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Intraband and interband processes in the infrared spectrum of metallic aluminum
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The dielectric function of polycrystalline metallic aluminum derived by Shi1es et al. [Phys. Rev.
B 22, 1612 (1980)] from room-temperature ultrahigh-vacuum reflectance measurements has been

analyzed into intraband and interband components and compared with theoretical predictions of
Szmulowicz and Segall [Phys. Rev. B 24, 892 (1981)]. For this analysis, a new approach was

developed, which utilizes experimental data over a larger energy range than in previous studies. To
within experimental uncertainty, the resulting intraband component is consistent with a Drude
model having a plasma frequency 0~ =12.5+0.3 eV and relaxation time ~=(1.06+0.12)X10
sec. These values are in accord with the bulk static conductivity which in turn is in agreement with

the inertial sum rule on the real part of the dielectric function. The interband contribution was

found to consist of a broad background with two superimposed peaks: the well-known "0.8 pm" ab-

sorption at —1.5 eU and a weaker absorption in the vicinity of 0.4 eV. This interband spectrum is
in good agreement in regard to both peak position and oscillator strength with the one-electron
augmented-plane-wave model calculations for the optical conductivity by Szmulowicz and Segall.
The total experimental intraband and interband oscillator strengths for the conduction electrons are
1.9 and 1.2 electrons/per atom, respectively.

I. INTRODUCTION

In this paper we relate the results of two recent publica-
tions' on the optical properties of metallic aluminum.
We show that the measured room-temperature optical
conductivity above -0.1 eV is in good agreement with
predictions of augmented-plane-wave (APW) band-
structure calculations, on the conventional assumption
that the observed dielectric function is the sum of an in-
terband response and a Drude-model intraband contribu-
tion with frequency-independent parameters.

Shiles et al. ' have recently reported a self-consistent
Kramers-Kronig analysis of room-temperature optical
and electron-energy-loss spectra for polycrystalline alumi-
num over the energy range of 0.04 to 10000 eV. Their re-
sults satisfy all the major optical sum rules, 3' are in
agreement with stopping-power measurements, and are
believed to be as free as possible of assumptions associated
with specific models for the optical response. Below
—11.8 eV, this analysis was based primarily on refiec-
tance measurements for evaporated films prepared in
ultrahigh vacuum as reported by Bennett et al. and by
Endriz and Spicer, see Fig. 1. These data are free of the
effects of surface contamination and surface roughness, so
that the resulting optical response functions are thought
to be representative of bulk aluminum.

In a second paper, Szmulowicz and Segall reported
theoretical values for the interband contribution to the op-
tical conductivity of aluminum. Their calculations uti-
lized the AP% band-structure method and included
evaluation of transition matrix elements. These authors

found that the interband component of the conductivity is
dominated by two strong "parallel-band" ' absorptions at
-0.6 and —1.6 eV. In addition, a less intense interband
absorption extending to zero energy was predicted.

The parallel-band absorptions, which can be most sim-
ply understood in terms of the nearly-free electron model,
consist ' of relatively abrupt absorption edges at
-2i V» i

followed by high-energy tails which go over
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FIG. 1. The reflectance of metallic aluminum films evaporat-
ed in ultrahigh vacuum as reported by Bennett et a/. , Ref. 6.
Approximate values of the band gaps at principal Brillouin-zone
boundaries are given to indicate the source of the reAectance
dips. The inset shows the reflectance (R~} of a metal in the
free-electron Drude model for ~ '=0. 1Q~ and e (cu) =0.0.
Given for comparison are the Hagen-Rubens (RHR) and Dingle
(E.D }approximations to the reflectance; for details, see Ref. 39.
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into the Butcher interband absorption. " Here V~ denotes
the Fourier coefficient of the lattice pseudopotential for
reciprocal-lattice vector K. The weak low-energy absorp-
tion arises ' from a line of "accidental' degeneracies in
reciprocal space.

The principal objective of the present study is to com-
pare the calculated interband conductivity of Szmulowicz
and Segall with experimental results. This, however, re-

quires a separation of the measured spectrum into intra-
band and interband components. One might expect such
a separation to be a relatively simple matter since intra-
band effects dominate the dielectric function at sufficient-
ly low energies; by fitting a model of the intraband
absorption —for example, the Drude model —to this low-

energy region, its contribution to the remainder of the
spectrum may be estimated and, in principle, the two
components separated. However, the theoretical indica-
tion of non-negligible interband contributions below
several tenths of an electron volt combined with uncer-
tainties in the experimental values make such an
approach —involving large extrapolations —unreliable.
The moderately large spread between previously deter-
mined Drude parameters —particularly the relaxation time
~—might be noted in this connection (e.g., see Table I).
Thus, the development of a relatively assumption-free
separation procedure, which would utilize experimental
data over the full energy range in which the intraband
component is large, became a significant aspect of the
present analysis.

II. INTRABAND ABSORPTION

Bennett et al. have shown that the free-electron Drude
model for the dielectric function,

ef(co)=1=Qp /co(o)+i/~),

gives a good account of the reflectance of aluminum at
very low energies (&0.1 eV), where intraband processes
are dominant. Here Qz is the plasma frequency for intra-
band transitions and v is the intraband relaxation time,
which is often expressed in terms of the intraband damp-
ing constant y=~ '. More generally, the total linear
dielectric function e(co) =ef(co)+e (co) is the sum of this
intraband or "free-carrier" term, and an interband contri-
bution e (co) arising from band-to-band transitions of con-
duction and core electrons —the classical "bound-
electron" absorptions.

Modifications to Drude theory for the anomalous skin
effect' in good conductors at room temperature lead to
essentially the same reflectance as the simple theory, so
that the simple model is adequate for present purposes. '

Moreover, the possibility of frequency-dependent Drude
parameters will be dismissed. This is justified both to
maintain simplicity and also because theory predicts' the
absence of such dependence for oi & coD,b„„which applies
here. Early reports of such dependence appear to have
arisen before it was appreciated that there were interband
absorptions in the energy interval over which the Drude
model was being fit.

In aluminum, the Drude parameters cannot be deter-
mined with acceptable accuracy by simply fitting the ob-
served reflectivity over the wavelength region dominated

by intraband absorption. The available interval, -0.04
to -0.2 eV, is very short and even a small experimental
error in the reflectivity of a good conductor translates into
an enormous uncertainty in the refractive index,
n (co)+ik(co), when the reflectance is nearly unity as it is
for aluminum. For instance, in the present study, fits to
the measured reflectance of aluminum below 0.2 eV
within the quoted experimental error (+0.1%) were ob-
tained with sets of Drude parameters ranging from
A'Q~ =50 eV, Ay=0.475 eV to AQUA=10 eV, iriy=0. 065
eV.

This uncertainty may be reduced by employing in-
dependently measured quantities relating the Drude pa-
rameters and/or by using a qualitative knowledge of the
interband spectrum to aid in fitting the Drude model over
a wide frequency range. The traditional choice for an in-
dependent quantity is the dc conductivity, which in the
Drude mode1 is"

0(0)=Q~/4my . (2)

The intraband plasma frequency Qz is often expressed in
terms of the "effective" number of conduction electrons
M ff or, alternatively, the optical mass" m, ~, using the
definitions

Qp ——2 4~Meffe' 4 Me
(3)

Pg Pl Opt

It should be stressed at this point that Qz in Eqs.
(1)—(3) is not the observed plasmon frequency nor are

M,ff and m, ~, of Eq. (3) the actual conduction-electron
density P' or the bare-electron-mass m. Rather, they are
parameters which measure the strength of the intraband
part of the conduction-electron spectrum. Specifically,
Q~ should not be confused with the frequency of the bulk
plasmon co&, which occurs at the zero of Ree(co}. The
plasmon involves both intraband and interband processes,
the latter through the presence of e (co) in Eq. (1}. This
point is illustrated in Fig. 2, which displays the real and
imaginary parts of a schematic dielectric function for a
good conductor with a single strong absorption peak.

In the case of aluminum, this has been a source of con-
siderable confusion in the literature, 's especially because
between approximately 2 to 5 eV the optical properties of
aluminum fortuitously flt'9'20 a Drude model, even
though the dielectric response in this region is a combina-
tion of intraband and interband processes. The Drude
model plasma energy for this fortuitous fit is —15 eV,
which corresponds to an electron density of roughly three
electrons per atom ( e/atom}, the actual conduction-
electron density. It is erroneous to interpret this as imply-
ing these are three "free" electrons per atom. Rather, it
should be interpreted as showing that the conduction-
electron osci11ator strength is largely exhausted above 2 or
3 eV. The point is that above this energy, both the intra-
band and interband contributions to (ceo), the real part of
e(co), have the same asymptotic behavior as a free-electron
gas, and their combination exhibits a plasma frequency
corresponding to the total conduction oscillator strength
of -3.11 e/atom. We note in passing that this total
conduction-electron oscillator strength exceeds the
conduction-electron density (3 e/atom) because of the
redistribution of core oscillator strength resulting from
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FIG. 2. A schematic representation of the superposition of
intraband and interband processes in the complex dielectric
function e&(m)+i@2(co). This indicates the criterion used to
separate the two processes, viz. , that the Drude contribution to
the real part of the dielectric function must pass through the re-
gions of anomalous interband dispersion in the observed total
dielectric function. For details, see the text. Also illustrated is
the difference between the intraband plasma frequency Q~ and
the bulk plasma frequency co~.

exchange effects. '

Table I gives some of the more recent literature values
for the Drude parameters of aluminum together with the
experimental bulk dc conductivity at room temperature.
The early work of Mendlowitz' involved a Drude fit to
optical data above roughly 2 eV so that effects of both the
0.5 and the 1.5 eV interband transitions were inadvertent-

ly included in the Drude parameters. This led to a large
overestimate of both the number of "free" electrons and
their damping factor. As a consequence, the dc conduc-
tivity cr(0) was underestimated. [Note that the inclusion
of low-energy interband transitions yields an apparent
width y, much greater than the actual intraband width
and, hence, by Eq. (2) too small a value of o(0).] Similar-
ly, the low-energy interband transition near 0.5 eV was
not separated from the intraband term by Ehrenreich
et al. or by Powell. Hence, their "intraband com-
ponent" includes a small amount of interband oscillator
strength leading to a dc conductivity which is also too
low. Dresselhaus et al. took account of the interband
absorption below 1 eV, but found a shorter intraband life-
time than other workers (aside from Mendlowitz). The

reason for this is not clear from the description of their
work.

Bennett et al. sought to reduce the uncertainty in their
fit by using the measured bulk values of o(0) and an as-
sumed ~,ff=2.6 e/atom, a value appropriate for wave-

lengths in the vacuum ultraviolet. The circumstance
arises that they obtained an excellent reproduction of the
refltx:tivity below 0.15 eV, despite using a value of M,ff
which includes interband processes; this i.s because the re-
flectance in the narrow energy range they considered is
determined primarily by o(0), not M,tiara fact that Ben-
nett and co-workers appreciated.

An alternative approach to determining the Drude pa-
rameters is to combine the Drude expression with a sim-

ply parametrized model for the interband spectrum and
perform a multivariable least-squares fit to the experimen-
tal dielectric function. This has been employed by
Mathewson and Myers, and by Benbow and Lynch. It
was also investigated in the course of the present study.
In all these cases the elegant analytic expressions for the
interband conductivity due to Ashcroft and Sturm' were
employed. These expressions are based on a nearly-free-
electron two-band model, which neglects interactions with
other bands. Recently these interactions have been shown
to broaden the Ashcroft-Sturm results and introduce fine
structure. Moreover, the Mathewson and Myers study
involved fitting ellipsometric data over the range 0.7 to
2.5 eV for which (toe) &&I, so that in reality their fits
only determined the product m, pt7 These two quantities
were separated by using an approximate sum-rule argu-
ment due to Ashcroft and Sturm.

Although good fits could be obtained using the
Ashcroft-Sturm analytic expressions for the interband
spectrum (with phenomenological broadening), our experi-
ence was that least-square fittings were rather insensitive
to electron lifetimes and hence it was felt that the result-
ing Drude parameters were not reliable; for details see
Ref. 31. Moreover, the procedure biases the decomposi-
tion in favor of the two-band model for interband process-
es. A significant point in this connection is that this ap-
proximation does not account for the interband transitions
from 0 to -0.5 eV so that these are included in the Drude
term when the two-band model is employed in fitting.
Since our goal was to find the experimental interband
spectrum as independently as possible of assumptions
about its form, an alternative means of decomposition was
sought.

III. SEPARATION

The uncertainty and bias in determining the Drude pa-
rarneters can be reduced significantly by using qualitative,
but not quantitative, knowledge of the form of the inter-
band component. Specifically, one expects that the total
dielectric function should be the sum of intraband and in-

terband terms with the absorptions and the associated
dispersions for the principal interband transitions super-
imposed on the monotonic Drude background. The situa-
tion is indicated schematically in Fig. 2 for the real and
imaginary parts of the dielectric function in a region in-
cluding a strong interband absorption.



D. Y. SMITH AND B. SEGALL

C0

~ m

4J

bQ

~ W

C0
OP

VJ

0
~ le

V
~ lIIil

V

0
Ct

8

g4
8

E80
05

Cg

V
Ch

g 0~

V
Q V

VJ
0

~ 8C~
et 0
cl

~ eW

~ eel

0$

O
CO

ch

E ~
05

~8
0$

A'
E
Q

N

CO

ch
V ~

g
Q

CD

Q

ll 8
co~
K
6

A

Q 06
cl

Cg

V

M

O
OO

OOO

~ ~

gpss

CPCh~ g

04

N
~~

xmf

+I

O

O
+I

ch

5
o A

~ '
~IIIl

O

CC

00

0 es

tv'

CD

O

I+
I+ ~

O
+I
OQ

+I +I

O

~ IIIIII

ch

ou

O O
I+ I+

0

05

hl
~ IIIIi

0

V

8 g
ce
C5

0 Q
ch

8 05

c
E ca

~6
0 ~
V

ce

ch5
0

ce 0

Q 5$

~ 0,

g el

hQ

* v&&I

4)

8 ~
0 ~ ~

g
ch

peg

eg
00

O
8

O
ll

0
05~" 5

~ ~
~ IIIIIl

g
C4

CP V 0

4l

g

Q'

E
bQ

5$

E

V
Cg

~ ~
0
C4

0$

a
~ wl

V

tQ

V

~ W

V

C

6

O
CA

08
~ och ch

gg ch

CP

A ~~

60
C

o 0

F ~0



34 INTRABAND AND INTERSAND PROCESSES IN THE INFRARED. . . 5195

This line of reasoning suggests that the intraband por-
tion of the observed e(co) may be determined by choosing
the Drude parameters such that when the observed ei(co)
and the intraband contribution to ei(co) are plotted togeth-
er, the two curves cross at or near the onset of the two
principal interband transitions. These crossings corre-
spond to the regions of anomalous dispersion associated
with the two strong interband absorptions that are in-

dependently predicted from Fermi-surface measurements
and the nearly-free electron model to lie near -0.5 and
—1.6 eV (Ref. 32) (these values are appropriate for tem-
peratures below 4 K, and small red shifts are expected at
room temperature).

To carry out this procedure, a computer graphics
display was set up to continuously exhibit both the experi-
mental e(co) curve and the trial intraband e(ro) while the
Drude parameters were varied manually. A representative
display for the real part e, (co} is shown in Fig. 3 for
values of Qz and y which give an acceptable fit to the
data. As indicated in the figure, the position of the cross-
ings, which are relatively unambiguous, are consistent
with the band gapa inferred from Fermi-surface fitting.
Our experience was that this procedure settled on Drude
parameters within a narrow range of uncertainty relatively
quickly.

In the event that the anomalous dispersions are less pro-
nounced than in aluminum, a direct fitting of ei(co) may
be difficult to implement. The fitting in such cases, how-
ever, can generally be facilitated by studying derivative
spectra.

The fitting procedure can be made easier and the uncer-
tainty reduced if the additional constraint that the Drude
parameters be consistent with o(0} for the material under
study via Eq. (2) is introduced. The use of this auxiliary
requirement has been a source of concern in the analysis
of optical data for some time, since reflectance measure-
ments are often made on evaporated film, and under cer-
tain preparation conditions such films do not exhibit the

z&(gp} for Aiuminum

Tlgp = 12.5 eV

5g = 58.5 meV

r=(1. 06+ 012)X1 0 ' sec,

o(0)=(3.00+0.3)X10' sec

constrained by o(0) as input

r=(1.13+0.05) F10 ' sec,

a(0)=3.23)&10' sec

The limits of error given for these results indicate the
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bulk conductivity. However, this objection may be
avoided when necessary by simply calculating the ap-
propriate o(0) for the film under study from the experi-
mental values of ei(co) by the "internal" sum rule '

I fbi(co) —1 jdco= —2ir o(0) . (&)

Shiles et a/. ' report o(0)=3.2&X 10' sec ' (2.80 pQcm)
from their analysis of the UHV films, which is within the
range of conductivity reported for bulk aluminum at
room temperature.

These separation techniques were applied to the e(co) re-
sults of Shiles et al. , both with and without the use of
o(0) as a constraint. The strength of the Drude term was
found to be the same in both instances,

A'Qq ——12.5+0.3 eV,

while the lifetimes and conductivities differed by only a
small amount: unconstrained

3.0

0

8.0
0.0

Qpc=1-
co + IQG7

1.0 2.0
Energy (eV)

FIG. 3. The real part of the dielectric function of metallic
aluminum e&(co) at room temperature as determined by Shiles
et al. ( ), with its Drude component ( —- —-). The latter
was determined by the anomalous dispersion criterion that the
two curves cross near the zone-boundary gaps and that the in-

traband processes dominate at low frequencies. Note that the
vertical scale is logarithmic so that although the two curves are
approximately parallel above 2.0 eV, the el(m) values actually
approach one another as energy increases.

Qw
0

i I

3 4
Energy (eV}

FIG. 4. The interband optical conductivity for metallic
aluminum. The results of the present study are given by the
solid and the dot-dash curves, which merge for energies above
—1.1 eV. These interband conductivities have been derived
from the observed optical properties for room-temperature films
assuming a Drude interband contribution as described in the
text. The solid curve corresponds to the unconstrained result for
Drude parameters %0~=12.5 eV, %@=63.0 meV; while the
dot-dash curve gives the constrained result with AQ~ =12.5 eV,
A'y=5S. S meV. The dotted curve gives the interband com-
ponent at 4.2 K as determined by Benbow and Lynch, Ref. 2S,
and the dashed curve is the (broadened) theoretical interband

component calculated by Szmulowicz and Segall, Ref. 2, from
their parametrized AP%' band structures as fit to 4.2 K mea-
surements.
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range of parameters over which acceptable fits could be
obtained.

The constrained result for v is well within the limits of
error of the unconstrained values and in both cases the
static conductivity o(0) is consistent with the sum rule
value' 3.2»&10' sec ' given by Eq. (4) and the experi-
mental values reported for transport measurements on
bulk aluminum, 3.18 to 3.39X10' sec

The experimental interband spectrum is most con-
veniently expressed in terms of the interband conductivity

o (co)=( ic—u/4m)e (co) . (5)

This may be found directly by subtracting the Drude in-
traband dielectric function from the total experimental
optical dielectric function. The results for both the un-
constrained and constrained cases are very nearly the
same, differing only slightly (less than 15%) near the peak
of the low-energy transition. The results for the real (or
absorptive) part of the interband conductivity, o i(r0), for
both cases are given in Fig. 4 as examples.

IV. DISCUSSION

The experimental interband conductivity shows the
two-peak structure expected for parallel-band absorptions
near the (100) and (111) Brillouin-zone boundaries in the
extended zone of an fcc metal. ' The high-energy transi-
tion at —1.5 eV clearly echos the pronounced drop in the
reflectance of aluminum near 0.8 p,m (Refs. 1 and 6) evi-
dent in Fig. 1. The low-energy transition at -0.4 eV is
remarkable in that it has no prominent counterpart in the
reflectance spectrum, yet it emerges as a major feature in
the interband optical conductivity. An examination of the
reflectance data shows, however, that there is a slight but
abrupt change in slope between 0.2 and 0.4 eV. Despite
the small size of this low-energy change in slope and the
fact that it is near the end of the ranges over which the in-
terband conductivity can be meaningfully determined, the
corresponding peak in o (co) is not an artifact of a partic-
ular choice of Qz and r. The low-energy peak in o (r0)
appears throughout the range of uncertainty of the Drude
parameters, and even for a wide range of parameters that
would be unacceptable for an overall fit to e(co).

The principal uncertainty in ob(co) arises from uncer-
tainties in the Drude parameters. The high-energy inter-

band transition shows negligible variation in position,
width, or height for separations using the extreme values
of the permissible range of parameters. The low-energy
transition, on the other hand, has a peak-height uncertain-
ty of —+15% and a width and peak position uncertainty
of -O. l eV. Below about 0.2 eV, uncertainties in a (co)
are overwhelming.

The experimental interband spectrum derived by Ben-
bow and Lynch for aluminum at 4.2 K is given for com-
parison with the present room-temperature results in Fig.
4. It is clear that the interband transitions broaden and
shift toward lower energies as the temperature rises. A
similar trend has been reported by Mathewson and
Myers for the 1.5 eV peak at higher temperatures. To
within the experimental uncertainty, there is only a small
change in interband oscillator strength between liquid
helium and room temperatures. At higher temperatures,
the intraband absorption grows at the expense of the inter-
band transitions which finally disappear on melting. A
comparison of the characteristics of the two principal in-
terband transitions is given in Table II.

The theoretical interband conductivity as calculated by
Szmulowicz and Segall from their APW band structure
is also given in Fig. 4 for comparison. The band structure
was parametrized to yield agreement with Fermi-surface
calipers, the Lit iii emission spectrum and, most impor-
tant here, the value of 1.6 eV for the peak position of the
high-energy parallel-band absorption as observed by Bos
and Lynch for aluminum at 4.2 K.

The calculated curve is noteworthy in that, while its
prominent features are the two parallel-band absorptions,
the absorptions do not have the abrupt onset at the zone-
boundary gapa, 2

~
VK ~, predicted by the unbroadened

two-band model. ' Rather, they are broadened and the
lower-energy transition extends to co =0. These deviations
from the two-band model arise from the interaction of
three or more bands, particularly near the intersections of
Brillouin-zone boundaries. Similar broadening has also
been found in recent first-principles calculations of the in-
terband spectrum by Callaway and Laurent. 3s

The broadening is significant and on the low-energy
side of the principal transitions it introduces a width at
half maximum of & 50 meV. This is important for inter-
preting the phenomenological interband relaxation time
v;, introduced by Ashcroft and Sturm' to broaden their

High-energy transition
Present study' Benbow and Lynch

(Room temperature) (4.2 K)

TABLE II. Characteristics of the principal interband transitions in the optical conductivity spectrum of metallic aluminum.

Love-energy transition
Present study' Benbom and Lynch

(Room temperature) (4.2 K)

Peak position {eV)
Height cr,„(10' sec ')
%'idth I (eV)
Strength in arbitrary units
o,„)&I (10'4 eV sec ')

0.3—0.4
-70
-0.3

0.49
65
0.25

1.58
85
0.66'

1.64
116

0.5'

'Based primarily on the room-temperature reflectance measurements of Bennett et al. , Ref. 6.
Right half vvidth at half maximum.

'Full width at half maximum.
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TABLE III. The oscillator strength per atom f for the conduction-electron absorption of metallic
aluminum. The total oscillator strength exceeds the number of conduction electrons per atom (3) be-
cause of the Pauli-principle redistribution of oscillator strength, see Refs. 21—23.

Oto7eV

Transition

fintrsbsnd

f ~~
f~~

Present
analysis

1.87+0.09'
0.91+0.09'
2.78

Theory
Szmulowicz and Segall'

0 to the I g gg edge
present analysis

1.88+0.09'
1.23+0.09'
3.11'

'Szmulovricz and Sesall, Ref. 2.
'From the analysis given by Shiles et al. , Ref. 1.
'The limits quoted refer to the uncertainty in the separation of intraband and interband effects.

two-band model absorptions. In the case of aluminum, a
value of ~;-0.5)(10 '4 sec (corresponding to an inter-
band damping yi ——132 meV) is required' to fit the two-
band model to the measured spectra. Comparison of this
with the 50 meV "band-structure broidening" found by
Szmulowicz and Segall shows that a significant contribu-
tor to r; is scattering out of the two-band model states as
a result of interactions with other energy bands. This is
not a dynamic relaxation involving phonons, rather it is a
purely one-electron effect that arises naturally in a full
band-structure calculation. Moreover, these considera-
tions imply that the intraband relaxation time for the
Drude term r—found here to be - I X10 ' sec (y-60
meV)—and the phenomenological interband relaxation
time introduced in the two-band model ~; are not directly
comparable since, among the other effects, the latter in-
cludes the band-structure broadening.

There is, of course, additional broadening of the inter-
band spectrum as a result of thermal and lattice disorder
as well as surface scattering. Szmulowicz and Segall
found that the 4.2 K spectrum —for which their crystal
potential was parametrized —could be reproduced very
closely by including an additional Lorentzian broadening
with a weak energy dependence. The full width at half
maximum for this additional broadening was -0.05 eV at
the low-energy peak and -0.07 eV at the high-energy
peak, values which are comparable to the "band-
structure" contribution to ~;.

A final point to be noted is the success of the

Szmulowicz-Segall semiempirical calculation in predicting
the interband oscillator strength from 0 to 7 eV as 0.94
e/atom which is in excellent agreement with the "experi-
mental" value found by integrating cr~(co), viz. , 0.91+0.09
ejatom; the details are given in Table III.
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