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Resonant excitation series at the Kr 3p and Xe 4p thresholds
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A systematic comparison is presented between the gas-phase and solid-phase features of the resonant core
excitation series in 3p excited krypton and 4p excited xenon. For the gases total ion yield spectra were
recorded. For the solids, photoemission yield~total electron yield! spectra were complemented with photocon-
ductivity excitation spectra, recording electron transport in the conduction band. The gas-phase spectra were
compared with predictions of recent theoretical work@M. Ohno, Phys. Rev. A51, 1042~1995!# and approxi-
mated by means of the simple Rydberg formula with constant quantum defect. The core excitation series
observed in the solids are analogous to the Mott-Wannier valence exciton series, as transitions from the
respective core levels into the lowest conduction band are dipole allowed. Similar to the case of valence
excitons, the series limit of these core excitons was found to correspond to a rise in the photoconduction signal,
marking the onset of direct transitions into the conduction band. However, the core exciton energies are close
to the gas-phase Rydberg state energies, in contrast with the valence excitons that have binding energies
considerably smaller than the respective valence Rydberg states in the gas. The energies of the core excitons
observed cannot be described by means of the effective reduced exciton mass and the dielectric constant: the
simple Mott-Wannier effective-mass model is inadequate for these excitons.@S0163-1829~99!09529-6#
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I. INTRODUCTION

Haenselet al. reported results of systematic and extens
studies of soft x-ray absorption spectra of rare gases in b
the gas and solid phases.1–4 Their investigations reveale
that though just below each absorption edge the spectr
the two phases are basically similar, the lines in the so
~‘‘core excitons’’! are broadened and systematically blu
shifted compared with the atomic Rydberg states observe
the gases. These results are consistent with more recen
vestigations of free rare-gas clusters in the same en
range5–10 that bridge between the gas and the solid pha
and encompass the two phases as limiting cases. These
ies distinguish very clearly between surface and bulk f
tures; e.g., for the Kr 3d edge region10 shifts of core excitons
with cluster size give specific information about the distan
of the excited atom from the surface and about surface s

Previous works1–10 dealt predominantly with spectral re
PRB 600163-1829/99/60~6!/3995~10!/$15.00
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gions where strong variations of the absorption cross sec
occur. In contrast, this work concerns the Kr 3p and Xe 4p
absorption edge regions, where variations of the cross
tion become manifest as weak structures sitting on top
intense absorption continua. The main motivation for t
study has been the fact that transitions from subshells wip
symmetry in the solid rare gases have interesting analog
the valence regime: we looked for core excitons analogou
Wannier-Mott excitons. The latter are states where a h
from ap-like valence band is coupled, by screened Coulo
interaction, to an electron of thes-like lowest conduction
band. Similarly, a Kr 3p or Xe 4p core hole may form a core
exciton by coupling to an electron of the 5s or 6s conduc-
tion band, respectively. In contrast, excitations fromd or s
cores have no simple valence Mott-Wannier exciton analo
since transitions from such shells to the bottom of thes-like
conduction band are dipole forbidden. Among core excito
associated with transitions fromp subshells Haenselet al.
3995 ©1999 The American Physical Society
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3996 PRB 60I. T. STEINBERGERet al.
studied transitions from Ar 2p ~Refs. 3 and 4! and Xe 4p.2

Near the Ar 2p thresholds they identified two of the ob
served lines, corresponding to the 2p3/2˜4s and 2p1/2
˜4s atomic transitions, as Frenkel excitons.3,4 Accurate de-
termination of the peak positions and the assignment
higher lines is rather difficult for solid Ar, since the lines a
lifetime broadened11,12 and the spin-orbit splitting is appre
ciably smaller than the binding energies of the lowest R
berg states22.12 eV~Ref. 13! vs 4 eV.3,13 As a result, some
members belonging to different series overlap or even ble
In solid xenon, poorly resolved small peaks near thep
edges were reported.2

In this work particular emphasis was laid on compari
results for each substance,~i! in the solid and gas phase, an
~ii ! between core and corresponding valence excitatio
This double aim could be achieved thanks to improved re
lution and statistics, leading to the observation of better
fined lines for Kr gas and of more lines, with higher reso
tion, for Xe gas and solid; for Kr solid at the 3p threshold,
the present work contains, to our knowledge, the first p
lished results. The results for the gases were compare
basic theory.14 In order to test whether simple semiempiric
models are applicable for core excitation series, we a
checked to what extent are simple series laws useful appr
mations for the peak positions.

Total ion yield~TIY ! spectroscopy served for the study
the gases. For the solids, photoemission yield~or total elec-
tron yield! and photoconductivity excitation spectra were
multaneously recorded. The latter method is directly affec
by the band structure of the solid, as it records elect
propagating in the conduction band. In the valence regi
for solid and liquid rare gases, the band-gap energy15 as well
as the adiabatic ionization energies of various impuritie16

were directly determined by this method, while they cou
not be directly observed as edges in the absorption and
flection spectra because of the very high exciton oscilla
strengths.17 The photoemission yield and photoconducti
excitation spectra were expected to differ in the spectral
gion where photoelectrons are directly liberated, but it h
also been clear from the outset that electrons originating
Auger or Coster-Kronig core decay processes and their
ondaries, might obscure to some extent the differences.

II. EXPERIMENT

Monochromatic synchrotron radiation at BESSY-I w
employed for all the measurements: for the Kr 3p edge re-
gion from the monochromator HE-TGM-2,18 with an energy
resolution of;400, and for the Xe 4p edge region from the
monochromator U2-FSGM~Ref. 19! with an energy resolu-
tion of 5000. For the gas phase, total ion yields were m
sured by continuous extraction of the cations from the i
ization region of a time-of-flight mass spectrometer.5 The
typical pressure in the ionization region was abo
1025 mbar.

The solid samples were prepared on a sapphire cold fin
within a closed circuit He refrigerator cryostat. The ba
pressure was in the range of a few times 1028 Pa. Two par-
f
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allel gold stripes, prepared by vacuum deposition, with
distance of 2 mm in between, served as contacts and ena
photoconduction measurements on the samples. A proce
of pumping, baking, and cooling down to below 20 K pr
ceded the sample deposition. A stainless-steel plate
mounted parallel to the sapphire base at a distance of 10
served as collector electrode for the photoemission yield~or
total electron yield! measurements. Monochromatic synchr
tron radiation reached the sample through a 3-mm-wide
in the collector electrode. The photocurrents measured w
in the 10213– 1029 A range. The spectral intensity distribu
tion of the incident radiation was monitored simultaneou
with the sample spectra by means of a photodiode wit
gold-coated grid serving as a photocathode. The spectra w
normalized to equal numbers of incident photons by me
of this intensity distribution.

The wavelength scale was calibrated by means of co
parison with high-accuracy published data in the range
study. For the spectrum of Kr gas, the 244.39-eV li
(2p1/2˜4s) in Ar gas13 and the spectrum of SF6 gas be-
tween 172 and 185 eV~Ref. 20! were used for reference with
an uncertainty of about60.1 eV. For the wavelength cali
bration of solid Kr, we recorded the spectrum of solid SF6 in
the above range and the line assigned to 2p1/2˜4s in solid
argon. In the course of a study of Ar clusters of variab
sizes9 the photon energy of this line was determined to
245.16 eV; an early value by Haenselet al.was 245.2 eV.4 It
is known from measurements on SF6 in the gas phase,20 vari-
able size clusters21 and the solid phase22 that in the spectral
range concerned the line positions do not depend on
phase. The calibration uncertainty for solid Kr is estimat
as about60.2 eV. For the spectra of both gas and solid
the SF6 gas spectrum in the 172–185-eV region20 was used
for reference. The calibration errors for the Xe gas and so
spectra were also about60.2 eV.

Photoemission yield spectra of the sapphire substrat
the range 150–600 eV showed structure only at theK-edge
region of oxygen~543.1 eV! indicating that no significant
surface contamination affected the measurements.
sample gas was introduced into the chamber by means
needle valve, and the dose was controlled by pressure
time measurements. Analysis of the photoconduction
photoemission results on samples prepared with very sm
doses indicated that 1 L correspondedvery roughlyto about
one monolayer for both gases. The samples were anneal
about 30 K before starting the measurements. All spe
were taken on freshly deposited samples, since they ten
to undergo slow degradation with time due to surface c
tamination, radiation damage, etc.

III. RESULTS AND DISCUSSION

A. Spectra

Figure 1 shows the spectrum in the gas and solid phase
the 3p edge region of krypton. The solid sample was ma
by the deposition of 70 L Kr. The spectra as obtained~after
normalization to equal numbers of incident photons! appear
in the insets. They are superimposed on top of a broad c
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PRB 60 3997RESONANT EXCITATION SERIES AT THE Kr 3p AND . . .
tinuum, namely, that of excitation from the Kr 3d subshell,
with a smaller contribution from 4p. The main graphs were
constructed so as to represent essentially only the 3p spec-
trum: as a rough approximation, an appropriate straight b
line ~marked! was subtracted. A detailed discussion of t
graphs will follow below: at this point we are drawing atte
tion to the fact that in the solid the photoemission yield a
photoconduction excitation spectra are almost identical
that in several traits both resemble the gas spectrum.

Spectra of the 4p-edge region of xenon are presented
Fig. 2. On the inset of the gas-phase spectrum, two diffe
curved baselines, markedBl1 and Bl2, are drawn. Their
construction will be explained below; to draw the main gra
for Xe gasBl1 was subtracted from the total intensity. Th
solid sample was formed by depositing a dose of 8 L. In t
case too, the solid spectra are roughly similar to the
spectrum. Unlike the case of Kr, there are also several
ferences between the photoemission yield and the photo
duction spectra. These will be discussed further on.

The photon energies of the peaks were determined
fitting the photoemission yield spectra with a series of lin
with fixed shapes. The shapes were chosen so as to o
the relative peak positions consistently and objective
while keeping the fitting procedure simple, with a minimu

FIG. 1. Upper graph, total ion yield~TIY ! spectrum of Kr gas.
Lower graph, photoemission yield@or total electron yield~TEY!#
and photoconduction excitation spectra of solid Kr, all with straig
baselines~marked on the insets! subtracted. Range: 200–235 eV
Insets: TIY and photoemission yield spectra, without subtraction
the 3d continuum contribution.
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number of parameters. It turned out that for the gas spe
decomposition into Gaussians was preferable, but for the
ids Lorentzians gave better fits.23 To fit the edges proper
additional parameters~four for each edge! ought to have
been invoked. Their values and physical meaning could
be determined with high reliability and therefore the edg
were not fitted. The relative positions of most peaks w
determined in all cases to an accuracy of better than60.05
eV. The error in the relative positions of the weakest pe
was somewhat larger, up to60.1 eV. The accuracy of the
linewidths~full width at half maximum! is stated in all cases
their error margins are usually somewhat higher than tha
the peak positions. We did not attempt to determine osci
tor strengths, since these depend quite strongly on the b
line subtracted and the actual~unknown! shape of the edge

B. Kr gas

The positions of the observed peaks are presented
Table I. It can be seen that they are very near to those
ported in earlier works;24,25 the differences are a result o
calibration uncertainties in all works and of improved stat
tics of the present results. The peak positions were comp
with those obtained by Ohno’s theoretical calculations, ba
on the Tamm-Dancoff approximation.14 It is seen that for

t

f

FIG. 2. Upper graph, TIY spectrum of Xe gas, with the curv
baseline marked asBl1 on the inset subtracted. Lower graph, ph
toemission yield and photoconduction excitation spectrum of s
Xe, with straight baselines~marked in the inset! subtracted. Range
139.5–148.5 eV. Insets: TIY and photoemission yield spectra, w
out subtraction of the continua contributions, see text.
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TABLE I. Energies, linewidths~both in units of eV!, and assignments in the TIY spectrum of Kr gas
the 3p3/2 ~A, B, C, anda! and the 3p1/2 (A8 andB8) thresholds. Calibration uncertainty:60.1 eV, relative
position uncertainty:60.05 eV.

Feature

Energy, expt.

Energy,
theory

Energy, calculated
Eq. ~1!

Assignment

FWHM

This
work

Other
works This worka

Other
works Expt. Theoryb

A 210.41
210.8c

210.29e 210.43 3p55s 1.460.1f 1.88
210.6d

B 212.85
213.2c

212.7e 213.19 3p56s 1.460.1f

213.1d

C 214.41 213.9d 213.49e 214.04 3p57s 1.460.1f

3p54d3/2 or
a 211.65 211.4d 212.20e 3p54d1/2 0.760.1f

215.060.4c 3p3/2

E0 214.4g 214.6h 215.060.4 214.860.3d threshold 1.48g 1.42

218.3c

A8 218.01 218.3d 218.09i 217.94 3p55s8 2.060.1f 2.08

B8 220.58 220.6d 220.51i 220.70 3p56s8 2.060.1f

3p1/2

E08 222.2g 222.5h 222.560.2 222.360.3d threshold 1.80g 1.89

aD53.360.5.
bReference 14.
cReference 24.
dReference 25.
eReference 14, takingE05214.4 eV~Ref. 26!.

fThis work.
gReference 26.
hReference 28.
iReference 14, takingE05222.2 eV.
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peaksA andB the correspondence is good, but peakC lies at
an energy higher by 0.92 eV than the theoretical predict
One reason for this discrepancy might be due to the the
becoming less accurate near the threshold.

The linesA, B, andC were assigned to 3p3/2˜ns transi-
tions in accord with those by Watson and Morgan24 and by
Ohno;14 A8 andB8 to 3p1/2˜ns ~Table I!. On the basis of
preliminary theoretical investigations Ohno14 pointed out
that thel˜ l 21 excitation is stronger than thel˜ l 11 ex-
citation and therefore the assignment of the lines in Ref.
has to be rejected. It should also be pointed out that acc
ing to our assignment the energy differences between a
cent core Rydberg states Kr 3p5ns are approximately equa
to the energy differences in the Rb 4p6ns states. For ex-
ample, the range of the 3p3/2 spectrum, i.e., the differenc
between the 3p3/2 binding energy26 and the energy of the firs
line A, is 4.0 eV, while the range of the Rb 4p6ns spectrum
is 4.18 eV.27 In contrast, according to the assignment in R
25 the range of 4.2 eV in the Kr 3p3/2 spectrum would cor-
respond to a range of 1.68-eV in the Rb 4p6ns spectrum and
no observed line would be assigned to 3p3/2˜5s transition.
It should also be noted that the range of the Kr 4p3/2 spec-
trum is 3.97 eV,27 again very near to the range of th
Kr 3p3/2 spectrum, indicating that final-state interactions
not strongly affect term value differences. The assignmen
the weak linea is uncertain: it might be either 3p54d3/2 ~Ref.
14! or 3p54d1/2.

Fitting the linesA, B, andC with Gaussians yielded ful
widths at half heightw51.660.1 eV. In order to determine
the true width, the nominal width of the Ar 2p54s line was
.
ry

5
d-
ja-

.

of

measured under the same conditions; it was found to be
eV. Comparing this value with 0.121 eV, determined as
true width by Kinget al.13 and using Lee’s correction table29

we established that the instrumental width was 0.62 eV. T
true widths for Kr gas, namely,w0(A)5w0(B)5w0(C)
51.460.1 eV ~Table I! were found by using again Lee’
table. The theoretical valuew0(A)51.88 eV presented in the
table was calculated by Ohno14 employing an ab initio
Green’s-function method, based on the extended rand
phase approximation with exchange30 for super–Coster-
Kronig decay channels. The peaks of the 3p1/2 lines are
broader: w(A8)5w(B8)52.2 eV; from this w0(A8)
5w0(B8)52.060.1 eV, in excellent agreement with th
theoretical result of 2.08 eV.14 For comparison,
experimental26 and theoretical14 results on the 3p3/2 and
3p1/2 hole decay widths are also shown in Table I. Oth
estimates of the decay width of the 3p holes and further
references can be found in Ref. 31. As stated above, we
not attempt to fit the regions above the ionization thresho
somewhat aboveC and B8, respectively. The fact that th
intensity of peakC is only slightly lower than that ofB might
be an artifact:C is riding on the low-energy tail of the 3p1/2
edge.

Besides the experimental and theoretical results, the
served peak positions were also approximated by a sim
series law, namely, as a Rydberg series with constant q
tum defectD. In this model, for the three linesA, B, andC,

En5E02
R

~n2D!2 , n55,6,7. ~1!
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Here R is the Rydberg constant~13.6058 eV!; the series
limit E0 and the quantum defectD were found by fitting the
equation to the experimental results. For the linesA8 andB8,
Eq. ~1! was applied with the same value ofD, but with a
different series limitE08 . We note that for such low Rydber
statesD cannot be expected to be constant, especially in v
of prevailing many-body effects.14 Even so, the Rydberg
model proved to be a useful approximation for the spec
investigated in this work~Tables I–IV!, and served as a uni
form framework for comparing results in both phases.

Table I shows that the energies of peaksA, B, and C,
obtained by fitting to Eq.~1!, are close to the experimenta
ones, but there are real differences.E0 calculated from the
positions of the peaksA, B, and C, is higher by 0.6
60.4 eV than the electron spectroscopy for chemical an
sis ~ESCA! value26 of the 3p3/2 ionization potential. This
discrepancy reflects again the approximate character of
~1!, though the calibration uncertainty may also contribute
it. As for E08 , it is larger than the ESCA value by 0.
60.2 eV.

C. Solid Kr

The peak positions and thresholds observed in the spe
of solid Kr are summarized in Table II. The similarity wit
the spectrum in the gas phase implies assigning the line
two spin-orbit split series, one including peaksA andB and
the otherA8 andB8. The two parts were analyzed by mea
of the effective-mass model, usually employed for Mo
Wannier valence exciton series in solids:

En5E02
b

n2 , n51,2 . . . , ~2!

b5
mexcR

«2 . ~3!

TABLE II. Experimental and calculated features in the pho
emission yield and photoconduction excitation spectra of 3p ex-
cited solid Kr and comparisons with valence exciton energies. C
bration uncertainty,60.2 eV; relative position uncertainty,60.05
eV.

Feature
Energy
expt.

Energy,
calculated Energy,

valence
excitonsa FWHMBy Eq. ~2!b By Eq. ~1!c

A 210.99 210.92 210.92 10.17 1.560.2
B 212.96 213.03 213.03 11.23 2.160.2
a 207.80 2.660.3
L 215.1
E0 213.760.2 214.660.2 11.61
A8 218.99 219.06 219.06 10.86 1.560.2
B8 221.24 221.17 221.17 11.92 2.760.2
L8 222.9
E08 221.960.2 222.860.2 12.3

aReference 32.
bb52.860.2 eV.
cD53.160.2.
w

a

y-

q.
o

tra

to

-

Heremexc is the reduced effective mass of the exciton~in
terms of the free-electron mass! and« the dielectric constant
The effective Rydberg constantb was assumed to be equal
both series;17 for the second series,E0 above is replaced by
E08 . The agreement found between calculated and exp
mental peak positions~Table II! does not imply high reliabil-
ity of the model, since only two peaks were observed in e
series. Note also that in the Mott-Wanniervalenceexciton
series in rare-gas solids then51 line does not fit well Eq.~2!
and central-cell corrections have to be applied.17,32 Because
of the insufficiency of the data, this point could not b
checked, of course, in the present case. We point out tha
value b52.860.2 eV is considerably higher than the valu
b51.4 eV obtained for the valence excitons.17,32This will be
discussed further on.

The spectra were analyzed on the basis of the Rydb
model of Eq.~1! as well, following a suggestion by Resc
and Resta,33 who showed that a good empirical fit toall lines
of the valence exciton series in rare-gas solids can be
tained by adjusting the values of all three constants,E0 , R,
andD in Eq. ~1!. We calculatedE0 , D, E08 ~the latter refer-
ring to the second series!, keeping forR its gas-phase value
The parameters turned out to be close to those in the
phase~Table II!. The agreement with the observed peak p
sitions is very good, but, because of the small number
peaks observed, this is again no indication for the reliabi
of the model. The coincidence of the respective peak p
tions as calculated by the two models is fortuitous. In S
III F of this paper both models are critically discussed.

Line a ~Fig. 1; Table II! at 207.8 eV is probably an arti
fact, since it is very weak. Alternatively, it might perhaps
a manifestation of many-body effects known from ESC
spectra.26 If so, the small deviation from the fitted main pea
in the same region of the gas-phase spectrum~Fig. 1! should
be regarded as a real one and interpreted similarly.

It can be seen in the solid Kr spectra of Fig. 1 that at
energy markedL the decay of the intensity becomes~rather
abruptly! slower and that atL8 there is even a slight intensit
rise. L and L8 are identified as photoconduction thresho
energies. Table II shows that the values ofL andL8 are very
near to those of the series limitsE0 andE08 respectively, as
calculated by the model of Eq.~1!. Now the value of a series
limit like E0 or E08 in a solid indicates the minimum energ
needed to release an electron into the conduction band
correspondence ofE0 andE08 with L andL8, respectively, is
a very clear confirmation of this interpretation. Correspo
dence between series limit and photoconduction thresho
well known in the valence regime, for Mott-Wannier excito
series,15 but the present report to our knowledge seems to
the first one to show such a correspondence forcore exciton
seriesof any solid.

It should be noted that the thresholdsL andL8 appear not
only in the photoconduction excitation spectrum, but in t
photoemission yield spectrum as well, even though
vacuum level in solid Kr is above the bottom of the condu
tion band by about 0.3 eV~Ref. 32! and thus electrons at th
bottom of the band cannot escape. Moreover, Fig. 1 sh
that for solid Kr the photoemission yield spectrum is almo
identical with the photoconduction spectrum, though t
former is due to electrons that leave the sample and the la

-

li-
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4000 PRB 60I. T. STEINBERGERet al.
is a record of those that are collected by the positive sam
electrode. For the resonant excitations, i.e., the pe
A,B,A8,B8, this is not surprising, since for them the majo
ity of electrons contributing to the signals comprises tho
that are liberated in the course of the Auger and Cos
Kronig decay of the core hole as well as their various s
ondaries. This has been demonstrated for the gas11,12,31and
can be safely assumed to be true for the solid as well. S
each member of a series is associated with the same
level, the contribution of the electrons originating in the co
hole decay to photoemission and to photoconduction, res
tively, is independent on the particular resonant state that
been excited. Even so, as pointed out above, differences
tween the two kinds of spectra could be expected to appe
direct ionization thresholds: the direct contribution to pho
conduction should occur at a somewhat lower energy t
that to the photoemission. However, the direct photocond
tion thresholdsL andL8 could be clearly observed only be
cause the density of states in the conduction band ha
maximum at the bottom of the band.32 This high density of
states implies increases of the absorption cross sectionL
andL8. Thus at these energies the creation of core hole
also enhanced and therefore more electrons of the core d
processes are released. Contribution from these electron
comes manifest atL andL8 in the photoemission yield spec
trum. On the other hand, the onset ofdirect transitions from
the sample into the surroundingvacuumdoes not show in
either the gas spectrum or in the photoemission yield sp
trum of the solid, probably since the number of the direc
released electrons is very small in comparison with the nu
ber of electrons from other sources. The overall situation
simpler in the case of solid xenon~see below!.

As for the linewidths, it can be seen from Table II th
w0(A)5w0(A8)51.560.2 eV; w0(B)52.160.2 eV and
w0(B8)52.760.2 eV. B andB8 in the solid are appreciably
broader than in the gas. Moreover, in the solid—but not
the gas—B8 is both broader and higher thanA8. One would
definitely expect final-state broadening in the solid, mai
because of the effect of phonons.23 For example, for Kr at
the 3d edge this amounts to 30 meV;10 for the first bulk
valence line in Kr (4p55s in the gas phase! it is 80 meV.34 In
the present case, the effect of the solid-state environm
seems to be stronger and differs considerably from line
line. We strongly suspect that partial, unresolved overlapp
with transitions to 4d and 4d8 and perhaps even with highe
members of thens andns8 series are at play. The effect o
the solid state has been considered on the 3s and 3p line-
widths from Kr to Xe~Ref. 35, and reference therein!, but no
theoretical calculation of the linewidths of the resonant ex
tations discussed in this paper seem to exist for solid
gases.

D. Xe gas

An inherent difficulty was encountered in this case wh
trying to separate the contributions of the 4p excitations, i.e.,
when looking for a ‘‘correct’’ baseline. The baseline mark
Bl2 in the inset for Xe gas~Fig. 2! coincides with the spec
trum of Fig. 2 below;140.2 eV and it is an exponentia
extrapolation of it beyond this photon energy. Using sca
values of the atomic absorption cross section,36 along with a
le
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small linear bolometric correction, results in a very clo
approximation of this curve. However, this baseline igno
the clear increase of the average trend of the spectrum a
;142.5 eV. In this region a horizontal baseline seems to
the correct one—Bl1 is drawn in accord with this observa
tion. It is highly probable that the change of the avera
trend has to be attributed to many-body effects. ESCA st
ies in the region above;145 eV and extending for severa
tens of eV revealed a considerable increase of the continu
background, with numerous peaks of various siz
superimposed.26 These features were explained by invokin
many-body effects37,38 that arise mainly since in this regio
double ionization of the 4d shell becomes possible; theor
closely agrees with the shape of the continuum.37,38 While
the features just mentioned involveionization, it is likely that
in our case doubleexcitation of 4d is at play, along with
contribution with the low-energy tail of the totally smeare
out 4p1/2 edge~see below!. The main graph and the data o
Table III for Xe gas are based on the subtraction ofBl1, but,
for comparison, the graph obtained by subtractingBl2 ~not
shown! was also constructed and analyzed.

The Xe spectra for both phases~Fig. 2! exhibit only one
series of lines, with monotonically decreasing intensities,
contrast with the case of krypton. Some of these lines in
gas phase were reported by previous authors
assigned2,25,39,40 to transitions from the 4p3/2 subshell. No
structure attributed to transitions from the 4p1/2 subshell has
been reported to our knowledge. We note that according
DSCF ~relativistic, modified Hartree-Fock-Slater method!41

theoretical estimates the 4p1/2 ionization potential should be
12.5 eV above the 4p3/2 threshold, but ESCA experiment
did not reveal any trace of it;26 this fact was fully accounted
for by super–Coster-Kronig decay, shortening drastically
lifetime.26,38,42 Indeed, in the course of the present expe
ments no structure was found beyond 146 eV up to 160
~not shown!.

Table III shows the peak positions of the 4p3/2 series in
Xe gas. Previous experimental results by other authors25,39,40

are also shown; the differences seem to be mainly due
calibration errors in previous works, especially in the earli
ones. The positions of the main linesA–D are compared
with theory based on the Tamm-Dancoff approximation;14,42

the agreement between theory and experiment is reason
though some of the deviations are significant, not attributa
to experimental error.

The assignment of the lines in Table III is in accord wi
Ohno’s theoretical calculation14,42and Refs. 39 and 40 and a
variance with Ref. 25. We also point out that according
the present assignment the energy intervals between adja
Xe 4p5ns core Rydberg states are approximately equal to
energy intervals of the Cs 5p6ns states and those of th
Xe 5p5ns states. For example, the total range~from A to the
series limit! of the 4p5ns series is 4.15 eV; the correspond
ing range of the Cs 5p6ns spectrum is 3.89 eV~Ref. 27! and
of the Xe 5p5ns spectrum 3.7 eV.27 In Ref. 25 no line is
assigned to the 6s transition.

Table III also shows peak positions calculated accord
to the Rydberg model with constant quantum defect, Eq.~1!,
n56 – 10. It can be seen that the model fits reasonably w
the experimental results~linesA–E), though again, some o
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TABLE III. Energies, linewidths, and assignments in the TIY spectrum of 4p excited Xe gas. Calibration
uncertainty,60.2 eV, relative position uncertainty,60.05 eV.

Feature

Energy,
experimental

Energy,
theory

Energy, calculated
Eq. ~1!

Assignment

FWHM

This
work

Other
works

This
worka

Other
works Expt. Theoryb

142.5c

A 141.55 142.0d 141.75e 141.48 4p56s 0.5260.02f 0.9
141.8g

144.47c

B 143.77 144.1d 143.93e 143.95 4p57s 0.5960.03f

143.9g

C 144.54 144.6g 144.65e 144.76 4p58s 0.5460.03f

D 145.18 144.96e 145.13 4p59s 0.5160.03f

E 145.66 145.32 4p510s 0.4060.04f

a 141.10 0.7460.05f

b 142.07 0.6460.03f

4p55d3/2

c 143.20 142.89e or 0.5960.05f

4p55d1/2

E0 145.51h 144.2b 145.760.2
145.660.5d 4p3/2 0.3360.03i 0.6
145.560.2e threshold

aD54.2160.06.
bReference 42.
cReference 39.
dReference 40.
eReference 14, takingE05145.51 eV~Ref. 26!.

fThis work.
gReference 25.
hReference 26.
iReference 43.
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the deviations are not negligible. The series limitE0 obtained
from the fit is equal, within the calibration uncertainty, to t
ESCA value.26,43

The spectrum was decomposed into Gaussians. The u
pected and hitherto unreported peaksa andb are manifest as
shoulders on the two flanks of the main peakA. Their pres-
ence and positions have been consistently confirmed in
peated experiments. Very tentatively, we considera andb to
be analogous to small peaks in the ESCA spectra; near
main peak at 145.63 eV.43 The many-electron effects unde
lying this structure have been investigated in depth~e.g.,
Refs. 38, 44, and 45!; the first detailed assignment of the
lines was made recently by Kivima¨ki et al.,43 based on their
combined experimental study by means of ESCA and Au
spectroscopy. As for peakc, it might be due to transition to
5d3/2 or to 5d1/2, but one cannot rule out the possibility th
it is just a correction necessary because of the assu
Gaussian shape of peakB. Table III includes the linewidths
determined in this work as well as comparison with rec
theoretical results by Ohno.42 The instrumental contribution
to these widths is negligible.

Comparing to the above data the results of the fitting w
baselineBl2 subtracted, we found that there is no change
the positions of peaksA, B, andC. D is upshifted by 0.04 and
E by 0.08 eV. The series limit becomesE05145.8
60.2 eV, the quantum defect isD54.2260.08. Comparing
with the data of Table III, one sees that even a drastic cha
of the baseline has only a very slight effect on the m
ex-
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conclusions. As for the widths, that ofA remains unchanged
but the other main peaks broaden appreciably, namely
0.04 to 0.15 eV.

E. Solid Xe

The only published absorption spectrum of solid Xe in t
4p threshold region is by Haenselet al.2 In Fig. 3 of Ref. 2
two small peaks can be seen between 142–144 eV. T
were assigned to core excitons below the 4p3/2 threshold.
The presence and assignment of these peaks is confirm
this work. Two more, broader lines were reported in Ref
between 148.5–153.5 eV, assigned tentatively to core e
tons below the 4p1/2 edge; our solid-Xe spectra did not cov
this energy region.

Several differences were observed between the ph
emission yield and the photoconduction excitation spec
for solid Xe ~Fig. 2!. First, the peaksC and D are clearly
observable in the photoemission spectrum, but they
washed out in the photoconduction spectrum. Imperfect c
tallinity, affecting more the photoconduction spectru
might be the cause for this difference. Second, the peaka at
143.0 eV stands out more clearly in the photoconduct
spectrum than in the photoemission spectrum. This pea
probably associated with transition to the 5d3/2 or 5d1/2 state.
However, the most interesting difference is the fact that
the photoconduction spectrum there is a clear rise at 14
eV ~marked byL!, while in the photoemission spectrum
there is only a moderate rise of the slope at this energy.
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TABLE IV. Experimental and calculated features in the photoemission yield and photoconduction
tation spectra of 4p excited solid Xe and comparisons with valence exciton energies. Calibration uncert
60.2 eV; relative position uncertainty,60.05 eV.

Feature

Energy,
experimental Energy, calculated Energy,

valence
excitona FWHMThis work Ref. 2 By Eq.~2!b By Eq. ~2!c By Eq. ~1!d

A 142.11 142.1 142.24 142.07 8.37 0.8560.01
B 143.69 143.8 144.25 143.62 143.78 9.07 0.8560.01
C 144.31 144.61 144.47 144.41 9.21 0.4460.02
D 144.90 144.74 144.77 144.71 0.4460.02
a 143.00 1.060.02
L 145.1
E0 144.960.3 145.260.3 145.260.1 9.33

aReference 32.
bEquation~2!, by fitting to A, B, C, andD; b52.760.7 eV.
cEquation~2!, by fitting to B, C, andD ~see text!; b56.061.6 eV.
dEquation~1!, with D53.960.1.
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The series of peaksA–D was analyzed by means of th
most often employed model for valence Mott-Wannier ex
tons, namely, the effective-mass model of Eq.~2!. Table IV
shows that the model represents approximately the peak
sitions for these core exciton peaks as well; the deviati
are, however, certainly significant. Accordingly, the ser
limit E0 and the effective Rydberg constantb were deter-
mined with appreciable uncertainties:E05144.960.3 eV
andb52.760.7 eV. The value ofL falls within the limits of
the estimate forE0 . Again, as in the case of solid Kr pre
sented above, the correspondence betweenE0 , determined
from spectroscopic data, and the abrupt rise in photocond
tion, is simple and direct evidence for the validity of th
phenomenological interpretation of the spectral series.
Xe case is even more clear cut, sinceE0 is determined from
the position of four lines instead of two in the Kr case, a
the rise is much more prominent in the photoconduct
spectrum than in the photoemission yield spectrum.

Even so, the value ofb is much too high if the known
values of the parameters in Eq.~3! are used: we have
1/mexc51/me11/mh , whereme is the effective electron mas
at the bottom of the conduction band andmh is the effective
mass of the coupled hole~both in units of the free electron
mass!. In a precise recent work on image states and quan
wells in thin-Xe layers it was found thatme50.57.46 Since
the core hole is immobile, in the present casemexc50.57.
Accordingly, substituting for « the optical dielectric
constant47 «52.24, Eq.~3! would result inb51.54 eV. Such
a large discrepancy betweenb as obtained from analyzing
the experiment and that calculated by means of Eq.~3! was
pointed out above for the case of Kr as well and clea
indicates the inadequacy of the effective mass approxima
for the core excitons observed. Further discussion of
point will follow below.

The applicability of Eq.~2! to the results on solid xeno
was checked in one more manner, namely, by fitting it to
three peaksB, C, and D only with Eq. ~2! (n52,3,4), as
customary for valence excitons in rare-gas solids17,32 ~for the
n51 exciton central cell corrections are applied in the v
lence case!. However, this procedure furnished an unlike
high value forb ~Table IV!.
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As in the case of solid Kr, the data have been fitted to
Rydberg model@Eq. ~1!, with constant quantum defect# as
well. Table IV clearly shows that this is a considerably bet
fit than that of Eq.~2!. It should be stressed that the valu
for E0 obtained by the different models are all in accord w
identifying the onsetL of direct photoconduction with the
series limit.

The threshold energyI for direct photoionization can be
found from the relationshipI 5L2V0 , V0 denoting the en-
ergy of the bottom of the conduction band with respect to
vacuum level. From absorption and photoconductivity m
surements in the valence region it is known thatV0'
20.4 eV,32 leading to I 5145.5 eV. As in the case of Kr
there is no indication in the photoemission yield spectrum
the onset of direct transitions into the surrounding vacuu

The peak positions reported above are based on the
composition of the photoemission yield spectrum in
Lorentzians: decomposition into Gaussians resulted in a d
nitely poorer fit. The full widths at half height found are als
listed in the table; no comparable theoretical results seem
exist.

F. Core excitons

The following discussion applies to both solids, Kr an
Xe, though for Xe the evidence is clearer and more detai

Theories of core excitons48–50 do not usually deal with
seriesof lines like the ones recorded in this study. We rec
that the peak positions in the present data can be appr
mated either by means of the simple Rydberg model@Eq.
~1!#, with parameter values not far from those in the g
phase, or else by means of the Mott-Wannier exciton mo
@Eq. ~2!#, with binding energies considerably higher tha
those of the respective valence Mott-Wannier excitons;
fit of the latter model is worse. However, neither one of t
two empirical models is really satisfactory. For the first@Eq.
~1!#, the gas-phase Rydberg constant is employed, altho
in the solid phase the higher orbitals encompass many o
atoms. For the second model, the value of the binding ene
is considerably larger than expected from the value of
known effective electron mass and dielectric constant«. We
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mention in passing that a combination of the two models
suggested by Resca and Resta33 brings no improvement. On
the contrary, if one substitutesn1d with d.0 for n in Eq.
~2!, the effective Rydberg constantb becomes even large
and the fit is worse.

It should be emphasized that the difficulty is indeed ba
independent of any model: the essential fact is that the t
values~or binding energies! of the core excitations observe
in the rare-gas solids are very near to those in the respe
gases, but considerably larger than the term values of
corresponding excitations from the valence band. Hjalm
son, Büttner, and Dow49 and Bassani51 discussed in detail a
closely related problem, namely, the fact that binding en
gies of core excitons in manysemiconductorsare much
larger than the binding energies of the corresponding vale
excitons. Bassani51 presented detailed theoretical calcu
tions investigating the possible reasons for this effect,
volving the breakdown of the effective-mass approximat
@our Eqs.~2! and~3!#. Calculations on dynamical correlatio
effects by means of electron polaron theory showed that s
a breakdown—and thus an explanation for the binding
ergy discrepancy—cannot occur in semiconductors, beca
of their high dielectric constants and low effective electr
masses. It does occur, however, for then51 exciton~but not
for the higher ones! in solid Ar. Other rare-gas solids are n
mentioned in Ref. 51 but since solid Kr and Xe have high
dielectric constants and lower effective masses than solid
dynamical correlation effects should be unimportant forn
>2 in these solids. Bassani leaves the problem open
emphasizes that experimental observation of core excitonse-
ries and determination of ionization thresholds could lead
firmer conclusions. The present work fulfills these requi
ments and furnishes gas-phase data as well for compari

Resca, Resta, and Rodriguez formulated a nonstruc
theory for excitons in rare-gas solids, closely associating g
phase Rydberg and solid-phase exciton features.52 Applying
the theory to the two 4p3/2 core exciton lines in solid Xe
reported by Haenselet al.,2 they obtainedmexc50.65 and
E05143.88 eV.53 The results of the present work cou
serve as a much more stringent test for the model, sinc~i!
more lines are now known, with higher accuracy, both
the gas and the solid;~ii ! there is direct independent eviden
about the value of the photoconductivity threshold, and~iii !
the effective electron mass is known.46 It follows that, in
principle, the nonstructural theory could be tested on the
sis of the results reported here without any adjustable par
eters. Criticism of the model has concerned its central
sumption, treating excitons as solid-state variants of Rydb
e
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states in the gas.54 It was based on experimental facts pe
taining to rare-gas fluids. Evidence showed thatvalenceex-
citons evolve quite differently with fluid density than atom
lines: higher Rydberg states wash out and disappear w
increasing density, while the excitonic lines start to appe
only at densities of the same order of magnitude as tha
the solid. Even then51 exciton, which is largely Frenkel-
type, is quite distinct from the neighboring, strongly broa
ened, and somewhat shifted atomic 6s line.55–57 However,
this clear distinction between Rydberg states in the gas
Mott-Wannier excitons in the dense fluid and the solid h
been demonstrated only forvalence excitations.55–57 The
coreexcitons discussed in this work lack the most charact
istic property of excitons, namely mobility, because of t
vanishing overlap of core hole functions on neighboring
oms. To a large extent, this fact might cancel the argume
of Ref. 54 for core excitons. It is conceivable that series
experiments on clusters of increasing size, or on fluids w
increasing density, might show the core excitons evolvi
gradually and continuously from the Rydberg states, in co
trast with the valence case. Xenon seems to be again a
ferred substance for such studies, mainly because only on
the split-orbit series appears, though the many-body effe
observed in the gas-phase spectra may cause difficultie
interpretation.

IV. CONCLUSIONS

The core exciton series of lines observed in solid Kr b
low the 3p3/2 and 3p1/2 thresholds and in solid Xe below th
4p3/2 threshold are described by means of parameters w
values near to those of Rydberg series in the respec
gases. In contrast, the parameters of the core exciton se
are unrelated to the parameters of the Mott-Wannier vale
excitons in the same solid. While the results presented in
cate that atomic structure has a more dominant effect on
excitations reported than the crystalline environment,
values of the parameters cannot be simply interpreted,
deeper theoretical treatment is required.
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5E. Rühl, H. W. Jochims, C. Schmale, E. Biller, A. P. Hitchcoc
tt.

J.

and H. Baumga¨rtel, Chem. Phys. Lett.178, 558~1991!; E. Rühl,
C. Heinzel, A. P. Hitchcock, and H. Baumga¨rtel, J. Chem. Phys
98, 2653~1993!.
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