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The optical and dielectric constants of K have been determined from reflectance and trans-
mission measurements for photons of energy between 4. 0 and 10.7 eV. Reflectance mea-
surements were made as a function of incident angle at a K-MgF2 interface in an ultrahigh-
vacuum system. The refractive index (n) was determined from the critical angle for total
internal reflection and the absorption coefficient (k) from the slope of the reflectance curve
at the critical angle and from transmission measurements. The real part of the dielectric
function (e&) and the optical conductivity a = co&2/4w were derived from n and k. In o we find
a broad peak centered at 8 eV. This absorption peak is discussed along with comparable
peaks in Na, Rb, and Cs. One-electron and many-body processes that might give absorp-
tion in this energy region are discussed. &~ is analyzed in terms of a nearly-free-electron
model to obtain a value of the effective mass (m&z) and of the contribution of core polariza-
tion {4mno+) to &~. We find 47tnoe =0.15+0.01. and m, gf/mp=1, 01+0, 03..

INTRODUCTION

This is the last of a series of papers' 3 by the
present authors reporting measurements of the
optical properties of the alkali metals Cs, Rb„and
K for photons of energy between 3. 5 and 11 eV.
Similar measurements have been reported by
Sutherland and Arakawa4 for Na. Optical measure-
ments on these metals at energies below the plasma
frequency give results in fair agreement with a
nearly-free-electron (NFE) model that includes the
effects of free-carrier absorption and interband
transitions between the filled conduction band and
the next-higher band. ~ 7

Our measurements clearly show the existence of
an additional absorption process in allof the alkalies
at energies above the plasma frequency. In pre-
vious papers, broad strong absorption peaks in the
optical conductivity have been reported in Cs and
Rb with maxima at 5 and 6. 8 eV, respectively. A
weaker peak is centered at 10 or 11 eV in Na.

This payer is divided into two parts. In the first
part, we report experimental determinations of the

index of refraction (n), the absorption coefficient
(k), the real and imaginary parts of the dielectric
response function (e, and e2), and the optical con-
ductivity (o) of K for photon energies of 3.3 to 10.7
eV. In g, we find a broad absorption peak centered
at 8 eV that is similar to the peaks observed in the
other alkalies. A Kramers -Kronig analysis applied
to &2= 4vo/&u is used to calculate the effect of inter-
band transitions and of the broad high-energy peak
on E&. When these contributions are subtracted,
the remaining portion of ez represents that expected
for a NFE model containing only free-carrier ab-
sorption. These corrected values of && are used to
obtain values of the effective mass and of the core
polarization, which are the adjustable parameters
of such a free-electron model.

In the second part of the payer, we briefly sum-
marize the oytical properties of all of the alkali
metals between Na and Cs for photon energies above
their plasma frequencies. Plots are given of o for
these four materials. The broad absorption peaks
in o are found to become stronger and move to low-
er energies for alkali metals of larger atomic num-
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ber. Several processes that may account for this
absorption are discussed. Also, the values of core
polarization and effective mass obtained from our
analysis of Ez in terms of the NFE model are tabu-
lated for K, Rb, and Cs.

EXPERIMENTAL PROCEDURES

The basic experimental procedures used in this
work have been described in detail in earlier
papers. ~'3 The sample chamber is shown schemat-
ically in Fig. l. Optical constants were obtained
from measurements of the reflectance as a function
of the angle of incidence [R(8)j and from transmis-
sion measurements.

In the reflectance measurements, K was deposited
on the flat surface of a MgF2 semicylinder sub-
strate. Light is incident on the K film through this
substrate. A semicylinder is used so that incident
and reflected beams pass through the vacuum-sub-
strate interface at normal incidence for all reflec-
tion angles. The sample holder and light-pipe de-
tector are connected through a gear mechanism
which rotates the light-pipe detector through twice
the angle of the sample and thus keeps the face of
light pipe in the reflected beam throughout the ex-
periment. R(8) curves were taken between angles
of 5' and 84'. At angles less than 5' the incident
beam was blocked by the light pipe and at angles
greater than 84 by the mounting structure of the
semicylinder.

K was deposited on only one-half of the substrate

surface. The remaining half was used as a refer-
ence surface having a substrate-vacuum interface.
R(8) curves made at this vacuum interface gave
values of the total incident-beam intensity and of
the index of refraction of the substrate which were
used in the analysis of R(8) data from K. The
analysis of R(8) also requires knowledge of the
polarization of the incident light. This was mea-
sured using a gold-coated triple-reflection polariz-
er. '

For the transmission measurements, K was de-
posited on MgF~ substrates of uniform thickness.
The transmittance provides a straightforward and
accurate measurement of the absorption coefficient
(k) if the thickness of the absorber is known. Since
we had no independent means of measuring film
thickness accurately, only relative values of k as
a function of photon energy were obtained from
these measurements. These values of k were
normalized to absolute values obtained from mea-
surements of R(8). Film thicknesses indicated by
this normalization were very reasonable.

Procedures for cleaning substrates and making
evaporations were the same as those previously
described' for Rb. In brief, K was evaporated
from 0.5-g ampoules of 99.8% K onto slightly cooled
substrates. Pressures in the chamber were about
5&&10-'o Torr before evaporation as measured by a
nude ion gauge. Pressures during the 3-min evap-
orations were in the 10-' Torr range and returned
to about 2&10 Torr after the evaporation was com-
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FIG. 1. Schematic diagram of apparatus.
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piete. Thereafter the pressure increased slowly
with time to about 10 ' Torr. This relatively high
pressure results from the high vapor pressure of
K, so that most of the residual gas consisted of K
molecules, with much smaller partial pressures of
other gases. Both the vacuum and substrate sur-
faces of the films were specular to the eye after
evaporation. Reflectance measurements made
through the substrate were unchanged after many
hours. Significant changes in the transmittance
were measurable after 2-3 h. The transmission
measurements reported here were made within
about 1 h after the evaporation was complete.

Determination of n and k
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In general, R(8) depends upon n, k, and the po-
larization of the light. If the polarization is known,
R(8) may be fitted to Fresnel's equations to obtain
n and k. A specialized variation of this general
method was used in our analysis of R(8) to obtain
n and k. A chief virtue of our method is that it
concentrates on two features of the R(8) curves that
depend strongly on n and k, respectively, with little
dependence on the other variables.

Above the plasma frequency, the alkali metals
are nearly transparent. For K, at photon energies
above about 4 eV, n=1 and k&0. 1. Since light is
incident on a K film through a substrate of higher
index of refraction, there is a critical angle for
total internal reflection given by Snell's law. If k
were zero, Snell's law would be

n„,= n/n, = sin 8, ,

where n, is the index refraction of the substrate
and 8, is the critical angle. There is a discontinuity
in the slope of R(8) at 8, as shown in Fig. 2. If
0 & k 0.1, the discontinuity is removed, but there
is an inflection point in the R(8) curve that lies
close to the critical angle for zero absorption.
Like 8„ this angle of maximum slope (8 ) is
strongly dependent on n and only weakly dependent
on k and the polarization. We will refer to 8 as
the critical angle for finite k. Using calculated
curves published by Hunter, it is possible to make
small corrections for k and the polarization in the
range k&0. 2, so that n maybe obtained from 8
and an approximate value of the other two vari-
ables. 9

We have shown in earlier papers that the slope
of the R(8) curve at 8 depends strongly on k„,
(= k/n, ) but very weakly on n„, and the polariza-
tion. ' The strong deyendence on k is clear in
Fig. 2. In particular, for 0. 2 n„, &1 and 0.02
~k„, ~ 0. 12, the slope of R(8) at 8 determines the
value of k„, within 5%% for all polarizations and
values of n„, in this range. The explicit depen-
dence of k„, on slope for a large range of n„, and
polarizations will be discussed in a separate pa-

0.2
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per. ' Using these curves and Hunter's calcula-
tions, one can determine n and k from the angular
position of 8 and the magnitude of the slope of
R(8) at this angle without reference to the remain-
ing portions of the R(8) curves.

In practice, the limitation on the accuracy of the
values of k obtained from the slope at 8 is deter-
mined by the accuracy with which the reflectance
curve can be normalized to the incident-beam in-
tensity. This normalization problem limits the
accuracy of the determination of slope and hence
the accuracy of k, but does not significantly affect
the determination of 8 and n.

We have found that the values of n and k deter-
mined from 8 and the slope at 8 are more repro-
ducible from sample to sample and substrate to
substrate than are values determined by fitting R(8)
over the full range of experimental angles. ' This
essentially results from the fact that R(8) near 8

is less subject to distortion by experimental prob-
lems such as scattered light and interface contami-
nation.

Values of n and k obtained from reflectance
measurements are shown in Fig. 3 as open circles
and triangles, respectively. Values of k obtained
from transmission measurements are shown as

ANGLE OF I NCIDENCE

FIG. 2. Calculated reflectance as a function of incident
angle for ~,e&

=0.7 (e~ = 44' 26') and different values of
k,~&. Triangles are the positions of e~'s. The values are
44' 30' or both k„1=0.005 and 0.01; 45' 0' for k,~g

=0.02; 45' 54' for kreis =0.05; and 49' 26' for kre1=0. 1.
The R(0) curves for k~+, =0 2 and 0 3 have no inflection
point, and thus the critical angle cannot be determined for
these curves.
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solid circles. The transmission data were normal-
ized to the reflectance data in the region near 1500
A. The va, lues of n show scatter of about 2% about
the smooth plotted curve. Values of k have a scat-
ter of about 6% about the smooth curve above 1300
A. In the region below 1300 A, transmission mea-
surements provide the most accurate data for k
since values of k„, are small (~ 0. 02) and difficult
to determine from A(8). The transmission data
show a scatter of about 3% in this region.

Values of n and k taken from the smoothed curves
of Fig. 3 were used in all subsequent analyses.
Table I gives the values of e, k, &j, &» and o ob-
tained from these smoothed curves.

Analysis of Data for K

Figure 4 is a plot of the optical conductivity of K
derived from the smoothed n and k values using the
relation o =nk~/2v. o is a measure of the rate of
energy absorption by the solid. Data obtained by
other workers at lower energies are also
plotted. 4'6' ' Smith's data, obtained from ellip-
sometry measurements, most clearly show the ab-
sorption peak centered at 2 eV that may be attrib-
uted to direct interband transitions and the rise in
o below 1 eV due to free-carrier absorption. The
dominant feature of the o curve in the region of our
measurements is a broad strong peak centered at
8 eV and extending from about 5 to 11 eV. Its in-
terpretation will be discussed in a later section of
this paper.

Figure 5 is a plot of &, vs the wavelength
squared. The solid triangles are points calculated
from the smoothed values of g. and k using the rela-

tion Eq =n -k . Except for the open circles the
other points plotted are taken from the data of
other workers. Their data are in generally good
agreement with ours except at the shortest wave-
lengths.

We will compare the data for E& with the equation
derived by Cohen on the basis of a NFE model. 7 It
may be written

e, =1+4gnpn —(o,' /(u'+ 5~,(~),
where

&~ = 47ftlp8 /m~fg,

(2)

no is the number of ions or conduction electrons
per unit volume, 4mno& is the contribution of the
core electrons to the polarization, mqf f is the aver-
age effective mass of the conduction-band electrons,
cu, is the plasma frequency when only free-carrier
absorption is included, and 5e, (ur) is the contribu-
tion to && of all absorption processes affecting the
conduction-band electrons except free-carrier ab-
sorption. It should be noted that m, « is the true
effective mass and not the so-called "optical" ef-
fective mass obtained by fitting to &q an equation
similar to (2) but without the final bent term

6&,(u&) may be calculated using the Kramers-
Kronig relation in the form

Xi=8 1 5o'((d )/(cu —(8 )d(v (4)

when 5o(&u'), the contribution to v of all absorption
processes except free-carrier absorption, is
known. In the g(~) plot, the free-carrier absorp-
tion at energies below 1 eV may be fitted by a Drude
absorption term

1.0
~OO 0 QMO

0.8—

0.6
O

pIQ. 3. Experimental values of
n and k for K films on the MgF2 sub-
strate. Open circles are g values
obtained from the critical-angle
method, triangles are k values ob-
tained from slope of R(8) near crit-
ical angle, and solid circles are
k values obtained from transmis-
sion measurements Solid lines
give the smoothed average values
of the data.
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averaged smooth curve of ~ and
P in Fig. 3. Dashed line is from
data of Smith (Ref. 6). Data
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and Hanyu {Ref. 11) Q), Palmer
and Schnatterly (Ref. 12) (&).
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characterized by a damping constant of 2m' = 0. 018
eV and a plasma energy of 3.9 eV. When this is
subtracted from the total conductivity and the re-
maining 5o is used in Eq. (4), we obtain the values
of 5e, (&o) shown in Fig. 6. For this calculation 5g
was separated rather roughly into two parts repre-
senting the interband peak and the high-energy
peak. The contributions of each part to && are
shown as 5eq(I) and 5&&(P), respectively. The total
5&& shown as a solid line is independent of the de-
tails of this separation. In performing the integral
in Eq. (4) 5v was extrapolated smoothly to zero at
energies above our experimental data.

The open circles in Fig. 5 show the values of
&&

—GEE obtained when the contributions of thehigh-
energy absorption processes are subtracted from

The straight line shows the best fit of Eg. (2)
to these data. Table II gives values of m, f f and
4pnou obtained from this fit as well as the plasma
energy S~~ obtained by setting E& = 0. The table
also includes values of these parameters obtained
from a variety of experiments by other work-
ers. ' "" The values of m, «and g~, obtained
from measurements in the visible and infrared are
not directly comparable with our values since in
most cases no corrections were made for the effect
of 6&&. Smith made the corrections but did not, of
course, include the effect of the high-energy ab-
sorption peak. If our corrections. were applied to
his data, values of @co, would be slightly smaller
and values of m~, slightly larger than those shown
in the table.

As was noted in the earlier report on Rb, the ef-
fective masses that give the best fit to our data in

1.2
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FIG. 5. Real part of the complex dielectric constant
of K vs square of photon wavelength. Solid triangles are
the points obtained from the smooth curve of g and k
values. Data points are taken from Sutherland et al.
(Ref. 4) (4), Yamaguchi and Hanyu (Ref. 11) (), Palmer
and Schnatterly (Ref. 12) (C3), and Smith (Ref. 6) (8).
Open circles are a plot of q& -pe~, the free-carrier con-
tribution to c&.

the vacuum ultraviolet are consistently smaller
than those providing the best fit to the data at lower
energies. This result cannot be understood within
the framework of Cohen's theory. Because our
data extend to higher energies, and because of our
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careful subtraction of the effects of high-energy
absorption yrocesses, we believe that our values of
the core polarization are the best so far obtained.

SUMMARY OF RESULTS FOR K, Rb, Cs

A summary of the values of m,«, 4mnp&, Se„and
k&u~ obtained by fitting Eg. (2) to eq data from K,
Rb, and Cs is given in Table III. In each case, the
effects of high-energy absorption processes were
subtracted using conductivity data and Eg. (4) as
described above for K. The reader is referred to
the papers on Rb ~ and Cs ' for plots of &&(~), the
details of the analysis of data from these materials,
and for a comparison of our values to those obtained
by other workers. ~' In all of the materials, it is
observed that the effective masses obtainedby fitting
data in the ultraviolet to Eq. (2) are smaller than
effective masses obtained by fitting infrared data.
The source of this difference is not understood.

The optical conductivities of the four alkalies from
Na to Cs are plotted in Fig. V. For K, Rb, and Cs,
the. solid lines at high energies are from the work
of the present authars. The two solid lines for Na
are from data taken from two different samples by
Sutherland. .The dashed curves at low energies
are from the work of Smith. The dash-dot curve
for Na is a smooth extrayolation between the high-

. and low-energy data. The primary features of in-
terest in the plots of conductivity in Fig. 7 are the
high™energy peaks which occur above the plasma
frequency in each of these materials.

%e have performed optical-sum-rule calcula-
tions using the data summarized in Fig. 7 and the
expression
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e~ (eV)

10.69
10.33
9.92
9.54
9.13
8.86
8.55
8.27
8.20
7.98

7.52
7.29
7.09
6.89
6.70
6.53
6.36
6.20
6.05
5.91

5.77
5.64
5.51
5.39
5.28
5.17
5.06
4.96
4.86
4.77

4.68
4.59
4.51
4. 43
4.35
4. 28
4. 20
4.13
4.07
4.00
3.94

0.945
0.945
0.945
0.945
0.945
0.945
0.943
0.941
0.939
0.935

O. 027
0.031
0 ' 037
0.042
0.048
0.052
0.056
0.06Q

0.061
0.062

0.892
0.892
0.892
0.891
0.891
0.890
0.886
0.882
0.878
0.870

0.050
0.059
0.070
0.079
0.090
0.098
0.110
0.110
0.120
0.110

0.648
0.732
0.839
0.916
0.998
1.05
l.09
l.12
l.12
1.09

0.931
0.926
0.921
0.915
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0.895
0.883
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0.855
0.842
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0.057
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0.110
0.110
0.110
O. 100
0.098
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0.086
0.082

1.04
0.980
0.932
0.876
0.823
0.771
0.720
0.672
0.626
0.587

O. 826
0.810
0.794
0.776
0.758
0.740
0.720
0.70
0.68
0.66

Q. 048
0.046
0.045
0.044
0.044
Q. 043
0.043
0.043
0.043
0.043

0.680
0.654
0.628
0.600
0.573
0.546
0. 517
0.488
0.461
0.434

0.079
0.075
0.072
0.069
0.066
0.064
0.061
0.060
0.058
0.057

0.548
0.512
0.479
0.447
0.421
0.398
0.376
0.357
0.342
0.330

0.637
0.610
0.580
0 ' 550
0.520
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0.450
0.412
0.375
0.335
0.303

Q. 044
0.046
0.048
0.050
0.053
0.057
O. 061
0.067
0.073
0.082
0.095

0.401
0.370
0.334
0.300
0.268
0.232
0.199
0.165
0.135
0.106
0.083

0.056
0.056
0.055
0.055
0.055
0.055
0.055
0.055
0.055
0.055
0.058

0.319
0.310
0.302
0.296
0 ~ 291
0.285
0.279
0.274
O. 270
0.266
0.274

Optical and dielectric constants of K.
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where no is the number of atoms per unit volume
and mo is the free-electron mass. g,« is a measure

of the oscillator strength associated with optical-
transition matrix elements at frequencies below ~,
and can be thaught of as the number of electrons
yer atom involved in optical-absorption processes
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band transitions and
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tributions to e& add al-
gebraically to give the
solid line.
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TABLE II. NFE parameters of K from optical data.

4 mnp&

Pl etf
m Ice, (eV) Su& (eV)

Vacuum ultraviolet
Present
Yamaguchi and Hanyu
Sutherland and Arakawa

0.15
0.23
0.20

1.01 3.97
1.01

3.85
3.82
3.72

Visible and infrared
Yamaguchi and Hanyu
Smith
Palmer and Schnatterly
Ives and Briggs

(Cohen's analysis)
Mayer and El Naby

0.14

0.29

0.11

1.03
1.06
1.08
1.08

1.00

3.8

3.67

4. 25

Near and far infrared
Althoff et al.
Hodgson

1.17
1.18

Energy loss
Kunz
Robin and Best
Swan
Yamaguchi and Hanyu

(from optical data)

3.72
3.87
4 05
3.83

for photon energies below A~. For the alkali met-
als, n,« is expected to approach approximately 1
as the oscillator strength for transitions of the
valence electrons is exhausted. For metals with
free-carrier absorption, such calculations are
complicated by the necessity of extrapolating o(&u)

to zero frequency. %'e have assumed that for pho-
ton energies below EO=K&u0=0. 5 eV a(~) may be
represented by a Drude term of the form of Eq. (5).
Below this energy, Eq. (6) may be integrated ex-
plicitly so that

2 mo t g Eo 2 mo 1 (,)
'tT teal q«2'TTJ@ 'TT ~8 tLp „

2m&S may be estimated from dc conductivity mea-
surements or from infrared optical data. For Na,
K, Rb, and Cs such estimates range from a low
value of about 0.015 eV for K up to about 0.030 eV
for Cs. For this range of values and Ep=0. 5 eV,
(2/z) tan ' (Eo/2myk) has values ranging from 0.98
for K to 0.96 for Cs. Consequently, the mass ratio
mo/m~, chiefly determines the value of the first
term.

There is much uncertainty as to what effective-
mass values should be used. It certainly seems
appropriate to use the relatively large effective
masses derived from fitting infrared optical data
rather than those obtained by fitting optical data at
photon energies above 4.0 eV. Even with this re-
striction, a large range of values of m,«has been
reported. Effective masses derived from the in-
frared measurements of other workers are sum-
marized in Table II for K, in our previous papers
for Rb and Cs, and in Ref. 4 for Na. Using these
values of m,«, the first term of Eq. (7) is found to

TABLE III. NFE parameters of K, Hb, and Cs.

FIZZ ff
m(}

0.15+ 0.01 1.01 + 0.01 3.97 +0.01

Rb 0.25 +0.02 1.03 +0.02 3.40 +0.03

Cs 0.37~0.01 1.05+0.05 2.87+0.07

3.85

3.33

aFrom Ref. 3. ~From Ref. 2.

have a range of values between 0.76 and 0.90 for
Na, 0.83 and 0.90 for K, 0.76 and 0.84 for Rb,
and 0. 66 and 0. 80 for Cs.

The contribution to n,«of the second term in Eq.
(I) for each of the alkalies is plotted in Fig. 8.
The plots are obtained from a numerical integration
of the conductivity values plotted in Fig. 7.

Adding the contribution from the Drude term and
the values plotted in Fig. 8, the total value of g,«
up to photon energies of about 10 eV is found to be
smaller than 1 for Na and to increase with atomic
number. It is approximately equal to 1 for K,
slightly larger than 1 for Rb, and considerably
greater than 1 for Cs.

Several factors may cause the optical sum rule
to give values greater than 1 for the heavier
alkali metals. Chief among these is the fact that
the sum rule is exact only when it applies to all
electrons in the atom and the integral in Eq. (6) is
taken over all frequencies. The expression should
sum to 1 for the transitions of the conduction elec-
trons alone only in the approximation that the inter-
action of the conduction-band states with the core
states can be neglected. In Rb and Cs, the core
levels are known to be relatively close to the con-
duction-band states (- 12 eV for Cs, - 15 eV for Rb)
and to interact strongly with conduction-band
states. ' This will tend to increase the value of
g@f above 1 for these

materials�

. A se cond factor
that may contribute is that the simple extrapolation
of o(~) to zero using a Drude term may be substan-
tially in error. In addition to the uncertainties in
the effective masses used, there may be substantial
deviations from the Drude form, particularly in the
case of the heavier alkali metals which deviate
rather strongly from free-electron behavior.

If the experimental values of o(~) for Cs are sub-
stantially in error, it seems much more likely that
the experimentally determined interband or high-
energy peaks are too large, rather than that they
are absent. In the case of Cs, which has the
largest value of n, «, Mayer and Hietel found a con-
siderably smaller interband peak than did Smith.
For our data on Cs, the magnitude of the high-en-
ergy peak is rather uncertain (- 80%) due to an un-
certainty in the scaling factor related to the normal-
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ization of the R(e) curves. This normalization fac-
tor renders the magnitude of o(~) uncertain by an
approximately constant factor over the full range
of our data, but does not significantly effect the
peak position. The uncertainty in normalizing the
R(e) curves was much smaller in the case of Rb
and K than for Cs.

The following characteristics of the peaks in 0
seem to us to be important:

(i) They represent a strong energy-absorption
process, comparable in magnitude to the interband
absorption process.

(ii) In absolute magnitude, the data show some
regularities in that the peaks occur at lower ener-
gies and are progressively stronger for materials
of higher atomic number.

(iii) The relative magnitudes of the high-energy
peak and the interband peak show no obvious reg-
ularities. In 0, their ratios are approximately
0.5, 2. 5, 1.5, and 0.7 for Na through Cs.

(iv) In each material the high-energy peak is
found about 1.5@co~ above the interband peak, where
S~~ is the plasma frequency. In Fig. 7, the separa-

tions are approximately 8, 6, 5, and 4 eV for Na
through Cs. Values of 1.55~~ for these materials
are 8.4, 6.0, 5.1, and 4. 3 eV, respectively.

The question of interest is whether this absorp-
tion can be understood in terms of one-electron
theory or whether it must be explained in terms of
the excitation of collective modes of the solid.

In one-electron theory direct interband transitions
from the conduction band to higher bands can con-
tribute to absorption in this energy range for all of
these metals. Energy-band calculations extending
to energies about 10 eV above the Fermi level have
been made by Kenney for Na, Rb, and Cs. Ham's
calculations are less extensive but include results
for K In Na and K, mixed bands of predominant
p and d character are spread over the region 5-10
eV above the conduction band. In Rb, mixed p and
d states occupy the region from 2 to 4 eV above the
conduction band, and f bands become important
above 5 eV. In Cs, mixed p-d bands are found at
2-4 eV and a prominent set of f bands at 5-8 eV
above the conduction-band states. Thus, in Na, K,
and Rb transitions to fairly prominent bands of d
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FIG. 8. Contribution to optical sum rule calculated

from experimentally determined conductivities at photon
energies above 0.5 eV.

and f states may contribute to absorption at 10, 8,
and 7 eV, respectively. For Cs, according to these
calculations, d bands lie too low in energy and f
bands too high to account for the observed absorp-
tion peak at 5 eV. Except for Cs then, present
calculations indicate that, insofar as energy separa-
tion is concerned, transitions to d- or f-like states
could account for the observed high-energy peaks.

We do not believe, however, that such transitions
can be responsible for the observed absorption. In
Cs, where the absorption is strongest, the observed
peak falls at the wrong energy. In all of the mate-
rials, it is very difficult to understand the large
relative magnitude of the high-energy peak as com-
pared with the interband peak for the same materi-
al. It seems probable that transition probabilities
between s-like conduction-band states and excited
states above the first band of p symmetry are far
too weak to account for such strong absorption. It
would be most useful to have this point confirmed
by realistic calculations of the absorption expected
from transitions to higher bands. Present calcula-
tions of interband absorption are based on a single
pseudopotential model that includes only excitation
to the first excited band.

We have considered two types of collective effects
that might contribute to optical absorption above the
plasma frequency. The first is due to Hopfield. ~6

He shows that the screening of the lattice vibrations
by the electron sea becomes less effective at fre-
quencies just above the plasma frequency, so that
the free-carrier absorption is enhanced in this re-
gion. We have argued in our previous papers that
this effect is too small and gives a peak at too low
energies in 0 to account for our observations.

A second possible explanation of our data involves
an absorption process which produces a final state
consisting of a plasmon plus an electron-hole pair.
Lundqvist has predicted the existence of such a
process on the basis of a rather elaborate many-
body theory. ~ According to Lundqvist, the high-
energy absorption has a threshold at the plasmon
energy plus the interband threshold and has a maxi-
mum at somewhat higher energy. + The position of
this peak depends on the details of the calculation
but can be estimated approximately from the separa-
tion between the quasiparticle peak and plasmon
satellite peak occurring in the spectral weight func-
tion of his theory. This satellite structure is sep-
arated by 1.55~~ from the quasiparticle peak and

thus should produce a peak about 1.58~~ above the
interband peak in o(&u). As noted above in item (iv),
our peak positions agree quite well with this pre-
diction. Lundqvist's theory also predicts that the
absorption strength should increase with atomic
number for the alkali metals; such a trend is found
in our data.

The relative magnitude of our observed peaks is
not in good agreement with Lundqvist's predictions.
For Na, Lundqvist and Lyden calculated a magni-
tude for absorption due to such plasmon-assisted
transitions that is approximately 50/z of that due to
direct transitions. ~ The ratio of the magnitude of
the high-energy peak to the interband peak should
be comparable for all of the alkali metals since the
same transition matrix elements in o(&u) control the
strength of both the interband transitions and the
plasmon-assisted transitions. The ratio should
probably increase slightly for the heavier alkali
metals whose less dense electron gases couple
more strongly to the quasiparticle states in this
theory. As noted in item (iii) of the summary
above, the ratio of high-energy to interband peaks
ranges from 0.5 to 2.5 withno obvious trendsvisi-
ble as atomic number is increased. Thus the ob-
served magnitudes are clearly larger than those
expected theoretically.

The discrepancy may be much worse than
Lundqvist's theory would suggest, since the theory
includes interaction effects only to the lowest order
in the coupling between an electron (or hole) and
the density fluctuations. Hermanson carries the
calculation to higher order and finds that the
strength of the plasmon replica is reduced to about
5% of the guasiparticle peak. ~

In their present form, neither one-electron nor
many-body theories can adequately account for the
large absorption observed above the plasma energy
in the alkali metals. Since the many-body calcula-
tions are quite complicated in execution, it seems
likely that a final theoretical explanation will re-
quire more realistic calculations within the frame-
work of many-body theory.
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