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Optical properties and electronic structures of n- and p-Ce
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The optical properties of metallic n- and p-Ce were investigated by spectroscopic ellipsometry
in the energy range 1.5—5.4 eV. The samples were thin 6lms deposited in 8itu at room temperature
and at 25 K for p- and n-Ce, respectively. The measured conductivities decrease in magnitude
as the thickness increases, which can be explained with a microscopic surface roughness model.
The optical conductivity increases upon entering the n phase because of the increased number of
electrons per unit volume due to the volume collapse. The energy band structures and the optical
conductivities were calculated using the linearized-augmented-plane-wave (LAPW) method within
density-functional theory, treating both the 4f and 5p electrons as bandlike. The application of the
partial sum rule to angular-momentum-decomposed optical conductivities shows that the 4f electron
contributions in the measured energy range is small.

I. INTRODUCTION

Metallic Ce exhibits a rich P-T phase diagram and
has many peculiar properties. Among these the o. ++ p
isostructural phase transition is one of the most in-
triguing subjects for both experimentalists and theorists.
Both phases have the same fcc structure but the o. phase
has an approximately 17% smaller volume at 77 K than
the p phase.

Ce is the first element of the rare-earth series where
the 4f shell starts to fill. It is believed that this single
4f electron plays an important role in the isostructural
phase transition. After the first discovery of the tran-
sition much experimental work, such as magnetic mea-
surements, specific heat measurements, positron an-
nihilation, Compton scattering studies, and. photoemis-
sion were performed to clarify the role of the 4f electron
in the phase transition.

Several theoretical models were proposed. The Mott
transition model allows little difFerence in the f-electron
occupation number for both phases and delocalization of
the 4f level upon entering the n phase due to the in-
creased 4f 4f overlap. -Because the symmetry does not
change, a critical point in the (P, T) phase diagram is
expected.

A Kondo volume collapse model using the Anderson
impurity Hamiltonian has also been proposed. It was
used in the analysis of electron spectroscopy to clarify the
a ++ p transition using the 1/N expansion theory with
energy-dependent hybridization calculated in the local-
spin-density-functional approximation. The hybridiza-
tion energy of unoccupied 4f states with the conduction
bands is much larger than the Kondo energy, but only
the Kondo spin fluctuation energy (and entropy) causes
the o. ++ p transition.

Since the first band structure calculation, there have
been many self-consistent ones. However, the den-
sity of states (DOS) using the single-particle approxi-
mation does not reproduce the famous two-peak struc-
ture in photoemission experiments, where one peak is
located at the Fermi level (Ep) and the other is 2 ev
below E~. It is well known that the single-particle ap-
proximation for rare earth systems is limited because of
the strong localization and consequent correlations of the
f-electron states in rare earths. In spite of the problem,
the band picture is able to explain some experimental
results successfully. For instance, the loss of magnetic
moment in the p phase can be explained by f sd hy--
bridization. , which leads to the delocalization of the 4f
level upon entering the o. phase because the volume col-
lapse causes more overlap of the 4f wave functions with
those of the valence electrons of neighboring atoms. The
increased hybridization between f states and other states
with decreased atomic spacing reduces the DOS at the
Fermi level and also results in the loss of the magnetic
moment.

Glotzel used the self-consistent relativistic linear-
muffin-tin-orbital (LMTO) method within the atomic
sphere approximation and found 1.2 f electrons in n-Ce,
which is consistent with Johansson's idea. Later Pod-
loucky and Glotzel used the same method to reproduce
the Compton profile. Pickett et aL calculated the band
structures of Ce at five diferent lattice constants using a
self-consistent full-potential linearized-augmented-plane-
wave (LAPW) method and found that the band struc-
tures for both phases are rather similar and the f "bands"
become 60% broader upon entering the cr phase, which
means that the 4f state becomes more bandlike in the
o. phase. Min et al. used essentially the same Inethod
but treated the 5p electrons as valence rather than core
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electrons and found the 5p band disperses in k space
with a width of almost 200 mRy and has very little in-
fluence on the energy position of the 4f states. Ionova
and Nikolaev used the LAPW method to calculate the
band structure of o.- and p-Ce and concluded that the
transition was a Mott-type 4f localized++itinerant tran-
sition. Eriksson et al. calculated band structures for
different crystallographic structures under pressure us-
ing the LMTO method within the local-density approx-
imation (LDA). The calculations were full potential, all
electron, and fully relativistic. They concluded that the
delocalization and bonding of 4f electrons is important
for describing the structural phase transitions in Ce un-
der pressure.

There should be some difference between the optical
properties of o.- and p-Ce. However, only a few op-
tical measurements have been made previously on Ce.
Wilkins et aL measured the re8ectance of p-Ce in the
2—25-pm (0.05—0.62 eV) region and found several absorp-
tion peaks. Miyahara et aL measured the vacuum ul-
traviolet absorption spectra for several rare-earth met-
als, including p-Ce, from 6 to 40 eV. Neither of these
included the visible range and both measured only the
p phase. Petrakian made normal-incidence re8ectiv-
ity and transmission measurements on various rare-earth
metal thin films including p-Ce. Although he observed
a strong absorption peak at 5.8 eV and attributed it
to M2- ~ M4+ transitions, the vacuum was not good
enough ( 10 s Torr) to give reasonable data for clean
Ce metal. Furthermore, in order to measure transmis-
sion, the sample should be thin enough to transmit light
partially. A very thin film is likely to be highly strained
and, therefore, shows different behavior kom that of the
bulk. This different behavior is observed in our measure-
ments on very thin films of both phases.

This is the Grst report of the optical properties of both
phases of Ce metal in the infrared-visible-ultraviolet re-
gion. We measured the dielectric functions of o.- and p-
Ce at various temperatures with various film thicknesses
using spectroscopic ellipsometry. We observed few struc-
tures in the measured energy range and found some thick-
ness dependence. The change in magnitude of the dielec-
tric functions in going from the p to the o. phase could be
explained by the volume collapse, and the slight change
of the shape of the spectra indicates a small change of the
oscillator strengths. In order to understand this better,
we calculated the band structure and the optical conduc-
tivities for both phases using the LAPW method. While
a single-particle model, such as the band theory we use,
is not expected to treat the 4f excitation spectrum cor-
rectly, a comparison between the experimental results
and the results of a careful band calculation is the first
step in assessing the presence and importance of corre-
lated, many-body effects. The results of the calculation
show that there are some oscillator strength changes for
the valence electrons and changes in J' sd valence ban-d
hybridization, and that the 4f electron plays no signifi-
cant role in the difference between the optical conductiv-
ities of p- and o.-Ce in the measured energy range.

In Sec. II, we describe the experiments briefly. In
Sec. III, the calculational procedure is presented. In

Sec. IV, the results of measurements and. calculations are
given and discussed. Section V concludes this paper.

II. EXPERIMENT

The experimental setup and its alignment, initializa-
tion and calibration procedure, and the sample prepa-
ration procedures are described in detail elsewhere.
Therefore, we will give only a brief description here.

A. Sample preparation

The samples were thin films evaporated in situ. The
chamber pressure was kept below 2 x 10 Torr during
evaporation and below 2 x 10 Torr during measure-
ments. Therefore, oxidation can be neglected because
sample preparation and measurements were finished in
less than 1 h. We deposited thin films repeatedly on
top of previously deposited films to investigate the thick-
ness dependence. A high purity electropolished piece of
bulk Ce prepared by the Ames Laboratory was used as
an evaporant source in a tungsten basket. p-Ce was de-
posited on room temperature substrates, o.-Ce on sub-
strates at 25 K. The sample holder and. the substrates
were cooled with a closed-cycle helium re&igerator. o.-
Ce prepared in this way contains a negligible amount of
p-Ce. The substrate was an optically polished sapphire
disk.

B. Ellipsometer

A rotating-analyzer ellipsometer was built. We
used a high-pressure 75-W Xe-arc lamp as a light source,
a hig¹intensity 4-m grating monochromator, and a 5-
cm-diameter end-on photomultiplier (PM) tube with an
extended S-20 response as a detector. A five-phase step-
ping motor with an angular resolution of 0.18 /step was
used to rotate the polarizer and a two-phase hybrid step-
ping motor with an angular resolution of 1.8 /step was
used for faster rotation of the analyzer. A mechanical
shutter was placed between the monochromator and the
polarizer for corrections for the dark current of the PM
tube and for stray light.

We used a pair of crystal quartz Rochon prisms for
both polarizer and analyzer. Although a quartz Rochon
prism has a better spectral transmittance in both the
IR and UV, and a smaller angle of deviation of the cen-
trally transmitted light beam than a calcite one, it is
optically active. The optical activity means that two dif-
ferent things happen at the same time when light travels
through such a medium; (1) if linearly polarized light
passes through an optically active medium, the direc-
tion of polarization rotates and the amount of rotation
is proportional to the distance traveled and (2) the lin-
early polarized light becomes slightly elliptically polar-
ized when it propagates in any direction except; 56 10'
from the optic axis of quartz. The erst problem can be
solved by the proper choice of the direction of the quartz
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Rochon prism. For the second problem, Aspnes devel-
oped a first-order calibration procedure. ' We followed
the same procedure but with a slightly difTerent method
for the determination of the initial angles of the polarizer
and the analyzer. Aspnes used the first-order correction
to find the initial angles of the polarizer and the analyzer
but we found them by iteration.

Because Ce is highly reactive with oxygen, the sam-
ple was prepared inside the UHV measurement chamber.
The efFect of the fused silica window was checked and
found to be negligible.

III. BAND STRUCTUH, E CALCULATIQNS

Both phases of Ce have the same fcc structure but dif-
ferent lattice constants; for p-Ce, a=9.7529 a.u. (5.161
A.) and for n-Ce, a=9.1660 a.u. (4.850 A.) were used.
We treated both the f electron and the 5p electrons as
band electrons. We calculated the self-consistent band
structure using a scalar-relativistic version of the LAPW
method. The spin-orbit interaction was included in
the self-consistent calculation in such a way that the
spin-orbit Harniltonian was diagonalized after the scalar-
relativistic bands and wave functions had been obtained.
The mufIin-tin radius was chosen so that each sphere al-
most touches the neighboring sphere; for p-Ce BMT ——

3.385 a.u. (1.791 A.) arid for n-Ce RMT = 3.180 a.u. (1.683
A). The potential was spherically symmetric inside the
muFin tin and constant outside. The LDA of Hedin and
Lundqvist to the density-functional formalism was used
to include the exchange-correlation contribution to the
potential.

A 60—80 LAPW basis function set, depending on the k
point, was used, which satisfies K BMT ——9.0 for the
mufIin-tin radius BMT. For the self-consistent iterations,
the energy eigenvalues at 60 k points in the irreducible
Brillouin zone [(IBZ)=—of the BZ)] were calculated.

Once the self-consistent potential and charge were ob-
tained, we calculated the energy eigenvalues at the four
corners and the centers of 1536 tetrahedra in the IBZ
for the calculation of the optical conductivity. The opti-
cal conductivity was calculated using the linear-energy-
tetrahedron method. The optical conductivity is given
as

the initial (final) state, ~i) (~ f)) is occupied (empty).
Here we assume only direct transitions as usual. The
energy eigenvalues at the four corners of 1536 tetra-
hedra were used for the calculation of the DOS and
joint DOS, h [Ey(k) —E;(k) —Ru], and those of the cen-
ters were used for the calculation of energy difI'erences

[Ey(k) —E;(k)] in Eq. (1). The wave functions at the
centers of the tetrahedra were calculated and used for
the calculation of the dipole matrix elements, Eq. (2).
To partially simulate the imaginary part of the quasi-
particle self-energy, the calculated optical conductivity
was convoluted with an energy-dependent Lorentzian
broadening function of width I'(E) = AE2/eV where
E = [Ey(k) —E,(k)], in eV. I"(E) was set to 2 eV if
AE /eV was larger than 2 eV. A w'as set to 0.1 and 0.15
for the p and o. phase, respectively, in order to refIect
roughly the increased quasiparticle damping caused by
the increased density.

IV. B.ESULTS ANI3 DISCUSSION

The measured dielectric functions were dependent on
sample thickness. Figures 1 and 2 show the optical con-
ductivities of p- and n-Ce, respectively, with various
thicknesses. As shown, the optical conductivity decreases
as thickness increases.

It is generally believed that the sample with the
smoother surface has the larger optical conductivity.
Aspnes et al. made gold thin films on cleaved NaCl
surfaces at various temperatures and found that the film
made at liquid nitrogen temperature showed the small-
est imaginary part of the dielectric function in the in-
terband transition region and it was full of voids and
defects. Based on this, we can conclude that our samples
become rougher as the thickness increases because the
optical conductivity decreases. To check this point we
applied a microscopic surface roughness model using the
Bruggeman efFective medium approximation (BEMA), M
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where m and e are the electronic mass and charge, re-
spectively, her is the energy of the incident photon, E;(k)
and Ey(k) are the energies of the iintial and final states,
respectively, and k is the wave vector inside the BZ
where the transition E;(k) + Ey(k) occurs. Of course,
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FIG. 1. Optical conductivities of p-Ce of various thick-
nesses. See Table I for sample designation. Note that the
zero of the optical conductivity is suppressed,
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FIG. 2. The same as Fig. 1 except far o.-Ce.

which was shown to be an appropriate model by Aspnes
et al. We used a three-phase model, instead of a two-
phase model, in the analysis where the rough overlayer
was modeled as a mixture of voids and Ce. The BEMA
gives the complex dielectric function of the overlayer &om

Z = exp
I

47I i e —sin
A)

The subscripts a, o, and 6 in Eqs. (5)—(8) stand for the
ambient (vacuum), the overlayer, and the bulk, and sub-
scripts p and s in Eqs. (6) and (7) for p and s polarization,
respectively. The subscripts ij in Eqs. (6) and (7) stand
for either ao or ob. Initially we estimate the six param-
eters. By substituting them into Eq. (5) and comparing
with three measured complex reBectance ratios, p, we can
find the dielectric functions of the bulk for the three sam-
ples. To find the dielectric functions of the overlayer we
used Eq. (3). If we correctly guessed the six parameters,
the calculated bulk dielectric functions for three samples
should be equal to each other. Furthermore, those six
parameters should be independent of photon energy. In
the fitting procedure, we found the six parameters by
minimizing

jmax

1=) v;. (4)

Here i=void and Ce. As we can see in Figs. 1 and 2, the
thinnest samples (G06 for the p phase and A06 for the
n phase) have the largest optical conductivities; how-
ever, the magnitudes are rather large compared to the
others and the spectral shapes are appreciably difFerent
&om the others. The thinnest sample might be severely
strained and, therefore, show a very difFerent behavior
&om the other, thicker samples. Therefore, we did not
include these samples in the fitting procedure. We fit
the other three thicker samples with six parameters that
are adjusted in the fitting procedure. Each sample has
two parameters, the thickness of the overlayer d and the
void &actions v .

The measured complex refIectance ratio for the three-
phase model is given by

++p,ob + +p, aoP=
++p 06~p ao + (

&~a,ob + ~a,ao

ZPslobP8 ao + 1
(5)

where

rp, ij
E~ —SiIl —6q 6j —Sin

e& gt —Sill p + E' '
e& —Sill

where (8) is the measured dielectric function and Z; and
v, are the dielectric function and the volume &action of
the ith medium. The v, 's satisfy the relationship

Sample
G06
G15
G21
G31
A06
A17
A21
A32

TABLE I. Three-phase fitting results.

Thickness (A) do (A)
140
333 16.6
477 59.1
705 33.8
119
334
411
625

v (%%uo)

5.47
5.93

12.55

7.04
7.17

10.98

where the subscripts 1, 2, and 3 refer to the three sam-
ples, respectively. j „is the number of data points and
Ej is the energy of the jth measurement. Since we mea-
sured from 1.505 eV to 5.385 eV with an energy step of
0.02 eV, j „=195. The numerical values of gs/j
are 0.080 for the p phase and 0.176 for the o. phase.

The corrected optical conductivity of each phase is in-
cluded in Figs. 1 and 2 as a solid line. There are some
difFerences between the corrected optical conductivity
and the as-measured optical conductivity of the second
thinnest sample. As summarized in Table I, the fitting
results show that both the void &action and the over-
layer thickness increase as the sample thickness increases
except for the case of G31, the thickest p-Ce sample,
which has smaller overlayer thickness but much higher
void fraction than G21.

The grain size normal to the substrate is essentially the
same as the film thickness, provided that the film thick-
ness is less than 1 pm. The surface roughness depends
on the statistical process of nucleation and growth and
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on the adatom surface mobility. A large anisotropy of the
surface energy and the presence of faceted roughness on
the substrate each enhance the surface roughness. Since
the crystallographic and topographic orientations of the
grains are random, grain boundaries and various point
and line defects are formed when two grains touch each
other in the agglomeration stage. This randomness of the
orientations of grains causes surface roughness and the
surface roughness is enhanced by, for instance, oblique
deposition. The further incoming evaporant atoms are
attached epitaxially to each grain. The epitaxially grown
grains make the film rougher because of the randomness
of the crystallographic and topographic orientation of the
grains. Therefore, the film becomes rougher as the film
grows. This agrees well with our fitting results.

At low substrate temperatures, the surface becomes
rougher than at high substrate temperatures because of
low adatom surface mobility. The roughness is propor-
tional to the square root of thickness. Our fitting re-
sults do not follow this rule. However o.-Ce has a thicker
overlayer than p-Ce, which is consistent with the low
adatom surface mobility because the o.-Ce samples were
deposited at 25 K.

Since our measurements do not extend below 1.5 eV,
we are unable to assess the Drude part of the conductiv-
ity. We did measure the spectra for the p phase at room
temperature and at 120 K (where the dc conductivity
increases by 12%) in order to ascertain any temperature-
dependent changes in the low-energy part of the spectra
that might behave like a Drude contribution. We were
unable to detect any changes. It is possible, however,
that the much higher dc conductivity for the o. phase
would give rise to some Drude contribution extending
into the lower-energy part of our measured spectrum;
although with the lower scattering rates (larger relax-
ation time) at low temperature, the Drude contributions
should fall off fairly rapidly with energy and would not
be expected to contribute appreciably above 1.5 eV.

The corrected optical conductivities of the two phases
show little difference in spectral shape, but show a slight
convex upward (downward) shape in the energy range
below 2.5 eV for the n (p) phase (see Fig. 3). The major
difference obvious in Fig. 3 is that o.-Ce has a larger opti-
cal conductivity throughout the measured energy range.

The optical conductivity of o.-Ce is expected to be dif-
ferent &om that of p-Ce for two reasons if the temper-
ature dependence of the Drude term is neglected. The
first is the volume collapse upon entering the o. phase.
Since the o. phase has a larger electron concentration be-
cause of reduced lattice spacing and the optical conduc-
tivity scales with this quantity [see Eq. (10) and (11)j,
other factors remaining the same, o;-Ce may be expected
to have the larger optical conductivity by about 17%.
The second reason is related, since the volume collapse
also causes increased wave function overlap (hybridiza-
tion) and changes the oscillator strengths and the energy
differences between the states for which electronic tran-
sitions occur. This may increase the optical conductivity
if the change in the energy bands pulls other transitions
into the measured energy range, or increase the oscilla-
tor strength for transition already in this range. Many
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FIG. 3. Optical conductivities of a- and p-Ce. Both exper-
imental (corrected) and theoretical results are shown.

band structure calculations showed that both phases
have rather similar band structures and suggest the 4f lo-
calized ~ itinerant transition occurs upon entering the o.
phase due to the increased hybridization. Experiments as
well as the calculations show that the 4f occupation num-
ber is relatively unchanged upon entering the o. phase;
however, the 4f bands become wider. ~~

To further assess the effects of the volume and hy-
bridization changes, we applied the sum rule

OO 1 2G'(Ld)d(d = —Ca1

0
(10)

where the plasma &equency up is

4vrne
(dP m

and where n is the electronic density. Since it is im-
possible to measure the dielectric functions in the whole
energy range &om 0 to oo, we have to apply the partial
sum rule

f
47 f ereo.(u))d(u = n,g,

2mV,
(12)

where ~; and uy are the lower and upper bounds of the
measured spectrum and V is the volume occupied by a
single atom. Here we interpret n,g as the number of elec-
trons per atom participating in optical transitions within
the measured energy range due to the absorption of pho-
tons.

The difference in n ~ between the two phases is very
small (Table II). This is a somewhat surprising result be-
cause the spectral line shape difference (albeit small) in
the energy range below 2.5 eV indicates a change in the
oscillator strength, possibly leading to some difference in
n,g. Since 0 for the o. phase is convex upward and that of
the p phase is convex downward, the oscillator strength
in this energy range increases upon entering the o. phase.
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TABLE II. Partial sum rule in the 1.5—5.4-eV range for angular-momentum-decomposed calcu-
lated optical conductivity.

n, g (elec. /atom)
p-Ce
n-Ce

n, p(elec. /atom)
p-Ce
n-Ce

Total
1.423
1.487

MTO
0.331
0.349

$Mp
0.276
0.221

P~S
0.003
0.004

pmd
0.073
0.085

dip
0.369
0.440

d~ f
0.186
0.157

f +d
0.008
0.011

f —+g
0.023
0.035

9~f
0.002
0.005

Exp.
1.414
1.464
Sum'
1.271
1.306

See text.
Outside the mufBn-tin sphere.

'See text.

The experimental data show that n g is 0.05 larger in
o.-Ce than in p-Ce. It is expected that the 4f electrons
give little contribution to the optical conductivity in the
measured energy range because of the large centrifugal
potential, which leads to poor overlap of initial and 6-
nal states. On the other hand, Kim et al. recently found
some oscillator strength for the 4f electron in CeSns
in the energy range of 1.5—4.35 eV. However there were
some errors in both calculations and measurements. Both
were repeated4 and showed little 4f-electron contribu-
tion. On the other hand, there were large sum rule dif-
ferences between CeSb and I aSb (Ref. 44) and between
CeB6 and LaB6. For CeB6 and LaB6, however, differ-
ent measurements showed little d.ifference. To assess
whether the differences in the measured optical conduc-
tivities for p- and a-Ce come &om 4f electrons or not,
the band structures and the optical conductivities were
calculated.

We carried out band structure calculations as de-
scribed in Sec. III. The overall shapes of the calculated
band structures are very similar to others. As ex-
pected, the 4f bands do not disperse very much with
wave vector k. There is little difference in the band
structures between the two phases but o.-Ce has wider
f bands. As mentioned above, we treated the 5p elec-
trons as band electrons. We found that the 5p states
have a width of approximately 200 mRy in p-Ce and
disperse with wave vector k, which is similar to the re-
sults of Ref. 18. This dispersion might be measurable by
angle-resolved photoemission, although we would expect
the 5p states to be so localized that their photoemission
spectrum will be dominated by atomiclike multiplet Gne
structure, and smeared out by lifetime broadening.

The calculated and measured optical conductivities are
drawn together in Fig. 3. The calculated optical conduc-
tivities below 2 eV show rich structures and appreciable
difference between the two phases, but are almost struc-
tureless above 2 eV. The calculation also reproduces the
subtle convex upward (downward) shape in the 1.5—2.5-
eV range for the n (p) phase similar to the measured
ones.

We performed an angular-momentum decomposition
of the optical conductivity inside the muKn-tin sphere
and applied the partial sum rule, Eq. (12), in the mea-
sured energy range to clarify the role of 4f electrons in
the optical properties. The results are summarized in Ta-
ble II. "Total" means the use of the partial sum rule af-

ter the calculation of the optical conductivity and "sum"
means the sum of the partial sum rule for the angular-
momentum-decomposed optical conductivities. The de-
composed optical matrix elements are complex numbers
and the total optical matrix element is the sum of the
decomposed optical matrix elements. Since the optical
matrix elements then are absolute squared, there can be
interference terms among the various angular-momentum
contributions in the "total" (corrected) case, but not in
the "sum" case. These were found to cause rather small
effects in the energy range of the measurements. The ex-
istence of both constructive and destructive interference
in this spectral range may partially cancel and make the
effect small for the integral of the conductivity. However,
the interference terms were found to be very important
at energies below 1.5 eV.

As given in Table II, the main changes in going from
p- to o.-Ce are an increase in the d ~ p contributions
and a 18% decrease in the s -+ p contributions. We can
associate some of these changes as arising Rom an 18%%up

drop in the amount of s character inside the muFin-tin
sphere and an 8%% increase in d character (see Table IV
of Ref. 17). In spite of a 10% increase in the amount of f
character in going from p- to n-Ce, the f + d contribu-
tions remain very small, while the d -+ f contributions
are decreased about 6.1%%uo, despite the increased d occu-
pation.

We should mention that the d + f contributions that
we calculated are likely to be incorrectly positioned. This
is because such transitions shift an electron with d-like
character to one with f character, creating an increase in
the 4f occupation. The Coulomb repulsion among the
electrons in the 4f shell is very large, which has the ef-
fect of pushing the energy of such transitions 6—7 eV
(Ref. 48) higher (for pure f final states) than what our
single-particle band calculations would predict. The cal-
culations show that the valence electron contributions,
except for s ~ p transitions, increase upon entering the
n phase (see Table II) with a net theoretical n, fr change
of 0.064 electrons. Although the experiment showed a
small difference in n,g (0.05 electrons per atom), the ex-
perimental value of n ~ for the o. phase is considered an
underestimate of the actual value due to the suppressed
Drude contribution. Thus, the agreement between exper-
iment and calculation is not unreasonable. The d ~ f
transitions contribute about 1/6 electrons per unit cell
to n g and decrease by 0.03 electrons per atom upon en-
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tering the a phase, thus, n,~ for d -+ f transitions is n.ot
negligibly small; however, this is likely to be inaccurate
because of the large f —f Coulomb repulsion, as men-
tioned above. In an attempt to take this into account,
we arbitrarily added an energy, proportional to the dif-
ference in f-electron occupation number times an effec-
tive Coulomb repulsion, U, of about 6 eV, to the final
state energy in the calculation of the optical conductiv-
ity. However, this procedure did not produce a spectrum
closer to the experimental results. This may be due to
the fact that if the energy eigenvalue of the Anal state
changes then its wave function also changes and, hence,
the optical matri~ element changes. It is more probable
that atomiclike correlation involving the 4f electrons are
important. Therefore, the inclusion of the e8'ects of the
large f f Co—ulomb repulsion needs a more sophisticated
treatment. Liechtenstein et al. applied the so-called
"LDA+U" method to CeSb. They reproduced. the opti-
cal conductivity and magneto-optic spectra successfully.
The same method was applied to Ce, but it failed to
converge in the course of a self-consistent calculation.

Recently, Weschke et al. found. that the surface of
the o.-Ce is p-like. We believe that this surface eR'ect is
negligible for our measurements on the o. phase because
the thickness of the surface layer is of the order of 1 A.

but the depth of the optical probe is of the order of a few
hundred A. Therefore, we neglected the efFect of a p-like
overlayer on the surface of the n phase.

Since the increased 4f band width and smaller lattice
constant for o,-Ce lead to an increase in hybridization
of the 4f electrons with the other conduction bands, we
expected we might see some noticeable increase in the
4f contributions to the optical conductivity. Instead we
found the 4f ~ 5d contributions remain very small, and
the 5d -+ 4f contributions decrease in spite of the in-
crease in the occupation of the d bands. Although we
expected some changes in spectral shape because of the
difference in the lattice spacings and, in turn, the dif-
ference in the 4f sd valence -band hybridization, the ex-
periments show little change. Therefore, we calculated
the difference in the optical conductivity times unit cell
volume between the two phases, (o V, ) —(O'V)z, and
plotted it in Fig. 4 together with the calculated one. It
shows two positive peaks (at 1.7 and 3.8 eV) and one
negative peak (at 2.6 eV). The positive peak at 1.7 eV
is fairly sharp, which reBects the difference already seen
in Fig. 3, and the other two are very broad. The overall
shapes of experimental and calculated spectrum are sim-
ilar if the theoretical spectra is scaled to lower energies
(a common observation usually ascribed to self-energy ef-
fects. 52) The positive peak at 2.6 eV would correspond
to the experimental one at 1.7 eV, the broad positive
peak at 5 eV to the experimental one at 3.8 eV, and the
negative peak at 3.3 eV, to the experimental one at 2.7
eV. These results suggest that the self-energy corrections
may be important for the calculated optical conductiv-
ity of metallic Ce. Figure 4 suggests that there is some
oscillator strength change in the measured energy range
and the change is responsible for the difFerence in n g.
The similarity between the measured and the calculated
differences means that the band structure calculation is a

0.5

Energy(eV)

FIG. 4. The difference between the optical conductivity
times unit cell volume of «x-Ce and p-Ce. Solid line, experi-
mental; dashed line, calculated.

good starting point to understand the optical properties
of Ce (at least in the 1.5—5.4-eV energy range).

V. CONCLUSIONS AND SUMMARY

We have measured the optical conductivity for both o.-
and p-Ce by spectroscopic ellipsometry. The measured
dielectric functions decrease monotonically as the sam-
ple thickness increases, an indication of increased surface
roughening. A microscopic surface roughness model with
BEMA was applied and we found that the thicker the
sample, the rougher the surface. Both overlayer thick-
ness and void &action increase as the sample thickness
increases. Using a three-phase model, we can estimate
the bulk value of the optical conductivity.

The overall increase of the magnitude of the measured
optical conductivity upon entering the o, phase is due to
the volume collapse. The results of the application of
the partial sum rule showed that there is some change in
n g. The calculations of the band structures and the op-
tical conductivities showed that there may be some small
changes for contributions &om both f electron and va-
lence electrons and that the 4f electron does not play
a significant role in the change of the optical conduc-
tivities in the 1.5—5.4-eV range. The calculated change
in the total net was about +0.064 electrons/atom upon
entering the o. phase. The difference in change in n ~
between experiment and calculation is not unreasonable.
The difFerence, (o V ) —(crV )~, indicates that there is
some oscillator strength change, which is responsible for
the change in n,g.

The measured. spectra showed little structure but the
calculations showed rich structures outside the measured
energy range, especially below 2 eV (a region where band
theory is especially suspect). Therefore, optical measure-
ments below 1.5 eV and above 6 eV may further clarify
the role of 4f electron in the optical properties of Ce. The
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low-energy measurement is quite difBcult because sample
preparation and all measurements should be done in situ
for Ce and the onset of interband transition is expected
to be at very low energy (see Fig. 3 and Ref. 22). How-
ever, recent developments in IR ellipsometry may enable
these measurements.
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