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Anomalous Ly, ; x-ray emission spectrum of Xe
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The Ly, ;(2s ' —4p ~!) x-ray emission spectrum of gaseous xenon was measured in fluorescence
with a high-resolution vacuum double-crystal spectrometer. The spectrum was also calculated by
the Green’s-function method. The agreement is excellent. It is shown that the spectrum can be in-
terpreted essentially in terms of the spectral function of the 4p hole. The effects of the initial 2s-hole
state on the final 4p-hole state are small. The spectrum shows that the quasiparticle picture of a 4p
hole in xenon breaks down because of strong 4p ~'<>4d ~24(n,¢) f super-Coster-Kronig processes.

I. INTRODUCTION

The problem of a discrete level interacting with a con-
tinuum, namely, a core hole created by electron impact
or photoionization which subsequently autoionize via
Auger transitions, is well known. In general, the Auger
transition is a very weak process so that the electronic
charge density surrounding the core hole is not distorted.
However, a similar kind of transition process associated
with the creation of a core hole can be so strong that the
charge density surrounding the core hole will be distorted
and as a result the core-hole energy can exhibit large
shifts and the decay rate can be greatly modified. In oth-
er words, when the single-hole level and the continuum
are strongly coupled to each other, the quasiparticle pic-
ture of the core hole can break down.! Examples of this
have been found in the core levels of intermediate-
atomic-number elements and more complex systems such
as molecules.” In the case of atomic systems examples
were found in the x-ray photoelectron spectroscopy
(XPS) spectra, x-ray emission spectroscopy (XES) spectra
and Auger electron spectroscopy (AES) spectra of atom-
iclike systems.*~1°

The most spectacular examples found so far are the
XPS, XES, and AES spectra of the atomic elements from
Pd (Z=46) to Xe (Z =54) which involve the 4p core-
hole level.*~!1° These spectra have been also studied
theoretically by the Green’s-function method.>%8-10 It
has been shown that the quasiparticle picture of a 4p hole
breaks down due to strong coupling between the 4p core-
hole level and 4d double-hole continuum, namely, a
4p ~l>4d ~*n(e)f super-Coster-Kronig process.’~© In
a previous work the Ly, 3(2s ~'_4p 1) XES spectra of
the elements Sn (Z =50), Te (Z=52), and I (Z =53)
were measured.” These XES spectra have much less in-
elastic background than the XPS spectrum which has a
very large background. For a comparison with the
theoretical spectrum, the XES spectrum is much more
useful than the corresponding XPS spectrum.’~’

In the present work, we present the Ly, ; XES spec-

38

trum of Xe, which is measured for the first time as part of
a series of experimental and theoretical studies of the
Ly, ; XES spectra of elements ranging from Xe (Z =54)
to Eu (Z =63), where the 4f level starts to be filled and
the quasiparticle picture of a 4p hole begins to be valid.
The analysis of the spectra of the elements Ba (Z =56) to
Eu (Z =63) is more complicated and we leave that to a
forthcoming paper.

The overall shape of the Ly, ; XES spectrum of Xe
measured in the present work is similar to that of the 4p
XPS spectrum of Xe.* We calculated also the Ly, ; XES
spectrum of Xe by the Green’s-function method. Al-
though in the present work we neglected the memory
effects of the 2s hole on the final hole state (namely, the
vertex corrections), we obtained excellent agreement with
experiment. The present theoretical study shows that the
Ly, ; XES spectrum of Xe can be described essentially in
terms of the spectral function of the final 4p hole and can
be interpreted in the same way as the 4p XPS spectrum of
Xe.

II. EXPERIMENTAL

The fluorescent xenon Ly, ; XES spectrum was mea-
sured on a vacuum double-crystal spectrometer!! using
Ge(220) crystals (2d =4.0006754 A at 22.5°C.'> Com-
mercial CP-grade xenon gas was contained in a fluores-
cence cell'® by 25-um-thick beryllium windows at a pres-
sure of 0.13 kPa (100 Torr). The primary exciting radia-
tion was from a high-power x-ray tube!* with a cobalt-
plated copper anode operating at 13 kV, 190 mA. The
monochromatized radiation from xenon was detected
with a gas-flow proportional counter filled with P-10
(90% argon, 10% methane) at a pressure of 0.92 kPa (700
Torr). The spectrum was obtained by step-scanning the
second crystal. The dwell time was 6.8 min/point with a
count rate of 0.6 counts/sec at the peak.

The experimental spectrum in Fig. 1, above 5281 eV is
the average of seven scans. Below 5281 eV, where the
data have more scatter, only two scans were averaged.

Work of the U. S. Government

3479 Not subject to U. S. copyright



3480 M. OHNO AND R. E. LaVILLA 38

Xe (Z=54)
LY, 5 Region 4py, 4p3y,
5283.0  5295.4 n

(2s+=4py, 35)

INT. (Arb. Units)

1 1 —l J
5282.0 5298.0 5314.0 5330.0

PHOTON ENERGY (eV)

1
5250.0 5266.0

FIG. 1. The symbol ( + ) is the experimental XES of gaseous
xenon in the Ly, ;(2s—4p, ,, ;,,) region. The dashed line is the
calculated spectral distribution using approximation 1. The
solid line is approximation 5 and is similar to approximations
2-4. Also indicated are the calculated positions of the
25 —4p, 5 3, lines using the Dirac-Hartree-Fock ASCF 4p-hole
energies and the experimental 2s-hole energy (5452.2 eV) as
determined in this work.

Corrections'® for crystal temperature, vertical diver-
gence, and index of refraction were applied to determine
the Bragg angle. The uncertainty of the experimental en-
ergy scale of 0.04 eV is primarily due to counting statis-
tics and modelling of the spectral lines. The xenon Ly, 3
peak position is 5306.7+0.2 eV. The FWHM of the peak
is 4.2+0.4 eV. The diffraction rocking curve had a
FWHM of 0.50+0.03 eV.

III. THEORY

In previous work®!® it is shown that when one neglects
the effects of the initial hole state, one obtains the follow-
ing expression for the x-ray emission process
i~'>f~'4#w by treating the primary ionization and
the secondary emission processes as a single one-step pro-
cess:
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where Z is the dipole moment operator, o is the photon
energy, E is the energy of the initial hole i, ImZ; is the
imaginary part of the self-energy of the initial hole i, € is
the energy of the primary photoelectron, g;, is the cou-
pling strength for the electron-photon interaction which
is given in the dipole approximation by

gifz(i|rcosetf), ()

and A;(E) is the spectral function of the i hole which is
given by

1
T

The Green’s function G;(E) of the i hole is given by

G,(E)=[E—EP’—3,/E)]"'. 4)

The self-energy of the i hole 2;(E) consists of the nonra-
diative part *(E) and the radiative part =}(E) which
are to second order given by
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Here we consider only the renormalization of the nonra-
diative part of the self-energy by approximating the
effective three-body [one-particle—two-holes, phh] in-
teraction IP"*(E) by the sum of the effective two-body in-
teractions I?"(E) and I"*(E). The true three-body part
IP""(E) only represents a small higher-order correction
and may be neglected. The self-energy can be renormal-
ized by introducing the effective hole-hole interaction
I"M(E) to the intermediate holes jand k,

E)+EQ—Ey(E)=E;(E)+E(E)—I}}E) . (7)

The self-energy can be renormalized further by including
the effective particle-hole interaction I?"(E). The self-
energy is now obtained in the form
V'kim I‘imjk (E)
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with the effective interaction I';,; given by a Bethe-
Salpeter integral equation
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The self-energy =;(E) can be divided into two parts cor-
responding to ‘“‘static” relaxation and ‘‘dynamic” relaxa-
tion.! The static part is approximated by the monopole
relaxation and since we are not going to consider any
monopole shake-up or shake-off structure, we approxi-
mate it by the monopole relaxation energy shift.! The dy-
namic relaxation self-energy 3PR(E) is evaluated using an
extended version of the renormalized second-order ex-
pressions Egs. (8) and (9) (Ref. 1),
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where we note that Uy, is defined to take into account
important effects of time-reversed diagrams describing
Fermi-sea correlation effects. We solve Egs. (10) and (11)
within the random-phase approximation with exchange
(RPAE).! In this approximation the screening of the



electrostatic interaction between the particle and extra
hole, and the relaxation of the excited electron, are
neglected. This approximation becomes questionable
when the variation of the continuum density is rapid and
it breaks down for low-lying localized ionic excitations.
The screening of the hole-hole repulsion I*(E) is calcu-
lated in the static monopole approximation and the
double-hole energy E; (E) is obtained by the Dirac-
Hartree-Fock ASCF method.

IV. NUMERICAL PROCEDURE

We discuss here briefly the numerical procedure used
for the evaluation of the Green’s function.

A. The final 4p-hole state

The dipolar fluctuation process involves correlation be-
tween angular distortions of atomic shells, where the 4p
core hole and 4d charge densities correlate with each oth-
er by nonspherical dipolar distortions of the 4p and 4d
charge densities. In the case of a 4p hole in the elements
around Xe, this dipolar coupling is extremely
strong.">®8~10 In the present work we shall be particu-
larly interested in the 4p —'<>4d ~?n(e)f super-Coster-
Kronig processes, 4p '«<>4d "'5s7'ep and 4p~!
«4d ~'5p ~'ed Coster-Kronig processes. In order to in-
clude contributions from the higher-order effects in Eq.
(11), we calculate the wave functions for the excited elec-
tron m in a potential which directly includes a certain

(4d~"),,[4d " 'n(e)f 'P] HF VN =R, or R,,) potential .

The RPAE approximation is used as in the frozen-core
approximation. In Table I we summarize the combina-
tions of basis sets used for the transition matrix elements.

Our motivation for using a relaxed-orbital approxima-
tion is as follows. For R,,, the screening charge grows
from zero to full strength while the Auger electron leaves
the system; therefore the actual effect of relaxation on the
potential corresponds to relaxation in the presence of half
of a core hole, in addition to the core hole already
present. In other words, using the completely relaxed
final ionic state with two 4d holes will overestimate the
influence of monopole-relaxation effects. From this
viewpoint approximations 3 and 4 are used. In order to
include the effect of the static monopole relaxation of the
initial hole (a 4p-hole state), approximations 2 and 5 are
used. The effects of the monopole relaxation in the pres-
ence of one 4d-hole state and those of one 4p-hole state
are almost the same. We found that the spectra calculat-
ed by approximations 2-5 are very similar.

B. The initial 2s-hole state

The dynamical (dipolar fluctuations) relaxation of the
initial 2s-hole level is also important. We consider the
25 ~'>2p ~13d ~1(4d ~')ef Coster-Kronig processes con-
tribution in the same way as we considered the sCK pro-
cesses for the final 4p-hole state in calculating the 2s-

38 ANOMALOUS Ly, ; X-RAY EMISSION SPECTRUM OF Xe

3481

selection of the interaction matrix elements. The zeroth-
order basis set will be chosen as follows.

(i) Occupied (hole) states: Free-neutral-atom Hartree-
Fock (HF) ground-state orbitals.

(i) Excited (particle) states: Two-core-hole (VN ~2) HF
potential based on frozen ground-state orbitals.

The excited electron m is coupled to the core hole k to a
IP total angular momentum state. The core hole j is a
spectator, contributing only to the spherically symmetric
Hartree

(j ",k ~'m 'P) HF ¥V =2 potential . (12)

Using this basis is the same as working in the Tamm-
Dancoff approximation with exchange (TDAE) for the
k ~'m dipole response and including the Hartree poten-
tial from the second hole j. The Fermi-sea correlation di-
agrams can now be expanded through the integral equa-
tion (11).

We also investigate another approximation as a
zeroth-order orbital basis set for the 4p ~'«<>4d ~?n(e)f
super-Coster-Kronig (sCK) process.

(i) Occupied (hole) states: HF ground-state orbitals re-
laxed in the presence of one 4d or one 4p hole. We
denote these orbitals by R4, and Ry, in contrast to the
frozen neutral-atom ground-state orbitals denoted by F.

(ii) Unoccupied (particle) states: Orbitals calculated in
a HF V¥ ~2 potential constructed using orbitals R, or
Ry, namely, the

(13)

f

hole-state level.

In the present work the ground-state correlation ener-
gy shifts of the 4p and 4d levels are assumed to be a
difference between the present Dirac-Hartree-Fock ASCF
energy and the experimental hole energy!” for the 4d-hole
level which is =1.0 eV. Also we neglected the radiative
part of the self-energy, which is negligible for the present
purpose.

V. RESULTS AND DISCUSSION

In Fig. 1 we show the present experimental and
theoretical Ly, ; x-ray emission spectra of Xe. Note the
following points.

(i) A good agreement between the calculated and ex-
perimental spectrum shows that the Ly, ; x-ray emission

TABLE I. The basis sets used in the calculations of the tran-
sition matrix elements.

Approximation 4p 4d 4d n(e)f
1 F F F V (F)
2 F F F V (Ry,)
3 F F F V (Ruy)
4 R, Ry, R, V (Ry,)
S Ry Ryg Ryg V (Ryg)
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spectrum of Xe can be interpreted essentially in terms of
the corresponding 4p-hole spectral function broadened by
the spectral function of the initial 2s core hole which is
assumed to be a Lorentzian profile. The effect of the ini-
tial 2s-hole state on the final 4p-hole state seems to be
very small.

(ii) The energy position of the spectral peak (5306.7
eV), which was once assigned as the 4p 3_/'2 level, is well
described by the present theory. The “4p;,5” XPS ener-
gy is 145.5 eV (Refs. 4 and 17) and the present theoretical
XPS energy is 146.1 eV, in excellent agreement. The 2s-
hole energy determined by the present x-ray measure-
ment is 5452.2 eV. Note that the 2s-hole energy is shifted
by 7.5 eV from the Dirac-Hartree-Fock [DHF ASCF en-
ergy (5459.7 eV)]. The initial 2s-hole energy obtained by
the present theory is 5452.8 eV, which is in excellent
agreement with the present experimental 2s-hole energy.
For the present calculation we note that we used the ex-
perimental XPS 2s-hole energy, which is 5453.2 eV.!8

(iii) The prominent peak originates from mixing of a
discrete 4p ~! level with a band of 4d ~%¢f excitations
where f wave functions tend to localize resonantly in the
region of the 4p and 4d orbitals, acquiring collapsed 4f
character; therefore a substantial part (40%) of the 4p; ,
hole has gone into a kind of quasiparticle excitation in
the form of a very compact mixture of 4p3/5 and 4d ~%4f
in Xe. The remaining part of the 4p,;,, core-hole
strength and almost all of the 4p 1_/'2 core-level spectral
strength have become spread over a large range of
4d ~%ef continuum states. The quasiparticle picture of
the final 4p core hole has now broken down completely
and the final 4p core holes cease to exist as elementary ex-
citations due to 4p ~'<>4d ~2¢ f super-Coster-Kronig pro-
cess.

(iv) For the linewidth of the initial 2s hole we use the
theoretical result by Chen et al.!” who calculated the
nonradiative lifetime by the relativistic Hartree-Fock-
Slater basis set and the frozen-orbital approximation
(different from the frozen-core approximation used here).
The analysis of the width of the split-off level (the prom-
inent peak) shows that the initial 2s-hole linewidth is
about 2.71+0.4 eV (Ref. 20) which is smaller than the
theoretical prediction (3.34 eV). The calculation by Chen
et al." tends to overestimate the width when the hole in-
volves Coster-Kronig-type decay processes. This point
was already pointed out by one of the authors and dis-
cussed in detail elsewhere.?!
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(v) In contrast to the frozen-core approximation (ap-
proximation 1), the relaxed-orbital approximations (ap-
proximations 2-5) give much better agreement with ex-
periment above the 4d double-hole threshold.?> This im-
plies that the effect of the monopole relaxation of the sur-
rounding charges on the Auger electron is substantial and
not negligible. We have to note that the use of relaxed
orbitals for the calculation of the transition matrix ele-
ments makes the approximation self-inconsistent from
the viewpoint of perturbation theory as used in the
present work.

VI. CONCLUDING REMARKS

The Ly, ; XES spectrum of Xe measured and calculat-
ed in the present work shows the breakdown of the quasi-
particle picture of the 4p hole in Xe. The spectrum is
essentially interpreted in terms of the spectral function of
the final 4p hole. The effects of the initial 2s-hole state on
the final 4p-hole state is small. In the present case the
XES spectrum is well described in terms of the convolu-
tion of the spectral functions of the initial and final hole
states. However, this can not be the case when a strongly
interacting core hole like a 4p hole of Xe is involved as an
initial hole in emission processes. The emission processes
involving strongly interacting core holes are influenced
by polarization of the charge density, which leads to
screening of the emission matrix elements.”> The direct
x-ray fluorescence can be modulated by the “resonant”
excitation and emission. This modulation leads to a pro-
nounced interference effect between direct and induced
emission. This strong interference effect in the electron-
photon coupling strength (emission matrix element)
lowers the decay rate of excited states.”> As such an ex-
ample the 4p-4d XES spectrum was studied theoretically
by using the Green’s-function method.”* It was shown
that inclusion of the screening of the emission vertex, i.e.,
screening of the electron-photon coupling in x-ray emis-
sion, will reduce the x-ray emission intensity in the initial
ionic ground state and enhance the intensity in the initial
ionic excited (satellite) states.”*
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