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ions are, indeed, heated during the period of
low-frequency oscillation, leading us to think
that the heating is caused by the ion acoustic
wave, as mentioned by many authors.®°

The authors wish to thank Dr. J. Dawson,
Dr. C. Oberman, and Dr. P. Kaw for their fruit-
ful discussions and reading of the manuscript.
They also thank Mr. E. Ryan and Mr. R. Moore
for help with the experiments.

*Work performed under the auspices of the U. S.
Atomic Energy Commission, Contract No. AT (30-1)-
1238.

1TOn leave from the Institute of Plasma Physics,
Nagoya University, Nagoya, Japan.

M. V. Babykin, P. P. Gavrin, E. K. Zavoiskii, L. L
Rudakov, and V. A. Skoryupin, Zh. Eksp. Teor. Fiz.
42, 936 (1962) [Sov. Phys. JETP 20, 1073 (1965)];
M. V. Babykin, P. P. Gavrin, E. K, Zavoiskii, S. L.
Nedoseev, L. E. Rudakov, and V. A, Skoryupin, Zh.
Eksp. Theor. Fiz. 52, 643 (1967) [Sov. Phys. JETP

25, 421 (1967)].

’1, Alexeff, G. E. Guest, J. R. McNally, Jr., R. V.
Neidigh, and F. R. Scott, Phys. Rev. Lett. 23, 281
(1969). -

3S. M. Hamberger, A. Malein, J. H. Adlam, and
M. Friedman, Phys. Rev. Lett. 19, 350 (1968).

‘T. H. Jensen and F. R. Scott, Phys. Rev. Lett. 19,
1100 (1967), and Phys. Fluids E, 1809 (1968). -

SE. A. Jackson, Phys. Fluids 3, 786 (1960).

83. D. Fanchenko, B. A. Demidov, N. I. Elagin, and
N. F. Perepelkin, Phys. Rev. Lett. 21, 789 (1968).

V. Ya. Balakhanov, V. K. Zhivotov, O. A. Zinov’ev,
G. D. Myl’nikov, V. D. Rusanov, and A. V. Titov, Zh.
Eksp. Teor. Fiz. 26, 439 (1969) [Sov. Phys. JETP 29,
240 (1969)]. -

8W. L. Kruer, P.K.Kaw, J. M. Dawson, and C. Ober-
man, Phys. Rev. Lett. 24, 987 (1970).

°C. B. Wharton, D. S. Prono, and F. Sandel, in Pro-
ceedings of the Ninth Intevnational Confevence on Phe-
nomena in Ionized Gases, Buchavest, Rumania, 1969,
edited by G. Musa, A. Popescu, and L. Natase (Insti-
tute of Physics, Bucharest, Rumania, 1969), p. 649.

COLLECTIVE EFFECTS IN THE OPTICAL PROPERTIES OF Cs
ABOVE THE PLASMA FREQUENCY*

U. S. Whangt and E. T. Arakawa
Health Physics Division, Oak Ridge National Labovatovy, Oak Ridge, Tennessee 37830

T. A. Callcotti
Physics Depariment, University of Tennessee, Knoxville, Tennessee 37916
(Received 2 June 1970)

Optical and dielectric constants of Cs have been obtained above the plasma frequency
by measuring reflectance as a function of angle at a Cs-substrate interface. We find a
strong, broad peak centered at 5 eV in the conductivity o. The peak is attributed pri-
marily to plasmon-assisted transitions, though direct transitions may contribute to the

overall absorption in this energy region.

There has been much recent interest in the op-
tical properties of the alkali metals. Much of the
work, both theoretical' ™ and experimental,*™
has been devoted to the lighter metals, Na and K,
and to the energy region below the plasma fre-
quency. Several recent theoretical studies sug-
gest that excitation of collective modes makes an
important contribution to the optical absorption
above the plasma frequency.'™ Sutherland,
Hamm, and Arakawa’ reported structure in the
optical constants of Na and K that is consistent
with these predictions but does not distinguish

between the absorption process suggested by Hop-
field! as opposed to those of Lundqvist and Lydén®

and Janow and Tzoar.?
We report here measurements of the optical
and dielectric constants of Cs at photon energies
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above the plasma energy.

Experimental methods. —Reflectance measure-
ments were made at the interface of Cs films
evaporated onto quartz and CaF, substrates with
light incident through the substrate. The tech-
niques and equipment are described elsewhere,™®
Cesium (99.7% purity) was evaporated onto cooled
substrates (10°C) in a 107° Torr vacuum, and
thereafter maintained at 3 X10~7 Torr. Films
about 1 um thick were evaporated in typical times
of 10 sec. Since oxidation proceeds from the
vacuum side of the cesium film, measuring
times of many hours were available before oxi-
dation of the film penetrated to the interface.

The reflectance was measured as a function of
angle of incidence, and the optical constants de-
rived from the behavior of the reflectance near
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FIG. 1. Experimentally determined » and % values for Cs plotted against photon wavelength. Film A, open cir -
cles; film B, open triangles; film C, open squares; film D, crosses; film E, closed circles; film F, closed tri-
angles; film G, closed squares; and film H, closed right triangles. Solid lines give the smoothed average values.

the angle for total internal reflection. When »n
=~1 and k£ 0.05, the real part of the complex re-
fractive index » is determined by finding the ang-
ular position of the critical angle for total inter-
nal reflection and making a small correction for
finite 2, the imaginary part of the refractive in-
dex. The value of k is calculated from the slope
of the reflectance curve at the critical angle,
which has only a weak dependence on ».°
Experimental results. —Measurements with a
CaF, substrate extended from 5 to 9.6 eV and
averaged results from four films were used in
the analysis. Maximum deviations fromn,,
ranged from <2% at 9.6 to 4% at 5 eV. Values of
k showed scatter of about +12% about the aver-
age value., The scatter in k& is large with the
CaF, substrates because surface contamination
distorted the shape of the reflectivity curves
above the critical angle and made accurate de-
termination of the slope difficult. Measurements

were made with rigorously cleaned quartz sub-
strates from 3.6 to 6 eV. These measurements
gave reflectance curves as a function of incident
angle which were a nearly perfect fit to Fresnel’s
equations. Somewhat less scatter was obtained
in the values of 2 measured on these films, Data
points and smoothed curves of n and & used in

the subsequent analysis are shown in Fig. 1.

The real part of the dielectric constant €, and
the optical conductivity ¢ may be obtained from
n and k values by the relations €,=7n2~k% and o
= we€,/4m=wnk/2m. Since k <n, the value of €,
is obtained with the accuracy of n®, Percentage
uncertainties in 0 are approximately the same as
in k.

Discussion. —Values of €, show the qualitative
behavior expected for a nearly free-electron
model with relatively small (15%) corrections
due to other absorption mechanisms. A future
paper will discuss these data in some detail.
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FIG. 2. Optical conductivity o versus photon energy. Present data, open circles; Smith, open squares; Mayer
and Hietel, open triangles; and Ives and Briggs, open right triangles.

The absorption effects responsible for the de-
viation in €, are most easily discussed in terms
of 0, which is a direct measure of the optical
energy absorption of the material. Our values
of o are plotted in Fig. 2 along with lower-energy
data of Ives and Briggs,* Smith,’° and Mayer and
Hietel.> The low-energy peak (<1 to 3 eV) is gen-
erally attributed to an interband transition and
is discussed by Butcher!! and Meessen.'? The
broad peak with threshold at 3.5 to 4 eV and max-
imum at 5 eV is the new feature we report here,
though its existence may be surmised from earli-
er lower-energy data. It is of particular interest
because its strong features are not predicted by
calculations of absorption by direct transitions
in simple alkali metals. Its explanation must be
given in terms of either peculiarities in the band
structure of Cs or absorption processes involv-
ing collective excitations.

Band structures of Cs have been calculated by
Ham' and Kenney,* the latter extending 8 eV
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above the conduction-band minimum. No optical-
absorption calculations based on “these” or sim-
ilarly detailed calculations have been reported.

Mixed bands of s, p, and d character occupy
the region 2 to 4 eV above the conduction-band
states and are too low in energy to account for
the observed absorption though they may account
for part of the absorption in the region between
the two peaks. A prominent set of ‘/ bands” lies
5 to 8 eV above the conduction-band states and
lies too high in energy to account for the observed
peak. In addition, transitions to such states are
thought to be weak. It appears that in the ab-
sence of serious errors in the band-structure
calculation the absorption cannot be explained as
an interband transition.

Several authors'™® have described absorption
mechanisms involving collective effects that may
provide absorption processes comparable in
strength with interband transitions in the alkali
metals where interband absorption is weak, Hop-
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field' shows that there should be an increase in
free-carrier absorption as one passes through
the plasma frequency due to a reduction in the
effectiveness of screening of the lattice ions.
Such a mechanism should have a threshold at
hw, and reach a peak at slightly higher energy.
For Cs the threshold would be at Zw, =~2.9 eV
and the peak no higher than 4 eV. For this rea-
son and because free-carrier absorption is very
weak at 5 eV compared with other absorption
mechanisms, this explanation may be ruled out.
Lundqvist and Lydén? and Janow and Tzoar® cal-
culate absorption with a threshold at Zw, +hwg,
where wg is the threshold for interband transi-
tions. The final state of this process is a plas-
mon and an electron-hole pair. Consequently,
we would expect the related absorption to have a
maximum near %w, plus the energy of the maxi-
mum of the interband absorption peak. The ob-
served absorption seems to fit this description
very well with a threshold between 3.5 and 4 eV
as compared with Fw, +Awg=3.5 to 3.8 eV, de-
pending on the value taken for wg. The peak at
5 eV is very close to the plasmon energy plus
the energy of the interband absorption peak.
Lundqvist and Lydén predict a magnitude for the
absorption as measured by the value of ¢ of 30
to 50 % of the interband peak for Na. For Cs

we observe relative values closer to 75%. If
the interpretation in terms of plasmon-assisted
transitions proves to be correct, this magnitude
of the absorption and the fact that this absorption
is larger in Cs than in Na will have to be ex-
plained. It is interesting to speculate that the
absorption becomes stronger for alkali metals
of higher atomic number. We are currently mea-

suring Rb to see if such a trend does in fact ex-
ist.
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