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Nonmonotonous evolution of the Kondo temperature in the phase diagram of Ce„Pd12xCux…2Si2
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The evolution of the behavior of the Ce 4f electron with the Cu content in the alloy Ce(Pd12xCux)2Si2 was
investigated by determining its structural, magnetic, transport, and thermal properties. Results obtained on 15
samples with compositions distributed along the whole concentration range allow us to draw a magnetic phase
diagram showing three distinct regions. The first region at low Cu concentrations corresponds to the
antiferromagnetic-ordered regime. The fast suppression of this magnetic order betweenx50.2 andx50.25
suggests the presence of a critical point which separates this region from the second one at largerx values
where no magnetic order is observed. The main characteristic of this second region, which extends up tox
50.7, is a pronounced increase of the Kondo temperatureTK , from TK'15 K at x50.25 toTK'50 K at x
50.7. This is in contrast with the fast decrease ofTK in the region withx.0.7. In this region a small anomaly
with a ferromagnetic character is observed in the specific heat arround 4 K. The change in the evolution ofTK

with x coincides with a change in the composition dependence of thec lattice parameter of the tetragonal
structure, pointing to a structure-related origin of this unusualTK(x) behavior. This nonmonotonousTK(x)
dependence is reproduced using local-density-approximation band-structure calculations, which show a maxi-
mum of the hybridization strength between conduction electrons and Ce 4f states for intermediate Cu con-
centrations. Such aTK(x) dependence which contradicts the monotonous dependence observed in all other
Ce-based alloy systems is the hallmark of the Ce(Pd12xCux)2Si2 alloy, which cannot be described as a
Fermi-liquid system in the nonmagnetic region.@S0163-1829~98!02118-3#
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I. INTRODUCTION

Among the Ce ternary compounds, the family of t
CeT2X2 intermetallics~whereT is a transition or noble meta
andX a p-type metalloid! shows one of the richest varietie
of behaviors within a single type of crystalline structure~i.e.,
ThCr2Si2). In this group, the largest modification in th
physical properties is obtained by changing theT element,
which from size and electronic structure drives significa
changes in the Fermi surface of the system. Those effects
directly reflected in the ‘‘Ce-T’’ and ‘‘Ce-X’’ interatomic
distances, allowing a systematic description of all the me
bers of this family of compounds in terms of the Ce-liga
spacing.1,2 With the exception of the ferromagnetic~F! com-
pound CeRu2Ge2 ~Ref. 3! different types of antiferromag
netic ~AF! structures and interactions were found in th
group. Some of the most interesting examples are CeRh2Si2
~Ref. 3! with the highest AF transition for a Ce system~a
Néel temperature ofTN535 K!, CePd2Si2 with TN510 K,3

similar to that of its isotypic GdPd2Si2,
3 in clear disagree-

ment with the de Gennes factor proportionality, a
CeCu22xSi21x ,4 in which magnetic order with fluctuating
moments competing with superconductivity~SC! has been
observed. Within the nonmagnetic members of this fam
PRB 580163-1829/98/58~1!/314~8!/$15.00
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normal @CeRu2Si2, ~Ref. 5!# and SC@CeCu21xSi22x ~Refs.
6,7!# heavy fermions were found. At the limit of stron
4 f -band hybridization, some representative compounds
intermediate valence behavior were observed, such as
example, CeNi2P2, which shows the lowest density of state
and the shortest Ce-X distance.8

A common feature of the mentioned compounds is tha
small reduction in their respective interatomic distanc
strongly enhances the Ce-ligand electronic overlap, wit
consequent hybridization enhancement. Therefore, th
compounds located at the limit of Ce-ligand contact@mainly
‘‘Ce-X’’ ~Ref. 2!# are at the verge of a magnetic instabilit
as evidenced by drastic changes under pressure and allo
For example, three AF compounds, CeRh2Si2, CePd2Si2, and
CeCu2Ge2, become SC under a pressureP50.9 GPa,9 2.9
GPa,10 and 7 GPa,11 respectively. The corresponding de
crease of the ordering temperature (DTN /DP) results in be-
ing strong for CeRh2Si2 @DTN /DP5238 K/GPa~Ref. 9!#,
moderate for CePd2Si2 @DTN /DP523.4 K/GPa~Ref. 10!#,
and weak for CeCu2Ge2 @DTN /DP520.6 K/GPa~Ref. 11!#.
Concerning the ligand concentration dependen
CeCu21xSi22x is a prototype for alloying effects becaus
some percentual variation of stoichiometry produces dra
changes in the ground state that include magnetic, nonm
314 © 1998 The American Physical Society
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PRB 58 315NONMONOTONOUS EVOLUTION OF THE KONDO . . .
netic, and SC behaviors.6,7 On the other hand, these varia
tions can be compensated by some tenth of GPa of app
pressure.5,12 The smallness of the changes in the driving p
rameters gives an idea of the low-energy scale involved
the transition between the different ground states in th
compounds.

Another striking behavior observed in this family of com
pounds is the presence of a non-Fermi-liquid~NFL! phase at
the boundary of the SC phase, which transforms to a Fe
liquid ~FL! phase under strong magnetic fields.12 This NFL
behavior, extracted form the linear temperature depende
of the electrical resistivity, is observed in the SC phase
CePd2Si2 under pressure,10 whereas deviations from linearit
were found in the pressure-induced SC phases of CeRh2Si2
~Ref. 9! and CeCu2Ge2 ~Ref. 11!.

By alloying, either volume or electronic density modifi
cations can be induced in the system depending on the
tive size and electronic structure of the substitutes, induc
different types of magnetic phase diagrams.13 In the case of
Ce(Pd12xCux)2Si2,14 both variations are driven as Cu re
places Pd, although the opposite effect is expected with
spect to the hybridization strength because Cu doping
duces the volume whereas it increases the number
electrons. Previous studies on this system14 revealed a rapid
decrease ofTN with Cu concentration, and an unusual redu
tion of theCel(T)/T→0 ratio of the electronic specific hea
at intermediate Pd substitution related to a significant red
tion of the entropy gain. Such a minimum ofCel(T)/T→0 is
quite unusual because the systems undergoing a magn
ordered to nonmagnetic transformation by alloying show j
the contrary, i.e., a maximum inCel(T)/T as a function ofx
before becoming intermediate valent.15 Furthermore, the sys
tem at hand does not evolve to an intermediate valent s
but on the contrary enhances its heavy fermion characte
x→1.

The aim of this work is to build up a detailed phase d
gram of the Ce(Pd12xCux)2Si2 system based on structura
transport, magnetic, and thermal measurements. For su
purpose we have extended the aforementioned study
much larger number of samples and range of temperatu
particularly at the critical concentrations where the order
temperature vanishes and thec-axis dependence with con
centration changes its slope.

II. EXPERIMENTAL DETAILS AND RESULTS

Samples with concentrationsx50, 0.05, 0.1, 0.2, 0.25
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.85, 0.9, and 1 were prepare
arc melting the appropriate amount of pure metals in an
gon atmosphere. This procedure was repeated several t
in order to homogenize the sample composition. After th
the samples were annealed 120 h between 700 and 100
Powder x-ray diffractometry confirmed that the samp
were single phase with tetragonal ThCr2Si2 structure within
the resolution of the technique ('2 at. %!.

Specific heat measurements were performed in a3He
quasiadiabatic calorimeter by the usual pulse technique
tween 0.4 an 25 K and in some cases applied magnetic
up to B54 T. In order to extract the electronic contributio
Cel to the total specific heat we measured isotypic La co
pounds, La(Pd12xCux)2Si2, for x50, 0.6, and 1, and per
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formed a linear interpolation for concentrations in betwee
The magnetic dc susceptibility was measured between

K and 300 K in a commercial superconducting quantum
terference device~SQUID! magnetometer under a field o
B50.1 T. Some samples were studied using ac magn
susceptibility between 0.4 and 20 K with a mutua
inductance bridge working at a fixed frequency of 128 H

Electrical resistivity was measured with a convention
four-contact technique with lock-in detection on plan
samples for temperatures between 0.45 K and 300 K i
3He cryostat. In order to avoid the uncertainties related
the geometric factor of the samples, we have normalized
results to the resistance value at 300 K.

Figure 1 shows the composition dependence of thea and
c lattice parameters, of the ratioc/a, and of the unit-cell
volume of Ce(Pd12xCux)2Si2, together with the non-f refer-
ence alloy La(Pd12xCux)2Si2. Both systems present th
same behavior, characterized by a clear difference betw
the evolution of thea and c parameters withx @see Fig.
1~a!#. Whereas thea axis decreases almost linearly thec axis
increases slightly at low Cu contents and decreases at l
Cu contents, presenting a clear change of slope atx50.8.
Because the change of the relative change of thea axis is
nearly one order of magnitude larger than that of thec axis,
the unit-cell volume decreases monotonously from the
rich to the Cu-rich side with only a small change in the slo
at x'0.8 @see Fig. 1~b!#. The difference of volume betwee
La- and Ce-based compounds is approximately 1.7%, in
pendently ofx. The c/a ratio increases withx until x50.7,
and then tends to saturate at the valuec/a52.419 for
CeCu2Si2 ~Ref. 14! and c/a52.389 for LaCu2Si2, respec-
tively.

The temperature dependence of the electrical resistiv
r(T), gives a first idea about the peculiar evolution of t
physical properties of this alloy. Figure 2 shows the ra
r(T)/r(300 K) in the temperature range 4 K,T,300 K
for selected samples across the whole composition range
low Cu contents,r(T) presents a well-defined maximum
low temperatures (T'10220 K! and a weak bump aroun
80 K. The low-temperature maximum shifts to higher te
peratures with increasingx. As a result both features almos
merge atx50.8, making their distinction difficult. However
for x.0.8, the low-temperature maximum shifts back

FIG. 1. Concentration dependence of~a! the lattice parameters
and~b! volume andc/a ratio of Ce(Pd12xCux)2Si2 ~open symbols!
and La(Pd12xCux)2Si2 ~solid symbols!.
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316 PRB 58M. GOMEZ BERISSOet al.
lower temperatures. From a comparison with the well-kno
properties of the pure compounds, the low-temperat
maximum and the anomaly at high temperature are c
nected with the Kondo scattering of the crystal-electric-fi
~CF! ground state and excited doublet, respectively. Thus
our knowldge, these results of the electrical resistivity g
clear evidence for a nonmonotonous evolution of the Kon
temperature in Ce compounds.

The dc susceptibilityxdc(T) of CePd2Si2 shows a clear
kink at TN510.3 K related to the AF transition. Substitutio
of Pd by Cu reducesTN and smears out the transition~see
Fig. 3!, which can no longer be resolved forx.0.2. Instead

FIG. 2. Electrical resistivity normalized to its room temperatu
value vs ln (T). The arrows mark the position ofTrmax

andTCF ~see
text!. The curves are shifted along ther axis for clarity.

FIG. 3. dc magnetic susceptibility of the Pd-rich concentrat
region in a semilogarithmic representation. The samplex50.85 is
enriched in theT-metal concentration~see text!.
n
re
n-

to
e
o

the temperature dependence ofxdc(T) gets quite flat below
20 K, leading to a broad inflection which shifts to high
temperatures with increasingx. In thex50.6 sample, a weak
but clear F contribution appears belowT57 K. For x.0.6,
the susceptibility below 40 K increases again with Cu co
cetration, and the F contribution gets larger~Fig. 4!. How-
ever, this F contribution turned out to be sample depend
Since the foreign phase formed during the peritectic reac
of the Cu-rich samples presents such a F signal,16 a further
sample with composition Ce(Pd0.15Cu0.85)2.2Si2 was prepared
and investigated. Such a transition-metal excess is know
strongly reduce the amount of this foreign phase. No F c
tribution was detected in thexdc(T) measurement performe
on this sample, indicating that this contribution to the ma
netic signal is not intrinsic, and it can be accounted for
less than 2% of foreign phase.

The evolution of the ground state with composition can
followed in more detail in the specific heat measurements
Fig. 5, Cel /T is plotted as a function ofT for the Pd-rich
samples. CePd2Si2 presents a sharp mean-field-type tran
tion at TN510.3 K and a second small anomaly atTm57.8
K. With increasingx, both anomalies shift to lower tempera

FIG. 4. dc magnetic susceptibility of the Cu-rich concentrati
region in a semilogarithmic representation.

FIG. 5. Cel(T)/T vs T for the magnetically ordered sample
The nonmagnetic samplex50.25 is included for comparison.
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PRB 58 317NONMONOTONOUS EVOLUTION OF THE KONDO . . .
tures and theCel(T) jump at TN becomes broader, wherea
the anomaly atTm becomes more pronounced, transformi
into a well-defined peak inCel(T)/T. The distinction be-
tween TN and Tm in the x50.05, 0.1, and 0.2 samples
more evident in a](xT)/]T versusT plot ~not shown here!
where a clear break in the slope is observed atTm . Thus,Tm
is probably related to a transition between different AF str
tures. Forx50.25 no transition can be resolved. A clos
inspection of the low-temperature region shows a furt
anomaly atT0'0.8 K for the samples withx50.1 and 0.2.
This anomaly only involves a few degrees of freedom.
spite of that, thexac(T) measurement performed on thex
50.2 sample shows a stronger signal atT5T0 than that
observed atTm .

For the intermediate Cu concentration range 0.3<x<0.7
~see Fig. 6!, Cel(T)/T increases monotonously as tempe
ture decreases and no anomalies are observed above 0
The slope ofCel(T)/T versusT decreases withx and thus
the Sommerfeld coefficientg05Cel(T)/TuT→0 decreases
from 0.5 J/mol K2 for x50.3 to 0.16 J/mol K2 for x50.7.
In the high Cu concentration region 0.7,x<1, g0 grows
again monotonously withx. A broad maximum is observe
in Cel(T)/T at 4 K for x50.8 and 0.85, but it can also b
observed as a shoulder in thex50.9 sample. For the analys
of the x→1 region we chose to compare the results w
those of a CeCu2Si2 ‘‘ A-phase’’ sample, where the magnet
‘‘ A phase’’ and SC phase were suppressed by applyin
small amount of external pressure and magnetic field@the
corresponding curve is labeled ‘‘N’’ in Fig. 7~Ref. 17!#.
This corresponds to a system with a slightly larger hybr
ization strength and without a phase transition, which is t
very close to the situation of the Cu-rich samples. A com
lation of characteristic properties extracted from the resis
ity, susceptibility, and specific heat results is given in Ta
I.

III. DISCUSSION

From these results, its clear that the evolution of
Ce(Pd12xCux)2Si2 system with concentration can be divide

FIG. 6. Cel(T)/T vs T for the samples with intermediate con
centrations. For clarity, the data ofx50.7 sample is included up to
9 K only.
-
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into three regions. The Pd-rich side presents an AF-orde
phase with an ordering temperature that decreases with
content. The intermediate region 0.3<x<0.7 is character-
ized by the lack of long-range magnetic order~LRMO! and
the increase of the Kondo temperature (TK) with x. Such a
concentration dependence ofTK(x) marks the difference
with the Cu-rich side (x.0.8) whereTK decreases withx
from about 50 K to 10 K for CeCu2Si2.

14

On the Pd-rich side, the AF phase seems to disapp
rather abruply betweenx50.2 andx50.25. A more detailed

FIG. 7. Cel(T)/T vs T for the Cu-rich samples. The characte
istic of the CeCu2Si2 sample labeled as ‘‘N-phase’’ are given in th
text.

TABLE I. Values ofTN andTm @K#; n, exponent ofr;Tn; x at
10 K @1029m3/mol#; g05Cel(T)/TuT→0 @J/mol K2#; DS, normal-
ized entropyDS(20K)/R ln 2; TCF, position of the CF-related
maximum ofr(T) @K#; andTK , Kondo temperature@K#.

x TN (Tm) n x10 K g0 (DS) TCF TK

0.0 10.3~7.7! 2.5a 156 0.12~0.9! 70
0.05 9.4~7.3! 132
0.1 8.4~6.4! ~1.65!b2.4 127 0.20~0.87!f 67 13.8
0.2 5.5~3.5! ~2.4!c2.0 113 0.4~0.82!f 71 15

0.3 1.25 105 0.5~0.78!f 68 16
0.4 1.45 82 0.29~0.66! 73 23
0.5 1.67 75 0.19~0.60! 77 26
0.6 ~2.0!d1.62 60 0.17~0.53! 77 41
0.7 1.68 60 0.16~0.54! 68 49

0.8 2.3 0.19~0.58! 80 50
0.9 0.40~0.64!
0.95 0.57~0.64! 110 34
1.0 2.0e 0.8 ~0.78! 150g

aAfter Ref. 11.
bBelow T;3.6 K.
cBelow T;1.7 K.
dBelow T;1.6 K.
eA/S sample~after Ref. 7!.
fExtrapolated fromT;15 K.
gAfter Ref. 23.
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analysis of the specific heat results reveals that the ent
associated with the magnetic order decreases more ra
thanTN and tends to zero within this range of concentratio
This might suggest a critical point in the range 0.2,x
,0.25.

We have to remark that the tail ofCel /T(T) aboveTN is
almost independent of concentration up tox50.2 ~see Fig. 5!
and increases only slightly forx50.25, indicating that the
significant magnetic fluctuations present in the paramagn
phase are practically not affected by Cu doping. This s
gests that the magnetic excitations are not quenched in
same way as the LRMO but that they survive the LRM
disappearance. Since the slope ofCel(T)/T belowTm is also
similar for the samples withx<0.2, neither the magnon dis
persion relation~below Tm) changes with Cu concentration

The disappearance of the magnetic order is accompa
by a drastic change in the exponentn of the power low fits to
r(T) ~see Fig. 8!. In the AF-ordered regime, one observ
rather large values ofn: starting fromn52.5 atx50.11 For
x50.1 aT2.4 dependence is found forT.TN/2 andT1.65 for
T,TN/2, whereas forx50.2T2 is observed forT.TN/2 and
a T2.4 dependence is found forT,TN/2.

In contrast, forx50.3 where the AF ordering has disa
peared,n drops ton51.25, which is the lowest value ob
served for the whole alloy system. Such a low expon
value is taken as the hallmark for NFL behavior.18 In fact,
for those concentrations neitherCel(T)/T nor x(T) can be
described as FL systems, where these parameters are
pected to become constant forT→0 with Cel /T;x;AA,
being A the coefficient of ther5AT2 law. For higherx
values,n increases slowly up ton51.62 forx50.7.

As quoted above, the intermediate concentration reg

FIG. 8. Normalized low-temperature electrical resistivity
temperature in a double-logarithmic scale to show the differ
power laws ofr}Tn.
py
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(0.25<x<0.7) is characterized by the increase of theTK
temperature withx.14 This increase is evidenced by the sh
of the position of the maximum inr(T) to higher tempera-
tures, from nearlyTrmax

516 K at x50.3 to Trmax
550 K at

x50.8 ~see Fig. 2 and Table I!. The TK values extracted
from g0 @usingTK'1/g0 ~Ref. 19!# coincide with those ob-
tained from the transport measurements.

However, none of theCel(T)/T curves can be fitted with
the predictions for a classical Kondo system. The decreas
Cel(T)/T at low temperature as the Cu content increases~see
Fig. 6! indicates a progressive reduction of the low-ener
degrees of freedom. In terms of entropy gain (DS), it reaches
one-half of the expected value (DS5R ln 2) for a doublet
Ce ground state at 20 K. From a usual Kondo model,19 one-
half of the entropy is gained at around 1.3TK , which in the
case ofx50.7 would giveTK'15 K, whereas one observe
a Trmax

550 K that coincides with theTK obtained from the

TK'1/g0 relationship.
However, the large value ofTK ('50 K!, reached at in-

termediate concentrations, requires one to take also into
count at least the first CF excited levels. A good tool for su
an analysis is the study of the variation ofr(T) at high
temperatures.15 AboveTrmax

, the electronic scattering involv
ing the CF levels is observed as a broad anomaly, centere
a temperatureTCF, proportional to the CF splitting energ
(TCF}2DCF).

20 From its broadness the hybridization streng
(GCF) of those levels with the conduction states can be e
mated. For practical purposes, the analysis of the second
rivative of r(T) gives a reliable approximation of these p
rameters. The maximum of the Kondo scattering,Trmax

, of
the CF ground state is defined as the first minimum
d2r/dT2, TCF at the second minimum, andTinf ~the inflection
point! as the following zero ofd2r/dT2, with Tinf2TCF
}GCF. The respective evolution of these parameters w
concentration is collected in Fig. 9. There, one has to rem
on the similarity between theTK(x) values extracted from
Trmax

and theGCF(x) ones, indicating that in this case th

t

FIG. 9. Phase diagram of the high-temperature parameters
tracted fromr(T) ~see text!. Trmax

is the temperature where the firs
minimun ofd2r/dT2 occurs which is related to the Kondo temper
ture.TCF is the temperature where the second minimun ofd2r/dT2

occurs which is related to the crystal field splitting. Ther(T) in-
flection point Tinf is asociated with the hibridization of the firs
excited CF levelsGCF through the relationGCF5Tinf2TCF.
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respective hybridization strengths are nearly the same for
ground and the excited CF levels. Going back to Fig. 2, o
can see that aroundx50.8 both maxima practically com
together becauseTK plus GCF approachsDCF, smearing out
the characteristics of the doublet ground state~g.s.! that con-
trols the magnetic properties at other concentrations.
contribution of the higher CF levels could explain the d
crepancy atx50.7 betweenTK obtained fromg0 and TK

obtained from the position whereDS(T)51/2R ln 2.
A question arises here whether both extremes of conc

tration ~i.e., CePd2Si2 and CeCu2Si2) have the same CF dou
blet g.s. or not. In spite of the effort done in determining t
doublet g.s. of the stoichiometric compounds of this syst
precise knowledge of their respective eigenfunctions pres
some contradictions. For example, neutron diffraction st
ies on CePd2Si2 ~Ref. 21! give a second-order CF coefficien
B0

25211 K, which as a dominant term implies the magne
moments pointing in the direction of thec axis, while other
neutron studies on the magnetic structure22 describe that
compound as having the magnetic moments on the b
plane. In the other concentration limit, different studies
CeCu2Si2 report contradictory functions for its CF doubl
g.s.21,23 It is striking that the same doublet was proposed
both Pd and Cu compounds when the electronic charg
those elements has opposite sign~Pd is a holelike elemen
whereas Cu is electronlike!. In our investigation we have
shown that the evolution of thec-axis lattice parameter with
Cu concentration is the opposite below and above 75%
concentration. This basic modification in the symmetry pro
erties of the system is reflected in all the properties depe
ing of the Ce ground state, suggesting a significant mod
cation of its eigenfunction.

On the eventuality that CePd2Si2 and CeCu2Si2 have not
the same CF doublet g.s., a crossover between those le
has to occur at some concentration. Such a crossing has
looked for around 0.7,x,0.8, where the widths of the
ground (;TK) and the excited (;GCF) levels are compa-
rable toDCF.

On the rich Cu side (x>0.8; see Fig. 7!, g0(x) increases
from 0.2 to 0.8 J/mol K2 as x→1 and TK @taken from
Trmax

(T)# decreases down to'20 K, whereas the exponent o

therLT(T)}Tn dependence seems to saturate atn'2.2. The
distinct feature in this concentration range is the maximum
Cel /T near 4 K. This anomaly only involves a few degrees
freedom~i.e., some percent of the electronicDS; see Fig. 7!.

Since this maximum is also present in thex50.85 sample
prepared with 20% excess of transition metals, it canno
due to the magnetic foreign phase mentioned above and
to be intrinsic. Under a magnetic field (B54 T! this maxi-
mum shifts to higher temperatures and the related entrop
almost doubled, which is very unusual behavior. The shif
higher temperatures suggests a F character.

We have collected the results of the analysis of our m
surements in a phase diagram~Fig. 10!. The occurrence of
three different regimes is certainly triggered by the nonm
notonous evolution ofTK . The increase ofTK with x for x
<0.7 and its decrease forx>0.8 imply a corresponding be
havior of the coupling parameterg between the 4f and the
conduction electrons. The increase ofg with x for x<0.7 can
easily be explained by the decrease of the volume.
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shorter distance between Ce and its ligands leads to a la
hybridization between the 4f and the conduction electrons
and thus to a largerg. However, the same argument cann
be applied forx.0.8, where more complex phenomena ha
to be involved.

The coincidence of the change in the evolution ofTK and
of the c axis suggests that the origin of the anomalous
havior of g is connected with structural- and electroni
related properties. Since the nonmonotonous behavior of
c vs x is observed in both Ce- and La-based compoun
such a singular behavior has to be seen as not due t
instability of the cerium itself but instead to a general pro
erty of the Cu-Pd system.

IV. COMPARISON WITH BAND-STRUCTURE
CALCULATIONS

A deeper insight into the origin of this anomalous conce
tration dependence is difficult to obtain, since ana priori
calculation of the characteristic energy of thef electrons,
e.g., of the Kondo temperature, is a formidably difficult tas
Only very recently has such a calculation been underta
for CeM3 compounds by Hanet al.24 following an approach
suggested by Gunnarssonet al.25 For the CeM3 compounds
considered in Ref. 24, which haveTK differing by more than
two orders of magnitude, the experimental trends were rep
duced reasonably well by the calculations. It is thus intere
ing to see whether this approach could also reproduce
much weaker changes and the nonmonotonous behavio
served in the Ce(Pd12xCux)2Si2 system and thus lead to
better understanding of this phenomenon.

We therefore investigated the electronic structure of
Ce(Pd12xCux)2Si2 system using standard self-consiste
band-structure calculations based on the local-density
proximation~LDA !. In a first step, we performed a calcula
tion where thef electrons were treated as part of the ion co
( f -core calculation!. This prescription implies that the hy
bridization betweenf and band states is neglected for t
calculation of the electronic states. The conduction states
determined from self-consistent scalar-relativistic calcu
tions that include all relativistic effects except the spin-or
interaction. The spin-orbit splittings of the Cu 3d and Pd 4d

FIG. 10. Phase diagram for the low-temperature parameters
dering temperatures (TN , Tm , and T0), g05Cel(T)/TuT→0, and
electronic entropy gain up to 20 K,DS(20 K).
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states are much smaller than the corresponding bandwid
Details of the calculation method can be found in Ref. 26

In Fig. 11 we show the total density of states~DOS! of the
conduction bands obtained from thisf -core calculation. A
common feature of the CeT2X2 (X5Si, Ge! compounds is
the broads-p bands@Fig. 11~a!#. In Ce(Pd0.5Cu0.5)2Si2 and
CePd2Si2 the Pd 4d states lead to an increased dens
N(EF) of conduction states at the Fermi level of about 1.
states/cell eV and 1.91 states/cell eV, respectively@Fig.
11~b!#. In the related system CeCu2Si2, the metald bands are
filled and, consequently, are sitting far below the Fermi
ergy, leading to a lowerN(EF) of 1.32 states/cell eV. We
checked this increase inN(EF) by performing a similar cal-
culation for the non-f reference compounds LaCu2Si2,
LaPd2Si2, and La(Pd1-xCux)2Si2 and by comparing the result
ing Sommerfeld coefficientgcalc with the experimental value
gexpt obtained from the specific heat experiments~see Table
II !. Both gexpt and gcalc show a significant increase from
LaCu2Si2 to LaPd2Si2. The calculated values are slight
lower than the experimental ones, as expected since
renormalization effects are not included ingcalc. The small
enhancement coefficientm* 5gexpt/gcalc 5 1.03 obtained for
the Cu-based compound and the slightly larger valuem*
51.2 found for the Pd-based compound correspond to

FIG. 11. Total DOS for Ce(Pd12xCux)2Si2 for x50, 0.5, and
1.0, with the Ce 4f electron included in the ion core (f -core calcu-
lation!. The energies have been shifted so that the Fermi energ
at zero energy.~a! General overview forx50. The two bands in the
low-energy region are derived from the Sis states. The dominan
features are theT-d bands which hybridize with Sip andT-s states
near the bottom of thed bands and with Sid andT-p states near the
top, respectively.~b! For x50 andx50.5, the DOS at the Ferm
energy is increased with respect tox51. For higher energies the
states have predominantly Ced character hybridized withT-p
states.
hs.

2

-

he

e

general trends observed in transition-metal compounds,
ing thus very strong support for the validity of these LD
calculations. For La(Pd12xCux)2Si2, m* is somewhat larger,
but this might be due to the artificial superstructure used
the calculation of this alloy. Following the approach of Re
24 and Ref. 25, the hybridization strengthGm(EF) (m de-
notes the symmetry of thef state! determining the low-
temperature properties of the Ce compounds is estim
from the f -projected density of states (f -PDOS!, r f m

Ce(E), at
the Ce site obtained from the self-consistent~LDA ! band-
structure calculation where the 4f electrons are now treate
as band states:

Gm~EF!52 lim
h→0

Im F E dE
r f m

Ce~E!

EF2E2 ihG21

. ~1!

This procedure seems justified since we anticipate
bare unrenormalized hybridization strengthsGm(EF) to be
predominantly determined by the self-consistent poten
and, concomitantly, the self-consistent electronic density
tribution. The conduction electrons states in general and t
coupling to the Ce 4f states in particular should be onl
weakly affected by thef correlations. The calculated hybrid
ization strengthsNfG5(mGm are listed in Table III. We get
a larger value for Ce(Pd0.5Cu0.5)2Si2 than for the two pure
compounds. The calculations thus reflect nicely the n
monotonic variation of the characteristic temperature
served experimentally. The values forNfG are of compa-
rable magnitude as those calculated for the CeM3 system.24

The influence of the metallic host can be seen from
weight of thef tails of the conduction electron states at t
Ce site. The latter is reflected in thef -PDOS at the Ce site
obtained when treating thef electron as part of the ion core
This conduction electronf -PDOS ~see Table III! also pre-
sents a nonmonotonous variation with composition, show
a maximum for Ce(Pd12xCux)2Si2. Thus the standardab
initio LDA band-structure calculations provide a good qua
tative description for electronic properties such as the

is

TABLE II. Comparison of the measured and calculated So
merfeld coefficientsgexpt and gcalc of La(Pd12xCux)2Si2. m* is
defined as the ratiogexpt/gcalc. Since no specific heat data wer
available for La(Pd0.5Cu0.5)2Si2, we takegexpt of La(Pd0.4Cu0.4)2Si2.

Compound gexpt gcalc m*
@mJ/~mol K2)# @mJ/~mol K2)#

LaPd2Si2 6.2 5.3 1.20
La(Pd0.5Cu0.5)2Si2 6.0 4.2 1.40
LaCu2Si2 3.5 3.4 1.03

TABLE III. Hybridization strengths~a! and f -projected DOS at
the Fermi level from thef -core calculation~b!.

Compound ~a! ~b!

@eV# @states/„eV ~Ce atom!…#

CePd2Si2 0.272 0.014
Ce(Pd0.5Cu0.5)2Si2 0.367 0.016
CeCu2Si2 0.326 0.015
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bridization strengths. The results can explain trends in
characteristic energies in Ce(Pd12xCux)2Si2 observed in the
experiments. According to these calculations the origin
the maximum of the 4f -energy scale in Ce(Pd12xCux)2Si2
can be traced to a maximum of the conduction electron
bridization strength at the Ce site.

V. CONCLUSIONS

Our results clearly indicate the existence of three differ
regions in the composition dependence of the propertie
Ce(Pd12xCux)2Si2. In the low-concentration region (x
,0.3) the AF ordering temperatureTN decreases and th
transition broadens with increasingx, whereas a secon
anomaly atTm'0.8TN becomes more pronounced. In co
trast, no evidence of magnetic order is observed in
middle concentration range (0.3<x<0.7), where the main
feature is a significant increase of the Kondo tempera
with increasing Cu content, fromTK516 K at x50.3 to
TK540 K at x50.8. Strong deviations from Fermi-liqui
behavior in theT dependence ofr(T), Cel(T), andx(T) are
observed in this concentration range, especially near
boundary where the magnetic order disappears.

At high Cu contents (x.0.7), an anomaly involving a
small part of the entropy appears atT'4 K, whose field
l,
a-

n

ro

ch

m
s,
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t
of

e
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e

dependence points to F character.TK is rapidly decreasing in
this concentration range. The nonmonotonous behavior oTK
is a unique feature of this system, contrasting the mono
nous dependence observed in all other Ce-alloy systems.
change in the evolution of all the studied properties ax
50.8 corresponds to a rather abrupt change in the comp
tion dependence of thec lattice parameter in both Ce- an
La-based alloys, pointing to a structural related origin of t
unique behavior. The nonmonotonousTK(x) dependence is
reproduced using LDA band-structure calculations, wh
show a maximum of the hybridization strength between c
duction electrons and Ce 4f states for intermediate Cu con
centrations.
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