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We present a calculation of the photoabsorption and photoemission cross sections of
atomic copper in the neighborhood of the 3p threshold employing a time-dependent self-
consistent-field approximation amended to include self-energy corrections necessary for a
proper description of core-hole Auger decay. The calculated spectrum includes a contri-
bution from a shake-up satellite in the two-particle spectrum which becomes resonant at
the 3p-4s transition energy and is in good agreement with available absorption data. We
present the relevant partial cross sections in the one-particle spectrum and include a brief
discussion of the absorption above the 3p threshold with regard to the requirements of

self-consistency.

I. INTRODUCTION

In this paper we report the results of quantita-
tive calculations pertaining to resonant shake-up
phenomena recently observed in a variety of nar-
row 3d-band materials. Experiments have shown
that direct photoemission from the 3d band is ac-
companied by a lower kinetic energy satellite
whose generally weak intensity undergoes a
dramatic resonant enhancement as the photon en-
ergy is tuned through the 3p threshold.""? The sa-
tellite has been interpreted as a two-electron excita-
tion in which a second 3d electron is promoted to
an unoccupied level leaving two strongly correlated
3d holes bound to a single site. Support for this
view has come from the decomposition of the satel-
lite fine structure into atomic multiplets® as well as
the quasi atomic Auger spectrum exhibited by
these systems.> Nevertheless, the precise character
of the final state corresponding to the satellite is
still not completely understood regarding the role
of the second “shake-up” electron. For the situa-
tion corresponding to the full d bands of copper,
model calculations exist which exhibit a resonant
two-hole satellite, where the 3d electron is promot-
ed to either an essentially atomic 4s orbital** or to
a conduction-band state at the Fermi level.®” At
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present it is unknown whether either description
would yield a resonant enhancement of magnitude
consistent with experiment. Our purpose here is to
begin to address this question purely within the
context of the atomic¢ model with a realistic calcu-
lation of photoabsorption and photoemission in the
neighborhood of the 3p threshold of atomic copper.

We shall focus primarily on the photon energy
dependence of the total photoabsorption cross sec-
tion o, (w), the various partial photoemission
cross sections o,(w), and the shake-up satellite
cross section o, (@) which, in the absence of radia-
tive decay, are related by

Oabs(@)= 3, O (@) +0ql@) . (1

n,l

The partial cross sections on the right-hand side of
Eq. (1) are experimentally distinguishable due to
the differing kinetic energy of the escaping pho-
toelectrons. Before describing the calculation, we
outline the important physical processes which de-
fine the problem, following the discussion of Wen-
‘din and co-workers.* First, consider the one-
particle spectrum. Far below the 3p threshold the
photoemission is dominated by transitions from the
3d shell to the continuum o34(w) described by
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#iw +3d 4s—3d%4s +€ , ()

where fiw denotes the photon energy and € the
photoelectron. We shall ignore the oscillator
strength due to emission from the 4s shell which is
negligible at these energies. As the photon energy
is increased, transitions become possible from the
3p level to the half-occupied 4s level which, in an
independent-particle model are represented by a
delta function in energy. In fact, however, the
discrete 3p-4s and continuum 3d-€/ single-
particle—hole channels interfere with one another
to yield a typical Fano line shape® for the cross
section. One may view this as a 3p-hole lifetime
effect in the sense that the discrete excitation au-
toionizes and decays into the continuum leaving a
single hole in the 3d shell as the final state. In-
creasing the photon energy still further, direct pho-
toemission from the 3p shell finally becomes possi-
ble according to

#iw +3p3d 4s—3p°3d %4s + € . (3)

From the previous discussion, we expect to find
the shake-up satellite in the two-particle spectrum.
Far below the 3p threshold, the two 3d-hole final
states may be reached by direct excitation:

o +3d %4s—>3d¥4s? € . 4)

In addition, near the 3p-4s discrete transition ener-
gy, a resonant path to the presumed shake-up final
state proceeds by super Coster-Kronig Auger decay
of the 3p core hole:

fio + 3p®3d %45 —3p53d 10452
—3p%3dB4s?te. (5)

Clearly, the latter process also constitutes a hole-
lifetime effect and the shape of the absorption spec-
trum near the discrete excitation energy will be
determined by which process has the shorter life-
time between autoionization and Auger decay.*>
This report is organized as follows. We address
first the photoabsorption associated with the 3d
shell in the absence of Auger lifetime effects, but
including the interference between the 3p-4s
discrete excitation and 3d-€l/ continuum channel.

This channel-mixing phenomenon is calculated
|

X(T, T | 0)=Xo(T,T" | @)+ fXO(FyFl | @)K (T1, T)X(T5, T | @)dThdT, -

The frequency-independent kernel function
K(T,T") reflects the effect of the Coulomb interac-
tion between particle-hole pairs. The nonlinear

within the context of a self-consistent treatment of
electronic polarization based upon the local-density
approximation. This preliminary calculation is
primarily heuristic in character and illustrates that
a proper description of the atomic absorption data’
requires a more complete account of hole-lifetime
(self-energy) effects. The remainder of the paper
concerns the inclusion of the Auger decay of the 3p
hole by an appropriate choice of self-energy correc-
tions to the 3p-hole energy and the calculation of
the satellite intensity in a way which emphasizes
the symmetry properties of the excited states. The
direct shake-up channel is found to be very weak
while the resonant shake-up channel produces a
contribution which accounts for a significant

_ feature in the experimental absorption spectrum.

The pronounced Fano line shape which is present
in the 3d partial photoemission cross section in the
absence of Auger decay is destroyed, leaving only a’
weak modulation at the position of the satellite res-
onance. We conclude with a brief discussion of the
influence of the satellite on the absorption spec-
trum above the 3p ionization threshold.

II. POLARIZATION EFFECTS

The photoabsorption and photoemission cross
sections of valence shells can generally be comput-
ed using time-dependent self-consistent-field tech-
niques.’® In that picture the absorption is regarded
as that produced by independent particles driven
by a time-dependent local field U(T'| w), equal to
the sum of the external radiation field and an inter-
nally generated screening (or antiscreening) field in-
duced by the polarization of the system. Let
Xo(T,T') | @) denote the nonlocal frequency-
dependent polarizability of a system of independent
electrons. X,(T,T’) | w) may be represented di-
‘agrammatically as the sum of simple particle-hole
bubbles such as the one shown in Fig. 1(a); each
bubble stands for one term in the spectral represen-
tation of the polarizability and represents a possible
single-particle excitation of the system. An ap-
proximation to the polarizability of the real in-
teracting electron system, X(T,T’| @), which incor-
porates the dielectric effects discussed above, is
found by solution of the RPA-type equation

B (6)

T
dependence of X(T,T’ | @) on Xo(T,T" | @) implied
by the integral equation induces an interference
between the particle-hole excitation channels of the
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FIG. 1. Diagramn‘;;tic representation of contributions
to the electronic polarizability Xo(T,T” | w) leading to
photoemission : (a) direct 3d-shell emission, Eq. (2), (b)
resonant shake-up, Eq. (5), and (c) direct shake-up, Eq. (4).

independent-particle system. In particular, as dis-
cussed in the Introduction, the 3p-4s discrete and
3d-€l continuum excitations interfere to produce a
Fano line shape in the absorption spectrum, which
is proportional to ImX(T, T’ | 0).

Theé present calculations employ a time-
dependent self-consistent-field scheme based on the
local-density approximation (LDA) which has been
successfully applied to photoabsorption studies of
the rare gases'' and rare earths.'? Specifically, the
spectral representation of Xo(T,T' | @) is evaluated
using wave functions and energy eigenvalues given
by the LDA Kohn-Sham equations.’* In this time-
dependent local-density approximation (TDLDA),
the local field contains both a direct Coulomb and
exchange-correlation component. The polarization
effects included by the solution of Eq. (6) may be
represented by replacement of the external field by
the local field in all dipole matrix elements; details
may be found in Ref. 11. For example, the wiggly
line vertices in Fig. 1(a), which stand for
(€|z | 3d) in an independent-particle calculation
should be reinterpreted as (€| U(T|w)|3d) in the
self-consistent-field calculation.

In Fig. 2, the 3d partial photoemission cross sec-
tion is shown in both the independent-particle ap-
proximation (dashed line) and the TDLDA
(dashed-dot line). The theoretical curves have been
shifted on the frequency axis to align the 3p-4s
transition energy with the resonance structure of
the experimental absorption data’ since the discrete
excitation energy based on local-density eigenvalues
is, as is generally the case, in poor agreement with
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FIG. 2. Copper-vapor absorption data from Ref. 9
(solid line), calculated 3d partial photoemission cross
section in the independent-particle approximation
(dashed line), and the TDLDA (dashed-dot line) neglect-
ing hole-lifetime effects. Data normalized to TDLDA
calculation at 65 eV.

e

experiment. Below the 3p ionization threshold, the
3d partial cross section is nearly identical with the
total photoabsorption cross section so that direct
comparison with the experimental absorption spec-
trum is appropriate. In addition to the asymmetric
Fano line shape, the difference in absolute magni-
tude between the two theoretical curves reflects the
weak polarizability of the copper 3d shell.

The extremely narrow calculated resonance re-
flects the weakness of both the 3p-4s transition os-
cillator strength and the coupling of this discrete
excitation to the degenerate 3d-el continuum chan-
nel. Furthermore, comparison of the theoretical
linewidth with the observed peak width suggests
that a fast decay mode is essential to reproduce the
absorption spectrum. We emphasize that to this
point the calculation has included only the self-
consistent response of the atomic electrons which
leads to photoemission final states containing'a sin-
gle hole relative to the ground state. We have in-
cluded no two-electron excitations and therefore no
satellite appears.

III. SELF-ENERGY EFFECTS

The physical origin of the satellite spectrum is
the nonstationary character of the state produced
by the sudden creation of a 3p core hole. The
Auger decay of this state, indicated in Eq. (5), is
represented diagrammatically in Fig. 1(b) which
describes a low-order contribution to the 3p-hole
self-energy. The premise of this work is that the
dominant contributions to this self-energy are con-
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figurations involving two 3d holes and a particle in
either the 4s level or higher bound levels or contin-
uum states.!* The box in Fig. 1(b) represents the
multiple scattering of the two holes from one
another. If such scattering is restricted so the
holes remain in the 3d shell, the result is
equivalent to an elementary multiplet calculation
which neglects configuration interaction. Accord-
ing to this diagram, the initial angular momentum
of the 3p hole, a 2P state, can be conserved by de-
cay to any of the multiplets of the 3d® complex
(18,%P,'D,’F,'G) since the photoelectron, denoted
by g, can provide any needed angular momemtum.
Indeed, the observed kinetic energy distribution of
the satellite fine structure in bulk copper® and
quasiatomic Cu-phthalocyanine'® is consistent with
such decay.

Technically, our choice of this self-energy dia-
gram represents an approximation to the two-
particle Green’s function in which the only internal
lines correspond to 3d-hole propagation. Here, the
3p-hole self-energy may be written in the form

|Akq|2
23 (w)= — -
3 qZA fiwo+Epo+€,—i

(7

The two 3d-hole multiplets are denoted by
A={LSM; M, }. E,, is the energy of the multi-
plet with respect to the ground state which reduces
to —2e34 in the absence of multiplet splitting.
Each of the two-hole multiplets enters the self-
energy with an amplitude determined by Coulomb
matrix elements and factors which involve the mul-
tiplet wave functions. A concise formula is

!AM|2=zﬂ<0|dﬁd}m<x|dkd1 |0)
i

X{pg |V |kI){ji |V |pg), (8)

where d; denotes a destruction operator for a 3d
electron with magnetic and spin quantum numbers
i={ M Mg}. We evaluate the above expressions
by noting that the energy denominator in Eq. (7)
and g orbitals in Eq. (8) may be combined to form
the spectral representation of the one-particle
Green’s function appropriate to the LDA potential,

GE)=Y lgXql )
s E—¢ +id

and hence may be exactly evaluated.!! For con-

venience (and since we are not concerned with the

satellite binding energy) we have ignored the mul-

tiplet splittings in the evaluation of Eq. (7). These

splittings may be easily included and may even be
modified in an ad hoc manner to include polariza-
tion corrections.!® We find this contribution to the
3p-hole self-energy to be weakly energy dependent
(10% variation over the energy range of interest),
with a mean value of the imaginary part corre-
sponding to an Auger lifetime of 3.75 X 10~ sec.
To incorporate this self-energy, and generate the
shake-up satellite, we must modify the
independent-particle response function,
Xo(T,T' | @), which has the spectral representation

G ER (O E W, (F)
ﬁa)—(e_,—e,)+18 ’

Xo(EF | @)= 3 (fi—f)
ij

(10)

where f; and 9;(T) denote a Fermi occupation fac-
tor and atomic single-particle orbital, respectively.
Consistent with the presumed satellite excitation
sequence, Eq. (5), we isolate the term responsible
for 3p-4s transitions and make the substitution

1
‘ﬁ(l)—~64s +63p+i8

— 1 .
fic) — €4 +€3 +23p(w4s —)

(11)

The modified response function replaces
Xo(T,T' | @) in the integral equation, which is
solved to yield the overall response of the system.
We briefly defer a discussion of the validity of this
approach and present the resulting calculated ab-
sorption spectrum for atomic copper in Fig. 3.
Here, as in the previous figure, the relative absorp-
tion data of Bruhn et al.’ was normalized to the
calculation below the resonance structure. We find
the width and relative intensity of the peak in good
agreement with the data although the 3p-level
spin-orbit splitting near 75 eV is not reproduced in
our nonrelativistic calculation. Decomposition of
the calculated absorption according to Eq. (1) re-
veals only a weak modulation of the 3d partial
photoemission cross section (dashed-dot line) in the
vicinity of the 3p-4s transition energy: the ob-
served peak structure is due to the nearly Lorentzi-
an profile of the two-electron satellite. This
behavior is consistent with the analyses of Wendin*
and Yafet® for the case when the Auger lifetime is
much shorter than the autonionization lifetime.
The explicit formula for the resonant contribu-
tion to the shake-up satellite cross section clearly



shows that each multiplet undergoes the same
magnitude of resonance enhancement while their
relative intensities are always determined by the

[(4s |U(F|w)[3p)|?

o) =4r*atio
I ﬁw_e4s +63p +23p(w4s —o)

The cross section differs from a Lorentzian line
due to the frequency dependence of both the self-
energy and the local field. However, as noted ear-
lier, the latter effect is small (about 10%) because
the 3d shell of transition metals is not highly po-
larizable due to the absence of a strongly overlap-
ping unoccupied orbital accessible by a dipole tran-
sition.!” Although no partial photoemission cross-
section data is available for the atom, bulk copper
shows very similar features for the 3d-band'® and
satellite? emission. In the bulk case, however, the
position of the shake-up resonance maximum and
the onset for continuous absorption both occur at
the Fermi-level excitation energy, whereas in the
atom these processes are separated by the 4s-level
binding energy so that the absorption spectrum of
.copger vapor and copper bulk metal are not identi-
cal.

The direct shake-up process, Eq. (4), may be
represented by a self-energy correction to the 3d-
hole propagator, as shown in Fig. 1(c), in the same
approximation as previously discussed for the 3p
hole, i.e., we consider only the sudden approxima-
tion which neglects the interaction of the residual
ion with the photoelectron. We find this process

75 80 85
hw (ev)

FIG. 3. Copper-vapor absorption data from Ref. 9
(solid line), calculated total photoabsorption cross section
including Auger decay of 3p-hole (dashed line), and 3d
partial photoemission cross section (dashed-dot line).
Satellite cross section is the difference between the two
theoretical curves below 80 eV. Above 80 eV, this
difference represents the 3p partial photoemission cross
section. Data normalized to calculation at 65 eV.
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A; q (see Table I). The partial shake-up cross sec-
tion in which the 3d shell is left in the multiplet
state A is

12 2 [Akq|28(ﬁw+EAO+fq) . (12)
q

t'o be nearly energy independent and to contribute
to the cross section with an intensity only 1% of
the main line, as observed far from resonance.

This shake-up mechanism scales with the

(€| U | 3d) dipole photon vertex rather than the
(4s | U | 3p) vertex of the resonant diagram. Final-
ly, only the 'D component of the 3d® multiplet can
be excited in this case since only the / =0 4s parti-
cle state, rather than the escaping photoelectron,
can provide the missing angular momentum.
Nonetheless, in the condensed state the .shake-up
electron may reside in a hybridized state with sig-
nificant 3d (I =2) admixture, in which case even
the nonresonant shake-up process would couple to
all the multiplets. Our particular choice of direct
shake-up, Eq. (4), was chosen because it leads to
exactly the same final state as the dominant
resonant sequence, Eq. (5).

With both satellite processes leading to the
3d®4s? final state, there exists in principle an in-
terference between the two.> A proper description
of this effect involves diagrams we have omitted.
In fact, the substitution indicated by Eq. (11) fol-
lowed by solution of the SCF integral equation
does not generate a solution of the optical linear-
response problem in the presence of self-energy ef-
fects which satisfies the conservation laws. In par-
ticular, our computed cross section does not satisfy
the f sum rule. Baym and Kadanoff'® have out-
lined a procedure which determines a linear in-
tegral equation for X(¥, T’ | w) [a Bethe-Salpeter
equation generally different from Eq. (6)] for any
particular self-energy choice. In such a “conserv-
ing approximation,” new diagrams would be gen-
erated, some of which may be identified as those
responsible for the interference phenomenon in the
two-particle spectrum mentioned above. Indeed,

TABLE I. Relative intensities (normalized to 'G) of
the shake-up multiplets calculated from Eq. (8). The
dependence of | Ay, |? on the photoelectron kinetic ener-
gy is very weak in the photon energy range of interest.

Multiplet G F 'D 3p 'S
| A3y |2 100 45 13 3 5
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Wendin'” and Amusia?® have discussed such better
approximations in a somewhat different context.
To reiterate, neither a self-energy-corrected
independent-particle approximation employing only
Xo(T,T' | @), nor a self-energy-corrected TDLDA
employing Eq. (6) strictly generates a conserving
approximation for the optical response. Neverthe-
less, the quite reasonable results we obtain for the
shakeup structure with our simplified TDLDA cal-
culation suggests that the corrections to it must be
distributed to other parts of the absorption spec-
trum.

In fact, the behavior of the calculated spectrum
above the 3p threshold immediately indicates where
some corrections ought to occur. The small
features above 80 eV in the experimental curve
have been associated with transitions to high-lying
rydberg states, implying a 3p ionization limit of
about 85 eV. The calculation yields a 3p threshold
at lower binding energy (again, typical of a local-
density approximation) and an abrupt 3p to contin-
uum absorption step not observed in the data.
First, we note that no self-energy corrections were
applied to the 3p-hole propagator above threshold,
the inclusion of which would broaden the calculat-
ed sharp edge. More important, however, is the in-
teraction of the slowly escaping photoelectron with
the residual ion. The Coulomb attraction between
the slow electron and either the 3p core hole or (for
sufficiently fast decay) the two-hole Auger final
state is known to suppress core-level photoemission
near threshold.!”-?!

One way to approximate the core-hole interac-
tion involves calculation of the photoemission us-
ing final states appropriate to the atomic system
completely relaxed around the core hole. Amusia
has presented a diagrammatic discussion of this
procedure®® and we note that some of the terms re-
quired by a Baym-Kadanoff analysis of the shake-
up self-energy-corrected polarizability are thereby
approximately counted. Indeed, we find that this
approach yields a 3p partial photoemission cross

section of about 0.5 Mb near threshold, i.e., only
half as large as that indicated in Fig. 3, and thus
bringing the total absorption into reasonable accord
with the data. Nevertheless, we feel that a proper
description of absorption phenomena above a near-
core threshold still awaits a full self-consistent
theoretical treatment.

IV. SUMMARY

We have shown that a previously developed
mean-field theory of atomic photoabsorption may
be simply adapted to quantitatively account for
near-core-hole Auger decay to a two 3d-hole
shake-up final state in atomic copper. Our atten-
tion has focused on the photon energy dependence
of the total photoabsorption from the 3p and 3d
shells as well as the satellite emission. Proper ac-
count of the 3p-hole lifetime in the 3p-4s excitation
channel yields a satellite containing a strong reso-
nance in all the 3d® multiplets centered at the 3p-
4s transition energy. In addition, a weak non-
resonant process generates a satellite only in the 'D
multiplet component which exists at all energies.
A significant feature in the experimental atomic
absorption data may be ascribed to the resonant
two-electron excitation while the one-hole spectrum
exhibits no dramatic modulation. Generally, we
find good agreement with the available data except
very near the 3p ionization threshold.
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