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Magnetocaloric effects in RNiln (R = Gd-Er) intermetallic compounds
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Magnetic properties and magnetocaloric effects (MCEs) of the intermetallic RNiln (R = Gd-Er)
compounds have been investigated in detail. GdNiln and ErNiln compounds exhibit a ferromagnetic
(FM) to paramagnetic (PM) transition around the respective Curie temperatures. However, it is found
that RNiln with R=Tb, Dy, and Ho undergo two successive magnetic phase transitions with
increasing temperature. In addition, a field-induced metamagnetic transition from antiferromagnetic
(AFM) to FM states is observed in RNiln with R=Tb and Dy below their respective
AFM-FM transition temperatures (7,). The maximal values of magnetic entropy change (AS,,) of
HoNiln are 9.5 J/kg K at 7,=7 K and -21.7 J/kg K at Tc =20 K for a magnetic field change
of 5 T, respectively. These two successive AS,, peaks overlap partly, giving rise to a high value of
refrigerant capacity (RC =341 J/kg at 5 T) over a wide temperature span. It is noted that the RC
value of GdNiln is as high as 326 J/kg due to the relatively broad distribution of AS,, peak.
Consequently, this RNiln system shows large reversible AS,; and considerable RC values in the

temperature range of 10-100 K. © 2011 American Institute of Physics. [doi:10.1063/1.3603044]

. INTRODUCTION

Recently, magnetic refrigeration based on the magneto-
caloric effect (MCE) is expected to be a potential technique
due to its energy efficiency and environment safety in com-
parison with the conventional gas compression-expansion
technique.'~® To improve the application of magnetic refrig-
erant technology, many efforts have been made to explore
advanced magnetocaloric materials. So far, numerous mate-
rials with the first-order magnetic or structural phase transi-
tion, such as Gds(Si;_Gey)s,”® La(Fe, X);3 (X = Si, Al),”!!
MnAs,'? MnFe(P, As),13 ErCoz,14 and Heusler alloys,ls’16
etc., have been found to exhibit giant MCEs around their
transition temperatures. However, the remarkable thermal
and magnetic hystereses, accompanied with the first-order
phase transition, always reduce the actual efficiencies of
these materials in the cooling cycles. Therefore, it is neces-
sary to search for magnetic materials with large reversible
MCEs and refrigerant capacity (RC) based on the second-
order magnetic transition.

From the viewpoint of practical applications, the rare
earth (R)-based intermetallic compounds exhibiting large
MCE:s at lower temperatures are potential magnetic refriger-
ants for the gas liquefiers. In order to obtain a large MCE,
much attention has been paid to the R-based intermetallic
compounds with low-temperature phase transition. Some R-
based compounds with a second-order magnetic transition,
such as RCoAl,17 RCuSi,lg’19 RCuAl,20 and Rzln,ZI’22 have
been reported to possess not only large magnetic entropy
change (AS),) and/or adiabatic temperature change (AT,;)
but also a small hysteresis loss in a wide temperature region.
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The ternary intermetallic RNiln compounds, which crys-
tallize in the ZrNiAl-type hexagonal structure with space
group P62m, have been investigated extensively in the past
few decades due to interesting physical properties.>* >’ The
magnetic studies revealed that these compounds show ferro-
magnetic (FM) behavior with the magnetic ordering temper-
ature changing from 96 K for R =Gd to 9 K for R = Er.?**°
In addition, the neutron diffraction studies have indicated
that RNiln (R=Gd, Ho, and Er) are predominantly FM,
whereas DyNiln exhibits an antiferromagnetic (AFM)
ground state, 203031 Meanwhile, the neutron diffraction data
at 1.5 K for TbNiln suggests a complex magnetic structure
with the FM and AFM components.?®** Recently, Canepa et
al ** reported the MCE in GdNiln and the maximal values of
AS,; and AT, are —6.7 J/kg K and 2.8 K for a field change
of 0-5 T, respectively. However, a careful study on MCEs
for this RNiln system is still lacking and remains to be car-
ried out. In the present paper, we study on the magnetic and
magnetocaloric properties of RNiln compounds with
R =Gd-Er in detail. It has been found that the RNiln com-
pounds present large reversible MCEs and considerable RC
in the temperature range of 10-100 K.

Il. EXPERIMENTAL DETAILS

The polycrystalline RNiln (R =Gd-Er) samples were
prepared by arc-melting appropriate proportions of constitu-
ent components with the purity better than 99.9 wt. % on a
water-cooled copper hearth under argon atmosphere. Each
sample was melted several times with the button being
turned over after each melting to ensure the homogeneity.
The obtained ingots were then annealed in a high-vacuum
quartz tube at 1073 K for 7-10 days. Powder X-ray diffrac-
tion (XRD) measurements were performed at room
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FIG. 1. (Color online) The X-ray diffraction patterns of RNiln (R = Gd-Er)
compounds at room temperature. The short vertical lines indicate the Bragg
peak positions of the ZrNiAl-type hexagonal structure calculated from the
Rietveld refinement based on the XRD pattern of GdNiln.

temperature by using Cu Ko radiation to identify the crystal
structure and the lattice parameters. Magnetizations were
measured as functions of temperature and magnetic field by
employing a commercial superconducting quantum interfer-
ence device (SQUID) magnetometer, model MPMS-7 from
Quantum Design Inc.

lll. RESULTS AND DISCUSSION

The powder X-ray diffraction (XRD) patterns of the
RNiln (R =Gd-Er) compounds at room temperature are
shown in Fig. 1(a). All samples crystallize in a single
phase with the ZrNiAl-type hexagonal structure (space
group P62m). It is clearly observed that the Bragg reflec-
tion shifts continuously to high angle with the rare-earth
atom sweeping from Gd to Er, suggesting the lattice con-
stants of RNiln compounds decrease linearly due to the
lanthanide contraction. The unit cell volumes and the den-
sities were determined from the Rietveld refinement based
on the XRD patterns, and their values are listed in Table I.
The values of lattice parameter and unit cell volume in our
study are in good agreement with the data in previous
reports. >3

The Curie temperature (T), which is defined as the min-
imum in the dM/dT versus T curve, decreases from 98 K for
R=Gd to 9 K for R=Er. Above their respective ordering
temperatures, the magnetic susceptibilities of all RNiln com-

J. Appl. Phys. 109, 123926 (2011)

pounds follow the Curie-Weiss law. The values of Tc, PM
Curie temperature (0p), and the effective magnetic moment
(Uerr), calculated from the Curie-Weiss fits of reciprocal
magnetic susceptibility z,! versus T curves, for the RNiln
compounds are summarized in Table I and are consistent
with the values reported in Refs. 28 and 29.

Figure 2 shows the temperature (T) dependencies of zero-
field-cooling (ZFC) and field-cooling (FC) magnetizations
(M) under a magnetic field of 0.05 T for RNiln compounds
with R =Tb, Dy, and Ho. For all the compounds, no thermal
hysteresis between ZFC and FC M-T curves around Tc is
observed as shown usually in magnetic materials with second-
order magnetic transition. However, it is found that there is a
difference between ZFC and FC curves below T¢, and this
irreversibility is likely related to the domain wall pinning
effect. The neutron diffraction data at 1.5 K has indicated that
DyNiln exhibits an antiferromagnetic (AFM) ground state,
while TbNiln possesses a complex magnetic structure with
the FM and AFM components at low temperature.”*>%*! The
M-T curves in Figs. 2(al) and 2(b1) show that both TbNiln
and DyNiln experience two magnetic transitions with the
increase of temperature. The anomaly at lower temperature is
probably associated with the phase transition from AFM to
FM states, and the other abrupt change of magnetization
around T corresponds to the magnetic transition from FM to
PM states. The AFM-FM transition temperatures (7,), derived
from the dM/dT versus T curve, are about 12 and 14 K for
TbNiln and DyNiln, respectively (the insets of Figs. 2(al) and
2(b1)). The temperature dependencies of the magnetization of
RNiln with R =Tb and Dy were measured in various mag-
netic fields as shown in Figs. 2(a2) and 2(b2), respectively. It
is observed that a field-induced metamagnetic transition from
AFM to FM states occurs below T, with increasing magnetic
field. The stepwise behavior of the M-T curves around T¢
under high magnetic fields corresponds to the FM to PM
transition.

Figure 2(c1) shows that HoNiln compound also exhibits
two successive magnetic transitions with the increase of tem-
perature. The first anomaly around 7, =7 K, corresponding to
the low-temperature peak in the dM/dT versus T curve (the
inset of Fig. 2(c1)), is speculated to be a possible change from
collinear to non-collinear magnetic structure. The second
change of magnetization at Tc =20 K is ascribed to the FM-
PM transition. Figure 2(c2) presents the temperature depend-
encies of the magnetization of HoNiln in various magnetic
fields. The two magnetic transitions can be easily observed in

TABLE I. The crystallographic, magnetic, and magnetocaloric data for the RNiln compounds with R = Gd-Er.

Herr (1)
p Tc T, Op —-ASy; (2T) —-ASy; (5T) RC(5T)
Compound V (A% (g/cm?) (K) (K) (K) Exp. Theor. J/kg K) (J/kgK) J/kg)
GdNiln 183.8 (7) 8.786 98 - 101 7.96 7.94 33 7.1 326
TbNiln 181.4 (5) 9.129 71 12 47 9.80 9.72 24 5.3 191
DyNiln 179.4 (3) 9.325 30 14 31 10.68 10.63 5.5 10.4 270
HoNiln 177.8 (1) 9.478 20 7 18 10.61 10.60 12.7 21.7 341
ErNiln 176.3 (7) 9.696 9 - 8 9.64 9.59 10.1 15.1 229
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FIG. 2. (Color online) Temperature dependencies of the magnetization measured during ZFC (solid symbols) and FC (open symbols) cycles for RNiln with
R =(al) Tb, (bl) Dy, and (c1) Ho under a magnetic field of 0.05 T, and the temperature dependencies of the magnetization in various magnetic fields for (a2)
TbNiln, (b2) DyNiln, and (c2)HoNiln, respectively. The insets show the dM /dT-T curves for these compounds.

the low field range. However, the transition around 7 K van-
ishes when the magnetic field is higher than 1 T.
Magnetization isotherms of these compounds were
measured in a wide temperature range with different temper-
ature steps under applied fields up to 5 T. It is found that all
RNiln compounds exhibit similar M-H curves around their

respective Curie temperatures. Figure 3(a) shows the mag-
netization isotherms of HoNiln. The magnetization increases
sharply at low fields and shows a tendency to saturate with
increasing the field, suggesting the typical FM behavior. In
addition, each magnetization isotherm around 7 shows a
completely reversible behavior during the field increasing
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FIG. 3. (Color online) (a) Isothermal magnetization curves of HoNiln com-
pound in a temperature range of 2—60 K with field increasing and decreasing
in different temperature steps, (b) and Arrott plots of HoNiln in a tempera-
ture range of 2—40 K.

and decreasing cycles, which is favorable to practical appli-
cations of the magnetic refrigeration materials. The Arrott
plots of HoNiln in the temperature range of 2-40 K are
shown in Fig. 3(b). As is well known, a magnetic transition
is considered as first-order when the slope of Arrott plot is
negative; whereas it is expected to be of second-order when
the slope is positive.>® There are neither inflection points nor
negative slopes, proving that HoNiln compounds exhibit a
second-order FM-PM magnetic transition. Figure 4(a) dis-
plays the magnetization isotherms of DyNiln below the
ordering temperature in a low field region. It is observed that
the magnetization of DyNiln below 14 K increases linearly
with the increase of magnetic field in low field range,
suggesting the existence of AFM component at low tempera-
tures.”’ However, the magnetization increases rapidly with
increasing the magnetic field and saturates gradually under
high applied field, confirming the field-induced metamag-
netic transition from AFM to FM states. As shown in the
inset of Fig. 4(a), the critical magnetic field required for
metamagnetism, determined from the maximum of dM/dH
curve, increases monotonically with the decrease of tempera-
ture and attains a value of 0.25 T at 5 K. This result illus-
trates that the AFM-FM metamagnetic transition can be
induced easily by a relatively low filed. Figure 4(b) shows
the Arrott plots of DyNiln below the critical temperature 7,
and just above T¢. It is found that the Arrott plots below T,
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FIG. 4. (Color online) (a) Isothermal magnetizations of DyNiln below T¢ in
a low magnetic field range of 0—1 T and the inset shows the temperature
dependence of the critical magnetic field. (b) The Arrott plots of DyNiln
below the critical temperature 7, and just above T¢.

exhibit a negative slope, further confirming the first-order
AFM-FM metamagnetic transition. However, the positive
slope of the plots above T indicates the characteristic of the
second-order FM-PM magnetic transition. Similar phenom-
enon of the AFM-FM metamagnetic transition was also
observed in the case of TbNiln.

In an isothermal process of magnetization, the AS,, of
the materials can be derived from the Maxwell relation

-H

Asu = |
0

(M /OT),,dH. (1)

In practice, the ASj; usually can be calculated using the fol-
lowing alternative formula'>3*

M —M;
ASy = Ziml —7 AH; 2)
where M; and M;,, are the magnetization values at tempera-
tures 7; and T;;; in a magnetic field H;, respectively. The
AS,, of RNilIn with R = Gd-Er associated with the field varia-
tion were calculated according to Eq. (2) and the maximal
values of AS), for the magnetic field changes of 0-2 T and
0-5 T are presented in Table I and Figs. 5(a) and 5(b),
respectively. It is clearly seen from Fig. 5 that with the R ele-
ment sweeping from Gd to Er, the Curie temperature of
RNiln decreases linearly, whereas the AS), roughly increases
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FIG. 5. (Color online) Temperature dependencies of the isothermal mag-
netic entropy changes AS), for RNiln (R = Gd-Er) compounds under mag-
netic field changes of (a) 0-2 T and (b) 0-5 T, respectively. The insets show
the temperature dependencies of AS,, under the low magnetic field changes
for DyNiln and HoNiln, respectively.

and reaches the highest value in HoNiln compound. This
tendency is similar to the results in other R-based intermetal-
lic systems.'” A small negative value of —AS,; for DyNiln
was observed below 14 K in low magnetic field range as
shown in the inset of Fig. 5(a), but it gradually changes to
positive value with the increase of magnetic field. Such a
sign change of —AS), is due to the field-induced magnetic
transition from AFM to FM states. On the other hand, It is
worthwhile to note that a large reversible —AS,, of 12.7 J/kg
K for HoNiln is obtained at T under a low field change of
0-2 T, which is beneficial to practical applications since a
magnetic field of 2 T can be provided by a permanent mag-
net. Besides, another —AS), peak as high as 6 and 9.5 J/kg K
for the field changes of 0-2 T and 0-5 T is observed in HoN-
iln at 7 K, corresponding to the low-temperature magnetic
phase transition. It is noticed that the successive AS,, peaks
can be clearly seen even under the low magnetic field
changes (the inset of Fig. 5(b)), and thus obviously enlarging
the temperature range of MCE.

The RC value is another important parameter to quantify
amount of heat transferred during an ideal refrigeration
cycle. The RC values of RNiln are estimated according to
the approach suggested by Gschneidner et al.» namely,
RC = fff |ASy|dT, where Ty and T, are the temperatures
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corresponding to both ends of the half-maximum value of
ASy; peak, respectively. To obtain the effective RC value, it
is necessary to take into account the hysteresis loss since
that will make magnetic refrigeration less efficient. How-
ever, no magnetic hysteresis is observed for all the investi-
gated samples around their respective T, suggesting a
perfectly reversible MCE of these compounds for practical
applications. The RC values thus obtained are listed in Ta-
ble I. It is found that the RNiln compounds with R = Gd-Er
show considerable values of RC over a wide temperature
range of 10-100 K. Although the AS,, of GdNiln is much
smaller than that of HoNiln, the RC value of GdNiln is as
high as 326 J/kg due to the relatively broad distribution
of ASy; peak and its full width at half maximum of the
AS,; peak is observed to be 64 K. In addition, HoNiln
exhibits the highest RC value of 341 J/kg for a field change
of 0-5 T, which is much larger than those of some magnetic
refrigerant materials in the similar magnetic transition
temperatures, such as GdPd,Si (240 J/kg at 17 K),E’6 and
Tb,PdSi; (245 J/kg at 23 K),*” where the RC values are
estimated from the AS), versus T curves in literatures,
respectively. The large RC originates from the combined
contribution of two successive magnetic transitions, which
enlarge the temperature span of large MCE.

IV. CONCLUSIONS

In conclusion, single-phase RNiln (R =Gd-Er) com-
pounds with the ZrNiAl-type hexagonal structure have been
prepared and the magnetic and magnetocaloric properties of
this system have been studied experimentally. All RNiln
compounds possess a second-order FM-PM transition around
their respective Curie temperatures, which are consistent
with previous studies. In addition, our results reveal that
with the increase of temperature RNiln with R =Tb and Dy
exhibit a magnetic transition from AFM to FM states below
Tc; while HoNiln undergoes a magnetic transition around 7
K which may be associated with a possible change from col-
linear to non-collinear magnetic structure. The calculation of
magnetic entropy change shows that all RNiln compounds,
especially HoNiln, exhibit large MCEs around their respec-
tive Tc. A sign change of MCE is observed in DyNiln below
14 K due to the field-induced magnetic transition from AFM
to FM states. For a magnetic field change of 0-5 T, HoNiln
shows the highest values of —AS); (21.7 J/kg K at T¢) and
RC (341 J/kg) over a wide temperature range, which results
from the combined contribution of the two successive transi-
tions. In a word, the large reversible —AS;, as well as compa-
rable RC values indicate that this series of RNiln compounds
could be promising candidates for magnetic refrigeration in
the temperature range of 10-100 K.
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