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The evolution of the behavior of the Cé €lectron with the Cu content in the alloy Ce(PdCu,),Si, 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 betwehandx=0.25
suggests the presence of a critical point which separates this region from the second one at\lalges
where no magnetic order is observed. The main characteristic of this second region, which extends up to
=0.7, is a pronounced increase of the Kondo temperaturefrom Ty~15 K atx=0.25 toTx~50 K atx
=0.7. This is in contrast with the fast decreasd pfin 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 evollition of
with x coincides with a change in the composition dependence of tladtice parameter of the tetragonal
structure, pointing to a structure-related origin of this unududlx) behavior. This honmonotonoui (x)
dependence is reproduced using local-density-approximation band-structure calculations, which show a maxi-
mum of the hybridization strength between conduction electrons andfGeades for intermediate Cu con-
centrations. Such a@y(x) dependence which contradicts the monotonous dependence observed in all other
Ce-based alloy systems is the hallmark of the Ce(R@u,),Si, alloy, which cannot be described as a
Fermi-liquid system in the nonmagnetic regi$80163-182608)02118-3

. INTRODUCTION normal[ CeRySi,, (Ref. 5] and SC[CeCy.,,Si,_, (Refs.
6,7)] heavy fermions were found. At the limit of strong
Among the Ce ternary compounds, the family of the4f-band hybridization, some representative compounds of
CeT, X, intermetallics(whereT is a transition or noble metal intermediate valence behavior were observed, such as, for
and X a p-type metalloid shows one of the richest varieties example, CeNP,, which shows the lowest density of states
of behaviors within a single type of crystalline struct(ite., ~ and the shortest C¥-distancé®
ThCr,Si,). In this group, the largest modification in the A common feature of the mentioned compounds is that a
physical properties is obtained by changing theelement, small reduction in their respective interatomic distances
which from size and electronic structure drives significantstrongly enhances the Ce-ligand electronic overlap, with a
changes in the Fermi surface of the system. Those effects apensequent hybridization enhancement. Therefore, those
directly reflected in the “Cé&” and “Ce-X" interatomic ~ compounds located at the limit of Ce-ligand contfanginly
distances, allowing a systematic description of all the mem=Ce-X" (Ref. 2] are at the verge of a magnetic instability,
bers of this family of compounds in terms of the Ce-ligandas evidenced by drastic changes under pressure and alloying.
spacing? With the exception of the ferromagneti€) com-  For example, three AF compounds, CgRis, CePdSi,, and
pound CeRuGe, (Ref. 3 different types of antiferromag- CeCuGe,, become SC under a pressiPe=0.9 GPa, 2.9
netic (AF) structures and interactions were found in thisGPal® and 7 GP4d! respectively. The corresponding de-
group. Some of the most interesting examples are G8Rh crease of the ordering temperatuteT(y /A P) results in be-
(Ref. 3 with the highest AF transition for a Ce systeim ing strong for CeR}Si, [AT\/AP=—38 K/GPa(Ref. 9],
Néel temperature off y=35 K), CePgdSi, with Ty=10 K2  moderate for CeP&i, [ATy/AP=— 3.4 K/GPa(Ref. 10],
similar to that of its isotypic GdR&i,> in clear disagree- and weak for CeCiGe, [ATy/AP=—0.6 K/GPa(Ref. 11)].
ment with the de Gennes factor proportionality, andConcerning the ligand concentration dependence,
CeCy_,Sip.«,* in which magnetic order with fluctuating CeCy,,Si,_, is a prototype for alloying effects because
moments competing with superconductivitgC) has been some percentual variation of stoichiometry produces drastic
observed. Within the nonmagnetic members of this family,changes in the ground state that include magnetic, nonmag-
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netic, and SC behavioPs. On the other hand, these varia- 4.30
tions can be compensated by some tenth of GPa of appliec
pressuré:'? The smallness of the changes in the driving pa- _
rameters gives an idea of the low-energy scale involved in <420
the transition between the different ground states in these ® ats
compounds. I

Another striking behavior observed in this family of com-
pounds is the presence of a non-Fermi-lig(NFL) phase at ]
the boundary of the SC phase, which transforms to a Fermi- _ 176
liquid (FL) phase under strong magnetic fieldsThis NFL < 0
behavior, extracted form the linear temperature dependence>
of the electrical resistivity, is observed in the SC phase of 188

425

CePdSi, under pressur¥ whereas deviations from linearity 00 02 04 06 08 10
were found in the pressure-induced SC phases of ¢&Rh X
(Ref. 9 and CeCyGe, (Ref. 11). FIG. 1. Concentration dependence (ef the lattice parameters

By alloying, either volume or electronic density modifi- and(b) volume andc/a ratio of Ce(Pg_,Cu,),Si, (open symbols
cations can be induced in the system depending on the reland La(Pg_,Cu,),Si, (solid symbols.

tive size and electronic structure of the substitutes, inducing
different types of magnetic phase diagrarn the case of formed a linear interpolation for concentrations in between.
Ce(Pd_,Cu,),Si,,** both variations are driven as Cu re-  The magnetic dc susceptibility was measured between 1.8
places Pd, although the opposite effect is expected with rek and 300 K in a commercial superconducting quantum in-
spect to the hybridization strength because Cu doping reterference devicdSQUID) magnetometer under a field of
duces the volume whereas it increases the number @=0.1 T. Some samples were studied using ac magnetic
electrons. Previous studies on this systérevealed a rapid susceptibility between 0.4 and 20 K with a mutual-
decrease of \ with Cu concentration, and an unusual reduc-inductance bridge working at a fixed frequency of 128 Hz.
tion of the C¢(T)/T—O0 ratio of the electronic specific heat  Electrical resistivity was measured with a conventional
at intermediate Pd substitution related to a significant reducfour-contact technique with lock-in detection on planar
tion of the entropy gain. Such a minimumG§(T)/T—0is  samples for temperatures between 0.45 K and 300 K in a
quite unusual because the systems undergoing a magnetitHe cryostat. In order to avoid the uncertainties related to
ordered to nonmagnetic transformation by alloying show justhe geometric factor of the samples, we have normalized the
the contrary, i.e., a maximum i@¢(T)/T as a function ok results to the resistance value at 300 K.
before becoming intermediate valénfurthermore, the sys- Figure 1 shows the composition dependence ofatlaand
tem at hand does not evolve to an intermediate valent state, lattice parameters, of the ratio’a, and of the unit-cell
but on the contrary enhances its heavy fermion character amlume of Ce(P¢d_,Cu,),Si,, together with the norfi-refer-
x—1. ence alloy La(P¢d ,Cu,),Si,. Both systems present the
The aim of this work is to build up a detailed phase dia-same behavior, characterized by a clear difference between
gram of the Ce(Pd ,Cu,),Si, system based on structural, the evolution of thea and ¢ parameters withx [see Fig.
transport, magnetic, and thermal measurements. For suchlga)]. Whereas tha axis decreases almost linearly thexis
purpose we have extended the aforementioned study to iacreases slightly at low Cu contents and decreases at large
much larger number of samples and range of temperature§u contents, presenting a clear change of slope=a.8.
particularly at the critical concentrations where the orderingBecause the change of the relative change ofataxis is
temperature vanishes and theaxis dependence with con- nearly one order of magnitude larger than that of ¢hexis,
centration changes its slope. the unit-cell volume decreases monotonously from the Pd-
rich to the Cu-rich side with only a small change in the slope
at x~0.8[see Fig. 1b)]. The difference of volume between
La- and Ce-based compounds is approximately 1.7%, inde-
Samples with concentrations=0, 0.05, 0.1, 0.2, 0.25, pendently ofx. The c/a ratio increases witkx until x=0.7,
0.3,0.4,0.5,0.6, 0.7, 0.8, 0.85, 0.9, and 1 were prepared bgnd then tends to saturate at the valckea=2.419 for
arc melting the appropriate amount of pure metals in an ar€eCySi, (Ref. 14 and c/a=2.389 for LaCySi,, respec-
gon atmosphere. This procedure was repeated several timggely.
in order to homogenize the sample composition. After that, The temperature dependence of the electrical resistivity,
the samples were annealed 120 h between 700 and 1000 °p(T), gives a first idea about the peculiar evolution of the
Powder x-ray diffractometry confirmed that the samplesphysical properties of this alloy. Figure 2 shows the ratio
were single phase with tetragonal ThSi structure within  p(T)/p(300 K) in the temperature range 4 KT<300 K
the resolution of the technique=2 at. %. for selected samples across the whole composition range. For
Specific heat measurements were performed ifHe  low Cu contentsp(T) presents a well-defined maximum at
guasiadiabatic calorimeter by the usual pulse technique bdew temperaturesT~ 10—20 K) and a weak bump around
tween 0.4 an 25 K and in some cases applied magnetic field0 K. The low-temperature maximum shifts to higher tem-
up toB=4 T. In order to extract the electronic contribution peratures with increasing As a result both features almost
Cq to the total specific heat we measured isotypic La comimerge atx=0.8, making their distinction difficult. However,
pounds, La(Pd ,Cu,),Si,, for x=0, 0.6, and 1, and per- for x>0.8, the low-temperature maximum shifts back to

IIl. EXPERIMENTAL DETAILS AND RESULTS
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10 100 temperatures with increasing In thex=0.6 sample, a weak
but clear F contribution appears beldw=7 K. Forx>0.6,
T(K) the susceptibility below 40 K increases again with Cu con-
. L . . cetration, and the F contribution gets lardéig. 4). How-

FIG. 2. Electrical resistivity normallze_o! to its room temperature ever, this F contribution turned out to be sample dependent.
value vs In ). The arrows mark the position @f, andTcr (see . . . : . .
text. The curves are shifted along theaxis for g?aaFit Since the foreign phase formed during the peritectic reaction

' g tp Y of the Cu-rich samples presents bua F signal® a further

) _ sample with composition Ce(p&Cu, g5) - »Si, was prepared
lower temperatures. From a comparison with the well-knowny 4 investigated. Such a transition-metal excess is known to

properties of the pure compounds, the low-temperaturgyongly reduce the amount of this foreign phase. No F con-

maximum and the anomaly at high temperature are congin,tion was detected in they(T) measurement performed
nected with the Kondo scattering of the crystal-electric-fieldy, this sample, indicating that this contribution to the mag-

(CF) ground state and excited doublet, respectively. Thus, t9etic signal is not intrinsic, and it can be accounted for by
our knowldge, these results of the electrical resistivity givejagg than 2% of foreign phase.
clear evidence for a nonmonotonous evolution of the Kondo  The evolution of the ground state with composition can be

temperature in Ce compounds. _ followed in more detail in the specific heat measurements. In
The dc susceptibilityyq{(T) of CePdSi, shows a clear g 5 ¢ /T is plotted as a function of for the Pd-rich

kink at Ty=10.3 K related to the AF transition. Substitution samples. CeRSi, presents a sharp mean-field-type transi-
of Pd by Cu reduce3) and smears out the transitidgeee g atTy=10.3 K and a second small anomalyTat=7.8

Fig. 3, which can no longer be resolved fer-0.2. Instead  k \yjith increasingx, both anomalies shift to lower tempera-
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FIG. 3. dc magnetic susceptibility of the Pd-rich concentration

region in a semilogarithmic representation. The sampi®.85 is FIG. 5. C(T)/T vs T for the magnetically ordered samples.
enriched in theT-metal concentratiosee texk The nonmagnetic sampie=0.25 is included for comparison.
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FIG. 7. C¢(T)/T vs T for the Cu-rich samples. The character-
FIG. 6. Co(T)/T vs T for the samples with intermediate con- istic of the CeCySi, sample labeled as “N-phase” are given in the
centrations. For clarity, the data 0.7 sample is included up to  t€xt.
9 K only.
into three regions. The Pd-rich side presents an AF-ordered
tures and theC¢(T) jump atTy becomes broader, whereas phase with an ordering temperature that decreases with Cu
the anomaly af ., becomes more pronounced, transformingcontent. The intermediate region &8<0.7 is character-
into a well-defined peak irC¢(T)/T. The distinction be- ized by the lack of long-range magnetic ordeRMO) and
tweenTy and T, in the x=0.05, 0.1, and 0.2 samples is the increase of the Kondo temperatuiig) with x. Such a
more evident in &(xT)/dT versusT plot (not shown here  concentration dependence @ (x) marks the difference
where a clear break in the slope is observedi gt Thus, T,  with the Cu-rich side X>0.8) whereT, decreases witlx
is probably related to a transition between different AF strucfrom about 50 K to 10 K for CeGi$i,.**
tures. Forx=0.25 no transition can be resolved. A closer On the Pd-rich side, the AF phase seems to disappear
inspection of the low-temperature region shows a furtherather abruply betweex=0.2 andx=0.25. A more detailed
anomaly atT,~0.8 K for the samples witlk=0.1 and 0.2.
This anomaly only involves a few degrees of freedom. In  TABLE I. Values of Ty andT,, [K]; n, exponent op~T"; y at
spite of that, thex,{T) measurement performed on the 10 K [10~°m3mol]; yo=Ceu(T)/T|7_o [I/mol KZ]; AS, normal-
=0.2 sample shows a stronger signalTat T, than that ized entropyAS(20K)/R In2; T, position of the CF-related

observed af,,. maximum ofp(T) [K]; and T« , Kondo temperaturfK].
For the intermediate Cu concentration rangesx3<0.7
(see Fig. 6, C.(T)/T increases monotonously as tempera-x Ty (Tw) n X0k Yo (AS)  Ter Tk

ture decreases and no anomalies are observed above 0.4
The slope ofC,(T)/T versusT decreases witkk and thus &0 10.3(7.7 2.9 156 01209 70

the Sommerfeld coefficienty,=C(T)/T|t_o decreases 0.05 9.4(1.3 b 132 ¢

from 0.5 J/mol K2 for x=0.3 to 0.16 J/mol K for x=0.7. 01 8464 (1'65)c 24 127 0'20(0'872 67 138
In the high Cu concentration region &%=<1, y, grows 0.2 55@5 (24720 113 04082 [EERS
again monotonously witl. A broad maximum is observed

in Cg(T)/T at 4 K for x=0.8 and 0.85, but it can also be 0.3 1.25 105 050.78" 68 16
observed as a shoulder in tke-0.9 sample. For the analysis 0-4 1.45 82 029066 73 23
of the x—1 region we chose to compare the results with0-> 1.67 75 019060 77 26
those of a CeCi8i, “ A-phase” sample, where the magnetic 0-6 (20%.62 60 017053 77 41
“A phase” and SC phase were suppressed by applying &7 168 60 0.160.549 68 49
small amount of external pressure and magnetic fidie

corresponding curve is labeled “N” in Fig. Ref. 17]. 0.8 23 0.190.58 80 50
This corresponds to a system with a slightly larger hybrid-0.9 0.40(0.64

ization strength and without a phase transition, which is thu®.95 0.57(0.64 110 34
very close to the situation of the Cu-rich samples. A compi-1.0 2.6 0.8(0.79 150¢°

lation of characteristic properties extracted from the resistiv=

ity, susceptibility, and specific heat results is given in Table After Ref. 11.
L ®Below T~3.6 K.

‘Below T~1.7 K.
d ~
lll. DISCUSSION Below T~1.6 K.
°A/S sample(after Ref. 7.
From these results, its clear that the evolution of theéExtrapolated fromr ~ 15 K.
Ce(Pd _,Cu,),Si, system with concentration can be divided %After Ref. 23.
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FIG. 9. Phase diagram of the high-temperature parameters ex-
tracted fromp(T) (see text P, is the temperature where the first
minimun ofd?p/d T? occurs which is related to the Kondo tempera-

_ ture. Ter is the temperature where the second minimudf/d T2
x=0.85 occurs which is related to the crystal field splitting. TH€T) in-
flection point T, is asociated with the hibridization of the first
Ce(Pd1_XCuX)ZSi excited CF leveld cr through the relatiod cg= Ty — T
L P T S A |

10 (0.25=x=<0.7) is characterized by the increase of fhg

temperature withx.!* This increase is evidenced by the shift
FIG. 8. Normalized low-temperature electrical resistivity vs Of the position of the maximum ip(T) to higher tempera-

temperature in a double-logarithmic scale to show the differenfures, from nearlyl, =16 K atx=0.3toT, =50 K at

power laws ofpecT". x=0.8 (see Fig. 2 and Table).l The T¢ values extracted

analysis of the specific heat results reveals that the entro f)gci)rr]rég (%rE)urler?eT tKr;nls/ggriRrﬁga%s?J]recrﬂg]:tlg e with those ob
associated with the magne_tic_ ord_er decreases more f?pidy However, none of th€,(T)/T curves (;an be fitted with
'fprﬁg-rr':“ar;? fundseg Zaergr\i’;'i'(t:gn tg'if’]traiggfhgf ?;)r?cgng;aetmn.the predictions for a classical Kondo system. The decrease of
<0.95 9 99 P 9 |C::'E|(Tg)/-'r gt low temperature as thedCu.cont?nthm(i‘reasee
e . . ig. 6) indicates a progressive reduction of the low-energy
We have to remark that the ta|_l e/ T(T) aboveT_N IS degrees of freedom. In terms of entropy gakt), it reaches
aImo;t independent of_concentratlon up_<teQ.2(see Fig. 3 one-half of the expected valuA =R In 2) for a doublet
a.nd Increases only slightly .fm: 0.25, mgjmatmg that the Ce ground state at 20 K. From a usual Kondo mddele-
significant magnetic fluctuations present in the_ paramagnetif.ic ¢ the entropy is gained at around I3, which in the
phafetﬁr? t%ract|cally tr_10t aff_?ctt_ed by Cu dtopmg. Eh'&c’ .Su,?i:ase ofx=0.7 would giveTx~15 K, whereas one observes
gests that the magnetic excitations are not quenched in _ heg - :
same way as the LRMO but that they survive the LRMO Toma—20 K Fhat c.0|nC|des with thd obtained from the
disappearance. Since the slope3f(T)/T below T, is also Ty~ 1/y, relationship. )
similar for the samples witk<0.2, neither the magnon dis- __ However, the large value dF (~50 K), reached at in-
persion relationbelow T,;) changes with Cu concentration. termediate concentrations, requires one to take also into ac-
The disappearance of the magnetic order is accompanié?:?um at Ie_ast_ the first CF excited Ieve_ls._ A good tool fc_>r such
by a drastic change in the exponentf the power low fits to ~ an analysis IS the study of the variation p(T) at high
p(T) (see Fig. 8 In the AF-ordered regime, one Observestemperatureé. AboveT,,max, the electronic scattering involv-
rather large values af: starting fromn=2.5 atx=0.* For  ing the CF levels is observed as a broad anomaly, centered at
x=0.1 aT?>* dependence is found far>Ty/2 andT % for ~ a temperaturelce, proportional to the CF splitting energy
T<T\/2, whereas fok=0.2T2 is observed fof >Ty/2 and  (Tce*2Acp).?° From its broadness the hybridization strength
a T?* dependence is found far<T,/2. (T'cp) of those levels with the conduction states can be esti-
In contrast, forx=0.3 where the AF ordering has disap- mated. For practical purposes, the analysis of the second de-
peared,n drops ton=1.25, which is the lowest value ob- rivative of p(T) gives a reliable approximation of these pa-
served for the whole alloy system. Such a low exponenfameters. The maximum of the Kondo scatterifig, , of
value is taken as the hallmark for NFL behavibin fact, the CF ground state is defined as the first minimum of
for those concentrations neith€g(T)/T nor x(T) can be  d?p/dT?, Tcrat the second minimum, arit (the inflection
described as FL systems, where these parameters are ewoint) as the following zero ofd?p/dT?, with Ti— Tcr
pected to become constant for—0 with Cg/T~ y~ VA, «I'cg. The respective evolution of these parameters with
being A the coefficient of thep=AT? law. For higherx  concentration is collected in Fig. 9. There, one has to remark
values,n increases slowly up ta=1.62 forx=0.7. on the similarity between th&(x) values extracted from
As quoted above, the intermediate concentration regioﬁ'pmax and thel'c(x) ones, indicating that in this case the

T (K)
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respective hybridization strengths are nearly the same for the 10— 1+ 7 T " T1,,
ground and the excited CF levels. Going back to Fig. 2, one |, * Ce(Pd, Cu ),Si,
can see that around=0.8 both maxima practically come sl T AS (20K) 08
together becaus€y plus I’ approachi\g, smearing out BN T, A\—— B
the characteristics of the doublet ground sfats) that con- o % ‘\j— A A/A 1 3
trols the magnetic properties at other concentrations. The=, 6‘% \ N - R
contribution of the higher CF levels could explain the dis- -- / _ §§ / -
crepancy atx=0.7 betweenT, obtained fromy, and T, =CelMTh o §‘§ A o4l
obtained from the position wheteS(T)=1/2R In 2. o k; 8/ 3
A question arises here whether both extremes of concen D\D D/D Joz C—l
tration (i.e., CePgSi, and CeCySi,) have the same CF dou- Ao o
blet g.s. or not. In spite of the effort done in determining the ol . TV . . .
doublet g.s. of the stoichiometric compounds of this system o0 02 04 06 08 100
precise knowledge of their respective eigenfunctions present CePd.Si, X CeCuSi,

some contradictions. For example, neutron diffraction stud-
ies on CePsbBi, (Ref. 21 give a second-order CF coefficient
Béz —11 K, which as a dominant term implies the magnetic
moments pointing in the direction of theaxis, while other

neutron studies on the magnetic structirdescribe that gsporter distance between Ce and its ligands leads to a larger
compound as having the magnetic moments on the bas@lpridization between thefdand the conduction electrons,
plane. In the other concentration limit, different studies ongng thus to a largeg. However, the same argument cannot
CeCysSi, report contradictory functions for its CF doublet pe applied forx>0.8, where more complex phenomena have
g.s?1?31t is striking that the same doublet was proposed forg pe involved.

both Pd and Cu compounds when the electronic charge of The coincidence of the change in the evolutiorTgfand
those elements has opposite siffd is a holelike element f {he ¢ axis suggests that the origin of the anomalous be-
whereas Cu is electronlikeln our investigation we have ayior of g is connected with structural- and electronic-
shown that the evolution of the-axis lattice parameter with  g|ated properties. Since the nonmonotonous behavior of the
Cu concentration is the opposite below and above 75% of s x is observed in both Ce- and La-based compounds
concentration. This basic modification in the symmetry prop-,cp a singular behavior has to be seen as not due to an

erties of the system is reflected in all the properties dependpgiapility of the cerium itself but instead to a general prop-
ing of the Ce ground state, suggesting a significant modnﬁ—erty of the Cu-Pd system.

cation of its eigenfunction.

On the eventuality that CeR8li, and CeCySi, have not
the same CF doublet g.s., a crossover between those levels
has to occur at some concentration. Such a crossing has to be

looked for around 0.%x<0.8, where the widths of the A deeper insight into the origin of this anomalous concen-
ground (~Tk) and the excited tI'ce) levels are compa- tration dependence is difficult to obtain, since arpriori
rable t0Acr. _ _ _ calculation of the characteristic energy of theelectrons,

On the rich Cu sideX=0.8; see Fig. ¥ yo(x) increases e g., of the Kondo temperature, is a formidably difficult task.
from 0.2 to 0.8 J/mol K as x—1 and Ty [taken from  Only very recently has such a calculation been undertaken
T,,..(T]decreases down te 20 K, whereas the exponent of for CeM ; compounds by Haet al?* following an approach
the p_1(T)=T" dependence seems to saturataa.2. The suggested by Gunnarssehal?® For the C& ; compounds
distinct feature in this concentration range is the maximum irconsidered in Ref. 24, which havg differing by more than
Ca/T near 4 K. This anomaly only involves a few degrees oftwo orders of magnitude, the experimental trends were repro-
freedom(i.e., some percent of the electroiS; see Fig. 7. duced reasonably well by the calculations. It is thus interest-

Since this maximum is also present in the 0.85 sample ing to see whether this approach could also reproduce the
prepared with 20% excess of transition metals, it cannot benuch weaker changes and the nonmonotonous behavior ob-
due to the magnetic foreign phase mentioned above and hasrved in the Ce(Rd,Cu,),Si, system and thus lead to a
to be intrinsic. Under a magnetic fiel@&4 T) this maxi-  better understanding of this phenomenon.
mum shifts to higher temperatures and the related entropy is We therefore investigated the electronic structure of the
almost doubled, which is very unusual behavior. The shift toCe(Pd _,Cu,),Si, system using standard self-consistent
higher temperatures suggest F character. band-structure calculations based on the local-density ap-

We have collected the results of the analysis of our meaproximation(LDA). In a first step, we performed a calcula-
surements in a phase diagrdffig. 10. The occurrence of tion where thef electrons were treated as part of the ion core
three different regimes is certainly triggered by the nonmo<{f-core calculation This prescription implies that the hy-
notonous evolution ok . The increase of ¢ with x for x  bridization betweerf and band states is neglected for the
=<0.7 and its decrease fae=0.8 imply a corresponding be- calculation of the electronic states. The conduction states are
havior of the coupling parametegr between the ## and the determined from self-consistent scalar-relativistic calcula-
conduction electrons. The increasegofvith x for x<0.7 can  tions that include all relativistic effects except the spin-orbit
easily be explained by the decrease of the volume. Thé@teraction. The spin-orbit splittings of the Cual &nd Pd 4

FIG. 10. Phase diagram for the low-temperature parameters: or-
dering temperaturesT, T, and Tg), ¥o=Cea(T)/T|1_0, and
electronic entropy gain up to 20 KKS(20 K).

IV. COMPARISON WITH BAND-STRUCTURE
CALCULATIONS
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E-E, (V) TABLE Il. Comparison of the measured and calculated Som-
-10 8 6 4 2 0 merfeld coefficientsyexy and yeqc of La(Pd_,Cu,),Si,. m* is
T T T defined as the ratieyep/ ycac- Since no specific heat data were

T
Pd-4d

T
10 |- Cepd23i2 available for La(PgsCuy 5) ;Sip, We takeyeyp,: 0f La(Pd 4Cuy 4) 2Siy.

[0} L

0

= Compound Yexpt Ycalc m*

g [MmI(mol K?)]  [mJ{mol K?)]

'_
LaPd,Si, 6.2 5.3 1.20
La(Pd sCly 5) ,Siy 6.0 4.2 1.40
LaCw,Si, 35 3.4 1.03

general trends observed in transition-metal compounds, giv-
ing thus very strong support for the validity of these LDA
calculations. For La(Pd ,Cu,),Si,, m* is somewhat larger,
but this might be due to the artificial superstructure used for
the calculation of this alloy. Following the approach of Ref.
24 and Ref. 25, the hybridization strendth,(Eg) (m de-
notes the symmetry of thé state¢ determining the low-
temperature properties of the Ce compounds is estimated
from the f-projected density of state§DO9, pﬁﬁ(E), at

the Ce site obtained from the self-consisténbA) band-

Total DOS (states / cell eV)

0 " 1 " 1 L .
2 -1 0 1 structure calculation where thef &lectrons are now treated
E-E. (eV) as band states:
FIG. 11. Total DOS for Ce(Pd,Cu,),Si, for x=0, 0.5, and _ pse(E) |7t
1.0, with the Ce 4 electron included in the ion cord{core calcu- I'n(Ep)=—Ilim Im j dEm (1)
lation). The energies have been shifted so that the Fermi energy is 7—0 F

at zero energy(a) General overview for=0. The two bands in the . o . L
low-energy region are derived from the Sistates. The dominant  11iS procedure seems justified since we anticipate the

features are th&-d bands which hybridize with $ andT-s states ~ Pare unrenormalized hybridization strengths(Eg) to be

near the bottom of the bands and with Sil andT-p states near the Predominantly determined by the self-consistent potential
top, respectively(b) For x=0 andx=0.5, the DOS at the Fermi and, concomitantly, the self-consistent electronic density dis-

energy is increased with respectxe=1. For higher energies the tribution. The conduction electrons states in general and their

states have predominantly Q# character hybridized withl-p coupling to the Ce # states in particular should be only

states. weakly affected by thé correlations. The calculated hybrid-
ization strength®N;I'== I, are listed in Table Ill. We get

states are much smaller than the corresponding bandwidth8.larger value for Ce(RdCup 5),Si; than for the two pure
Details of the calculation method can be found in Ref. 26. compounds. The calculations thus reflect nicely the non-
In Fig. 11 we show the total density of stat&0S) of the monotonic variation of the characteristic temperature ob-
conduction bands obtained from thiscore calculation. A Served experimentally. The values fdifI" are of compa-
common feature of the gX, (X=Si, G& compounds is rable_magnltude as those ca_lculated for th&ViGesysten?
the broads-p bands[Fig. 11a)]. In Ce(Pd Cl,),Si, and Thg influence of the metallic ho§t can be seen from the
CePdSi, the Pd 4l states lead to an increased densitywe'gm of thef ta|ls_of the cond_uctlon electron states at the
N(Eg) of conduction states at the Fermi level of about 1.62C€ Site. The latter is reflected in tiePDOS at the Ce site
states/cell eV and 1.91 states/cell eV, respectidlig.  Obtained when treating thieelectron as part of the ion core.
11(b)]. In the related system CegS3i,, the metald bands are ~ This conduction electrori-PDOS (see Table Il also pre-
filled and, consequently, are sitting far below the Fermi en-S€nts & nonmonotonous variation with composition, showing
ergy, leading to a loweN(E;) of 1.32 states/celleV. We @& maximum for Ce(Pd ,Cu,),Sk,. Thus the standara@b
checked this increase M(Eg) by performing a similar cal-  initio LDA bqn_d-structure caICl_JIatlons pr_owde a good quali-
culation for the norf reference compounds Lagsi,  tative description for electronic properties such as the hy-
LaPdSi,, and La(Pd.,Cu,),Si, and by comparing the result-
ing Sommerfeld coefficieny ., with the experimental value
Yexpt Obtained from the specific heat experime(gse Table
I1). Both yeyp @nd ycqc Show a significant increase from
LaCu,Si, to LaPdSi,. The calculated values are slightly

TABLE lIl. Hybridization strengthga) and f-projected DOS at
the Fermi level from the-core calculation(b).

Compound (@ (b)

lower than the experimental ones, as expected since the [eV] [states(eV (Ce atom)]
renormalization effects are not included jg,.. The small  cePdSi, 0.272 0.014
enhancement coefficient* = yepi/ ¥cac = 1.03 obtained for  ce(Pg LCu, 2),Si, 0.367 0.016
the Cu-based compound and the slightly larger vate  cecysi, 0.326 0.015

=1.2 found for the Pd-based compound correspond to the
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bridization strengths. The results can explain trends in thelependence points to F charactgg.is rapidly decreasing in
characteristic energies in Ce(PdCu,),Si, observed in the this concentration range. The nonmonotonous behavidy of
experiments. According to these calculations the origin ofis a unique feature of this system, contrasting the monoto-
the maximum of the fl-energy scale in Ce(Rd,Cu,),Si, nous dependence observed in all other Ce-alloy systems. The
can be traced to a maximum of the conduction electron hyehange in the evolution of all the studied propertiesxat

bridization strength at the Ce site. =0.8 corresponds to a rather abrupt change in the composi-
tion dependence of the lattice parameter in both Ce- and
V. CONCLUSIONS La-based alloys, pointing to a structural related origin of this

o _ ) unigue behavior. The honmonotonotig(x) dependence is
Our results clearly indicate the existence of three differentgoguced using LDA band-structure calculations, which

regions in the composition dependence of the properties afpqyy 5 maximum of the hybridization strength between con-

Ce(Pq-,Cu),Si,. In the low-concentration regionX('  qyction electrons and Cef 4states for intermediate Cu con-
<0.3) the AF ordering temperatury decreases and the .antrations.

transition broadens with increasing whereas a second
anomaly afT,,~0.8 Ty becomes more pronounced. In con-
trast, no evidence of magnetic order is observed in the
middle concentration range (GsX=<0.7), where the main
feature is a significant increase of the Kondo temperature This work was partially supported by a cooperation pro-
with increasing Cu content, fronfc=16 K at x=0.3 to  gram between the Deutscher Akademischer Austauschdienst
Tx=40 K at x=0.8. Strong deviations from Fermi-liquid and Alexander von Humboldt Foundatid@ermany and
behavior in thelT dependence gf(T), C¢(T), andx(T) are  Fundacion AntorchagArgenting. Partial support was also
observed in this concentration range, especially near theeceived from the “Sonderforschungsbereich 252" and
boundary where the magnetic order disappears. “Proyecto de Investigacio Plurianual.” J.G.S., M.G.B.,

At high Cu contents X>0.7), an anomaly involving a O.T., and P.P. are affiliated with CONICET and Instituto
small part of the entropy appears Bt=4 K, whose field Balseiro.
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