
Crystal field effects in RCu2Si2 compounds (R = Ce, Pr, Nd, Ho, Er): Inelastic neutron 
scattering investigation 

E. A. Goremychkin and A. Yu. Muzychka 

Joint Institute of Nuclear Research, 141980 Dubna, Moscow District, Russia 

R. Osborn 

Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439-4845 USA 
(Submitted 13 May 1995; resubmitted 4 April 1996) 
Zh. ~ k s ~ .  Teor. Fiz. 110, 1339-1354 (October 1996) 

The crystal field parameters in the family of isostructural RCu2Si2 compounds (R = Ce, Pr, Nd, 
Ho, Er) have been determined by the method of inelastic magnetic neutron scattering. 
Comparative analysis of the parameters on the basis of the superposition model of the crystal 
field showed that the hybridization of the f electrons of cerium and the p electrons of 
silicon is the dominant component of the crystal field in the heavy-fermion compound CeCu2Si2 
and it is responsible for the anomalous electronic properties of this compound. Analysis of 
the macroscopic properties of PrCu2Si2 based on the parameters determined in the present work 
for the crystal field split ground-state multiplet of the ~ r + ~  ion showed that their behavior 
can be interpreted as crystal-field effects and not a manifestation of anomalous electronic 
properties (quadrupole Kondo effect). O 1996 American Institute of Physics. 
[SlO63-7761(96)01410-21 

1. INTRODUCTION 

The magnetic, transport, thermodynamic, and other 
properties of compounds of rare-earth (RE) metals are 
largely determined by the interaction of the 4f-electron shell 
with the crystal field. Therefore a key aspect in investiga- 
tions in the physics of compounds of RE metals is the knowl- 
edge and understanding of the characteristics of this interac- 
tion. 

Two basic components, which determine the magnitude 
of the crystal field potential, can be identified in metal com- 
pounds: the contribution of the ion cores (ligands) and the 
contribution of conduction electrons. At present it is impos- 
sible to estimate these contributions on the basis of a micro- 
scopic model of the crystal field, and a phenomenological 
model of the crystal field is essentially the only method 
available for analyzing the properties of compounds contain- 
ing RE metals. In this model the parameters of the crystal 
field potential are determined by comparing the computed 
and experimentally determined properties of the RE-metal 
compounds of interest. Despite the large number of experi- 
mental works on the crystal field, it has not yet been possible 
to establish with adequate reliability the principles involved 
in the formation of the crystal field potential in RE-metal 
compounds.' One reason for this is the lack of estimates of 
the magnitudes of the individual components of the crystal 
field potential in metallic systems. 

Another important circumstance in the study of crystal- 
field effects in RE-metal compounds is the role of these ef- 
fects in the physics of systems with an anomalous s - f  in- 
teraction (systems with heavy fermions, intermediate 
valence, and so on). For example, theoretical estimates show 
that s -  f hybridization, which is responsible for the anoma- 
lous properties of compounds with heavy fermions, makes 
the main contribution to the crystal field p~tent ia l .~  This as- 

sertion can be checked experimentally by means of a system- 
atic investigation of the crystal field in both normal and 
anomalous RE-metal compounds. 

One of the most interesting families of isostructural in- 
termetallic compounds is RM2X2 compounds (R-RE metal, 
M-transition metal, X = Ge, Si) with ThCr2Si2 type 
~tructure.~ This family of compounds incorporates a very di- 
verse types of basic compounds. For example, CeCu2Si2 is a 
heavy-fermion superconducting compound, CeM2Si2 
(M = Ni, Co, Fe) are intermediate-valence systems, and at 
low temperatures CeCuzGe2 is a Kondo system with an an- 
tiferromagnetic order. At low temperatures RNi2Si2 com- 
pounds (R=Pr, Nd, Tb, Ho, Er, Tm) possess nontrivial mag- 
netic structures which are incommensurate with the atomic 
~ t ruc tu re .~ '~  Therefore, one can attempt to establish a corre- 
lation between the characteristics of the crystal field and the 
type of ground state by investigating the crystal field of the 
isostructural RM2X2 compounds. To this end, we started sys- 
tematic investigations of crystal field effects in RM2X2 com- 
pounds. In the present paper we report the results of a study 
of RCu2Si2 compounds (R=Ce, Pr, Nd, Ho, Er). In Refs. 
5-7 we published some results of a study of compounds in 
this series. 

Among the different methods for studying the crystal 
field in RE-metal compounds, inelastic scattering of thermal 
neutrons is special. The scattering law S ( Q ,  w )  measured in 
experiments on the inelastic scattering of thermal neutrons is 
most closely related to the parameters of the split ground- 
state multiplet of the RE-metal ion in the experimental sys- 
tem. For example, the positions of the peaks in S ( Q ,  w )  will 
correspond to the energy splitting between the levels of the 
crystal-field split ground-state multiplet, and their intensity 
will be proportional to the mixing coefficients of the wave 
functions of these levels. Therefore, the inelastic scattering 
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of thermal neutrons, being a direct spectroscopic method, 
gives the most reliable information about the characteristics 
of the crystal field, and it was used in the present work to 
investigate the crystal field in RCu2Si2 compounds. 

2. EXPERIMENT 

Samples of RCu2Si2 compounds were prepared by arc 
melting on a copper water-cooled hearth with no weight loss 
during the melting process. After vacuum annealing at 
700 "C, x-ray crystallographic analysis and neutron diffrac- 
tion experiments showed that there were no other phases in 
any samples, with the exception of samples with Pr and Nd, 
where weak diffraction peaks that do not belong to the main 
phase were observed. The amount of the extraneous phases 
in these samples was estimated to be -5%, which cannot 
affect the experimental results on the inelastic scattering of 
thermal neutrons. 

The inelastic thermal-neutron scattering experiments 
were performed on two spectrometers: an HET time-of-flight 
spectrometer with direct geometry at the ISIS spallation neu- 
tron source (RAL, UK) and a KDSOG-M time-of-flight 
spectrometer with inverse geometry in a pulsed IBR-2 reac- 
tor (JINR, Russia). These two spectrometers with mutually 
complementary characteristics made it possible to increase 
substantially the reliability of the results obtained5 For ex- 
ample, the wide range of transferred energies and the high 
intensity of the KDSOG-M spectrometer made it possible to 
record reliably the total splitting of the ground-state multip- 
let. This made it possible, in addition, to optimize the HET 
experiment performed with a higher resolution and low mo- 
mentum transfer, which in turn made it possible to refine the 
crystal-field parameters by making a profile fit of the inelas- 
tic thermal-neutron scattering spectra. 

The HET experiments were conducted at incident neu- 
tron energies of 15 and 25 meV with resolutions of 0.4 and 
0.75 meV, respectively. A -50 g sample in an aluminum 
container was mounted on a closed-cycle refrigerator, which 
made it possible to obtain temperatures from 10 to 300 K. A 
helium cryostat (Orange cryostat) was used for the inelastic 
thermal-neutron scattering measurements below 10 K. The 
spectra employed for analysis were measured at scattering 
angles from 10" to 30" and then summed. This corresponded 
to an average momentum transfer (Q) of -0.9 A on the 
elastic line with an incident energy of 15 meV. Comparing 
the spectra for this angular range with the spectra obtained at 
a scattering angle of 136" (Q = 5 A ) showed that the pho- 
non contribution is negligibly small for all experimental 
samples. 

The experiments performed with the KDSOG-M spec- 
trometer in inverse geometry were conducted with a large 
sample (- 100 g), placed in an aluminum container in a 
helium-flow cryostat. The inelastic thermal-neutron scatter- 
ing measurements were performed at temperatures of 10 and 
77 K. Since the momentum transfer in the KDSOG-M ex- 
periments is larger than in the HET case, the phonon contri- 
bution becomes appreciable and an allowance must be made 
for it when analyzing the experimental data. For this, inelas- 
tic thermal-neutron scattering experiments were performed 
under the same conditions with the isostructural compound 

FIG. 1. PrCu2Si2 and LaCu2Si2 time-of-flight inelastic neutron scattering 
spectra obtained with the KDSOG-M spectrometer. The number of the time 
channel is plotted along the abscissa (the corresponding energy transfers are 
indicated at the top) and the neutron count is plotted along the ordinate. 
curve-LaCu2Si2, T=80 K; open circle-PrCu2Si2, T =  10 K; filled 
circle-PrCu2Siz, T= 80 K. 

LaCu2Si2, where magnetic scattering does not occur. It was 
found that for all experimental RCu2Si2 samples magnetic 
scattering occurs with energy transfers of less than 15 meV. 
As one can see from Fig. 1 (solid line), the phonon contri- 
bution is relatively small in this range of energy transfer, so 
that the possible systematic errors associated with the use of 
the LaCu2Si2 spectrum (corrected for the difference in the 
scattering amplitudes between La and other RE metals) to 
estimate the phonon contribution should not greatly influence 
the results for the crystal-field parameters. 

The experimental RCu2Si2 compounds are all antiferro- 
magnetic at low temperatures (T<21 K). The appearance of 
antiferromagnetic ordering has a strong effect on the spec- 
trum of magnetic excitations (Fig. I), and in interpreting 
these spectra, in addition to the crystal field, allowance must 
be made for the interaction between the 4f-magnetic mo- 
ments of the RE-metal ions. In the present paper we shall 
discuss only the experimental results on the inelastic 
thermal-neutron scattering in the paramagnetic state. 

3. ANALYSIS OF EXPERIMENTAL DATA 

The scattering law for unpolarized neutrons in the dipole 
approximation has the forms 

where Q is the neutron momentum transfer, E is the neutron 
energy transfer, T is the temperature, F ( Q )  is the magnetic 
form factor, exp(-2W) is the Debye-Waller factor, g~ is the 
Landd factor, pi is the occupancy of the level from which the 
transition occurs, Ai j  is the energy difference between the 
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states ( i )  and I j ) ,  J ,  is the component of the total angular 
momentum of the RE-metal ion that is perpendicular to the 
scattering vector Q, and P ( E , ~ )  is the spectral function, nor- 
malized to unity. 

In the experimental compounds the RE-metal ions oc- 
cupy sites with tetragonal point symmetry. The crystal-field 
Hamiltonian for this symmetry has the form 

where 0;" are the equivalent Stevens operators9 and B;" are 
the phenomenological crystal-field parameters. 

The expression for the squared matrix elements 
(ilJ,l j ) ,  which describes the relative intensity of the transi- 
tions between the crystal-field levels, has the form 

The crystal field parameters were determined from the 
inelastic thermal-neutron scattering spectra in two steps. 
First, the Hamiltonian was parameterized in the form1' 

where F,,  are numerical factors taken from Ref. 10 and the 
parameters xi are related with the parameters B;" by the fol- 
lowing relations: 

The convenience of this parameterization lies in the fact that 
the range of variation of the parameters xi  is limited by the 
condition 

and the parameter W is a scale factor determining the total 
splitting of the ground-state multiplet in a crystal field. It can 
be fixed for a given set of x i ,  if it is possible to determine 
from the experimental data, for example, the total splitting in 
the crystal field or the sequence number of one of the excited 
levels relative to the ground state. The first step in searching 
for the crystal-field parameters with the Hamiltonian (4) was 
to scan the entire space of the parameters { x i )  with a con- 
stant step in x i .  In the process, the parameter sets which 
could describe well the basic features of the inelastic 
thermal-neutron scattering spectra were selected. 

At the second step the final determination of the crystal 
field parameters was made by making a least-squares fit of 
the computed spectra to the experimentally measured spectra 

S. arb. units 
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FIG. 2. Scattering law obtained with the HET spectrometer for PrCu2Si2 at 
T=25 K. Dots--experimental spectrum; solid line--computed spectrum, 
dashed lines-separate spectral components. 

taking account of the resolution function. In the process, it 
was assumed that all transitions have the same widths and a 
Lorentzian distribution, which described the profile of the 
transitions between the crystal-field levels much better than a 
Gaussian distribution. 

4. EXPERIMENTAL RESULTS 

4.1. PrCu2Si2 

The ground-state multiplet 3 ~ 4  of the prf ion in a te- 
tragonal crystal field splits into seven levels: two doublets 
and five singlets. The experimental results on the inelastic 
thermal-neutron scattering are presented in Figs. 1,2, and 3. 
As one can see from these figures, in the paramagnetic state 
(TN=21 K) there are three groups of peaks of magnetic 

a rneV 
11109 8 7 6 5 4 2 1.5 

FIG. 3. PrCu2Si, time-of-flight inelastic magnetic neutron scattering spec- 
trum obtained with the KDSOG-M spectrometer at T =  80 K. The number of 
the time channel is plotted along the abscissa (the corresponding energy 
transfers are indicated at the top). Dots+xperimental spectrum, solid line 
- computed spectrum, dashed lines-separate spectral components. 
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TABLE I. Crystal field parameters of CeCu2Si, and the compounds investigated. A;'(rl)  equal the parameters 
B;' divided by the corresponding Stevens factors; these are the crystal-field parameters which are freed, to the 
greatest extent possible, from the peculiarities corresponding to RE metals. 

origin with energy transfers of 1.5, 4.3, and 9.2 meV. A set 
of parameters best describing the experimentally measured 
spectra was determined using the search procedure described 
above for the crystal field parameters. The values of the pa- 
rameters are given in Table I. The corresponding scheme of 
the levels and their wave functions are presented in Fig. 4. 
On the whole, as one can see from Fig. 2 and 3, the agree- 
ment between the computed and experimental spectra is not 
bad. The small discrepancies could be due to the fact that the 
width was assumed to be the same for all transitions and to 
the fact that PrCu2Si2 has an anomalously high temperature 
T N ,  and for this reason the energy of transitions in a crystal 
field can exhibit a weak dispersion. A more detailed discus- 
sion of the inelastic thermal-neutron scattering data for 
PrCu2Si2 is given in Ref. 7. 

A tetragonal crystal field splits the ground-state multiplet 
4~9,2 of the ~ d + ~  ion into five Kramers doublets. NdCu2Si2 
was the first compound from the family of intermetallic con]- 

pounds RM2X2 where the crystal field parameters were de- 
termined by the method of inelastic thermal-neutron scatter- 
ing. The main HET results for this system were published in 
Ref. 6. Figure 5 displays the inelastic thermal-neutron scat- 
tering spectra (dots) measured at 77 K with the KDSOG-M 
spectrometer. Just as in the case of the HET experiments? 
there is good agreement between the computed spectra (solid 
line in Fig. 5) and the experimental spectra. The crystal field 
parameters for NdCu2Sip are given in Table I, and the cor- 
responding level scheme is displayed in Fig. 6. 

The ground-state nlultiplet 5 ~ 8  of the ~ 0 ' ~  ion in a te- 
tragonal field splits into four doublets and nine singlets with 
a large number of possible transitions from both the ground 
and excited states. Figure 7 displays the spectrum of 
HoCu2Si2 in the paramagnetic state ( T N =  10 K). The spec- 

FIG. 5. NdCu,Si, time-of-flight inelastic magnetic scattering spectrum ob- 
FIG. 4. Level scheme and structure of the wave functions corresponding to tained with a KDSOG-M spectrometer at T =  80 K. The number of the time 
the splitting of the ground-state multiplet of Pr in the crystal field of channel is plotted along the abscissa (the corresponding energy transfers are 
PrCu2Si,. The vertical lines represent the experimentally observed dipole indicated at the top). D o t ~ x p e r i m e n t a l  spectrum, solid line--computed 
transitions. spectrum, dashed lines-separate spectral components. 
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FIG. 6. Level scheme and structure of the wave functions corresponding to 
the splitting of the ground-state multiplet of Nd in the crystal field of 
NdCu2Si2. The veltical lines represent the experimentally observed dipole 
transitions. 

trum was measured on the HET spectrometer with Eo= 15 
meV and T =  15 K. As one can see in this figure, there are 
four regions where inelastic magnetic scattering associated 
with crystal-field transitions occurs: e  < 2  meV, E - 3 meV, 
4  meV < ~ < 7  meV, and 7  meV < & < I 0  meV. The HET 
measurements with a lower initial energy (10 meV) and, cor- 
respondingly, better energy resolution did not make it pos- 
sible to resolve separate transitions between crystal-field lev- 
els. This is due mainly to the large number of transitions 
from excited states lying at energies of less than 2 meV and 
having a substantial occupancy at T =  15 K. Nonetheless, we 
were able to obtain a reliable set of crystal-field parameters 
which satisfactorily describe the experimental spectra from 
both the HET spectrometer at 15 K (Fig. 7 )  and the 
KDSOG-M spectrometer at T=77 K (Fig. 8). Their values 
are presented in Table I. The level scheme and the wave 
functions are presented in Fig. 9. 

S. arb. units 

FIG. 7. Scattering law obtained with the HET spectrometer for HoCu,Si, at 
T =  15 K. Dots+xperimental spectrum, solid lines--computed spectrum, 
dashed lines-separate spectral components. Inset: Relatively weak part of 
the spectrum corresponding to the region of energy transfers exceeding 4 
meV. 

FIG. 8. HoCu2Si2 time-of-flight inelastic magnetic scattering spectrum ob- 
tained with a KDSOG-M spectrometer at T =  80 K. The number of the time 
channel is plotted along the abscissa (the corresponding energy transfers are 
indicated at the top). Dots--experimental spectrum, solid l ine4omputed 
spectrum, dashed lines-separate spectral components. 

The ground-state multiplet 4~15,2 of the Kramers ion 
~ r + ~  in a tetragonal field splits into eight doublets. On ac- 
count of the low Niel temperature ( T N < 2  K), the inelastic 
thermal-neutron scattering experiments could be performed 
in the paramagnetic phase at low temperatures. The HET 
spectra measured at Eo= 15 meV and T =  4.5 and 30 K and 
the KDSOG-M spectra measured at T =  10 and 77 K are 
presented in Figs. 10 and 1 1 .  Comparing the intensities of 
the peaks in the spectra at different temperatures gives un- 
ambiguously the position of seven of the eight levels of the 
crystal-field split ground-state multiplet of the ~ r + ~  ion in 

FIG. 9. Level scheme and structure of the wave functions corresponding to 
the splitting of the ground-state multiplet of Ho in the crystal field of 
HoCu2Si,. 
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FIG. 10. Scattering law obtained with the HET spectrometer for ErCu2Si2 at 
different temperatures. Dots~xperimental  spectrum, solid lines- 
computed spectrum, dashed lines-separate spectral components. 

FIG. 1 1 .  ErCu2Si2 time-of-flight inelastic magnetic scattering spectrum ob- 
tained with a KDSOG-M spectrometer at different temperatures. The num- 
ber of the time channel is plotted along the abscissa (the corresponding 
energy transfers are indicated at the top). Dots--experimental spectrum, 
solid line--computed spectrum, dashed lines-separate spectral compo- 
nents. 

FIG. 12. Level scheme and structure of the wave functions corresponding to 
the splitting of the ground-state multiplet of Er in the crystal field of 
ErCu2Si,. 

EKu2Si2. Analysis of the inelastic thermal-neutron scatter- 
ing data by the procedure described above made it possible 
to determine the set of crystal-field parameters which de- 
scribed well both the HET and the KDSOG-M spectra (solid 
lines in Fig. 10 and 11). The parameters of the crystal-field 
Hamiltonian for ErCu,Si2 are presented in Table I, and the 
corresponding level scheme and the wave functions are pre- 
sented in Fig. 12 

5. DISCUSSION 

In the present section we present a comparative analysis 
of the results for the crystal-field parameters with the aim of 
clarifying the degree to which their values are correlated 
with the properties of the compounds studied. We shall de- 
vote special attention to the two systems CeCu2Si2 and 
PrCu2Si2. These compounds are singled out from because of 
their anomalous electronic properties. 

The compound CeCu2Si2 is a superconducting system 
with heavy fermions. In Ref. 5, analysis of the crystal-field 
parameters for this compound in a superposition model of 
the crystal field showed that the hybridization of the 
4f-electronic states with the p orbitals of Si is the dominant 
conlponent of the crystal field and it is apparently respon- 
sible for the anomalous electronic properties of this com- 
pound. 

The compound PrCu2Si2 is an antiferromagnet 
( T N =  21 K) with an anomalously high Niel temperature 
compared with GdCu2Si2 ( T N =  13.5 K). In Refs. 1 1-13, it 
is classified, on the basis of measurements of different mac- 
roscopic properties, as a heavy-fermion system. 

The parameters ~ ; ' ( r ' )  without the Stevens factor, 
thereby making possible to compare the crystal-field param- 
eters for different RE-metal ions, are given in Table I to- 
gether with the parameters B;' In analyzing the crystal-field 
parameters of compounds in which the RE-metal ion pos- 
sesses tetragonal point symmetry, it should be kept in mind 
that it is impossible to determine unambiguously from in- 
elastic thermal-neutron scattering experiments the signs of 
the parameters B: and 82 in the Hamiltonian (2). 
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As one can see from Table I, the values of A;"(rl) for 
CeCu2Si2 are substantially different from the corresponding 
values of A;"(#) for the other RCu2Si2 compounds. For ex- 
ample, A:(r4) differs by approximately a factor of 14 from 
the values for the compounds containing Nd, Ho, and Er. 
Such a difference itself indicates the anomalous character of 
the crystal field potential in CeCu2Si2. However, the crystal 
structure of the compounds RCu2Si2 has an interesting fea- 
ture that makes it possible to employ the superposition model 
of the crystal field5 for quantitative estimation of the contri- 
butions of different ligands to the crystal-field potential and 
therefore to identify the component that makes it anomalous. 
This feature is that the RE-metal ion is surrounded by two 
almost equidistant coordination spheres consisting of eight 
silicon atoms and eight copper atoms. In the superposition 
model of the crystal fieldi4 it is assumed that the crystal field 
can be represented as a superposition of the potentials of 
different coordination spheres. From the standpoint of the 
superposition model, the contribution of each coordination 
sphere to the value of the crystal-field parameter can be rep- 
resented as the product of the geometric coordination factor 
- 

Kim, which depends on the arrangement of the ions on a 
sphere, and the parameter &(Rj), which will determine the 
contribution of the ions of a given coordination sphere to the 
crystal field: 

Here, 0,  is the Steven factor and R j  , Oi, and 4, are, respec- 
tively, the coordinates of the ith ion in the jth coordination 
sphere. 

The possibility of neglecting the contributions to Eq. (5) 
from the distant coordination spheres was discussed in Ref. 
14, and it was concluded that in the case of the fourth- and 
sixth-order crystal fields only the contribution of the nearest 
coordination spheres is important. This was not the case for 
the second-order parameters. Apparently, this is explained by 
the fact that the long-range electrostatic interaction, neglect- 
ing screening, is proportional to R - ~  and R P 7  in the case of 
the fourth and sixth orders, respectively, and to R P 3  in the 
case of second order (R is the distance from the RE-atom to 
the ion). 

Following the authors of the superposition model, we 
also assumed that in the series of experimental samples the 
fourth- and sixth-order crystal fields are determined by the 
ions in the two nearest coordination spheres: Si and Cu. 

For the case of RCu,Si2 compounds, the equations of the 
superposition model for the fourth- and sixth-order crystal 
fields, taking account of the two coordination spheres, can be 
represented as follows: 

Solving the system of equations (6), we can estimate the 
contribution to the fourth- and sixth-order crystal fields for 
both ligands, silicon and copper. The values of the coordina- - 
tion factors K , ,  , calculated using the structural data from 

TABLE 11. Radii and coordination factors of the spheres of the ligands Si 
and Cu for different RE metals. 

Sphere R and I?,, Ce Pr Nd Ho Er 

R 3.136 3.130 3.115 3.040 3.024 - 
Km - -0.622 -0.662 -0.691 -0.818 -0.765 

Si K, - -25.56 -25.44 -25.35 -24.96 -25.13 
K, 2.159 2.187 2.206 2.289 2.255 - 
K64 - 13.79 - 14.23 - 14.54 - 15.96 - 15.37 

Ref. 15, are presented in Table 11. The results for the param- 
eters &(Si) and &(cu) are presented in Table 111, where 
solutions of the system of equations (6) are given for both 
variants of the signs of B;" . The variant A:> 0 and A :> 0 is 
designated in Table 111 as (+  +) and the opposite variant is 
designated as (- -). As noted above, proceeding only from 
the neutron spectroscopy data for the paramagnetic state, it is 
impossible to determine unambiguously the sign combina- 
tion for the parameters A: and A:. In Refs. 5 and 6, we 
presented qualitative arguments supporting the fact that the 
choice A:>O and A:>O is preferred. At the same time, 
analysis of the inelastic thermal-neutron scattering data for 
the magnetically ordered state, where the scattering cross 
section depends on the choice of the signs of A: and A:, 
showed that only the combination A:>O and A ~ > O  gives 
acceptable agreement between the measured inelastic 
thermal-neutron scattering spectra at T< TN and the spectra 
computed in the molecular-field approximation. Therefore in 
what follows we shall discuss this combination of signs of 
the parameters A: and A ~ ~ .  

It can be expected that, in principle, the parameters & 
for the isostructural compounds RCu2Si2 will depend very 
weakly on the RE-metal ion, since they will be determined 
mainly by the environment of the RE-metal ion in the lattice. 
However, as one can see from Table 111, the parameter - 
A4(Si) does exhibit a strong dependence on the RE-metal 
ion on passing from the group of compounds with Nd, Ho, 
and Er to compounds with Ce and Pr, while L4(cu)  changes 

TABLE 111. Crystal-field parameters in the superposition model for different 
RE metals. The choice of signs A:>O and A:>O is designated as + + and 
the opposite variant is designated as - - . 

Parameter Variant Ce Pr Nd Ho Er 

& ( ~ i ) ,  meV 
+ + -2.58 -0.96 0.16 0.08 0.00 
- - 2.69 1.30 0.50 0.38 0.50 
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very little along the entire series from Er to Ce, the dominant 
component ~ : ( r ~ )  for Nd, Ho, and Er being the contribution 
of copper (&(cu)s&(s~)). However, for the compound 
CeCu2Si2 the silicon contribution is much (2.7 times) greater 
than ~ ( c u )  and it is negative. The situation in the case of 
PrCu2Si2 is intermediate between compounds with Ce and 
the compounds with Nd, Ho, and Er. For example, the abso- 
lute value of & ( ~ i )  is of the same order of magnitude as - 
A4(Cu), but it has the opposite sign. The sixth-order param- 
eters i 6 ( s i )  and i 6 ( c u )  exhibit virtually no dependence on 
the RE-metal ion for Nd, Ho, and Er. Their values decrease 
by a factor of 2 only on switching to Pr; this likewise indi- 
cates that the crystal-field parameters in the superposition 
model deviate substantially from their expected dependen- 
cies, which the values of & for compounds with Nd, Ho, 
and Er satisfy. Therefore the comparisons presented above 
indicate that the values of the parameters for the compounds 
CeCu2Si2 and PrCu2Si2 differ substantially from the corre- 
sponding values for compounds with Nd, Ho, and Er, and on 
switching from the latter three compounds to the compounds 
with Pr and Ce the silicon contribution becomes greater than 
the copper contribution. The special nature of the crystal- 
field potential for these two compounds correlates with their 
anomalous electronic properties. 

In the case of CeCu2Si2, where the hybridization of the 
localized 4f electrons with the conduction electrons is re- 
sponsible for the anomalous (heavy-fermion) properties of 
this compound, the most natural explanation of the differ- 
ences in the crystal-field parameters from those of com- 
pounds with no such anomalies (Nd, Ho, and Er) is that the 
hybridization of the 4f electrons with the p electrons of sili- 
con is much stronger. This interpretation was proposed in an 
analysis of the crystal-field parameters of CeCu2Si2 and 
NdCu2Si2 in our two preceding The results of the 
present work, which include data on the crystal field for all 
the compounds RCu2Si2 investigated, provide further confir- 
mation of the fact that f - p  hybridization is responsible for 
the anomalous properties of the heavy-fermion system 
CeCu2Si2. It should be noted that a recent analysis16 of the 
dependence of the type of ground state of the compounds 
CeM2X2 on the Ce-M and Ce-X distances also showed that 
their electronic properties are determined mainly by (Ce) f 
- (X)p hybridization. 

In a number of it has been asserted on the 
basis of measurements of the macroscopic properties of 
PrCu2Si2 that this compound is a heavy-fermion system be- 
cause of the quadrupole scattering of the conduction elec- 
trons by the 4f electrons (quadrupole Kondo effect). The 
main experimental facts supporting this interpretation are as 
follows: 

a) the large electronic contribution to the specific heat 
y = 225 mJ/mole . K ~ ;  

b) absence of anomalies in the temperature dependence 
of the lattice parameters, which was attributed to the com- 
pensation of the quadrupole moment of the 4f-electronic 
shell; and, 

c) anomalously high Ndel temperature TN=21 K. 
Knowing the crystal-field parameters and, correspond- 

FIG. 13. Specific heat divided by T versus T' for PrCu2Si2 in the paramag- 
netic phase. Squares are the data of Ref. 12, triangles are the contribution to 
the specific heat of the Schottky anomalies computed on the basis of the 
crystal field parameters determined in the present work; circles are the result 
of subtraction from the first set. Lines are the linear extrapolations of the 
three sets of points. 

ingly, the energy-level scheme makes it possible to show that 
the facts a) and b) can be interpreted as crystal-field defects. 
For example, the large electronic contribution to the specific 
heat is explained quantitatively by the Schottky anomaly, 
and the absence of anomalies in the temperature dependence 
of the lattice parameters is associated with the weak tempera- 
ture dependence of the quadrupole moment of the prf ion 
in this compound. We discussed this in detail in Ref. 7. Fig- 
ure 13 displays the specific heat of PrCu2Si2 above the Niel 
temperature in the coordinates C/T versus T~ (squares) and a 
fit of the experimental points by a straight line, which gives 
the Sommerfeld constant y=225 m J / m o l e . ~ ~ .  The figure 
also shows the contribution of the Schottky anomaly (tri- 
angles) to the specific heat of PrCu2Si2, calculated using the 
our set of crystal-field parameters. As one can see, the 
Schottky anomaly in these coordinates can be accurately ap- 
proximated by a straight line, giving at the intersection of the 
C/T axis y=285 m ~ / m o l e . ~ ~ ,  which does not differ much 
from the value of the Sommerfeld constant. If, however, the 
Schottky contribution is calculated from the experimental 
data, then the remainder can also be described accurately by 
a straight line with a small negative value of y, which to 
within the accuracy of extrapolations from such high tem- 
peratures agrees reasonably well with the value of the Som- 
merfeld constant y=  4 mJ/mole- K~ for the isostructural non- 
magnetic analog LaCu2Si2. Therefore, the high value of y in 
PrCu2Si2 is a crystal-field effect (Schottky anomaly) and it is 
not associated with the anomalous electronic properties. 

The interpretation of the point b) is not so unambiguous, 
despite the fact that it is possible to give an interpretation 
with the aid of the crystal field. Since the anomaly in the 
fourth-order crystal field of the compound PrCu2Si2 is very 
close to the anomaly exhibited by the heavy-fermion com- 
pound CeCu2Si2, it is logical to conjecture that this anomaly 
is of the same nature: It is due to the large f - p  hybridization 
contribution to the effective potential of the crystal field. 
Therefore, having explained the small quadrupole moment of 
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the ~ 1 ~ '  ion as a crystal-field effect, we must also answer the 
question of whether or not this effect is associated with the 
anomalous character of the crystal field. 

The anomalously high value of the Ndel temperature 
could be a strong argument in favor of the correctness of the 
interpretation that attributes the crystal field anomaly in the 
compound PrCu2Si2 to f - p  hybridization. In Ref. 12, it was 
shown convincingly that the RKKY exchange mechanism, 
which is common to all compounds in the entire series, is 
realized here but with an anomalously high exchange inter- 
action constant between the 4f magnetic moments, which 
could be explained by the high value of the f-p Kondo 
exchange integral. The situation with the compound 
NdCu2Si2 remains unclear. An estimate of the f - f exchange 
integral in the molecular-field approximation for the three 
compounds RCu2Si2 (R = Pr, Nd, and Gd) gives 0.33,0.20, 
and 0.22 meV, respectively. According to the de Gennes 
rule, the expected value for PrCu2Si2 should be -0.01 meV. 
At the same time, it should be noted that the exchange inte- 
gral (Ndel temperature) for NdCu2Si2 (TN= 10 K) also does 
not satisfy the de Gennes rule and is anomalously large. In 
the case of NdCu2Si2, however, no anomalous behavior of 
the crystal field parameters is observed in the superposition 
model. The higher (compared with the value predicted by the 
de Gemes rule) Ndel temperature in NdCu2Si2 could be due 
to an indirect interaction of the quadrupole moments of the 
~ d + ~  ions, resulting in a deviation from the de Gennes rule. 
In the case of PrCu2Si2, where this deviation is approxi- 
mately three times larger than in NdCu2Si2, such a strong 
discrepancy from the de Gennes rule could be due to a com- 
bination of both factors-hybridization and indirect interac- 
tion of the quadrupole moments. 

6. CONCLUSIONS 

A systematic investigation of the crystal field in the fam- 
ily of isostructural compounds RCu2Si2 was performed by 
the method of inelastic scattering of thermal neutrons. The 
experiments performed with two types of spectrometers at 
different temperatures made it possible to determine unam- 
biguously the parameters of the phenomenological crystal- 
field Hamiltonian. Analysis of these parameters in the super- 
position model showed that the hybridization of the p 

electrons of silicon with the localized f electrons of cerium 
makes the main contribution to the crystal-field potential in 
the heavy-fermion system CeCu2Si2. This observation is in 
qualitative agreement with the theoretical estimates pre- 
sented in Ref. 2. A determination of the crystal-field param- 
eters for PrCu2Si2 showed that the macroscopic properties of 
this compound can be quantitatively interpreted as being due 
mainly to the splitting of the ground-state multiplet of the 
~ r + ~  ion in the crystal field, though the question of the reason 
for the anomalously high Ndel temperature in PrCu2Si2 and 
NdCu2Si2 remains, once again, unclear. 
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