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Crystal-field and configuration dependence of hopping-matrix elements for CeCu2Siz
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The hopping-matrix elements V (c) between the conduction states with energy c and the different
crystal-field-split 4f states m are calculated for CeCu2Sii. With use of the Anderson impurity mod-

el, the effect of this m dependence on the static T =0 K susceptibility is studied. We also take into
account that the one-particle hopping-matrix elements entering in the f ~f ' and f ~f hopping
processes are different (configuration dependence). It is concluded that for CeCu2Si2 larger
hopping-matrix elements are needed for the description of thermodynamic properties than for spec-
troscopic properties. These results are consistent with renormalization effects, which the Coulomb
interaction between the 4f and conduction electrons is expected to cause.

I. INTRODUCTION

For many compounds with 3d or 4f electrons, the
Hohenberg-Kohn-Sham density-functional formalism'
gives an unsatisfactory description of important spectro-
scopic and thermodynamic properties, due to the strong
correlation effects in these systems. In such cases it is
customary to use a model Hamiltonian, e.g., the Ander-
son model, to obtain a better description of the many-
body effects. Recently, there has been much interest in
obtaining the parameters of such a model from ab initio
calculations using the density-functional formalism.

In two previous papers ' we have calculated the
hopping-matrix elements V(e) for CeCuzSiz. While the
calculated dependence on the energy c. for these
hopping-matrix elements was essential in the description
of the spectroscopic properties, the overall magnitude
was too large. Thus, it was found ' that the square of
the matrix element V (e) had to be reduced by a factor
0.45. It is interesting to examine whether this spectro-
scopic V(e) can also be used for describing thermo-
dynamic properties, such as the susceptibility. The
answer is not obvious, since the parameters in a model
Hamiltonian are renormalized quantities and the renor-
malization may be different for different experiments.
Recently, we performed calculations for a simple model
containing the Coulomb interaction UId between a Ce 4f
electron and the conduction electrons of the system.
These calculations suggested that, when a heavy-fermion
system such as CeCu2Si2 is described in the Anderson
model, larger values of V(E) should be used for thermo-
dynamic properties than for spectroscopic properties.
Preliminary calculations ' actually suggested that one
has to increase the spectroscopic V (e) by about a factor
of 1.4 to describe the susceptibility. These calculations
are, however, not conclusive, since they neglected that
the hopping-matrix elements are different for the different
crystal-field-split 4f levels. This difference should
influence the thermodynamic properties, while spectro-
scopic properties should mainly sample the average of the
different hopping-matrix elements. The purpose of this

paper is to calculate this crystal-field dependence of the
hopping-matrix elements and its influence on the suscep-
tibility.

The hopping-matrix elements depend on the spatial ex-
tent of the Ce 4f wave function. This spatial extent de-
pends on the occupation of the 4f level, since a larger oc-
cupation gives a less attractive potential and a more ex-
tended wave function. In a recent paper we showed that
to calculate the hopping from an f" to an f"+ '

configuration one should use the f"+' configuration to
generate the 4f wave function. For Ce this makes the
square of the hopping-matrix element V (s) a factor of 2
larger for the f ' to f hopping than for the fo to f ' hop-
ping. In addition, the matrix elements are strongly re-
duced in the presence of a core hole. It was argued that
in core-level x-ray photoemission spectroscopy (XPS) for
Ce compounds, the effect of this strong configuration
dependence on the relative weight of the two leading
peaks is fairly weak because of a partial cancellation of
opposing effects and that the use of the fo to f '

hopping-matrix elements would be a reasonable approxi-
rnation. It was further argued that for valence photo-
emission and for the static susceptibility it would also be
reasonable to use the f to f ' hopping matrix elements,
since the f' to f hopping is less important for these
properties. It would then be a reasonable approximation
to neglect the configuration dependence when comparing
two leading peaks in core-level XPS, valence photoemis-
sion, and the susceptibility. Here we want to check these
arguments explicitly, and, in particular, we want to see if
the consideration of the configuration dependence
reduces the difference between the hopping-matrix ele-
ments needed for thermodynamic and spectroscopic
properties.

%'e And that for CCCuzSi2 the inclusion of the depen-
dence of V (c, ) on the crystal-field-split levels m has a
moderate effect on the susceptibility. In agreement with
earlier calculations, we therefore find that a larger V(c. ) is
needed for the description of the susceptibility than for
the spectroscopic properties. This is consistent with the
expected effects of the Coulomb interaction Ufd between
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states with one 4f electron and a conduction hole ("a" in

Fig. 2). These new basis states couples to basis states
with two 4f electrons and two conduction holes ("b" in

Fig. 2). States with more than two 4f electrons are
neglected because of the large Coulomb interaction for
such states. These three sets of basis states (first row in
Fig. 2}, give the correct ground state to lowest order in
the inverse degeneracy. We refer to this as a first-order
calculation. We further add basis states with one conduc-
tion electron and one conduction hole ("c" in Fig. 2)
which couple to the states with one 4f electron and one
conduction hole. These states give the most important
contributions to next order in the inverse degeneracy.
We refer to this as a second-order calculation, although
we have neglected other states ("1"and "e" in Fig. 2) of
the same order in the inverse degeneracy. Within this
basis set we perform a variational calculation and obtain
the ground state ~P). The susceptibility is then calculat-
ed from the equation"

y=2($}S,(H Eo) 'S—, iQ), (4)

where 8 is the Hamiltonian, Eo is the ground-state ener-

gy, and S, is an operator which describes the coupling to
an external magnetic field. The evaluation of Eq. (4) is
performed by inserting intermediate states on both sides
of (H Eo) '. —The matrix elements of (8 Eo) are-
then calculated and the corresponding matrix is invert-
ed. " Here we have chosen the operator S, so that it cor-
responds to the q =0 susceptibility parallel to the c axis.

The intermediate states used to evaluate Eq. (4) form a
basis set for the final states reached in inelastic neutron
scattering. They are of the same type as the ones in Fig.
2, except that there is no state of the type 0. The label m
is a good quantum number. We can then diagonalize the
Hamiltonian in the space of intermediate basis states cor-
responding to a given value of m, and obtain the lowest
energy E in that space. The differences between the
E 's determine ihe crystal-field splittings. These
differences are not the same as the differences between
the c. 's, since the former contain effects of the hopping-
matrix elements. The energy of the 4f level is written as

=c&+6, where ho=0. The parameter cf = —2.4
eV is obtained from the spectroscopic experiments, and
the values of 6 are adjusted so that the experimentally
observed' crystal-field split tings (E ) are obtained. We
have also used the value of U deduced from the spectro-
scopic experiments.

We now calculate the susceptibility using the hopping-
matrix elements cV (e). The value of the empirical pa-
rameter c is adjusted so that the experimental' value
(y-2. 5X10 emu/mole) is reproduced, and c is there-
fore a measure of how much the magnitude of V (e } is
overestimated by the calculations. The results are sum-

marized in Table I. We first perform a first-order calcula-
tion using the hopping-matrix elements appropriate for
f to f ' hopping. We find that to obtain the experimen-
tal susceptibility we have to use the prefactor c =0.72 of
the hopping-matrix elements. This is to be compared
with the spectroscopic value c =0.45. To check the con-
vergence in terms of the size of the basis set, we have per-
formed a second-order calculation. This increases the
susceptibility by about a factor 1.5. However, the suscep-
tibility depends on the hopping-matrix elements in an ex-
ponential way. It is therefore sufficient to increase e by
just 1% to recover the experimental susceptibility. We
also find that replacing the proper matrix eleinents V (e)
by an average over all values of m has a moderate effect
on c for CeCuzSiz. Thus, it is sufficient to change c to
about 0.67 to obtain the experimental g. To check the
importance of including the basis states with double oc-
cupancy of the 4f level [state "b" in Fig. 2] we have put
U= ~. We then find that g is increased by an order of
magnitude. This increase is not quite as dramatic as in
the first-order calculation. In the second-order calcula-
tion an increase of c to 0.80 leads to the experimental y
for U = (x) . Finally, we have considered the configuration
dependence in a calculation with a finite U. This leads to
a rather large reduction of g, and we now must reduce c
to 0.63 to obtain the experimental y.

IV. SPECTROSCOPIC PROPERTIES

In this section we discuss the valence (4f) and core-
level (3d) photoemission spectroscopies (PES). In Fig. 3
we show results for the 4f PES spectrum and in Fig. 4 re-
sults for the 3d PES core spectrum. The method for cal-
culating these spectra has been described earlier. ' All
multiplet effects are neglected, which may have an appre-
ciable effect on the core spectrum, where the f
configuration plays a substantial role. For the core spec-
trum we have introduced a Gaussian broadening of 1.2
eV full width at half maximum (FWHM) to simulate the
instrumental resolution and a Lorentzian broadening of
1.4 eV (FWHM) to describe the lifetime effect. For the
valence spectrum, the instrumental resolution is simulat-
ed by a Gaussian broadening of 0.6 eV (FWHM). As ear-
lier, ' we also introduce a Lorentzian broadening of 0.6
eV (FWHM) to simulate other broadening effects, for in-
stance, dispersion due to lattice effects. Figures 3(a) and
4(a) show the results obtained by adjusting the 4f level
position cf and the parameter e' to obtain the optimum
agreement with experiment, as discussed earlier. This
leads to cf = —2.4 eV, as also used in the susceptibility
calculations, and to the value c =0.45 quoted in Table I.
We can see that one set of parameters gives a rather satis-
factory description of the experimental spectra. In par-
ticular, we note that, to obtain a proper description of the

TABLE I. Values of the empirical factor c in c V (c.) for dift'erent calculations.

Spectroscopic Susceptibility
First order Second order Average V (c, ) U = ~ Configuration dependence

C2 0.45 0.72 0.73 0.67 0.80 0.63
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