
The effect of pressure on the magnetic susceptibility of RInCu4 (R = Gd, Er and Yb)

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1999 J. Phys.: Condens. Matter 11 4381

(http://iopscience.iop.org/0953-8984/11/22/309)

Download details:

IP Address: 171.66.16.214

The article was downloaded on 15/05/2010 at 11:44

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/11/22
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J. Phys.: Condens. Matter11 (1999) 4381–4390. Printed in the UK PII: S0953-8984(99)98448-5

The effect of pressure on the magnetic susceptibility of
RInCu4 (R = Gd, Er and Yb)

I V Svechkarev†, A S Panfilov†, S N Dolja†, H Nakamura‡ and M Shiga‡
† B Verkin Institute for Low Temperature Physics and Engineering, Kharkov 310164, Ukraine
‡ Department of Materials Science and Engineering, Kyoto University, Kyoto 606-8501, Japan

Received 15 October 1998, in final form 16 March 1999

Abstract. The magnetic susceptibility of the intermetallic compounds RInCu4 (R = Gd, Er and
Yb) was measured under helium gas pressure up to 2 kbar at the fixed temperatures 78, 150 and
300 K. For YbInCu4, which exhibits a first-order valence phase transition atTV ' 40 K, the
Grüneisen parameter for the Kondo energy,�K ≡ −d lnTK/d lnV = −32, is large and typical for
Ce-based heavy-fermion systems in magnitude but opposite in sign. The effect of atomic disorder
is discussed on the basis of the data for a chemically disordered sample; the pressure effect at
T = 78 K is strongly enhanced due to the spatial dispersion of pressure-sensitiveTV, and hence
dTV/dP = −2.0 K kbar−1 is obtained by assuming a Gaussian distribution ofTV. On the basis of
an extrapolation of the experimental pressure dependence, a(P, T ) phase diagram is proposed for
YbInCu4. Reference compounds with stable f moments, GdInCu4 and ErInCu4, show negligible
pressure dependences of the susceptibility.

1. Introduction

The integration of local f levels of rare-earth ions into quasi-continuous states of the band
spectrum in metallic systems has been of great interest for many years, but the problem
is still far from being solved exactly. In some cases, information on electron parameters,
which characterize this integration, can be obtained from the temperature dependence of
the magnetic susceptibilityχ(T ). An effect of pressure on the susceptibility d lnχ/dP
or the magnetovolume effect d lnχ/d lnV provides the atomic-volume dependence of the
parameters. This dependence is of importance in elucidating both a microscopic origin of
the parameters and their role in determining the type of the phase transition between different
modes (or phases) with different extents of interaction between f levels and band states.

In particular, with varying thermodynamic variables or chemical composition, the
transition from the Kondo or heavy-fermion (HF) state to the intermediate-valence (IV) state
may proceed gradually as, for instance, in the CeIn3−xSnx system [1], or may be realized by
a first-order phase transition accompanied by a considerable change in volume with the lattice
symmetry retained. One case for which the latter applies is that of pure cerium, in which the
transition associated with a volume change of about1V/V ' 0.15 [2] is induced by applying
pressure. Another is that of YbInCu4, in which the IV–HF transition with1V/V ' 0.005
is realized with temperature increasing acrossTV ' 40 K [3, 4]. For YbInCu4 the valence
transition point,TV, is very sensitive to pressure and magnetic field [4, 5] and, in addition,
substitution of Ag for In results in a change from the discontinuous first-order transition to a
smooth one [6]. Hence, YbInCu4 is particularly attractive and convenient for the study of the
magnetovolume effect.
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In this paper, we present results on the effect of pressure (up to 2 kbar at 786 T 6 300 K)
on the magnetic susceptibility of unstable-valence YbInCu4 and its isostructural analogues with
stable valence, GdInCu4 and ErInCu4, as references. Preliminary results of the present study
have already been presented in reference [7]. Up to now, the pressure dependence ofχ , χ(P ),
has been reported for a non-stoichiometric compound, Yb0.8In1.2Cu4 [5], and for YbInCu4 [8],
but both reports are mainly concerned withTV(P ). The magnetostriction measurements for
YbInCu4 covering the temperature range aroundTV revealed a shift ofTV in high magnetic
fields [4]. To our knowledge there are so far no reliable published data on the magnetovolume
effect of the high-temperature HF phase.

The second and third sections of this paper describe the experimental procedures and
the results on magnetovolume effects, respectively. The fourth deals with discussion of the
results; its subsections concern magnetic interactions in RInCu4, the Gr̈uneisen parameter for
the Kondo energy of YbInCu4, the role of atomic disorder in the susceptibility of YbInCu4

and a(P, T ) phase diagram proposed for YbInCu4. The last section presents a summary and
basic conclusions.

2. Experimental procedures

Polycrystalline ingots of GdInCu4, ErInCu4 and YbInCu4 were prepared from a stoichiometric
mixture of the elements (Gd, Er, Yb—3N purity; Cu, In—5N purity) in an argon arc furnace.
Some ingots were then annealed in evacuated quartz tubes for a week at 750–850◦C. Samples
with appropriate sizes were spark-cut from the ingots.

The temperature dependence of the magnetic susceptibility was measured by the Faraday
method atT = 4.2–300 K in a magnetic field of 0.8 T. The effect of helium-gas-produced
pressure (up to 2 kbar) on the susceptibility was studied at fixed temperatures in the range
T = 78–300 K by using a pendulum magnetometer placed directly in a high-pressure chamber
as described in reference [9]. The applied magnetic field was less than 2 T. The relative error
of the measurements under pressure was no more than 0.05%. In all cases the susceptibility
varies linearly with pressure, and no hysteresis was observed with increasing and decreasing
pressure.

3. Experimental results

The susceptibility for stable-valence GdInCu4 and ErInCu4 obeys the Curie–Weiss law

χ(T ) = C

T −2 (1)

with2 the paramagnetic Curie temperature andC the Curie constant. The values of2 and the
effective paramagnetic moment,µeff , deduced fromC are given in table 1. The latter values
correspond well to those of free R3+ ions. These quantities are in good agreement with the
data presented in references [10, 11], and theχ(T ) curves for GdInCu4 and ErInCu4 are not
shown here.

The pressure dependences of the susceptibility of GdInCu4 at T = 78 and 300 K are
shown in figure 1. The effect of pressure on the susceptibility can be decomposed as

d lnχ

dP
= d lnC

dP
+
χ

C

d2

dP
' χ

C

d2

dP
(2)

(d lnC/dP = 0 for the free-ion moment), which appears to be close to the experimental
resolution for GdInCu4. The same situation was found for ErInCu4. The estimated values of
d2/dP for GdInCu4 and ErInCu4 are included in table 1.
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Table 1. Magnetic parameters and their pressure derivatives for RInCu4.

T χ d lnχ/dP 2 µeff d2/dP
Compound (K) (103 emu mol−1) (Mbar−1) (K) (µB/f.u.) (K Mbar−1)

GdInCu4 300 22.2 0.15± 0.2 −47 7.86 30± 30
78 61.9 0.25± 0.3

ErInCu4 300 35.8 0.1± 0.3 ∼ 0 9.3 0± 30
78 132.8 0.0± 0.3

YbInCu4 300 6.97 2.2± 0.3 −13± 3 4.17± 0.02 640± 50
150 13.5 4.0± 0.3
78 21.6a 25.5± 1.0a

20 4.5b ∼ 50b

a Data for an imperfect sample with atomic disorder.
b Data obtained in a magnetostriction measurement [14].

Figure 1. The pressure dependence of the
magnetic susceptibility for YbInCu4 at 150
(•) and 300 K (◦) and for GdInCu4 at 78
( ) and 300 K (�).

The temperature dependence of the susceptibility for YbInCu4 is also consistent with
previous results [6, 12, 13, 15, 16]: a low-temperature plateauχ0, a sharp rise atTV ' 40 K,
a maximum, whose amplitude depends on the sample quality, and a subsequent Curie–Weiss-
type decay. The reciprocal susceptibilities of our sample at various temperatures are compared
in figure 2 with 1/χ(T ) for a high-quality single-crystalline sample [6]. The Curie–Weiss
parameters obtained for our sample, which are listed in table 1, are close to those reported for
other polycrystalline samples.

The pressure effect of YbInCu4 is large, in contrast to those of GdInCu4 and ErInCu4.
The results atT = 150 and 300 K are shown in figure 1. Measurements were restricted to high
temperatures far aboveTV to avoid the giant variation aroundTV associated with the valence
transition. For the high-temperature HF region, we obtain

d2/dP ' 640± 50 K Mbar−1 d lnC/dP = 0± 0.3 Mbar−1 (3)

by fitting d lnχ/dP for this temperature range with equation (2). Reference [8] reported
d2/dP = −300 K Mbar−1, which is opposite in sign, a markedly small2 = −0.2 K at
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Figure 2. The temperature dependence of
the reciprocal susceptibility for YbInCu4.
Solid squares represent the data reported
in reference [6] and open squares show the
data from the present work.

ambient pressure and a pressure-dependentC. These features are different from the ones
obtained by us.

At temperatures close toTV, the magnetovolume effect is very sensitive to the sample
quality. Thus a YbInCu4 sample including atomic disorder, which shows a broad peak in
the χ(T ) curve aroundT = 80 K, as shown in figure 3(a), was used to underline such a
property. The derivatives d lnχ/dP estimated at various temperatures are plotted againstχ

in figure 3(b). The value atT = 78 K is four times larger than that expected from the linear
relation between d lnχ/dP andχ for a higher-quality sample (the dashed line in figure 3(b)).
The non-linear behaviour of d lnχ/dP versusχ as well as the smearedχ(T ) curve will be
discussed in section 4.3 together with other experimental data.

4. Discussion

4.1. Stable-valence GdInCu4 and ErInCu4

In non-magnetic metallic or semimetallic matrices, localized magnetic moments of the rare-
earth elements interact with each other via conduction electrons by the Ruderman–Kittel–
Kasuya–Yosida (RKKY) type of mechanism. In fact this indirect interaction is far from the
classical RKKY exchange, and only in rare cases can it and, hence,2 be attributed to band-
structure peculiarities (see, for example, reference [17]). For RInCu4, we do not have enough
knowledge about the band structures and their volume dependence to investigate the details of
interactions. Therefore, we will treat stable-valence GdInCu4 and ErInCu4 just as reference
materials for the following analysis of YbInCu4.

The contribution of the indirect exchange interaction between f moments to2 is
proportional to the de Gennes factorG = (gJ − 1)2J (J + 1), wheregJ is Land́e’s g-
factor andJ the total angular momentum. As is evident from the inset in figure 4, such an
indirect exchange interaction of antiferromagnetic type is dominant in RInCu4 with largeG.
However, the well defined experimental straight line2(G) does not intercept the origin of the
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Figure 3. The results for a chemically disordered YbInCu4 sample. (a) The temperature
dependence of the susceptibility in the vicinity of the valence transition. (b) The pressure effect of
the susceptibility d lnχ/dP plotted againstχ . Solid curves were drawn on the basis of the model
described in the text. The dashed straight line is the linear relation for a good-quality sample,
i.e. the line expected from the Curie–Weiss law.

Figure 4. Experimental values of the
paramagnetic Curie temperature,2 [6,
10, 11] plotted against the de Gennes
factor,G, for RInCu4.

coordinates. The extrapolated value2(0) ≡ 2L ' 9 K indicates apositive-in-sign background
contribution, whose origin remains to be explained. This contribution is, along with the indirect
exchange, pressure independent, as inferred from the data obtained for GdInCu4 and ErInCu4.
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4.2. The heavy-fermion phase of YbInCu4

The crystal-electric-field (CEF) splitting of the ground-state multipletJ = 7
2 for Yb3+ is modest

in YbInCu4 (total splitting1 = 44 K [18]). Therefore, the effect of the CEF [15, 16], like
that of non-f contributions, to the susceptibility is negligible at the temperatures of the present
measurements; the non-magnetic analogues YInCu4 and LuInCu4 are weakly diamagnetic [19].
Thus,µeff deviating from the trivalent value (µeff = 4.54µB) is a consequence of the Kondo
effect. An analysis ofχ(T ) (figure 2) by means of a theory for the Kondo system with
J = 7

2 [20] gives an estimate of the Kondo temperatureTK ' 20 K [6], which qualifies
YbInCu4 as a HF compound. For the HF state, one may expectTK ∼ |2| [21]. This relation
is satisfied for YbInCu4 if the hypothetical background discussed above is taken into account,
i.e.TK ' 2L −2. This fact again suggests the existence of a positive background interaction
2L in the HF state of YbInCu4. In any case, the relation dTK/dP ' −d2/dP is believed to
be valid. CombiningTK ' 20 K [6] and a bulk modulusB ' 1.0 Mbar (at 300 K) [4], the
Grüneisen parameter for the Kondo energy,�K, in the HF state is calculated as

�HF
K ≡ −

d lnTK

d lnV
= 1

TK

d2

d lnV
' −32. (4)

For other Yb compounds with unstable valence, the effect of pressure on the susceptibility
[22,23] always results in a negative�K, in contrast to the positive�K for Ce-based compounds
[9,22,24]. The same consequence follows from the effect of pressure on the electrical resistivity
in Ce-based compounds [25,26] and YbAgCu4 [27]. This fact suggests a general tendency of
f-state depopulation under pressure in Ce- and Yb-based compounds, considering the electron–
hole symmetry in the Ce and Yb f shells (TK ∝ (1− nf )/nf wherenf is the effective number
of f electrons or holes [28]). Thus, the pressure effects in both systems can be compared in
absolute value, provided that this depopulation is caused mainly by a common mechanism of
f-state shift relative to the Fermi energy.

In the Kondo-volume-collapse (KVC) model, it is the pressure-sensitive Kondo energy
that is responsible for the first-order valence transition [29–31]. This model was successfully
applied to describe phase diagrams of Ce-based compounds. The absolute value of�K, which
gives an estimate of the effect of the atomic volume on the Kondo energy, is large for YbInCu4

but, in fact, normal for the Kondo systems. It falls just within the data range for the systems with
a smooth valence change (for example, CeInCu2, CeCu6 [25], CeInSn2 [9], CeAl2 [24] and
YbAgCu4 [27]). Therefore, the large value of�K is not a convincing cause of the first-order
valence transition.

Another possible origin is a specific feature of the individual microscopic parameters which
determineTK. For a structureless conduction band with the widthD, the Kondo temperature

TK = D exp

(
− 1

8|s|
)

(5)

relates through a parameter,s ≡ N(EF)Jbf , to microscopic characteristics such as the density
of states at the Fermi level,N(EF), and the effective exchange interaction between band and f
electrons,Jbf . Here all CEF levels for theJ = 7

2 octet are assumed to be populated, because
T > 1 in the HF state [18]. Hence the effect of pressure onTK, i.e.�K (equation (4)), is
decomposed into the pressure dependence ofs andD:

d ln(TK/D)

d ln s
= −ln(TK/D) (6)

which is derived from equation (5). The expected value of d lnD/d lnV lies in the range
from − 2

3 for the free-electron-like sp band to− 5
3 for the d band, and may be negligible

in comparison with�K for YbInCu4. The main source of the error in d lns/d lnV is the
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uncertainty inD itself, which varies widely in Ce-based compounds [32–34]. Assuming the
reasonable but arbitrary limits 2× 103 K < D < 2 × 104 K for YbInCu4, we estimate
d ln s/d lnV ' 5.7± 1.0 from equations (4) and (6). Taking into account the opposite sign,
this value agrees with the empirical value−7±1 used in the KVC model [29,31], and does not
differ from those for the more-stable-valence Ce-based compounds such as CeCu6 (−6) [35]
and CeAl2 (−5.5) [24]. The atomic-volume dependence of the band characteristics is necessary
to decompose d lns/d lnV further and to identify the dominant contribution. For semimetallic
YbInCu4 [36], such a dependence may be much more complicated than the simple bandwidth
scaling used above. Unfortunately,ab initio calculations have not been performed yet.

It is of interest to estimate�K for the low-temperature IV state. In reference [6] a large
value ofT IV

K ' 420 K was estimated, assuming the Fermi-liquid relationχ0 ∝ 1/T IV
K [20].

Applying the same relation, we have

�IV
K ≡ −

d lnT IV
K

d lnV
= d lnχ0

d lnV
' −40. (7)

Here, we used the data obtained in a magnetostriction measurement atT = 20 K [14], which
are included in table 1, and a bulk modulusB ' 0.83 Mbar (atT = 20 K) [4]. Bearing
in mind all uncertainties, this value is nearly the same as�HF

K . However, the corresponding
derivative, d lns/d lnV ' 18± 8, is three times greater than that for the HF state or those
for other Kondo systems, instead tending to support the KVC model [29–31]. A theoretical
analysis using the values obtained above may lead to a more definite conclusion.

4.3. Effects of atomic disorder in YbInCu4

A large and abrupt jump of the susceptibility atTV along with the sensitive pressure dependence
of TV [3–5] results in giant magnetovolume effects in the vicinity ofTV [4]. With a dispersion
of TV, the smearing of the susceptibility jump will be accompanied by the enhancement of the
pressure effect far above the idealTV (figure 3(b)). To discuss this mechanism quantitatively,
we assume thatTV is spatially inhomogeneous in the sample with atomic disorder [37–39]
(for a microscopic picture of the disorder in YbInCu4, see reference [38]), and that, for the
ith element in the sample, the temperature-independent susceptibility,χ0, jumps to the Curie–
Weiss susceptibility (1) atT = T iV just as in the ideal crystal (figure 1). With a distribution
function forT iV,W(T ), and identical susceptibility parameters throughout the sample, we have

χ(T ) = χ0 +

(
C

T −2 − χ0

)
W(T ). (8)

For perfect single-crystalline YbInCu4, W(T ) shows a completely discontinuous switching
between 0 and 1 atTV [6].

A similar equation but with another meaning for the parameters was used in the
interconfigurational fluctuation (ICF) model of the valence phase transition [5,15,40], which
is an alternative to the KVC model. In the model [5,15],χ0 stands for the susceptibility of the
Yb2+ state andW means the probability of the excited Yb3+ state. Under certain conditions,
the occupation-dependent energy of excitations gives rise to the first-order phase transition
from Yb2+ to Yb3+ with a jump fromW ' 0 toW ' 1. Some aspects of the susceptibility in
YbInCu4 were successfully explained by the ICF model, but this seems to be merely fortuitous,
because neither the ground state (Yb2+ instead of the IV state), nor the value of the valence jump
(∼1 instead of 0.1 [3,4]), nor the overall CEF splitting (1 = 135 K instead of1 = 44 K [18])
corresponds to reality.

The subject in which we are interested is taking account of the structural disorder. If we
assume that the broadening ofχ(T ) is solely due to structural disorder, the main problem is
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that of choosing an appropriateW(T ). For simplicity, a normal Gaussian distribution function
is assumed:

W(T ) ≡ W(T, TV, σ ) = 1

2

[
1 + erf

(
T − TV√

2σ

)]
(9)

where erf(z) is a standard error function. An average value ofTV, TV, and the dispersion,σ 2,
are treated as parameters. The derivative d lnχ/dP is readily apparent from equations (8) and
(9) with dTV/dP as an additional parameter. Thusχ(T ) and d lnχ(T )/dP can be described
simultaneously by the model (8), (9) with the parametersχ0, µeff , 2, dχ0/dP and d2/dP
given in table 1. The solid curves in figures 3(a) and 3(b) correspond to the best-fit parameters

TV = 57 K σ = 22 K dTV/dP = −2.0 K kbar−1. (10)

As seen in figure 3, this model describesχ(T , P ) satisfactorily over the rather wide temperature
range around the transition point. TheTV-value agrees with the known tendency: a rise in
the transition point with the degree of atomic disorder in YbInCu4 [38, 39]. The derivative
dTV/dP obtained agrees well with the averaged value of reported data [4,5,8,41], which are
scattered in the range from−2.3 to−1.7 K kbar−1 depending on the property studied and the
method used for the identification ofTV. This indicates that the effect of the atomic disorder
is properly taken into account in this model. Note that YbInCu4 is a curious case, for which
the atomic disorder allows us to derive a reliable value of dTV/dP . A further increase in the
magnetovolume effect is expected on approachingTV (figure 3(b)), as is actually observed
in the magnetostriction [4]. However, directχ(P ) measurements atT < 78 K were not
performed, since a hysteresis may appear. Figure 3(b) also indicates that the non-linearity of
the relationship between d lnχ/dP andχ due toTV being inhomogeneous is negligible at
T > 150 K and has no effect on the d2/dP value obtained at higher temperatures even for
this imperfect sample.

YbInCu4 is suitable for use in comprehensively studying the role of imperfections and
atomic disorder, which affect markedly the features of the phase transition. The model
description proposed may be useful in the analysis of the effect of disorder on the various
properties of this and related systems.

4.4. The phase diagram of YbInCu4

Assuming a linear extrapolation of the present experimental data to a high-pressure region, a
semi-quantitative(P, T ) phase diagram for YbInCu4 is proposed as figure 5. Note that the
sequence of phases as pressure is varied is opposite to that for Ce-based systems. An external
pressure stabilizes the trivalent state with the local moment (LM), which is crowded out from
the IV (P < 20 kbar) and HF (P < 35 kbar) phases. The appearance of a ferromagnetic (FM)
phase, which originates in the background interaction with positive sign,2L , in the HF region
(P > 20 kbar) is predicted. Ferromagnetic ordering in the Kondo lattice is not forbidden [42],
but few examples have been found in Ce-based compounds [43]. The growth of the Curie
temperature,TC, is restricted by2L , and so it is expected to be small. It is interesting to
note that a ferromagnetic ordering has recently been found in isostructural YbPdCu4 at low
temperaturesT < 1 K [44]. Corrections of the phase diagram to take into account the CEF
effects or other interactions such as the quadrupolar one may be important in principle, but
they are practically insignificant in this simplified treatment. Anyway, it is of interest to search
for a FM phase for YbInCu4 under pressure. Further studies of the phase diagram as well as
the band-structure parameters are necessary to understand the real nature and hierarchy of the
electron interactions in this class of compounds.
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Figure 5. The proposed(P, T ) phase dia-
gram for YbInCu4. LM, HF, IV and FM
represent localized moment, heavy-fermion,
intermediate-valence and ferromagnetic states,
respectively.

5. Summary

The present study has allowed us

(a) to show that the indirect exchange interaction between f moments in RInCu4 compounds
is independent of pressure,

(b) to conclude that the large value of the Grüneisen parameter for the Kondo temperature,
by itself, is not a convincing cause of the first-order valence phase transition,

(c) to propose a(P, T ) phase diagram for YbInCu4, in which the phase sequence is opposite
to that for Ce-based systems reflecting the same f-state depopulation with pressure,

(d) to predict a possible ferromagnetic ordering in YbInCu4 at high pressure and
(e) to describe the effect of atomic disorder in YbInCu4, by assuming a spatially

inhomogeneousTV, by a conventional Gaussian distribution.

The magnetovolume effect is recommended as a useful tool for studying further phase
diagrams and the nature of the electron interactions in YbInCu4 and related materials.
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[22] Häfner H U 1985J. Magn. Magn. Mater.47–48299
[23] Zell W, Pott R, Roden B and Wohlleben D 1981Solid State Commun.40751
[24] Panfilov A S, Svechkarev I V and Fawcett E 1993Physics of Transition Metalsvol 2, ed J K̈ubler and P Oppeneer

(Singapore: World Scientific) p 703
[25] Kagayama T and Oomi G 1993Transport and Thermal Properties of f-Electron Systemsed G Oomiet al (New

York: Plenum) p 155
[26] Sawamura T, Kagayama T and Oomi G 1997PhysicaB 239106
[27] Bauer E, Hauser R, Gratz E, Payer K, Oomi G and Kagayama T 1993Phys. Rev.B 4815 873
[28] Gunnarsson O and Schönhammer K 1983Phys. Rev.B 284315
[29] Allen J W and Martin R M 1982Phys. Rev. Lett.491106
[30] Allen J W and Liu L Z 1992Phys. Rev.B 465047
[31] Lavagna M, Lacroix C and Cyrot M 1983J. Phys. F: Met. Phys.131007
[32] De Gennaro S and Borchi E 1974Phys. Rev.B 9 4985
[33] Lacroix L-C C and Lethuillier P 1977Phys. Rev.B 153522
[34] Maekawa S, Takahashi S, Kashiba S and Tachiki M 1985J. Phys. Soc. Japan541955
[35] Shibata A, Oomi G,̄Onuki Y and Komatsubara T 1986J. Phys. Soc. Japan552086
[36] Nakamura H, Ito K and Shiga M 1994J. Phys.: Condens. Matter6 9201
[37] Koterlin M D, Morokhivskii B S, Sysa L V, Babich N G, Zakharenko N I and Kalychak Ya M 1992Sov.

Phys.–Solid State341577
[38] Lawrence J M, Kwei G H, Sarrao J L, Fisk Z, Mandrus D and Thompson J D 1996Phys. Rev.B 546011
[39] Fischbach E, L̈offert A, Ritter F and Assmus W 1998Cryst. Res. Technol.33267
[40] Croft M, Hodges J A, Kemly E, Krishnan A, Murgai V and Gupta L C 1982Phys. Rev. Lett.48826
[41] Kojima K, Hiraoka K, Takahashi H, M̂ori N and Hihara T 1995J. Magn. Magn. Mater.140–1441241
[42] Lacroix C and Cyrot M 1979Phys. Rev.B 201969
[43] Loewenhaupt M and Fischer K H 1993Handbook on the Physics and Chemistry of Rare Earthsvol 16, ed K A

Gschneidner Jr and L Eyring (Amsterdam: Elsevier) p 1
[44] Bauer E, Fischer P, Marabelli F, Ellerby M, McEwen K A, Roessli B and Fernandes-Dias M T 1997PhysicaB

234–236676


