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Certain aspects of hole dynamics in electron spectroscopies of quasilocalized states in the con-
densed phase define the area of concern in this paper. Of special interest are the possible in-

terference effects between low-energy shakeup satellite (electron-hole pairs, phonons, etc.) pro-
duction and hole decay processes which determine the observed line shapes. As a specific ex-

ample, the role and interplay of gas-phase Franck-Condon factors and substrate-induced hole

delocalization in determining the photoemission line shape from nonchemisorption bonding-

valence orbitals in adsorbed and free-space molecules are considered here. The present theory
is discussed in the light of recent theoretical work on phonon broadening and hole decay in

core-level x-ray emission, absorption, and photoelectron spectroscopy.

I. INTRODUCTION

Theoretical descriptions of complex dynamical
many-body problems are often possible only if the to-
tal problem can be regarded as a collection of in-

dependent, noninterfering events. Then the algebraic
form of a calculated observable quantity is that of a
convolution of the theoretical results for each of the
assumed-independent events. This procedure is gen-
erally valid if the characteristic time scales for each of
the processes is different. When the time scales are
similar, the complex problem must be regarded as a
coherent single entity. An example of such a prob-
lem is the subject of this paper. In electron emission
(as opposed to absorption) spectroscopies of
molecules or solids, a hole is necessarily created,
around which there is either electronic or vibrational
(phonon) relaxation, or both. Depending upon
specifics, a characteristic relaxation time T~ can be
identified. In addition, the hole can decay or delocal-
ize within another characteristic time TD. When
T~ = TD, the possibility that the relaxation and decay
processes mutually interfere must be considered. A

possible realization of this condition is the in-
tramolecular vibrational relaxation around a valence
orbital hole created in an ultraviolet-photoelectron-
spectroscopy (UPS) experiment on a molecule ad-
sorbed on a metal surface. Since the characteristic vi-

brational times and hole lifetimes are comparable, the
interference effects may play a significant part in

shaping the photoelectron spectrum.
The theoretical problem of hole decay influences

on phonon broadening of core lines in x-ray pho-
toelectron spectroscopy (XPS) of the condensed
phase' has recently been considered by Sunjic and
Lucas2 (SL) and others. 3 s The main thrust of the
SL hypothesis is that a localized hole which is pro-

duced in an XPS event and which lives for a short
time relative to an inverse phonon frequency cannot
transfer energy to the phonon (or whatever boson)
field that is responding to the presence of the created
hole. This intuitively appealing'idea is then illustrat-

ed within a theory in which the effects on the boson
field of the hole creation and subsequent decay enter
via a phenomenological time-dependent potential act-

ing on the phonons. SL demonstrate that for a

short-lived hole, the energy transfer to the phonon
system due to the time-dependent field of the hole is

reduced by a factor —&o02/(~o'+ b,z) relative to that of
the infinitely long-lived hole case, where coo is the
phonon energy and AI, the hole linewidth. SL then
assume a one to one correspondence between the
hole spectral function and the photoelectron energy
distribution (PED) as is usual practice for theories. in-

volving infinitely long-lived holes. ' With this as-

sumption, SL then claim that the resulting PED is

one in which the phonon broadening is reduced by

the previously mentioned energy-transfer factor.
Various aspects of the SL theory have been ques-
tioned. ' ' Almbladh and Minnhagen have demon-
strated that within a model in which (a) the energy
dependence of the hole self-energy can be neglected,
(b) the hole has no internal structure, memory, or
recoil, and (c) the decay is well described in lowest
order in the decay terms, then the resulting PED is

the convolution of independent decay and infinitely
long-lived phonon broadening functions, thus appear-
ing to vitiate the SL theory. Further comments have
appeared concerning both the dangers and/or fallacies
in using quasiclassical arguments for the description
of quantum-mechanical phenomenon.

Upon further consideration of the SL proposition,
it can be seen that their arguments concerning the
lifetime quenching of the phonon excitation, as a

20 515 1979 The American Physical Society



516 J. W. GADZUK 20

result of the total electron emission and hole decay
process, are essentially correct (as will be demonstrat-
ed quantum mechanically in Sec. IV). The error was
in equating the hole spectral function with the single-

electron energy distribution. In point of fact, the
simplest final state is that with two particles plus the
boson field in which one of the particles is the pho-
toelectron and the other either an Auger electron or
emitted x ray, depending upon the decay mode. The
SL argument gives the (essentially) correct final state
of the field (within the limits of their technical ap-
proximations) but cannot yield the energies of the in-

dividual components of the two-particle final state.
This phenomenon has been discussed at some length
by Mahan and Almbladh' with regards to lifetime
quenching of the Franck-Condon shifts displayed
between x-ray absorption and emission edges in
solids. As noted by Citrin and Hamann, ' the phonon
system can redistribute energy between the absorp-
tion (photoelectron) and emission (Auger electron,
x ray) products in a way which is independent of the
hole lifetime and it is in this way that the photoelec-
tron acquires a phonon broadening, even for short-
lived holes. On the other hand, the degree of pho-
non excitation in the final state depends rather cru-
cially on the hole lifetime (via the SL argument) and
this influences the features of the decay product spec-
trum.

The photoionization spectrum from a molecule ab-
sorbed on a metal surface presents some new possi-
bilities which are relevant to the general discussion of
the previous paragraphs. Specifically, a hole created
in a molecular orbital state is "broadened" by (resolv-
able) intramolecular vibrational excitation on the ad-
particle. However, due to the presence of the sub-
strate conduction band, the hole can hop or delocal-
ize into the substrate, somewhat analogous to the
core-hole decay previously discussed. Still, a number
of important differences do exist. First, the delocali-
zation process does not result in a two-particle final
state as do the decay processes. Second, the delocali-
zation can be regarded as a conversion of the origi-
nally discrete state into either a broadened virtual
resonance or equivalently into system eigenstates,
normalized over the entire volume of the sample,
each with a greater or lesser degree of localization on
the adparticle. In the latter representation, one is left
with a picture of a localized boson field (intramolecu-
lar vibrational modes) scattering and mixing delocal-
ized system hole states. This is in contrast to the
more common situation in which a localized hole
state scatters delocalized bosons. In the present case,
recoil must be dealt with. With these distinctions
between the core-hole decay and admoleculd delocali-
zation, the arguments and convolution conclusion of
Almbladh and Minnhagen do not appear to be appli-
cable here in a straightforward way.

A theoretical study of the. just mentioned

phenomenon is now presented. In Sec. II, the basic
elements of the gas-phase spectroscopies are outlined.
The fundamental distinctions between surface emis-
sion and absorption experiments, as relevant to vi-
brational (and relaxation) excitation, are discussed in
Sec. III. In the light of the content of Secs. II and
III, contact is made with the apparently similar prob-
lem of phonon broadening and hole lifetime effects
in core-level spectroscopies (x-ray emission, absorp-
tion, and photoelectron spectroscopy) of homogene-
ous solids in Sec. IV. Further discussion of the SL
theory and a quantum-mechanical dephasing analog
are also given. The distinction between spatial and
temporal hole delocalization is elucidated in Secs. IV
and V. Expressions for the photoelectron energy dis-
tribution from adsorbed molecules then follow which
are "lifetime" convolutions (Sec. IV) of gas-phase
(Sec. II) spectra, which themselves are renormalized
due to the delocalization and recoil effects (Sec. V).
The theory is numerically illustrated in Sec. VI, using
as examples the nonbonding 1~ photoelectron spec-
tra of adsorbed CO and the Voigt line shape. Section
VII serves as a finale.

II. GAS-PHASE SPECTROSCOPIES

In both electron energy loss and ultraviolet pho-
toelectron spectroscopy (EELS and UPS) of gas-
phase molecules, structure in the electron energy dis-
tributions which corresponds to the excitation of vari-
ous vibrational states is observed. ' ' lf the process
involves electronic excitation, then in the Born-
Oppenheimer approximation, the intensities of the vi-
brationally excited states are determined by Franck-
Condon factors, that is the modulus square of the
overlap integral of the ground-state vibrational wave
function =—~0) of the electronic ground-state potential
with any of the vibrational wave functions =—~x;') of
the electronically excited molecule or molecular-ion
potentials. The kinetic energy distribution of the
detected electrons is given by

Ni(e) —$5(e —eg+ e„) i (Oix;") i

where ~q is the primary electron energy minus the
electronic excitation energy in EELS, or is the photon
energy minus the electron binding energy in UPS. In
either case, relaxation shifts due to intramolecular vi-
brational effects are not to be included in the specifi-
cation of ~q.

The gas-phase photoelectron spectra show a rich
variety of forms, depending 'upon R0, the equilibrium
nuclear separation and the slope of the potential-
energy curve for the excited molecular-ion (hole
state) with respect to the ground state, as in Fig. l.
Ionization of a lone-pair electron in the AB diatomic
molecule leaves RD relatively unchanged, in which
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apparent that N+ (e),„occurs at e = eq only in the
large P limit. For CO 1 m, P = 2.5 and a&0 =0.2 eV
so hapc = 0.5 eV. (Similar effects in x-ray absorption
and emission edges have recently been discussed by
Mahan6 and Almbladh. )

Before moving to adsorbed molecules, note that
. unless one incorporates the FC factors into photoion-
ization theories, as discussed at great length by
Cederbaum and Domcke, " it is not apparent that
electron binding energies obtained from molecular
cluster calculations can be directly compared with ob-
served photoionization spectra to an accuracy better
than the vibrational bandwidth.
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INTERNUCLEAR DISTANCE ( R )
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FIG. I, Potential-energy diagrams illustrating some possi-
ble configurations which result in the photoionization spectra
shown on the right. Note that the energy scale, in terms of
photoelectron kinetic energy, increases from top to bottom.
(From Rabalais, Ref. 14).
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where p=kapc/calp, 6=p Qlo, and coo is the in-
tramolecular vibrational energy. From Eq. (2), it is

case little intrinsic vibrational excitation appears
(such as in the 4a. or Sa peaks of CO), whereas ioni-
zation from a bonding orbital (such as the 3o. or 1 m

orbitals of CO) causes the nuclei to separate
(R&~» RP""")and i0) projects onto many of the
excited vibrational states of the molecular ion. Con-
sequently a large number of vibrational features ap-
pear in the spectrum. The point of maximum kinetic
energy, often referred to as the adiabatic threshold or
"zero-phonon line", is shifted by some amount
—= EKFc called the Franck-Condon (FC) shift above
~d. In addition, a band of discrete "satellite" lines ap-
pear below the zero-phonon line with intensities
depending upon the FC factors. It is not unusual for
both the shifts and bandwidth to be as large as —1

eV. The maximum intensity in the band does not
have to coincide with either eq+ 46pc or 6g.

Within a linear displaced harmonic oscillator model
of the vibrational field, and in the limit in which
nonadiabatic coupling between the electronic and vi-
brational motion can be neglected, Eq. (l) leads to a
Poisson distribution for the photoelectron spectrum"

t

N+(e) =e & X 5(e —ag —pa)0+neap)0 — p"
n!

III. ABSORPTION VERSUS EMISSION
FOR ADSORBATES

What are the new features which must be con-
sidered when doing vibrational spectroscopy on ad-
sorbed molecules? The experimental facts are that in
absorption spectroscopies (infrared and EELS), the
vibrational modes still remain fairly sharp and simi-
lar to those for the gas phase whereas in emission
spectroscopies (UPS and XPS), not only are the indi-
vidual intramolecular vibrations washed out, but also
additional broadening upon the FC envelopes ap-
pears. ' " The distinctions between the absorption
and emission spectroscopies are shown in real space
in the top part and in energy space in the bottom part
of Fig. 2. For both cases, the adsorbed molecular
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FIG. 2. Schematic illustration of the distinctions between
absorption and emission processes, both in terms of "real"-

space (top) and potential-energy (bottom) diagrams. The
circles represent localized surface complexes and the sym-
bols within, the state of the complex, before or after the pro-
cess. Absorption is characterized by transitions within the
electronic ground-state energy surface whereas emission re-

quires transitions to an excited-state surface. The excited
state can be coupled to a dense continuum of other states,
reached by either shakeup not included in the potential-

energy curves or by radiative decay for instance, The cou-
pling is represented by the wavy pointing line.
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complex is represented by the circle and the substrate
by the crosshatched area. For absorption, a beam is
incident on the chemisorption complex (charge Z, en-
ergy eo), weakly coupled to the indented substrate.
Upon scattering, the complex remains in the charge

state Z but is now excited to some e . Since any in-
teraction with the substrate is necessarily of Coulom-
bic origin, and since the monopole value of the com-
plex does not change, the excited state complex
remains weakly coupled to the substrate. Hence the
gas phase and adsorbed spectra remain reasonably
similar. Vibrational transitions on the electronic
ground-state potential surface, shown on the bottom
left (as in EELS) are typical of this process. Things
are quite different in emission. Upon ejection of an
electron from the chernisorbed complex, the charge
state changes by one, thus turning on a strong cou-
pling with the substrate. This shows up as a time
varying field crossing the boundary which delivers
energy to the elementary excitations (electron-hole
pairs, bulk or surface plasmons) of the substrate.
Thus new host-induced shakeup satellites and relaxa-
tion shifts are possible. In addition, electron transfer
across the boundary, from substrate to ion, is possi-
ble which reduces the localization lifetime of the hole
state. It is the observable consequences of this latter
possibility which we will consider here. In the
language of theoretical chemistry, " the hole state
(unlike the neutral ground state) coupling to a dense
continuum (provided by the substrate), as shown in
the lower right of Fig. 2, is the source of any funda-
mental differences between absorption and emission
spectroscopies of vibrational excitations.

peal, it seems desirable to examine it more deeply in
order to understand where the pitfalls lie. The
essence of their idea is contained in the following ar-
gument. For an infinitely long-lived hole, the pho-
nons respond to an instantaneously switched on po-
tential V»,~,(t) = V08(t) whose (imaginary part of
the) Fourier transform is V»o~e(ro) —Vq/i co O.n the
other hand, for a decaying hole

V;o„(r) = V,e(r)e

V»oie (~) —Vn/(i ro —a»),

which is much smaller than V»o~e(ro) when d» &) ro.

Since the net lattice excitation (at frequency ro) is due
to the driving force of the eath Fourier component of
the time-dependent hole potential, little excitation
will occur for short-lived holes.

The basic consequences of these semiclassical ideas
can also be reproduced on a strictly quantum-
mechanical model in the following way. Suppose that
a harmonic oscillator system, initially in the ground
state ~0, 0) of the electronic ground-state potential
suddenly finds itself in the potential of some excited
electronic state, say a molecular-ion state as in pho-
toionization, at time t =0. Then within the Franck-
Condon limit (vertical transitions and no relative
phase changes due to the process of switching on the
new potential~"'") the ensuing time-dependent
wave function of the oscillator can most easily be ex-
pressed as a coherent sum of oscillator eigenstates of
the ionic potential, that is

IV. DEEP HOLES, PHONONS, AND DECAY

Sunjic and Lucas' recently raised the question
(within the context of phonon broadening of core
lines in XPS from alkali halides'), how can a relative-
ly slow vibrational field (phonons with roo —10 2 eV)
respond to the field of a localized hole created in a
photoejection process, if the hole lifetime (due to ra-
diative or Auger decay) is short relative to the vibra-
tional period (h», ~, =1 eV)? The theoretical alterna-
tives reduced to two possibilities: (a) Treat the hole
as infinitely long lived, calculate the phonon excita-
tions [Eq. (2)] and then convolve the results with a
lifetime Lorentzian. 5 8 (b) Renormalize the hole-
phonon coupling [which showed up in their theory as
the replacement of P by Prenorm = [roo/(roo + +h)] & 8
in Eq. (2) ] to account for the finite lifetimes.

Their work stimulated quite some discussion in the
literature. The current view seems to favor alterna-
tive (a) which provides a theoretical picture in agree-
ment with experiment. '

Since the SL proposition does have an intuitive ap-

q(r &0) =g(r"~00)e"' 'y,',
where (i"~00) is the overlap integral of the ground-
state oscillator wave function with the i th excited ion
oscillator state with energy e; . If after a time
t =1/y, the system returns to its electronic ground
state (by a decay process for instance) then it be-
comes most convenient to describe the subsequent
time evolution of the oscillator in terms of the set
QJQ the electronic ground-state oscillator functions.
Consequently

iso(t —1/ )y(r &1/y) = g (/o~y(r =1/y))e J
J

which with p(t =1/y) given by Eq. (3) can be written

r] (r ) 1/y) = X Q0)i') {i'(00)e' " '~ 'e '
rtr, o .

The probability that the oscillator ends up in the jth
excited state, as a result of the entire process, is given
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by

PJ = lim (O'OIQ(t)) (2

and with Eq. (4)

PJ =
( X Q'0)'")e ' (i'100) I (5)

Equation (5) gives a transparent picture of the chain
of events. Upon initial excitation, ~00) is projected
onto the set of excited oscillator states ~i"). Each
component of the state vector acquires a different
amount of phase while in the intermediate excited
state and it is this dephasing which depends on the
time spent in the intermediate state before the circuit
is completed back to the electronic ground state. If
the lifetime of the "intermediate" ionic state is suffi-
cient to allow dephasing, then a net transfer of ener-

gy to the oscillator system results and it is this
phenomenon which is more or less reproduced by the
SL model.

Two interesting and general limits are obtained
from Eq. (5). For hole lifetimes that are short rela-

tive to oscillator frequencies e;; && y, e ' = I (no
dephasing),

which is just a sum of probabilities over the various
incoherent paths proceeding from the initial ground
state I00) to a specified final state Ij'0), given that
an intermediate dephasing step is made in one of the
ionic states ~i"). These results are completely in-

dependent of the details of the oscillator potentials
(harmonic or not, eigenvalue structure of.either
state, etc.). Nonetheless, they show that the degree
of oscillator excitation, due to the total process of
hole creation and annihilation, does depend crucially
on the magnitude of the hole lifetime relative to the
oscillator frequency. In this sense, the classical
model is not as misleading as some have suggested.

Unfortunately the link between the oscillator exci-
tation probability or decaying hole spectral function
and the photoelectron spectrum is not straightfor-
ward. SL assumed that they were proportional. This
was the fundamental flaw in their argument. In its
simplest form, the decaying hole spectral function is
proportional to some two-particle energy distribution,
that of the photoelectron plus decay product, and

) = IO'0I00) I'=5J.p,

and the oscillator does not excite throughout the
roundtrip. In the other extreme of long-lived holes

(e, » y), the phase factor in Eq. (5) is rapidly fluc-
tuating in sign, tending to average out to zero the off-
diagonal terms in the coherent sum on intermediate
states, leaving

P (~-0) = Z IO'oI '&I'I&'I00& I'

some additional theoretical inputs are required in or-
der to separate this into individual components. The
reader is referred to the physically illuminating dis-
cussion of Citrin and Hamann' and the equally il-

luminating but more mathematical treatments of
Mahan, Almbladh, and Minnhagen for possible
resolutions of this problem. The central idea is that
the initial state core electron experiences a fluctuating
potential due to the thermal and zero-point motion of
the surrounding atoms and it is an averaging ovef' the
possible initial state configurations (expressible in

phonon coordinates) which produces the major, but
lifetime-independent, phonon broadening of the
core-level XPS lines. Hence a convolution of a decay

,function with a lifetime-independent phonon-
broadening function produces an acceptable represen-
tation of the XPS line shape.

V. UPS OF ADSORBED MOLECULES

A. Model Hamiltonian

It is well established that the problem of a decaying
hole linearly coupled to a boson field is compactly
represented by the model Hamiltonian'

H =Hg+H, +HD+Hb, (6a)

with

Hg = cgCg Cg (6b)

(6c)

HD = $ (V+Jct cp + V+Jctc+) p

J

Hp =trpb b+) pc, cr(b+br) .

(6d)

(6e)

In Eq. (6), e„c„and cr are the localized electron

In UPS of adsorbed rnolecules, observed widths of
valence orbitals (after considerations of FC broaden-
ing) are typically of order I eV compared to vibra-

tional energies of order 0.1 eV. Thus the hole lives

on the molecule for a short time relative to the in-

tramolecular vibrational period and the considerations
of the last few paragraphs should be germane. Note,
however, that the differential observed widths of lone

'pairs versus intrarnolecular bonding orbitals have
been discussed in terms of Lorentzian-convolved FC
envelopes. ' ' The implications of the ideas outlined
in Secs. I—IV, as they apply to the valence orbital
UPS line shapes, will now be ~orked out. To effect
this end, th'e section will be subdivided into parts
dealing with(A) the model Hamiitonian, (B) the hole
spectral function, (C) coupling constant renormaliza-
tion, (D) hole recoil, and (E) the union of items
A —D.
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c, = X u(i„)d„, (7a)

diagonalize

H, + H, + HD X e„d„~d„—=H„,

eigenvalues and fermion operators; ~J, cJ, and

cJ, are the unperturbed continuum energies and
operators to which the discrete localized state is cou-
pled with strength V,J, and coo, b, and b~ are the
same quantities for the bosons which are linearly
coupled (in the gas phase where V,& =0) with

strength Ao to hole states.
Almbladh and Minnhagen have emphasized, ' after

Anderson and Fano, ' that the unitary transforma-
tions

valence-electron structures of many adsorption sys-
terns-are described quite nicely by the virtual-leve1
model. " As specific examples, we would include the
valence electrons in ionic alkali chemisorption and
neutral-rare-gas physisorption as well as nonbonding
molecular orbitals in chemisorbed molecules such as
the 1n for CO on Ni. Recall that the gas-phase pho-
toelectron spectra of le CO is rich in vibrational
structure, due to Hb induced-boson excitation. It is
in cases like this, where both HD and Hb must be
considered, that interest arises.

Taking advantage of the prediagonalization
transformations Eq. (7), the full Hamiltonian of Eq.
(6) can be written equivalently

H = $ e„d„td„+~oh b + x h, „„d„d„~(b + bt)
n', n"

—= H„+Hb' .

with

r(e„)
~ [e„—e. —A(e„)]'+I'(e„)

and

1(4)=~p. ( .) (I V.tI')

when

v(e„) = [&.(e,)/p(e, )]'" , (Sa)

(Sb)

(Sc)

(Sd)

In this form the theoretical problem has been
transformed into the determination of a new V,J-
dependent renormalized coupling constant P „„-which
permits off-diagonal hole scattering by the localized
bosons. A similar philosophy has been adopted in
certain aspects of polaron theory but with attention
focused on the boson renormalization of the hopping
parameter V,J, rather than the hopping parameter re-
normalization of the boson coupling constant. In
either case a "band narrowing" effect results.

8. Hole spectral function

p(e. ) =&.(e,) + p, (e„) . (Se)

Here p, (et) and p(e„) are the unperturbed and per-
turbed continua density of states in the vicinity of the
adsorbate, (~ Vt~2) is an "averaged" coupling term,
and u(e„, e&) is not needed here. The simple virtual-
level model is appropriate when 4 and I' are slowly
varying with 8„, in which case 8,(e„) is a Lorentzian.

In the core-hole decay problem, H, +HD describe
the final state continua of an x ray plus valence-band
hole (radiative decay) or Auger electron plus two
valence-band holes [for core-valence-valence Auger
transitions which are the only ones consistent with
the form for Ht, given in Eq. (6e)] and the coupling
of these continua with the localized hole. Things are
somewhat different for hole delocalization due to
hopping or (solid-state band effects). In this case HD

coherently transfers the hole between the localized
site a and any other site within the solid, if j is a
band state index. This possibility converts the
discrete localized state into a broadened resonance or
virtual state if

~
V,t ~

is reasonably small compared to
the bandwidth and does not vary significantly with j,
and if ~, lies well within the band. However only
one hole exists throughout the entire process. The

For photoionization events ending in one-particle
final states (i.e., no Auger or radiative decay) the
photoemission energy distribution resulting from ion-
ization of the e, level (in the sudden limit) is propor-
tional to the hole spectral function'

~+" dt
N+(co) = e'"'(c,t(0) c, (t)), (10)

with c,(t) = e'u'c, e 'u' and the expectation value is

taken over the exact no-hole ground state. It is a
standard exercise "to show that for H =H, +Hb,
Eqs. (6) and (10) lead directly to the independent bo-
son model (IBM) spectrum given by Eq. (2) with

P = (X0/coo)2. For cases in which a decay particle is

produced through the action of HD, the general
correspondence between the hole spectral function,
Eq. (10), and the one-electron photoemission energy
distribution is not clear, as detailed in the discussion
of SL theory. Under the limiting (but widely applica-
ble) conditions imposed by Almbladh and
Minnhagen, ' the photoemission energy distribution is
given as the convolution of Eq. (10) for
H = H, +Hb, with a lifetime Lorentzian whose
parameters are determined by H, + Hq.
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In the present case of hole delocalization as op-
posed to decay, only one electron is produced and
thus a one-to-one correspondence between the hole
spectral function and the photoelectron energy distri-
bution (PED) (subject to the usual limitations) ex-
ists. The photoelectron spectrum resulting from ioni-
zation of the ~, state is obtained from the Green's
function

g, (t) =i (c, (0)c,(t)) = $ lv(e„) l~(d„(0)d„(t)),

.The nuclear charge distribution is well approximated
by a sum of point charges at the instantaneous posi-
tion r; of each nuclei, that is

p,„,(r) = X5"'(r —r;) .

Thus Eq. (15) reduces to

(16)

where the c, operators have been expressed in terms
of the prediagonalized d„operators through Eq. (7a)
and only diagonal terms have been retained (as dis-
cussed elsewhere~4) to facilitate comparisons with lo-
cal density of states" changes due to simple Lorentzi-
an broadening in the Ap =0 limit. The time depen-
dence of d„(t) is now more conveniently expressed
through the Eq. (9) version of the system Hamiltoni-
an. In the d representation, Eqs. (9) and (11) yield

g. (t) = X lv(e„) l'e " (Old„'e ' d„l0) .

Since both k„„and also v(e„) which appear in Hb'

or Eqs. (9) and (12) depend upon V,t, details of the
hole delocalization process enter into the hole-boson
coupling in a nontrivial manner, one which. cannot be
described by a simple convolution of noninterfering
events. This conclusion is independent of the specif-
ic technical approximations one chooses to reduce Eq.
(12) to a computationaliy tractable form. For corn-
pleteness we note that the appropriate hole Green's
function for the free-space molecule, in analogy with

Eq. (12), is

go(t) =e ' (Olcte ~ c, l0),
with Ht, given by Eq. (6e).

C. Coupling-constant renormalization

The coupling between the hole and the vibrational
modes of the molecule is Coulombic and thus can be
obtained from the electrostatic energy

ts.E =— Qh, l,(r) p„„,(r) d r,
aJ

(14)

2

bE =—
J ly, (r') l' p„„,(r) d3r d3r'.

r —r' (15)

where Qh, l,(r) is the electrostatic potential at r due to
the hole charge distribution and p,„,(r) is the nu-
clear charge distribution (ion cores plus electrons ri-

gidly tied to the nuclear motion). For a free-space
molecule, the charge distribution associated with a
hole wave function Q, (r) is ph, l, (r) =

l i(r|)tl' so
Eq. (14) can be written

For stretch modes in diatomic molecules r; can be re-
garded as the relative nuclear coordinate and the sum
on i reduces to a single term. Expanding r; about the
equilibrium positions,

r; = r;p+ u, with u =
2MQJp

l 1 tr'2

(b + b').

the normal-mode displacement operator, M the re-
duced mass, and ~ a unit vector in the normal-mode
direction,

AE=ts, E(r;)Ir z +u E(r;)l„- z +... . (17)
i iP d r. i iP

The first term on the right-hand side in Eq. (17) is
just a rigid shift which plays no role in the dynamical
behavior. Writing the displacement vector u in terms
of the b operators, comparison of Eqs. (6e), (16),
and (17) shows that the hole-boson coupling constant
Ap, for the free molecule, is identically

If the substrate is regarded as a free-electron metal,
u(e„, et) is slowly varying with j,' and thus

J

=ltt l'n ",' » lv(e„)l', (2

Proceeding to the molecule weakly coupled to the
substrate, we note that in real space, the unitary
transformations, Eqs. (7a) and (7b) have the effect
of mixing the (assumed complete and mutually ortho-
normal) set of metal states Pt(r) and the molecule
state f, (r) resulting in new system wave functions

IP„(r ) = Ii [v (t„)Q ( r ) + X'u (e~, et) I/pi ( f )]
J

which form the basis for the d representation.
Specification of the normalization constant q requires
further considerations. From orthonormality,

(20)
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q=(n, O) ' (22)

where u is an average value of u(~„, e&) within the
relevant volume of k space bounded by k„and ki,
and 0 is the substrate normalization volume. Let-
ting k~=0 and k„=kF the Fermi wave number which
are reasonable limits and setting

~
u ~'=1 which says

that there is a one-to-one correspondence between
perturbed and unperturbed continua states, ' the nor-
malization constant obtained from Eqs. (20) and (21)
1s

where n, = kF3/2rr' is the free-electron density in the
solid. This form for the normalization constant is a
result of some technical approximations which do not
affect any qualitative conclusions.

In order to evaluate the Green's function, Eq.
(12), describing the time evolution of the adsorbed
molecule hole, the coupling constant X„„ in Eq. (9)
must be specified. This characterizes possibly off-
diagonal mixing of the delocalized d states by the lo-
calized vibrational field. Proceeding as in the deriva-
tion of A.o given by Eq. (18), the nondiagonal hole
charge density from Eqs. (19) and (22) is

phoi,
" (r) = v(a„)~"(a„)~4,(r)~'+X[v(~„)u"(~„-,~ )~y. (r)y, (r) +cc]

n, A

+ X [ll (a„,ay) Q (a„, ty) lflg(f )Qy ( t') +C.c.l
J.J'

(23)

~here c.c. stands for complex conjugate. Due to the
much larger overlap of p,„,(r) with ~P, (r) ~

com-
pared to that with P, (r)P~ "(r) or ~Q&(r) ~, by far
the dominant contribution when phoi,

" (r) from Eq.
(23) is inserted into Eq. (15) comes from the first
term on the right-hand side. Within the constraint
that the second and third terms can be neglected, the
energy integral analogous to Eq. (16) is

4'

w(~„) u (e, ) Z0 .
n, Q

(25)

zation term" in brackets. Mapping of the integral in
Eq. (24) onto the expression for the coupling con-
stant Xp [Eq. (18)] has already been carried out.
Consequently the d-representation coupling constant

which follows from Eq. (24) is

gEn', n" u(a„) v (a„)
n, Q D. Hole recoil

(24)

which is identical to the free-space molecule result
multiplied by the vibrationally independent "delocali-

ta)

g0
+

a a a

a a a a a

gn
+Z

n' n n' n

n', n", . n n'
II ~

n

I ~ I
n n n n' n" n"'

n

+ ~ ~ ~

FIG. 3. Diagrammatic representation of hole propagation
in a renormalizing boson field. (a) Stationary (core) hole
with no internal structure, thus no recoil. Consequently all
hole lines represent the same state. (b) Delocalized hole
which can scatter into various. intermediate states. Hence
the sum on possible intermediate state.

The distinction must now be recognized between
the dynamics of a nonstationary localized core hole
and that of stationary extended d„states, interacting
with the localized boson field, and the ways in which
each characteristic behavior is incorporated in either
Eq. (6) and Eq. (13) or Eqs. (9), (12), and (25),
respectively. If the exponential in the rigid core-hole
propagator Eq. (13) is written as an expansion, then .

each term can be represented diagramatically as in
Fig. 3(a). The point to be stressed is that although
the bare hole propagator is renormalized by the bo-
son self-energy processes, each hole-boson vertex is
characterized by the same hole propagator entering
and leaving. This is due to the lack of any dynamical
degrees of freedom in the hole, other than the two
states, which in an anthropomorphic sense are ex-
istence or death, with no options on the "quality of
life". There is no way for the hole to record the fact
that it interacted vrith the bosons, or vice versa,
hence the name independent-boson model. For each
c, state entering the vertex, there is only one possible
state leaving.

Performing the same expansion on Eqs. (12) and
(25), the equivalent diagrammatic representation is
shown in Fig. 3(b). The significant point here is that
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the interaction term

H'= X A.„„d„d„t(b+ br)
n, n'

permits scattering of the incoming n hole into any of
a large number of n' states and this is what is meant
by recoil. Thus the hole-boson scattering at some
time t depends upon the history for all times t' ( t
since it is only in this way that one can ascertain
which hole state enters the vertex at t. The action of
0' on the bare states can be viewed as a vibrationally
induced mixing or hybridization amongst them.
Rigorous treatment of this complex problem is at
least equivalent to a Kondo theory2' and thus is
beyond the scope of this study.

A reasonable mean-field approximation can be in-
troduced which retains the features of the recoil
phenomenon essential to the qualitatively correct
description of the present problem. Setting

taken to be unity if zoo & I implying random and
complete dynamical mixing in this limit. Finally, the
nondiagonal hole-boson interaction in Eq. (9) which
follows from Eqs. (2S) and (26) is

H;.&
= Xf l

u (e, ) l') pd„d„t (b + bt)
I

upon noting that N/0 = g, .

E. Final result

Proceeding to a final working expression for the
hole spectral function and thus PED is now straight-
forward. When Eq. (27) is inserted in Eq. (12), the
only surviving term in the n' sum is for n'= n.

Thus, Hb can be replaced by

n', n" n'
X A.„„wd„«d„t =fN X h, „„d„d„t, (26) Hp' = mpbtb +f l u(e„) l2lpd„di(b + bt)

the following interpretation is offered. For an in-

cident hole state n ', the boson interaction can scatter
into any of the N other continuum states n". Thus
the sum on n" is replaced by a multiplicative factor W

and the n" index replaced by n'. The memory or
recoil effect is thus dealt with in an average sense.
However, each scattering most likely couples only

those states within an energy + zoo of the incident
hole energy which is a fraction f = cap/I' of the avail-

able hole states with significant amplitude on the ada-

tom. Obviously this physical argument is reasonable
only when ~0 & I, which is the case in physically
realistic systems. For model calculations, fwill be

N+(«)) = d e„B,(e„)N+P (cu —e„;Z'(e„)), (29a)

or explicitly

where it is apparent that the hole delocalization has
led t'o a renormalized boson coupling. The matrix
elements in Eq. (12) are identical with the IBM
model in which X'(e„) =flu(e„) l Xp is—substituted for

Equations (8a), (8b), (8e), (10), (11), (12), and
(28), to~ether with the replacement

Jl p(e„) d e„, result in the following

"renormalized-convolution" expression for the hole
spectral function:

-pt.-„& p (e„)
Nj. (co) = X d e„B,(e„)e "," S(o) —e, P(e„)u—)p+m««p)

IN 0 m.
(29b)

8, (e„)e " [p (e„)/m!1

~pl dp(e„)/de„l OI p(c ) rplo + IN clio

(29c)

N+(~) = X 8, (QI p hip+ma&p)e '(p, /m!) (30a)

where e„ in Eq. (29c) is to be determined self-
consistently. A useful approximation giving an upper
limit to the renormalized boson coupling (and thus a
lower fimit to any observable effects due to renormali-
zation) is h. '(e„) = X'(e„=e, +h(e, )) in Eq. (29a).
This implies that all states within the broadened reso-
nance couple to the bosons with identical strength,
specified at the resonance maximum. Then Eq.
(29b) reduces to

where at resonance, from Eqs. (Sa), (8b), and (Se),

u'(e, ) =[1+xI'(e,)p, (e,)] ', . (30b)

so
' 2'

P„=f2v4(e, )—-2 = lim Pp 2
u (e,) .

Qj Ol 4 I
(30c)

Equations (30a) —(30c) constitute the final result.
Before moving to a specific example, note that a "typ-
ical" adsorption situation is characterized by
21'(e,) =1 eU, p, (e,) -0.2S states/eV, and «pp =0.2
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eV, so the delocalization factor f2v'—-0.1 —0.2 which
considerably reduces the Franck-Condon broadening
of the line, but at the expense of "lifetime broaden-
ing". It is also interesting to note the similarity
between f2 = cu02/I'2 factor in Eq. (30c), obtained
from microscopic (albeit qualitative) quantum-
mechanical considerations, and the SL rcnormaliza-
tion which is cog/(4j', + tao) —

~ Vb ~
(ct))

~

Finally attention is called to another related prob-
lem which depends crucially upon interferencc effects
between a boson field response to a switch on hole
charge and the subsequent temporal evolution of this
initially localized charge. The substrate electron re-
laxation response to a suddenly created core hole on
an adsorbed atom or molecule belongs to this generic
class of events. Here surface plasmons are the boson
quanta and the "unfilled atomic orbital" screening
process, in which a hole is transferred from the ad-

particle to the substrate, is the delocalization mechan-
ism. Various aspects of this response have been ex-
plored in quite some detail recently' ' and the in-

terested reader is referred to these works for further
details.

VI. T%O EXAMPLES

Some numerical consequences of the theory just
outlined are now demonstrated through two specific
examples.

A. Adsorbed CO 1m photoemission line shapes

Photoemission studies of CO adsorbed on
transition-metal surfaces are very popular. "'9 For
valence orbital (4o., 1 m, 5a) emission, two or three
pieces of structure are usually observed in the pho-
toelectron energy distribution. The nonbonding 0
lone-pair 4' orbital emission appears as a bump
roughly 10—12 eV below the substrate Fermi level.
The chemisorption bonding C lone-paid 5a. orbital
and the nonbonding (to substrate) lm orbitals show
up sometimes resolvable, ' "sometimes not, ' - in the
6—10 eV (below the Fermi level) range. In spite of
the fact that intramolecular vibrational structure has
not been observed, ""'',there have been some
suggestions that the relative widths of the various
peaks may bear some relation to the widths of the
free-space Franck-Condon envelopes of the particular
orbitals in question. " The present purpose is not to
comment on those observations but to note that the
state of the art of surface photoemission is advancing
to the point ~here meaningful questions, ~hose
answers are revealed through subtle changes in high-
resolution line shapes, can be asked with a reasonable
expectation that these questions will not go
unanswered for long. Witness the dramatic evolu-
tion, from an esoteric many-body fantasy' to a

routine laboratory analytic technique, ' of the core-
level asymmetries associated with XPS line shapes.
(This is not to imply that the careful execution of the
actual experiments is easy, only that the meaningful
interpretation of high-quality data can be done without
having to justify the theoretical underpinnings of the
interpretation on a case by case basis. )

As already mentioned, the free-space CO la band
displays a series of vibrational lines fitting within an
-0.75 eV wide envelope. Ignoring rotational
broadening, the gas-phase spectrum is tolerably
reproduced by Eq. (2) with the choice
P = h, '/ro02=2. 45 and coo=0.2 eV.'" The theoretical
adsorbed CO I m spectrum is given by Eqs. (Sb) and
(30a)—(30c) where the influence of the substrate
enters through the assignment of numerical values
for p, (~,) and I'(e,). A not unreasonable" p, —0.25
states/cV has been taken to-represent the s-band part
of the continuum with which the 1m orbital is degen-
erate. The resonance width I'(e, ) is treated
parametrically. The calculated results are shown in
Fig. 4 where in Fig. 4(a), the low value of I =0.05
eV (and thus f =1) was chosen to illustrate the
slightly modified free space spectrum. In Fig. 4(b),
spectra obtained with the "typical" value of I =0.25
eV and "extreme" limit of I =0.5 eV are depicted. In
both figures, the full (dashed) curve is the renormai-
ized (unrenormalized, f'i2v =1) spectrum. The dot-
dashed curves in Fig. 4(b) are the Lorentzian reso-
nance shapes neglecting vibrational excitation. All
curves are properly normalized with respect to each
other.

The first striking feature of these results is the ab-
sence of any visible dramatic change due to the re-
normalization. In part this is due to a "Catch 22"-like
situation. The vibrational structure dominates the
spectrum only for long-lived holes ~here I (& ~0.
But in this region the renormalization factor is close
to unity and thus the vibrational spectrum is well ap-
proximated by that of the free-space molecule. In
the other limit 1 ) coo which is typical of current ex-
perimental configurations, hole delocalization signifi-
cantly alters the vibrational spectrum. But in this
limit the total spectrum is dominated by the lifetime
Lorentzian. The vibrational bands reshape and
broaden the Lorentzian somewhat, but in a way that
decreases with increasing I . Thus the renorrnaliza-
tion correction becomes visibly significant only in
the region where the corrected vibrational spectrum
exerts diminishing influences on the total spectrum.
This is illustrated more strikingly in Fig. 5 where the
renormalized (but nonconvolved) Poisson distribu-
tion iV+0(co;X'(~„=e, =—0)) obtained from Eqs. (29)
and (30) is drawn, treating I'(a, ) parametrically.
Indeed one can see the general shifting and compres-
sion of the vibrational spectrum towards the ~=0
point with increasing I'(e,). However, as noted, the
dramatic changes are masked by the Lorentzian



20 VIBRATIONAL EXCITATION, HOLE DELOCALIZATION, AND. . .

2.0

.8

p, =2.45
p=v p~

cu = 02eV

p = 0.25 V

I' =0.05eV

f=l '

~4

il
II

g

1

i ( l l l
I

I I i I
l t l. l

V

t

(a)

1.0— I

r~&„) (ev)

0.0
0.05

0.25

cu, = 0.2eV

p = 0 25/eV

P, = 2.45

0.4—

1
I I I I I I I I I I I I I I I

0. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

C)
II 05
4J 1 0
II

C

tgp

0.6—

o+

—.8 0

IV=6 —0 d

.8

0.2—

0.0
-1.0 —.8

~t

—.6

:I =

I =

~
I

:I—
:I =
:I—:
~

I

a =

—.2 0 0

I
I ~

I::
I ~
I ~

I:,
o

I

1 i
I ~
~ oi

.2 .4

---- p =2.450
l 2.

p tzv4p

(b)

cv (eV)

FIG. 5. Renormalized Poisson vibrational spectrum,
++ (MJ X (&~ = 6~ =0)) vs eo treating I (~,) and thus the re-0

normalization factor f' v parametrica11y.

1.0-

.s

+
~ B

.2

t

—.8
I

—.4

coo= 0.2 eV

p = 0.25/aV

f=o) /I'

I

.4

GV-6 —& d

I

~ 8

broadening in the observable spectrum. Nonetheless
it has been quite instructive to arrive at this conclu-
sion via theoretical considerations on a microscopic
model.

On the positive side, clear systematics can be seen
in these results. In all cases, the reduced p tends to
concentrate more of the spectral weight near the line
center which effectively narrows the observable level
width. Recall also that the approximation in which
X'(e„) is set equal to its largest possible value, for a
given set of parameters, minimizes the effects of
coupling constant renormalization. This is the ap-
proximation that has been invoked here which allows
tedious evaluation of Eq. (29) to be replaced by
straightforward calculation of Eq. (30). The true line

shape lies somewhere between the full [Eq. (30)j and
the dot-dashed pure Lorentzian curves in Fig. 4(b),
probably closer to the renormalized curve.

FIG. 4. Hole spectral function and thus photoelectron en-
ergy distribution for ionization from the 1m orbital of ad-
sorbed CO. The gas-phase result, convolved with an ap-
propriate Lorentzian, is shown as the dashed curve and the
renormalized result, from Eq. (30), by the full curve. (a)
I =0.05 eV; (b) I -0.25 and 0.50 eV. Here the hole spec-
tral function, neglecting vibrational broadening, is also
shown as the dot-dash curve.

B. Large-P limit: Voigt profiles

The role of the delocalization renormalizatlion can
be nicely illustrated, in general terms, for cases in
which P is sufficiently large that the discrete Poisson
distribution is well represented by the continuous
Gaussian, as given in Eq. (2). In this limit, Eqs. (2),
(8), and (29), together with the previously discussed
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approximation on ii'(e, ) can be cast into the form

N~(ru) =,(, H(a, x),1

for present purposes, throughout the entire parame-
ter space. Defining R —=Pocoo/I'2, the full width at
half maximum of Eq. (31) which follows from the
Danos-Geschwind form is

with AE(f' 2u)/2I'=(1. 386f u R + I)'~' (32)
2

H(a, x) =——a + e "dy
a'+(x —y)' '

I2 P2
0

2g2 2f2u4P 2,

and

x'=o)'/2b'.
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width at half maximum for large P, Voigt line shape as a

function of the renormalization factor f v. The ratio of
the Gaussian vibrational to Lorentzian lifetime widths is

treated parametrically.

The line shape given by H(a„x) is known as a Voigt
profile, about which much has been written and tabu-
lated. Spectral lines in many astrophysical situa-
tions are well described by this profile, usually in the
small a limit where the natural linewidth (I') is much
smaller than the Doppler width (5). Realistic exam-
ples for our situation are just the reverse.

The most interesting feature of this line shape
which is pertinent to the point of this paper is the
variation of the linewidth as a function of b, I, and
the renormalization factor f'~2u The dim. ensionless
halfwidth w is defined by H(a, &) =

2 H(a, 0).
Arrnstrong34 has discussed a number of analytic ap-
proximations for w = w(a). That one due to Danos
and Geschwind, 3'

w = (ln2+ a2)'~2 gives the correct
large and small a asymptotic limits and is acceptable

The ratio of the renormalized to unrenormalized
(f' 2u = I) widths from Eq. (32), as a function of
f'~'u and parametric R are shown in Fig. 6. It is ap-
parent that considerable line narrowing can occur,
especially when the Gaussian (vibrational) broaden-
ing is the dominant mechanism (R ))1). In actual
fact however large R usually follows from small I
and small I' usually implies f'12u near unity, concen-
trating the action in the upper right-hand corner of
Fig. 6 where the line narrowing is in the 10—20'/o

range. This is the Catch-22 phenomenon previously
alluded to. Still an observable effect is predicted.

As an example, consider the CO lm line shape
within the Gaussian approximation. Using the
parameters from Sec. V, for I =0.25 or 0.5 eV,
f' 'u =0.817 or 0.54 and R =1.57 or 0.392, respec-
tively. In either case, the results in Fig. 6 yield

I

AE(f' u)/AE(f' u = I) = 0 8

which should be observable, if not dramatic.

VII. SUMMARY

Similarities and differences between absorption and
emission electron spectroscopies of free space versus
adsorbed molecules have been considered in this pa-
per. Charge fluctuations in emission spectroscopies
of adsorbates introduce a strong final state coupling
between the resulting molecular ion and the substrate
which drastically alters the gas-phase electron spec-
trum. On the other hand such effects are not present
in absorption spectroscopies so meaningful compari-
sons between free space and adsorbed molecule spec-
tra are possible.

Next, attention was focused on the microscopic
mechanisms responsible for the substrate-induced
modifications of the gas-phase emission spectra. The
most obvious was simple "lifetime broadening" due to
molecular hole delocalization into the substrate.
More interesting in principle were the interferences
between the hole delocalization and intramolecular
vibrational shakeup processes whose description re-
quires a theory beyond that of a simple convolution
of independent processes. The delocalization-
vibrational interference phenomenon was considered
in the light of recent discussions pertaining to hole
decay-phonon interferences in core-level XPS from
solids. Fundamental distinctions between the two
were noted when they existed. '

The final results for the hole spectral function and
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thus photoelectron energy distribution were presented
in a form which looked like a convolution theory, but
with some important differences; namely, that the
hole-vibrational coupling constant appearing in the
Poisson distribution of the independent-boson model
was effectively reduced or renormalized due to the
delocalization process. Numerical examples illustrat-

ing this effect were given. Specifically the photoemis-
sion line shape for hole creation in the 1 m orbita1 of
adsorbed CO and for any system in which the
number of phonons produced is large were calculat-
ed for a realistic range of parameters. Although the
interference effects which were the key issue in this
study did not lead to dramatic modifications in the
anticipated line shapes, the modifications are prob-
ably large enough to be observed in careful high-
resolution photoemission studies. This is not to be
interpreted pessimistically, for past experience has
shown that most phonon-induced changes to an elec-
tron emission spectrum are small but rewardingly
detectable. Hopefully the present example is no ex-
ception to this rule.

Finally we take cognizance of some ideas presented
here which may have implications beyond the study
of photoelectron line shapes. Originally it was

thought that a certain symmetry should exist between
the theory of localized hole excitation of detocalized bo-

sons, as occurs in core-level XPS, and delocalized ho/e

excitation of localized bosons, as in adsorbed molecule
valence level spectroscopy. This notion was en-

couraged through consideration of the basic equation
for the coupling constant, Eq. (14), in which the
relevant properties of the hole and boson appear as a

product, suggesting that the final results might be in-

dependent of which entity is localized and which is
delocalized. As has been demonstrated in this study,
there is another effect which does distinguish
between the two possibilities. Recoil or localized vi-

brational mixing of delocalized hole states occurs in

valence orbital but not core-level phenomena, owing
to the lack of any memory mechanism (other than
off or on) in the core state. It seems possible that
the 1ocalized coupling of extended states via in-

tramolecular vibrations of adsorbed molecules could
have other interesting consequences.

ACKNOWLEDGMENTS

Provocative and stimulating discussions with Paul
Citrin, Seb Doniach, Gerry Mahan, and Marijan
Sunjic during various stages of solidification of the
ideas presented here have been most appreciated.
Special thanks are extended to Bill Schaich and Kurt
Schonhammer for comments which helped me under-
stand what I thought I understood. The kind hospi-
tality extended to me at Chalmers University,
Goteborg, Sweden, where much of this work was car-
ried out with the support of a NORDITA visiting
professorship, is gratefully acknowledged.

'P. H. Citrin, P. Eisenberger, and D. R. Hamann, Phys.
Rev. Lett. 33, 965 (1974).

2M. Sunjic and A. Lucas, Chem. Phys. Lett. 42, 462 (1976).
3P. Minnhagen, J. Phys. F 6, 1789 (1976).
4J. W. Gadzuk, Phys. Rev. B 14, 5458 (1976).
5P. H. Citrin and D. R. Hamann, Phys. Rev. B 15, 2923

{1977).
6G. D. Mahan, Phys. Rev. B 15, 4587 (1977).
7C. O. Almbladh, Phys. Rev. B 16, 4343 (1977).
C. O. Almbladh and P. Minnhagen, Phys. Rev. B 17, 929

(1978),
~(a) D. C. Langreth, Phys. Rev. B 1, 471 (1970); (b) J. W.

Gadzuk, in Ref. 29.
' K. Schonhammer and O. Gunnarsson, Solid State

Commun. 23, 691 (1977); Z. Phys. B 30, 297 (1978);
and Phys. Rev. B 18, 6606 (1978); O. Gunnarsson and K.
Schonhammer, Solid State Commun. 26, 147 (1978); and
Phys. Rev. Lett. 41, 1608 (1978).
J. W. Gadzuk and S. Doniach, Surf. Sci. 77, 427 (1978);
J. W. Gadzuk, Surf. Sci. (to be published); S. S. Hussain

and D. M, Newns, Solid State Commun. 25, 1049 {1978).
B. Gumhalter and D. M. Newns, Phys. Lett. A 59, 326
(1976); B. Gumhalter, J. Phys. (Paris) 38, 1117 (1977);
and Surf. Sci. (to be published).

' G, J. Schulz, Rev. Mod. Phys, 45, 423 (1973).
J. W. Rabalais, Principles of Ultraviolet Photoelectron Spec-

troscopy (Wiley, New York, 1977).

(a) L. S. Cederbaum, W. Domcke, W. vonNiesson, and

W. Brenig, Z. Phys. B 21, 381 (1975); (b) L. S.
Cederbaum and W. Domcke, J. Chem. Phys. 64, 603
(1976); Adv. Chem. Phys. 36, 205 (1977).
P. R. Norton, R. L. Tapping, H. P. Broida, J. W. Gadzuk,
and B. J. Waclawski, Chem. Phys. Lett. 53, 465 (1978),
J. C. Fuggle and D. Menzel, Surf. Sci. .79, 1 {1979).
K. F. Freed, Chem. Phys. Lett. 42, 600 {1976);J. L.
Skinner and P. G. Wolynes, J. Chem. Phys. 69, 2143
(1978)~

H. W. Meldner and J, D. Perez, Phys. Rev. A 4, 1388
{1971);J. W. Gadzuk, in Ref. 29.

P. W. Anderson, Phys. Rev. 124, 41 (1961).
U. Pano, Phys. Rev. 124, 1866 (1961).
R. Gomer, Solid State Phys. 30, 93 (1975); J. W. Gadzuk,
in Surface Physics of Materials, edited by J. M. Blakely

(Academic, New Ydrk, 1975); J. P. Muscat and D. M.
Newns, Surf. Sci. 74, 355 (1978); B. I. Lundqvist, H.
Hjelmberg, and 0, Gunnarsson, in Ref. 29; N. D. Lang
and A. R. Williams, Phys. Rev. B 18, 616 (1978).

23T. Holstein, Ann. Phys. (N.Y.) 8, 343 (1959); D.
Sherrington and S. von Molnar, Solid State Commun. 16,
1347 (1975); N. Rivier and T. J. Coe, J. Phys. C 10, 4471
{1977);A. C. Hewson and D. M. Newns, J. Phys, C 12,
1665 (1979).

24S. Doniach, Phys. Rev. B 2, 3898 (1970),
25D. R. Penn, Phys. Rev, Lett. 28, 1041 (1972).



528 J. %. CjrADZUK 20

P. Nozieres and C. T. DeDominicis, Phys. Rev. 178, 1097
(1969).

7P. Nozieres, J. Gavoret, and B. Roulet, Phys. Rev. 178,
1084 (1969); H. R. Krishnamurthy, K. G. Wilson, and J.
W. Wilkins, Phys. Rev. Lett. 35, 1101 (1975).

~"It could be argued that a more appropriate choice would be

f= ~0/W where 8 is of order the substrate bandwidth or
Fermi energy. It is felt that this choice is either irrelevant
or inappropriate for the following reasons. Suppose we

picked this assignment. Then one should be less cavalier
in proceeding from Eqs, (21) to (22). Rather than replac-
ing k„—kt by k~, thus obtaining a quantity —n„one
would require a quantity which is a measure of the sub-
strate density in the region of the admolecule. This densi-

ty is appreciable only for those substrate states degenerate
with the virtual level which is —I"/8' times n, . With
these choices, the interaction term is proportional to

(Q/ ~)&/(I / ~)n, 0 = ~0/I, as in Eq. (27), and the f
question is irrelevant. Furthermore it seems counter in-

tuitive that the renormalization should be a strong func-
tion ef W, provided 8' & I, as no additional physics ac-
companies the widening of the band. Thus the above f

choice also seems inappropriate.
Photoemission and the Electronic Properties of Surfaces, edited

by B. Feuerbacher, B. Fitton, and R. F. Willis (Wiley,
New York, 1978).
S. Doniach and M. Sunjic, J. Phys. C 3, 285 (1970), P.
Minnhagen, Phys. Lett. A 56, 327 (1976); J. D. Dow and

C. P. Flynn (unpublished) ~

P. H. Citrin; G. K. Wertheim, and Y. Baer, Phys. Rev. B
16, 4256 (1977).

V. L, Moruzzi, J. F. Janak, and A. R. Williams, Calculated
Electronic Properties of Metals (Pergamon, New York,
1978).

33D. W. Posener, Aust. J. Phys. 12, 184 (1959); D. G.
Hummer, Mem. R. Astron. Soc. 70, 1 (1965).

3"B.H. Armstrong, J. Quant. Spectrosc. Radiat. Transfer 7,
61 {1967).

3~M. Danos and S. Geschwind, Phys. Rev. 91, 1159 (1953).
The reader should also study the very enlightening series
of papers by Cini, who addressed somewhat similar prob-
lems from a new point of view. See M. Cini, Solid State
Commun. 20, 605 (1976); 24, 681 (1977); Phys. Rev, B
17, 2486 (1978); and Surf. Sci. 79, 589 (1979),


