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We report a detailed magnetic, magnetocaloric, and magnetotransport study on R2Ni2Sn compounds with
different rare earths. The magnetic state of these compounds is found to be complex because of the coexistence
of ferromagnetic and antiferromagnetic components. These compounds show phenomena such as multiple
magnetic transitions, nonsaturation of magnetization, and metamagnetic transitions. Analysis of the zero-field
heat capacity data shows that the magnetic entropy is less than the theoretical value, indicating the presence of
some moment on Ni. Schottky anomaly is present in the magnetic heat capacity data of Sm2Ni2Sn. The
temperature variation of magnetocaloric effect reflects the magnetization behavior. Tb2Ni2Sn and to a less
extent Gd2Ni2Sn show oscillatory magnetocaloric effect. The variation of magnetocaloric effect is correlated
with the ferromagnetic-antiferromagnetic phase coexistence. The electrical resistivity analysis has shown that
the electron-magnon scattering is prominent at low temperature, while phonon scattering modified by the s-d
interaction is crucial at high temperatures. The magnetoresistance is very large in Ce2Ni2Sn and shows a
quadratic dependence on the field, implying the role of spin fluctuations in determining the transport behavior.
Large magnetoresistance has been observed in other compounds as well.
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I. INTRODUCTION

Magnetocaloric effect �MCE� is an intrinsic property of
magnetic solids and it arises due to the coupling of the mag-
netic sublattice with the magnetic field.1–8 MCE can be mea-
sured in terms of isothermal magnetic entropy change ��SM�
or adiabatic temperature change ��Tad�. In ferromagnets, the
entropy change during isothermal magnetization is negative
and it is termed as positive MCE. On the other hand, there
are some substances that exhibit negative MCE, i.e., the en-
tropy change is positive. Generally, this occurs in antiferro-
magnetic �AFM� materials, in which the applied magnetic
field increases the magnetic entropy. Materials with positive
MCE are being considered as active materials in magnetic
refrigerators, whereas the ones with negative MCE would
find applications in heat pumps.3

The search for potential working substances suitable for
cooling in the “sub-room-temperature” and “near room tem-
perature” regimes is essential for the future development of
magnetic refrigeration technology. Materials with first-order
magnetic transition are of particular interest since they ex-
hibit significant values of the isothermal magnetic entropy
change and the adiabatic temperature change at the magnetic
transition temperature. This is because the magnitude of
MCE critically depends on the first derivative of the magne-
tization with respect to the temperature. Compounds show-
ing field-induced magnetic transitions and/or structural tran-
sitions have been found to exhibit very large MCE, as in the
case of Gd5Si2Ge2.9–11 Giant magnetocaloric effect was also
found in LaFe11.4Si1.6,

12 MnAs,13,14 FePMnAs,15 RCo2,16,17

Heusler alloys,18 manganites,19 etc. In most of these cases,
the giant MCE is a result of a first-order ferromagnetic �FM�
to paramagnetic transition. Another material system that will
be of interest in the field of MCE is the one which shows

multiple magnetic transitions. This is because of the possi-
bility of achieving “tablelike” MCE over a considerable tem-
perature regime.

The variety of magnetic phenomena exhibited by many
rare earth �R�–transition metal �TM� intermetallic com-
pounds renders them superior candidates for applications
based on MCE. Among the R-TM intermetallics, R2Ni2Sn
compounds remain unexplored with respect to their magne-
tocaloric behavior. Many compounds of this series show
multiple magnetic transitions, which may be exploited for
obtaining “tablelike MCE.” Though basic structural, mag-
netic, and transport studies have been reported in most of
these compounds,20–27 there are no detailed investigations on
their heat capacity behavior as well. Similarly, this series has
not been subjected to a detailed magnetotransport study.
These compounds crystallize in the orthorhombic
W2CoB2-type structure. Since the Ni sublattice is almost
nonmagnetic in these compounds, the magnetic structure is
determined mainly by the RKKY interaction and the crystal-
line electric fields �CEFs�, which determine the ground state
of the R ion. The oscillatory character of the RKKY interac-
tion leads to the occurrence of commensurate or incommen-
surate magnetic structures. CEF effects may cause aniso-
tropic exchange interactions, which may also play a role in
determining the magnetic state. With the objective of estab-
lishing the correlations among the magnetic, magnetother-
mal, and magnetotransport properties of these compounds,
we have studied the magnetocaloric effect and the magne-
toresistance �MR� in polycrystalline R2Ni2Sn �R=Ce, Nd,
Sm, Gd, and Tb� compounds, and the results are presented in
this paper.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of R2Ni2Sn with R=Ce, Nd, Sm,
Gd, and Tb were synthesized by arc melting. The purity of
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the starting elements was 99.9% for the rare earths and
99.99% for Ni and Sn. The ingots were melted several times
to ensure homogeneity. The as-cast samples were annealed
under vacuum at 800 °C for 3 weeks. The phase purity was
checked by the Rietveld refinement of the powder x-ray dif-
fraction �XRD� data and energy dispersive analysis of x-ray
�EDAX� facility attached to a scanning electron microscope.
The magnetization �M� measurements, both under “zero-
field-cooled” �ZFC� and “field-cooled worming” �FCW� con-
ditions, in the temperature �T� range of 5–220 K and up to a
maximum field �H� of 100 kOe were performed by using a
vibrating sample magnetometer �Oxford�. The heat capacity
�C� and electrical resistivity ��� were measured in the tem-
perature range of 2–280 K and in fields up to 90 kOe by
using a physical property measurement system �Quantum
Design�. The magnetocaloric effect has been calculated both
in terms of isothermal magnetic entropy change and adia-
batic temperature change by using the heat capacity data in
zero field and at different fields, as well as using the M-H-T
data.

III. RESULTS AND DISCUSSION

The Rietveld refined XRD patterns of these compounds at
room temperature are shown in Fig. 1. The typical difference

plot obtained between the experimental and the calculated
intensities is given at the bottom for Tb2Ni2Sn. Similar dif-
ference plots were obtained in other compounds as well.
Based on this, it is clear that all the compounds have formed
in single phase with the W2CoB2-type orthorhombic struc-
ture �space group= Immm�. The phase purity of these com-
pounds was also analyzed with the help of EDAX method. It
was found that a 2:2:1 composition was present uniformly
over the sample surface. Therefore, XRD and EDAX analy-
ses suggest that the impurities, if any, are quite negligible.
The lattice parameters obtained from the Rietveld refinement
are given in the Table I. These values are in good agreement
with those reported in literature.21–24 The regular decrease of
the lattice volume with increasing rare earth atomic number
reflects the lanthanide contraction. It is found that dNi-Sn bond
length varies from 2.734 to 2.665 Å following the sequence
of Ce2Ni2Sn to Tb2Ni2Sn. These values, much smaller than
the sum of the metallic radii �rNi+rSn=2.869 Å�, suggest a
strong overlap between the 3d �Ni�–5p �Sn� orbitals.

The M vs T plots of these compounds, which are obtained
in an applied field of 500 Oe under ZFC and FCW modes,
are shown in Figs. 2�a�–2�e�. It is clear from the FCW data
that while Sm2Ni2Sn and Gd2Ni2Sn are ferromagnetic, the
others are antiferromagnetic at low temperatures. Further-
more, it can be seen that these compounds, except Ce2Ni2Sn,
exhibit considerable thermomagnetic irreversibility, which is
attributed to the pinning of domain walls. There may be a
contribution from the complex magnetic structure as well,
which causes the thermomagnetic irreversibility.28,29 In
Gd2Ni2Sn, the thermomagnetic irreversibility is found to be
very small, which is due to the weak magnetic anisotropy
associated with Gd3+ ion. Since the domain wall pinning
effect is quite prominent in materials with large magnetic
anisotropy, negligible thermomagnetic irreversibility seen in
Gd2Ni2Sn implies that at least in this compound, the domain
wall pinning is the dominant factor in contributing the ther-
momagnetic irreversibility.

Another observation from the M-T plots is the signature
of multiple magnetic transitions in Nd2Ni2Sn, Sm2Ni2Sn,
Nd2Ni2Sn, and Tb2Ni2Sn. It is clear from Fig. 2 that there are
two magnetic transitions in Nd2Ni2Sn �at 17 and 22 K� and
three transitions in Sm2Ni2Sn �at 15, 21, and 52 K� and
Tb2Ni2Sn �at 8, 42, and 66 K�. The magnetic transition tem-
peratures are designated as T1, T2, and T3 in decreasing or-
der. The transition temperatures represent TC or TN, depend-
ing on whether the transition is ferromagnetic-paramagnetic
or antiferromagnetic-paramagnetic in nature. The transition

FIG. 1. �Color online� Rietveld refined powder x-ray diffracto-
grams of R2Ni2Sn compounds. The plot at the bottom in the case of
Tb2Ni2Sn shows the difference between the experimental and cal-
culated intensities.

TABLE I. Lattice parameters, unit cell volume, and R-Ni and R-R bond lengths in R2Ni2Sn
compounds.

Compound a
�Å�

b
�Å�

c
�Å�

V
�Å3�

dNi-Sn

�Å�
dR-R

�Å�

Ce2Ni2Sn 4.391�2� 5.730�3� 8.586�4� 216.027 2.734 3.642

Nd2Ni2Sn 4.362�2� 5.701�3� 8.503�5� 211.439 2.715 3.607

Sm2Ni2Sn 4.321�3� 5.670�3� 8.418�4� 207.027 2.693 3.571

Gd2Ni2Sn 4.291�3� 5.632�4� 8.391�7� 202.785 2.671 3.560

Tb2Ni2Sn 4.277�3� 5.609�4� 8.323�5� 199.647 2.665 3.531
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temperatures for all the compounds, which are obtained by
plotting the first derivative �dM /dT�, are given in Table II.

To further understand the nature of magnetic transitions,
M-T data were collected at higher fields, i.e., H=2 and 5 kOe
in the case of Nd2Ni2Sn �shown in the inset of Fig. 2�b�� and
H=20, 40, and 60 kOe in the case of Tb2Ni2Sn �shown in the
inset of Fig. 2�e��. In the case of Nd2Ni2Sn, with an increase
in field, the transition at 22 K disappears, while the one at 17
K shifts toward higher temperature. Therefore, the major
transition is of ferromagnetic type with TC=17 K. In
Tb2Ni2Sn, the transitions at 8 and 42 K vanish at high fields,
while the transition at 66 K shifts to lower temperatures. This
implies that in Tb2Ni2Sn, T1=66 K actually represents TN. It

is reasonable to infer that the predominant component at low
temperatures in Tb2Ni2Sn is antiferromagnetic. The present
observations in the case of Nd2Ni2Sn are in agreement with
those reported by Chevalier et al.23 It has been reported that
Dy2Ni2Sn shows a behavior similar to that of Tb2Ni2Sn.21

Furthermore, in general, the transition temperatures obtained
in all these compounds are in very good agreement with
earlier reports.20–27

The dc magnetic susceptibility at temperatures above the
transition temperature T1 is found to obey the Curie–Weiss
law. The effective moment ��eff� and the paramagnetic Curie
temperature ��p� obtained from the fit are given in Table II. It
is evident from this table that the paramagnetic moment is

FIG. 2. �Color online� Temperature dependence of magnetization of �a� Ce2Ni2Sn, �b� Nd2Ni2Sn, �c� Sm2Ni2Sn, �d� Gd2Ni2Sn, and �e�
Tb2Ni2Sn obtained under 500 Oe, both under ZFC and FCW modes. The insets of �b� and �e� show the temperature dependence of
magnetization at higher fields. The inset of �c� shows the expanded low temperature region.
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slightly larger than the free ion moment of R3+ in most of the
cases, which may be due to the small moments on Ni.
Though it has been reported that Ni is almost nonmagnetic in
these compounds, it may get an induced moment. It has been
reported that in many compounds, Ni sublattice is found to
get a small induced moment due to the strong molecular field
of the rare earths. A similar observation has been reported in
many Ni-based intermetallics.28,29 Another important obser-
vation from the Curie–Weiss fit is that except Tb2Ni2Sn, in
all the compounds, the sign of �p is positive. In compounds
such as Ce2Ni2Sn and Nd2Ni2Sn, positive �p is not expected
in view of the M-T data. These observations point to the fact
that the magnetic structure of these compounds is not simple
collinear type, but a more complex one. The complex nature
arises due to the competing ferromagnetic and antiferromag-
netic exchange interactions.28,29 Like the transition tempera-
tures, the values of �eff and �p obtained in the present case
are also in agreement with the earlier reports.21,22,27

Figures 3�a�–3�e� show the field dependence of magneti-
zation isotherms obtained at 5 K. The insets in the case Figs.
3�b�–3�e� show the isotherms at temperatures close to the
magnetic transition temperatures. It can be seen from the
figure that at 5 K, none of the compounds shows the com-
plete saturation even at the highest field. Though all the com-
pounds of this series crystallize in the same structure, their
nonsaturation tendency is quite different. The nonsaturation
in Ce2Ni2Sn is expected since its ordering temperature is
only 8 K. The saturation trend is better in the case of Gd and
Tb compounds compared to that of Nd2Ni2Sn. The scenario
in Sm2Ni2Sn is far away from saturation. The saturation
magnetization �Ms� values �per single rare earth ion� for Nd,
Gd, and Tb compounds have been determined by plotting M
vs 1 /H plots and are listed in Table II. The Ms values of
Nd2Ni2Sn, Gd2Ni2Sn, and Tb2Ni2Sn are found to be 2.2, 6.9,
and 8.2�B, respectively. By comparing these values with the
theoretical saturation moments �gJ� given in Table II, it is
clear that Nd and Tb compounds are well below their satu-
ration. The low saturation values seen in the present com-
pounds may be attributed to the presence of a canted mag-
netic structure at low temperatures and/or the influence of the
crystalline electric fields. However, since Gd compound is
almost fully saturated, the role of crystal fields in the nonsat-
uration seems to be very nominal. It can be seen from these
figures that apart from the nonsaturation tendency, metamag-
netic transitions are present in Gd and Tb compounds. The
critical fields needed for the metamagnetic transition in Gd

and Tb compounds are �40 and 65 kOe, respectively. It is
surprising to note that Gd2Ni2Sn, whose M-T behavior was
of ferromagnetic nature, also shows a metamagnetic transi-
tion. Therefore, it is clear that the magnetic state of this
compound is not a simple collinear ferromagnetic type at low
temperatures. The metamagnetic transition seen in these
compounds may be attributed to the field-induced transition
from antiferromagnetic or canted ferromagnetic state to a
nearly collinear ferromagnetic state. By using neutron dif-
fraction data, Penc et al.21 showed that both Nd2Ni2Sn and
Dy2Ni2Sn possess noncollinear magnetic structures at low
temperatures. It may be mentioned here that such a field-
induced transition from an antiferromagnetic to ferromag-
netic state was reported in many materials.30

The M-H isotherms have been obtained at higher tem-
peratures for all the compounds, except Ce2Ni2Sn. It can be
seen from the inset of Fig. 3�b� that the isotherms of
Nd2Ni2Sn, which are obtained in the temperature range of
10–40 K, do not show any metamagnetic transition.
Sm2Ni2Sn shows a metamagnetic transition at 7 K, as evi-
dent from the inset of Fig. 3�c�. At low fields, the magneti-
zation increases with increase in temperature, whereas the
trend reverses at high fields. A similar behavior is observed
in Tb2Ni2Sn as well. Metamagnetic transition is also ob-
served in Gd2Ni2Sn. Therefore, it is clear that the strength of
the antiferromagnetic component is very small in Nd2Ni2Sn,
while the magnetic state is predominantly antiferromagnetic
below a certain field in the case of Gd and Tb compounds.

In order to further probe the nature of the magnetic state
in these compounds, the heat capacity measurements were
performed, both under zero field and in various fields. Figure
4 shows the temperature variation of heat capacity of
R2Ni2Sn compounds in zero field. All of the compounds
show �-type anomaly at a temperature designated as T�,
which is close to the transition temperature T1 in most of the
cases. In the case of Nd2Ni2Sn, T� is found to coincide with
T2. The nature of the peak implies that the magnetic transi-
tion at these temperatures is of second order. With increasing
magnetic field, the peak becomes broader and shifts to higher
temperatures in Nd2Ni2Sn and to lower temperatures in
Tb2Ni2Sn. Finally, the peak disappears when the field is in-
creased to 90 kOe, in both these cases, as shown in Figs. 5�a�
and 5�b� for Nd2Ni2Sn and Tb2Ni2Sn. These variations sug-
gest that the magnetic transition in Nd2Ni2Sn at T2�=17 K�

TABLE II. Magnetic transition temperatures, paramagnetic Curie temperature, experimental and theoretical saturation moments, calcu-
lated and theoretical effective moments, and temperature corresponding to the heat capacity peak �T�� in R2Ni2Sn compounds.

Compound T1

�K�
T2

�K�
T3

�K�
�P

�K�
Ms

��B /R3+�
5 K

gJ
��B /R3+�

�eff

��B /R3+�
g�J�J+1�
��B /R3+�

T�

�K�

Ce2Ni2Sn 8 10 0.8 2.5 2.5

Nd2Ni2Sn 22 17 20 2.2 3.3 3.7 3.6 19

Sm2Ni2Sn 52 21 15 19 0.7 0.8 50

Gd2Ni2Sn 75 57 6.9 7 8.3 7.9 72

Tb2Ni2Sn 66 42 8 �39 8.2 9 10.9 9.7 61
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is from ferromagnetic-paramagnetic, while that in Tb2Ni2Sn
at T1�=66� is from antiferromagnetic-paramagnetic, with an
increase in temperature.28,29 Heat capacity studies, therefore,
support the observation made on the basis of the magnetiza-
tion data.

The magnetic contribution to the heat capacity �CM� of
R2Ni2Sn �R=Ce, Nd, Sm, Gd, and Tb� has been determined
from the heat capacity data. CM was determined from the
zero-field C-T by subtracting the nonmagnetic contribution
from it. The nonmagnetic part of the heat capacity
�Cnonmagnetic�, which is the sum of the phonon �Cph� and the
electronic �Ce� contributions, was determined by using the
following equation:31

Cnonmagnetic = Ce + Cph

= �T + 9NR�T/�D�3�
0

�D/T x4ex

�ex − 1�2dx . �1�

Here, N is the number of atoms per f.u. �N=5 in this case�, R
is the molar gas constant, � is the electronic coefficient, and
�D is the Debye temperature. From the fit at a low tempera-
ture using the equation,31 namely, C /T=�+�T2, the values
of the � and �D=�312	4R /5���31944 /��J /mol K� have
been found out and are also given in Table III. It is found that
the � value for Gd2Ni2Sn is much larger compared to that in
the other compounds of the series. However, this cannot be

FIG. 3. �Color online� M-H isotherms of �a� Ce2Ni2Sn, �b� Nd2Ni2Sn, �c� Sm2Ni2Sn, �d� Gd2Ni2Sn, and �e� Tb2Ni2Sn at 5 K. The insets
show the isotherms at higher temperatures.
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called a heavy fermion system due to the fact that the 4f
shell of Gd is well localized. Similar unusually large values
of � have been reported in a few other Gd-based intermetal-
lic compounds.32–34 The reason for the enhancement of �
must be the short range correlations arising from the polar-
ization of the Ni 3d band. The fact that the molecular field
that is responsible for the polarization of the 3d band is large
in Gd is responsible for the observation of the highest value
of � in the present series.

Figures 6�a�–6�d� show the temperature variation of the
heat capacity of R2Ni2Sn compounds with R=Ce, Nd, Sm,

Gd, and Tb, respectively. The calculated nonmagnetic contri-
bution is also shown. The insets show the temperature varia-
tion of the magnetic contribution �CM� and the magnetic en-
tropy �SM� of these compounds. The values of CM and SM at
T� are given in Table III.

The value of CM at T� is about 16, 9, 14, and 27 J /mol K
for Nd2Ni2Sn, Sm2Ni2Sn, Gd2Ni2Sn, and Tb2Ni2Sn, respec-
tively. The magnetic entropy is calculated by using the rela-
tion SM�T�=	�CM�T� /T�dT. From the insets of these figures,
it is found that SM at the highest temperature is less than the
theoretical value �R ln�2J+1�� in all the cases, except
Tb2Ni2Sn. Even in Gd2Ni2Sn, the difference between these
two values is considerable, which implies that crystal field
effect is not responsible for this behavior. We feel that the
short range correlations of the induced moment on Ni are
responsible for the entropy contribution at temperatures
above T1. The large difference seen in the case of Sm2Ni2Sn
may be due to the admixture effect of the ground and excited
multiplets.30

Among all the compounds studied, the magnetic contribu-
tion of the heat capacity of Sm2Ni2Sn shows a Schottky
anomaly, as can be seen from Fig. 7. The Schottky contribu-
tion was fitted by using the following standard expression:31

CM =
R

T2
�i=1

3
�i

2 exp�−
�i

T



�i=1

3
exp�−

�i

T

 − ��i=1

3
�i exp�−

�i

T
�

�i=1

3
exp�−

�i

T
� �

2

� .

The corresponding CEF-split ground multiplet is also shown
in Fig. 7. Each of these levels is a doublet, as expected for a
Kramer ion such as Sm3+ �J=5 /2�.

The magnetocaloric effect of these compounds was deter-
mined in terms of isothermal magnetic entropy change as
well as adiabatic temperature change by using Maxwell’s
equations.35 The �SM vs T plots of all these compounds, for
field changes of 10–90 kOe, have been determined at various
temperatures close to the transition temperatures. Figures
8�a�–8�d� show the temperature variation of the magnetic
entropy change for Nd2Ni2Sn, Sm2Ni2Sn, Gd2Ni2Sn, and
Tb2Ni2Sn, respectively.

It can be seen from these figures that �SM vs T plots of all
the compounds show a peak near T1. However, no distinct
peak associated with the transition at T2 could be seen in
these compounds, except in Tb2Ni2Sn. The fact that the mag-
netic moment of Sm2Ni2Sn is quite small compared to the
other members of this series is responsible for the very low
MCE values in this compound. Another feature worth noting
from these plots is that the �SM of these compounds does not
die out even at temperatures well above the highest transition
temperature. This trend is very pronounced in the case of
Gd2Ni2Sn and can be attributed to the presence of short
range magnetic correlations mentioned earlier. It can be seen
from these figures that the �SM

max values, for �H=50 kOe, of
Nd2Ni2Sn, Sm2Ni2Sn, Gd2Ni2Sn, and Tb2Ni2Sn compounds
are �7.2, 0.12, 4.6, and 2.8 J /kg K.

In contrast to the usual observation of a single MCE peak,
in Tb2Ni2Sn and to a less extent in Gd2Ni2Sn, the tempera-
ture dependence of MCE is quite different. The entropy

FIG. 4. Temperature variation of heat capacity of R2Ni2Sn com-
pounds in zero field.

FIG. 5. �Color online� Temperature variation of heat capacity of
�a� Nd2Ni2Sn and �b� Tb2Ni2Sn in different fields.
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change is positive �negative MCE� below �60 K and it
changes its sign and becomes negative �positive MCE� at
higher temperatures, giving rise to a distinguishable mini-
mum �at Tmin� and a maximum �at Tmax� for all fields above
20 kOe. It is to be noted that while the temperatures corre-
sponding to the minimum and zero entropy change shift to
lower temperatures with field, the position of the maximum
is almost insensitive to the field. This type of behavior can be
analyzed in terms of the FM-AFM phase coexistence and the
variation in the ratio of these phases under different applied
fields. Table IV shows the maximum and minimum values of
�−�SM� with the corresponding temperatures and fields for
Tb2Ni2Sn.

As evident from Fig. 8, at the lowest temperature, MCE is
negligibly small and almost independent of the field. In the
temperature range of T2–T3, the MCE is negative. This ob-
servation clearly indicates that the compound is predomi-
nantly antiferromagnetic in this region of temperature. When
temperature is just above TN�=T1�, the MCE is positive and
monotonically increases with field.

Figure 9 shows the ferromagnetic fraction as a function of
temperature for several values of H. The ferromagnetic frac-
tion has been calculated by subtracting the magnetization
arising from the antiferromagnetic component �linear part of
the magnetization isotherms� from the saturated magnetiza-
tion values. The fraction of coexisting phases �AFM+FM�

TABLE III. Values of Debye temperature ��D�, coefficient of electronic specific heat ���, maximum
values of magnetic heat capacity �CM�, and magnetic entropy �SM� close to the transition temperature in
R2Ni2Sn compounds.

Compound �D

�K�
�

�mJ /mol K2�
CM�T��

�J /mol K� /R3+

Expt.

SM�T��
�J /mol K� /R3+

Expt.

R ln�2J+1�
�J /mol K�

Nd2Ni2Sn 211 17 16 16 19.1

Sm2Ni2Sn 193 39 9 6 14.9

Gd2Ni2Sn 191 112 14 12 17.3

Tb2Ni2Sn 240 20 27 21 21.3

FIG. 6. Temperature variation of the heat capacity data �open circles� in �a� Nd2Ni2Sn, �b�Sm2Ni2Sn, �c� Gd2Ni2Sn, and �d� Tb2Ni2Sn.
The calculated nonmagnetic contribution is shown by solid lines. The insets show the temperature dependence of the magnetic contribution
�CM� and zero-field magnetic entropy �SM�.
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can be controlled by H. In the H�20 kOe case, the percent-
age of the AFM phase is considerable because this field is
not sufficiently large to reach the onset of the metamagnetic
transition. For higher fields, the FM fraction initially in-
creases and then decreases near transition temperature. The
insets of Figs. 9�a� and 9�b� show the temperature variation
of first derivative of the ferromagnetic component �dMsat /dt�
as well as the isothermal magnetic entropy change calculated
for 30 and 40 kOe for Gd2Ni2Sn and Tb2Ni2Sn, respectively.

It is quite evident that these two variations are correlated.
Furthermore, comparison of Figs. 8 and 9 shows that the
MCE minima and maxima correspond to the points of inflec-
tion of the increasing and decreasing parts of the curve show-
ing the ferromagnetic fraction, respectively. This feature is in
agreement with the prediction of Tishin and Spichkin.35 The
increasing part of these curves reflects the dominance of the
Zeeman energy over the thermal energy, while the decreasing
portion of this curve shows the reversed scenario. Further
increasing tendency seen in the ferromagnetic fraction at
high temperatures is due to the paramagnetic contribution as
this temperature range is above TN�=T1�.

Results obtained on the magnetic and magnetocaloric ef-
fects, particularly in Tb2Ni2Sn, show some striking similari-
ties with those seen in �Pr,Ca�MnO3 manganite system re-
cently reported by Gomes et al.36 Both these systems show
the coexistence of antiferromagnetic and ferromagnetic com-
ponents in the low temperature range. As a consequence, in
both these systems, the sign of MCE changes from negative

FIG. 7. �Color online� Temperature dependence of the magnetic
part of the heat capacity showing the Schottky anomaly �shown in
red� in Sm2Ni2Sn. The solid line represents the best fit of experi-
mental data. The calculated splitting of the ground state multiplet by
the crystal field is also shown.

FIG. 8. Temperature variation
of the isothermal magnetic en-
tropy change in �a� Nd2Ni2Sn, �b�
Sm2Ni2Sn, �c� Gd2Ni2Sn, and �d�
Tb2Ni2Sn for various field
changes.

TABLE IV. Maximum and minimum values of �−�SM� along
with the corresponding temperatures �Tmax and Tmin� and fields for
Tb2Ni2Sn.

H
�kOe�

Tmax

�K�
−�SM

max

�J /kg K�
Tmin

�K�
−�SM

min

�J /kg K�

20 68.9 0.9 57.5 −1.1

50 68.7 2.2 52.2 −5.0

70 67.6 4.5 39.5 −6.4

90 67.3 7.2 37.2 −6.0
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to positive as the temperature is increased. Furthermore, the
temperature variation of magnetic entropy change is closely
related to the change in the ferromagnetic fraction. It has
been suggested that the anomalous MCE behavior in
�Pr,Ca�MnO3 is due to the presence of successive ferromag-
netic and antiferromagnetic slabs in the unit cell. von Ranke
et al.37 showed that the MCE in DyAl2 single crystals show
a similar negative to positive change over behavior, which
was attributed to the metamagnetic transition. Very recently,
a similar MCE behavior has been reported in Ce�Fe,Ru�2
compounds, which is explained on the basis of the coexisting
FM and AFM phases.38 Based on the magnetic and neutron
diffraction studies in Dy2Ni2Sn, which is isostructural to
Gd2Ni2Sn and Tb2Ni2Sn, Penc et al.21 showed that the low
temperature magnetic structure of this compound is noncol-
linear with large AFM and small FM components. The FM
component is along the a axis, while the AFM component is
in the ac plane. These studies have also shown that Ni is
nonmagnetic in this compound. The magnetic transitions

seen in these compounds arise due to the anisotropic ex-
change interactions. The anisotropy arises from the consid-
erably different intraplanar and interplanar R-R bond lengths.
Therefore, it is probable that the R sublattice in Tb2Ni2Sn
resembles that of �Pr,Ca�MnO3 with different types of mag-
netic order within and between the layers in the unit cell. The
fact that strong antiferromagnetic component exists only in
Tb2Ni2Sn, as revealed by a negative �P value, is in agree-
ment with the peculiar MCE behavior seen predominantly
only in this compound.

The temperature variation of the adiabatic temperature
change has also been calculated for Nd2Ni2Sn, Sm2Ni2Sn,
Gd2Ni2Sn, and Tb2Ni2Sn. In all the compounds, �Tad was
determined by using the C-H-T data. The �Tad vs T plots of
all the compounds are shown in Figs. 10�a�–10�d�. It can be
seen from these figures that the temperature variation of �Tad
is almost identical to that of �SM. Table V shows the transi-
tion temperature �T1�, isothermal magnetic entropy change,
and the adiabatic temperature change for a field change of 50
kOe in R2Ni2Sn compounds. The �Tad

max value of GdPd,
which is an active magnetic regenerator material used at the
low temperature stage of practical magnetic refrigerators for
liquefaction of hydrogen, is 8.7 K for a field change of 70
kOe.39 Therefore, a comparison of the �Tad

max values of some
of the members of the present series with that of the potential
refrigerant materials indicates that these materials may find
applications as magnetic refrigerants at low temperatures.
Another interesting aspect particularly seen in Tb2Ni2Sn is
the oscillatory magnetocaloric behavior. The large negative
MCE shown by this compound makes this an attractive can-
didate for heat pumps based on MCE.

In the light of the interesting magnetocaloric behavior
seen in R2Ni2Sn compounds, the electrical resistivity mea-
surements of these compounds both in zero field and in ap-
plied fields have been carried out. Using this, the MR was
calculated. MR could not be measured in Gd2Ni2Sn and
Tb2Ni2Sn, as the sample was flying off the puck when the
field was turned on. The temperature dependence of electri-
cal resistivity for all the compounds is shown in Fig. 11. All
the compounds show a metallic behavior. It may also be
noticed from the figure that there is a change in the slope of
the resistivity near the magnetic transition temperature �T1�
in most of the compounds. However, no anomaly corre-
sponding to the low temperature �T2 and T3� could be seen in
any of the compounds. In the case of Ce2Ni2Sn, the slope
change occurs at a temperature well above T1. Though the
electrical resistivity of Ce2Ni2Sn has been investigated in

TABLE V. Transition temperature, maximum values of isother-
mal magnetic entropy change, and the adiabatic temperature change
for a field change of 50 kOe in R2Ni2Sn compounds.

Compound T1

�K�
��SM�max

�J /kg K�
�Tad

max

�K�

Nd2Ni2Sn 22 7.2 2.5

Sm2Ni2Sn 50 0.1 0.1

Gd2Ni2Sn 75 4.6 1.4

Tb2Ni2Sn 66 2.9 2.8

FIG. 9. Ferromagnetic fraction as a function of temperature for
different applied fields in �a� Tb2Ni2Sn and �b� Gd2Ni2Sn com-
pounds. The insets show the comparison between −�SM and the
first derivative of the ferromagnetic component for a field of 30 kOe
in Gd2Ni2Sn and 40 kOe in Tb2Ni2Sn.
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some detail,27,40,41 there seems to be no agreement among
these reports. It has been reported that this compound shows
Kondo effect at low temperature. The results obtained in the
present work are found to be very similar to the observations
reported by Fourgeot et al.,40 although in the present case,
the drop in the resistivity starts at higher temperatures, on
cooling. It should be emphasized here that the magnetic tran-
sition temperature reported by these authors are in very good
agreement with the present data.

In all the cases except Ce2Ni2Sn, the resistivity is found to
follow �=�0+AT2 behavior at low temperatures and �=�0
+BT−CT3 behavior at temperatures above T1. Here, �0 is the

residual resistivity and A, B, and C are temperature indepen-
dent constants.42–44 Values of A �in the range of �1–10�

10−5 m� cm /K2� suggest that the electron spin-wave
scattering is the dominant factor in determining the electrical
resistivity in the temperature range. The fact that the data at
high temperatures fit well to the relation �=�0+BT−CT3 in-
dicates that the phonon contribution and the s-d scattering
are crucial in this temperature regime.

The magnetoresistance defined as �� /��%�= ���H�
−��0�� /��0�
100 for Ce2Ni2Sn and Nd2Ni2Sn compounds
has been studied in various temperature regions, as shown in
Fig. 12. It can be seen from this figure that the MR for

FIG. 10. Temperature depen-
dence of adiabatic temperature
change of �a� Nd2Ni2Sn, �b�
Sm2Ni2Sn, �c� Gd2Ni2Sn, and �d�
Tb2Ni2Sn in different fields.

FIG. 11. Temperature dependence of electri-
cal resistivity of �a� Ce2Ni2Sn, �b� Nd2Ni2Sn, �c�
Sm2Ni2Sn, �d� Gd2Ni2Sn, and �e� Tb2Ni2Sn com-
pounds. The arrow indicates the transition tem-
perature seen from these plots.
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Ce2Ni2Sn and Nd2Ni2Sn is negative in the entire temperature
range. It may be seen from Fig. 12�a� that the MR at transi-
tion temperature �T1� and for a field change of 90 kOe is
negative with a magnitude of about 32%. Chevalier et al.41

reported about 20% negative MR at 6 K for a field of 90
kOe, which is in very good agreement with the present data.
These authors also reported that below 5 K, the sign of MR
becomes positive. However, in the present case, although the
magnitude of MR decreases below 4 K, it retains the nega-
tive sign down to the lowest temperature. The unusually
large MR in this compound may be attributed to the Kondo
effect.45 It is also reasonable to assume that the Kondo effect
is the major factor in determining the sign of the MR. Simi-
lar MR behavior was reported in other Kondo systems such

as CeNi1−xCux.
46 The inset of Fig. 12�a� shows the field

variation of magnetoresistance. The quadratic dependence of
MR on the field, as seen from the figure, is indicative of the
presence of spin fluctuations.47 Based on the magnetization
data, Fourgeot et al.24 reported that Ce2Ni2Sn shows charac-
teristics of heavy fermion systems. They also suggested that
the broad peak in the M-T data around 8 K is a result of the
spin fluctuations arising from the Kondo effect. In the case of
Nd2Ni2Sn, the MR turns negative below T1 even for a small
field of 10 kOe. It can be seen from Fig. 12�b� that the MR
starts increasing at temperatures close to T1, attaining a
maximum value of 7% as the temperature is reduced. The
trend reverses at temperatures close to T2, at which the MR
starts decreasing and finally attains the maximum value of
about 8% at the lowest temperature. The negative MR in this
compound must be associated with the weak antiferromag-
netic component present at low temperatures.22

IV. CONCLUSIONS

Magnetization measurements carried out in various
R2Ni2Sn compounds have revealed that the magnetic state of
these compounds are complex. Simultaneous existence of
ferromagnetic and antiferromagnetic orders is found in most
of the compounds, although in varying degrees. These com-
peting interactions are found to result in multiple magnetic
transitions. The magnetization is not found to saturate even
at a field of 100 kOe, probably due to the canted structure.
Although the high temperature susceptibility obeys the
Curie–Weiss law, the sign of the paramagnetic Curie tem-
perature seems to be in conflict with the M-T behavior, ex-
cept in Tb2Ni2Sn. Analysis of the zero-field heat capacity
data shows that the magnetic entropy is less than the theo-
retical value, indicating the presence of some moment on Ni.
Schottky anomaly is present in the magnetic heat capacity
data of Sm2Ni2Sn. The temperature variation of magnetoca-
loric effect reflects the temperature variation of the magneti-
zation behavior. Tb2Ni2Sn shows oscillatory magnetocaloric
effect, which may be of great interest in applications based
on MCE. The MCE variation in this compound has been
correlated with the ferromagnetic-antiferromagnetic phase
coexistence. The electrical resistivity analysis has shown that
the electron-magnon scattering is prominent at low tempera-
ture, while s-d scattering is crucial at high temperatures. The
magnetoresistance is very large in Ce2Ni2Sn and shows a
quadratic dependence on the field, implying the role of spin
fluctuations in determining the electrical resistivity and MR.
Large MR has been observed in other compounds of this
series as well.
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FIG. 12. Temperature dependence of magnetoresistance of �a�
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shows the variation of magnetoresistance with field at 8 K.
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