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Photoabsorption caused by transitions of the 3d electrons
in solid Kr and of the 3d and 4p electrons in solid Xe
has been measured. The 7.5-GeV electron synchrotron DESY
served as light source. As a comparison the correspond-
ing transitions in the gas have been remeasured, At the
onset of d electron transitions, in both solid Kr and
solid Xe, absorption line series have been found, which
have been identified as "forbidden'" exeitons in terms

of Elliot's theory. At some distance from the onset the
broad maximum found earlier in gas absorption and ascrib-
ed to the delayed onset of d-f transitions, can also

be seen in the solids,



I. INTRODUCTION

Optical measurements on the solid rare gases have been re-
stricted to the fundamental absorption region!=5 up to

14 eV and to the vicinity of the K edge in Kr and Xe.® Elec-
tron energy loss measurements have been performed up to 30 ev,710
Apart from these energy ranges no optlcal experiments have

been reported. For the gaseous state however, a large amount

of experimental and theoretical material is now available for

a wlde spectral regilon. Comparlison of optical data of solild

rare gases with those in the gaseous state promises new in-

formation on the influence of the solid state.

For transitions from the 4d shell in Xe gas Ederer!l has ob-
served a delayed onset of absorption with a maximum some ten
eV above the threshold. This absorption behaviour has theore-
tically been explained!2-l% as being due to a suppression of
the d-+f transitions near the threshdld which 1s caused by a
centrifugal repulsion potential superimposed on the attractive
Coulomb-potential., At a certaln distance from the threshold
one can expect the atomic behaviour to be a good approxima-
tion for the solid state. This has been used for interpre-
tation of the spectra of several metals!*-17 and alkali
halides,!® but to our knowledge no direct experimental com-
parison of one material in both states of aggregation has been
performed to this day. Therefore it seemed especially inter-
esting to compare the continuum absorption of Xe in both the

solid and the gaseous state.
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Madden and Codling!® have given a survey of the absorption
structures in the rare gases near thresholds for transitions

of different types. The corresponding transitions in the solid
rare gases should be explainable with the help of energy band
calculations and exciton theory. Fowler?? has performed band
calculations for solid Kr and Reilly?!l for solid Xe. Band theory
however, only consliders one-electron transitions and does not
include excitons. Excitons.may be described in the two limiting
cases of small and large excitons with the help of the Frenkel
model and the Wannier model.?2 An intermediate case can be
expected?? for the solid rafe gases and Baldini! has in fact
shown experimentally that excitons in the fundamental absorp-
tion region are not only close to the corresponding gas lines

(Frenkel picture) but also form line series (Wannier picture).

On the following pages a detalled description of the absorption
behaviour of solid Kr due to 3d electron transitions and of
solid Xe due to 4d and 4p electron transitions will be given.
As a comparison the corresponding transitions have also been
investigated in the gaseous state. The Xe 44 transitions near
‘the threshold have already been published in a short letter,2"
but our results of Kr 3d transitions have led to a better
understanding of these structures. Detalls of the experimental
arrangement and of the procedure of obtaining the results will
be given in Sec. II. In Sec. IIT the results willl be presented
and discussed with a view to experiments performed in the -

fundamental absorption region and to theoretical predictions.



II. EXPERIMENTAL PROCEDURE
A. Light Source and Spectrometer

The measurements have been performed using the 7.5-GeV electron
synchrotron DESY as a 1light source. The spectrum of synchrotron
radiation extends continuously from the visible to the x-ray
region. In the photon energy region 10 to 500 eV the intensity
is much higher than that of conventional (especially continuum)
sources, Another advantage, especially for the experiments

with samples cooled down to liquid He temperature, 1s the good
vacuum in the synchrotron. More detalls of the DESY synchrotron

radiation may be found elsewhere,?25:26

The light, concentrated in a narrow coné around the instan-
taneous flight direction of the electrons, comes through a

beam pipe mounted tangentially to the electron orbit in a de-
flecting magnet. The spectrometer, cryostat, filters etec, are
mounted at a distance of 40 m from the tangential point at the
accelerator. The experimental arrangement is shown in Fig, 1.
The spectrometer used for our measurements is a 1im Rowland mount-
ing. The grazing angle of incldence was: a = 219.6 mrad for the
Kr 3d and Xe Up transitions measurements in the energy range 90
to 160 eV and « = 304.1 mrad for the Xe %d transition measure-
ments in the energy range 60 to 100 eV. The grating used has

a line density of 2400 lines/mm and a blaze angle of 4°161,

The resolution of the instrument as derived from the width of

the direct image was approximately 0.1 R. The energy calilbration
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was based on gas absorption lines (see Sec. III),

The radiation detector mounted behind the exit slit is an
open photomultiplier (Bendix M 306) operated in the D.C.
mode. To compensate for fluctuations of the accelerator
current the photocurrent from a Cu-Be sheet illuminated by
synchrotron light is taken as a monitor signal for the in-
coming intensity. Both intensity signals are amplified by
lock-in amplifiers (Princeton Applied Research, Model HR 8).
DESY 1is operated by a 50 cps repetition rate. Every second
pulse of the radiation is suppressed by a chopper wheel
mounted in the beam pipe. Thereby the light becomes modulat-
ed with 25 cps and noise with 50 cps can be rejected by the
tuned amplifiers. The ratio of both signals is formed in the
Y-channel of a XY-recorder, whose X-axls 1s coupled to the

wavelength~drive of the spectrometer,

In front of the entrance slit of the spectrometer a concave
mirror is mounted, which deflects the beam coming from the
accelerator by about 10° and images the source onto the
entrance slit., This increases the intensity coming into the
spectrometer and reduces background from the high energy part

of the synchrotron radiation.

A further reduction of background, caused by light reflecfed
from the grating into higher orders, is achleved by an appro-

priate angle of incldence to the grating (as mentioned above)
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and by using Al filters for the Xe 4d absorption measurements

in solid Xe up to 73 eV (the Lrr 1171 absorption edge of Al),
3
B. Absorbing Samples and Data Reduction

For the absorption measurements of the solid rare gases a

He cryostat was mounted between the source and the concave
mirror. The gas was evaporated onto a 450 8 thick carbon foll
cooled down to a temperature just below the sublimation point
(U0° X for Kr and 55° X for Xe). To avoid contamination the
He cooled replon was surrounded by a N,-cooled shield with

40 em long tubular extensions into both sidés of the beam
pipe. The pressure in the vacuum system outside the cryostat
was kept below 10-¢ Torr, In this way no evidence of conta-
mination of the carbon folls was found during the measure-
ments (lasting 8 hours on an average). The thicknesses of the
solid rare gas films were not measured directly but estimated
by comparison with gas absorption (see Sec, III), Typical
values ranged between 1000 R ana 10,000 R. Such films were

evaporated in about 1 min.

For the gas absorption measurements the cryostat was replaced
by a 7.8 em long absorption cell with carbon windows on each
side.?? The pressures which were measured by a precision mem-
brane vacuum meter (Datametrics Model 1014) ranged from 2 to
5 Torr for Kr and from 0.1 to 1 Torr for Xe. The accuracy of
the instrument 1s ¢ 0.1 %, the pressure was kept constant

to ¢ 2 %,



The high purity gas (99.999 %) used in our experiments was
of commercial origin (L'Air Liquide). All connectlons between
the absorption cell and the gas reservoir were carefully eva-

cuated to high vacuum before the gas was let into the ab-

sorption cell.

The spectra recorded by the XY-recorder were taken with and
without absorbers, subsequently digitalized and handled by a
computer. Wavelength calibration marks were directly read

from a 5 decimal digital voltmeter.

The measurement in the regions of different absorption coeffi-
cients have been performed with samples of different thick-
nesses and with different pressures in the absorption cell

in order to check the accuracy of the data as well as to detect
and to eliminate higher order straylight. The relative accu-
racy in the snectral region below 130 eV 1s about 10 %, in

the region above 130 eV the error is increasing continuously
up to 25 9 since the intensity decreases. Differences in the
absorption coefficient in the order of 1 % were clearly

detectable if the photon energies were not more than some eV

apart,
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TII. EXPERIMENTAL RESULTS AND DISCUSSION

The absorption curves of Kr from the onset of 3d@ transitions
(90 eV) up to 128 eV are shown in Fig. 2, the curves for 44
and Up transitions (64 to 155 eV) in Xe are shown in Fig. 3.
The overall shape of the spectra - if one disregards the

fine structure - is very similar for both gas and solid. This
is especlally evident for Xe where a broad hump at 100 eV
dominates the spectrum., In Kr our energy range was to0. small
to cover the corresponding phenomenon. The onset 1s almost at
the same energy for the gas and the solid, At higher photon
energles we find detalled fine structures of different shapes
in both states. On the following pages the absorption curves

will be discussed in detail.

A. Continuum Absorption

As mentioned in Sec. I. the broad maximum in the absorption of
gaseous Xe has for the first time been observed by Ederer!!
and has been explalined by Cooper!? as being caused by the de~

layed onset of the d+f transltions.

our results are in excellent agreement with those of Ederer!!
and of Lukirskii et al.2?® whereas they differ somewhat from the
calculated cross sections of Cooper!? and Mc Guire?® The same
1s true for Kr where the experimental agreement with Lukirskii

et al.?% 1s at 124 ev (= 100 ) well within the experimental
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error, but less 1n agreement with the theoretical values of
Mc. Guire.2? The absolute error in the o values of the gases
in Pigs, 2 and 3 is about t 10 %. At the higher energy side
above 135 eV in Xe the absolute accuracy is only ¢t 25 % since
the intensity in the present adjustments of the spectrometer

was too low for these photon energies (see also Sec. II.B.).

Since for the solid Xe and Kr absorptlon measurements film
thickness was not determined the curves in Figs, 2 and 3 have
been normallized in such a way that the total absorption inte-
grated over the whole energy range 1s the same for the solids
and the gases. In doing this we find that the curves are in
excellent agreement in both states of Kr and Xe before the
onset of the d transitions (where still residual absorption
~structure, due to transitions from the outer shells to high
lying states in the continuum, occurs). Moreover their is good
agreement in the whole continuum absorption range which is
especially striking in Xe where both humps occur at the same
photon energy. We have estimated the accuracy with which we are
able to prove this overall agreement to be 10 7 below 130 eV,
Only near the onset of lUp transitions in Xe is the agreement
somewhat less, but this may be explained by the reduced abso-

lute accuracy.
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B. Excitonic Structure near the Onset of 4 Transitlons
Krypton

Figure 4 shows a detailed view of Fig. 2 near the onset of
transitions from the 3d shell of Kr., In the gas curve we see
two series of lines caused by the spin orbit splitting of the

3d shell (1.22 eV, see Ref., 30), namely

10 2 6 1 " 9 2 6 2 i
3a 4s?2 Up So 3d? Us? Upb ( Ds/z) np ‘P

(n » 5; first member 91.23 eV)

and

3d10 g2 QPG ISO > 3d9 MSE Qpﬁ (2D3/2) nptlpl

(n > 5; first member 92.45 eV).

Cédling and Madden3? have given the enersy positions of these

gas absorption lines on which our energy calibration is tased.

In solid Kr a weak peak A can be seen at 90.28 eV followed by
many absorption structures., These structures occur in pairs with
energy distances of about 1.2 eV, the 3d shell spin orbit
splitting energy. The maxima are labeled with unprimed and
primed letters. Table I gives the energy positions of the most

prominent absorption structures.
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Peaks B, C and B', C' are of speclal interest. They are
especilally sharp, the width being comparable to that of the
gas absorption lines, B and B' are very close to the first
members of the gas absorption lines but their oscillator
strengths being much smaller., In analogy to the situatlon
in the fundamental absorption region! we believe that B, C

and B', C!' are members of a‘Wannier exciton series.

Besides those excltons which are responsible for the structure
in the fundamental absorption repion! and which are formed at
band singularities between which optical interband transitions
are allowed, there can exist, according to Elliot,3! a second
class of excltons ("forbidden" excitons) at critical points,
where optical interband transitions are forbidden. These excitons
also show hydrogen-like Rydberg series of absorptlon lines but
n=1 is missing. According to Fowler's band calculation?? the
lowest point of the conduction band in solid Kr 1is the s~
symmetric r, point. Since the lowest point with odd symmetry
accessible for first class excitons can only be found several
eV above the bottom of the conduction band, we believe that

B, B' and C, C' are the n=2 and n=3 members of a second class

exciton series coupled to T,.

According to a Rydberg formula the Wannier series form hydro-

gen-like seriles such as

. .
E = E, - —= with B, = -2 | (1)
n? oh2e2
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where E is the exciton energy, EO is the series' limit, Eb is
the:exciton binding energy, u is the reduced exciton mass and
£ the dielectric constant. The binding energy Eb for a second
class series is found to be 2.7 eV for the first series (B, C)
and 2.% eV for the second (B', C'); consequently E_ is 92.3 eV
and 93.5 eV. The binding energies for the corresponding first
class valence band excitons are according to Baldinil 1.7 eV
and 1.5 eV. The higher values for the core exciton binding
energles are intelligible due to the higher effective mass u.
Were the peaks B and C to be n=1 and n=z2 members of a first
class exciton series, then the calculation of Eg would give

only 0.5 eV and 0.4 eV which would be unreasonably low.

Thus also peak A would now be understandable as being the
theoretically forbidden n=1 member, which 1s not completely
suppressed, due perhaps to crystal imperfections in the solid
Kr film. Its energy position at 90.28 eV is not exactly what
1t should be 1if calculated according to Eq. (1) (namely

89.56 eV), but such a deviation is usually the case for the

n=1 exciton.!

Another support for the assumption of a second order exciton
series comes from the comparison of the oscillator strengths
in B, B' and C, C'. Their ratic is much closer to 2.6 : 1
evaluated3! for n=2/n=3 of a second class exciton series,
than to 8 : 1 evaluated for n=1/n=2 of 2 first class exclton

series.
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Xenon

These conclusion lead to the assumption that a similar situation
occurs near the threshold of the Ud transitions 1n Xe. Fig. 5
shows a detalled view of the low energy region in Flg. 3

(preliminary results have been published before?*).
In the gas curve two line series, namely

2 6 1 g 2 6 2 1
hate 552 5p6 1S » 4d3 5s? 5p (#Dg,,) np ‘P,

(n > 6; first member 65.09 eV)

and

Jaqlo 552 5p6 lso 5> hg9 532 5p6 (2D3/2) npflpl

(n > 63 first member 67.02 eV)

can be seen, converging at 67.55 eV and 69.52 eV, thus giving

a spin orbit splitting energy for the 4d shell of 1.97 eV,

In solid Xe, in accordance with Kr, B, B' and C, C' are also
assumed to be the first members of a second class serles. The
structure ¢ 1s not as clear as in solid Kr and therefore

1.4 eV and E! = 2.1 eV as well as E = 65.6 eV and

b
67.8 eV are not so well established. Again peak A would

=
n

t
EO

be the not completely suppressed n=1 exclton. According to

Reilly's band calculation?! which are very simllar to those
of solid Kr the bottom of the conduction band has even parity

and the first odd parity states are at 5 eV higher energles.
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Other Discrete Structures

Beyond the first excitons in solld Kr and Xe other discrete
structures are to be seen in Figs, 2-5. They may be metastable
excitons or van Hove singularities in interband transitions.
An assignement to specific singulatities in the conduction

band, however, is impossible at the present time.

In the gas absorption curves of Figs: 2 and 3 some structures
can be found for Kr near 110 eV and for Xe near 80 eV, which
have previously been observed by Codling and Madden,3? who
ascribed these to double excitation of electrons in the d and
in the outer p shell. In the same region the absorption curves
of solid Kr and Xe also show specific structures which are
especially evident in solid Xe. As in the case of the gas thelr
oscillator strengths are much weaker than that of the single

d electron transitions.

In this connection it should be noted that Hermanson3? made

an estimation of double quantum excitation probabillity on

alkali halides with the result that it should be weaker by two
orders of magnitude than that of single quantum excitations.
This is in contrast to Miyakawa3" who stated that both types

of excitations should occur with similar probability. Our present

results together with recent photoemission data®® are in favour

of Hermanson's theory.
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The onset of transitions from the 4p shell in Xe around

140 eV can be seen in the inset of Fig, 3. The gas structure
has already been investigated by Codling and Madden.3? In
agreement with our own results for gaseous Xe the authors
only find evidence of transitions from the hp (3/2) shell.
They ascribe the absence of structures from p (1/2) shell
transitions to the fact that these contributions are deep in
the 4p (3/2) continuum since the spin-orbit splitting energy
of Up 1s expected to be relatively large (about 8 eV). This
should substantially decrease the lifetime of discrete states
formed by transitions from the hp (1/2) shell, It is there-
fore very surprising that in solid Xe at about 150 eV two
peaks can be seen simllar to those at 142 eV, They are obvious-

ly due to transitions from the dp (1/2) shell.
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Figure captions:

Fig. 1

Fig.

Fig.

2

3

Experimental arrangement. EO = electron orblt, V =

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

wheel, Mo = 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 solld (solid
curve) and gaseous {(dashed curve) krypton in the energy
range 90 - 128 eV. The cross section for gaseous krypton
is plven absolutely in megabarns (10~1%® em?) with an
error of 10 %, The curve for solid krypton is adjusted
in such a way, that the integrated oscillator strengths

become equal for both solid and gaseous krypton.

Cross section versus photon energy for solid (so0lid
curve) and gaseous (dashed curve) xenon in the energy

range 64 - 155 eV. The cross section for gaseous xenon

is glven absolutely in megabarns (10718 em?) with an

error of 10 %. The curve for solid xenon is adjusted

in such a way, that the integrated oscillator strengths
become equal for both solid and gaseous Xenon. The
inset shows the cross sections in the region of lp

electron excitation in an extended scale,



Fig.

Fig.

4

5

Cross section versus photon energy for solid (so0lid
curve) and gaseous (dashed curve) krypton near the

onset of 3d electron excitatlon. The cross section

for the solid has been multiplied by a factor of two.

In the gas the members of the two spin-orbit splitted
l1ine series 3d'0 H4s? Lp® 1So + 349 HUs2 Lpt (2D5/2) np 1P,
and 3a10 4s? lUpb 1s_ 3d° 4s2 4p® (%D, ,,) np' 'P,

are denoted by np and np' resp. In the solid the most
important structures are labeled with capital letters,

unprimed and primed letters showing up spin-orbit pairs.

Cross section versus photon enerpy for solid (solid
curve) and gaseous (dashed curve) xenon near the onset
of Ud electron excitation. The cross section for the
solid has been multiplied by a factor of two. In the
gas the members of the two spin-orbit splitted line
series 4al® 5s2 5pf 15 a? 552 5pb (2D5/2) np P
and 4dl0 552 5p6 1S_ > 4a® 5s2 5p° (2Dy,,) np' P,

are denoted by np and np' resp. Iﬁ the solid the most
important structures are labeled with capital letters,

unprimed and primed letters showlng up spin-orbit pairs.



Table I. Energy positions of the most prominent structures

in sclid Xe and solid Kr.

Structure Energy (eV)

Solid Xe Solid Kr
A 64,36 t 0.08 90,28 * 0,08
B 65.28 t 0,04 91.61 * 0,04
B! 67.24 t 0,04 92,90 * 0,04
C 65.48 * 0,05 91.99 t 0,04
c? 67.53 ¢ 0.1 93,22 * 0,04
D 65.87 t 0,08 92.13 * 0,05
DY 67.87 * 0.05
E 66.60 * 0.08 94,19 * 0,05
E? 95.34 * 0,08
¥ 66.79 * 0.05 94,62 * 0.08
F! 68.68 * 0,05
G 69.98 * 0.05 94,96 * 0.05
G' 96.28 * 0.1
H 72.17 t 0,07 95,82 ¢t 0,06
H 74.19 t 0,07 96.97 t 0.06
I 98.18 * 0.06
I 99.47 * 0.06
J 98.75 * 0,06
It
K 101.05 ¢ 0.06
K! 102.33 t 0,06
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