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a b s t r a c t

We have studied experimentally the magnetic properties and magnetocaloric effect (MCE) in HoGa com-
pound. Two subsequentmagnetic transitions, a spin-reorientation (SR) transition followed by a ferromag-
netic (FM)–paramagnetic (PM) transition, are observed at TSR ∼ 20 K and TC ∼ 69 K, respectively. Both
transitions contribute greatly to the magnetic entropy change (1SM), each yielding a significant peak on
their1SM–T curve. A considerable value of refrigerant capacity (RC) is obtained in HoGa, due to the large
MCE over a wide temperature span. For a magnetic field change of 0–5 T, the maximal values of −1SM
are 17.1 J/kg K and 7.8 J/kg K at TC and TSR, respectively, and the RC reaches its maximal value of 455
J/kg in an optimal reversible refrigerant cycle with cold and hot sinks at Tcold ∼ 16 K and Thot ∼ 99 K.
Large reversible MCE and the giant value of RC indicate the potentiality of HoGa as a candidate magnetic
refrigerant for nitrogen liquefaction.

© 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, much attention has been paid to studies on the mag-
netocaloric effect (MCE) of magnetic materials, because the mag-
netic refrigeration based on MCE is expected to be a promising
alternative technology to the conventional gas compression re-
frigeration due to its higher energy efficiency and friendly envi-
ronment [1–4]. The MCE is usually characterized by the magnetic
entropy change (1SM ) and/or adiabatic temperature change
(1Tad). However, it is not sufficient to identify the potential of a
magnetic refrigerant material solely by the largemagnetic entropy
change (1SM ). Another important parameter is the refrigerant ca-
pacity (RC), a measure of how much heat can be transferred be-
tween the cold and the hot sinks in one ideal refrigeration cycle,
which depends on not only the1SM value but also thewidth of the
1SM–T curve. A large number of materials with first-order mag-
netic transition have been found to exhibit giantMCEs around their
transition temperatures [5–14], yet themajority of them are found
to possess a much smaller RC than those materials with a second-
order magnetic transition, because the first-order transition usu-
ally occurs over a relative small temperature range. In addition, the
considerable thermal andmagnetic hysteresis that is accompanied
by the first-order magnetic transition will reduce greatly the ac-
tual RC of the materials in a fast-cycling refrigerator. Therefore, it
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is necessary to explore magnetic materials with a large reversible
MCE as well as a wide temperature interval based on the second-
order phase transition. Besides, many previously reported materi-
als, such as Gd0.54Er0.46AlNi [15], Gd4Co3 [16], andHo2In [17], show
clearly that multiple magnetic transitions can enlarge the working
temperature range effectively and hence enhance the RC signifi-
cantly, which is desired for optimizing the efficiency of the mag-
netic Ericsson refrigeration cycles. So it makes sense to explore
magnetic materials with several reversible magnetic transitions.
The intermetallic HoGa compound was firstly reported to be a

ferromagnet with two magnetic transitions in sequence, a spin-
reorientation (SR) transition at TSR ∼ 10–22 K and a transition
from ferromagnetic (FM) to paramagnetic (PM) states at TC ∼
67 K [18]. Later on, Delyagin et al. revealed that the SR transition
in HoGa occurs at TSR ∼ 18(1) K [19]. We carefully investigate the
magnetic properties and MCE of HoGa by magnetization measure-
ments. Our results show that HoGa undergoes a SR transition at
TSR ∼ 20 K followed by a FM–PM transition at TC ∼ 69 K, and
each transition contributes greatly to themagnetic entropy change
(1SM ). The giantMCEs over awide temperature span produce a re-
markable RC in HoGa.

2. Experiments

The polycrystalline HoGa compound was prepared by arc
melting the constituent elements of purity better than 99.9% in an
argon atmosphere. The alloy was turned over and remelted four
times to ensure homogeneity. The obtained ingot was wrapped in
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Fig. 1. (Color online) (a) Temperature dependence of zero-field-cooling suscep-
tibility (χ ) and the inverse of susceptibility (1/χ ) of HoGa at a magnetic field of
0.01 T. (b) Temperature dependencies of magnetization under different magnetic
fields. The inset shows the dM/dT curve under a magnetic field of 0.3 T.

amolybdenum foil, sealed in a high-vacuum quartz tube, annealed
at 800 ◦C for one week and then quenched into liquid nitrogen.
X-ray diffraction (XRD) measurements on powder samples were
performed at room temperature by using Cu Kα radiation to
identify the phase structure and the crystal lattice parameters. The
magnetization and the heat capacity weremeasured by employing
a physical property measurement system (PPMS) from Quantum
Design. The value of 1SM was calculated by the Maxwell relation
based on magnetization data.

3. Results and disscution

The XRD pattern of HoGa reveals the single-phase nature of
the sample, crystallizing in the orthorhombic CrB-type structure
(space group Cmcm). The lattice parameters a, b, and c , are de-
termined to be 4.280(9), 10.781(9), and 4.042(4) Å, respectively,
by using the Rietveld refinement method. The residual factor Rwp
is equal to 11.7%. The temperature dependencies of zero-field-
cooling susceptibility (χ ) and the inverse susceptibility (1/χ ) un-
der a low applied field of 0.01 T are shown in Fig. 1(a). A sharp
change in susceptibility around TSR is observed in the χ–T curve,
corresponding to a SR transition. Another abrupt change around
TC reveals the occurrence of the magnetic transition from FM to
PM states. In the paramagnetic region, the susceptibility exhibits
a Curie–Weiss behavior. Calculation results show that the effec-
tive paramagnetic moment (µeff) and the Curie temperature (θP )
are equal to 10.56µB/Ho3+ and 63 K, respectively. The µeff value
is close to the free ion moment of Ho3+ (10.60µB). The magneti-
zations as a function of temperature in various external magnetic
fields are displayed in Fig. 1(b). It is found that the magnetization
below TSR increases greatly with increasing field, and is nearly un-
changed at the applied field H ≥ 2 T. The SR and FM–PM transi-
tions are clearly observed, as indicated by the stepwise behavior of
theM–T curves around the transition temperatures. The transition
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Fig. 2. Magnetization isotherms of HoGa in a temperature range of 5–102 K
measured with field increasing (solid squares) and field decreasing (solid triangles)
in different temperature steps.
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Fig. 3. (Color online) Arrott plots of HoGa from 14–84 K in different temperature
steps.

temperatures TSR and TC are determined to be 20 and 69 K, respec-
tively, by evaluating the dM/dT minima of the M–T curve under
a field of 0.3 T. Both the values of TSR and TC are almost consis-
tent with the results reported by Nesterov et al. [18] and Delyagin
et al. [19] based on Mössbauer spectroscopy measurements.
The isothermal magnetization curves as a function of magnetic

field weremeasured in applied fields of up to 5 T in awide temper-
ature range with different temperature steps as shown in Fig. 2.
The sweep rate was slow enough to ensure that the M–H curves
could be recorded in an isothermal process. The magnetization in-
creases rapidly at low fields and shows a tendency to saturate with
an increase of the field, exhibiting typical FM nature. To investi-
gate the reversibility of themagnetic transitions forHoGa, theM–H
curvesweremeasured respectively in field increasing and decreas-
ing modes at 67 and 69 K. Obviously, there is almost no magnetic
hysteresis in each curve, indicating the perfectmagnetic reversibil-
ity of themagnetic transitions in HoGa. TheH/M versusM2 curves,
i.e. Arrott plots, from 14–84 K in different temperature steps are
plotted in Fig. 3. The positive slopes of plot around TC confirm that
the FM–PM transition in HoGa is of second-order [20].
The magnetic entropy change of HoGa was calculated from

magnetization isotherms by using the Maxwell relation 1SM =∫ H
0 (

∂M
∂T )HdH [21,22]. The temperature dependencies of 1SM

calculated from magnetizations for different magnetic field
changes are presented in Fig. 4. Two peaks are found to be centered
at TSR and TC , respectively, corresponding to the double transitions
detected clearly in magnetic measurements. The maximal values
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Fig. 4. (Color online) Magnetic entropy change of HoGa as a function of
temperature for various field changes of 0–1 T, 0–2 T, 0–3 T, 0–4 T, and 0–5 T,
respectively.

Table 1
Comparison of the main parameters regarding the MCE between HoGa and some
representative refrigerant materials.

Materials −1SM (J/kg K) RC (J/kg) Tcold (K) Thot (K) TC (K) Refs.

Ho2In 11.2 360 16 126 85 [17]
HoCo2 22 216 76 94 78 [25]
TbCoAl 10.5 265 42 95 70 [26]
HoGa 17.1 455 16 99 69 This work

of −1SM are 7.8 and 17.1 J/kgK at TSR and TC , respectively, for a
field change of 0–5 T. The −1SM value that is caused by the SR
transition has been rarely reported in polycrystalline compounds
previously. Only in HoAl2 [23], Gd4Co3 [16], and Ho2In [17] can
the SR transition bring a visible peak on each 1SM–T curve. It can
be seen from Fig. 4 that the two peaks partly overlap between TSR
and TC , which enlarges greatly the temperature range of MCE and
produces a nearly constant −1SM , suggesting the possibility to
achieve a considerable RC in HoGa.
The RC of HoGawas estimated by using the approach suggested

by Wood and Potter [24]. The refrigerant capacity for a reversible
refrigeration cycle operating between Thot (the temperature of the
hot ends) and Tcold (the temperature of the cold ends) is defined
as RC = −1SM × 1Tcycl, where −1SM is the magnetic entropy
change at the hot and cold ends of the cyclewith equalmagnitudes,
and 1Tcycl = Thot − Tcold. Calculations show that the optimum
refrigeration cycle occurs between Tcold ∼ 16 K and Thot ∼ 99 K,
with a maximal RC value of 455 J/kg for a magnetic field change of
0–5 T, which is larger than those for HoCo2 (216 J/kg) [25], TbCoAl
(265 J/kg) [26] and Ho2In (360 J/kg) [17] (see Table 1), where
the RC values of the former two compounds are estimated from
the temperature dependence of1SM in the literature, respectively.
Evidently, the large RC of HoGa originates from the combined
contribution from SR and FM–PM transitions, which enlarges the
temperature span of a large MCE.
4. Conclusions

We have studied experimentally the magnetic and magne-
tocaloric properties of HoGa, and further calculated its MCE and
RC values based on the experimental data. Our results indicate
that HoGa possesses a large reversible MCE, characterized by two
1SM peaks caused by a SR transition and a FM–PM transition, i.e.
−1SM = 17.1 J/kg K at TC and 7.8 J/kg K at TSR for a field change
of 0–5 T. The maximum value of RC is estimated to be as large as
455 J/kg over a wide working temperature range1Tcycl = 83 K for
a field change of 0–5 T. The excellent magnetocaloric performance
indicates the applicability of HoGa to the liquefaction of nitrogen
gas.
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