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Calorimetric and transport investigations of CePd2¿xGe2Àx „xÄ0 and 0.02… up to 22 GPa
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The influence of pressure on the magnetically ordered CePd2.02Ge1.98 has been investigated by a combined
measurement of electrical resistivityr(T) and ac calorimetryC(T), for temperatures in the range 0.3 K
,T,10 K and pressuresp up to 22 GPa. Simultaneously, CePd2Ge2 has been examined byr(T) down to 40
mK. In CePd2.02Ge1.98 and CePd2Ge2 the magnetic order is suppressed at a critical pressurepc511.0 GPa and
pc513.8 GPa, respectively. In the case of CePd2.02Ge1.98 the temperature coefficientA of r(T) not only
indicates the loss of magnetic order but also the ac signal 1/Vac}C/T recorded at low temperature. The residual
resistivity is extremely pressure sensitive and passes through a maximum and then a minimum in the vicinity
of pc . The (T,p) phase diagram and theA(p) dependence of both compounds can be qualitatively understood
in terms of a pressure-tuned competition between magnetic order and the Kondo effect according to the
Doniach picture. The temperature-volume (T,V) phase diagram of CePd2Ge2 combined with that of CePd2Si2
shows that in stoichiometric compounds mainly the change of interatomic distances influences the exchange
interaction. It will be argued that in contrast to this the much lowerpc value of CePd2.02Ge1.98 is caused by an
enhanced hybridization between 4f and conduction electrons.

DOI: 10.1103/PhysRevB.66.064428 PACS number~s!: 62.50.1p, 75.30.Mb, 75.40.Cx, 72.15.Cz
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I. INTRODUCTION

The application of external pressure on metals with stro
correlations is an established technique to tune their grou
state properties. The electronic interactions in hea
Fermion ~HF! compounds can be influenced in such a w
that high pressure favors the Kondo interaction in
compounds1–9 and the Ruderman-Kittel-Kasuya-Yoshid
~RKKY ! interaction in Yb systems.10,11 Thus, pressure sup
presses~favors! long-range magnetic order and enhanc
~weakens! the screening of the localized 4f electrons. If both
interactions are of similar strength in the vicinity of a critic
pressurepc , often a deviation from the Fermi-liquid~FL!
behavior is observed and some Ce compounds even att
superconducting ground state.

Electrical resistivity measurements as a function of te
perature,r(T), are the standard method to explore the lo
temperature phase diagram of HF systems up to press
p'20 GPa. It is desirable to measure thermodynamic qu
tities, notably the specific heatC(T) in these extreme condi
tions. The accessible pressure range for specific-heat ex
ments was limited to 2–3 GPa since adiabatic techniq
demand large sample masses and thus, a large cell vol
For an anvil type of high pressure cell a much sma
sample volume is required, which makes an adiabatic m
surement a hopeless venture. Among the nonadiabatic~or
dynamic! methods, ac calorimetry12,13 is a suitable technique
to be used at high pressures. Very high sensitivity can
achieved, whereas the absolute accuracy is less than for
batic techniques.

A major step towards measuringC(T) under extreme
conditions has been achieved by implementing the ac te
nique in a Bridgman type of pressure cell suited for
0163-1829/2002/66~6!/064428~9!/$20.00 66 0644
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GPa.14 The sample was embedded in a soft mineral~steatite!
and an ac current was supplied to a heater close to
sample. The experimental findings have been confirmed
an independent study using a diamond-anvil cell with He
pressure-transmitting medium and laser heating.7,15 Moti-
vated by these results we assembled the ac calorimetry
Bridgman type of high-pressure cell capable of reaching
GPa and temperatures of the order of 30 mK.16

So far, only CeCu2Ge2 and CeRu2Ge2, where Ge is an
isoelectronic substitute for Si, have been studied extensiv
under pressure. The former compound exhibits a phase
gram similar to that of CeCu2Si2 but shifted by 9.4 GPa.17

Close to the critical pressure, the long-range magnetic o
is suppressed and superconductivity appears like tha
CeCu2Si2 at low pressure.18 The temperature-volume (T,V)
phase diagram of CeRu2Ge2 is identical to that of the solid-
solution CeRu2(Si12xGex)2.6 In contrast to CeCu2Ge2 no su-
perconductivity is observed around the magne
nonmagnetic borderline as in CeRu2Si2 at ambient pressure
These observations support the notion that the Ge subs
tion mainly has the effect of reducing the hybridization b
tween the 4f and conduction electrons due to the expans
of the unit cell volume. This argument does not seem to
limited to compounds crystallizing in the ThCr2Si2 type of
structure. Another example is the magnetically orde
CeCu5Au that can be pressure tuned into a nonmagn
ground state, analogous to the HF prototype CeCu6 at ambi-
ent pressure.19 The pressure study revealed a deviation fro
FL behavior and a low-temperature anomaly inr(T) close to
pc , which could be interpreted as faint traces of a superc
ducting state.8

All these studies have in common that pressure has b
applied to stoichiometric compounds. Small deviations fro
stoichiometry are believed to result in strong effects on
©2002 The American Physical Society28-1
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electronic correlations. Detailed investigations of the infl
ence of Ni excess in Ce1.005Ni21zGe22z have shown that a
low residual resistivityr0 is a crucial requirement for the
occurrence of incipient superconductivity at ambie
pressure20 and that the transition temperature can be shif
upwards by carefully adjusting the Ni excess.21 For the sto-
ichiometric sample, however, pressure had to be applie
achieve superconductivity.22 The combination of these re
sults have led to the hypothesis that an enhanced hybrid
tion due to an electronically different environment of the
ions is a crucial ingredient to reducepc and to achieve a
superconducting ground state.

In this paper we report on results ofr(T) experiments on
CePd2Ge2 as well as ac calorimetry andr(T) measurements
on CePd2.02Ge1.98 performed in one pressure experiment
CePd2Ge2 enters an antiferromagnetically ordered phase
TN'5.1 K.23–26 Its Si counterpart, the HF system CePd2Si2
exhibits a similar magnetic structure withTN'10 K.27,28

Several groups have confirmed the occurrence of a super
ducting ground state if the magnetic order is suppressed
external pressure (pc52.8 GPa).3–5,29–32 If the change of
interatomic distances is the main source of altering the
change coupling between 4f and conduction electrons,J,
then CePd2Ge2 should reveal a pronounced variation
TN(p). The interest in high-pressure studies
CePd2.02Ge1.98 is to explore the role of stoichiometry onJ
and thus onpc . Measuring simultaneouslyC(T) and r(T)
has the advantage that independent information about
strength of electronic correlations from thesamespecimen
can be obtained.

In order to draw a credible conclusion about the press
response of both compounds, it is essential to expose
samples to thesamepressure conditions. The best way
achieve this is to place both specimens adjacent to each o
in the samepressure cell.

II. EXPERIMENTAL DETAILS

A. Sample preparation and characterization

The CePd21xGe22x compounds have been prepared
melting Ce (4N), Pd (5N), and Ge (6N) according to the
composition in an arc (x50) or an induction furnace (x
50.02) under Ar (6N) atmosphere. The samples have be
melted several times to achieve good homogeneity. M
loss during melting and annealing (CePd2.02Ge1.98 at 1420 K
and CePd2Ge2 at 1470 K for 2 days! was negligible. A part
of the polycrystalline ingots has been analyzed by x-
powder diffraction. The diffraction pattern contained on
peaks according to the ThCr2Si2 structure (I4/mmm). The
magnetic structure of CePd2Ge2 consists of ferromagnetic
planes stacked antiferromagnetically along the@110# direc-
tion with moments (m50.85mB at 1.8 K! parallel to the
stacking direction.23,33,34No information about the magneti
structure of CePd2.02Ge1.98 is available, but it is very likely
that the small Pd excess does not change the antiferrom
netic structure.

The measurements of the specific heat, dc magnetic
ceptibility, and electrical resistivity at ambient pressure
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vealed for both compounds a phase transition into an ant
romagnetically ordered phase at about 5.1 K~Table I!. The
low-temperature specific heat~0.3 K ,T< 2 K! can be de-
scribed by the sum of an electronic (gT) and a magnonlike
T3 part with a gapD in the excitation spectrum. The in
creasedg value of the Pd-rich compound with respect to t
stoichiometric one points to the enhanced correlations. Thg
and D values of CePd2Ge2 obtained here are larger tha
those reported in Ref. 26 due to the enlarged tempera
range accessible in the present study. However, the abs
values ofCp at TN are almost the same. The entropy relea
at TN is S/R'0.8ln2 and reaches ln2 at about 9 K for both
compounds. The high-temperature magnetic susceptib
can be described by a Curie-Weiss lawx}meff /(T2Q),
with an effective momentmeff close to the free moment valu
andQ the Curie-Weiss temperature. The residual scatter
is rather low in both compounds; the nonstoichiomet
sample has the lowerr0 value.

B. High-pressure setup

Samples with cross sections of 23359 mm2 (x50) and
22348 mm2 (x50.02) have been cut from the polycrysta
line ingots and placed into the pressure chamber~internal
diameter of 1 mm!.16 A small piece of Pb served as pressu
gauge35 and was connected in series to the samples for fo
point measurements. The samples have been arranged i
pressure chamber in such a way that the crystallographc
axis was parallel to the pressurizing force. For the
calorimetry measurements, the sample itself was used
heater and was thermally excited by an oscillating heat
power P5P0@11cos(vt)# due to an applied ac voltage o
frequencyv/2. At steady state it increases the sample te
perature byDT above the bath temperatureT0. This tem-
perature increase contains a time-independent offsetTdc
5P0 /L, with L being the thermal conduction of the he
link between sample and pressure cell~to a first approxima-

TABLE I. Ambient pressure data of CePd2.02Ge1.98 and
CePd2Ge2. The Néel temperatureTN is the mean value of specific
heat, dc magnetic susceptibility, and electrical resistivity meas
ments. The specific heat can be described byC5gT1bT3exp
(2D/T) for T<2 K. meff is the effective magnetic moment,Q the
Curie-Weiss temperature,r0 the residual resistivity, and RRR th
ratio r(295 K)/r0.

CePd2.02Ge1.98 CePd2Ge2

a(Å) 4.3399~7! 4.3411~5!

c(Å) 10.0343~19! 10.0417~5!

V(Å3) 189.00~7! 189.23~5!

TN(K) 5.16~8! 5.12~7!

g@mJ/(mol K2)# 101~5! 44~1!

b@mJ/(mol K4)# 148~5! 234~6!

D(K) 0.8~1! 1.6~1!

meff (mB) at 300 K 2.1 2.5
Q(K) 224(5) 216(3)
r0 (mV cm) 1.4~1! 1.7~1!

RRR 32~3! 29~3!
8-2
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CALORIMETRIC AND TRANSPORT INVESTIGATIONS . . . PHYSICAL REVIEW B 66, 064428 ~2002!
tion: the pressure-transmitting medium, i.e., steatite!. In ideal
conditions the oscillatory part ofDT is Tac5P0 /(vCp).12

These temperature oscillations have been measured w
AuFe/Au thermocouple attached to the sample. The ther
voltageVac arises from the temperature difference betwe
the sample~at T01DT) and the edge of the sample chamb
~at T0).16

The dynamic response of the sample involves two ti
constantst15Cp /L andt2. The former expresses the the
mal coupling between the sample and the temperature b
whereas the latter represents a characteristic time for
sample to reach thermal equilibrium. When the measur
frequency fulfills the conditionvt1.1@vt2, the ac tech-
nique yields the specific heat of the sample. In the cours
the experiment, this condition was checked at several t
peratures and pressures. The frequencies used were i
range 750 Hz<v<3000 Hz. The conditionvt2!1 is ful-
filled for metals because they ensure high thermal conduc
ity within the sample.

The inverse of the recorded lock-in voltageVac is propor-
tional toC/T, since the temperature dependence of the ab
lute thermoelectrical power,S(T)}T, is a fairly good as-
sumption at T,1 K. Above this temperature theS(T)
dependence is certainly different and 1/Vac has to be inter-
preted with caution. Nevertheless, the present setup has
eral advantages. First, it is possible to check whether a
nounced anomaly in 1/Vac is related to the sample or not wit
an independentr(T) measurement on thesamesample. Sec-
ond, it excludes an additional source of pressure inhomo

FIG. 1. The magnetic partrmag(T) of the electrical resistivity of
CePd2.02Ge1.98 vs temperatureT in a semilogarithmic plot. The an
tiferromagnetic transition produces a cusp atTN . The scattering of
carriers at the ground state and excited crystal-field levels prod
two maxima atTK andTmax. Inset shows that an additional pha
transition at high pressure might be responsible for the decreas
rmag(T) at about 110 mK.
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neity due to a heater attached to the sample. Third, inte
temperature gradients can be reduced as much as poss

With such an arrangement it is, in principle, possible
calibrate theAuFe/Au thermocouple up to very high pre
sures and over a wide temperature range.36 Here, we have
only determinedS(T) at 4.2 K and 1.0 K to get a rough
estimate of the influence of pressure onS(T).37 The obtained
values of the absolute thermopower ofAuFe at 4.2 K and 1.0
K at 12 GPa are about 20% smaller than the values at am
ent pressure. These rather small changes show that the
pretation of the results reported in this work is not affect
qualitatively if the ambient pressure values ofS(T) are used.

The sample chamber has been carefully reexamined a
pressure release to rule out changes in the positions of
voltage leads connected to the samples. The overall shap
the pressure cell as well as its initial diameter were alm
unchanged and the distance between the voltage lead
creased by less than 5%. Taking this uncertainty in the g
metrical factor as well as the change in volume at high pr
sure into account, the absolute value ofr(T) can be
determined within 20%.

III. RESULTS

A. Transport measurements

The entrance into the magnetically ordered state is cle
visible by a cusp inrmag(T) of CePd2.02Ge1.98 and CePd2Ge2
~Figs. 1 and 2!. The magnetic contributionrmag(T) to r(T)
has been obtained by subtracting a phononic contribut
approximated asrph(T)50.1 mV cm/K3T, from the raw
data. Qualitatively, both compounds show the same pres

ce

of

FIG. 2. Temperature dependence of the magnetic part of
electrical resistivityrmag(T) of CePd2Ge2 in a semilogarithmic plot.
The similarity of the high-pressure curves to those of CePd2.02Ge1.98

~cf. Fig. 1! is evident. The small drop inrmag(T) at 70 mK above 14
GPa~inset! might indicate an additional phase transition.
8-3
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H. WILHELM AND D. JACCARD PHYSICAL REVIEW B 66, 064428 ~2002!
dependence: Pressure shiftsTN upwards, the signature of th
phase transition broadens, and within a small pressure ra
the traces of the phase transition vanish.rmag(T) exhibits
two maxima, reflecting the Kondo scattering from the grou
state and excited crystal-field levels as often observed
other compounds~indicated byTK andTmax, respectively, in
Fig. 1!.8,16 Furthermore, a small and reproducible decreas
rmag(T) has been detected at very low temperature~insets of
Figs. 1 and 2!. It occurs in a narrow pressure range in t
apparently nonmagnetic phase below 110 mK
CePd2.02Ge1.98 whereas it was found in CePd2Ge2 at some-
what lower temperature~70 mK!. In each case an increase
measuring current density suppressed the anomaly.

These measurements reveal the pressure dependen
TN , as depicted in Fig. 3. As a criterion forTN , the inter-
section of two tangents drawn tor(T) has been used. In th
case of CePd2Ge2 both data sets obtained for differe
samples from the same batch in different pressure c
match perfectly~open and filled squares in Fig. 3!. The initial
pressure shift]TN /]p50.51(1) K/GPa is slightly higher
than that reported in Ref. 38. The same value is obtained
CePd2.02Ge1.98 if the values ofTN at ambient pressure and
GPa are used. At higher pressures, however, bothTN(p)
variations are clearly different. In CePd2.02Ge1.98, TN does
not reach the same absolute value as in the stoichiom
compound and the magnetic order vanishes already apc
511.0 GPa, compared topc513.8 GPa for CePd2Ge2.
Thus, the Pd excess has led to a reduction ofpc by 2.8 GPa.

FIG. 3. Pressure dependence ofTN for CePd21xGe22x (x50
and 0.02!. The extrapolationTN→0 assumes critical pressurespc

511.0 GPa (x50.02) and 13.8 GPa (x50). Two data sets of
TN(p) for x50 obtained for different samples match perfectly. T
TN values forx50.02 obtained by the ac calorimetry are repr
sented by open circles. Inset shows that a pronounced variatio
the residual resistivityr0 with pressure is observed in both com
pounds.
06442
ge,

d
or

in

r

of

lls

or

ric

The extrapolationTN→0 ~dotted lines in Fig. 3! is based
on the assumption that the maximum in theÃ(p) depen-
dence can be taken as critical pressure. TheÃ values have
been obtained from fits ofrmag(T)5r01ÃTn to the data
below 2 K, with Ã and n as fitting parameters. The lowe
bound to the fit is given by the accessible temperature an
about 40 mK. The value for the upper limit is a compromi
between an as narrow as possible temperature interval
the reliability of the deduced parameters. The pressure
pendence of the temperature coefficientÃ is qualitatively
similar for both compounds and shows a pronounc
anomaly that is assumed to be the hallmark of the magne
nonmagnetic phase transition~see Fig. 4!. Both Ã(p) varia-
tions can be mapped on top of each other if a pressure
of Dpmax$Ã%52.8 GPa is taken into account. In the magne
cally ordered phase the exponentn.2, whereasn52 is
found in the Fermi-liquid regime far abovepc ~inset of Fig.
4!. Exponents smaller than 2 are observed in a certain p
sure range aroundpc . A minimum n'1.6 is attained just
abovepc for both compounds. Within a small pressure ran
aroundpc, rmag(T) cannot be described by a quadratic te
perature dependence even if the temperature interva
40 mK,T,0.6 K. Similar observations have been r
ported for CePd2Si2 ~Refs. 29 and 32! and other systems
such as CeRu2Ge2 ~Refs. 6! and CeCu5Au.8

Approaching the verge of magnetism seems also to af
the residual resistivityr0. It is very sensitive to small pres
sure changes and exhibits anomalies aroundpc , which are
qualitatively the same for both compounds~see inset of Fig.
3!. Just belowpc , r0 attains a local maximum and pass

of

FIG. 4. Temperature coefficientÃ obtained from a fit,rmag(T)

5r01ÃTn, to the data of CePd21xGe22x (x50 and 0.02! below 2

K vs pressurep. Ã peaks at 11.0 GPa and 13.8 GPa forx50.02 and
x50, respectively. Inset shows the exponentn used to describe
rmag(T) at different pressures.
8-4
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CALORIMETRIC AND TRANSPORT INVESTIGATIONS . . . PHYSICAL REVIEW B 66, 064428 ~2002!
through a local minimum abovepc . Upon further pressure
increaser0 continuously increases, and at 22 GPa it reac
several times its ambient pressure value. This variation
flects intrinsic effects since a change of the geometrical
tor in such a peculiar manner can be ruled out.

The comparison of the resistivity data presented ab
reveals that pressure has qualitatively the same effect on
compounds. The main difference is that for CePd2.02Ge1.98
less pressure@Dp52.7(2) GPa# is required to achieve the
same effect, as in CePd2Ge2. Table II summarizes severa
quantities that show pronounced anomalies in their pres
behavior. From this we infer that not only interatomic d
tances are important forJ since the difference in unit cel
volume at ambient pressure cannot explain such a large
in pc .

B. ac calorimetry on CePd2.02Ge1.98

Figure 5 shows the inverse of the registered lock-in sig
Vac below 10 K at various pressures. The pronounc
anomaly in 1/Vac(T) for pressures between 6.0 GPa and
GPa is caused by the entrance into the antiferromagnetic
ordered phase. Taking the temperature of the maximum
TN yields lowerTN values, like those shown in Fig. 3.TN
taken from the midpoint of the 1/Vac anomaly at 6 GPa is the
same as that deduced fromr(T). At higher pressure, how
ever, this definition yieldsTN values greater than those o
tained fromr(T). The height of the anomaly decreases an
becomes a very broad feature as the system approachepc .
A similar broadening upon approachingpc has been reported
for CeRu2Ge2 ~Ref. 7! and CePd2Si2 ~Ref. 29! examined in
pressure cells with solid He as pressure-transmitting
dium, despite their lowerpc values.

From a general point of view, this might be due to inh
mogeneous pressure conditions that are always presen
gardless the pressure medium and the absolute value opc .
Close topc the TN(p) variation is very strong and a sma
pressure gradient can easily generateDTN'1 K. However,
other intrinsic effects cannot be excluded to be respons
for a broadening in the vicinity ofpc .

A very interesting observation is the pressure depende
of the value of 1/Vac taken at the lowest temperature reach
in each pressure run~inset of Fig. 5!. Upon approachingpc it

TABLE II. Pressure values where the residual resistivityr0 and
the fitting parameter ofrmag(T) as well as 1/Vac for T→0 show
anomalies. Atpc

cal the calculated unit cell volume of CePd2Ge2 is
equal to that of CePd2Si2 at its critical pressure (pc53.9 GPa.32!
Each anomaly occurring in CePd2.02Ge1.98 is also seen in CePd2Ge2,
but shifted byDp as indicated in the last column.

Pressure~GPa! CePd2.02Ge1.98 CePd2Ge2 D p ~GPa!

pmax$r0%
9.7 12.3 2.6

pc5pmax$Ã% 11.0 13.8 2.8
pmin$r0%

11.6 14.5 2.9
pmax$(1/Vac)T→0% 11.7
pmin$n% 12.1 14.6 2.5
pc

cal 14.2 14.4 0.2
06442
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strongly increases, reaches a maximum just abovepc @which
was inferred from theÃ(p) anomaly#, and levels off at high
pressure. As was pointed out above, 1/Vac(T)}C/T at low
temperature can be regarded as a direct measure of the
tronic correlations. The pronounced pressure dependenc
1/Vac shows that the electronic correlations are considera
enhanced as pressure approachespc and that the signal origi-
nates mainly from the sample.

IV. DISCUSSION

In the following, we will first compare theTN(V) depen-
dence of CePd2Ge2 with that of CePd2Si2. Thereafter, an
elaborate discussion of the pressure effects on
CePd21xGe22x compounds (x50 and 0.02! will reveal a
possible explanation of the observed similarities as well
the differences.

The (T,p) phase diagram of each CePd21xGe22x com-
pound (x50 and 0.02! presented in Fig. 3 can be qualita
tively understood within the Doniach picture.39 Pressure
tunes the characteristic energy scales,TK} exp
@21/Jn(EF)# andTRKKY}@Jn(EF)#2, involved in the Kondo
effect and the RKKY interaction, respectively. HereJ is the
exchange coupling between 4f and conduction electrons an
n(EF) is the density of states at the Fermi energyEF . The
RKKY interaction dominates the Kondo effect for sma
Jn(EF) values as in CePd2Ge2 at low pressures whereTK is
very small. The slight difference in composition has litt
effect onTN at ambient pressure and on its pressure dep
dence below 6 GPa. In both samples,Jn(EF) is enhanced by
pressure and forces the system into a nonmagnetic stat
p.pc .

FIG. 5. Temperature dependence of the inverse lock-in volt
Vac of CePd2.02Ge1.98. The entrance into the antiferromagnetical
ordered state is clearly visible. Inset shows that the values
1/Vac}C/T taken at low temperature show a pronounced peak
the vicinity of pc .
8-5
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If the unit cell volume is the crucial parameter that det
minesTN , then it should be possible to plot theTN(p) data
of CePd2Ge2 and its Si counterpart CePd2Si2 in a common
(T,V) phase diagram. As pressure has tuned the unit
volume of CePd2Ge2 to that of CePd2Si2, both TN values
should be comparable, as theTN(V) variation of the solid-
solution CePd2(Si12xGex)2 suggest.40 The transformation of
pressure into volume was done with a bulk modulusB0
5120 GPa~andB854 for its pressure dependence! for both
compounds. This is a reasonable assumption for ternary
compounds, crystallizing in the ThCr2Si2 type of structure,
as was pointed out in Ref. 6. We used as a unit cell volu
of CePd2Si2 at ambient pressure,V05176.83 Å3, which is
the mean value of the literature data.5,28,33,41,42Figure 6 ex-
hibits a pronouncedTN(V) variation, starting atTN55.1 K,
passing through a maximum of about 10 K, and eventu
approaching zero. The extrapolationTN→0 yields V
5171.51 Å3, which corresponds to a pressure of 14.4 G
very close topc513.8 GPa deduced from the maximum
Ã(p). CePd2Si2 reaches this volume atpc53.9 GPa. This
pc value agrees perfectly with that found in a thorough
vestigation of the strain enhancement of superconductivit32

The almost perfect match of the two data sets emphas
the importance of the sample orientation with respect to
direction of the applied force. Figure 6 shows only data fro
samples with their crystallographicc axis parallel to the ap-
plied force exerted to the anvils. The additional uniax
strain component along thec axis strongly affects the aniso
ropy of the tetragonal ThCr2Si2 structure. It is known from
x-ray absorption studies43 that a change of thec-axis lattice

FIG. 6. Transition temperatures of CePd2Ge2 and CePd2Si2 as a
function of a calculated unit cell volume,V. TN andTc represent the
Néel temperature and the superconducting transition tempera
respectively. The data of CePd2Si2 ~open symbols! are taken from
Ref. 32. The temperature derivative ofrmag(T) was used asTN

criterion.
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parameter results in a varying chemical bonding strength
tween the Ce ions and their ligands. A change in the
valence, however, is thought to influence only thea-axis lat-
tice parameter, and vice versa. Thus, it seems that the a
tional uniaxial stress is necessary to change the hybridiza
in an effective way. In CePd2Si2, it shifts pc from 2.8 GPa to
3.9 GPa and leads to an increase in the superconducting
sition temperature of about 40%~Ref. 32! compared to val-
ues obtained from samples in a configuration where the c
tallographic c axis was perpendicular to the extern
force.3,4,29,30

The combined phase diagram clearly demonstrates
analogy between CePd2Ge2 at high pressure and CePd2Si2 at
moderate pressures. It can provide an idea about the su
decrease ofrmag(T) in CePd2.02Ge1.98 and CePd2Ge2 at 110
mK and 70 mK, respectively~insets of Figs. 1 and 2!. The
reduced volume where these anomalies occur is simila
the volume where superconductivity is found in CePd2Si2
~Fig. 6!. An interpretation as incipient superconductivity
therefore one possible explanation, especially if the repo
properties of CeNi21xGe22x ~Refs. 20, 21, and 44! and
CePd2Si2 ~Refs. 29, 45! are recalled. In the former system
r50 was only achieved afterr0 had been reduced below
1 –2 mV cm. For those samples with higherr0 values only
traces of superconductivity appeared. Also for the latter co
pound, high-purity samples (r0,1 mV cm) seem to be re-
quired for a complete superconducting transition.4

The difference in thepc values and theÃ(p) dependence
of CePd2.02Ge1.98 and CePd2Ge2 can also be understoo
qualitatively within the Doniach picture. Magnetic order is
cooperative phenomenon involving the alignment of sp
over distances that are large compared to the lattice par
eter. It is very unlikely that a small change in the Ce-liga
configuration will influence the RKKY interaction andJ
'J8 seems to be justified, withJ andJ8 being the exchange
coupling for x50 and x50.02, respectively. The almos
identicalTN values at ambient pressure corroborates this
sumption. For the Kondo effect, however, only the local e
vironment of the Ce ions is essential and therefore, a sm
change in its configuration sphere should influenceTK . It
seems very likely that the additional Pd in CePd2.02Ge1.98
occupies Ge sites and/or interstitial sites and might influe
the local environment of the Ce ions, resulting inJ8.J.
Within a certain limit this hypothesis is supported by t
differentg values at ambient pressure~Table I!. Furthermore,
the x-ray data of CePd2.02Ge1.98 reveal that thec-axis lattice
parameter is slightly lower, whereas thea-axis lattice param-
eter is unchanged within the standard deviation. Thus, the
excess could have caused a stronger hybridization betw
the 4f and conduction electrons already at ambient press
as was argued above. Results of a thorough investigatio
the influence of the Ni excess in Ce1.005Ni21zGe22z encour-
age this argumentation.20 As a function of the Ni content, the
c-axis lattice parameter andr0 showed a minimum atz
50.02 and a complete superconducting transition occur
close to this value at ambient pressure, whereas pressure
to be applied to achieve a superconducting ground stat
the stoichiometric compound.22 With these assumption

re,
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TRKKY(J) will be of comparable strength toTK(J) and
TK(J8) at a critical value Jc8,Jc . Therefore, pc of
CePd2.02Ge1.98, determined byJc8 , is lower than pc of
CePd2Ge2, given byJc . As a consequence of this conside
ation, a shiftedÃ(p) dependence follows, sinceÃ}TK

22 , as
is experimentally found and depicted in Fig. 4.

The Kondo temperature in CePd2Ge2 at low pressures is
small in comparison to the crystal-field splittingD1
5110 K andD25220 K.26 Therefore,rmag(T) shows only
one maximum atTmax at low pressure. Aroundpc , however,
two maxima atTK andTmax occur, reflecting the Kondo sca
tering from the ground state and excited state, respecti
~Figs. 1 and 2!. The low-temperature maximum emerges a
pressure of about 11 GPa and shifts to higher temperat
with increasing pressure, as shown in Fig. 7. This mi
reflect an enhanced screening of the magnetic moment
the conduction electrons and thus point to an increasing
of the Kondo effect. As a consequence, the anomaly at
temperature has to be related toTK . Both anomalies in
rmag(T) seem to merge in the vicinity ofpc , indicating the
entrance into the intermediate valence regime. In this reg
the crystalline electrical field levels cease to exist as w
defined excitations. In the case of two excited crystal fi
levels, Hanazawaet al.46 have introduced a second Kond
temperatureTK

h at high temperature. It is related toTK by
TK

h 5A3 TKD1D2. Using the assumption thatD1 and D2 de-
crease under pressure with the same rate as in CePd2Si2
~Ref. 33!, the TK

h values can be calculated as a function
pressure~open symbols in Fig. 7!. A good agreement is
achieved with the measured values ofTmax. Similar consid-
erations can be made for CePd2.02Ge1.98, resulting in the

FIG. 7. Pressure dependence of some characteristic tem
tures,Tmax, TN , and TK of CePd2Ge2 in a semilogarithmic plot.
The pressure dependence ofTmax shows a minimum close topc .
The open symbols represent calculated data ofTK

h ~see text!.
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same phase diagram but shifted by 2.8 GPa to lower p
sures.

The analysis of the low-temperature behavior ofrmag(T)

has revealed almost the same anomalies inr0 , Ã, andn for
CePd2.02Ge1.98 and CePd2Ge2. Of particular interest is the
strong pressure dependence ofr0 ~inset of Fig. 3!. It is an
additional example of a pressure-dependent residual resi
ity scattering in HF compounds already pointed out in R
17. The anomalies inr0(p) cannot be caused by lattice de
fects and impurities alone like in conventional metals. T
independent-electron approximation@r0}1/(kF

2 l ), with kF

being the Fermi wave number andl the mean free path#
suggests that pressure should affectr0 only weakly since
both kF and l react upon pressure only through a sm
change of electron density and interatomic distances. In m
als with strongly interacting electrons and magnetic ord
the contributions tor0 are not well understood. So far,
noticeabler0(p) dependence has been found in several
systems either in the magnetic phase@CeCu5Au ~Ref. 19!
and YbCu2Si2 ~Ref. 10!#, close topc (CeAl3)47 or in the
paramagnetic phase@CeCu2Ge2 and CeCu2Si2 ~Ref. 17!#.
Following the suggestion by Miyake and Maebashi,48 quan-
tum critical fluctuations should give rise to an enhanced
purity potential. It leads to an increase ofr0 through non-
magnetic impurity scattering near a ferromagnetic
antiferromagnetic quantum critical point if many-body co
rections of scattering are taken into account. This possib
and the wealth ofr0(p) anomalies reported so far migh
indicate that only a part ofr0 is due to static disorder an
that the large variation ofr0(p) is an intrinsic property of a
weakly disordered Kondo lattice.19

The deviation from FL behavior aroundpc is an estab-
lished fact and can be understood in the framework of s
fluctuation theory.49,50 For spin fluctuations with three

dimensional~3D! character,r(T)5r01ÃTn, with n51.5, is
expected. The minimum values ofn depicted in Fig. 4 are
close to this value. It is considerably different from a line
temperature dependence that is expected for a distributio
Kondo temperatures.51 Therefore, Kondo disorder seems
be negligible.

The ac-calorimetry data revealed a pronounced varia
of the ac signal recorded below 1 K. It was argued above
1/Vac can be taken as the linear coefficient of the spec
heat,C/T5g. Its pressure dependence is not strong eno

to follow the Ã(p) dependence according to the empiric
Kadowaki-Woods relation.52 Especially at pressures abov
15 GPa, the low-temperature value of 1/Vac decreases les

than expected fromÃ(p).36 A possible reason for this devia
tion might be the unknown thermal properties of t
pressure-transmitting medium~and perhaps also of th
sample! at high pressure. They have changed significan
which was only accounted for by adjusting the measur
frequency. A step towards a quantitative measure ofCp at
these conditions would be to achieve a control of the s
plied heating power and the thermal contact between sam
and pressure-transmitting medium. Nevertheless, the st

ra-
8-7
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pressure dependence of 1/Vac at low temperature is reminis
cent toÃ(p) and is a motivation for further studies.

V. CONCLUSION

We reported on the results of a combined electrical re
tivity r(T) and ac calorimetry,C(T), investigation of the
antiferromagnetically ordered CePd2.02Ge1.98 (TN55.16 K)
and r(T) measurements of CePd2Ge2 (TN55.12 K) for
pressures up to 22 GPa. Both measuring techniques
been assembled inoneBridgman type of high-pressure cel
The particular sample arrangement guarantees similar p
sure conditions essential for a comparison of the press
induced effects. The ac calorimetry andr(T) data have been
obtained from thesamesample, which is important to dem
onstrate the feasibility of the ac technique at these extre
conditions. Both methods reveal a suppression of magn
order at a critical pressurepc511.0 GPa and pc
513.8 GPa for CePd2.02Ge1.98 and CePd2Ge2, respectively.
The inverse of the ac signal, 1/Vac}C/T, recorded at the
lowest temperature exhibits an anomaly in the vicinity ofpc ,
reminiscent toÃ(p), the temperature coefficient ofr(T).
Although the pressure dependence of 1/Vac is not strong
enough to follow the entireÃ(p) dependence according t
the Kadowaki-Woods relation, it is evident that the ac sig
mainly represents the sample properties. These observa
demonstrate the sensitivity of the ac calorimetry to electro
ith

ch
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correlations despite the small sample mass~somemg). From
the combined (T,V) phase diagram of CePd2Ge2 and
CePd2Si2 it was concluded that interatomic distances play
crucial role for the hybridization between the 4f and conduc-
tion electrons, i.e., for the exchange couplingJ, in the sto-
ichiometric compound. In order to explain the large diffe
ence in thepc values, it was argued that the Ce coordinati
sphere in CePd2.02Ge1.98 has changed due to the Pd exce
with respect to CePd2Ge2. This affects the Kondo tempera
ture TK , and thereforeTK will be comparable to the RKKY
interaction at a lower critical value ofJ for CePd2.02Ge1.98.
With this assumption, the shiftedÃ(p) variations have also
been explained. The deviation ofr(T) from a Fermi-liquid
behavior in the vicinity ofpc can be ascribed to 3D spi
fluctuations. The strong variation of the residual resistiv
r0 with pressure aroundpc might indicate that only a part o
r0 is due to static disorder. As a consequence, the assump
of a power law forr(T) will be a subject of further carefu
investigations, especially at very low temperatures.
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