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The magnetic properties and magnetocaloric effects (MCEs) of the Er,In compound have been investi-
gated. It is found that Er,In undergoes a second-order magnetic transition from ferromagnetic (FM) to
paramagnetic (PM) state at the Curie temperature Tc =46 K and no other transition is observed. These
observations are in consistent with previously published works. For a magnetic field change from0to 5T,
the maximum magnetic entropy change (ASy) and refrigerant capacity (RC) are —16]J/kg K and 490]/kg,

respectively, which are comparable to or larger than those of some magnetic refrigerant materials with
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low temperature range.

first-order magnetic transition around the similar magnetic ordering temperature. Large reversible MCE
and high RC value indicate that the Er,In compound is a suitable candidate of magnetic refrigerants in

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of the giant magnetocaloric effect (MCE)
in Gds(Si;_xGex)s [1], a great deal of effort has been devoted to
research on magnetic refrigerant materials. This is because mag-
netic refrigeration, based on the MCE, is expected to be a potential
alternative to conventional vapor compression refrigeration due
to its energy-efficiency and environment-friendly features [1-4].
The MCE can be characterized by the magnetic entropy change
(ASym) and/or adiabatic temperature change (AT,q). Besides, the
refrigerant capacity (RC) has been considered as another important
parameter to quantify the magnetocaloric properties [5,6], because
the ASy does not sufficiently identify the potential of a magnetic
refrigerant material. In the past decades, a great number of mag-
netic materials with large MCEs have been reported [7-10]. Among
these studies, much attention was focused on refrigerant materi-
als undergoing a first-order magnetic transition (FOMT) because
of their large MCEs around the magnetic transition temperatures
[11-14]. Unfortunately, the first-order phase transition is usually
accompanied by considerable thermal and magnetic hystereses,
which may reduce the RC of magnetic materials [15,16]. Recently,
reductions of hysteresis associated with FOMT were reported in
some magnetic refrigerant materials [6,17]. For example, the ther-
mal and magnetic hystereses of the GdsSi; gGeq gSng 4 ribbons were
reduced significantly with the melt-spun technique [17]. By the
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partial substitution of Mn for Fe, a large depression of hysteresis
was achieved in La(Fe, Si);3-based compounds [6]. However, it was
also found that the improvement of hysteresis always accompa-
nies the weakening of MCEs of the materials. On the other hand,
some materials with the second-order magnetic transition (SOMT),
such as ErGa [18], RgC0,Si3 [19], Pr5Siz [20], and (Gdq_xDyx)3Aly
[21], were reported to exhibit large reversible MCEs as well as high
RC values over a wide temperature region. Consequently, from an
application point of view, it is of importance to explore magnetic
refrigerant materials with large reversible MCEs and high RC based
on SOMT. In addition, it is known that materials exhibiting large
MCEs below 70K can be used in a magnetic refrigerator to liquefy
hydrogen gas [4]. Based on this concept, it is highly desirable to
develop new magnetic materials applicable in a low temperature
range.

RyIn compounds, where R is a rare-earth metal, have been stud-
ied extensively in previous works [22-25]. All these compounds
are isomorphous and crystallize in a NiyIn-type hexagonal struc-
ture with space group P63/mmc. These compounds show a great
variety of magnetic properties depending on the rare earth. At high
temperature, the susceptibilities of all compounds except SmyIn
follow the Curie-Weiss law with a large and positive paramagnetic
Curie temperature. Based on the investigations of neutron diffrac-
tion and Mdéssbauer spectroscopy, Ravot et al. reported that EryIn
compound undergoes ferromagnetic ordering below the Curie tem-
perature Tc =40 K: the saturated moments at both the Er3* sites are
8.0 wp and they lie close to the basal plane [24].

Recently, it has been reported that the RyIn (R=Tb, Dy and Ho)
compounds show large reversible MCEs over a wide temperature
region associated with SOMT [26-30]. In the present work, we
have carried out further investigation on the magnetic and magne-
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Fig. 1. The observed (dots) and calculated intensities (line drawn through the data
points) of the fully refined powder diffraction pattern of Er,In compound. The short
vertical lines indicate the calculated positions of the Bragg peaks of the hexago-
nal NizIn-type crystal structure. The lower curve shows the difference between the
observed and calculated intensities.

tocaloric properties of EryIn. This compound with a SOMT is found
to exhibit a large reversible ASy; and a high RC value around Tg.

2. Experimental

The Er,In ingot was prepared in a purified Ar atmosphere by arc-melting of the
stoichiometric amounts of the high purity (>99.9 wt.%) constituent elements on a
water cooled copper hearth. To achieve compositional homogeneity, the obtained
ingot was wrapped in a molybdenum foil, sealed in a high-vacuum quartz tube,
annealed for 100h at 1073K and then quenched into liquid nitrogen. The phase
structure and the crystal lattice parameters were examined by the Rietveld refine-
ment of the room-temperature X-ray powder diffraction data collected using the
Cu Ko radiation. The magnetic properties were measured by employing a physical
property measurement system (PPMS) from Quantum Design Inc.

3. Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) pattern of Er,In at room
temperature and Rietveld refinement to the experimental data. The
refinement shows that the compound crystallizes in a single phase
with a hexagonal Ni;In-type structure (space group P63/mmc). The
lattice parameters a and c are determined to be 5.2909(6) and
6.6373(9) A, respectively, which are in a good agreement with the
data in previous report [23].

The temperature (T) dependencies of zero-field-cooling (ZFC)
and field-cooling (FC) magnetizations (M) have been obtained
under a magnetic field of 0.05T and the results are shown in Fig. 2.
The ErIn compound exhibits a ferromagnetic (FM)-paramagnetic
(PM) transition at Curie temperature Tc =46 K, corresponding to
the minimum of dM/dT curve. No thermal hysteresis was observed
in the ZFC and FC curves above Tc. However, it is noted that the
ZFC and FC magnetization data show thermomagnetic irreversibil-
ity below T as observed in previous work [24]. This is likely due
to a domain wall pinning effect. The inverse dc magnetic suscepti-
bility of Er,In was measured in a field of 1T and the Curie-Weiss
fit to it is shown in the inset of Fig. 2. The susceptibility above the
ordering temperature obeys the Curie-Weiss law with an effective
moment jLeg=9.60 wg/Er3* and a PM Curie temperature 6p =47.2 K.
The po¢ determined from the fit is in a good agreement with the
Er3* free ion value of 9.59 . In addition, the positive value of PM
Curie temperature reveals that the EryIn predominantly possesses
FM interaction.

The magnetization isotherms of EryIn were measured in a wide
temperature range with different temperature steps in applied
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Fig. 2. Temperature dependencies of the ZFC and FC magnetizations for Er,In com-
pound under a magnetic field of 0.05T. The inset shows the temperature variation
of ZFC inverse susceptibility fitted to the Curie-Weiss law under 1T.

fields up to 5T as shown in Fig. 3. Below T, the magnetization
increases rapidly at low fields and shows a tendency to saturate
with an increase of the field, confirming the typical nature of FM
interaction. Besides, the M-H curves were measured around T¢ in
field increasing and decreasing modes to investigate the reversibil-
ity of the magnetic transition for EryIn. It is clearly seen that there is
no magnetic hysteresis upon changing the field direction, suggest-
ing the magnetic transition of EryIn is perfectly magnetic reversible,
which is preferable for practical applications of the magnetic refrig-
erant materials. Fig. 4 shows the Arrott plots of EryIn near Tc. It is
well known that a magnetic transition is expected to be FOMT when
the slope of the Arrott curve is negative; otherwise it will be SOMT
when the slope is positive [31]. There are neither negative slopes
nor inflection points, proving that the EryIn is of SOMT.

The ASpy of EryIn was calculated from the magnetization data
using the Maxwell relation ASy; = fOH (0M/0T)ydH [32]. Fig. 5 dis-
plays the temperature dependencies of the —ASy for different
magnetic field changes. The maximum value of —ASy; is found
to increase linearly with the increase of applied magnetic field
and reaches a value of 16]/kgK for a 0-5T field change, which is
comparable to or much larger than those of some magnetocaloric
materials with the similar phase transition temperature, such as
Dy;Co (13.9]/kgK at 44K) [33], TbNiAl (13.8]/kgK at 47 K) [34],
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Fig. 3. Isothermal magnetization curves of Er,In in a temperature range from 25 to
86K.
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Fig. 4. Arrott plots of Er,In at different temperatures near Tc.
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Fig. 5. The temperature dependencies of magnetic entropy change of Er,In for dif-
ferent magnetic field changes.

DyMn,Ge,, (13.4]/kgK at 40K) [35], GdAl, (7.2]/kgK at 44K) [36],
and Dys5Gey (6.8]/kgK at 46 K) [37].

As another important criterion to evaluate the magnetic refrig-
erant materials, the RC of Er,In compound was estimated based on
the ASy vs. T curves using the approach suggested by Gschneid-
ner et al. [5]. The RC value is defined as RC = fTle |ASm|dT, where
T: and T, are the temperatures corresponding to both sides of the
half-maximum value of |ASy| peak, respectively. The calculation
shows that the RC for EryIn is 490]/kg with T; =25.5K (tempera-
ture of the cold end) and T, =66.5 K (temperature of the hot end)
for a magnetic field change of 0-5T. For comparison, Table 1 lists

Table 1
The main parameters regarding the MCEs for Er,In and the representative refrigerant
materials with working temperature around 46 K.

Materials Tora (K) —ASu (5T) (J/kgK) RC(5T) (J/kg) Refs.
ErCo, 35 33.0 2702 [14]
Dy;Co 44 139 498 [33]
TbNiAl 47 13.8 494 [34]
DyMn; Ge, 40 134 2142 [35]
GdAl, 44 7.2 2902 [36]
DysGey 46 6.8 1612 [37]
EryIn 46 16.0 490 This work

2 The RC values are estimated from the temperature dependencies of ASy in the
reference literature.

Table 2
The main parameters regarding the MCEs for R,In (R=Tb, Dy, Ho and Er) compounds.
Materials  T¢ (K) —ASu (2T) —ASw(5T) RC(5T) Refs.
(J/kgK) (J/kgK) (/kg)
ThyIn 165 3.5 6.6 4882 [26]
Dy,In 130 4.6 9.2 5452 [27]
Ho,In 85 5.0 11.2 360 [29]
EryIn 46 7.9 16.0 490 This work

3 The RC values are estimated from the temperature dependencies of ASy in the
reference literature.

the magnetocaloric properties of Er,In and some other magnetic
refrigerant materials with a similar magnetic ordering tempera-
ture. Although the ErCo; compound with FOMT exhibits a large
ASym (—33]/kgK) around T¢ =35 K [14], its RC value is smaller than
that of EryIn. The high RC of EryIn is due to relatively broad dis-
tribution of ASy; peak. Table 2 summarizes the magnetocaloric
properties of EryIn and other RyIn (R=Tb, Dy and Ho) compounds
with different Curie temperatures. It is noted that ErpIn exhibits
the largest ASy and a comparable RC value, while it also has the
lowest T¢ in this series of compounds. It has been pointed out that
the working temperature and temperature span of the MCE could
be tuned by replacing Er by Tb, Dy, or Ho [23,26,38]. Therefore,
ErIn and its descendants are expected to be good candidates for
the magnetic refrigeration at low temperatures.

4. Conclusions

In summary, magnetic and magnetocaloric properties of EryIn
compound have been studied in detail. It shows that the com-
pound possesses a FM-PM transition at Tc =46K, which is in a
good agreement with previous works. The analysis of Arrott plot
justifies that the magnetic transition is of second-order. For a mag-
netic field change of 0-5T, a large value of —ASy (16]/kgK) is
observed around T¢ of Er,In. Moreover, the RC for EryIn is as high as
490]/kg due to the large MCE over a wide temperature span, which
is comparable to or larger than those of some magnetic refrigerant
materials with FOMT around the similar magnetic ordering temper-
ature. The large ASy; as well as the high RC value with no hysteresis
loss are the advantages of ErIn compound.
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