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Large low-energy oscillator strength for Ce 4f electrons in the solid state
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The conductivity sum rule applied to LaSnj;, CeSn;, LaBg, and CeBg between 1.5 and 4.35 eV shows
that there is approximately one more electron contributing to the optical conductivity of the Ce com-
pounds than to that of the analogous La compounds. From the data and band calculations we conclude
that about 0.5 Ce 4f electron per atom contributes as initial states for CeSn; in the above energy range,
and about half that number of 4f electrons serve as initial states in LaSn;. This shift of oscillator
strength from higher energies for atoms to lower energies for solids is attributed to hybridization. Much
of the remaining Ce-La difference is from transitions to p-like final states, which are reduced in the La
compounds due to hybridization with unoccupied 4f states.

It is well known that the cross section for the photoex-
citation of 4f electrons on lanthanide atoms is very small
near the ionization threshold. It peaks tens of eV above
threshold and remains large to rather high energies. The
reasons for this are the small radial extent of the 4f wave
function and the fact that the majority of the transitions
on the atom are of the type 4f —¢€g, for which the cross
section near threshold is small because the centrifugal po-
tential keeps final-state wave functions with significant
I =4 character from the origin until the final-state energy
is large."? The same effects are widely believed to carry
over to solids because of the atomic nature of the highly
localized 4f states. Thus the contributions of 4f elec-
trons to the optical conductivity are expected to be small
in the 1-5-eV range. Indeed, in a study of the magneto-
optical conductivity of Gd, Erskine and Stern® showed
there was little 4/ contribution below 6.1 eV. In the fol-
lowing we report measurements of the optical conductivi-
ty of LaSn; and CeSn; in the 1.5-4.35-eV range. We
also make use of a previous study* of the optical conduc-
tivity of LaB4 and CeBg. The sum rule on the conductivi-
ty suggests that, for both types of compounds, the addi-
tional states with 4f character contribute strongly to the
optical conductivity in this energy region, serving as ini-
tial and final states in both La and Ce compounds. Band
calculations for LaSn; and CeSn; confirm that hybridiza-
tion mixes considerable 4 f character into the band states
responsible for the transitions.

The samples were single crystals with a (100) face
(LaSn;) and a (111) face (CeSn;). They were mechanical-
ly polished, finishing with 0.05-um-diam alumina, rinsed
in acetone and methanol, and then placed quickly in a
vacuum chamber, which ultimately reached a pressure of
1X1071° Torr. The complex dielectric functions were
measured between 1.5 and 4.35 eV with a rotating-
polarizer-analyzer ellipsometer.’” The spectral bandpass
was less than 0.02 eV. No attempt was made to sputter
and anneal the surfaces in vacuum because of the
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difficulty of maintaining stoichiometry. These materials
are reactive and so were covered with an oxide layer of
unknown thickness. However, other runs were made in
which the samples were held in air for a more extended
period before being placed under vacuum. Such treat-
ment produced a lower value of the optical conductivity
than that reported here, but only by about 10%. The op-
tical measurements sample a depth of about 500 A.

Figure 1 shows the optical conductivities for LaSn; and
CeSn,;. The most obvious difference is the much larger
values in CeSn;. Both compounds have the same crystal
structure and nearly the same lattice parameter. There is
one extra electron per formula unit in CeSnj;, the 4f elec-
tron.

The conductivity sum rule

fo(a))dco=1rNez/2m ,

where N is the number density of electrons, may be ap-
plied, but with caution. When used over a finite energy
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FIG. 1. Measured optical conductivity of LaSn; and CeSnj.
These spectra include an intraband (Drude) contribution.
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range, it is called a partial sum rule and represents the
number of electrons per atom contributing to the conduc-
tivity in the energy range of the integral. It is applicable
to an entire system of electrons, not to subsets of the sys-
tem. However, in cases where the electronic structure is
divided into shells with fairly well-separated binding en-
ergies, it may be applied to a shell or subshell. If the data
of Fig. 1 are integrated from 1.5 to 4.35 eV, 1.2 more
electrons per formula unit contribute to the conductivity
of CeSn; than to that of LaSn; (see Table I). This prob-
ably represents an upper limit for the difference, since
LaSn; oxidizes more rapidly than CeSn;. However, the
result is in qualitative agreement with the calculations de-
scribed later. We carried out the same integration on the
data for LaBg and CeBg of van der Heide et al.* and
found that the latter had a contribution from an addition-
al 0.8 electrons per formula unit. (A recent paper® com-
pares the optical conductivities of many rare-earth hexa-
borides and shows very little difference between LaBg and
CeBg, unlike the data in Ref. 4.) Given possible experi-
mental errors, 10-15 % or so, both these differences are
probably best stated as about one electron per formula
unit. An even larger sum-rule difference occurs for CeSb
and LaSb.” Also, a comparison of the optical conductivi-
ties of LaCug and CeCug has been carried out, but shows
very little difference in the 1-5-eV region due to the
dominance of transitions from the Cu 3d states.?

The complete sum rule states that the conductivity of
the Ce compounds will be larger in such a way that the
integral will give one extra electron per formula unit
when compared with the corresponding La compound.
The conductivity of the former need not be higher every-
where, and there may be spectral regions where it is
smaller than the conductivity of the latter. We see from
our experimental results that, in the 1.5-4.35-eV spectral
region, the full one electron per formula unit difference is
obtained, although, according to our theoretical analysis,
not all of this difference arises from 4f contributions to
initial states. This spectral region contains contributions
from only the valence electrons, derived from atoms of
both types, and the 4f electrons. Given that the band
structures of LaSn; and CeSn; are very similar except for
the placement of the 4f band, it might seem reasonable to
assign the difference in the sum-rule results to the pres-

TABLE 1. Partial (1.5-4.35-eV) sum-rule results
(electrons/formula unit).
Initial-state
angular momentum CeSn; LaSn; Difference
=0 (s—p) 0.66 0.49 0.17
=1 (p—>s,d) 0.38 0.32 0.06
1=2 (d—p,f) 1.39° 1.30° 0.09
=3 (f—d) 0.47 0.24 0.23
Total 2.90 2.35 0.55
Experiment 2.83 1.65 1.18
2d—f,0.15.
°®d—f,0.13.

¢ f—g is less than 0.01.

ence of the extra electron in the Ce compounds, derived
from the 4f electron on the Ce atom and to the relative
placement of the empty (La compounds) or mostly empty
(Ce compounds) “4f bands.” This view is too simple,
since hybridization must be taken into account.

The difference in the energy dependence of the 4f os-
cillator strength between the solids and free atoms cer-
tainly arises from the hybridization of the occupied 4f
states with other states. This is a larger effect in Ce than
in heavier rare earths for two reasons: because of the
larger 4f average radius and because only the lowest,
most bonding and most extended states are occupied.
Even in La compounds, the empty 4f “level” will hybri-
dize with states near the Fermi level, with weak hybridi-
zation even below it. Empty final states will also hybri-
dize with the 4f states. We have approached this prob-
lem by carrying out band calculations for LaSn; and
CeSn;. The details of these calculations and the compar-
ison with the data will be reported elsewhere. The calcu-
lation was a scalar-relativistic® self-consistent calculation,
using warped-muffin-tin potentials.'® The band structures
were reported earlier and yielded Fermi surfaces in good
agreement with experiment.!! The band structures of
LaSn; and CeSn; are very similar, except for the place-
ment of the 4f bands. The decompositions of the
valence-electron charge by atom and angular momentum
are also nearly identical, except for one additional 4f
electron in CeSnj;. 12 In addition, we calculated interband
contributions to the optical conductivity by evaluating
dipole-matrix elements. As an aid to interpretation, the
degree of 4f admixture into the initial and final states im-
portant for the interband conductivity was monitored.
The resultant conductivities are shown in Fig. 2. There is
no adjusted normalization of the spectra in Fig. 2; the
magnitudes of the conductivity spectra are set by the cal-
culated electric dipole-matrix elements. The conductivity
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FIG. 2. Calculated interband optical conductivity of LaSn;
and CeSn;. The calculated spectra have been broadened with a
Lorentzian with a full width at half maximum of 0.2 eV. These
spectra do not contain a Drude contribution. (An attempt was
made to estimate Drude contributions from the dc resistivity
and expected valence, but at 1 eV, the resultant values were un-
realistically large.)
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partial-sum-rule difference between LaSn; and CeSnj;, us-
ing the calculated conductivities, is 0.55 electrons per for-
mula unit between 1.5 and 4.35 eV, about half the
difference found in the measured spectra. Detailed agree-
ment for all structures in the spectra was not achieved.
Close agreement was not expected since the precise evalu-
ation of the positions of structures in the conductivity
spectrum for systems with strong electron correlations re-
quires a more elaborate determination of the excited
quasiparticle self-energies. This can lead to some redistri-
bution of oscillator strength.

Not all of the calculated optical conductivity difference
can be assigned to 4f electrons. In LaSn; the peak at 3
eV (Fig. 2) arises from transitions involving states with
only small amounts of 4f character. Table I shows the
contributions to the partial sum rule from transitions
with different angular momentum values in the initial
states. The largest contribution to the Ce-La difference is
from the extra 4f weight in the initial states of CeSn;.
The next-largest contribution is from the s—p transi-
tions. Here LaSn; loses oscillator strength with respect
to CeSn; because the 4f hybridization with La p states
pushes some states with p character up in energy, causing
their contributions as final states to occur at higher ener-
gies.

Band theory is not expected to be accurate for materi-
als with highly localized 4 f states. Even for the ground-
state properties of these systems, calculations using the
local-density approximation do not accurately treat the
strong correlations of the 4f shell and result in nonin-
tegral ‘“band” occupations and overestimates of the 4f
hybridization with the conduction electron (s,p,d) states.
In CeSn;, where the 4f states are not so localized, the hy-
bridization given by band theory is, in fact, important for
producing agreement with de Haas—van Alphen experi-
ments.!! It also seems likely that band theory gives a
reasonable picture for the low-energy optical excitations
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in this compound, except for optical transitions to final
states with significant 4f character, where the Coulomb
interaction with the occupied 4f states (not 4f —4f tran-
sitions) will be inadequately treated. Such transitions will
occur at higher energies than predicted by band models.
The other extreme model for 4f systems is a localized
one, with hybridizing interactions with the conduction
electrons.!> To date, however, such calculations have
been carried out only with very simple models for the
valence states, e.g., no wave-vector dependence of the en-
ergy. These calculations do show, however, that 4f-
valence hybridization is very important for an explana-
tion of many spectroscopic properties of 4f systems,
especially light rare earths, and that the hybridization is
larger than previously thought. The optical data present-
ed here arise from excitations close to the adiabatic limit,
while the localized model treats more energetic photoex-
citations in the sudden approximation. The large low-
energy oscillator strength found in CeSn; and CeBg,
unexpected from an atomic picture, is described qualita-
tively by the hybridization resulting from the band calcu-
lation. We expect that for systems containing rare
earths, where there is little 4/ hybridization (localized 4 f
states), the 4 f oscillator strength will peak at higher ener-
gies, similar to the atomic case. In fact, it might be possi-
ble to use the shift in oscillator strength as a means of
determining the degree of localization of the 4f states.
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