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Abstract. Resistivity and static susceptibility measurements of Ce(Pd,_,Cu,),Si, indicate
that the crossover from magnetic behaviour in antiferromagnetic CePd,Si, to non-magnetic
behaviour is very rapid on substituting copper for palladium. No antiferromagnetic transition
is observed for x = 0.2. The static susceptibility is Curie-Weiss-like to the lowest tem-
peratures measured (=1.5 K) for x = 0.1 and shows a broad maximum near 30K for x =
0.2. The resistivity shows a continuous crossover with a rapid change in the behaviour
at high temperatures near x = 0.2 which may correspond to changes in the crystal-field
configuration. The temperature of the low-temperature peak in resistivity shows a significant
change near x = 0.4 which may result from the interplay between the RKKY interaction and
the ‘Kondoesque’ s—f exchange causing changes in the spin-spin correlation lengths.

1. Introduction

Most cerium-based compounds with the formula RM,Si, (where R is the rare earth and
M s a transition metal) have the ThCr,Si,-type tetragonal crystal structure. The cerium
atom are in ‘cages’ formed by the metal and silicon atoms in a body-centred-tetragonal
arrangement. If one starts with CePd,Si, and substitutes for Pd with Cu, the environment
of the cerium atoms—the cell volume and the relevant energy parameters—is changed
while the tetragonal crystal structure of the system remains the same. This makes it
possible to observe the crossover in behaviour that occurs without varying the cerium
concentration, reducing the complexity of the problem. The original goal of this research
was to measure the Néel temperatures 7y as a function of the concentration x. It was
assumed that Ty goes continuously and (somewhat) gradually to zero as the copper
concentration is increased. As shown below, this is not the case.

CePd,Si, and CeCu,Si, have a similar paramagnetic state at high temperature and
are Kondo lattice systems. CePd,Si, has an antiferromagnetic ground state with a Néel
temperature of 7y = 10 K determined from neutron scattering [1] (Ty = 9.2 K from
susceptibility measurements [2]), and its Curie-Weiss temperature is 6 = 70K {2]. In
contrast, CeCu,Si, has a non-magnetic ground state with a superconducting transition
temperature of 0.5 K [3]. Its Curie-Weiss temperature was determined by Sales and
Viswanathan [4] to be 164 K and by Lieke and co-workers [5] to be 140 K. The effective
moment of CeCu,Si, was determined by Sales and Viswanathan [4] to be 2.68 ug and by
Lieke and co-workers [5] to be 2.62 ug. The anisotropy of the susceptibility is also
different: CePd,Si, has the largest susceptibility along the [110] direction [6] while
CeCu,Si, has the largest susceptibility along [001] [7]. CeCu,Si, is a heavy-fermion
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superconductor which is characterised by its large electronic specific heat at low tem-
perature, very high density of states at the Fermi level and thus an effective mass of 200
times that of the free-electron mass as well as an enhanced Pauli susceptibility at low
temperature [8]. We have investigated the behaviour of the system Ce(Pd, _,Cu,),Si,
for the full range of x between 0 and 1 by measuring the resistivity as a function of
temperature for different values of x. Static susceptibility measurements have been
performed on samples with x = 0,0.1 and 0.2.

2. Experimental techniques

The samples were prepared by melting high-purity raw materials in an argon arc furnace
several times. The compounds were then melted again and sucked into a mould in the
copper hearth by a vacuum pump. The resulting sample has the shape of a rod with a
length of over 1 cm and a cross section that is a square with an area of 1 mm?. The
resulting samle was then wrapped in tantalum foil and sealed in a vacuum in a Vycor
tube for annealing. The samples were annealed for four to five days at 800 K.

An x-ray powder pattern was measured for each annealed sample using Cu Ko
radiation. The powder patterns were used to check the samples for the correct crystal
structure as well as to measure the lattice parameters of the samples. The lines in the x-
ray powder patterns were analysed in terms of the ThCr,Si, tetragonal structure. Figure
1shows the lattice parameters a and ¢ and the unit-cell volume as functions of the copper
concentration, x. Our measurements are in good agreement with earlier measurements
of the lattice parameters for CePd,Si, (a = 4.24 A and ¢ = 9.88 A [1]) and for CeCu,Si,
(a=4.110 A and c = 9.942 A [9]).
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The resistivity measurements were made by the standard four-probe bc method with
the four copper wire leads attached to the sample by spot-welding. The distance between
the two voltage leads on the sample was measured to get the length, and the cross
sectional area was taken to be 1 mm?in the calculations of the resistivity. This gives only
a rough measure of the absolute value of the resistivity of the samples because of voids
in the sample where the sample did not completely fill the whole cross section of the
mould. Microcracks may also form due to the tetragonal structure of the compound and
the anisotropic lattice collapse upon cooling, changing the normalisation and causing
the measured resistivity to change from one run to the next (the apparent resistivity
increases). The deviation of the measured resistivity from the actual value may be 20%
or more. Because of this, all data for a given sample were taken in the same temperature
cycle on warming.

Static susceptibility measurements were made by the Faraday method using an
electrobalance in a magnetic field H < 2 kOe. The temperature was measured using a
7% Fe—Au~chromel thermocouple, for which the limit of uncertainty in the temperature
reading is +0.1 K above 5 K increasing to 0.5 K at 2 K.

3. Results and discussion

3.1. Resistivity

The resistivity curves for CePd,Si, and CeCu,Si, are quite similar. They have a similar
shape with two rather broad maxima at roughly the same temperature. Both show a
rapid decrease in p at low temperature. However, on close inspection some differences
can be seen. The high-temperature behaviour is quite different. The resistivity of
CePd,Si, has a positive slope near room temperature while the resistivity of CeCu,Si,
has a negative slope. At low temperature the rapid drop in p on decreasing temperature
occurs at about 20K in CeCu,Si, but at about 10K in CePd,Si,. The cause of the
low-temperature drop is also presumably different, being due to coherence effects in
CeCu,Si, and due to the antiferromagnetic ordering in CePd,Si,.

The curves for Ce(Pd, - ,Cu,),Si, also display these same features to some extent.
The high-temperature maximum is reduced to a shoulder on a negatively sloping back-
ground for 0.2 < x < 0.8, but the low-temperature maximum and the rapid decrease in
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Figure 3. Scaled p versus T curves for
Ce(Pd,_,Cu,),Sisforx = 0.3,0.4,0.5and 0.6.
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p below it is present for all x. Figures 2, 3 and 4 show the resistivity versus temperature
curves for Ce(Pd,; _,Cu,),Si, for various x normalised to the value at the low-temperature
maximum.

3.2. Static susceptibility

The static susceptibility results for CePd,Si, are consistent with those of other inves-
tigators [10]. We obtain a Curie-Weiss temperature of 62 K, a Néel temperature of 8 K,
and an effective moment of 2.66 . These are consistent with [2]. The low-temperature
static susceptibilities for x = 0.1 and x = (.2 are shown in figures 5 and 6.

The susceptibility of thex = 0.1 sampleis very large at low temperatures and suggests
a phase transition with Ty <2 K. Although it does show the sharp peak, which is
supposed to locate the Néel temperature, with only one data point available below it, it
can be taken as weak evidence for magnetic ordering only. The susceptibility of the x =
0.2 sample shows no sign of ordering and displays a broad maximum near T = 30 K.

3.3. Discussion

The changes in the resistivity that occur at high temperature appear to be related to the
crystal-field configuration changes on going from CeCu,Si, to CePd,Si,. The high-
temperature resistivity of CeCu,Si, is fitted reasonably well by a theory derived by
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Kashiba and co-workers [11] where the broad maximum results from the crystal-field
splitting and the peak occurs at roughly a third of the splitting if the Kondo temperature
Ty is small compared with the crystal-field splitting {This was shown to hold for the
Ce,-,La,Pb;seriesin [12]). The temperature dependence of the magnetic resistivity for
the two end compounds obtained by subtracting the resistivity of L.aPd,Si, (which serves
as the non-magnetic background in our measurement as shown in figure 7, which shows
the same behaviour as the ‘metallic-like’ resistivity of LaCu,Si, [13]) from the total
resistivity is shown in figure 8. The peak position, 68 K in CePd,Si; and 100K in
CeCu,Si,, scales roughly with the crystal-field splitting. This was determined to be
19 meV (220 K) in CePd,Si, [14] and 31 meV (360 K) in CeCu,Si, [15]. No evidence is
observed in the resistivity for the crystal-field level observed at 14 meV in CeCu,Si,
which should produce a feature at about 45 K in the resistivity. This was also pointed
outin [11].
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Between x = 0.2 and x = 0.3 the resistivity curves change significantly: the slope at
high temperature changes from pesitive to negative. To investigate this change a sample
with x = 0.23 was made and measurements made on it. Its curve shows a maximum at
low temperature like the other curves do; however, it has a shoulder between 50 and
100 K and then decreases with increasing temperature, looking more like the resistivity
for x = 0.3 than that for x = 0.2. A second sample with x = 0.2 was prepared and
measured with the same results. There is a significant change in the high-temperature
(T > 50 K) resistivity between x = 0.2 and x = 0.23. We believe that this large change
is a result of changes in the crystal-field parameters which resuit from changes in the
anisotropy of the system.

The curves for x = 0.3 and x = 0.4 are very similar, but another change occurs
between x = 0.4 and x = 0.5. The temperature T, of the low-temperature resistivity
peak has been plotted as a function of x in figure 9. A rapid change in T, occurs near
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x = 0.4. Originally we interpreted this change as resulting from the crossover from a
magnetically ordered groundstate forx < 0.4 toaheavy-fermion groundstateforx = 0.5
since the low-temperature peak originates from the magnetic ordering in CePd,Si, and
from the coherent fluctuations in CeCu,Si,. The susceptibility measurements indicate
that thisis not the case. We believe that the magnetic crossover happens around x = 0. 1.
This means that the jump in the peak position between x = 0.4 and x = 0.5 must result
from changes in the temperature at which coherence effects become important. This
may result from the interplay between the Kondo interaction and the RKKY interaction
strengths. Since the Kondo temperatures of the two end compounds, as measured from
the neutron quasi-elastic linewidth, are comparable, this must result from changes in the
RKKY interaction strength.

We see changes in the resistivity curves as x is increased from 0 to 1: the high-
temperature slope changes from positive to negative near x = 0.2 and the low-tem-
perature peak position changes abruptly near x = 0.4. We think that these changes can
beinterpreted as follows. Because copper has one more valence electron than palladium,
substituting copper for palladium in the system CePd,Si, changes the band structure,
resulting in a change in anisotropy: the direction of largest susceptibility changes from
the [110] direction for CePd,Si, to the [001] direction for CeCu,Si,. The crystal-field
configuration also changes, causing changes in the high-temperature resistivity. The
change in the high-temperature resistivity slope near x = 0.2 which we have observed
may correspond to this change in crystal-field configuration. The changes in the band
structure and in the ground-state wavefunction due to the change in the crystal field
change the symmetry of the hybridisation and the RKKY interaction strength while the
Kondo temperature Ty remains relatively constant. For CePd,Si,, the RKKY interaction
ismuch stronger than the Kondo interaction, the moment is frozen, and spin fluctuations
are suppressed, leading to antiferromagnetic ordering. Upon substituting copper for
palladium, the RKKY interaction strength is lowered, and for CeCu,Si, the situation is
the opposite: the Kondo interaction dominates and the magnetic moment is quenched,
resulting in a non-magnetic ground state. The low-temperature peaks for various values
of x shown in figure 9 are related to ‘Kondo lattice’ scattering. The peak temperatures
are low for x < 0.4 when the RKKY interaction is relatively large. For x> 0.4, the peak
temperatures are higher and the Kondo interaction dominates. The changes in band
structure and hybridisation give rise to the lattice parameter anomalies and anomalous
changes in unit-cell size near x = 0.2 and x = 0.4 shown in figure 1.

Insummary, we have performed resistivity, static susceptibility, and x-ray diffraction
measurements on the pseudo-ternary alloy system Ce(Pd, _,Cu,)-Si, and have observed
qualitative and quantitative changes in the resistivity as well as anomalies in the lattice
parameters and unit-cell volume as functions of x. The susceptibility shows weak evi-
dence of magnetic order forx = 0.1 and displays a broad maximum for x = 0.2, evidence
of a crossover from magnetic (at x < 0.1) to non-magnetic behaviour. We believe that
the magnetic crossover occurs near x = 0.1, since Ty falls from 8 K at x = 0 to the
apparent value Ty =2K at x = 0.1 suggesting crossover at x = 0.1. The high-tem-
perature resistivity changes dramatically on going from CePd,Si, to CeCu,Si,, possibly
reflecting the changes in crystal-field configuration resulting from the observed changes
in anisotropy (direction of largest susceptibility) which accompany changes in band
structure. A peakin the resistivity that appears at low temperature also shifts with x. We
believe this reflects variations in the strength of the RKKY interaction. Because both of
these changes are accompanied by anomalies in the lattice parameters and unit-cell
volume which may result from the changes in energy band hybridisation as the palladium
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concentration is decreased, we believe that the macroscopic anomalies (in p and ) may
be due tochangesin the band structure and anisotropy upon varying the Pd concentration
in the system. This may also be the mechanism responsible for the absence of magnetic
order in CeCu,Si,, i.e. the changes in hybridisation and anisotropy could combine to
reduce the RKKY interaction strength whereupon the Kondo interaction would dominate
and the ground state would become non-magnetic. Additional measurements will be
necessary to confirm this hypothesis.

Acknowledgments

The susceptibility measurements were performed with the assistance of Dr M S Seehra
and Mr C Dean. This work was supported in part by a grant from the Research Cor-
poration.

References

[1] Grier B H, Lawrence J M, Murgai V and Parks R D 1984 Phys. Rev. B 29 2664
[2] Murgai V 1982 PhD Thesis Polytechnic Institute of New York
[3] Steglich F, Aarts J, Bredle C D, Licke W, Meschede D, Franz W and Schafer H 1979 Phys. Rev. Lett. 43
1892
[4] Sales B C and Viswanathan R 1976 J. Low Temp. Phys. 23 449
[5] Lieke W, Rauchschwalbe U, Bredl C B, Steglich F, Aarts J and de Boer F R 1982J. Appl. Phys. 532111
[6] Palstra T 1986 PhD Thesis University of Leiden
[7] Batlogg B, Remeika J P, Cooper A S and Fisk Z 1984 J. Appl. Phys. 55 2001
[8] Stewart G R 1984 Rev. Mod. Phys. 56 755
[9] Kletowski Z 1983 J. Less-Common Met. 95127
[10] Dhar S K and Sampathkumaran E V 1987 Phys. Lett. 121456
[11] Kashiba S, Maekawa S, Takahashi S and Tachiki M 1986 J. Phys. Soc. Japan 55 1341
[12] Lin C L, Wallash A, Crow J E, Mihalisin T and Schlottmann P 1987 Phys. Rev. Ler. 58 1232
[13] Franz W, Griessel A, Steglish F and Wohlleben D 1978 Z. Phys. B 319
[14] Grier B H, Lawrence J M, Horn S and Thompson J D unpublished
[15] Horn S, Holland-Moritz E, Loewenhaupt M, Steglich F, Scheuer H, Benoit A and Flouquet J 1981 Phys.
Rev. B233171



