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A B S T R A C T

Equiatomic RNi (where R = Gd, Ho and Er) compounds have been prepared by undercooling. Magnetization
data confirm ferromagnetic ordering of the samples at 69 K, 35 K and 10 K (TC) respectively. Magnetocaloric
effect (MCE) has been estimated in terms of isothermal magnetic entropy change (ΔSm) near TC. The maximum
ΔSm value (ΔSmmax) for 50 kOe field change is about −18 Jkg-1K−1, −20 Jkg-1K−1 and −30 Jkg-1K−1 re-
spectively near TC for the undercooled RNi (R = Gd, Ho and Er) compounds. The ΔSmmax value is more than that
obtained for the same compounds prepared by arc-melting and melt-spinning techniques. The observed en-
hancement in MCE of the undercooled samples could be due to the improved purity that results in faster change
of magnetization around the magnetic transition. Thus undercooling rare earth intermetallics and alloys seems to
be an attractive, alternative method to synthesize magnetocaloric materials.

1. Introduction

Melt-spinning is a non-equilibrium rapid solidification process that
is characterized by a high cooling rate of about 106 K/s. Melt-spinning
technique has been used to obtain highly crystalline LaFe13-xSix-type
giant magnetocaloric materials with superior magnetic properties
where porosity of the samples was engineered in order to control
magnetic hysteresis and the first-order transition temperature [1].
These results have motivated synthesis of various melt-spun, crystalline
intermetallic compounds of type RNi2, R2Ni17 (where R = Rare earth)
and Ni-Mn-In based shape memory alloys [2,3,4]. Recent studies on
equiatomic RNi compounds [5–9] prepared by melt-spinning showed
interesting magnetic and magnetocaloric properties when compared to
their arc-melted analogues [10]. Melt-spinning brought in an additional
functionality namely granularity. One of the systems (SmNi) exhibited
nanosized grains [8] whereas melt-spun RNi with R = Gd, Tb, Dy, Ho
and Er had grains of micrometer size [5,6,7]. Rapid solidification can
also be achieved by high undercooling of liquid melt. Pioneered by
Fahrenheit, undercooling is one of the synthesis techniques that leads to
the stabilization of metastable phases in addition to obtaining equili-
brium phases in purer form as this is a containerless process [11,12].

The technique can lead to a different microstructure and can help tailor
material properties favourably. The rare earth intermetallic compounds
RNi are known for large low temperature magnetocaloric effect [10].
The crystal structure of these compounds changes across the rare earth
series from orthorhombic CrB-type (LaNi to GdNi) to orthorhombic
FeB-type (DyNi to LuNi and YNi) while TbNi is dimorphic [13]. In these
compounds, the magnetism is determined largely by the rare earth ion
moment. In the present work, single phase GdNi, HoNi and ErNi com-
pounds have been synthesized by undercooling technique and their
magnetic and magnetocaloric properties are studied.

2. Experimental Details

Polycrystlalline RNi (where R = Gd, Ho and Er) compounds were
prepared by arc-melting under argon atmosphere starting from stoi-
chiometric amounts of pure elements. About 1 g of arc-melted speci-
mens sealed under a vacuum of 10-5 mbar in a quartz tube were used for
the undercooling experiment. Two colour infrared pyrometer with an
accuracy of± 5 °C was used to record temperature as a function of
time. Using the time–temperature plot, undercooling was calculated as
the difference between the liquidus temperature and the nucleation
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temperature. The sample was superheated to ~200 °C above the li-
quidus temperature and then cooled. The liquidus temperatures are
about 1280 °C, 1060 °C, and 1100 °C for the GdNi, HoNi and ErNi
samples respectively. The reduced number of nucleation sites lowers
the probability of solidification near the liquidus point thus enhancing
the undercooling. The samples were characterized by powder X-ray
diffraction [Cu Kα, Rigaku] at room temperature. The unit cell data
were derived from the Rietveld analysis of the X-ray data using Rietan
program [14]. Microstructure and sample composition were studied
using scanning electron microscopy and energy dispersive analysis of X-
rays (SEM-EDAX). DC magnetization has been measured using a com-
mercial SQUID-based vibrating sample magnetometer (MPMS 3,
Quantum Design) and a SQUID magnetometer (MPMS XL, Quantum
Design) at temperatures (T) from 5 K to 300 K in magnetic fields (H) up
to 70 kOe.

3. Results and discussion

Powder X-ray diffraction studies confirm the single phase nature of
the undercooled GdNi, HoNi and ErNi compounds. The XRD data show
that the undercooled GdNi crystallizes in orthorhombic CrB-type
structure (space group Cmcm, no. 63, oC8), the undercooled HoNi and
ErNi compounds crystallize in orthorhombic FeB-type structure (space
group Pnma, no. 62, oP8). The arc-melted and melt-spun analogues also
are known to stabilize in same crystal structures [6,7,9]. There is a
change of texture when the sample is prepared by conventional arc-
melting or rapidly solidified by melt-spinning and undercooling.
However, there is only a small change in lattice parameters and unit cell
volume [6,7,10]. Typical XRD patterns of undercooled CrB-type and
FeB-type RNi compounds are shown in Fig. 1. The (h k l) values of the
maximum intensity XRD peaks are listed for all the three compounds
prepared by these three different techniques (Table 1 and Fig. 1). The
maximum intensity peak is found to occur at different Bragg angles
within the FeB-type structure of the Ho and Er-based samples when
prepared by a non-equilibrium, rapid solidification process of under-
cooling and melt-spinning (Table 1). The nature of the rare earth ion
such as size, the melting point of the material and the exact solidifi-
cation conditions of the non-equilibrium synthetic process are expected
to play a role in deciding the crystallographic texture.

The ratio of the constituent elements is close to 1:1 in all the three
compounds as evidenced in EDAX data. The scanning electron micro-
graphs revealed micron-sized grains in melt-spun RNi (R = Gd, Ho and
Er) materials [6,7]. One could not observe such well-defined grains in
both the arc-melted and the undercooled samples. However, one should
note that the SEM study was attempted on samples that were not che-
mically etched. One could suppose that the grains of undercooled
samples are larger in size (also as evidenced via the sharp Bragg peaks
of powder XRD data) than in the corresponding melt-spun analogues
where there is substantial broadening. This could be associated with the
availability of minimal number of nucleation sites in the undercooling
process and the solidification rates. The change in microstructure and
grain size could affect the magnetic hysteresis of the samples in their
magnetically ordered state.

The temperature dependent magnetization, M(T), of undercooled
RNi (R = Gd, Ho, and Er) compounds has been measured in the zero-
field-cooled (ZFC) state in 5 kOe field (Fig. 2) confirms that the samples
order ferromagnetically at 69 K, 35 K and 10 K (TC) respectively. The TC

values are more or less the same as in the corresponding arc-melted and
melt-spun samples (Table 2). Ferromagnetic transition temperature of
the compounds is obtained by plotting dM/dT vs T. Within the ferro-
magnetically ordered state, the undercooled HoNi depicts a spin-reor-
ientation transition at ~10 K (Tsr) as observed in its arc-melted and
melt-spun forms [6,15]. Paramagnetic susceptibility is fitted to Curie-
Weiss law and effective paramagnetic moment (µeff) and paramagnetic
Curie temperature (θp) values are obtained [Table 2]. Positive value of
θp of all three compounds confirms that the dominant interactions are

ferromagnetic in nature in these materials.
Isothermal magnetization vs field (M-H) data of undercooled RNi

(R = Gd, Ho and Er) compounds have been measured at 5 K in fields up
to 70 kOe [Fig. 3]. The CrB-type GdNi is known to have a collinear
magnetic structure [16] and it saturates in a relatively smaller field of
about 15 kOe. Also its saturation magnetization (Ms) value of 7.2 µB/
f.u. is comparable to the theoretical gJ value of 7 µB/Gd3+. On the other
hand, Ms values of undercooled HoNi and ErNi are only 8.8 µB/f.u. and
8 µB/f.u. respectively. These are little less than the corresponding the-
oretical values of 10µB/Ho3+ and 9µB/Er3+. This could be due to the
crystal field effects and such reduction in saturation magnetization has
also been observed in arc-melted and melt-spun HoNi and ErNi com-
pounds (Table 2). The hysteresis between the virgin and envelope curve
of magnetization of HoNi at 5 K is related to the metamagnetic tran-
sition observed in this sample [17]. Anisotropic magnetism in HoNi
already reported. Neutron diffraction studies on a single crystal of HoNi
reveal the existence of antiferromagnetic component along c axis from
20 K down to 4.2 K [18]. Field dependent magnetization measurement
on single crystal HoNi indeed shows a spin-flop transition when critical
field of about 30 kOe is applied along the c axis at 5 K [17,19]. The
observation of virgin curve lying completely outside the envelope curve
at 5 K supports the occurrence of metamagnetism and grain oriented
growth in the undercooled HoNi sample. Also it could suggest a field-
induced magnetic structure change. The coercivity values of the un-
dercooled samples are intermediate between the values obtained for
arc-melted and melt-spun samples. For example, coercivity increases
from 0 Oe to 90 Oe for arc-melted to melt-spun GdNi whereas it is only
about 21 Oe for the undercooled GdNi sample. This observation agrees
with the suggestion from the SEM images of the melt-spun samples that

Fig. 1. Powder X-ray diffraction data of the undercooled (a) CrB-type GdNi and
(b) FeB-type HoNi compounds and their Rietveld refinement. The corre-
sponding data of arc-melted and melt-spun samples in references [6] and [7]
may be referred to for comparison.
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the smaller size grains in those samples lead to the increased coercivity
values because of enhanced domain wall pinning.

Magnetocaloric effect of the undercooled RNi (R = Gd, Ho and Er)
compounds has been estimated using the M-H isotherms measured at
various temperatures around TC (Fig. 4a–c). Isothermal magnetic en-
tropy change (ΔSm) is calculated using the following expression [20]

∫=
∂

∂( )S μ dHΔ m
H

H
M
T H0

i

f

where Hi and Hf are the initial and final values of the applied magnetic
fields and μ0 the permeability of free space. The calculated ΔSm values

are plotted as a function of temperature for various magnetic field
changes for the undercooled GdNi, HoNi and ErNi compounds
(Fig. 5a–c). Isothermal magnetic entropy change attains the maximum
value near ferromagnetic transition temperature of each sample and
then decreases on either side of peak as expected for a second order
transition. The maximum isothermal entropy change, ΔSmmax, of un-
dercooled samples are comparatively larger than that of the corre-
sponding arc-melted and melt-spun samples for a given magnetic field
change (Table 3). For example, for 50 kOe field change, ΔSmmax value of
undercooled ErNi is about −30 Jkg-1K−1 whereas values of −27 Jkg-
1K−1 and −24 Jkg-1K−1 are obtained for the arc-melted and melt-spun
ErNi samples. The maximum isothermal entropy change values of

Table 1
Unit cell data of GdNi (CrB-type, Cmcm, N 63, oC8), HoNi and ErNi (FeB-type, Pnma, N 62, oP8) compounds prepared by arc-melting, melt-spinning and under-
cooling. The (h k l) values of most intense Bragg peak of XRD pattern indicate the texture of the samples.

No. Compound Method of preparation Type structure a (Å) b (Å) c (Å) V (Å3) Most intense Bragg peak RF (%)

1 GdNi [6] Arc-melted CrB 3.7722(3) 10.3100(6) 4.2409(3) 164.93 (1 1 1) 1.2
GdNi [6] Melt-spun CrB 3.7789(5) 10.259(1) 4.2100(6) 163.21 (0 4 0) 1.2
GdNi * Undercooled CrB 3.7653(7) 10.3105(13) 4.2379(11) 164.52 (0 4 0) 3.0

2 HoNi [6] Arc-melted FeB 7.0351(8) 4.1487(3) 5.4497(4) 159.06 (2 1 0) 1.8
HoNi [6] Melt-spun FeB 6.9800(3) 4.1106(2) 5.4035(1) 155.04 (0 2 0) 1.7
HoNi * Undercooled FeB 7.0197(3) 4.1398(2) 5.4372(2) 158.01 (1 1 2) 5.4

3 ErNi [7] Arc-melted FeB 6.9903(4) 4.1154(2) 5.4163(2) 155.82 (2 0 1) 4.6
ErNi [7] Melt-spun FeB 6.9721(7) 4.1202(5) 5.4222(4) 155.76 (1 0 2) 7.9
ErNi * Undercooled FeB 7.0098(5) 4.1142(3) 5.4256(3) 156.47 (2 1 1) 6.2

* This work.

Fig. 2. Magnetization vs temperature of the undercooled (a) GdNi (b) HoNi and (c) ErNi compounds measured in 5 kOe field in zero-field-cooled (ZFC) state while
warming. Paramagnetic susceptibility and its fit to Curie-Weiss law is also shown.
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undercooled samples are even better than that of the arc-melted sam-
ples which were annealed for several days (Table 3). The ΔSmmax value
of undercooled GdNi is −18 J/kg K while it is −17 J/kg K for annealed
sample of arc-melted GdNi [9]. Thus the enhancement in the magne-
tocaloric effect of the undercooled RNi could be attributed to the im-
proved sample purity that is achieved from the preparation conditions
that minimize interstitial impurities such as C, N and O. This could
enable increased rate of change of magnetization at TC of the under-
cooled samples.

The ΔSmmax value for all three undercooled RNi compounds is
proportional to (ΔH)n with n value as 0.67 for GdNi, 0.68 for ErNi and
0.83 for HoNi, while the mean-field value is 2/3 [21,22] (Fig. 6). The
deviation from the mean-field value could be due to the presence of
competing magnetic interactions in HoNi and ErNi that have a non-
collinear magnetic structure. The relative cooling power (RCP) is the
amount of thermal energy transferred by unit mass of the substance
from cold sink (Tcold) to the hot reservoir (Thot) during one refrigeration
cycle and is calculated as a product of magnitude of ΔSmmax and full-
width at half maximum (FWHM) of the ΔSm vs T curve. The Thot and
Tcold values are ~88 K and 57 K for GdNi and are ~22 K and 7 K for
ErNi. The RCP values calculated for the undercooled samples are found
to be comparable to that of the arc-melted and melt-spun samples
(Table 3). Therefore, in addition to the conventional arc-melting
method, melt-spinning and undercooling emerge as alternate synthetic
techniques that affect the microstructure of the rare earth intermetallic
compounds and hence the magnetic properties. Observation of such
enhanced magnetocaloric effect in the undercooled RNi (R = Gd, Ho
and Er) compounds motivates one to synthesize other well-known
magnetocaloric materials by this method in order to gain a better un-
derstanding of process-dependent properties.

4. Conclusions

To summarize, textured intermetallic compounds RNi (R = Gd, Ho
and Er) have been synthesized by undercooling technique and their
magnetic properties are studied. These samples undergo ferromagnetic
ordering at 69 K, 35 K and 10 K as their arc-melted analogues. The
synthesis conditions of undercooling technique seem to favour en-
hancement in the isothermal magnetic entropy change value around the
ferromagnetic transition temperature.

Table 2
Details such as ferromagnetic transition temperature (TC), effective para-
magnetic moment (μeff), paramagnetic Curie temperature (θp), saturation
magnetization (Ms) and coercivity (Hc) values for the undercooled RNi
(R = Gd, Ho and Er) compounds. The data for the corresponding arc-melted
and melt-spun samples are also given for comparison.

Compound TC (K) θp (K) μeff (μB/
f.u.)

Ms (μB/
f.u.)

Hc (Oe) Refs.

Arc-melted GdNi 69 84 8.3 7.4 0 [6]
Melt-spun GdNi 75 85 8.6 7.9 90 [6]
Single crystal GdNi 69 72 8.3 7.2 NA [23]
Undercooled GdNi 69 65 8.0 7.2 21 This

work
Arc-melted HoNi 36 29 10.4 9.2 90 [6]
Melt-spun HoNi 28 12 10.6 8.7 400 [6]
Undercooled HoNi 35 19 10.7 8.8 112 This

work
Arc-melted ErNi 11 8 9.8 7.2 62 [7]
Melt-spun ErNi 10 10 9.5 7.4 480 [7]
Undercooled ErNi 10 28 10.7 8.0 56 This

work

NA-Not available.

Fig. 3. Magnetization vs field of the undercooled (a) GdNi (b) HoNi and (c) ErNi compounds at 5 K measured in fields up to 70 kOe. Inset shows the low field
hysteresis.
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Fig. 4. Magnetizaton vs field isotherms of the undercooled (a) GdNi (b) HoNi and (c) ErNi compounds around the magnetic transition temperature.

Fig. 5. Isothermal magnetic entropy change (ΔSm) vs temperature of the undercooled (a) GdNi (b) HoNi and (c) ErNi compounds for various magnetic field changes.
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