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The low-temperature specific heat of CeNi Ptl compounds has been investigated from x=0 to
x= l. These compounds evolve from a Pauli paramagnet (CeNi) to a Kondo ferromagnet (CePt), with a
crossover around x=0.90. The reduction of the magnetic entropy at T& has been used to illustrate the
increasing 4f sd hybridizati-on with increasing Ni content, related to a decrease of the cell volume. This
effect has been confirmed by the results obtained on Y and La diluted compounds which have opposite
volume effects. The relations between the jump in the specific heat at T&, the magnetic moment, and the
ratio T&/T& have been analyzed. The values of the electronic heat capacity y vary as =1/T& in the
nonmagnetically ordered compounds in accord with the standard theory. However in the magnetically
ordered compounds y increases with Tz in accord with the resonance-level model developed by Bredl
et al. [Z. Phys. B 29, 327 (1978)].

I. INTRODUCTION

The relative energy of the 4f levels of cerium ions with
respect to the conduction band in intermetallic Ce-based
alloys can give rise to a large number of observable physi-
cal phenomena, depending on the interactions in the
compounds and the cerium valence state. The ion may
change from a Ce + state with normal magnetic ordering
to an enhanced Pauli paramagnet corresponding to an al-
most Ce + state. Between these extreme possibilities a
wide range of so-called "anomalous phenomena" appear,
among them the Kondo impurity or lattice, the heavy
fermion state, and the intermediate or mixed valence
state. ' The relationship between the magnetic
Ruderman-Kittel-Kasuya- Yosida (RKKY), Kondo, and
crystalline electric-field (CEF) interactions in these com-
pounds plays an important role in determining their mag-
netic properties.

Specific-heat measurements provide a valuable method
for studying the behavior of these compounds because
the magnetic contribution to the heat capacity is directly
related to the energy levels of the cerium ions. Further-
more, the linear electronic contribution (y) also gives in-
formation about the conduction-band density of states at
the Fermi level. ' The specific heat of nonmagnetically
ordered compounds has been investigated theoretically
using the Coqblin-Schrieffer model in the case of a
noninteracting Fermi liquid or incorporating the effects

of the CEF on the magnetic impurity. In the magneti-
cally ordered, low-temperature regime, models have been
developed to deal with particular cases. ' In this way a
theory of Kondo systems for an S =

—,
' resonant level" has

been extended to Kondo lattices using a mean-field ap-
proach' in order to account for the specific-heat profile
and the jurnp b C, at the ordering temperature. In this
framework the relation between hC, and the ratio of
the Kondo and ordering temperatures has also been ana-
lyzed. ' However, the combined effect of RKKY, CEF,
and coherence effects has not yet been extensively stud-
ied.

Among the Ce intermetallic compounds, those with
the CrB-type orthorhombic structure [such as equiatomic
CeNi (Ref. 14), CePt (Ref. 15), CePd or CeRh (Ref. 16)]
are particularly interesting. These compounds maintain
the CrB structure both for substitutions on the d-metal
site and also when Ce is replaced by nonmagnetic La or
Y ions. ' The variations of cell volume give rise to
changes in the properties according to a general rule: the
4f conduction band hybridiz-ation increases toith decreas
ing cell uolunoe. Although this tendency is not
always exhibited in other compounds [for example,
Yb(Ni, Pd, , )2Si2 (Ref. 18)], it has been clearly shown to
apply for CeNi„Pt, (Ref. 19) and related dilute al-
loys. ' In this system the variation of Ttc (Kondo tem-
perature) and Tc (Curie temperature) on the increasing
hybridization is in accord with the Doniach diagram and
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Kondo lattice models.
Figure 1 summarizes the characteristic behavior of the

compounds we have studied, showing the evolution of the
different ground states. The Ce + state of the ferromag-
net CePt changes progressively through a Kondo lattice
and heavy fermion state to an intermediate valence state
in CeNi. The crossover from the ferromagnetic ground
state to the nonmagnetic ground state occurs at =90%
Ni substitution. The substitution of Ce by La has the
effect of a negative pressure, decreasing Tz. The varia-
tion of Tz results from the combined effects of lattice
pressure and the dilution of the Ce ions. Thus although
one might expect reduced hybridization to enhance Tc,
the effect of dilution causes Tc to fall with increasing La
concentration. ' Substitution of Ce by Y acts as a positive
external pressure, strongly enhancing the hybridization,
and magnetic ordering disappears for compounds with Y
concentrations higher than 20%. For the lowest Ce
concentrations a tendency towards a Kondo impurity
behavior is found.

The CePt specific-heat measurements were performed
in 1981.' Some years later a study of the low-
temperature specific heat of three CeNi Pt, „com-
pounds (x =0.5,0.8,0.95) was reported. Although the
electronic and lattice specific-heat components were not
separated in the latter study, the main features of the
heat capacity agree with the general trends of this series,
as discussed in the previous paragraph.

The aim of this paper is to present a complete study of
the specific heat of the CeNi Pt& system, including the

La- and Y-diluted alloys. This has allowed us to investi-

gate the interplay of the interactions across the diagram
on Fig. 1. We have paid particular attention to the
changing behavior of the specific heat in the ferromagnet-
ic phase as the relative importance of RKKY and Kondo
interactions varies.

II. EXPERIMENTAL

Polycrystalline ingots were prepared by direct melting
of stoichiometric amounts of the constituents in a cold
crucible induction furnace under an argon atmosphere
and were annealed for two days at 700'C. The samples
prepared were CePt, CeNi0 7Pt0 3, CeNio 8Ptp 2,
CeNio 85Pto )5, CeNi0 9Pto ), Ceo 7Lao 3Nio 8Pto 2,

Cep 9Yo &
Nip 8Pto 2 and LaNip SPto 2. The compositions

were checked by x-ray microanaiysis electron microsco-

py, and the crystal structure was confirmed by x-ray
diffraction to be the orthorhombic CrB-type (C, space
group) (Ref. 25} for all the compounds. Those with
x ~0.80 showed a broadening of the diffraction peaks,
probably due to inhomogeneities in the samples or
structural disorder at either Ni/Pt or Ce/La/Y sites.
Samples were cut by spark erosion or diamond saw from
the annealed polycrystalline ingots, and then polished to
reduce the thickness. Typical sample masses were -7
mg.

The specific heat at constant pressure was measured
using the microcalorimeter at Birkbeck College. The
heater and thermometers are made from a 0.45-pm layer
of Si(P}, grown epitaxially on a sapphire substrate which
serves as the sample holder. Samples are attached to the
calorimeter with Wakefield Thermal Compound and the
calorimeter is suspended in vacuum by its four electrical
connections. The leads, which are made from 20-pm-
diam gold-plated tungsten wire, are spot-welded onto
aluminum contact pads. The leads form a thermal link to
a temperature-stabilized copper enclosure with a thermal
resistance of typically 10 K W '. This assembly is then
screwed onto the bottom of a He cryostat and measure-
ments made by one of the many variants of the relaxation
technique.

Ce 1(

0.8— Almost
Kondo Impurity

III. RESULTS AND ANALYSIS

A. General trends
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FIG. 1. Schematic evolution of the magnetic behavior of
CeNi„ptl „and related Y- and La-diluted alloys. Full circles
represent the compounds studied by other techniques (Refs. 17,
19, and 21—23). Open circles denote the compounds studied by
specific-heat measurements.

Figure 2 shows the specific heat versus temperature for
all the compounds studied. For x =0.5 and x =0.95 the
data are taken from Ref. 24. The CePt and CeNip SPt02
results of this paper are in good agreement with those re-
ported earlier. ' '

CePt (x =0) shows a clear A,-type anomaly character-
ized by a Curie temperature of Tc =6.2 K, defined as the
inflexion point above the maximum of the C (, T) curve.
For the other compounds the anomaly broadens and its
maximum value decreases with increasing Ni content.
The Curie temperatures (reported in Table I) rise up to
8.8 K for x =0.8, and then decrease rapidly for x ~0.9.
CeNio 95Pto p5 does not show any magnetic order.

Figure 2(b) illustrates the effect of dilution on the Ce
site in CeNip 8Pto 2. We note that whereas the compound
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with 30% La dilution shows a clear anomaly around
T~ =5. 1 K, the anomaly is strongly reduced for the 10%
Y compound. The broadening of the peaks might be re-
lated to the inhomogeneity effects caused by substitutions
as was suggested by x-ray analysis.

The nonmagnetic compounds LaPt (data from Ref. 15)
and LaNio 8Pto 2 follow a well-defined Debye behavior in
the temperature range studied. The LaPt specific heat has
been taken as the phonon contribution C h for CePt,
whilst after taking into account the mass corrections,
the specific heat of LaNip 8Pto 2 has been used as C„h for
the remaining compounds.

Cmag above Tc

Figure 3 displays the magnetic contribution to the
specific heat, C, =C —

Cph as a function of the reduced
temperature T/T~. It can be seen that C

g
remains

finite above the magnetic transition. Apart from short-
range-order correlations that might be present above T&,
contributions to C, may arise from both Kondo reso-
nance' and crystal-field effects. In these low-symmetry
systems the J =

—,
' multiplet splits into three doublets,

with the excited states separated from the ground state by
energy gaps 6, and 62. A Schottky-type anomaly is ex-
pected at temperatures above T&. The behavior of C,g
above Tz is almost the same for all the compounds.

The effect of dilution on the specific heat, noted in Sec.
III A, is shown again in Fig. 3(b). When the phonon con-
tribution has been subtracted, and the data are plotted on
the normalized scale, the specific-heat jump AC, g

at T~
for Ceo 7Lao 3Ino 8Pt02 is almost the same as that of the
nondiluted CeNio 8Pto 2 while fol Ceo 9Yo ]Nlo 8Pto 2 it is
drastically reduced. The values of hC, obtained in this
way are given in Table I. They are all lower than 12.48
JK 'mol ', the value for a purely magnetic two-level
system in a conventional mean-field calculation. The
magnetic pntropies have been calculated from,
bS,s= f (C,s/T)dT, and are shown in Fig. 4. In all

0
the compounds the magnetic entropy at Tc is lower than
R ln2=5. 76 JK 'mol ' corresponding to the doublet
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FIG. 2. Specific heat versus temperature of (a) the
CeNi„Pt& series and (b) CeNip 8Ptp p and diluted La and Y
compounds.

FIG. 3. C,g
versus reduced temperature (T/Tc) of (a) the

CeNi„Pt, „series and (b) CeNip, Ptp2 and diluted La and Y
compounds.
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TABLE I. Magnetic characteristics of the compounds studied: Curie temperature ( Tc); jump of the specific heat at T& (EC,g );
reduced magnetic entropy at Tc [S,g( Tc )/R 1n2]; Kondo temperature ( T» ) estimated from (1) the magnetic entropy (S,g ), (ii) the
magnetic susceptibility (~e~~/2), and (iii) quasielastic neutron scattering (QENS); linear electronic specific-heat coefficient (y),
without CEF corrections and with CEF corrections (6& =100 K); magnetic moment per Ce ion (Mo) obtained from magnetization
(Refs. 19, 21, and 22).

Compound

Tc ~~mag ( Tc ) Smag ( Tc )

(JK ' Ce mol ') [R ln(2)] Smag

T( (K)

2

r
(mJ K mol ')

Not CEF CEF
Mp

(pg)

QENS corrected corrected per Ce ion

CePt
CeNip 5Ptp 5

CeNip &Ptp 3

CeNio. sPto. 2

CeNio. ssPtp»
CeNip 9Ptp &

CeNip 95Pto p5

Cep 7Lao 3Nip sPtp 2

Cep 9Yp &Nip. sPt0. 2

6.2+0.1

8.6+0.1

8.7+0.1

8.8+0.1
8.3+0.2
7.8+0.2

5. 1+0.2
4.5+0.2

10.6+0.1

5.3+0.1
4.2+0.1

2.4+0.1

1.1+0.2
0.3+0.2

2.2+0.2
0.2+0.2

0.77
0.71
0.62
0.57
0.40
0.23

0.57
0.26

7.6
12.3
14.7
16.3
20.4
42.5

9.5
15.4

10
12.5
15
24.5
32
49
61
12
40.5

2.3
3.8

4.5

71+10
135+7
167+17
200+10
193%15
180+11
120+7
110+13
168+7

105+10
160+7
180+17
223+10
217+15
205211
120+7
137+13
188+7

1.43
1.09
0.78
0.55
0.29
0.09

ground state. The magnitude of the reduction increases
with Ni content [Fig. 4(a)] or with Y dilution [Fig. 4(b)],
and may be interpreted as a consequence of the increas-
ing importance of the Kondo interaction.

C. Estimating T& and T&

We have estimated Tx by several methods (see Table
I). Firstly, we consider the reduction of the magnetic en-

tropy at Tz from the value of R ln2. Using a simple
two-level model with an energy splitting of k~Tz, we
can deduce the reduced entropy at T& as

AS TK=ln 1+exp
C

Tz exp( —Tz /Tc )+
Tc 1+exp( —Ts /Tc )

5-
O
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E
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FIG. 4. Magnetic entropy S,g versus reduced temperature
(T/T&) of (a) the CeNi„Pt& „series and (b) CeNipsPtp2 and
diluted-La and Y compounds.

The entropy per Ce mol of the La-diluted compound at
Tc remains the same as the undiluted CeNip sPtp 2 [see
Fig. 4(b)], indicating a similar ratio of Tlr/Tc in both
materials. However, dilution with Y decreases the entro-
py per Ce mol at Tc to about half that of CeNip SPtp 2,
and Tz is significantly larger than for the La-diluted
compound. These results and the hc, values are a
clear confirmation of the validity of the Doniach diagram
when the hybridization is related to the cell volume as
occurs in our system.

In Table I, the values of Tz obtained by other methods
are also presented. From the paramagnetic Curie tem-
peratures, which are negative for all the compounds, the
Trr values are estimated as ~e ~/n The va.lues presented
in Table I are taken from Ref. 19 with n =2. However,
other authors have proposed values of n from n =4 (Ref.
31) to n =1 (Ref. 32). From quasielastic neutron experi-
ments the deduced Tz values are much smaller. The
most interesting feature in all these estimates of Tz is
that the relative values and the general trend are always
the same across the series in spite of being determined by
different experimental methods. Such a difference be-
tween the values of Tz found from neutron and bulk
property experiments has been observed in other Ce sys-
tems ' and may reflect the difFering time scales of the
experimental techniques.

As discussed in the Introduction, some theories have
attempted to account for the reduction of hC, in terms
of the relative importance of the Kondo and magnetic in-
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FIG. 6. C,~ for CeNip 8Ptp 2 compared to the CEF Schottky
contributions for 6& =65 K and b

&

= 100 K.

teractions. In particular, the S =
—,
' resonant level mod-

el' has provided a good description of C,s( T). Using
Eqs. (12), (13), and (15) of Ref. 12, we have calculated ex-
plicitly the jump AC, at Tc, which is given by

where g=(Tx /Tc)/2nand g.', 1(", and 1('" are the first
three derivatives of the digamma function. In Fig. 5 we
compare the dependence of b,C, vs T~/Tc given by
the above expression with the values obtained for our
compounds, using Tz deduced from S, as in Table I.
The agreement is quite good, especially considering the
uncertainties in Tz, except for CePt, where the magnetic
interactions are more important (Tc ~ Tx ). In this case,
the above expression starts to break down due to the fer-
romagnetic order and strong CEF effects.

D. Estimating 6& and y

Estimates of the electronic coefficient of the specific
heat y depend strongly on assumptions made about the
importance of CEF effects, and the contribution of the re-
lated Schottky anomaly. Several attempts have been
made to determine the correct CEF level scheme in CePt
compounds, most of which lead to a total splitting of at
least 200 K. Thermal-expansion measurements and
specific-heat measurements in Ce Lal Ni, have indi-
cated the existence of a first excited doublet at around 65
K. Inelastic neutron scattering provides evidence for a
broad contribution centered around 160 K which de-
creases with Q, roughly as the magnetic form factor, and
broadens out with increasing temperature. However it is
not possible to say if this contribution accounts only for
the first transition, or for the total CEF effects. In Fig. 6
we show the Schottky contributions for 6,=65 K and
A&=100 K together with the C,g

for one of the com-
pounds (i.e., CeNio spto z). It is clear that the b, , =65 K
Schottky anomaly is too large, and the first excited dou-
blet should be at a higher temperature. 5, =100 K pro-
vides a more plausible estimate for the CEF contribution.

We now consider the effect of the CEF contribution on

0.6 p-
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'lg

0.2 Q

0'
0 50

0.4 t-'

Not CEF Corrected

orrected
= 100 K)

(

ICeNi Pt „
100 150 200 250 300 350 400

T (K2)

FIG. 7. C/T versus T' plot for CeNip8Ptp2 showing the
di8'erent estimates of the electronic specific-heat coefficient (y)
depending on the CEF corrections.

the estimate of y. In Fig. 7 the C/T versus T curve for
CeNio SPto 2 is compared with that obtained by subtract-
ing a Schottky contribution for 6,=100 K. As can be
seen, the y value is about 10% larger than that obtained
without the CEF correction. Table I lists the values of y
deduced with and without assuming a CEF contribution.

In Fig. 8 we plot the corrected values for y as a func-
tion of Ni content (x). The coefficient is enhanced for
compounds with increasing hybridization, reaching
values of more than 200 mJ K mol ' around the cross-
over point x =0.9. The maximum in this region corre-
sponds to the strongest hybridization of 4f and sd states.
For compounds with higher Ni concentration, delocal-
ized Pauli paramagnetism is predominant.

Indications of a similar behavior of y have been found
for other series going from a localized to a delocalized
state, e.g., in CeSi, a ferromagnetic Kondo lattice
system, and in Ce(Rh, „Ru„)~Siz, ' an antiferromagneti-
cally ordered system which presents a similar y variation
with increasing Ru concentration. However the
CeNi Pt, shows the variation of y more clearly than
any other system of which we are aware.

A y o- 1/Tlr dependence is commonly assumed (see, for
example, Yoshimori or Rajan ), but this is found for
Kondo impurity and heavy fermion systems in which no
magnetic order occurs. In Kondo lattice systems, in the
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FIG. 8. Electronic specific-heat coefficient (y) as a function
of composition. The solid line is drawn as a guide only. The x
values of the points for the two dilutions (H and 6) have been

adjusted to make them lie near the line. The difference between

the adjusted x values and the actual value (x =0.8) reflects the
sensitivity of y to cell volume changes due to Y and La dilu-

tion.

presence of RKKY-induced magnetic order, it is possible
for Tz and y to increase at the same time. From a
theoretical point of view, this effect can be understood on
the basis of the resonance model as modified by Bredl,
Steglich, and Schotte. ' Within this framework, the elec-
tronic specific-heat coeScient becomes according to Eq.
(10) of Ref. 12

TK

Tz +Hz

where H is the Zeeman energy of the magnetic moment
associated with a Ce3+ ion within the molecular field
created by the other ions. By taking the variation of Tz
with Ni concentration from Table I, and assuming a de-
crease of H with increasing Ni content, we are able to ac-
count qualitatively for the experimental variation of y.

IV. CONCLUDING DISCUSSION

The general analysis developed above, looking at the
evolution of y and the magnetic entropy, confirms the
close correlation between the increasing hybridization
and the decrease of the cell volume. This makes the
Doniach diagram valuable in understanding the "anoma-
lous" behavior of this series of compounds in the frame-
work of an available model. The diluted compounds with
La and Y are significant examples of the validity of such
an analysis. The agreement of the EC,g

values with the
analytical expression for hC, vs Tz/Tc indicates that
the S =

—,
' resonant-level model is appropriate when the

Kondo interactions become more important than the

FIG. 9. LC,g versus magnetic moment Mo, taken from
Refs. 21 and 22. The solid line joins the origin with the Ce'+
free ion values {Mo=2. 14@,z /atom, hC, ~

= 12.48
JK 'mol ').

RKKY coupling. We have noted the need to take into
account the Schottky contributions from both Kondo
and CEF effects in order to estimate correctly the y
values.

An extension of the single-ion impurity resonant-level
model considering strong magnetic interactions and CEF
effects would be needed to account for our experimental
results. In Fig. 9, we present the relationship between
hC, at the transition temperature and the magnetic
moment Mp. The results are in accord with a simple
linear dependence from the origin to the Ce + free ion
state with Mp =2. 14pz and hC, z

= 12.48 J K ' mol
indicating that AC, and Mp depend in the same way on
the hybridization. Once again, we see that the dilution
with Y has more important consequences than dilution
with La.

In conclusion the CeNi„Pt& „system and in particular
CeNip 8Ptp z and the related diluted alloys provide an ex-
cellent example of increasing hybridization in a Kondo
lattice with strong anisotropy. The competition between
RKKY and Kondo interactions leads to a y variation
with a maximum at the crossover from nonmagnetic to
the magnetically ordered regimes, which can be under-
stood in terms of the resonance-level model as developed
by Bredl, Steglich, and Schotte. '

ACKNOWLEDGMENTS

This work has been supported by the United
Kingdom-Spain Integrated Actions Program and by the
Spanish CICYT Grant No. MAT 90-0877. C.L.,
K.A.M., M.deP. , and N.P. thank the UK Science and
Engineering Research Council for financial support.

N. B. Brandt and V. V. Moshchalkov, Adv. Phys. 33, 373
(1984).

G. R. Stewart, Rev. Mod. Phys. 56, 755 (1984).
3N. Grewe and F. Steglich, in Handbook on the Physics and

Chemistry of the Rare Earths, edited by K. A. Crschneidner,
Jr. and L. Eyring (North-Holland, Amsterdam, 1991), Vol.
14.

4L. J. Snndstrom, in Handbook on the Physics and Chemistry of
the Rare Earths (Ref. 3), Vol. 1, p. 379.

5J. Cr Sereni, in H.andbook on the Physics and Chemistry of the
Rare Earths (Ref. 3), Vol. 15.

B.Coqblin and J. R. SchriefFer, Phys. Rev. j.85, 847 (1969).
7V. T. Rajan, Phys. Rev. Lett. 51, 308 (1983).
H. U. Desgranges and J.W. Rasul, Phys. Rev. B 36, 328 (1987).



15 132 J. A. BLANCO et al. 49

M. Lavagna, C. Lacroix, and M. Cyrot, J. Phys. F 13, 1007
{1983).

' T. Yamamoto and F. J. Ohkawa, J. Phys. Soe. Jpn. 57, 3562
(1988).

' K. D. Schotte and U. Schotte, Phys. Lett. A 55, 38 (1975).
' C. D. Bredl, F. Steglich, and K. D. Schotte, Z. Phys. B 29, 327

(1978).
' M. J. Besnus, A. Braghta, N. Hamdaoui, and A. Meyer, J.

Magn. Magn. Mater. 104-107, 1385 (1992).
D. Gignoux, F. Givord, R. Lemaire, and F. Tasset, J. Less-
Comm. Met. 94, 165 (1983).
B. J. Holt, J. D. Ramsden, H. H. Sample, and J. G. Huber,
Physica B 107, 225 (1981).

' J. P. Kapler, E. Baurepaire, G. Krill, C. Godart, G. Nieva,
and J. G. Sereni, J. Phys. (Paris) Colloq. 49, C8-723 (1988).

' J. M. Barandairan, J. A. Blanco, D. Gignoux, J. C. Gomez
Sal, J. Rodnguez Fernandez, and J. Voiron, J. Mag. Magn.
Mater. 90-91, 145 (1990).
P. Bonville, J. Hammann, J. A. Hodges, P. Imbert, G. Jehan-

no, M. J. Besnus, and A. Meyer, Z. Phys. B 82, 267 (1991).
' D. Gignoux and J. C. Gomez Sal, Phys. Rev. B 30, 3967

(1984).
S. Doniach, in Valence Instabilities and Related Narrow Band
Phenomena, edited by R. D. Parks (Plenum, New York,
1976), p. 169.

D. Gignoux, J. C. Gomez Sal, J. Rodriguez Fernandez, and J.
M. Barandairan, J. Phys. F 17, L295 (1987).
J. A. Blanco, D. Gignoux, J. C. Gomez Sal, J. Rodnguez
Fernandez, J. Voiron, and J. M. Barandairan, J. Phys. Con-
dens. Matter 2, 677 (1990).
Y. Isikawa, K. Mori, A. Fujii, and K. Sato, J. Phys. Soc. Jpn.
55, 3165 (1986).

~4J. Ferreira da Silva, M. A. P. P. L. Frey Ramos, D. Gignoux,
and J. C. Gomez Sal, J. Magn. Magn. Mater. 80, 149 (1989).
D. Hohnke and E. Parthe, Acta. Crystallogr. 20, 572 (1966).

M. Bouvier, P. Lethuiller, and D. Schmitt, Phys. Rev. B 43,
13 137 (1991).

N. Patrikios, M. de Podesta, S. B.Roy, and K. A. McEwen, J.
Magn. Magn. Mater. 108, 95 (1992).
H. Yashima, H. Mori, N. Sato, T. Satoh, and K. Kohn, J.
Magn. Magn. Mater. 31-34, 411 (1983).
The values reported earlier (Ref. 24) for Tz (16.6 K for
x =0.5, 25.4 K for x =0.8) were deduced using a di6'erent es-

timate for C~z to that employed in this paper.
D. Gignoux and J. C. Gomez Sal, J. Appl. Phys. 57, 3125
(1985).
G. Gruner and A. Zawadowski, Rep. Prog. Phys. 37, 1497
{1974).
N. Andrei, K. Furuya, and J. H. Lowenstein, Rev. Mod. Phys.

55, 331 (1983).
J. A. Blanco, J. C. Gomez Sal, J. Rodnguez Fernandez, J.
Sandonis, and J. M. Barandiaran, Physica B 180-181, 217
(1992).
R. M. Galera, A. P. Murani, and J. Pierre, Physica B 156-157,
801 (1989).
D. Gignoux, A. P. Murani, D. Schmitt, and M. Zerguine, J.
Phys. (France) 1, 281 (1991).
J. I. Espeso, J. Rodnguez Fernandez, J. A. Blanco, and J. C.
Gomez Sal, Solid State Commun. 87, 735 (1993).
K. Sato, I. Umehara, Y. Isikawa, K. Mori, and H. Takeda, J.
Appl. Phys. 73, 6623 (1993).

8S. K. Dhar, K. A. Gschneidner, W. H. Lee, P. Klavins, and R.
N. Shelton, Phys. Rev. B 36, 341 (1987).
S. A. Shahcen and J. C. Schilling, Phys. Rev. B 35, 6880
(1987).

~ J. Pierre, O. Laborde, E. Houssay, A. Rouault, J. P. Senateur,
and R. Madar, J. Phys. Condens. Matter 2, 431 (1990).

4 R. Camelczuk, E. Bonjour, J. Rossat-Mignod, and B. Che-

valier, J. Magn. Magn. Mater. 90-91, 477 (1990).
A. Yoshimori, Progr. Theor. Phys. 55, 67 (1976).


