Solid State Communications 152 (2012) 1127-1130

journal homepage: www.elsevier.com/locate/ssc

Contents lists available at SciVerse ScienceDirect

Solid State Communications

Giant magnetic refrigerant capacity in HoszAl, compound

H. Zhang **, Z.Y. Xu?, X.Q. Zheng?, J. Shen®, F.X. Hua®P, J.R. Sun?, B.G. Shen ®*

a State Key Laboratory for Magnetism, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, PR China
b Key laboratory of Cryogenics, Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, Beijing 100190, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 13 February 2012
Accepted 2 April 2012

by E.V. Sampathkumaran
Available online 6 April 2012

Keywords:

A. Rare-earth compounds
D. Magnetocaloric effect

D. Refrigerant capacity

D. Magnetic entropy change

Magnetic properties and magnetocaloric effects (MCEs) of the intermetallic HosAl, compound are
investigated by magnetization and heat capacity measurements. Two successive magnetic transitions, a
spin-reorientation (SR) transition at Tsg=31 K followed by a ferromagnetic (FM) to paramagnetic (PM)
transition at Tc=40 K, are observed. Both magnetic transitions contribute to the MCE and result in a
large magnetic entropy change (ASy) in a wide temperature range. The maximum values of —AS,; and
adiabatic temperature change (AT,s) reach 18.7J/kg K and 4.8 K for the field changes of 0-5T,
respectively. In particular, a giant value of refrigerant capacity (RC) is estimated to be 704 J/kg for a
field change of 5T, which is much higher than those of many potential refrigerant materials with
similar transition temperatures.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Magnetocaloric effect (MCE) is a magneto-thermodynamic
phenomenon, which is usually characterized by the magnetic
entropy change (ASy,) and/or adiabatic temperature change (AT,q)
upon the variation of the magnetic field. In recent years, magnetic
materials with large MCEs have attracted considerable attention
due to their potentialities for magnetic refrigeration [1-3]. So far,
numerous rare earth (R)-based compounds, exhibiting first-order
magnetic or structural phase transition, have been found to
exhibit large values of ASy and AT,y around their transition
temperatures [4-7]. However, it is known that the ASy, and/or
AT,q are not the only parameters to identify the potentiality of a
magnetic refrigerant. The refrigerant capacity (RC) is considered
as another important measure of how much heat is transferred
between the hot and cold sides in an ideal refrigeration cycle.
Unfortunately, the first-order phase transition is usually accom-
panied with remarkable thermal and magnetic hystereses, which
always reduce the effective RC value of magnetic materials [8,9].
On the contrary, materials with second-order magnetic transition
generally show a good reversible behavior of the magnetization in
response to the temperature and magnetic field. Therefore, it is
desirable to search magnetocaloric materials with large reversible
MCEs as well as high RC values based on the second-order
magnetic transition. Very recently, some Ho-based intermetallic
compounds, such as HoNiln [10], HoyIn [11], HoGa [12], have
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been reported to exhibit several reversible magnetic transitions,
and thus resulting in multiple ASy,; peaks and large RC values in a
broad temperature region. The results on these materials stimu-
late us to explore new magnetic refrigerants in other Ho-based
systems, which may show multiple reversible magnetic transi-
tions. In the present paper, we carry out a systematic study on the
magnetic properties and MCE of HosAl, compound. It is found
that HosAl, undergoes two successive magnetic transitions with
increasing temperature. The combined contribution of both tran-
sitions gives rise to a large MCE and giant RC without hysteresis
loss in a wide temperature range.

2. Experiments

The polycrystalline HosAl, sample was synthesized by arc-
melting appropriate proportion of constituent components with
the purity better than 99.9 wt% in a water-cooled copper hearth
under purified argon atmosphere. The ingot was melted several
times with the button being turned over after each melting to
ensure the homogeneity. The as-cast sample was then annealed in
a high-vacuum quartz tube at 1073 K for 7 days. Powder X-ray
diffraction (XRD) measurement was performed at room tempera-
ture by using Cu Ko radiation to identify the crystal structure and
the lattice parameters. Magnetizations were measured as func-
tions of temperature and magnetic field by employing a commer-
cial superconducting quantum interference device (SQUID)
magnetometer, model MPMS-7 from Quantum Design Inc. The
specific heat was measured by using a physical property mea-
surement system (PPMS) from Quantum Design.
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3. Results and discussion

Fig. 1 shows the observed and refined powder X-ray diffraction
(XRD) patterns of HosAl, compound. The Rietveld refinement
confirms that HosAl,; crystallizes in a single tetragonal ZrsAl,-type
structure with space group P4,nm. The Ho atoms occupy three
crystallographic positions: two 4c and one 4b, while the Al atoms
are distributed over two 4c positions. The lattice parameters a and
c are determined to be 8.1656(5) and 7.5223(6) A, respectively,
which are in accord with the data in the previous report [13].

Fig. 2 shows the specific heat (C,) curve of HosAl; in the fields
of 0, 2, and 5 T, respectively, and the temperature (T) dependence
of zero-field-cooling (ZFC) and field-cooling (FC) magnetizations
(M) under a magnetic field of 0.01 T. It is clearly seen that there
are two successive magnetic transitions in the specific heat curve
under zero field (Fig. 2(a)). The peak at higher temperature
corresponds to a change from ferromagnetic (FM) to paramag-
netic (PM) state with increasing temperature, and the Curie
temperature T¢ is determined to be 40 K. The transition at lower
temperature of 31 K may be associated with a spin-reorientation
(SR) transition, which is often observed in Ho-based intermetallic
compounds [10,14,15]. With the application of magnetic field, the
peak of SR transition vanishes while the T, peak becomes a broad
anomaly with a lower magnitude. On the other hand, it is
interesting to note that the change of magnetization around T¢
is indistinct in M-T curve (see Fig. 2(b)). This is likely due to the
fact that the SR transition is followed closely by the FM-PM
transition, and therefore both transitions occur in the almost
same temperature range, leading to a slow change of magnetiza-
tion in a relatively wide temperature region. In addition, one can
see that there is another anomaly around Ty =14 K in the ZFC
curve and an obvious discrepancy between ZFC and FC curves
appears below this temperature. However, specific heat measure-
ment does not exhibit a peak of transition around 14 K. Similar
phenomenon was also observed in the study of HosNi compound,
and it is reported that this behavior is attributed to the spin-
freezing effect [16]. Therefore, we also suppose that a spin-
freezing behavior occurs below T, and thus leading to a large
difference between ZFC and FC curves. The temperature depen-
dence of the reciprocal magnetic susceptibility y;,! measured in
a field of 1T is shown in the inset of Fig. 2(b). The magnetic

N Ho;Al,
] exp.
cal.
Bragg position

Intensity, Y (arb. units)

" 1 " 1 " 1 " 1 " 1 "
20 30 40 50 60 70 80
Bragg angle, 26 (deg.)

Fig. 1. (Color online) The observed (dots) and calculated intensities (line drawn
through the data points) of the fully refined powder diffraction pattern of HosAl,
compound. The short vertical lines indicate the calculated Bragg peak positions of
the tetragonal Zr3Al,-type crystal structure. The curve at the bottom of plot shows
the difference between the observed and calculated intensities.
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Fig. 2. (Color online) (a) The specific heat (C,) of Ho3Al, measured in the fields of
0, 2, and 5T, respectively. (b) Temperature dependencies of the ZFC and FC
magnetizations for HoszAl, compound under a magnetic field of 0.01 T. The inset
shows the temperature variation of inverse dc magnetic susceptibility fitted to the
Curie-Weiss law under 1T.

susceptibility follows the Curie-Weiss law in PM region with
an effective moment g of 10.82 pg/Ho** and a PM Curie
temperature of 53 K. The ey determined from the fit is in a
good agreement with the value reported in Ref. [17].

The magnetization isotherms of HosAl, were measured under
applied fields up to 5T in a temperature range of 11-80 K with
different temperature steps as shown in Fig. 3. It is found that the
magnetization below T¢ increases rapidly at low fields and shows
a tendency to saturate with the increase of field, indicating the
typical FM characteristic. However, the magnetization does not
fully saturate even at the highest field of 5 T, and this fact implies
the existence of large anisotropy caused by the spin-freezing
effect [16]. In addition, it is noted that no magnetic hysteresis is
observed in each magnetization isotherm in field increasing and
decreasing modes, suggesting the perfect reversibility of the
magnetic transitions. Moreover, the Arrott plots of HosAl, com-
pound, derived from M-H curves, are shown in Fig. 4. According
to Banerjee criterion [18], a magnetic transition is expected to be
of first-order when the slope of Arrott plot is negative; otherwise
it is considered as second-order when the slope is positive.
Therefore, the positive slopes near Tsg and T¢ confirm that the
associated magnetic transitions in HosAl, compound are of
second-order in nature.
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Fig. 3. (Color online) Isothermal magnetization curves of HosAl, in a temperature
range from 11 to 80 K.
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Fig. 4. (Color online) The Arrott plots of HosAl, compound at different temperatures
near Teg and Te.

The magnetic entropy change AS,; of HoszAl, was calculated
from the isothermal magnetization curves by using the Maxwell
relation AS(T,H) = fg’ (0M/éT)ydH. Fig. 5(a) displays the ASy of
HosAl, as a function of temperature for different magnetic field
changes up to 5T. Unlike other systems with successive transi-
tions which usually exhibit multiple ASy; peaks [11,12], HosAl,
only shows a single peak of ASy, in a wide temperature range. As
mentioned above, both SR and FM-PM transitions take place
closely, thus two AS,,; peaks may overlap with each other and lead
to a large ASy in a broad temperature region. The maximum
values of —ASy, are found to be 9.6 and 18.7 J/kg K for the field
changes of 0-2 T and 0-5 T, respectively. For comparison, the ASy
values were also calculated from the heat capacity by
AS(T)= [; [Cu(T)—Co(T)]/TdT and are shown in Fig. 5(a). It is
clearly seen that the results obtained from both methods are
consistent with each other. In addition, the adiabatic temperature
change AT, which is defined as the temperature change in
the adiabatic demagnetization process, was calculated from
heat capacity data by using the formula ATy = [T x ASy(T,H)]/
Cp(T,H), where Cp is the specific heat. Fig. 5(b) shows the
temperature dependence of AT,; for magnetic field changes of
0-2 T and 0-5 T, respectively. It can be seen that the behavior of
AT,q as a function of temperature is similar to that of ASy, vs. T
curves. The maximum values of AT, are estimated to be 2.1 and
4.8 K under the field changes of 0-2 T and 0-5T, respectively,
which are comparable with those of GdsAl, compound [19].

As another important criterion to evaluate the refrigeration
efficiency, the RC of HosAl, compound has been estimated by
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Fig. 5. (Color online) (a) Magnetic entropy changes of HosAl, calculated from
magnetizations (open symbols) and heat capacity measurements (full symbols) as
a function of temperature for different magnetic field changes. (b) Temperature
dependence of AT,y for HosAl, compound under magnetic field changes of 0-2 T
and 0-5T, respectively.

Table 1,
Magnetocaloric properties of HosAl, and some representative refrigerant materi-
als with magnetic transition temperatures around 40 K.

Materials Tora (K)  —ASM (0-5T) (J/JkgK) RC(0-5T) (J/kg) Refs.
DyMn,Ge, 40 13.4 2142 [21]
ErCo, 35 33.0 2707 [22]
Gd,Al 44 7.2 290° [23]
DyCoAl 37 16.3 485 [24]
Dy;Co 44 13.9 498 [25]
GdNiAl 40 12 5407 [26]
HosAl, 40 18.7 704 This work

2 The RC values are estimated from the temperature dependences of ASy in
the reference literatures.

numerically integrating the area under the ASy; vs. T curve, using
the temperatures at half maximum of the peak as the integration
limits [20]. For a magnetic field change of 0-5 T, HosAl, exhibits a
giant RC value of 704 J/kg with T.,u=19 K (temperature at the
cold end) and Tj,=66 K (temperature at the hot end). Table 1
summarizes the magnetocaloric properties of HosAl, and some
representative refrigerant materials with similar magnetic transi-
tion temperatures. It can be seen that HosAl, exhibits a consider-
ably large MCE among these compounds. Especially, The RC value
of HosAl; is significantly higher than those of other refrigerant
materials. This giant RC value of HosAl, is due to the combined
contribution of the successive SR and FM-PM transitions, which
brings about a large ASy, in a wide temperature span.
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4. Conclusions

In summary, the results of magnetization and specific heat
measurements indicate that HosAl, undergoes successive SR and
FM-PM transitions with the variation of temperature. For a
magnetic field change of 0-5 T, the maximum value of —AS, is
found to be 18.7 J/kg K and the RC value is as high as 704 J/kg
without hysteresis loss. This quite high value of RC is due to the
relatively broad distribution of ASy; peak, which is caused by the
overlap of the successive magnetic transitions. The present study
suggests that HosAl, may be an appropriate magnetic refrigerant
material for low temperature applications.
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