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Magnetic, calorimetric, and transport properties of Ce„Pd12xNix…2Ge2 and CeNi2„Ge12ySiy…2
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We present results of a systematic study of the isoelectronic Kondo-lattice compounds Ce~Pd12xNix)2Ge2

and CeNi2~Ge12ySiy)2 . With increasingx andy the hybridization of the localized 4f moments with the band
states increases. Consequently the magnetic order of the Pd-rich compounds becomes suppressed, yielding a
heavy-fermion behavior in CeNi2Ge2, and an intermediate valence state in Si-rich alloys. The electrical resis-
tivity, magnetic susceptibility, and specific heat were investigated for temperatures 0.1,T,300 K. The anti-
ferromagnetic order of localized spins in Ce~Pd12xNix)2Ge2 diminishes forx>0.9 and intermediate valent
behavior evolves fory)0.3. We find significant deviations from Fermi-liquid behavior in a broad concentra-
tion range, which extends fromx50.9 into the intermediate valence regime (y50.4). The results are compared
with model predictions for magnetic systems close to a quantum critical point and for systems with frozen-in
magnetic disorder~Griffiths phase!. And although we find qualitatively the fingerprints of a quantum critical
point, resistivity and heat capacity cannot be explained coherently within the same model.
@S0163-1829~99!00219-2#
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I. INTRODUCTION

The ground-state properties of heavy-fermion syste
~HFS! are crucially determined by the competition of th
Kondo- and the Ruderman-Kittel-Kasuya-Yosida~RKKY !-
energy scales.1,2 The formation of local Kondo singlets de
pends exponentially on the exchange interactionJ, TK
}exp(NFJ), while the formation of long-range order of lo
calized magnetic moments depends quadratically onJ,
TRKKY}(NFJ)2.3 NFJ is a dimensionless effective exchang
coupling constant between local magnetic moments and
duction electrons with densityNF at the Fermi level. At small
values ofNFJ local-moment magnetism~LMM ! is dominat-
ing. For large values intermediate-valence~IV ! phenomena
are expected. It is just at the borderline from the IV regime
LMM where heavy-fermion~HF! behavior is expected, in
cluding HF superconductivity and HF-band magnetism.

In recent years this transition region from magnetic or
to a nonmagnetic ground state has found renewed inte
due to the appearance of non-Fermi-liquid~NFL! phenom-
ena.~for a recent review, see Ref. 4!. The characteristics o
NFL behavior are an electrical resistivity that can be d
scribed byr5r01A8Tn with n,2 ~the exponentn52 is
characteristic for electron-electron interactions in the fram
work of the Fermi-liquid theory!, a temperature-depende
magnetic susceptibility forT→0 K, in contrast to a
temperature-independent Pauli-spin susceptibility and
specific-heat coefficient of the specific heat which usua
reveals roughly a logarithmic divergence when approach
the lowest temperatures. Theoretically NFL behavior h
been described within multichannel Kondo models5,6 and us-
ing a concept of a distribution of Kondo temperatures.7,8 The
appearance of NFL behavior has also been predicted in
vicinity of a magneticT50 K phase transition,9–11 which
marks a quantum-critical point~QCP! and in disordered sys
tems in terms of the Griffiths phase12 which is a cluster
model of a spin-glass phase.13
PRB 590163-1829/99/59~19!/12390~8!/$15.00
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The aim of this work is to change, via isoelectron
chemical substitutions, the hybridization strength and to p
continuously from a system with LMM to the IV regime
paying special attention to the critical concentration wh
magnetism is completely suppressed. For this investiga
we chose the ternary alloys Ce~Pd12xNix)2Ge2 and
CeNi2~Ge12ySiy)2, which crystallize in the ThCr2Si2 struc-
ture. CePd2Ge2 is a local-moment magnet with an antiferro
magnetic~AFM! phase transition temperature ofTN55.1 K.
The size of the ordered moment,ms51.79mB , shows that
moment compensation plays a minor role.14 CeNi2Ge2 is a
nonmagnetic HFS with a characteristic Kondo-lattice te
peratureT* 540 K, characterized by a specific-heat coef
cient g5350 mJ/mole K2.15,16 The phase diagram of th
Ce~Pd12xNix)2Ge2 system was recently also studied b
Fukuharaet al.17 Finally, CeNi2Si2 is an IV system with a
characteristic temperature in the order of 600 K.18 By chemi-
cal substitution the volume decreases from approxima
190 Å3 ~95 Å3 volume per one Ce ion! from the magnetic
CePd2Ge2 by almost 20% to 155 Å3 ~78 Å 3/Ce! in inter-
mediate valent CeNi2Si2, thereby increasing the hybridiza
tion strength considerably.

We performed systematic magnetic susceptibility, elec
cal resistivity, and specific-heat experiments for temperatu
0.1–400 K and in magnetic fields up to 160 kOe. Besides
investigation of the systematic evolution of the calorimetr
magnetic, and transport properties with increasing hybridi
tion, we wanted to focus especially on the transition reg
from LMM to Kondo behavior searching for NFL effects. A
detailed report on the field dependent properties of these
loys will be given in a forthcoming paper.

II. SAMPLE PREPARATION AND CHARACTERIZATION

The samples were prepared by repeated arc melting o
appropriate quantities of the pure constituent elements in
gon atmosphere. After melting, the samples were anneale
12 390 ©1999 The American Physical Society
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800 °C for 100 h. Microprobe and x-ray powder-diffractio
techniques confirmed the specimens to be single phase a
crystallize in the proper body-centered tetragonal ThCr2Si2
structure.

The lattice constantsa andc, as well as the volumeV and
the distancer of the Ce ion from the transition metal, hav
been determined from the positions of the Bragg reflecti
of the powder pattern. Thez parameters~which is a free
parameter in the ThCr2Si2 structure! were determined from
an analysis of the intensities of the diffraction pattern. Us
this z parameter we calculated also the distanced from the
Ce ion to the Si~or Ge! atoms. It has been speculated that t
increasing hybridization is not purely a volume effect b
depends crucially on the hybridization with the electron d
sities of neighboring ions.18 Figure 1 shows the concentra
tion dependence of the lattice parameters, of the volume,
of the interatomic distancesr andd for all compositions. The
solid lines in Fig. 1 indicate a linear extrapolation~Vegard’s
rule! from the Pd-rich to the Si-rich alloys. It becomes im
mediately clear thata, c, andz reveal significant deviations
from linearity for concentrations where IV behavior is o
served. This for a lesser degree is also true for the volu
But the Ce-transition metal distancer and the Ce-Si~Ge!
distanced, both closely follow Vegard’s law for all concen
trations. It is also interesting to note that the value ofr andd
are almost equal for all concentrations.

FIG. 1. Lattice parametersa, c, andz, volumeV, Ce transition-
metal distancer and Ce-~Si,Ge! distanced as a function of nickel
concentrationx and silicon concentrationy. Error bars are indicated
in z(x,y). The errors are smaller than the symbols fora, c, V, r, and
d. The solid lines represent linear extrapolations of these param
from the regime of a stable Ce31 valence (0,x,0.8) into the
intermediate valence regime~largey!.
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III. EXPERIMENTAL RESULTS

A. Magnetic susceptibility

The magnetic susceptibility was studied using a superc
ducting quantum interference device~SQUID! magnetometer
~Quantum Design! which operates from 1.8–400 K in mag
netic fields up to 70 kOe and an Oxford ac susceptom
which allows measurements from 1.4–300 K in fields up
160 kOe. The dc susceptibility,xdc5M /H, of a representa-
tive number of compounds is shown in Fig. 2. These m
surements were performed in the SQUID magnetomete
an external field of 5 kOe. In the temperature window of t
dc experiments (T.1.8 K! magnetic order can be observe
for Ni concentrationsx,0.8. As will be seen later, magneti
order is fully suppressed close tox50.9. This value will be
treated as critical concentrationxc in the following.

On the Si-rich side, where the IV regime is entered a
the low-temperature susceptibility is low, a small upturn
the susceptibility at the lowest temperature most probabl
due to a small amount of magnetic defects. The solid l
was calculated assuming approximately 1% of free Cef 1

spins. This free-spin contribution is clearly seen in co
pounds which reveal Pauli paramagnetism at low tempe
tures but is negligible in the Pd:Ni alloys. Forx50.9 the
corrected susceptibility~solid line! is within the size of the
symbols of the raw data. Forx<0.7 a sharp anomaly indi
cates the transition into an AFM phase at low temperatu
The magnetic structures so far have not been determined
concentrationsy.0.1, a weak maximum inx(T) is a char-
acteristic signature of spin~or valence! fluctuations. The
temperature of the maximum susceptibility can be read of
characteristic temperatureT* .

ers

FIG. 2. Magnetic susceptibility vs temperature
Ce~Pd12xNix)2Ge2 ~upper panel! and CeNi2~Ge12ySiy)2 ~lower
panel!. The solid lines were calculated assuming a Curie law due
an amount of 1% free Ce31 impurities. Forx50.9, in the upper
panel the solid line is within the symbols even at the lowest te
peratures. The inset in~the upper panel! showsx21 vs temperature
for x50, 0.7, and 0.9.
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12 392 PRB 59G. KNEBEL et al.
The inverse susceptibility is shown as the inset in Fig
From x21 vs T we determined the paramagnetic mome
and the Curie-Weiss temperaturesup. All compounds reveal
a high-temperature paramagnetic moment of approxima
(2.660.1)mB close to the value of the full Ce moment~2.54
mB). The Curie-Weiss temperature weakly depends on
nickel concentration forx,0.6 and strongly increases o
further increasing x, an effect that will be discussed later
detail and which is characteristic for IV systems. The ch
acteristic temperaturesTN and up as a function of the Ni
concentration are shown in Fig. 3. The critical concentrat
between AFM order and a non-magnetic ground state
close tox50.9. Theparamagnetic Curie-Weiss temperatu
is between 15 and 45 K forx,0.6 and increases towards 15
K for pure CeNi2Ge2. These findings are in close agreeme
with Ref. 17. However, it is interesting to note that when G
is substituted by Si in CePd2Ge2, the Néel temperature in-
creases linearly fromTN'5 K to TN'10 K.19 Pressure stud
ies of the Ne´el temperature of CePd2Ge2 show a linear in-
crease ofTN with increasing pressure, too.20

B. Resistivity

The temperature and magnetic-field dependence of
electrical resistivity has been measured by conventional fo
point techniques for temperatures 0.06,T,300 K. Repre-
sentative results for Ce~Pd12xNix)2Ge2 ~upper panel! and
CeNi2~Ge12ySiy)2 ~lower panel! are shown in Fig. 4. With
decreasing temperature and for the palladium-rich sampl
single-ion Kondo minimum and a concomitant Kondo i
crease towards low temperatures is followed by a steep
crease due to the magnetic phase transitions and the ons
coherence effects of the Kondo lattice. With increasing
concentrationx the temperature of the Kondo minimum
shifts almost linearly fromT515 K (x50) to T530 K (x
50.8). The low-temperature maximum decreases fromT
'5.2 K for x50 to T'4.2 K for x50.7 and is located jus
above the Ne´el temperature. It is influenced by the suppre
sion of disorder scattering due to AFM short-range order
aboveTN . In the region whereTN→0 K the maximum is
shifted to higher temperatures and defines the cohere
maximum of the Kondo lattice which corresponds to t
Kondo lattice temperatureT* . The inset in Fig. 4 shows th
magnetic contribution to the resistivity for CePd2Ge2 derived

FIG. 3. The antiferromagnetic ordering temperaturesTN ~left
scale! and the paramagnetic Curie-Weiss temperaturesup ~left
scale! in Ce~Pd12xNix)2Ge2 as a function of Ni concentrationx.
.
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by subtracting the resistivity of LaPd2Ge2. The second maxi-
mum ~located roughly at 75 K!, certainly is due to crysta
electric-field ~CEF! effects. The character of the electric
transport changes significantly atx50.9. While the sample
with a nickel concentration ofx50.8 still reveals the charac
teristics of a magnetically ordered Kondo system, forx50.9
r(T) shows the typical heavy-fermion behavior with a re
tively high characteristic temperature@e.g., like UPt3 ~Ref.
21!# where the coherence maximum is already suppres
and the coherence peak and the CEF peak have merged
one broad shoulder. That this is not an effect of disorder
be clearly seen in the pure CeNi2Ge2 compound which re-
veals a similar behavior. In this compound the magnetic
laxation rate, as observed in neutron-scattering experime
indicates a characteristic temperatureT* 540 K.15,16 The
lower panel of Fig. 4 demonstrates how the broad Kon
enhancement with increasing hybridization~increasing Si
concentrationy! is shifted to higher temperatures. CeNi2Si2
reveals an almost normal metallic behavior below room te
perature. The low temperature~0.1,T,2.5 K! behavior of
the resistance is shown in Fig. 5. To show possible de
tions from a pure Fermi-liquid behavior we plotted the res
tancer vs T2. Figure 5 clearly shows FL behavior of th
resistivity only for the compound withy50.3. Significant
deviations appear in the magnetically ordered phasex
50.6) and for the compounds just at the borderline fro
magnetic order to the pure Kondo regime. An upward c

FIG. 4. The temperature dependence of the resistivity for a
ries of concentrations in Ce~Pd12xNix)2Ge2 ~upper panel! and
CeNi2~Ge12ySiy)2 ~lower panel!. The resistivity has been norma
ized at room temperature. The inset in the upper frame shows
magnetic contribution of the resistivity for CePd2Ge2 determined
by subtracting the resistivity of LaPd2Ge2.
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vature ofr vs T2 indicates a temperature exponentn.2 for
the antiferromagnetic compound, while forx50.8, 0.9, 0.95
as well as fory50 and 0.1 a downward curvature signa
exponentsn,2. The detailed analysis will be discusse
later. In Fig. 6 the cross section for quasipartic
quasiparticle scattering measured byA(T)5@r(T)2r0#/T2

is potted as a function of temperature. Just at the crit
concentration and towards low temperatures,A(T) reveals a
divergence instead of remaining constant as expected f
Fermi liquid. Figure 6 provides a clear indication of th
anomalous scattering observed in the NFL regime.

C. Heat capacity

The temperature-dependent heat capacity was determ
with a standard quasiadiabatic method in an Oxford4He
cryostat for temperatures 2.5,T,25 K and using a relax-
ation method in an Oxford3He cryostat for 0.3,T,5 K.
Some representative results of the heat capacity, plotte

FIG. 5. Low-temperature part of the resistivity i
Ce~Pd12xNix)2Ge2 and CeNi2~Ge12ySiy)2 for some selected con
centrations as a function ofT2. The solid lines are fits to a function
as described in the text.

FIG. 6. Quasiparticle-quasiparticle cross sectionA5@r(T)
2r0#/T2 vs T for Ni concentrations close to the critical regime.
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C/T vs T2 are shown in Fig. 8. The Ce~Pd12xNix)2Ge2 sys-
tem is shown in the upper panel of Fig. 7 and demonstra
that with increasing x, the magnetic phase transition
shifted to lower temperatures~inset in upper panel of Fig. 7!.
A double peak structure of the specific heat can be seen
the concentrationsx>0.5. This might be due to a change
the magnetic structure in this regime. Other AFM syste
also reveal similar double peak structures in the spec
heat.23,24Finally, for x50.9 and 0.95 the alloys remain par
magnetic down to the lowest temperatures. In CeNi2Ge2 the
specific-heat coefficientg still reveals a significant increas
towardsT50 K ~Fig. 7, lower panel!. The inset in the lower
panel of Fig. 7 showsC/T of CeNi2Ge2 in comparison to the
reference compound LaNi2Ge2. With increasing hybridiza-
tion ~increasingy! this low-temperature enhancement and d
viation from Fermi-liquid behavior vanishes. Fory50.7 a
pure Fermi-liquid behavior can be observed down to the lo
est temperatures with a constant specific-heat coefficien
approximately 50 mJ/mole K2.

The temperature dependence of the specific-heat co
cient, around the critical concentration where magnetic
havior is suppressed, is shown in Fig. 8. To demonstrate
clear NFL behavior, at least in limited temperature regim
we plotted C/T vs log(T). By subtracting the low-
temperature heat capacity of pure LaNi2Ge2 we determined
only the 4f derived contributions toC(T). A logarithmic

FIG. 7. Heat capacity in Ce~Pd12xNix)2Ge2 ~upper panel! and
CeNi2~Ge12ySiy)2 ~lower panel! plotted asC/T vs T2. The inset in
upper panel shows the low-temperature heat capacity for a seri
Ni concentrations 0<x<0.9. The inset in the lower panel compar
the heat capacity of CeNi2Ge2 with the reference compound
LaNi2Ge2.
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increase ofC4 f /T can be observed for temperatures 0.3,T
,4 K for x50.95, 0.5,T,5 K for x50 and 0.3,T,10 K
in y50.1. However, while this NFL enhancement amou
to only 30% for y50 and y50.1, the specific-heat coeffi
cient is almost enhanced by a factor of 3 forx50.95. Of
course, at present we cannot exclude the possibility
Ce~Pd12xNix)2Ge2 still reveals magnetic order below 0.3 K
However, for three compounds we find a logarithmic
crease at least over one decade in temperature which us
is taken as experimental evidence for a pure regime and
for a crossover behavior.

IV. ANALYSIS OF THE EXPERIMENTAL RESULTS
AND DISCUSSION

A. Doniach-type phase diagram

First of all, from these experiments we tried to construc
Doniach-type phase diagram of the complete series of al
that have been investigated in the course of this work.
tried to determine the characteristic Kondo-lattice tempe
tures from the low-temperature peak in the resistivity for
systems with weak hybridization~upper panel of Fig. 4! and
from the maximum in the susceptibility for the strongly h
bridized samples~lower panel of Fig. 2!. Figure 9 shows the
results as a function of the Ce-ligand distancer, which we
treat as the relevant scaling parameter for the hybridiza
strength.26,27 However, it has to be clearly stated that simil
results would be obtained using the distanced or even the
volume V. In addition, we plotted the AFM ordering tem
peratures in the palladium rich samples. Figure 9 clea
demonstrates thatT* increases strongly just at the critic
concentration where magnetic order is suppressed.
shaded area shows the regime where NFL effects were
tected.

B. Non-Fermi-liquid behavior

An important point of this work is the study of NFL phe
nomena close to the borderline from the magnetic order

FIG. 8. The 4f -derived heat capacity for concentrations close
the critical concentration in Ce~Pd12xNix)2Ge2 and
CeNi2~Ge12ySiy)2 plotted asC/T vs log(T). The ‘‘NFL’’ behavior
C/T} log(T) is indicated as solid line for the different concentr
tions.@Data for CeNi2Ge2 at low temperatures were taken from Re
15 (1) and Ref. 31 (L).#
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pure paramagnetic heavy-electron ground state. As we
close to a magnetic phase transition (TN'0 K at x50.9! and
at this concentration the alloys reveal only weak disorder
tried to compare our results with the predictions of the te
perature dependence of the resistivity, susceptibility, a
heat capacity close to a quantum critical point.9,10 For a
three-dimensional system with antiferromagnetic inter
tions, at the QCP we expect for the resistivityr(T)5r0

1A8T3/2 and for the specific heatC/T5g02aAT for tem-
peraturesT→0 K. At somewhat higher temperatures the
laws show a crossover tor}T andC/T5g08 ln(T08/T).

In a first step we analyzed the resistivity according
r(T)5r01A8Tn. We are aware that this procedure is a me
parameterization, but at present it is the only available mo
function. The solid lines in Fig. 5 show some of the rep
sentative results. From this figure it is immediately clear t
power-law behavior in the different compounds is valid
restricted temperature ranges only. But that the deviati
from the FL behavior are really significant is demonstrated
Fig. 6 where we plotted the deviations of the resistivity fro
a T2 dependence below 2.5 K. We consistently used
same temperature range~0.08,T,1.5 K! to fit the resistiv-
ity data. The parameters of the fits to all experimental res
usingr(T)5r01A8Tn are shown in Fig. 10. Here we plot
ted the temperature exponentn and the prefactorA8 as a
function of the Ce-transition metal distancer. Clear devia-
tions from FL behavior appear close to the critical conce
tration. At high-Si concentrations, in the IV regime, pure F
behavior is observed, with an exponentn52 and a small
prefactorA8. In the magnetically ordered regime we foun
n52.3 and again a small prefactor. The exponent is sign
cantly larger than 2 is due to the scattering of charge carr
by magnetic excitations. Close to the critical regimen51.5
60.2 in accordance with the predictions of the theory o
QCP.

In a similar way in Fig. 11 we plotted ther dependence of
the specific-heat coefficientg. We did not attempt to plot
values for x50.9 andx50.95, which definitely would lie

FIG. 9. Characteristic temperaturesT* and TN vs the Ce
transition-metal distancer. The solid lines are drawn to guide th
eye. The shaded area indicates the regime where NFL behavio
been detected.
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above 1 J/mole K2. All quantities plotted in Figs. 10 and 1
show an extremum close toxc . However, the temperatur
exponentn of the anomalous scattering extends far into
IV regime.

The relevant result of the heat capacity was given in F
8. Here we showed the magnetic part of the heat capa
C4 f /T vs log(T). We find a logarithmic increase in th
specific-heat coefficient, as it is found in many system
while the theories predict a square-root dependence fo
system with AFM interactions at lowest temperatures.9,10

E.g., in the paramount example CeCu62xAux on decreasing
temperatures, also a logarithmic increase of the specific-
coefficient has been detected, together with a linear decr
of the resistivity.25 In this case the experimental finding
have been explained assuming two-dimensional magn
fluctuations28 which also have been detected in neutro

FIG. 10. The prefactorA8 and the temperature exponentn as a
function of r, the distance between the Ce and the transition-m
ion.

FIG. 11. Specific-heat coefficientg as a function ofr, the dis-
tance between the Ce and the transition-metal ion.
e
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scattering experiments.29 In our case we have to assume,
least if the theories for a QCP are applicable for our syste
that our heat-capacity experiments point towards a transi
regime with a logarithmic dependence of the specific-h
coefficient in a limited temperature range.

At this point it clearly has to be stated that in the sam
temperature region where the heat capacity increases l
rithmically as a function of temperature, the resistivity fo
lows aT1.5 behavior, the true asymptotic temperature dep
dence at the QCP. In the crossover regime the resistivit
expected to reveal a linear temperature dependence. Sim
discrepancies between specific heat and resistivity res
were found in CeCu2Si2,30 and have been reporte
CeNi2Ge2.22 The following conclusions can be drawn from
these findings:~i! The theory of a QCP is not strictly appli
cable to the systems investigated. And as the NFL beha
also governs the pure compound CeNi2Ge2 it is very un-
likely that disorder scenarios~Griffiths phase or a distribu-
tion of Kondo temperatures! could explain these results.~ii !
The different experimentally accessible quantities are
equally strongly influenced in the crossover regions wh
follow the asymptotic laws and/or are partly obscured
higher-order effects.

Astonishingly we find deviations from the Fermi-liqui
behavior in a broad concentration regime around CeNi2Ge2
in the resistivity and in the specific heat. NFL behavior
also found in the Ce~Cu12xNix)2Ge2 system for Ni concen-
trations 0.8,x,1.32–34 In Ref. 24 it is pointed out that
CeNi2Ge2 is in the vicinity of a quantum critical point. They
have studied different high-purity polycrystalline sampl
with extreme low residual resistances between 0.3mV cm
and 3mV cm and they find a temperature dependence of
resistivity r2r0}Tn, where the size of the exponentn
'1.4 is lightly sample dependent. The sample with low
residual resistivity has the lowest valuen51.37.35 A similar
relationship is found in the isostructural compou
CePd2Si2.36

But we cannot exclude that the NFL behavior in t
doped nonstoichiometric compounds is influenced by dis
der effects. It has been shown that the NFL behavior in
UCu12xPdx system can be calculated with a distribution
Kondo temperatures.7 UCu4Pd is a chemically ordered
compound,37 but, nevertheless, there is evidence for disor
from NMR and muon spin resonance measurements.7 In the
Kondo disorder model the temperature dependence of
resistivity is expected to be linear and while the specific-h
coefficientC/T follows logarithmic behavior.8 However, our
NFL system always reveals a power-law dependence in
resistivity with an temperature exponentn.1.2 and a loga-
rithmic increase to low temperatures the specific-heat coe
cient in the nonstochiometric compounds. For the pure s
tem the specific-heat coefficient has a constant valueg' 350
mJ/mole K2,15,16which is not consistent with the prediction
of the Kondo-disorder model and indicates that Kondo d
order is not the dominant mechanism for the NFL behav
in the pure compound.

Finally, we only mention our measurements of the s
ceptibility. The susceptibility increases towards low tempe
tures, as theoretically predicted. However, we did not
tempt to perform low-temperature measurements and als
carefully analyze our data. Presumably paramagnetic def

al
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hamper a precise analysis especially at very low temp
tures. Furthermore, a detailed analysis of the polycrystal
samples is difficult due to the distinct anisotropy of the s
ceptibility, found in many HF compounds.

Very recently it has been proposed that most of the N
results in HFS may be explained assuming the concept
Griffiths phase. The Griffiths phase13 is a cluster model of a
spin glass. Of course, in metallic system which reveal a c
tain amount of disorder, a spin-glass phase is a natural
sequence of this quenched disorder and the RKKY inte
tion which reveals sign changes as a function of spin-s
separations. For a Griffiths phase the specific-heat coeffic
and the susceptibility are expected to reveal power la
C(T)/T}x(T)}T211l with a unique and constantl, 1 in
the NFL regime.

In Fig. 12 we provide a test of our experimental resu
within the concept of the Griffiths phase. Here we plotted
logarithm of the specific-heat coefficientC/T, of the mag-
netic susceptibilityx(T), and of the resistivityr(T)2r0, as
a function of log~T! for Ce~Pd0.05Ni0.95)2Ge2. The lines are
fits with the theoretically predicted power laws. The best
reveal for the specific heatlC50.7 and for the susceptibility

FIG. 12. log(C/T), log(x), and log(r2r0) vs log(T) for
Ce~Pd0.05Ni0.95)2Ge2. The solid lines indicate the power laws yield
ing the best fit. It is not possible to fit susceptibility and specifi
heat coefficient with one unique exponent. For the sake of clarit
fit with the specific-heat exponent is indicated in the tempera
dependence of the susceptibility.
a-
e
-

L
a

r-
n-
c-
in
nt
s

s
e

s

lx50.84. It is not possible to describe both the specific h
and the susceptibility with the same value forl. For the
resistivity there exists no prediction up to now in the conc
of the Griffiths phase. Also for the other concentration
where NFL behavior is observed, it is not possible to d
scribe the experimental data with one value forl, too. We
think that the existence of a Griffiths phase is not the ori
of the NFL behavior in concentration regime arou
CeNi2Ge2, even if it is the only scenario, which predicts
NFL behavior in a broad concentration regime.

V. CONCLUSION

We have studied the Kondo-lattice compoun
Ce~Pd12xNix)2Ge2 and CeNi2~Ge12ySiy)2 in the whole con-
centration regime. CePd2Ge2 is a local antiferromagnet with
an ordering temperature ofTN55.2 K. With increasing Ni
concentrationx the hybridization between the 4f moments
and the band states in Ce~Pd12xNix)2Ge2 increases which
leads to a suppression of the magnetic order forx close to
0.9. On diluting Ge by Si the hybridization strength furth
increases yielding IV compounds for highy concentrations.
At the critical concentrations the characteristic temperatu
(up: Fig. 3; T* : Fig. 9! show a strong noncontinuous in
crease. This is the regime where crystal electric-field~CEF!
levels cease to exist as well-defined excitations. This
clearly be detected in the resistivity~Fig. 4!, where the co-
herence peak (T'10 K! and the CEF peak (T'75 K! merge
into one broad hump. It is also worth mentioning that CE
excitations have not been detected in CeNi2Ge2.15 On doping
with Cu the crystal field states evolve rapidly on decreas
hybridization.38 In the region where the magnetism is su
pressed, we found significant deviations from Fermi-liqu
behavior in the electrical resistivity, the specific heat, and
the susceptibility in a rather broad concentration regim
These deviations cannot uniquely be explained with a dis
bution of Kondo temperatures or in the scenario of
Griffiths-phase singularity. Different power exponentsl
have to be used for the specific-heat coefficient and for
susceptibility. Guided by the fact that in these alloys t
quantum critical point appears close to the pure compo
CeNi2Ge2 we feel that disorder plays a minor role and qua
tum critical phenomena should be observed. For temp
tures 0.1,T, 1.5 the resistivity follows a power-law with
an exponentn'1.5 in accordance with the model predi
tions. However, in a similar temperature range~0.3<T<5
K! the specific-heat coefficient increases logarithmically
wards low temperatures while a square-root dependenc
expected. To test the predictions of the existence of a qu
tum critical point further measurements of the specific h
to lower temperatures are in progress.
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