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I. Introduction

In the preceding paper F.C. Brown! has outlined the previous lack of
radiation sources for photon energies above 20 eV and the fact that
synchrotron radiation has now become a powerful source for covering
this formerly inaccessible energy range. With this new source measure-
ments of optical excitations from inner shells are now possible for
many materials. The use of synchrotron radiation is also interesting
for valence band transitions for wide band gap materials such as alkali
halides and solid rare gases because they only begin to absorb in the
range of 5 to 15 eV and characteristic features in the valence band

absorption extend to the spectral range above 20 eV.

In the last few years a number of optical measurements have been
performed at the Deutsches Elektronen-Synchrotron DESY, a 7.5 GeV

electron synchrotron, on light metalsz”s, transition metals® and



heavy metals’ 9, as well as on semiconductors!®, alkali halides'!' !"

. 15-17 . .
and solid rare gases . Since the preceding paper! concentrated
on measurements on alkali halides, we will review our solid rare

gas results,

The solid rare gases Ne, Ar, Kr and Xe are formed from atoms whose
outer shells are filled with electrons with p symmetric wave functions.
The electrons of the filled outer shell have large binding energies.
Figure 1 gives the thresholds for transitions in the case of free

atoms from different shells in the investigated energy region.

Baldinil® has studied the optical properties of the solid rare gases

19

up to 14 eV, but apart from the Ar K-absorption'” no excitation of

inner shells have been measured in solid rare gases.

Three aspects of inner shell absorption features will be discussed in

chapter III after a short description of the experimental arrangement:

a) Optical excitations from inner shells allow for studying final
states which optically cannot be reached from the p symmetric
valence band. Therefore, the fine structure gives additional

information on the final states near the threshold.

b) The measurement of the continuum absorption far from the thres-
hold, especially of d symmetric initial states, shows character-
istic shapes due to the atomic potential which differs from the

hydrogenic Coulomb potential.

c¢) Characteristic absorption line shapes have been found; these are
due to the interaction between discrete and continuum final

states.



II. Experimental Details

The general characteristics of synchrotron radiation?0 and particularily
that at DESY2! are described elsewhere. Therefore, Fig. 2 only demon-
strates the spectral distribution. The most characteristic difference

as compared to the Stoughton electron storage ring! is that the spectral
distribution extends to the X~-ray region (0.1%). The background caused
by the high energy part of the synchrotron radiation is suppressed by
the premirror M (Fig. 3). The Rowland-spectrometer used in the experi-
ments was a 1 m grazing incidence instrument having a 2400 lines/mm
grating with a wavelength resolution of about 0.1 R. The samples were
prepared by evaporation onto carbon foils as thin films having a thick-
ness of several hundred . The substrates were cooled in a cryostat
mounted in front of the entrance slit and>the premirror. The best data
were obtained when the samples were prepared at a temperature slightly
below the sublimation temperature (at 107 Torr), i. e. 55° X for Xe,

40° K for Kr, 20° X for Ar and 8° K for Ne.

III. Results and Discussion

According to a hydrogen-like model the absorption cross section of free
atoms will increase stepwise when the photon energy exceeds the thres-
hold for ionization of an inner shell and will decrease monotonically
starting from the threshold as the photon energy increases. This model,
which holds in the X-ray region, breaks down in the vacuum-uv. One
reason for this is that the average electric field due to nuclear and
electronic charges differs from the Coulomb law in the outer region of

the atom from which the electrons contributing to the absorption in the
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vacuum-uv mainly stem. In this region of the atom the attractive
electric force is balanced by the centrifugal repulsion. The resulting
force can be attractive or repulsive depending on the atomic number Z .

and on the radial quantum number 1.

Repulsive centifugal barriers which show up especially for high radial
quantum numbers 1 have a strong effect on the absorption. They
suppress the overlapping of initial and final state wave functions at
the threshold and thereby reduce the optical absorption at the thres-
hold and shift the bulk of the absorption to higher energies. This

phenomenon has been quantitatively worked out by Manson and Cooper??,

McGuire?3 and Combet Farnoux?2®.

These theories are atomic theories and, therefore, do not include

solid state effects such as crystal fields etc. On the other hand one
should expect that far from the threshold the absorption of solids
should not be too different from the absorption of free atoms, since

the wave functions forming the conduction band adopt more and more plane

wave like character.

The shift of oscillator strengths to higher energies has been observed
in Xe2?% gas, where the effect was seen for the first time, later also
in metals’"? and in the alkali halides!’2%, We found it especially
interesting to compare the abscrption behaviour of one material in
the atomic and in the solid state. Figure 4 shows the absorption curve
of gaseous and solid Xe in the energy range 60 to 140 eV. The gas

absorption cross section is in excellent agreement with Ederer's?25



results, the solid curve has been normalized by setting the integrated
oscillator strength over the entire energy range equal for both states,

as no thickness determinations of the solid Xe films have been made.

At about 65 eV we see the onset of transitions from the u4d shell; the
fine structure in the vicinity of the threshold will be discussed later.
Near 80 eV, where Codling and Madden?’ have detected multiple excitations
of 4d and S5p electrons in the gas, we also see some fine structure in the
solid which is probably due to a double excitation. This is very inter-
esting in view of contradictory theoretical predictions by Miyakawa?®

and Hermanson2? on the relative oscillator strength of single and multiple
excitations in wide band gap materials. Our results favour more Herman-
son's2? theory which predicts that for multiple excitation the oscillator

strength is 1 to 2 orders of magnitude smaller than that of single

excitations.

It is remarkable that after the normalization of the integrated oscillator
strength there is excellent agreement of both curves before the onset of
the 4d transitions and also over the entire range of the d»f bulk absorp-
tion peak. Near 140 eV we see absorption structures due to 44 transitions.
An interesting fact is that in the gas only transition from the 4p (3/2)
shell can be seen. Near 152 eV, where transitions from the u4p (1/2) shell
are expected, no structure has been found in the gas. This fact has been
explained by Codling and Madden3° as being caused by the interaction
between the 4p (1/2) discrete final states and the Uup (3/2) continuum. In

contrast to the gas in solid Xe some structure near 150 eV can be seen,



In Kr (Fig. 5) the onset of 3d transitions is at about 90 eV. At 127 eV,
the upper limit in our present experiment, the maximum of the d+f transi-
tions is almost reached. That means that the continuum absorption cross.
section is in the same order as in the d+p transition lines in contrast
to the behaviour of the cross section in Xe. In Xe the d+f maximum is
much stronger than the lines. Fano and Cooper31 explain the strong
maximum at 100 eV in Xe as being a 'resonance near threshold" because
4d-4f transitions are possible within the same main shell which, however,
are not possible for the Kr 34 transitions. Normalization on the inte-
grated oscillator strength once more leads to excellent agreement for

the absorption coefficient before the 3d onset as well as in the continuum

absorption range.

According to Madden and Codling?’ the fine structure in the gas around
110 eV is again due to double excitation (3d + 4p), but no obviously

corresponding structure can be seen in the solid at this photon energy.

— —— ——— — — o —

In Fig. 6 we see close to 90 eV the onset of 3d transitions in Kr on an
enlarged scale. As a comparison the gas lines have also been measured

and their positions serve as energy calibration marks32., The specific

3d structure is situated on a residual continuum absorption brought

about by transitions from outer shells to high lying states of the con-
duction band or ionization continuum resp. The first peak A at 90.28 eV
is followed by many other absorption structures. The most prominent
structures can be ordered in pairs. They are labeled with unprimed and
primed capital letters. All pairs have an energy distance of about 1.2 eV,
the spin orbit splitting energy of the 3d shell in Kr32. Very similar

features can be seen in the 44 transitions of Xe (Fig. 7).



As the initial state has d symmetry and the lowest point of the
conduction band at [} has s symmetry in Kr33 as well as in Xe3",
interband transitions as well as "allowed" exciton series35 to the
lowest point of the conduction band should be optically forbidden.
However, according to Elliot35, "forbidden" exciton series which have

all Rydberg-members except n = 1 may couple to the r, point.

The half width of the Kr 3d absorption peaks of v 0.15 eV is broader
than that of the first excitonic transitions in the fundamental absorp-
tion regionl®. Therefore, they could possibly be attributed to inter-
band transitions rather than to excitonic ones. However, the line width
of the first 3d peaks is the same as for the gas peaks and, therefore,
may be explained as due to lifetime broadening of the 3d initial state
as was the case for the gas3°. Furthermore, our energy distribution
measurements of photoelectrons in NaCl!3 have favoured the existence

of core excitons which may alsc exist for the d transitions of Kr

and Xe,

Assuming the first peaks to be excitons the B,B' and C,C' in solid Kr
(Fig. 6) may be understood as the n = 2 and n = 3 members of a for-
bidden exciton series. The peak A then has approximately the energy
position to be explained as a rudiment of the n = 1 exciton. The
series' limit at 92.3 eV would, as compared with the band gap for

valence band transitions of 11.67 eV18, pive a difference between the
valence band and the 3d shell of 80.6 eV. This is almost the value for
the gas (79.8 eV) which is derived from the gas ionization limits for

4p transitions (14.00 eV36) and 3d transitions (93.82 eV32), The
corresponding interpretation for Xe leads to a similar difference between

the S5p and 4d shells binding energies in solid and atomic Xe.



Another possible explanation is to assume that B and C are not members
of a Rydberpseries, but that they are n = 1 excitons to different p
or f symmetric points in the conduction band. Those points, however,
appear only several eV above the bottom of the conduction band33*3%,

thus causing the excitons to have binding energies of ~ 5§ eV.

As no theoretical calculations are as yet available for the properties
of core excitons a definitive decision for one of the 2 possibilities

of interpretation is difficult.

Line_Shape
The profiles of the absorption structure considered so far are Lorentzian

shaped absorption lines situated on a continuum absorption background.

In many cases of atomic rare gas absorption Madden and Codling30 have
also detected other types of absorption profiles such as asymmetric
profiles and "window" lines. These line profiles are due to the inter-
action of the discrete states with the underlying continuum. Fano and
Cooper 37 have developed a general theory on the line profiles. They

derived a formula for the description of the profiles

2
o (E) = 9, _Sﬂ_iﬁ%__ + oy
1 +¢

where o is the total absorption cross section at the energy E,
9, the interacting, gy the non interacting part, q 1is an inter-
action index. Assuming a constant ratio ca/ab the value of q is

small for window, intermediate for asymmetric and large for enhanced

absorption profiles. € is the energy difference to the resonance energy



Er in units of the line width T as:

E-E
P S
€ T,
2

We were interested in studying whether the window profiles of the Ar
3s transitions3® and the asymmetric profiles of the Ne 2s transitions3?
are preserved in the solids. We have measured the absorption of solid
Ar (Fig. 8) and of solid and gaseous Ne (Fig. 9). The structures are

broadened; but the main character is clearly preserved in both cases.
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Figure Captions

Fig.

Fig.

3

6

Energy thresholds for transitions in free atoms from the

inner shells of Ne, Ar,Kr and Xe.

Spectral distribution of the synchrotron radiation emitted

by single electrons of different energies at DESY.

Experimental arrangement for the solid rare gas thin film

absorption measurements. EO = electron orbit, V = valve,

Sh = shielding, BS = beam shutter, CW = chopper wheel,

Mo

u

monitor (Cu-Be sheet), F = filter, C = Cryostat,
M = mirror, ES = entrance slit of the Rowland monochromator,
RA = rotating arm, G = grating, D = detector (photomultiplier

behind the exit slit).

Cross section versus photon energy for solid (solid curve)

and gaseous (dashed curve) xenon in the energy range

- 64 ~ 155 eV. The inset shows the cross sections in the region

of Up electron excitation in an extended scale.

Cross section versus photon energy for solid (solid curve)
and gaseous (dashed curve) krypton in the energy range

90 - 128 eV.

Cross section versus photon energy for solid (solid curve)
and gaseous (dashed curve) krypton near the onset of 3d
electron excitation. The cross section for the solid has

been multiplied by a factor of two.



Fig. 7

Fig. 8

Cross section versus photon energy for solid (solid curve)
and gaseous (dashed curve) xenon near the onset of u4d
electron excitation. The cross section for the solid has been

multiplied by a factor of two.

Absorption spectrum of solid Ar (solid curve) at the onset
of 3d transitions. For comparison the absorption spectrum
of atomic Ar (dashed curve) has been taken from Madden,

Ederer and Codling38,

Absorption spectrum of solid (solid curve) and atomic

(dashed curve) Ne near the onset of 2s transitions.
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