
VOLUME 22, NUMBER 9 PHYSICAL REVIE%' LETTERS 3 M~cH 1969

Table I. Positions of the observed singularities in
KBr crystals with different impurities at 4.2'K. The
Na+ and 8m++ data have been extrapolated to zero con-
centration. For Li, OH, and F the concentration
is less than 0.5%.

A B C D
(cm ) (cm ) (cm ) (cm )

Li
Na
Sm
OH
F
Shell model

74.76
74.91
74.91
74.6
74.84
70.0

75.53
75.17
75.16
75.5
75.53
73.0

85.60
85.5
85.49
85.60
85.67
83.0

89.56
89.73
89.80
90.15
90.17
88.0

gularities as shown. A local mode at 95.5 cm
is also predicted. The discrepancies of the posi-
tions of the singular points is not surprising
since the shell model is particularly weak in this
region.

An examination of the shell-model dispersion
surfaces shows that the 75-cm ' step (A and 8)
arises from a near degeneracy of a saddle point
on the [110]axis at [0.52, 0.52, 0] and a maximum
at [0.65, 0.35, 0.35] of the second highest (acous-
tic) branch. In this region the positive ion is
stationary and the negative ion moves normal to
the q~= q& plane. This near degeneracy also oc-
curs in the transverse optic branch and seems to
be due to a particular condition on the Coulomb
part of the dynamic matrix. The singular points

C and D are saddle points in the highest acoustic
branch at [0.6, 0.6, 0] and at [0.65, 0, 0], respec-
tively.
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The photoabsorption structure of thin films of solid xenon has been investigated near
the NIV V edge (-66 eV) and compared with the structure of gaseous Xe. As Baldini
found in the fundamental absorption region, excitonlike peaks as well as interband tran-
sitions have been found in the solid. The data are discussed in view of recent band cal-
culations.

In the last few years several experimental and
theoretical investigations of the optical proper-
ties of gaseous and solid xenon have been report-
ed. The most extensive measurements on solid
Xe were those performed by Baldini, ' which cov-

ered the energy range from the onset of funda-
mental absorption (-8 eV) to 14 eV. These data
were subsequently discussed theoretically. '~ Re-
cently electron energy-loss measurements on
solid Xe films were performed up to energies of
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22 eV. At higher energies optical measurements
have only been performed on Xe gas. Pertinent
to the present work are those of Codling and Mad-
den' in the vicinity of the NIV V edge of Xe (-68
eV). The present note gives our results on opti-
cal absorption structure of both solid and gaseous
Xe in the energy range 64-76 eV.

The results have been obtained by using the
synchrotron radiation from the 7.5-GeV electron
synchrotron DESY as a radiation source with a
continuous spectral distribution. ' The spectro-
graph' was used at a grazing angle of incidence
of 300 mrad; this yielded, together with the spec-
tral distribution of the synchrotron radiation, a
short-wavelength cutoff at about 120 eV, result-
ing in a negligible intensity of second order light
for the wavelength region under investigation.
The solid Xe has been prepared in thin films on
a Zapon substrate in a cryostat. The tempera-
ture could be varied down to that of liquid He. By
careful shielding, the contamination rate was
very low. Intensity loss due to contamination was
only a few percent within 10 h.

Figure 1 shows the energy dependence of the
absorption coefficient evaluated from measure-
ments on samples of different thickness, which
were slowly evaporated at a temperature a few
degrees below the condensation point (about
50'K). In other samples, which were evaporated
onto substrates at liquid helium temperature,
the structure was less pronounced and peaks I"

and K were missing. By annealing at a tempera-
ture close to the sublimation point, most of the
structure was recovered, but the peaks were not
as prominent as shown in Fig. 1. As the sample
thickness has not been determined, the absorp-
tion coefficient is given in arbitrary units with an
overall relative accuracy of about 15Vo. In adja-

cent regions of the spectrum the relative accura-
cy is much better. Those structures which were
clearly reproduced in several measurements are
labeled with capital letters. The figure also in-
cludes the absorption structure of gaseous Xe.
The energy calibration of the spectrometer is
based on the values for the energy positions of
these gas lines given by Codling and Madden. '

Coming from the fundamental absorption re-
gion, a steady decrease of absorption was ob-
served, until at about 62.5 eV, where a slow rise
of the continuous absorption began, followed by
the first faint peak A. Both features are relative-
ly weak, and therefore can be seen only in very
thick layers. In the gas spectrum one recognizes
two series of lines, caused by the spin-orbit
splitting of the 4d shell (1.97 eV, see Ref. 5);
namely

4d" ~ ~ 'S —4d' ~ ~ ( D )nP 'P
0 5/2 j.

(1st member 65.09 eV)

4 dao. . .xS 4d9. . ~ (aD )np' 'p
0 S/2 1

(1st member 67.02 eV).

Similar spin-orbit pairs show up in the solid,
namely B-G (energy splitting = 1.96+ 0.04 eV),
C H(1.80+0.-11 eV), D-I (2.00+0.09 eV), E K-
(1.89+0.06 eV), and M N(2. 02+0.0-6 eV). Peak L
does not show unambiguously a corresponding
spin-orbit partner, but this may be hidden in ei-
ther I or M.

The two peaks B and G are very close to the
first member of the gas absorption series and
are of similar width. In analogy with the situa-
tion in the fundamental absorption region, ' this
gives rise to the assumption that the peaks I3 and
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FIG. l. Absorption coefficient versus photon energy for solid (solid curve) and gaseous (dashed curve) xenon
in the energy range 64-76 eV.
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G belong to core excitons with a hole in the 4d
shell. The structures C, D,E, I' and H, I, J, K
show no obvious relationship with the gas lines.
The peaks I-, M, and N are in an energy region
where the gas has only continuous absorption.
This makes evident that they are of pure solid-
state origin. As in gaseous Xe, the absorption
rises to a broad maximum near 100 eV (not
shown in Fig. 1), which is attributed to delayed
d- f transitions. In analogy with the situation in
the gas, '~' we therefore conclude that the d-f
transitions near the threshold are suppressed and
the observed structure is due primarily to d-P
transitions. In addition, normalization of the sol-
id and gas absorption curves to each other below
the onset of 4d transitions (62 eV), which ap-
pears to be a quite reasonable procedure, yields
integrated oscillator strengths in the energy re-
gion 64-76 eV for gas and solid which are equal,
within the experimental errors. This would sug-
gest that —though the structure has been complete-
ly changed while going from gas to solid —the os-
cillator strength is retained in that region.

An examination of the gas absorption spectrum
in the region of peak A was not possible because
the Zapon windows of the gas absorption cell did
not stand pressures which would have been equiv-
alent to our thickest solid Xe films. Data taken
at the highest possible pressures gave no indica-
tion for such structure in gaseous Xe.

If one tries to understand the absorption struc-
tures of solid Xe in the light of Reilly's band cal-
culations, ~ one cannot relate the obviously strong
exciton 8 (or G) to the lowest critical points in
the conduction band, because all of them have the
wrong symmetry. If they are then ascribed to
higher points in the zone, the observation of the
weak absorption below peak B—namely peak A

—would be intelligible as due to transitions to the
lowest conduction bands. This structure is weak-
ened because of the selection rules.

Cooling the films down to liquid helium temper-
ature did not cause any difference in the absorp-
tion structure. Especially, the widths of B and
G did not decrease. This is not surprising be-
cause the width of the gas absorption lines is —as
mentioned earlier —of the same order of magni-
tude, and this width is explained by broadening
of the initial state 4d shell due to inner Auger
transitions. "
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