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An inelastic-neutron-scattering investigation of the dynamic magnetic susceptibility of the heavy-
fermion compound CeCu,Si, is presented. We find evidence for only one crystal-field (CF) transition at
30 meV in addition to quasi-elastic-scattering implying a doublet-quartet level scheme in agreement with
specific-heat results but in contradiction with two earlier neutron-scattering studies. Using other experi-
mental results, we propose a set of CF parameters (B = —1.291+0.06 meV, By =(—4.3+0.2)X 1073
meV, |B5|=0.45+0.02 meV) which describe satisfactorily all the measured properties that depend on
the CF. A simple CF model is adequate to describe most of the observed features of this system at tem-
peratures well above the Kondo temperature although the width of the observed transition is anoma-
lously large. A comparison of the CF parameters with other isostructural compounds gives the clearest
evidence so far that hybridization between the cerium f electrons and the silicon p electrons is mainly re-
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sponsible for the CF potential itself.

I. INTRODUCTION

The discovery of superconductivity below 7,.=0.5 K
in the heavy-fermion compound CeCu,Si, (Ref. 1) has
stimulated many experimental investigations of its bulk
and microscopic properties in the ensuing decade.”® Of
particular significance was the observation that the
specific-heat discontinuity at T, is enhanced by a factor
of 10° over conventional superconductors, the same
amount as the normal-state electronic specific-heat
coefficient (y=1.1 J/mol/K?), thereby confirming that
the heavy fermions are responsible for the superconduc-
tivity. It is now generally accepted that the large mass
enhancements arise from the hybridization of the cerium
f electrons with the conduction-band electrons, so that
the f shell becomes partially delocalized and the Fermi
liquid acquires some f character. However, the hybridi-
zation energies are relatively small, characterized by a
Kondo temperature Tx ~10 K. At higher temperatures,
CeCu,Si, behaves like a localized f-electron system with
an anisotropic Curie-Weiss susceptibility.*>

In common with nearly all rare-earth systems, the
crystal-field (CF) potential of heavy-fermion compounds
is an essential component in determining their measured
thermodynamic and magnetic properties (specific heat,
magnetic suscéptibility, transport properties, etc.). It
determines the degeneracy and wave function of the f-
electron ground state involved in the hybridization, and
so is required in theoretical analyses that go beyond sim-
ple phenomenology.® In addition, it has been proposed
that the CF potential is itself largely due to the hybridiza-
tion interaction between the localized f-electron states
and band states that is responsible for the heavy-fermion
behavior.’

The most direct method of determining the CF in a
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metallic compound is inelastic-neutron scattering (INS),
for which the cross section is proportional to the dynam-
ic magnetic susceptibility. There have now been four
INS studies of CeCu,Si,,® ! two of which proposed simi-
lar CF level schemes. In tetragonal symmetry, the
J=5/2 ground-state multiplet splits into three doublets.
The first INS investigation® (referred to hereafter as HO)
concluded that the first excited doublet is at an energy of
12 meV with the second at 30 meV. A recent INS inves-
tigation, on nonstoichiometric CeCu,, ,Si, (Ref. 9) (re-
ferred to as HM), came to similar conclusions as HO con-
cerning the CF level scheme although the position of the
lower doublet was between 17 and 20 meV and appeared
to depend strongly on the stoichiometry. The two other
INS measurements using polarized neutrons observed a
broad peak at about 30 meV but had insufficient resolu-
tion to confirm the presence of a peak at 12 meV.!%1!

The CF level scheme proposed by HO is controversial
since the specific-heat data on CeCu,Si, (Ref. 12) are only
consistent with a doublet-quartet scheme, i.e., a ground-
state doublet and two closely spaced excited doublets at
an energy of about 30 meV, and a number of other inves-
tigations have questioned this result. The strong anisot-
ropy of the single-crystal magnetic susceptibility®> re-
quires a much larger value of the second degree CF pa-
rameter BY than deduced by HO. Analyzing these data,
Kawakami et al.!* derive a ground-state wave function
which differs markedly from that determined from the
HO CF parameters, as do Maekawa et al. 14 who show in
addition that the measured resistivity is consistent with a
doublet-quartet CF splitting. Finally, only one broad
crystal-field peak has been observed in Raman spectros-
copy at about 36 meV (Ref. 15).

The main challenge in interpreting measured neutron
spectra is to derive correctly the phonon contribution ei-
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ther by a careful analysis of the angular dependence of
the scattering or by using an isostructural nonmagnetic
compound (e.g., containing La instead of Ce). This is a
particularly serious problem in the case of CeCu,Si, since
the nuclear, i.e., phonon cross section is very strong,
especially below 20 meV (Ref. 16) in the energy range of
the proposed central doublet. In the light of the above-
mentioned discrepancies between INS and other studies,
it is very important to assess the reliability of the earlier
conclusions based on INS data.

We have therefore performed new measurements on
stoichiometric samples of CeCu,Si, and LaCu,Si, on the
neutron time-of-flight spectrometers HET, at the pulsed
spallation neutron source ISIS (Rutherford Appleton
Laboratory, U.K.), and KDSOG at the pulsed reactor
IBR-2 (JINR, Russia). HET is a chopper spectrometer
which combines very high energy-resolution with a wide
range of energy transfer € and wave-vector transfer Q.
These characteristics allow us to estimate the magnetic
contribution by a scaling procedure, described by Mu-
rani,!” which uses the low- and high-Q data of the La
compound to determine the Q@ dependence of the
CeCu,Si, phonon contribution. The validity of this
method has been confirmed by Monte Carlo simulations
of the level of multiple phonon scattering, which dom-
inates the inelastic nuclear contribution at low scattering
angles. Measurements of CeCu,Si, and LaCu,Si, samples
on KDSOG, an inverse geometry spectrometer with high
intensity and moderate resolution, have allowed the use
of direct subtractions because multiple scattering is much
less significant in this scattering geometry. The comple-
mentary use of these two spectrometers with different
methods of estimation of the magnetic scattering pro-
vides the justification for our main conclusions.

Our main result is that, contrary to the conclusions of
previous INS investigations but in accord with the
specific-heat results, there is only one CF transition at 30
meV, which is very broad. It has a Lorentzian line shape
with a half-width of I'=8.4 meV at 2 K. There is also
evidence for magnetic quasielastic scattering (QES) with
I'=1.9 meV at 10 K, in good agreement with previous
low-energy investigations.!® The combined tails of the
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where f2(Q) is the Ce** form factor, x and 7 are the
Curie and Van Vleck magnetic susceptibilities where m
and n label the CF states [see Egs. (16) and (17) of Ref. 18
for definitions of . and Yy in the CF case], and F(g,T")
is a normalized function characterizing the line shape of
the transition. In the present work, we assume a
Lorentzian form for F, in which I is the half-width. Al-
though different line shapes have been proposed for CF
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QES scattering and the broad inelastic scattering produce
significant magnetic intensity in the range of 10 to 20
meV but this is not enough, in our view, to support the
proposal of a second CF transition in this region.

The CF potential that we derive on the basis of these
results is shown to arise mainly from the nearest-
neighbor shell of silicon ions rather than the approxi-
mately equidistant shell of copper ions. This is a general
feature of isostructural cerium compounds, whereas the
copper shell appears to make the dominant contribution
in the normal rare-earth compounds. This observation is,
we suggest, the clearest evidence so far that anomalous
hybridization of the 4f electrons with, in this case the sil-
icon p electrons, is mainly responsible for the CF poten-
tial, as proposed by Levy and Zhang.” By implication,
f-p hybridization is also responsible for the heavy-
fermion behavior of this compound.

In the next section, we present the cross section for
magnetic neutron scattering from CF transitions. Section
IIT gives details of the experimental procedure and Sec.
IV describes the methods used to extract the estimated
magnetic contribution. In Sec. V, we propose a CF mod-
el that is consistent with all known experimental data
that depend directly on the CF potential and analyze the
contributions of the different neighbor shells. We discuss
our conclusions in Sec. VI.

II. MAGNETIC-NEUTRON-SCATTERING CROSS
SECTION

In tetragonal symmetry, the CF Hamiltonian for Ce3*
ions is

#=B09+B0Y%+Bi0¢, (1)

where O," are the Steven’s operator equivalents and B,”
are phenomenological CF parameters. This splits the
J=5/2 ground-state multiplet into three Kramers dou-
blets, T',s, T}, and T'2. The neutron-scattering law for
unpolarized neutrons in the dipole approximation is
given by!®
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transitions in heavy-fermion compounds,!® the Lorentzi-
an form has been shown theoretically to be a reasonable
approximation,?®?! particularly at high temperatures.'®

III. EXPERIMENT

The samples of CeCu,Si, and LaCu,Si, were prepared
by arc-melting of stoichiometric quantities of the constit-
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uent elements, with no measurable weight loss, and an-
nealing for one day at 700°C. Both neutron and x-ray
diffraction confirmed that the samples were single phase.
The experiments on HET used 50 g of each compound
sealed in thin-walled aluminum containers which were
mounted on a closed-cycle refrigerator (CCR) for mea-
surements down to 20 K and in a pumped helium flow
cryostat for measurements at 2 K. The data were nor-
malized on an absolute scale using a vanadium standard.
Larger samples of 200 g, also sealed in aluminum con-
tainers, were used in the experiments on KDSOG which
used a helium cryostat at temperatures of 10, 77, and 300
K.

HET is a direct geometry chopper spectrometer, in
which the incident neutron beam is monochromated by a
fast Fermi chopper which is phased to the source pulses.
The scattered energy is determined by the neutron time-
of-flight. The measurements were made with an incident
energy of 60 meV using a chopper rotation speed of 500
Hz, giving an energy resolution of 1.5 meV full width at
half-maximum (FWHM) at the elastic position, improv-
ing to 0.8 meV at €e=30 meV. Figure 1 shows data mea-
sured at an average scattering angle ¢=136° on both
CeCu,Si, and LaCu,Si, at a temperature of 20 K. This
corresponds to a wave-vector transfer Q of 9.98 A7l at
€=0 so that the Ce3" form factor f2(Q)=0.076 and
there is negligible magnetic intensity. Inspection of the
data shows that there are large peaks in the phonon den-
sity of states (PDOS) at 13 and 18.5 meV in the Ce com-
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FIG. 1. Neutron energy spectra from (a) CeCu,Si, and (b)
LaCu,Si, measured on HET with an incident energy of 60 meV
and scattering angle of 136° (filled circles). The histograms are
the total scattering determined by the Monte Carlo simulation.
Note that the simulation has not been convolved with the in-
strumental resolution function so the elastic scattering is
confined to one histogram bin.
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pounds with smaller peaks at 33 and 38 meV. The La
data are very similar, but the lower peaks are more in-
tense and there are small energy shifts of all the features.
The relative integrated intensities of the Ce and La data
from 8 to 20 meV are consistent with the different
scattering lengths of the two compounds if we assign
these peaks mainly to combined rare earth and copper
modes. However, the higher energy peaks have similar
intensities in the two compounds consistent with assign-
ing them mainly to silicon vibrational modes. The results
are in good agreement with the generalized PDOS report-
ed by Gompf et al.'® but the new spectra are better
resolved.

Figure 2 shows the spectra measured at an average ¢ of
5° at 20 K. Qualitatively, the La spectrum is similar to
the high-angle data with a small increase of spectral
weight at higher-energy transfers. In contrast to this, the
Ce spectrum has substantial extra scattered intensity over
the whole measured energy range. The most obvious ad-
ditional feature is a broad peak centered at about 30
meV. Since these spectra are at much lower Q
[1.63 A~ at =30 meV, f2%(Q)=0.870], the extra
scattering is clearly of magnetic origin. The histograms
in Figs. 1 and 2 represent our estimate of the phonon
contribution based on the Monte Carlo simulations to be
described in the next section with the remaining scatter-
ing assigned to magnetic inelastic scattering. The strong
nuclear elastic scattering prevents us from analyzing data
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FIG. 2. Neutron energy spectra from (a) CeCu,Si, and (b)
LaCu,Si, measured on HET with an incident energy of 60 meV
and scattering angle of 5° (filled circles). The histograms are the
total phonon scattering determined by the Monte Carlo simula-
tion. Note that the simulation has not been convolved with the
instrumental resolution function so the elastic scattering is
confined to one histogram bin.
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below 5 meV reliably, although there is evidence for a
magnetic QES contribution whose tail extends to about
10 meV. The data taken in the helium cryostat at 2 K
are qualitatively the same with a slight narrowing of the
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30 meV peak.

KDSOG is an inverse geometry time-of-flight spec-
trometer. This means that the sample is irradiated by a
white beam produced by the pulsed reactor and the ener-
gy of the scattered beam is fixed at 4.9 meV by graphite
analyzers placed behind cooled beryllium filters. There-
fore, in contrast to HET, it is the incident energy which
is determined by the total neutron time-of-flight. At the
elastic line, the resolution is 0.6 meV but this worsens at
high-energy transfer because of the large pulse widths
from the moderator. KDSOG has good intensity in the
energy range up to 100 meV but has the disadvantage
that Q cannot be varied over a wide range, being defined
mainly by the incident wave vector. The high-Q to low-Q
scaling procedure used to analyze the HET data cannot
therefore be used in this case so a direct subtraction
(Ce—La) has been employed, the details of which are de-
scribed in the next section.

Figure 3 shows the raw data for both the La and Ce
compounds measured on KDSOG at 10, 77, and 300 K.
We present the data as counts per time-of-flight channel
without correcting for the energy dependence of the in-
cident flux because it preserves the measured distribution
of intensity and gives a clearer idea of the relative weights
with which the different contributions are determined
(magnetic QES, magnetic inelastic, and phonon). When
transformed to S(¢,e) the data are consistent with the
HET data of Fig. 2. It should be noted that because of
the energy dependence of the spectrometer resolution,
the QES is better defined than on HET but high-energy
features, such as the two silicon mode peaks, are not so
well resolved. Figure 4 shows the difference spectra
(Ce—La) after correction for the different scattering
lengths (see next section).

IV. DATA ANALYSIS

A. Correction for phonon scattering

The HET data are measured at both very low ¢(5°) and
very high #(136°). There are also data at intermediate
scattering angles (¢ =9° to 29°) but the secondary flight
path is shorter reducing the resolution, so we have not
analyzed these spectra in detail. The high-angle data
define the general shape of the phonon scattering and, in
the incoherent approximation, is proportional to
Z(e)[1+n(e)]/e, where Z(g) is the generalized PDOS
and n(e) is the Bose factor. The intensity of this scatter-
ing should very as Q% ~2%, where e 2" is the Debye-
Waller factor, but the scattering at low angle is much
stronger than estimates based on this Q dependence. In
fact, the scattering at very low Q is nearly independent of
Q for ¢ <20°. The reason for this anomalous intensity at
low angles is multiple scattering (MS), which is predom-
inantly elastic plus single phonon, but also contains con-
tributions from two-phonon and higher-order scattering
processes. The former preserves the shape of the mea-
sured scattering, whereas the latter has the tendency to
shift the spectral weight to higher energy transfers, par-
ticularly at low temperatures.

In order to estimate the amount of MS at low angles,
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we have performed simulations using the Monte Carlo
program DISCUS,?? which requires as input S(Q,¢) over a
wide range of Q and €. The 136° data, which are dom-
inated by real single-phonon scattering when the incident
energy is 60 meV, was used to provide an initial estimate
of Z(g). Ideally, Z(g) should be separated into partial
densities of state Z;(e) where i labels each type of atom in
the unit cell, i.e., Ce or La, Cu, and Si. These are then
weighted in total cross section by o; /M, where o, is the
nuclear scattering cross section and M; is the atomic
mass. Therefore, as a refinement of the model, we have
assumed that the peaks in the energy range 30 to 40 meV
were due solely to silicon vibrational modes, but that
below 25 meV, all the constituents have the same Z;(g).
The integrals of the three Z;(e) are then normalized to
one, and separately used to calculate S;(Q,€) in the in-
coherent approximation.?> These are then combined to
form a total S(Q,e). The numerical method that we em-
ployed generates all orders of multiphonon scattering in
addition to the single-phonon scattering.?* In principle,
the output from the Monte Carlo simulation may be used
to improve the initial estimate of Z;(¢), but the agree-
ment with the 136° data was sufficiently good to make
further iterations unnecessary (Fig. 1). This procedure
was carried out for both CeCu,Si, and LaCu,Si,.

The simulations show that the MS for a moderately ab-
sorbing thin sample of slab geometry perpendicular to the
incident beam is nearly isotropic except near  =90°. The
reason for this is not hard to see. The first scattering pro-
cess is likely to be into the plane of the sample, i.e., at
90°% it cannot then matter whether the second scattering
process is in the forward or backward direction, although
the energy distribution will depend on the absolute value
of the second ¢. Therefore MS is approximately the same
at 5° and 136°. Similar conclusions have been reached in
other studies of multiple scattering in slab geometry.?¢
However, at low angles, there is very little single-
scattering inelastic phonon intensity, so the nuclear in-
elastic scattering is completely dominated by the MS con-
tribution. The satisfactory agreement between the
LaCu,Si, data and the Monte Carlo simulation at 5° (Fig.
2) confirms that the simulation is giving a reliable esti-
mate of the MS intensity and this success has allowed us
to assess the reliability of other procedures for determin-
ing the phonon contribution.

HO directly subtracted LaCu,Si, data from CeCu,Si,
at 10 and 100 K after correction for the different scatter-
ing lengths. Their spectra suffer from poor statistics so
that the phonon scattering is not very well defined. In
addition, the low-temperature LaCu,Si, spectra are es-
timated from measurements at 100 K. Attempts to per-
form a similar subtraction on the HET data immediately
highlighted the main problem with this procedure; that
the phonon peaks are shifted in energy in the two com-
pounds. It is also clear that a uniform scaling of the en-
tire spectrum by the total scattering power of the two
samples may be a poor approximation. The main intensi-
ty difference is below 20 meV, whereas the scattering
above 30 meV is nearly the same.

For this reason, HM applied a different technique
which used the high-angle CeCu,Si, data to define the
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phonon contribution at low angle. They assumed that
there would be no change in the energy distribution with
angle, though since their high-angle data are at only 66°,
with a still appreciable magnetic component, it is not
clear how they defined unambiguously the shape of the
PDOS. This method has the drawback that it neglects
the effect of the higher-order scattering MS processes in
distorting the spectral distribution especially at higher
energy transfers, and may be the reason why they attri-
buted extra intensity just below 40 meV to magnetic
scattering. In our own analysis, this is seen to arise from
peaks in the phonon scattering.

In our view, the safest method of estimating the pho-
non contribution is the procedure first described by Mu-
rani.!” The LaCu,Si, spectra are used to define a scaling
function R (¢,d’,€), which is the ratio at each € of the
measured intensities at low angle ¢ and high angle ¢’ (see
Fig. 5). The phonon scattering in CeCu,Si, at scattering
angle ¢ is then given by multiplying the data at ¢’ by the
same function R(¢,¢’,€). In this way, the shifts in the
positions of the phonon peaks from the La to the Ce com-
pound are not a problem, and the La data also permit an
estimate of the spectral weight shift caused by MS. The
only serious approximation involved is that the degree of
MS is the same in both compounds. Provided that the
samples have identical masses and geometry, this is
reasonable since the difference in the total scattering
strengths is only 14%. The Monte Carlo simulations
have allowed us to determine the validity of this approxi-
mation and to conclude that any error is less than 4%,
which is within the statistical uncertainties of the present
experiment.

In the present experiment, we have used the ratio of
the 5° and 136° measured intensities in LaCu,Si, as the
scaling function R (5°,136° ¢), smoothed by a spline func-
tion in order to minimize statistical fluctuations. The
CeCu,Si, 136° data were fitted phenomenologically to a
series of Gaussian and Lorentzian line shapes which fol-
lowed the measurements accurately, and the result was
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multiplied by R(5°136°,¢). This estimate of the phonon
contribution at ¢ =>5° is the short-dashed line shown in
Fig. 6, which shows that nearly all the intensity in the
range 10 to 20 meV is due to phonon scattering.

As a further check on these conclusions, we have ana-
lyzed the KDSOG data in a similar way to HO. The
LaCu,Si, data were reduced by a factor of 0.91 which is
the ratio of o,/M; (see Ref. 27), and then subtracted
from the CeCu,Si, data, with the result shown in Fig. 4.
As can be readily seen, this procedure does not work very
well in the energy range 10 to 20 meV for the reasons al-
ready discussed. Phonon structure is still visible in the
difference spectra because of the slight shifts in the pho-
non energies and the coarseness of the cross-section
correction. The temperature dependence of this residual
signal also confirms its phononic origin. The subtractions
used by HO would have been subject to the same problem
but could not be so readily identified because of the poor
resolution. We have excluded the range 10 to 20 meV in
our subsequent analysis of the magnetic scattering. In
principle, a similar problem should affect the higher-
energy silicon modes. However, the resolution on
KDSOG in this energy range is not so good and the
modes are much weaker. It has therefore not been neces-
sary to eliminate this energy region as well.

B. Analysis of magnetic scattering

Having determined the magnetic contribution, we have
fitted our data by using Eq. (2), convolved with the in-
strumental resolution functions appropriate to HET and
KDSOG respectively. In both cases, we have represented
the Van Vleck contribution as a single Lorentzian line
shape, since inspection of the subtracted spectra does not
justify further inelastic peaks (Fig. 6). HO propose that
there is a second transition at 12 meV with half the inten-
sity of the 30 meV peak. However, we estimate that the
upper limit for any peak in this energy range is only 15%
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FIG. 6. Neutron energy spectra from CeCu,Si, at 20 K measured on HET at 5° with an incident energy of 60 meV. The solid line
is the sum of the phonon contribution estimated by the scaling function (short-dashed line) and the inelastic crystal-field excitation

(long-dashed line).

of the 30 meV peak, assuming that it is not any broader.
The fit of the HET data shows that the Lorentzian line
shape gives a very good representation of the broadening
of the CF transition. The solid line of Fig. 6 is the sum of
this Lorentzian (long-dashed line) with the estimated
phonon scattering (short-dashed line). This model
correctly describes all features of the spectra including
the small phonon peaks at 33 and 37 meV; there is only a
small discrepancy in the region of the most intense pho-
non peak and we have not attempted to fit the QES.
With the KDSOG data however, we have also been able
to fit the magnetic QES component.

The fitted parameters of this scattering law are given in
Table I where it can be seen that the HET and KDSOG
data are consistent. The position of the CF transition is
nearly temperature independent though the more accu-
rate HET data suggest that there may be a small shift to

lower energy accompanied by a small increase in the
linewidth on raising the temperature from 2 to 20 K.
This is consistent with the Becker-Fulde-Keller model®®
but it may be an artifact of the subtraction procedure.
The widths of the QES are in good agreement with previ-
ous measurements.® 1

With the experimental configuration on HET, the CF
transition was measured at wave-vector transfers between
1.6 and 2.7 A™'. Over this Q range, there was no varia-
tion in the CF transition intensity, apart from a monoton-
ic reduction due to the cerium form factor, or its
linewidth. This observation, along with the Lorentzian
line shape of the transition, suggests that dynamical re-
laxation is mainly responsible for the broadening of the
CF peak rather than dispersion, although detailed single-
crystal INS studies would be required to clarify this
point.

TABLE 1. Results of fitting Curie and Van Vleck susceptibilities to magnetic neutron scattering observed on HET and KDSOG.
The susceptibilities of HET and KDSOG are normalized by the Van Vleck part at 20 K. yur is the theoretical susceptibility of the
proposed crystal-field model in the molecular-field approximation, using A=52 mol/emu (N.B. 1 emu/mol=0.0323 u%/meV).

Curie part (¢=0) Van Vleck part (e=A) Total
T X r A X r X XMF
(K) (1% /meV) (meV) (meV) (u%/meV) (meV) (u}/meV) (1% /meV)
2 HET 30.0(0.3) 0.079(0.002) 8.4(0.4) 0.543
10 KDSOG 0.378(0.024) 1.9(0.1) 31.0(1.0) 0.079(0.008) 10.4(0.8) 0.457(0.025) 0.409
20 HET 29.4(0.2) 0.079(0.002) 9.3(0.4) 0.320
77 KDSOG 0.110(0.008) 4.4(0.3) 30.0(1.0) 0.087(0.008) 11.7(0.9) 0.197(0.011) 0.168
300 KDSOG 0.055(0.008) 7.4(0.7) 28.7(1.5) 0.039(0.008) 11.0(1.0) 0.095(0.011) 0.070
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V. CF MODEL

Although a standard CF model is bound to be an
oversimplification given the strength of the interactions
between the cerium f states and the conductions band, it
is interesting to see to what extent it can describe the ex-
perimental data. Since we have only measured one CF
transition, it is not possible to determine the three param-
eters of the CF Hamiltonian from the neutron-scattering
data alone [Eq. (1)]. However, the observation that the
CF level scheme consists of a doublet and quasiquartet
(two close-lying doublets) places some strong constraints
on the CF parameter values as can be seen in the follow-
ing equations:

5
2__ 2
T

b

0
2

21

A
14
A
o—_A
Bs 210 4| (3)

|Bi|=An/12y/L(1—7?),

where A is the doublet-quartet splitting and 7 is a
coefficient of the doublet wave function, i.e.,

lg.s.)=nl£3)+V(1—9?)|£3) ,

where the +(—) applies if B} is negative (positive). We
further assume, on the basis of the specific-heat data, that
the doublet is the ground state, i.e., A >0, so with A fixed
to the experimental value, the CF potential depends on a
single parameter 7. This may be determined by fitting
the single-crystal magnetic susceptibility data of Batlogg
et al.* since the measured anisotropy is approximately
proportional to BY (Ref. 29) in the Curie-Weiss region.
As shown in Fig. 7, the fit to our CF model (solid lines)
gives good agreement, with values for the two adjustable
parameters 17 and the molecular-field constant A of 0.467
and 52 mol/emu, respectively. The HO model (dashed
lines) cannot reproduce the measured anisotropy because

600
LT
els
K
b
0 ¢ 1 1 1 L
80 160 240 320 400
TIK]
FIG. 7. Single-crystal bulk magnetic susceptibility of

CeCu,Si, [Batlogg et al. (Ref. 4)] compared to the current mod-
el using a molecular-field constant of 52 mol/emu (solid line)
and to HO (dashed line).
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its BY value is too small.
The CF parameters determined in this way with
A=29.4 meV are

9=—1.29+0.06 meV ,
BY=(—4.310.2)X1073 meV ,
|[B41=0.45+0.02 meV .

The temperature dependence of the CF transition in-
tensity agrees well with the proposed CF model as shown
by the solid line in the inset of Fig. 4. The dashed line
shows the intensity variation of the HO CF model. The
agreement with the new level scheme is especially
significant since this particular test is insensitive to the
details of the phonon subtraction, being based on scatter-
ing in regions of weak phonon intensity. The intensity is
proportional to the population of the ground state so the
fact that there is no reduction in intensity up to 77 K
shows that the first excited level is at an energy of at least
30 meV.

Since the HET data are normalized on an absolute
scale, it is possible to compare the static susceptibilities
derived from the neutron data with the new CF model.
The CF transition produces a Van Vleck susceptibility of
(7.340.4)X 1072 u%/meV (the uncertainty arising from
the estimated errors in the parameters), which is in
reasonable agreement with the measured value of
(7.9£0.2)x 1072 u%/meV providing further
confirmation of the peak’s CF origin. Since the Curie
contribution could not be determined reliably on HET,
we have normalized the KDSOG results to the HET data
by assuming that the Van Vleck susceptibility does not
change between 10 and 20 K (Table I). In order to com-
pare the total susceptibility of the CF model with the
neutron-derived value, it is necessary to apply a
molecular-field correction, i.e., Ymt=Xcg +A, where we
have used the value of A obtained from the fit to the
single-crystal susceptibility. Once again, the agreement is
satisfactory from 10 to 300 K. In particular, this shows
that the ratio of the Curie and Van Vleck contributions
to the dynamic susceptibilities is given correctly by the
CF model.

It is worth noting that the need to introduce a
molecular-field correction does not necessarily imply the
existence of intersite exchange interactions, as sometimes
stated, but is an inevitable consequence of the broadening
of the CF levels, whether by single-site fluctuations or by
dispersion. = For example, a Curie-Weiss law
(x '« T+80) is typically observed in dilute Kondo alloys
with 0~ Tg,3*3! i.e., in the absence of intersite exchange.
Holland-Moritz has given a detailed discussion of this
point in Ref. 32.

With these parameters, it is possible to derive some in-
formation concerning the origin of the CF using
Newman’s superposition model (SM).3* This assumes the
CF potential to be the superposition of two-body poten-
tials representing the interaction between the rare-earth
ions and the individual nearest-neighbor ligands. It is
therefore represented by two SM parameters (in the case
of cerium), A, and 4, which are related to the B," by



B"=0,3 4,(R,)K,,,(6,,¢,), 4)

where ®, is the Steven’s factor and (R;,0;,4;) are the
coordinates of the ith nearest-neighbor ligand. The
geometrical coordination factors K, are defined in Ref.
33. In this way, the intrinsic strength of the CF,
represented by the SM parameters 4, and 4,, may be
separated from geometrical effects when the local ligand
coordination is known. The validity of the SM is dis-
cussed in detail by Newman and Ng*3, who show that
nearly all contributions to the CF potential, including
overlap and hybridization, obey the superposition princi-
ple. Although it was developed to analyze the CF poten-
tial of ionic compounds, the neglect of more distant
ligand contributions is likely to be a better approximation
in metallic systems in which the CF is more effectively
screened. In particular, the 4th degree parameters are
dominated by short-range interactions and so our subse-
quent analysis depends only on B and B$.

In the case of CeCu,Si,, the cerium ion is surrounded
by two nearly equidistant shells of eight silicon ions at
3.133 A and eight copper ions at 3.218 A (Ref. 34) (see
Fig. 8). The contributions of the two shells to each of the
CF parameters are given in Table II. In particular, the
ratio of B} to B} may be used to determine the relative
importance of each shell in the CF potential. Since the
sign of‘BZ is not known, there are two possible solutions
for 45 and A", both of which indicate that the silicon
makes the stronger contribution to the potential by a fac-
tor of either 2.7 or 6.5.

Table II shows that the predicted ratio of B} to BY is
40.4 and —2.3 for the silicon and copper ligand contribu-

FIG. 8. Local coordination of cerium ions in CeCu,Si,. 0 is
the polar angle of the ligand ion in the coordinate system used
in the superposition model of the crystal-field potential [see Eq.
@].
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TABLE II. Superposition model analysis of crystal-field po-
tential for CeCu,Si,. B," are the crystal-field coefficients of the
Stevens’ operators, o, Xand 3; are the 2nd and 4th degree
Stevens’ factors, and A4, are the intrinsic nth degree superposi-
tion model parameters for the ligand X. Values of 4, and A,
are derived using BY=—4.34X 1073 meV and |B}|=0.453
meV.

B}=a, (3.14345"-2.24943)
BY=pB, (—2.4564," _0.6322;5)
Bi=B, (5.73343"-25.5314;)

A3 =—2.58 meV
Ay =2.69 meV

4.°=0.943 meV
45" =—0.417 meV

B%>0
B} <0

tions, respectively. The large ratio, in the case of the sil-
icon contribution, arises because the SM coordination
factor for B} (Table II in Ref. 33) is close to zero. The
silicon polar angle 6 in CeCu,Si, is 67.6°, which may be
compared with the value of 70. 1° for which the coordina-
tion factor K, is exactly equal to zero. B, on the other
hand, is proportional to sin*@ and so is much less sensi-
tive to small changes in the ligand coordination angles.
It is interesting to note that, in all the other isostructural
CeT,X, compounds (7= transition metal, X =Si or Ge)
for which CF parameters have been determined,’®3° 32 is
very small (in the case of CePd,Si,, B3 =0 to within the
experimental errors®®), whereas the B% are all in the
range 0.24 to 0.45 meV and more accurately reflect the
intrinsic strength of the CF. In particular, CeCu,Ge,
(Ref. 35) has an identical level scheme to CeCu,Si, but
with the energy scale reduced by a factor of 1.8. The
close correspondence of the CF potential in all these
compounds indicates that the X nearest-neighbor shell
has the stronger influence.

VI. DISCUSSION

The previous analysis has produced a CF level scheme,
with a doublet ground state and a quasiquartet at 30
meV, which is in agreement with all known CF-
dependent experimental results (specific heat, single-
crystal magnetic susceptibility, neutron scattering). The
ratio of the Curie to Van Vleck terms in the dynamic
magnetic susceptibility, as well as the derived static sus-
ceptibility, is also consistent with the CF model (Table I).
It is perhaps surprising that a simple CF model works so
well in this heavy-fermion compound in which the elec-
tronic properties are in other respects so remarkable.
However, it appears that heavy-fermion systems only ex-
hibit such anomalous behavior at low temperatures, i.e.,
on a low-energy scale. When viewed on a larger energy
scale, the properties are more characteristic of localized
f-electron systems affected by a CF potential. Neverthe-
less, the observed CF transition is extremely broad
presumably because of the strong interactions of the f
electrons with the conduction band and this broadening
is much greater than the typical low-energy scales of
CeCu,Si, [I'cg=100 K compared to estimated Kondo
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temperatures of 8 K (Ref. 31)]. The order-of-magnitude
difference in the linewidths of the QES (Table I and Refs.
8 and 10) and the CF transition is probably related to the
increase in the number of hybridization channels with the
high degeneracy of the excited level, as proposed by
Lopes and Coqblin?®® but may also reflect differences in
the hybridization matrix elements for states with different
symmetry. It would be useful to perform a detailed
theoretical calculation of the dynamic susceptibility of
CeCu,Si, using the new CF model.

We have concluded, on the basis of a SM analysis of
the CF parameters that the silicon ligands make the prin-
cipal contribution to the CF potential. The sign of A3
and Zf“ cannot be unambiguously determined because
the sign of B4 is unknown. The evidence of other rare-
earth intermetallic compounds®”®® is that 4, is always
greater than zero, i.e., the 4th degree potential from
neighboring ions is always repulsive to 4f electrons, as
would be expected if short-range electrostatic and overlap
interactions with ligand electrons are dominant. We
have recently performed INS from NdCu,Si, (Ref. 39) in
which the overall CF splitting is only 11.5 meV. Per-
forming a similar SM analysis, we find that the relative
importance of the silicon and copper contributions to the
4th degree terms in the CF potential is reversed with
A45"=1.4 meV (1.5 meV) and 45 =0.5 meV (0.2 meV)
when B} is positive (negative). Note that both parame-
ters are now positive. In moving from NdCu,Si, to
CeCu§Si2, we find a significant increase in the magnitude
of 24‘ whereas there is a smaller reduction in Zf“, sug-
gesting that it is the silicon contribution that makes the
CeCu,Si, CF splittings anomalously large. If we there-
fore assume that the copper potential is of the same ori-
gin as in normal rare-earth compounds, we must prefer
the solution with 45" >0, ie., BZ>0 (Table II). The
values of 4$" in the two compounds are then quite simi-
lar (0.9 meV in CeCu,Si, and 1.5 meV in NdCu,Si;). On
the other hand, 45 changes from a small positive value
in the neodymium compound to a large negative value in
the cerium compound. Although it is unusual to find
A, <0, it is perhaps a consequence of the strong hybridi-
zation interactions that produce Fermi liquid behavior in
the f electrons at low temperatures. A negative value in-
dicates that the hybridization of the cerium f electrons
and, presumably, the silicon p electrons produce a CF po-
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tential that attracts 4 f electrons towards the silicon ions.

Further confirmation of the anomalous character of
the CF potential is provided by a comparison of our esti-
mate of the BY parameter with another independent mea-
sure of the electric-field gradient in R Cu,Si, compounds
(R =rare earth). Mdssbauer studies of GdCu,Si, would
give a value of BY=1.76 meV (Ref. 40) for the cerium
compound after correction for all the necessary factors
(Stevens factor, radial integral, and Sternheimer shielding
factor). Allowing for all the uncertainties of such a scal-
ing procedure, it is nevertheless significant that it is
different in sign from the parameter deduced in the
present work. If the CF potential were dominated by
Coulomb interactions in both compounds, at least the
signs should be the same*! as in rare-earth trifluorides for
instance, whereas the effects of conduction-electron ex-
change can give rise to different signs, as seen in R Nis
compounds.*?

An experimental investigation of other isostructural
R Cu,Si, compounds is currently underway so that the
systematic development of the CF potential across the
rare-earth series is known. This should confirm that the
large contribution of the silicon ligands in CeCu,Si, is
indeed anomalous in this series. The evidence presented
in this paper that the CF splitting is produced by f-p hy-
bridization suggests that there may be a scaling between
the CF potential and the energy scale (e.g., the Kondo
temperature) that characterizes the low-temperature
properties of heavy-fermion compounds. It is interesting
to note, for example, that both the strength of the CF po-
tential and the transition linewidth of CeCu,Ge, (Ref. 35)
are substantially reduced compared to CeCu,Si,. The ex-
istence of the CeT’, X, series of isostructural compounds,
in which the cerium ion is surrounded by two nearly
equidistant shells of neighbors with very different elec-
tronic properties, provides a unique opportunity to test
theories of the origin of the CF in anomalous rare-earth
intermetallic compounds.
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