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Evolution of ferromagnetism in Y1−xPrxInNi4 and
its magneto caloric effect
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Abstract

PrInNi4 has a nonmagnetic ground state and exhibits a field-induced nonmagnetic–ferromagnetic transition by a small field of∼0.6 T at low
temperature. To clarify the origin of this novel transition, we have prepared the Y-substituted samples, Y1−xPrxInNi4 and have studied their
electrical resistivity and magnetization. Resistivity suggests that the crystal-field splitting scheme is almost unchanged by dilution from that of
PrInNi4. Magnetic susceptibilityχ(T ) of the dilute sample well agrees with the calculation based on the crystal field splitting of PrInNi4. It is
found thatχ(T ) of PrInNi4 is significantly enhanced at low temperatures from that of the dilute system, suggesting that intersite ferromagnetic-
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orrelation develops at low temperatures. We also have investigated the magneto caloric effect in PrInNi4. By adiabatic demagnetization fro
T, temperature decrease from 1.4 K to 0.7 K is observed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Pr-based compounds are recently extensively studied due
o their novel properties. For instance, PrInAg2 is reported
o show heavy-fermion-like behavior with a large electronic
pecific-heat coefficient,γ = 6 J/mol K2 [1]. PrOs4Sb12 ex-
ibits superconductivity belowTc = 1.8 K [2], and this su-
erconductivity is considered to be a non-BCS type one[3].
hese phenomena cannot be explained by the conventional
ondo-lattice picture[4], because these Pr-based compounds
re considered to have a nonmagnetic crystal-field ground
tate[1,2]. It is hence of particular importance to study new
r-based compounds.
Recently, we have studied magnetic and electrical

roperties of the ternary system PrInNi4 [5]. This compound
as previously been reported to exist as a member ofRInNi4
eries (R = Ce–Lu) with the cubic MgSnCu4 structure[6].
e have found that PrInNi4 has a nonmagnetic ground state
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due to the crystal electric field (CEF) effect, and have
covered a novel field-induced transition from nonmagn
to ferromagnetic state by a small magnetic field of 0
[5].

In this paper, we present our results on the diluted sy
Y1−xPrxInNi4. This diluted system is expected to shed l
on the origin of the novel transition in PrInNi4. In addition,
we present a magneto caloric effect in PrInNi4. Using the
metamagnetic transition, PrInNi4 can be served as a magn
cooling material that works under a small magnetic field

In the next section, we describe the experimental
cedures. In Section3, physical properties of PrInNi4 are
briefly summarized. In Section4, experimental results fo
Y1−xPrxInNi4 are presented. Magneto cooling effect
PrInNi4 is shown in Section5. Finally, concluding remark
are given in Section6.

2. Experimental

Polycrystalline samples of PrInNi4 and Y1−xPrxInNi4
(x = 0, 0.1, 0.2) have been prepared by melting pure elem
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Fig. 1. Powder X-ray diffraction pattern of PrInNi4. The upper and the lower patterns are those for as-melted and annealed samples, respectively.

in Ar arc-furnace and subsequent annealing in evacuated sil-
ica tubes at 850◦C for several days. Samples were analyzed
by using X-ray diffraction (XRD) and an energy dispersive
X-ray spectrometer (EDS) equipped in a scanning electron
microscope (SEM). The as-melted sample of PrInNi4 was
found to consist of several phases. After the annealing proce-
dure, single phased PrInNi4 with the cubic MgSnCu4 struc-
ture is formed. InFig. 1, powder XRD patterns of as-melted
and annealed PrInNi4 samples are shown. The XRD pattern
of the annealed sample is consistent with that of the cubic
MgSnCu4 structure, whereas that of the as-melted one is of
multi-phases. Then, annealed samples were used for all the
physical property measurements.

Magnetic susceptibility and magnetization measurements
were performed using a superconducting quantum interfer-
ence device magnetometer. Electrical resistivity was mea-
sured by a four-probe method. Magneto caloric effect was
evaluated by measuring the temperature of the sample by a
Cernox resistance thermometer attached on the sample.

3. Field-induced ferromagnetic transition in PrInNi4

In Fig. 2, temperature dependence of the magnetization
divided by field,M/H , of PrInNi4 is shown. ForH = 0.1 T,
M/H shows no evidence of magnetic transition, consistent
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Fig. 2. Temperature dependence of the magnetization divided by field of
PrInNi4. Data measured atH = 0.1, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 T are
shown. Inset shows the field variation of the transition temperatureTc.

These ferromagnetic transition may be compared with that
of so-called ‘induced-ferromagnets’, which have a nonmag-
netic ground state but have ferromagnetic transition due to
a mixing with magnetic excited-states. Such examples are
Pr3Tl [8], PrPtAl [9], Pr3Se4 [10], etc. and their ferromag-
netic moments are less than 1µB. On the other hand, PrInNi4
has a large moment of∼ 2µB [5], almost the saturation value
of the first excited level[7]. We, therefore, conclude that the
crystal field scheme drastically changes at this transition.

4. Properties of Y1−xPrxInNi4

In order to study the mechanism of the novel transition in
PrInNi4, dilute system Y1−xPrxInNi4 has been investigated.
Dilution with LaInNi4 would be ideal if available. However,
preparation of LaInNi4 was found to be unsuccessful.

In Fig. 3, electrical resistivityρ(T ) of Y1−xPrxInNi4 is
shown.ρ(T ) of PrInNi4 shows a downturn below 20 K. The
downturn is explained as due to the decrease of magnetic
scattering since the lowest CEF level is nonmagnetic. This is
ith the nonmagnetic crystal-electric-field (CEF) level.
he other hand,M/H aboveH = 0.5 T shows a jump at low
emperatures. ForH = 0.5 T, this jump is seen atTc = 1.8 K,
nd shifts to higher temperatures with the increase of ap
eld. BelowTc, it is found that the magnetization reache
1.5µB. These results indicate that ferromagnetic trans

s induced by fields above 0.5 T.
In the inset ofFig. 2, the value ofTc is plotted agains

he applied field. It is found thatTc linearly decreases wi
he decrease of applied fields, and the extrapolation pre
hat the ferromagnetic transition occurs even forH = 0 T
tT = 0.7 K. This has been actually demonstrated by re
agnetization measurements[7]. Interestingly, the transitio
as been found to be first-order.
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Fig. 3. Temperature dependence of the electrical resistivityρ(T ) of
Y1−xPrxInNi4. Inset shows magnetic contribution of resistivityρmag(T ) nor-
malized by the Pr-concentrationx.

consistent with the CEF splitting of about 20 K observed by
specific heat and neutron scattering[7]. Notably, similar be-
havior is seen for the dilute systems,x = 0.1 and 0.2, though
the extent of downturn is not so pronounced. This feature
is more clearly seen in the inset ofFig. 3, where the mag-
netic contribution of resistivity,ρmagis plotted. Here,ρmagis
derived from (ρobserved− ρYInNi4)/x. The similarity ofρmag
demonstrates that the CEF level schemes of the dilute sys-
tems are almost the same as that of PrInNi4. The absolute
value ofρmag of PrInNi4 is smaller than those ofx = 0.1
and 0.2. This would be due to the difference in the phonon
contribution between YInNi4 and PrInNi4.

In Fig. 4, magnetic susceptibilityχ(T ) of Y1−xPrxInNi4
is shown.χ(T ) of PrInNi4 shows a saturation behavior at low
temperatures due to the nonmagnetic CEF level. This satura-
tion is also seen inχ(T ) of x = 0.1 and 0.2. This is consistent

F
Y xt
f

with the conclusion mentioned above; i.e., the same crystal
field scheme as that of PrInNi4. The solid line is a calcu-
lation using the CEF scheme of PrInNi4 obtained from the
specific heat and neutron scattering experiments[7]. At high
temperatures (>100 K), all theχ(T ) curves (x = 1.0, 0.2, and
0.1) agree well with the CEF calculation. Here, note that the
χ(T ) are normalized by the Pr-concentrationx. The coinci-
dence ofχ(T ) curves atT > 100 K indicates that the magnetic
moments of Pr ions are dominated by the single-site CEF ef-
fect, and the intersite correlations are not so important above
100 K.

Below about 30 K, it is clearly seen thatχ(T ) of x = 1.0
enhances remarkably compared to those ofx = 0.1 and 0.2.
This deviation indicates that ferromagnetic interaction starts
to develop between the Pr ions forx = 1.0 below about 30 K.
It should be noted that the magnetic interaction is considered
to be antiferromagnetic at high temperatures (T > 100 K), as
was suggested by the negative Curie–Weiss temperatureθ =
−11.4 K [5]. Although this contradiction seems to be difficult
to explain, it may be useful to point that the enhancement
of χ(T ) of PrInNi4 is most prominent below 30 K, which is
the same order of the CEF splitting between the lowest and
the first excited levels. Furthermore, the neutron scattering
experiments have revealed that the lowest CEF level isΓ3,
which is nonmagnetic but has a quadrupolar moment. It is,
therefore, suggested that intersite quadrupolar correlation can
be responsible for the evolution of ferromagnetic interactions.

In contrast to the data ofx = 1.0, such ferromagnetic en-
hancement is not observed in theχ(T ) curves ofx = 0.1 and
0.2, which appear to be rather consistent with the CEF calcu-
lation. Although the observedχ(T ) is smaller than the CEF
calculation especially below 30 K, this deviation can be at-
tributed to the quantitative difference in the CEF parameter:
CEF splitting inx = 0.1 and 0.2 would be somewhat larger
than that in PrInNi4 due to the smaller lattice parameters in
the former than the latter. This causes the decrease in the
Van–Vleck contribution toχ(T ), which decreases with the
increase of the splitting energy between the CEF levels.

Fig. 5. Field dependence of the magnetization of Y1−xPrxInNi4 measured
atT = 2 K.
ig. 4. Temperature dependence of the magnetic susceptibilityχ(T ) of

1−xPrxInNi4 measured atH = 0.1 T. Solid line is a calculation. See te
or details.
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In Fig. 5, field dependence of the magnetizationM(H) of
Y1−xPrxInNi4 is shown.M(H) for x = 0.1 and 0.2 does not
show a metamagnetic transition up to 5 T. Previous CEF cal-
culation has predicted an S-shapedM(H) curve for fields
applied parallel to the (1 0 0) axis[11]. The predicted S-
shapedM(H) is due to the CEF level crossing. As the con-
sequence of a cooperative effect of the S-shapedM(H) and
the intersite ferromagnetic interaction, the field-induced fer-
romagnetic transition of PrInNi4 was explained phenomeno-
logically [11]. Such S-shapedM(H) curve should also be
observed for the dilute systems, since the level crossing is
intrinsically a single-site phenomenon. However, this has not
been observed in the present study. This may be due to the
powder averaged data, because such behavior is predicted
only for the (1 0 0) direction. To observe such field depen-
dence ofM, single crystalline Y1−xPrxInNi4 samples should
be needed.

In addition, it would be also interesting to measure the
physical properties of Y1−xPrxInNi4 down to much lower
temperatures. Since the systems of dilute limit (x ∼ 0)
would not exhibit any magnetic or quadrupolar ordering, the
quadrupolar degree of freedom of theΓ3 ground state persists
to the lowest temperatures. In such cases, the quadrupolar–
Kondo effect can be observed, that has been proposed for the
anomalous properties of U-based compounds[12], but has
not been experimentally established. For Pr-based systems,
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Fig. 6. Magneto cooling effect in PrInNi4.

∼0.6 T, which is easily obtained by a conventional perma-
nent magnet or a resistive electromagnet. Hence, PrInNi4 is
promising as a magneto cooling material that can generate
low temperatures below 1 K without superconducting mag-
nets nor3He-refrigerators.

It is also notable that the entropy ofΓ3 stateR ln 2 (R is the
gas constant) is responsible for this magneto cooling effect.
This may be the first example in which the quadrupolar degree
of freedom is used for application.

6. Conclusion

The magnetic susceptibility and magnetization of
Y1−xPrxInNi4 have revealed that these properties are en-
hanced for peculiarlyx = 1.0 at low temperatures. This
enhancement should be responsible for causing the field-
induced ferromagnetism. At high temperatures, interestingly,
magnetic interaction between Pr ions is antiferromagnetic,
but below 30 K such ferromagnetic interaction seems to be
dominant and susceptibility starts to be enhanced. These re-
sults imply that the quadrupolar interaction of the lowestΓ3
state plays an important role for the evolution of ferromag-
netic enhancement in PrInNi4.

Magneto cooling effect is also observed in PrInNi4. This
e -
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he dilute system (Pr,La)Pb3 has been studied as a candid
or the quadrupolar–Kondo system[13]. However, other ex
mples are not yet provided, since Pr-based compound

heΓ3 ground state are quite rare. It is, therefore, meanin
o perform precise experiments on the Y1−xPrxInNi4 system
s well.

. Magneto cooling effect in PrInNi4

As is mentioned before, the field-induced transition
rInNi4 is considered to accompany a drastic chang

he CEF scheme. BelowHc, the ground state is a nonma
etic doublet, whereas aboveHc the lowest level would b
magnetically-polarized singlet. This transition there

auses a large change of magnetic entropies. Further
he transition occurs very steeply at a relatively small e
al field. This feature would be useful for a magnetoca
pplication with this compound. We, thus, have measure
agnetocaloric effect in PrInNi4 at low temperature.
First, PrInNi4 was cooled down to about 1.4 K under

eld of 1 T. At this stage, the system is in the ferromagn
tate with magnetically polarized singlet. Next, the exte
eld was switched off adiabatically, and the change of
emperature was measured. Details will be published
here[14]. The result is shown inFig. 6. It is clearly see

hat the temperature rapidly decrease down to 0.7 K. I
diabatic condition is improved, it is expected that the t
erature can be decreased to much lower values. We

hat this effect is observed with external field as sma
ffect occurs with relatively small fields (∼0.6 T) and at liq
id 4He temperature range (�1.4 K). PrInNi4 can be usefu

o generate low temperatures below 1 K without super
ucting magnets or3He.
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