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Decay of the resonantly excited states of atomic Zn
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The 3p '~5s ' resonant excitation energy and decay width of the Zn atom are calculated by an ab ini-

tio Green's-function method. The agreement with experiment is reasonably good. The decay width and

the dipolar relaxation energy shift of the 3p
' ~5s ' resonantly excited state of the Zn atom is predom-

inantly due to the 3p 'Ss'-~3d 5s'Efip} super-Coster-Kronig spectator decay and the corresponding
virtual process. The calculated decay width is larger than the experimental one but smaller than that of
the 3p

' core-ionized state. It appears that the discrepancy is due to the overestimate of the

3p 5s ' ~3d '4s '5s 'cp Coster-Kronig decay by the present calculation.

PACS number(s): 32.30.Rj, 32.70.Jz, 32.80.Dz, 32.80.Hd

I. INTRQDUCTION

The study of deexcitation mechanisms of resonantly
excited states of atoms, molecules, solids, and surfaces by
resonant photoemission [deexcitation electron spectros-
copy (DES)] is a subject of current interest [1]. The reso-
nant excitation from a core level (c) to an empty affinity
level (a) leads to an intermediate resonantly excited state
~a )(c 'a), which decays by participant and spectator de-

cay channels. In the former, the initially excited electron
participates in the Auger decay channel (c a —+U 's),
leading to a single ionization of the valence level (U 's),
identical to a singly valence ionized continuum state ~v )
observed as a main line state in the valence photoemis-
sion spectrum. At the resonance, the final state created
either by the participant decay channel or by direct pho-
toionization becomes indistinguishable. This leads to in-
terference and in general a large enhancement of the
main line intensity. In the latter the excited electron
remains as a spectator in the Auger decay channel
(c 'a —+j 'k 'a c,, ) and leads to the two-hole one-
particle (2h Ip) state, corresponding to the k '~a
shakeup satellite state observed in the valence photoemis-
sion spectrum. The spectral intensity of the final state is,
in the case of direct photoemission, governed by the di-

pole excitation matrix element (and consequently the
shakeup excitation matrix element), while in the resonant
photoemission, it is given by Auger matrix element
(Coulomb operator). Thus the resonant photoemission
can be used to identify weak satellite lines in the valence
photoemission spectrum.

It is often assumed that spectator decay width (decay
width of a core hole in the presence of a nonparticipating
resonantly excited electron) and normal Auger decay
width are same. This assumption is justified because the
spectator decay energy is often large so that the screening
of the fina1-state two-hole potential by the presence of a
resonantly excited electron (spectator) is not effective
enough to inhuence the Auger electron wave functions.
Consequently the spectator decay rate becomes the same
as the Auger one. However, when the super-Coster-
Kronig (SCK) spectator decay dominates (which is often

the case with inner valence and core levels of free atoms

[2]), the spectator decay width may differ from the nor-
mal Auger decay width. As the SCK decay energy is
often small, the SCK decay rate is very sensitive not only
to the SCK decay energy, but also to the final two-hole
potential that the SCK electron experiences. If the
screening of the final-state two-hole potential by the spec-
tator is significant, the SCK electron wave function could
be much different from the normal SCK one because of
the fina-state potential which is less attractive than in the
case of normal SCK decay. Moreover, the energy shift
between the spectator decay (c 'a~j 'k 'as, ) at the
resonance and the Auger decay (c '~j 'k 'E„) is

given by U, + Uk,
—U„. Here U is the effective hole-

particle Coulomb interaction. The energy shift is often
small (order of a few eV) because U„-U„(here U

denotes a valence hole). As the SCK wave function de-

pends critically also on the decay energy (when the decay
energy is small), a small energy shift may also change the
decay rate, even if the screening of the final-state two-
hole potential by the spectator is not effective. Thus one

may expect a competition between the spectator-Auger
decay energy shift and the screening of the final-state
two-hole potential by a spectator. The latter decreases
the spectator SCK decay because of a less attractive po-
tential. The former increases the spectator SCK decay
rate (if the potential is not influenced by a spectator elec-
tron).

Recently Adam et al. [3] measured the resonant pho-
toemission spectrum in the 3p '~5(n)s' [and 4(n)d']
resonant excitation energy region of atomic Zn(Z =30).
Their experimental study shows that the resonant

3p ' ~5( n )s ' excitation decays dominantly by

3p
' (5n)s'~3 d (5n)s' sSCK spectator decay. The

singly ionized final 2h 1p state decays further to the dou-

bly ionized 2h states. At or near the resonance, the 3d
and 4s singly ionized states hardly resonate. Thus these
states are created by direct valence ionization. This
shows that the participant decay is negligible. Such a
participant decay reduction may indicate that the excit-
ed electron is not strongly localized. Otherwise the par-
ticipant decay is to have a significant intensity. The SCK

1050-2947/94/49(6)/4430(8)/$06. 00 49 4430 1994 The American Physical Society



49 DECAY OF THE RESONANTLY EXCITED STATES OF ATOMIC Zn 4431

spectator decay is similar to the SCK decay process of 3p
ionized state [3p '~3d sf(p}] and to strong
(3p '3d"+'~3d" ef) deexcitation for the 3p edges of
the 3d transition metals, first predicted by McGuire [4].
Adam et al. [3] obtained 1.5 eV for the decay width of
resonantly excited state from the total electron yield.
The width differs considerably from the 3p x-ray photo-
emission spectroscopy width of 2.2 eV. Such a difference
is also observed in the case of copper. Jensen et al. [5]
measured 2.2+0.3 eV for the width of 3p ionized state,
whereas Bruhn et al. [6] obtained 1.75 eV for the 3p reso-
nantly excited state.

In the present work we discuss the deexcitation mecha-
nism of the resonantly excited state, particularly how the
core hole decay and its subsequent decay are manifested
in DES spectra. Then we calculate the 3p '~5s' reso-
nant excitation energy and its spectator width by an ab
initio Green's-function method. We describe the relaxa-
tion and decay of a resonantly excited state by the 1h 1p
(one-hole one-particle) spectral function. The advantage
of the present many-body technique is that one can treat
the decay width and the energy shift in a consistent
manner. In the case of 3p '~5s' resonant excitation,
despite an increase of 5 eV in the decay energy, there is a
decrease in the spectator decay width. We shall investi-
gate the cause of the decrease.

II. THEORY

A. Resonant photoemission spectrum

Here for the sake of simplicity we consider only one spec-
tator decay channel and one participant decay channel.
The first term describes the participant decay from the
resonantly core excited state ~a)(c 'a) to a singly
valence ionized continuum state ~u)(v 'e), whose decay
width is I „. The second term gives the spectator decay
from ~a ) to a singly ionized 2h lp final state
s)(j 'k 'as), whose decay width is I,. Z„(co) is the

effective dipole excitation (c '~a) matrix element,
given by

Z„(a))=Z„+g
c,„—a+co+i 1 f„/2

(2)

Here the second term in Eq. (2) describes the
configuration interaction between

~
a ) and

~
v ), which are

coupled by V„. c„ is the ionization energy of the valence
level v and m is the photon energy. I f„ is the decay
width of the valence hole state ~u ). A, (co) is the spectral

We consider the resonant excitation from a core level c
to an aSnity level a. At or near the resonance, neglecting
the direct emission amplitudes and considering only the
resonant emission amplitudes, we obtain the resonant
photoemission spectrum [7]

I(e;co) ~ iZ„(co)i A, (co)

function of the state ~a ), given by a Lorentzian profile
with a width I „

1 I', /2
A, (co)=—

~ (co—e, +e, + U„) +(I, /2)
(3)

Here I, is the total decay width and is a sum of I, and
I „c,is the ionization energy of a core level c, c,, is the
aSnity energy of an empty level a, and U„ is the effective
core hole-excited electron Coulomb interaction.
A„(e—e„—co) is the spectral function of the state ~v ),
given by a Lorentzian profile with a width I f„,

I'f„/2
A„(e—e„—co)=—

~ (s —e„—co) +(I'f„/2)
(4)

A, (s —e, —rv) is the spectral function of the state ~s),
given by a Lorentzian profile with a width rf„

I f, /2
A, (e —e, —co)=—

~ (s —e, —co) +(I'f, /2)
(5)

If, is the decay width of the 2hlp state ~s). s, is the
ionization energy of the final 2h lp state ~s ) and is given
by

cj +6k Ujk 6 + Uj + Uk (6)

IxAs( ) ~ ~Z ~2A ( ) (7)

Note that in this case the second term in Eq. (2) becomes
negligible. The width I, of XAS spectrum becomes the
spectator decay width I,.

Equation (1) shows that the total deexcitation spectral
intensity obtained at a certain photon excitation energy is
equal to the x-ray absorption spectral intensity at that
photon energy. The constant ionic (final-) sate spectros-
copy (CISS) spectrum obtained by collecting the emitted
electrons at a constant final state binding energy
[—e, (e„)=co—c.] is a partial electron yield at constant
binding energy. When the final-state lifetime broadening
is negligible, the CISS spectrum for the final state ~s)

Here s ~k~ is the ionization energy of valence level j(k}
and U is the effective hole-hole (particle) Coulomb in-

teraction.
At the resonance co, =c,—e, —U„, the participant

(spectator) decay spectrum is given by a superposition of
the spectral function A, ( A, ), centered at e„+co,

(e, +co, }, weighted by the partial participant (spectator)
decay ratio. The width of the participant (spectator) de-

cay spectrum is I f (f ) the same as that of valence photo-
emission spectrum main line (satellite line}. Thus the
deexcitation spectrum does not reflect the decay width

I, of the resonantly excited state. At the resonant exci-
tation from a deep core level, the spectator decay is the
fastest and dominates. As a result there is no decay chan-
nel which leads to the same final state as the direct
valence photoemission main line state. Consequently
there is no interference effect which may lead to Fano-
type resonance or antiresonance behavior for the final
state. In this case the x-ray absorption spectroscopy
(XAS}spectrum represents the absorption from a discrete
level broadened into a Lorentzian by the spectator decay:
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(~v ) ) is given by

(9)

Here c& is the ionization energy of the doubly ionized
final state

~
f'), which is reached from ~s ) by the partici-

pant decay channel i whose decay width is I &, . At the
resonance, the second-step resonant spectrum is given by
a superposition of the spectral function A, ( e' —

s& +E, )

centered at c.'= —c, +c,&, weighted by the partial partici-
pant decay ratio (I I, /I &, ). E' is constant, independent
of the excitation energy. From this viewpoint one may
call the process Auger decay rather than participant de-
cay. When the state ~s) is reached dominantly by the
spectator decay from

~
a ), the second-step resonant pho-

toemission spectral intensity will resonate also at the res-
onance energy co, . The CISS spectrum for the final state
f') is given by

I ' (co)~iZ ~' A (co) .r, r~,
cQ p p 0

a fs
(10)

If the spectator decay from ~a ) is not dominant, then
~f ') can be reached also from the valence shakeup satel-
lite state which is identical to ~s ). The valence shakeup
satellite spectrum is given by

I(e;co) ~ ~Z„(co)~ A, (e —E, —co) .

We consider further decay of the shakeup satellite state
~s ) to

~f ') . The decay spectrum is given by

( )
a

The CISS spectrum integrated over the whole binding
energy scale of final states, in other words, summing over
all decay channels in Eq. (8), gives the XAS spectrum in
total electron yield. If the XAS spectrum consists of
several structures, the CISS spectrum can be used to
decompose the structures in the XAS spectrum by moni-
toring particular final states in the DES spectrum which
can be reached only from a certain initial state.

When the outer valence levels are involved in the spec-
tator decay, the 2h lp final state may decay further to the
doubly ionized 2h state. This occurs dominantly by par-
ticipant decay because it would not be energetically
favored to create extra valence holes. The total decay
width is I &, . We consider the "second-step" resonant
photoemission spectrum for the participant decay whose
decay energy is c'. The second step resonant photoemis-
sion spectrum is given by

pl
I(e', co) o- iZ„(co)i A, (co) g A, (e' —EI+E, )

whether there is significant enhancement in the second-
step resonant photoemission spectrum (participant decay
from ~s ) to

~ f ') ) at the resonance, one can tell whether
the final state ~s ) is due to the spectator decay or direct
shakeup excitation.

The doubly ionized final state can be reached in one
step in the case of open-shell atomic systems. Such an ex-
ample studied recently is the decay of the
3p~nl (nl=ns, nd) Rydberg excitations of atomic Cu,
namely, a nearly total decay of these excitations into dou-
bly ionized (3d and 3d 4s') final ionic states in contrast
to the 3@~4s resonance which results into single ioniza-
tion (3d 4s state) [8]. The former double ionization
occurs because 3d'4s'nl states reached by the (S)CK
spectator decay of the 3p 4s'nl resonantly excited state
are degenerate with 3d 4s' continuum and above the
3d '4s ' double-ionization limit. Thus one can see that
the nl electron does not remain anymore as a spectator
and becomes ionized at the same time as the (S)CK decay
occurs [8]. The decay of the resonantly core-excited state
to the doubly ionized state in one step can be seen also in

more complicated systems such as molecules adsorbed on
metal surfaces [9] and ionic insulators [10]. In these sys-
tems, the resonantly excited electron can delocalize to the
empty substrate metal band or to the empty conduction
band on the time scale of the core hole decay. Thus the
Auger spectral feature (doubly ionized state) dominates in
the DES spectrum measured at the resonance. Theoreti-
cal formulation of the competition between the delocali-
zation of a resonantly excited electron and a core hole de-
cay will be published elsewhere [11].

To summarize, the width of the spectator (participant)
decay spectrum is due to the lifetime broadening of the
final state reached by spectator (participant) decay from
the resonantly excited state. The width is the same as
that of the valence photoemission shakeup satellite line
(main line), whose final state is identical to that reached
by spectator (participant) decay. The lifetime broadening
of the resonantly excited state by the spectator and parti-
cipant decay does not manifest in the deexcitation spec-
trum because in the resonant excitation the "primary
photoelectron" is excited to a particular bound level so
that the "kinetic energy" is fixed. As a result the initial-
state lifetime broadening is excluded. This is quite analo-
gous to the case of Auger photoelectron coincidence
spectroscopy (APECS) measurement. When the Auger
electron is collected by fixing the primary photoelectron
kinetic energy, the APECS spectrum excludes the life-
time broadening of the initial core hole state. In this case
the width of the APECS spectrum is due to the two-hole
final-state lifetime broadening [12].

B.Calculation of the XAS spectrum

rI,
I(E';co) IZ„(co) I

~ g A, (E' —a&+ E, ) . .CS p 5 f 5

The spectrum is given also by a superposition of the spec-
tral function A„centered at c.'=a& —c.„weighted by the
participant decay ratio. However, the spectral intensity
depends on the ionization cross section. Thus by studying

1 ImX, (co)
A, (co)=—

~ [co—co, —ReX, (co)] +[ImX, (co)]
(13)

Here ~, is the 1h lp Koopmans resonant excitation ener-

We are particularly interested in describing the shift
and broadening of the XAS spectrum. We rewrite A, (co)

as
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gy and X,(co) is the self-energy for the lh lp propagator.
We treat explicitly only the dipole relaxation part
[X,(co)] of the self-energy and approximate the mono-
pole part [X, (co) ] and the Fermi-sea (ground-state)
correlation part [X;(co)]by the energy shifts b, and 6',
respectively,

X, (co) =b, +b;+X, (co) . (14)

aP, +b, (bSCF)=co, (bSCF) . (15)

The dipole part of the self-energy due to the spectator de-
cay (c 'a ~j 'k 'ae) is given by

[(ce)1/r„[jk ) /'
X, (a))= g co+a~ s+t5 (16)

The method for evaluating the self-energy X, (co) is essen-
tially the same as that for the 3p ionization, which is de-
scribed in details elsewhere [12,13]. Here we only sum-
marize the basic features of the zeroth-order non-
relativistic orbital basis: (i) occupied (hole) levels —the
neutral 3p '5s' excited-state relaxed SCF HF orbitals;
(ii) unoccupied (particle) levels —orbitals calculated in a
HF V" potential constructed using the neutral
3p 'Ss ' excited-state relaxed SCF HF orbitals with two
holes (j and k) in the final ionic states. For the
3d 25s'n, ef(p) excitation channel, the [3d 'n, ef(p)]
electron-hole pair excitations have been treated within
the random-phase approximation with exchange (RPAE},
which can be accomplished by calculating the excited
discrete and continuum f(p) states according to the
(3d 'Ss'),„[3d 'n, ef(p)'P] HF V" potential and
adding the Fermi-sea correlation. This potential de-
scribes the ionic excitation as [3d 'n, ef (p)'P] dipole ex-
citation in a spherically averaged neutral 3d '5s'1h 1p
state [12,13].

We note that for a description of the 3p ionization, we
used two different types of approximations for evaluating
the 3p hole self-energy. One (approximations C and D) is
to use the neutral ground-state HF SCF orbitals (as de-
scribed in detail in previous work [12,13]), while the oth-
er (approximations E and F}is to use the 3p ionized state
relaxed HF SCF orbitals. One of the motivation for using
the latter is to study the effect of the relaxation on the
wave functions because in the former approximation the
effect of the monopole relaxation is included only in
terms of energy parameters. However, we note that there
is no obvious justification for using relaxed orbitals when
constructing potentials and calculating matrix elements.
This is a nontrivial problem since it involves the dynam-
ics of the primary photoionization process and the secon-
dary (S)CK processes as well as interference between
them. The screening charge grows from zero to full
strength as the Auger electron leaves the system. The ac-
tual effect of relaxation on the potential corresponds to
relaxation in the presence of a half hole in addition to the

The broadening of the spectrum is dominated by (S)CK
decay processes which are given by the imaginary part of
dipole self-energy ImX, (co). We approximate the mono-
pole relaxation shift b by the Hartree-Fock (HF) b,SCF
(self-consistent-field) method

hole already present. In other words, using the complete-

ly relaxed ionic state with two holes overestimates the
influence of relaxation effects, and a transition state type
of calculation should be more appropriate. Therefore,
the initial-state relaxed-state orbitals may represent a
more realistic estimate of relaxation effects than using the
final-state orbitals. The other motivation is to make a
comparison with the results obtained for the 3p '~5s'
resonant excitation because in the cases of the resonant
excitation, the resonantly excited-state relaxed SCF orbit-
als are used instead of the neutral ground-state SCF or-
bitals.

The average energies e, of the final 2h lp 3d 5s' and
3d '4s 'Ss' states for the spectator (S)CK decay of
3p '5s ' resonantly excited state are calculated using the
HFhSCF method. The rnultiplet splittings of the
3d 5s ' configuration are calculated by using the
Coulomb integrals of the 3p 'Ss' excited state. We esti-
mate an average relativistic shift as in a previous article
[12]. To evaluate the spectral function, in principle we
need to know the correlation energy shifts 5' for the
1h 1p and 2h 1p states. 5' for the 3d and 4s levels are es-
timated as before [12]. However, b; for the 3p 'Ss'
state is estimated to be 1.0 eV rather than h3z =2.9 eV,
from a previous work [12], because of the 5s electron.
The results for the 2h lp states are shown in Table 1,
showing good agreement with experiment.

TABLE I. Theoretical (HFhSCF) and experimental binding
and excitation energies of atomic Zn (in units of eV). Asterisks
means that 6' is not included.

Configuration

(3d 5s'),„
(3g 5$ ) $'

2G

2p
4p
2D

2p
4F

(3d '4s 'Ss ')„
p 1/2 5$

3p 3/25$

Expt. (Ref. [3])

46.6

43.3
43.3
30.1

96.0
93.2

Theory

46.5
52.1

46.6
45.9
45.7
45.1

43.0
42.9
30.5
97.9*
94.6*

III. RESULTS AND DISCUSSIONS

In Table II we summarize the 3p
' —+5s' resonant ex-

citation energies and their spectator decay widths evalu-
ated by the many-body technique described in Sec. II A.

In approximation A we used the theoretical lh lp and
2hlp state energies listed in Table I. The calculated
3p, /23/2 widths are 2.0 and 1.9 eV, respectively. The
Fermi-sea correlation introduced by RPAE reduces the
SCK decay rate of the lb lp state obtained by the
Tamm-Dancoff approximation (TDA) by about 30%
(from 2.54 to 1.78 eV for the 3p&zz~5s' resonant excita-
tion and 2.38 to 1.67 eV for the 3p3/2~5s ' resonant exci-
tation). The introduction of the Fermi-sea correlation by
RPAE (less attractive final-state potential) causes the
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TABLE II. Theoretical and experimental decay width (I ) and excitation (binding) energy (E) of the
3p '5s ' and 3p ' states of atomic Zn (in units of eV). E is the unperturbed excitation (binding) ener-

gy which is a sum of the HFASCF excitation (binding) energy and the Fermi-sea correlation energy
shift.

State

3P 1/2 5$

3p gq25$
'

3P l rz

3p span

Approx.

8

8
C
D

F
C
D

98.9
98.9
95.6
95.6

102.5
100.6
102.5
100.6
99.5
97.6
99.5
97.6

97.0
97.0
93.7
93.7

100.5
98.6

100.6
98.7
97.5
95.6
97.6
95.6

Theory

2.04
1.93
1.93
1.82

2.13 (2.33)
2.05 (2.24)

2.04
1.98

2.00 (2.18)
1.93 (2.10)

1.94
1.87

96.0'

93.2'

98.9'
987

96.1'
961

Expt.

) 1.5'

2.2'
2.1+0.2b

2.3'
2.1+0.2b

'Reference [3].
~Reference [14].

continuum wave function to move radially outwards. As
a consequence the level width distribution becomes shift-
ed to higher energies. A less attractive potential leads to
a decrease in the SCK decay rate. The TDA is not a con-
sistent approximation and not sufficient for the evalua-
tion of the decay rate [12,13]. The excitation energies are
97.0 and 93.7 eV, respectively. The dipole relaxation
shift of the resonantly excited state is 1.9 eV, which is al-
most the same as that of the 3p ionized state (2.0 V, ac-
cording to the present many-body calculation). The di-
pole relaxation shift is due to 3p 'Ss'~3d Ss'ef(p)
SCK virtual processes. As the relaxation beyond the
HFb, SCF picture (the dipole relaxation) of the lh lp state
is due to the 3p core relaxation rather than that of 5s
electron, the term value (

—s, + U) can be quite accurate-
ly evaluated even at the level of the TDA. The calculated
term values are listed in Table III. The agreement with
experiment is excellent. Note that the resonant excita-
tion energies presented in Table II are evaluated by solv-
ing the Dyson equation

co —co, (b SCF)—ReX, (a) ) =0 .

tion A (use of the theoretical final-state energies), except
for the 6'=2.9 eV used for the 3p levels. The width
agrees well with experiment, although the experimental
data by Adam et al. [3] show that the 3p3/p width is

slightly larger than the 3p, &2 width. This is opposite the
present prediction. The peak energies are overestimated
by about 1.5 eV because of overestimated 6' for the 3p
levels.

Approximation D is essentially the same as approxi-
mation B (use of the experimental final-state energies).
The energy positions are significantly improved, because
4'=1.0 eV is used for the 3p levels. However, the widths
seem to be underestimated. This must be due to an un-

derestimate of the 3p '~3d '4s ' CK decay rate by a
factor of 3 by the present calculation. The theoretical
(3p '~3d )/(3p '~3d '4s') decay rate ratio is
100:6, while the experimental one is 100:16 [14]. Using
the experimental decay ratio to estimate the correct
3p '~3d '4s ' decay rate, we obtain 2.2 and 2.1 eV
for 3p, &2 and 3p3/2 levels, respectively. The results are in

good agreement with experiment. This is also the case

The preliminary theoretical investigation shows that
I~l —1 excitation is much stronger than I ~l+1 excita-
tion. Thus the assignment of 3p —+ns to the dominant
resonant excitation spectral features of atomic Zn by
Adam et al. [3] is correct.

In approximation 8 we used the experimental average
2h 1p level energies. The calculated width decreases by
about 0.1 eV; however, the excitation energy is fairly in-
dependent of the approximations. The widths are still
slightly overestimated.

In Table II we present the results also for the 3p ioniza-
tion, obtained by four different approximations. We refer
to a previous work for a list of the experimental and
theoretical 1h and 2h state energies [12].

Approximation C is essentially the same as approxima-

Initial
state

3p

Final
state

5$

6$
7$
8$

41
5d
6d
7d

Theory

2.85
1.32
0.76
0.50
1.62
0.9
0.57
0.39

Term value

Expt.
(Ref. [3])

2.90
1.30

TABLE III. Theoretical and experimental term values for
atomic Zn (in units of eV).



49 DECAY OF THE RESONANTLY EXCITED STATES OF ATOMIC Zn 4435

with the results obtained by approximation C (see the
values inside the parentheses).

Approximations E and F are the same as approxima-
tions C and D, respectively, except for a choice of basis
sets (see Sec. II B). The energy positions and the widths
are quite similar to those obtained by approximations C
and D. However, a detailed analysis shows that the
present theoretical (3p ~3d ) /(3p ' ~3d '4s '

)

spectrum intensity ratio is about 100:17, in good agree-
ment with experiment. This is due to a decrease of the
3p '~3d SCK decay rate by about 10% and an in-
crease of the 3p '~3d '4s ' CK decay rate by a factor
of 2.3. The core relaxation will screen and reduce the at-
tractive Hartree-Fock potential of the final-state holes
and causes the continuum wave function to move radially
outwards. As a consequence the level width distribution
becomes shifted to higher energies. A less attractive po-
tential leads to a small decrease in the SCK decay rate,
while the CK decay rate width increases very much. In
other words, the relative change of the CK decay rate is
fairly sensitive to a choice of orbitals. Although the
(3p '~3d )/(3p '~3d '4s ') decay ratio is well

reproduced by using the relaxed orbitals, the total decay
widths are slightly underestimated.

The total (partial) decay widths for the resonantly ex-
cited state and core ionized state obtained by using the
initial-state relaxed orbitals are almost same. This is be-
cause the monopole relaxation of the occupied orbitals in
both initial ionized and excited states described by the
average configuration HF SCF approximation is similar.
Moreover, this is also the case with the monopole relaxa-
tion of the occupied orbitals in the two-hole finite-states
of both resonant excitation and core ionization. At the
level of the average configuration HF SCF approxima-
tion, the resonantly excited 5s electron does not seem to
act as a screening electron in both initial and final states
of the resonant excitation. The screening of the final-state
two-hole potential by the resonantly excited 5s electron
does not seem to be significant. Otherwise, there should
be a substantial difference between the decay width calcu-
lated for the resonantly excited state and that for the core
ionized state. This is also in accord with the argument
that the negligible participant decay implies the diffused
(nonlocalized) Ss electron orbital. However, the experi-
ment shows that there is a decrease of 0.7 eV in the decay
width from the core ionized state to the resonantly excit-
ed state.

The present theoretical (3p '5s'~3d Ss')/
(3p '5s'~3d '4s '5s') decay ratio is about 100:16
and agrees well with the experimental ratio for the 3p
ionization. The 3p'5s' resonant emission spectrum [3]
shows that the 3p 'Ss'~3d '4s 'Ss'c decay rate is
negligible because the spectral intensity of the
3d '4s 'Ss ' final state does not increase at all at the res-
onance. The 3d '4s 'Ss' singly ionized state is created
dominantly by the 4s~Ss shakeup excitation associated
with the 3d ionization. The 3d ' and 4s ' final states do
not resonate either, indicating that the 3p 'Ss' resonant-
ly excited state decays dominantly by the
3p '5s'~3d Ss'cf(p) SCK decay. Then the
3p 'Ss'~3d '4s '5s' CK decay rate is much overes-

timated by the present calculation. If the CK decay rate
for the resonantly excited state is negligible as the experi-
ment shows, we obtain 1.67 and 1.56 eV for the

3p, /2~5s and 3p3/2~5s resonant excitations, respec-
tively (approximations C and D). They are in good agree-
ment with experiment.

Combet-Farnoux [15] performed the R-matrix calcula-
tion for the 3p —+4s resonant decay of atomic Cu and
found that the decay rate for 3p 3d' 4s ( P) to
3p 3d 4s is 20 times larger than that for 3p 3d'04s to
3ps3d 4s'. This indicates that the present many-body
calculation overestimates the CK spectator decay rates.
The CK decay rates are also very sensitive to a choice of
approximations. A less attractive final-state potential
leads to an increase in the CK decay rate, while it leads
to a decrease in the SCK decay rate. In the present work
the CK decay rates are calculated by the TDA for both
core ionization and resonant excitation. The introduc-
tion of the Fermi-sea correlation by RPAE (less attrac-
tive final-state potential) is expected to increase the CK
decay rate. In the case of the 3p ionization (approxima-
tion C and D), this probably leads to better agreement
with experiment. For the core ionized state case the use
of the relaxed orbitals underestimates the SCK decay rate
because of a less attractive potential. Thus in the case of
core ionization, the frozen-core approximation with
RPAE for both SCK and CK processes (improvement for
approximations C and D} may provide a reasonably good
description of the core hole decay. This may indicate
that in the case of core ionization the relaxation effects in
both initial and final states are small. In the case of the
resonantly excited state, the increase of the CK decay
rate by the introduction of RPAE leads to an overesti-
mate of the total decay width.

From a viewpoint of the spectator Auger energy shifts,
the (S}CK spectator decay energy is about 5 eV larger
than the normal (S}CK decay energy. If the final-state
potential for the spectator decay is the same as that for
the Auger decay, in other words, if the presence of the
spectator Ss electron is negligible, then the total decay
width increases by about 0.25 eV. The experiment shows
a decrease of 0.7 eV. Thus the possibility that the width
decreases because of the decay energy shifts can be ex-
cluded.

In the present work the presence of a spectator (5s
electron) is treated within the framework of average
configuration. We cannot exclude the possibility that this
may provide an inaccurate description of the relaxation
in both initial and final states of resonant excitation. The
presence of the Ss electron may be underestimated by the
approximation because of lack of explicit coupling be-
tween the excited electron and a hole (or holes). Using
the neutral ground-state orbitals as a starting point for
the perturbation scheme to describe the resonant excita-
tion and its subsequent decay (as in approximations C
and D for the 3p ionization) and include the explicit cou-
pling of the 5s electron with a hole (holes) may provide a
more accurate description of the excitation. However,
such a numerical procedure is beyond the present scope.

The calculation for the resonantly excited state with
one 3d hole final-state HF V" ' potential, simulating the
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complete screening of 31(4s) hole by the 5s electron, to-
gether with the excited-state SCF relaxed orbitals, shows
the decay width of about 1.2 eV. This is smaller than the
experimental value (1.5 eV). Despite an increase of 5 eV
in the SCK decay energy for the spectator decay, the
SCK decay rates calculated for the resonant excitation by
the relaxed orbital approximation show a decrease (0.25
eV) in comparison to the SCK decay rates calculated for
the 3p core ionized states by the frozen-core approxima-
tion (approximations C and D). Thus one may conclude
that the present results indicate that the screening of the
final-state double hole (3d ) by the resonantly excited
electron is not very significant, but there is indeed a small
decrease in the spectator SCK decay width in comparison
to normal SCK decay width. It appears that it is the CK
rather than the SCK decay rate which changes substan-
tially from the core ionized state to the resonantly excited
state.

The second-step resonant photoemission spectrum due
to the decay from 3d 4s'5s' to 3d' appears around
E' =2. 75 eV [3]. The spectrum does not show any
significant enhancement at the resonance, indicating that
the 3d 4s'5s ' state is created mainly by the shakeup exci-
tation associated with the 3d valence ionization [3]. In
other words, the spectator decay 3p '5s ' ~3d '4s '5s '

is negligible. This is in accord with nonresonant behavior
of the 3d 4s'Ss' final state in the "first-step" resonant
photoemission spectrum. The width of the second-step
decay spectrum does not change at the resonance and ap-
pears to be the same as that ( =1.0 eV) of the first-step
decay spectrum corresponding to 3p '5s '

~3d '4s 'Ss'. As discussed in Sec. II, this is because
the width refiects the lifetime broadening of the final
2h lp state. The second-step resonant photoemission
spectrum due to decay from 3d 4s 5s ' to 3d 4p

' (or
3d 4s '

) is expected around ( E' = 5 eV). There is a
significant enhancement at the resonance [3]. The
width of this second-step decay spectrum should be the
same as that of the first-step decay spectrum for
3p '5s'~3d 5s' (1.6 eV).

Adam et al. [3] observed the prominent two structures
( A and 8 in Fig. 4 of Ref. [3])at 43.3 and 46.6 eV around
the 3p3/2 +Ss' resonance. These two structures can be
assigned as 3d Ss' ' 'F and G configurations, respec-
tively (see Table I). At the resonance (93.1 eV), an extra
structure (C in Fig. 4 of Ref. [3]) appears at 50.7 eV.
With an increase of the photon energy (from 93.9 to 94.2
eV) above the resonance maximum, the spectral intensity
of A and 8 begins to decrease while the intensity of struc-
ture C increases gradually. Structure C is most likely
3d 6s' G due to SCK decay of 3p '6s' resonantly ex-
cited state (note that the energy separation between

3p '5s' and 3p '6s' resonance maxima is 1.6 eV, while
the width of 3p '5s' is 1.5 eV, so there is a significant
overlap between two resonances). Structure 8 may con-
tain partly 3d 6s' ' 'F.

IV. CONCLUSION

The SCK decay of the resonantly core-excited state in
the presence of an extra electron (spectator) is expected
to be infiuenced by the screening of the final-state two-
hole potential by the spectator. The degree of screening
depends on the localization of the spectator electron.
The stronger the localization, the less attractive the
final-state potential. However, at the same time, in gen-
eral the spectator decay energy increases in comparison
to the normal Auger decay energy. As the (S)CK decay
rate is often sensitive to both final-state potential and de-

cay energy, an ab initio many-body calculation may be
useful to determine which factor is the most important
for the variation of decay width from core-ionized state
to resonantly excited state. In general such a calculation
of the decay widths needs a highly developed systematic
scheme for an accurate description of many-body effects.
The decay width (1.5 eV) of the 3p '~5s resonantly ex-

cited state of free atom Zn is substantially smaller than
that of the 3p core-ionized state. The present ab initio
many-body calculations show that the resonantly excited
state decays dominantly by 3p '5s'~3d Ss'sf SCK
decay. This is in agreement with the experimental obser-
vation. The SCK spectator decay rate seems not to be
much influenced by the presence of the extra Ss electron,
although there is a decrease of 0.2-0.3 eV in the width.
The present calculation seems to overestimate the CK
spectator decay, which is in fact negligible. %hen the
CK decay is neglected, we obtain good agreement with

experiment.
Thus it appears that it is CK rather than SCK decay

rate which changes substantially from the core-ionized
state to the resonantly excited state. The increase of
spectator decay energy in comparison to the Auger decay
energy increases the SCK decay rate if the final-state po-
tential is not infiuenced at all by the presence of the extra
5s electron. This excludes the possibility that the widths
are decreased due to the decay energy changes. The de-

cay width of the both first-step and second-step resonant
photoemission spectra rejects the lifetime broadening of
the final state of the spectator and participant decay
which are identical to the valence photoemission satellite
states and main line states, respectively. Thus the decay
widths of the resonant photoemission spectra should be
the same as those of the valence photoemission spectra.
The differences are the intensities, which are determined

by different excitation mechanisms.
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