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Evolution of heavy-fermion behavior in CeCu,;Si, from strong mixed valence in CeNi,Si; is
demonstrated in the CeCu,_,Ni,Si, system. Heavy-fermion behavior, as probed by the low-
temperature susceptibility, X (0), is destroyed at x =0.65. There is an anomalous increase in the
Ce-ligand distances, without any anomaly in the Ce-Ce separation, for x < 0.65, tracking the x
dependence of X(0). This observation shows explicitly for the first time that the tendency for
dehybridization of the ligand valence orbitals with the Ce 4./ orbital is essential to attain the heavy-

fermion ground state.

PACS numbers: 75.30.Cr, 71.45.—d, 75.20.Hr, 76.30.Kg

The study of heavy fermions' (HF) in 4fand 5fsys-
tems, which are characterized by an unusually large
value of the linear coefficient of specific heat (y) due
to very high effective mass, has been an area of active
research for the past few years. A broad spectrum of
phenomena—superconductivity,* magnetic order,*®
strong Pauli paramagnetism,’ coexistence of some of
these phenomena*—have been observed in a number
of HF systems. While the study of the origin of these
phenomena is an area of active research, not much
progress has been made in understanding all the fac-
tors leading to the formation of the heavy-fermion
state itself.3-!! It is pointed out by Meisner ef al.3 that,
even beyond the Hill’s limit!? of the separation of f
atoms where the f-f overlap is negligible, there is a
correlation between f-f atomic separation and the
values of y. On the other hand, Koelling, Dunlap, and
Crabtree® attribute the anomalous properties of HF to
the f-ligand hybridization. Thus, the investigation of
the factors enhancing the formation of heavy fermions
is in itself very interesting. A systematic investigation
of alloying at the ligand site, as emphasized by Koel-
ling, Dunlap, and Crabtree, is warranted in order to
explicitly show the influence of the ligands on the ori-
gin of heavy fermions.

In this paper, we report the results of our investiga-
tion in CeCu,_,Ni,Si,, a new pseudoternary series
with ThCr,Si,-type tetragonal structure. CeCu,Si, is a
well-known? HF system and CeNi,Si, is a strongly
mixed-valent compound (vide infra). This combina-
tion has the advantages that the f-fatomic separations
are beyond the Hill’s limit'? and these values are not
widely different between these two compounds.
Hence the gradual replacement of Cu by Ni offers an
ideal opportunity to identify the exact role of the
ligands alone in heavy-fermion materials. We find
that the substitution of less than 30% of Cu by Ni de-
stroys the HF character of CeCu,Si,, as probed by the
low-temperature magnetic susceptibility, X(0), mea-
surements. The new finding is that there is an abnor-
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mal increase in the lattice parameter ¢ (in other words,
Ce-ligand distances) at the same concentration where
X(0) increases significantly as one proceeds towards
the Cu-rich end. In other words, c tracks the variation
of x(0) as a function of x. This observation, in our
opinion, proves conclusively that the dehybridization
of ligand valence orbitals with Ce 4/, besides the cri-
teria on Ce-Ce separation,® is essential to form the
heavy-fermion ground state. The identification of the
present pseudoternary series also offers an opportunity
to study the evolution of the HF ground state in
CeCu,Si; continuously from the mixed-valent state by
alloying without destroying the periodicity of the Ce
sublattice; its advantages relative to the alloying at the
Ce site are discussed later in this paper.

The polycrystalline samples of CeCu,_ ,Ni,Si, alloys
(x=0, 0.3, 0.5, 0.65, 0.8, 1.0, 1.5, and 2) were
prepared by melting stoichiometric amounts of the
constituent elements in an arc furnace in an atmos-
phere of argon. No attempt was made to anneal the
ingots. The x-ray diffraction patterns confirm the
single-phase nature of all the alloys (ThCr,Si,-type
tetragonal structure). The lattice constants, g and c,
were obtained from (220) and (116) diffraction lines.
The magnetic susceptibility measurements were per-
formed in a field of 6 kOe in the temperature interval
4.2-800 K with use of a Faraday balance.

The lattice parameters, a and c, are reported in Fig.
1 as a function of x. The value of a is an almost linear
function of x within the limits of the experimental er-
ror, whereas there is a deviation from linearity for the
values of ¢ as x — 0.5. c increases linearly with de-
creasing concentration of nickel till x =0.65 and the
observed increase of ¢ for the lower values of x (Cu-
rich side) is much more than what one would expect
(see the dashed line in Fig. 1 obtained by joining the
points at the nickel-rich side as well as from the known
¢ values'? of PrCu,Si, and PrNi,Si,). The implications
of this abnormal increase without any anomaly in a
will be discussed along with the low-temperature sus-
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FIG. 1. The lattice constants (at 300 K), @ and ¢, as a
function of x in CeCu,_,Ni,Si;. The solid lines are drawn
through the experimental points. The dashed line in the
case of c is obtained by the linear extrapolation from the
nickel-rich end. The error in ¢ is not more than the size of
the dots.

ceptibility results.

The results of magnetic susceptibility studies are
shown in Fig. 2. For CeCu,Si,, the values of X are in
good agreement with those reported in the literature,’
taking into account the spread in the values of the
low-temperature susceptibility, X(0), which depends
on the sample quality.! The values of X over a wide
temperature range 4.2-800 K for various values of x
are plotted in Fig. 2(b) in order to illuminate the
differences in their temperature-dependent behavior.
The characteristic temperatures T,, (the point at
which X exhibits a maximum) which is a measure of
the spin-fluctuation temperature!* ( Ty) are about 600,
400, 300, 200, 150, and 100 K for x=2, 1.5, 1.0, 0.8,
0.65, and 0.5, respectively. We find that these values
are in good agreement with those obtained from the
respective C/X(0) (here C is the Curie constant)
values and this suggests the validity of scaling rela-
tion!* over the entire range of solid solution. The ob-
served values of T, also agree with the general rule
that as the lattice volume decreases, Ty should in-
crease.!>1¢ T .. values can be taken to decide wheth-
er a compound is in the strongly mixed-valent regime
(Thax =100 K) or in the Kondo-lattice regime
(Tax < 100 K) as pointed out by Brandow.!” Heavy-
fermion materials are the extreme examples of Kondo
lattices with T3 < 10 K. Following these ideas, we
infer that Ce is in a strongly mixed-valent state for
x > 0.5, and in a heavy-fermion state for x < 0.5. In-
cidentally, the spectroscopic results!® on CeNi,Si, are
also consistent with the strongly mixed-valent charac-
ter of Ce in CeNi,Si;. Thus this work demonstrates
the continuous evolution of the heavy-fermion ground
state in CeCu,Si, from the strongly mixed-valent state
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FIG. 2. (a) The magnetic susceptibility (X) in the tem-
perature interval 4.2-300 K for selected values of x. Inset
shows the values of X(0), assumed to be equal to x(4.2 K),
as a function of x. (b) X in the temperature range 4.2-800 K
for various values of xin CeCu,_ ,Ni,Si,.

by alloying. This may also imply that a single mechan-
ism controls the low-temperature properties of all
these phenomena, as shown by Zieglowski, Hifner,
and Wohlleben!® from volume-magnetostriction stud-
ies of a variety of Ce systems.

It should be remarked that alloying studies in
CeCu;,Si, at the Ce site in the past were helpful in the
understanding of competition between magnetism and
Kondo effect.’ Substitution at the copper site by nick-
el has some special advantages. Replacement of Ce by
La or Y in CeCu,Si, indicates that, in Kondo-lattice
systems, there is a structure at the Fermi level which
develops below 0.5 K due to the periodicity of Ce ions
in the lattice.2!"2> In order to understand the evolu-
tion of this structure from the mixed-valent ground
state, it is essential to maintain the periodicity of the
Ce ions and in that respect the present pseudoternary
series would be helpful. A mixed-valent ground state
has also been proposed to occur under external pres-
sure (above 20 kbar) in CeCu,Si, by Bellarbi et al?*
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and a correlation of such studies with chemical-
pressure experiments would be helpful to understand
various factors controlling the physical processes in a
compound, as stressed by Schilling.!’

Let us now turn to the behavior of the low-
temperature susceptibility. As nickel is added, the
value of X is continuously reduced. For x > 0.5, the
value of X at 4.2 K, which serves as a measure of the
zero-temperature susceptibility, X(0) is diminished
significantly relative to that of CeCu,Si,. As X(0) is a
quantity directly related? to y, the results shown in
the inset of Fig. 2(a) imply that the heavy-fermion
state is destroyed as x approaches 0.5 as inferred from
the values of T, also. This observation emphasizes
that the ligands play a vital role in the formation of
heavy-fermion state. A further comparison of the x
dependence of the lattice constants with that of X(0) is
very intriguing. As known in the literature,!® in the
compounds of ThCr,Si, type, any anomaly in the
valence of Ce is expected to influence the lattice
parameter a predominantly and the anomalous Ce-
ligand bonding effects will be reflected in the values of
c¢. The observation that a is a smooth function of x
implies that the dependence of Ce valence on x is
linear. We recall!® 18.26.27 at thjs point that the overall
variation of 4f occupation number is anyway not very
large ( < 0.2), as it is believed that the valency of Ce
in any metallic environment is always close to three.
Surprisingly, the value of ¢ at the Cu-rich side in-
creases much more sharply than the expected linear
behavior, as discussed earlier. It is interesting to see
that the Ce-ligand distance, as evidenced by the values
of ¢, starts increasing anomalously at the same value of
x at which X(0) also increases (as one proceeds to-
wards the Cu-rich side). In other words, X(0) tracks
the variation of ¢ We are, however, comparing the
lattice constants at 300 K with the susceptibility at 4.2
K. This does not appear to be a serious defect in our
reasoning, as the variation of ¢ for CeCu,Si, in the
temperature interval 4.2-300 K is known?? to be negli-
gible relative to the magnitude of the deviation ob-
served in this pseudoternary series. Bond distances
being a measure of hybridization, our results, there-
fore, establish that the ligand valence orbitals tend to
dehydridize the Ce 4f oribtals in order to favor the
heavy-fermion ground state. Thus the study of the
continuous evolution of heavy-fermion behavior from
mixed-valent ground state in the alloys CeCu,_ ,Ni,Si,
and its correlation with the lattice parameters place the
role of the ligands in Kondo-lattice systems on a firm
footing.

In our arguments above, the possible changes in the
crystal-field ground state as a function of x and its
consequences have not been taken into account. It is
believed that CeCu,Si; under ambient conditions has a
crystal-field split J=§— ground state and that under

pressure (or with the replacement of Cu by Ni) the
ground state may be characterized by a sixfold degen-
erate J =3 multiplet.” This probable change in the
ground state for x > 0.5 with the decreasing volume is
obviously due to the stronger 4 f hybridization relative
to that in CeCu,Si, and this is in any case consistent
with our conclusion on the x dependence of hybridiza-
tion strength. One consequence of the ground-state
modification is that the ratio X(0)/y will also be a
function of x, but it is not known experimentally how
X(0) and vy are related as J changes. However,
theoretically,25 this ratio is expected to increase as J is
changed from + to % This means that the magnitude
of the decrease in y will be more dramatic than in
X(0) as a funciton of x till x =0.5. Thus, such a vari-
ation of the ground state due to crystal fields does not
alter our conclusions. In support of this, y of
CeCu,Si, under pressure is known®® to decrease
dramatically.

Finally, we wonder whether x dependence of c plot-
ted in Fig. 1 could help identify new heavy-fermion
materials of ThCr,Si,-type structure. In other words,
there may be a critical Ce-ligand distance (or c)
separating the strongly mixed-valent regime from the
heavy-fermion regime. In support of this proposal, we
find that the value of ¢ (~9.80 A) for CeRu,Si,,!
with a y value’? two or three times smaller than for
CeCu,Si; [about 400 mJ/(mole f-atom)-K?] lies at
the border line in the plot of ¢ vs x in Fig. 1). If this
conjecture is found true from future experiments, it
will contribute to a better theoretical understanding of
heavy fermions.

We thank B. S. Shastry for fruitful discussions.

1For a review, see G. R. Stewart, Rev. Mod. Phys. 56, 755
1984).

2F. Steglich, J. Aarts, G. D. Bredl, W. Lieke, D. Mes-
chede, W. Franz, and H. Schifer, Phys. Rev. Lett. 43, 1892
(1979).

3H. R. Ott, H. Rudigier, Z. Fisk, and J. L. Smith, Phys.
Rev. Lett. 50, 1595 (1983).

4G. R. Stewart, Z. Fisk, J. O. Willis, and J. L. Smith, Phys.
Rev. Lett. 52, 679 (1984).

5G. R. Stewart, Z. Fisk, J. L. Smith, J. O. Willis, and M. S.
Wire, Phys. Rev. B 30, 1249 (1984).

6H. R. Ott, H. Rudigier, P. Delsing, and Z. Fisk, Phys.
Rev. Lett. 52, 1551 (1984).

K. Andres, J. E. Graebner, and H. R. Ott, Phys. Rev.
Lett. 35, 1779 (1975).

8G. P. Meisner, A. L. Giorgi, A. C. Lawson, G. R.
Stewart, J. O. Willis, M. S. Wire, and J. L. Smith, Phys. Rev.
Lett. 53, 1829 (1984).

9D. D. Koelling, B. D. Dunlap, and G. W. Crabtree, Phys.
Rev. B 31, 4966 (1985).

10F, Steglich, in Theory of Heavy Fermions and Valence Fluc-
tuations, edited by T. Kasuya and T. Saso (Springer-Verlag,

2863



VOLUME 56, NUMBER 26

PHYSICAL REVIEW LETTERS

30 JUNE 1986

Berlin, 1985), p. 23.

11H. R. Ott, Physica (Amsterdam) 126B+C, 100 (1984).

12H. H. Hill, in Plutonium 1970, edited by W. N. Miner
(AIME, New York, 1970), p. 2.

13W. Rieger and E. Parthe, Monatsh. Chem. 100, 444
(1969).

147 M. Lawrence, P. S. Riseborough, and R. D. Parks,
Rep. Prog. Phys. 44, 1 (1981).

157 S. Schilling, Adv. Phys. 28, 657 (1979).

16]J. W. Allen and R. M. Martin, Phys. Rev. Lett. 49, 1106
(1982); M. Lavagna, C. Lacroix, and M. Cyrot, J. Phys. F
13, 1007 (1983).

17B. H. Brandow, J. Magn. Magn. Mater. 52, 25 (1985).

I8E. V. Sampathkumaran, G. Kalkowski, C. Laubschat,
G. Kaindl, M. Domke, G. Schmiester, and G. Wortmann, J.
Magn. Magn. Mater. 47&48, 212 (1985).

19]. Zieglowski, H. U. Hifner, and D. Wohlleben, Phys.
Rev. Lett. 56, 193 (1986).

2F. G. Aliev, N. B. Brandt, V. V. Moshchalkov, and S. M.
Chudinov, J. Low Temp. Phys. 57, 61 (1984); U. Rauch-
schwalbe, W. Baus, S. Horn, H. Spille, F. Steglich, F. R. de
Boer, J. Aarts, W. Assmus, and M. Herrmann, J. Magn.
Magn. Mater. 47&48, 33 (1985).

21C. D. Bredl, S. Horn, F. Steglich, B. Liithi, and R. M.
Martin, Phys. Rev. Lett. 52, 1982 (1984).

2864

22N. Grewe, Solid State Commun. 50, 19 (1984).

23R. M. Martin, Phys. Rev. Lett. 48, 362 (1982).

24B. Bellarbi, A. Benoit, D. Jaccard, J. M. Mignot, and
H. F. Braun, Phys. Rev. B 30. 1182 (1984).

25See, for instance, D. M. Newns and A. C. Hewson, J.
Phys. F 10, 2429 (1980); D. M. Newns, A. C. Hewson,
J. W. Rasul, and N. Read, J. Appl. Phys. 53, 7877 (1982).

26G. Kalkowski, G. Laubschat, W. D. Brewer, E. V. Sam-
pathkumaran, M. Domke, and G. Kaindl, Phys. Rev. B 32,
2717 (1985).

27R. A. Neifeld, M. Croft, T. Mihalisin, G. U. Segre,
M. Madigan, M. S. Torikachvili, M. B. Maple, and L. E. De-
Long, Phys. Rev. B 32, 6928 (1985).

28G. Neumann, J. Langen, H. Zahel, D. Plimacher,
Z. Kletowski, W. Schlabitz, and D. Wohlleben, Z. Phys. B
59, 133 (1985).

29S. Horn, M. A. Edwards, J. D. Thompson, and R. D.
Parks, J. Magn. Magn. Mater. 52, 385 (1985).

30A. Bleckwedel and A. Eichler, Solid State Commun. 56,
693 (1985).

31K. Hiebl, C. Horvath, P. Rogl, and M. J. Sienko, Z. Phys.
B 56, 201 (1984).

32J. D. Thompson, J. O. Willis, C. Godart, D. E. Mac-
Laughlin, and L. C. Gupta, Solid State Commun. 56, 169
(1985).



