm is a measure of how
uch heat can be transferred between cold and hot sinks in an

deal refrigerant cycle, which is of practical significance [30]. Here

Tfwhm is the full width at half maximum −�Sm, namely, temper-
ture interval at half values of the peak of the magnetic-entropy
hange. The cooling power of CoCl2 calculated is about 83.4 and
48 J kg−1 for a magnetic field change from 0 to 3 T and from 0 to
T, respectively.

[

[

[
[
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4. Conclusion

A field-induced MCE conversion is observed in CoCl2 associated
with the field-induced transition from the AF to FM states. The value
of magnetic-entropy change (4.1 and 11.5 J kg−1 K−1 at 27 K for a
field change of 3 and 7 T) and cooling power (83.4 and 148 J kg−1,
correspondingly) and nearly no thermal/magnetic hysteresis make
CoCl2 a potential material for magnetic refrigeration in the low-
temperature range.
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