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Many-body processes in x-ray photoemission line shapes from Li, Na, Mg, and Al metals
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X-ray photoemission from all the accessible core levels in Li, Na, Mg, and Al have been measured with
Al Ka radiation from metal films evaporated in ultrahigh vacuum, and the asymmetric line shapes of the
core-level spectra. were analyzed in terms of the Doniach-Sunjic (DS) function. Observed lifetimes were
compared with theoretical calculations and showed generally good agreement for the 1s and 2p levels of Na,
Mg, and Al but poor agreement for the 2s levels. The Li 1s lifetime was found to be considerably longer
than predicted from simple atomic calculations, but was in good accord with a more recent many-body
calculation. Singularity indices were determined from data extending to within half the Fermi energy from
the main peak. The range of validity of the DS function and the possible line shape interferences from other
sources were carefully examined, showing that the electron-hole pairs measured in the asymmetic tails are an
intrinsic property of the bulk-metal spectrum and that the DS function gives an excellent representation of
the data over a wide range of energies. The magnitude and trend of the singularity indices for Na, Mg, and
Al were interpreted in terms of the partial screening charges associated with the hole-state atom and were
found to compare favorably with several recent calculations. Detailed investigation of temperature-dependent
phonon broadening magnitudes and zero-point and phonon cutoff energies were carried out for Li, indicating
that a recently proposed interference effect may be responsible for the anomalously large line-shape

broadening in that metal. At present, however, no theory adequately accounts for the observed Li 1s
linewidth. For Na, Mg, and Al, on the other head, enhanced broadening effects were not observed and
recent calculations of phonons broadening agreed well with our measurements. The Li 1s binding energy was
observed to be temperature dependent, and its magnitude and trend were explained by a combination of
anharmonic lattice expansion and the heretofore unappreciated temperature dependence of the electronic
screening energy. The surface plasmon energy of clean Li was found to be in marked disagreement with that
predicted from the empirical bulk plasmon energy and simple free-electron theory and still remains to be
explained. The validity of the sudden approximation used in the interpretation of the electron-hole pair and
phonon spectra observed in this work is also discussed.

I. INTRODUCTION

When a core electron is suddenly removed from
an atom in a metal, the response of the remaining
many electrons and nuclei gives rise to phenomena
which are quite different from those observed in a
system made up of a single atom with one electron,
like atomic hydrogen, or even one with many elec-
trons, like argon. Although understandably attrac-
tive and of great utility, simple one-electron mod-
els cannot give insight into such phenomena in
many-body systems. Add to this the question re-
garding the ineaning of "suddenly removed, " i.e.,
sudden versus adiabatic, and the coexistence of
'intrinsic and extrinsic effects on the energy of the
photoelectron, and it becomes clear that the inter-
pretation of many-body phenomena in many-body
systems must be firmly established before they
can be expected to gain general acceptance.

This work reports on x-ray photoemission (XPS)
line shapes of core electrons in the metals Li, Na,
Mg, and Al, and interprets the observed spectra
in terms of a many-body response. We shall dem-

onstrate that our observations are indeed intrinsic
and are consistent with interpretations assuming
sudden electron removal. Our ultimate goal is to
obtain a description of the many-body response in
terms which help to explain the x-ray edge "anom-
alies" observed in these simple metals. This lat-
ter subject is treated separately in a following
paper, hereafter referred to as II.' In the present
work we shall restrict ourselves to identifying and
interpreting the relevant many-body processes as
they apply to XPS line shapes. It will be shown
that such analyses provide strong support for an
intuitive understanding of many-electron effects in
simple metals and, equally important, demonstrate
the quantitative success of existing theoretical
(and perhaps less intuitive) formalisms which de-
scribe their behavior.

Our discussions, in this paper center on two dis-
tinct types of many-body phenomena in XPS, the
creation of electron-hole pairs and the creation of
phonons, both upon the sudden removal of a core
electron. While phonon generation is well known,
it is included here for, two reasons. First, in con-
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trast to many-electron theories, previous models
describing this many-atom response in simple
metals have been much less successful in account-
ing for observed electron-phonon interactions.
Second, determination of accurate empirical mag-
nitudes of electron-phonon effects in XPS will
prove to be important in the analyses of the x-ray
absorption edges discussed in II. Historically it is
the interpretation of the x-ray edge spectra (along
with the Kondo problem) which initiated the devel-
opment of the many-electron theory due to Mahan, '
and Nozieres-DeDominicis' (MND). Since we shall
be dqaling here exclusively with XPS spectra, we
will concern ourselves only with those formalisms
appropriate for describing XPS line shapes. Their
development can be treated without recourse to the
MND description.

The theory for describing the many-electron re-
sponse in XPS has its origin in the work of
Anderson, ' who showed that the ground state of
electrons in a metal is orthogonal to the state re-
sulting from the sudden production of a core hole
("the orthogonality catastrophe"). Physically this
can be understood as follows. Upon creation of a
hole in a free-electron metal, the'conduction elec-
trons screen the suddenly created charge and the
wave functions of each screening electron become
modified to a degree that depends on their proxim-
ity to the core hole. The overlap of the new wave-
function of each electron with its ground state is
very close to but less than unity. Because there.
are so many of these wave-functions, -10", their
product approaches zero. The energy required
for the screening process is taken from the kinetic
energy of the outgoing photoelectron whose ejection
produced the hole. The average kinetic energy of
the core photoelectron is somewhat higher than in
the absence of the screening because the attractive
potential of the hole is itself partially screened,
but the spectrum exhibits a "tail" of lower-kinetic-
energy photoelectrons because of the energy which
goes into the excitation of electron-hole pairs.
Hopfield' has shown that the strength of the elec-
tron-hole excitation processes has the character
of an infrared divergence, i.e., the number of e-h
pairs created upon the sudden switch-on of a po-
tential becomes infinite as the energy of the e-h
pairs becomes infinitesimal. The resulting elec-
tron spectrum for an infinitely-long-lived core
hole is given by 1/e' ","where e is the energy
measured from the "no-loss" line position and a
is called the Anderson singularity index. 'Ihis pa-
rameter, which describes the nature of the elec-
tron-hole interaction, is expressed in terms of
scattering phase shifts 6, by the relation

2

n= 2 Q (2l + 1) —'
jr

According to Eq. (1) o. is always positive. The
Friedel sum rule limits it to values no greater
than 0.5. The 1/e' line shape therefore diverges
as e - 0 and has a tail at finite e whose amplitude
depends on the magnitude of n.

Since all core holes in metals have finite life-
times the above description is incomplete. To
facilitate comparison with real XPS spectra,

V'

Doniach and Sunjic (DS) have obtained an expres-
sion for the XPS line shape of the form

I'(1 —n) cos[-, vo. + (1 —a) arctan(c/y)]
1(~) =

+y J
2 3a{l-)/2 (2)

which includes the lifetime broadening by convolu-
tion. Here I'is thegammafunction, and2y thefull
width at half-maximum (FWHM) of the hole-state
Lorentzian line shape. In Sec. III we willdiscuss some
of the general features of the DS line shape and the
procedures used to obtain the parameters n and 2y
from experimental data. In Sec. IV we will address
the important questions concerning the validity of
Eq. (2) at energies well removed from the singu-
larity and the means by which the intrinsic charac-
ter of the XPS tail can be distinguished from ex-
trinsic energy losses as the photoelectron travels
through the solid. In the initial discussion, the
many-electron response in XPS line shapes is as-
sumed to be adequately represented by Eq. (2) over
some small range of energy.

The creation of a core hole results in a many-
atom response due to the electron-phonon coupling
between the initial ground and final ionized states.
So long as the electronic transitions are sudden,
the Franck-Condon principle applies and the zero-
point and thermal fluctuations in the initial state
are directly (vertically) projected onto the final
state containing the core hole. The resulting
Franck-Condon envelope has a Poisson distribu-
tion, which in the case of large numbers of phonons
is well represented by a Gaussian. ' At finite T, the
total width of the phonon envelope is the product of
the zero-point width and a temperature-dependent
term that describes the occupation number of high-
er initial phonon states according to Bose-Einstein
statistics. Expressions for the total width vary
with the sophistication of the theoretical model,
and we shall show that quantitative success in cal-
culating phonon width& has been only very recently
achieved in the simple metals. Considerations of
the interaction between the finite lifetime of the
core hole and the phonon frequency response will
be discussed in Sec. IV.

As the above brief discussion shows, both many-
electron and many-phonon processes in XPS are
not new concepts, and so it might seem surprising
that a quantitative discussion would have been so
long in coming. At least two factors are responsi-
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ble for this. The first is that prior to 1973, experi-
mental limitations on surface preparation and en-
ergy resolution in XPS precluded reliable identi-
fication of these phenomena. The second reason is
that few experimentalists were aware of these
phenomena or understood how they would manifest
themselves in XPS spectra. Lacking a ready ex-
planation for obvious line asymmetries or broad-
ening, these effects were either explained away as
artifacts or as being due solely to extrinsic pro-
cesses and were simply ignored. The correct
identifications of electron-hole pair formation"
and of electron-phonon broadening in XPS spectra
of solids" have been made only within the last few
years. It remains to be demonstrated that the ob-
served effects are truly (solely) intrinsic and that
their magnitudes can be determined accurately
without interference from the extrinsic processes
that were once believed to be wholly responsible
for them. The recent improvements in experiment-
al capabilities and data analyses reported in this
work now enable these questions to be addressed
and subjected to a critical test.

In Sec. II we describe our experimental proce-
dures and in Sec. III present the experimental re-
sults and methods for analysing the data. A dis-
cussion of the results is given in Sec. IV.

II. EXPERIMENTAL PROCEDURES

X-ray photoemission from Li, Na, Mg, and Al
was studied with both HP 5950A ESCA and modified
AEI 100 spectrometers. In the former, high-purity
(99.9&7') samples were repeatedly evaporated onto
polished stainless-steel substrates at room tem-
peratures in a sample chamber with base pressure
-10 ' Torr, then quickly inserted jg pgg~o into the
analyzing chamber at a base pressure in the low
10 ' Torr region. Because of the concern about
surface contamination, spectra were recorded
quickly (-5-10 min) at a total energy resolution of
0.63+ 0.03 eV full width half maximum (FWHM),
somewhat lower than the highest resolution of 0.55
eV attainable with that instrument. The source of
radiation w'as monochromatized Al Kz x rays. In
the AEI instrument, high-purity samples were re-
peatedly evaporated onto room-temperature stain-
less-steel substrates in the analyzer region at a
base pressure of -10 "Torr. A special Al Kn
monochromator mas developed" which allowed a
total instrumental resolution of 0.25+ 0.02 eV,
FWHM. " The response function of the lower-reso-
lution HP instrument was determined from analy-
sis of Fermi edges from Ag, Au, and Ga, while
that of the higher-resolution AEI instrument was
determined from detailed analyses of all available
core level spectra (see Sec. III for analysis pro-

cedures). Both functions were found to be approxi-
mately Gaussian. "'" %hile neither procedure for
determining the spectrometer functions is by itself
rigorous, it will be shown in Sec. III that the limits
of uncertainty in the widths and shapes of these
functions are negligible compared with other con-
tributions to the observed XPS line shapes.

For the case of Li and Mg, spectra were re-
corded with the AEI instrument as a function of
temperature. High-purity lithium and magnesium
were repeatedly evaporated onto smooth room tem-
perature substrates. Mg 2P spectra were twice re-
corded alternately at 90 and 300 K temperatures.
More systematic Li 1s measurements at room
temperature were made before and after each low-
(90'K) and high- (440'K) temperature run. Each
Li 1s data set at low and high temperatures repre-
sents the sum of three runs, that at room temper-
ature the summation of all the room-temperature
runs. This accounts for the better statistics in the
room-temperature spectra.

The Li, Na, and Mg data taken in the AEI instru-
ment typically represent a total of 20 h per spec-
trum. In spite of these rather long data acquisition
times, the very-high-resolution spectra have only
-1% statistics in the best case and -3% statistics
in the worst. While acceptable for most conven-
tional needs, these statistics are well below those
required for deconvolution procedures and thus
dictate the need for other methods in the analysis
of XPS line shapes. These analytical procedures
are discussed in Sec. III.

III. EXPERIMENTAL AND ANALYTICAL RESULTS

X-ray photoemission spectroscopy of reactive
metals is by now almost routine as a result of ad-
vances in ultrahigh vacuum technology. The desire
to extract information from the details in the XPS
line shape, however, imposes the requirements of
extremely high resolution and, at the same time,
low statistical uncertainty. This combination is
particularly demanding since one is usually
achieved at the expense of the other. Ne shall see
that high resolution is the more important of the
two, and that analysis of the data requires care
over and above conventional standards. In order to
appreciate the procedures of the analysis, it is in-
structive to review briefly the properties of the
XPS line shape defined by Eq. (2).

The power-law shape is shown in Fig. 1(a) for
the case of @=0 and +=0.2. n is the singularity
index defined by Eq. (1) and 2y is the core-hole
lifetime at FWHM. Figure l(b) shows the DS line
shape for different n's but with 2y= 0.5 eV. Note
that, as expected, only the high binding energy
(low kinetic energy) side of the peak varies with
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FIG. 1. Theoretical and experimental features of the x-ray photoemission line shape in a free-electron-like metal.
(a) Theoretical line shape of infinitely-long-lived core hole showing intrinsic nature of the asymmetric electron-hole-
pair tai. l. (b) Theoretical Doniach-Sunjic (DS) line shape of core hole with FTHM lifetime width of 0.5 eV and various
values of singularity index e. Note small binding energy shift from (a} and insensitivity of right side of peak to differ-
ent values of n. (c) Theoretical DS line shape with constant 0. and varying core hole lifetimes. Note both right and
left sides of peak are affected by charging lifetime. (d) Typical exPerimentally observed DS line shape of constant
singularity index and core-hole lifetime, but with varying spectrometer response function F%'HM widths, I',

~ shown here
to be Gaussian. Note stx'ong dependence of line shape to changing values I », illustrating importance of including I'

sp
ln data analysis.

changing n. Figure 1(c) contains a series of line
shapes for a=0.2 and different y's, showing how
both high- and low-energy sides of the peak vary.
This too is expected because the Lorentzian con-
tribution of the hole Lifetime is symmetric about
& =0.

The asymmetric tail in Figs. 1(a)-1(c) extends a
good deal beyond ~ = 2y and increases noticeably
with increasing a. Much of the area a,ssociated
with this line shape is contained in the tail, so that
for accurate quantitative analyses this total inten-
sity must be taken into account. " The tail i,s seen
to be an intrinsic property of the XPS line shape
and should therefore not be confused with extrinsic
energy losses. This point is clearly very impoxt-
ant in the analysis of the XPS data because if a
"background" is subtracted before fitting theory to
experiment, the x'esulting singularity index will be
in error —if the line can be fitted at aLL. It is

therefore crucial to determine to what extent ex-
trinsic Losses, which are ghgggyg present in an XPS
spectrum, contribute to the observed line shape.
To allow a logical. development of our analytical
procedures we will defer this question to Sec. IV.
For the present we state without proof that the tail
is indeed predominantly intrinsic up to e - ~Ez and
that "background subtraction" in metals is an in-
herently incorrect procedure in this energy re-
gime.

The line shapes of Eg. (2), shown in Figs 1(b).
and 1(c), are functions of c/y with the single pa-
rameter a. It is therefore possible to character-
ize them by other individual properties, such as
the ratio x of the han-width-at-'half-maximum
(HWHM) values of the higher- and lower-binding-
energy sides of the peak. This was originally sug-
gested by Doniach and Sunjic and a table relating x
and a is given in theix work. Unfox'tunately, the
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FIG. 2. Al 2s x-ray photoemission spectrum illus-
tr ating stepwise procedures in visual data analysis.
Curve a is pure lifetime Lorentzian with FTHM of 0.78
eV, & = 0. Curve 5 is curve a convoluted with skewed-
Gaussian instrumental response function (see Ref. 13)
with FWHM of 0.63 eV. Curve c is curve 5 but with
0.'=0.12. Note presence of surface oxide -2.7 eV from
main peak which limits analysis f'rom these data (mea-
sured at Io ' Torr).

ideal line shapes in Figs. 1(b) and 1(c) are not ex-
pex"imentally observable because there is always
some broadening due to the response function of
the spectrometer. Assuming a Gaussian spectro-
meter function and denoting the FWHM by I',„, we
show in Fig. 1(d) the curves in Fig. 1(b) broadened
by l,~

= 0.5 eV. It is clear by inspection that in
going from Fig. 1(b) to 1(c) or 1(d), the parameter
x does not retain its functional relationship with a
because the broadening of an asymmetric function
by even a symmetric one results in a change in
asymmetry.

In order to obtain the intrinsic parameters e and

y it is thus imperative to take into account aEE ad-
ditional broadening. One way to do this is by de-
convolution. Early attempts with this method were
only moderately successful" because removal of
the majority of the broadening requires data with
better statistics and a better knowledge of the
resolution function. A more practical approach is
to include all of the broadening in the function that is
to be fitted to the data, i.e., to convolute the DS func-
tion with the resolution function (and the phonon broad-
ening). This leads to considerable complications,
however, becauSe the fitting function is then no
longer available in closed form, making numerical
evaluation tedious.

Two methods for analyzing the data were there-
fore developed. The first involves a visual com-
parison of the raw experimental data with the re-
sult of a computer-generated DS line shape that
has been convoluted with the instrumental response
function. ' '" If the latter function is known, the
only significant parameters in the analysis are a
and y (the position and height of the peak do not in-
fluence the shape). This procedure has the partic-

ular advantage of readily identifying any possible
traces of surface oxide which appear on the high-
binding-energy side of the peak. It has also been
most useful for obtaining initial parameters for the
second method of analysis described below using a
least-squares fitting routine.

As an illustrative example of the visual proce-
dure we consider the XPS spectrum of Al 2s elec-
trons, shown in Fig. 2. The data were obtained
with the lower-resolution HP spectrometer. As we
have seen from Fig. 1(b), the right-hand side of the
peak is sensitive only to y whereas the left-hand side
of the peak is sensitive to both y and e. The method
of attack is thus to first determine y. In practice
this is done by choosing arbitrary values of y and
& in Eq. (3), convoluting the resulting function with
the spectrometer response, and comparing the
final result with the right-hand side of the peak; y
is then varied until agreement is obtained. a is
determined the same way but now with fixed y. To
show what the various steps in the procedure look
like by themselves we exhibit them in Fig. 2:
cuxve a is a I orentzian of 2@~—= I'~ =0.78 eV, z
=0; curve b is curve a broadened by the spectro-
meter function, I'»=0.63 eV; curve c is curve 5
but with e =0.12. Comparison of the data with
curve c shows excellent agreement on the low-
binding-energy side, but on the high-binding-ener-
gy side the presence of a small amount (&0.3 mono-
layer) of surface impurity centered at -3.7-eV
higher binding energy is apparent. The impurity
was determined to be Al, O, from the observed 0
1s spectra and its steady growth with time which
matched the growth of the Al impurity signal. The
presence of this impurity, however small, clearly
introduces some uncertainty and is the limiting
factor in determining o. from these data.

In Fig. 3 we show an A12p spectrum taken with
the highex'-resolution instrument. The improved
vacuum conditions provide data without observable
indication of surface impurity. The Al 2P,~, and
Al 2P,&, components are clearly resolved and allow
the data to be analyzed following our previous pre-
scriptions. If we constrain the spin-orbit compon-
ent intensities to 2:1 and allow their splitting to
vary, a visual best fit is obtained with a splitting
of 0.40+0.01 eV, a 2P lifetime I'»=0.04+0.02 eV,
and a singularity index n = 0.115+0.015. The un-
certainty in determining u is illustrated in Fig. 3
by the expanded region, where the limits in n of
~0.02 are clearly seen to be too large.

The second, more direct, and less subjective
procedure for analyzing the data is to perform a
nonlinear least-squares adjustment to the param-
eters in this function for optimum fit to the raw
experimental data. We have used a program due
to Marquardt" for this purpose, and found that it
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shows a clear minimum in X' for a Gaussian width
of 0.234+ 0.006 eV, and indicates that the lifetime
width of the 2P hole state is 0.045+o Oyo eV Two
different error bars are shown in this figure. The
armer ones represent a "one-parameter" standard
deviation, calculated with all other parameters
held fixed at their best-fit values. The outer error
bars are "support plane" limits obtained from the
tangent planes to the N-dimensional error surface
and contains the effects of parameter correla-
tions. " The singularity index a is a weak function
of the Gaussian width in this case because the total
width is dominated by the Gaussian contribution.

This method of analysis, in which one displays a

FIG. 3. Al 2Al 2Psg~ and Al 2P&g&x-ray photoemissionspec-
trum, illustrating limits of less than+ 0.02 uncertainty
in n from analysis of this data using procedures outlmed
in text and Fig. 2. Data measured in 10 Torr vacuum
with high-resolution spectrometer (FWHM width shown
in upper right). Note absence of observable surface
oxide (contrast with Fig. 2).
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I 1.9

converges rapidly provided good starting parame-
ters are used. It is, of course, also essential to
include such features as the bulk and surface plas-
mons (and surface oxide, if any) in the theoretical
function if a meaningful fit is to be obtained. Fur-
thermore, the ability to constrain, say, the widths,
asymmetries, and peak-height ratio of closely
spaced spin-orbit components is also of great val-
ue. In some respects the resolution function pre-
sents the most troublesome aspect in this proce-
dure. While there can be little question, in view
of the central-limit theorem, that a Gaussian
should provide the most reasonable one-parameter
closed-form representation, there is also no rea-
son to expect the resolution function to be strictly
symmetrical. "'" Careful analysis of line shapes
during the course of this work has shown that a
Gaussian one-parameter representation is general-
ly a good one for much of the data analyzed here.
Any deviations from this functional form will be
explicitly pointed out when appropriate.

It is important to demonstrate explicitly that our
least-squares fitting procedure is capable of read-
ily distinguishing between Gaussian and Lorentzian
widths. To this end we have analyzed the Al 2P
spectrum of Fig. 3 over a 6-eV interval extending

1from 1.5-eV (-BE+) higher binding energy from the
2p, &, line to 4.5-eV lower binding energy, using a
flat background and two lines with identical shape
and 2:1 intensity ratio to represent the spin-orbit
doublet. A series of fits were made in which the
Gaussian component, representing the instrumental
and phonon contributions (to be discussed), was
constrained to fixed values. The result, Fig. 4,
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FIG. 4. Results of nonlinear least-squares analysis
of Al 2p data in Fig. 3, showing x (upper), Al 2p hole
lifetime at FWHM (middle), and e (lower), all as a
function of FWHM Gaussian width. Gaussian function
represents instrumental response and effects of phonon
broadening. Data were fit over range of 1.5-eV binding
energies from Al 2p peaks. Minimum in g is indicated
by arrow, and limits of uncertainty in e, I'&&, and
Gaussian width are thus small. Standard deviations and
support plane limits of values are indicated by inner
and outer horizontal bars, respectively. Note agree-
ment between n determined here and that in Figs. 2 and
3.
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FIG. 5. Li 1s x-ray photoemission spectra from
high-purity Li evaporated onto substrates at (a) 90'K
and (b) 300'K. Surface segregation of Na at 300'K is
seen in Na 2s spectrum shown in (c), obtained by sub-
tracting (a) from (b). Bulk and surface plasmons at
7.20 and 4.15 eV, respectively, are also indicated. Note
that in (a) hen, is significantly (and unexplicably) smaller
than hv&/v 2, even though surface Li is atomically
clean.

cut through the n-dimensional X' surface, is par-
ticularly helpful in gaining a physical feeling for
the quantitative interrelationship of the parameters
that are adjusted in the least-squares procedure.
It is, of course, not necessary to carry this out in
detail since the Gaussian-width parameter can also
be directly adjusted by the least-squares proce-
dure, and comparable information is available in
the parameter correlation coefficients. Neverthe-
less, this method is particularly useful in the case
of Li for demonstrating the temperature depen-
dence of the Gaussian component (see below).

The most significant aspect of the above analyses
of the Al 2P and Al 2s results is that from spectra
of core levels whose hole lifetimes differ by more
than an order of magnitude taken with spectro-
meters whose resolution differ by a factor of 2.5
and which have been analyzed by two different
techniques, we have determined a value for n that
is consistent within a conservative experimental
uncertainty of +0.015. This clearly demonstrates
that our analysis procedures are generally valid.
We note also that our result is inconsistent with
the value of a=0.161~0.008 quoted by Ley et al. ,

"
who determined z by measuring the parameter x
after subtracting a background from the raw data
in which the spectrometer broadening was not taken
into account.

There is an additional phenomenon which may af-

feet the XPS line shape, namely phonon broaden-
ing. It's PWHM value is denoted by I'",„.The
coupling constant is usually sufficiently large to
assume a Gaussian rather than a Poisson phonon
distribution function (this point will be discussed
in Sec. IVB). Thus it should be possible to ob-
serve an additional Gaussian broadening in the
data, provided it is not completely dominated by
the broadening from the spectrometer.

To illustrate the most dramatic effects of phonon

broadening, we consider the case of lithium. In
Fig. 5(a) we show a 15-eV sweep of Li evaporated
and measured on a substrate at T = 90'K. The bulk
and surface plasmons are indicated at 7.20*0.1
eV and 4.15+ 0.1 eV, respectivel. y. The surface
purity of the samples measured in these experi-
ments is extremely high as determined from the
virtually complete absence of XPS core level sig-
nals from impurity elements. It comes as a sur-
prise, therefore, that the surface plasmon energy,
which agrees well with other literature values, ""
is so different from the value of 5.1 eV (=h&u~/v 2)
predicted from a free-electron model. This dis-
crepancy' has already been noted by Kloos" in his
measurements made under somewhat poorer vac-
uum conditions, and still remains to be explained.
Our value of the bulk plasmon energy is in fair
agreement with that of Kloos, "7.08 eV, but the
literature values range from 6.94 to 9.5 eV." If
the sample at 90 K shown in Fig. 5(a) is allowed
to warm up to room temperature and is then re-
measured, the spectrum shown in Fig. 5(b) is ob-
tained. The difference spectrum between Pigs.
5(a) and 5(b) is shown in Fig. 5(c), indicating the
presence of Na 2s photoelectrons. The Li samples
used are quoted as containing less than 60-ppm Na,
but in addition to the Na 2s spectrum in Fig. 5(c)
the other core and Auger lines of Na, not shown,
were also observed. Fortunately, the presence of
Na surface segregation is not a problem in our
analysis of the Li 1s line shape since its effects,
which occur more than 7 eV from the main line,
are well removed from the region of interest
covering -1.5 eV.

In Fig. 6 we show a 10-eV scan of the Li 1s re-
gion taken at 300' K with the high-resolution instru-
ment. If we apply to Li the analysis procedures
outlined above for the Al 2P and Al 2s spectra (in
which the effects of phonon broadening were ig-
nored), we obtain the result shown in Fig. 6(a).
Bulk and surface plasmons approximated by
Lorentzians of variable height and width have also
been included. Although the fit is quite good on the
high-binding-energy side of the peak, it is clearly
unsatisfactory on the low-energy side and thus
shows the need for another approach. If, instead,
we follow our original procedures but now include
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ponding values of I'» and n at different tempera-
tures are indicated in Fig. 7. The data are fit ex-
tremely well by these line shapes, supporting our
assumption of a Gaussian function for the phonon
broadening. (The assertion that this temperature
dependent broadening is, in fact, due to phonons
and should be Gaussian will be defended more rig-
orously in Sec. IVB.)

The reason for our choice of I'~ =0.04 eV from
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FIG. 6. Li 1s x-ray photoemission at 300 K. In
upper spectrum, data is fit with DS line shape plus two
Lorentzians for plasmons. Note Lorentzian lifetime

e, glvlng poolwidth of the Li 1s hole-state is too large
fit. In lower spectrum, additional Gaussian is con-
voluted with DS line shape containing smaller Lorentzian
lifetime width. Note improvement in fit on both sides
of peak. Deviation in fit above -1.5 eV from peak is due
o inapplicability of DS line shape in Li (see Sec. IVC)
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an additional Gaussian broadening, we obtain the
result shown in Fig. 6(b). The deviation of the fit
to the data above -1.5 eV from the main peak is
due to the limited region of applicability of the DS
function and is discussed in more detail in Sec.
IV C. Within the +1.5 eV range on both sides of the
peak, however, the result is clearly improved.

We consider the need for the additional broaden-
ing in Fig. 6(b) to be evidence for the effects of
p onons. That phonons are indeed responsible ishono
demonstrated by the temperature dependence
shown in Fig. 7. As the temperature is increased
from just above liquid nitrogen, to ambient, to
just below the Li melting point a sizable increase
in the measured widths of the Li 1s peaks is ob-
served. Since the spectrometer function is not
strongly temperature dependent and the Li 1s life-
time is at most only very weakly sensitive to tem-
perature changes, the width of the additional
broadening can be determined by treating the life-
time and spectrometer widths, I'„and I',~, as
constants and varying the phonon width I x» . Set-
ting I'~ = 0.04 eV (see below) and assuming that the
phonon broadening is Gaussian, the resulting fitted
line shapes (shown as solid lines) and the corres-

1.0
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54.0
I

56.0 55.0
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FIG. 7. Li 1s x-ray photoemission as a function of
temperature. Data {points) are fit (solid lines) using
procedures described in lower spectrum f F 6
xn e assuming constant Li 1s lifetime width I'is
—0.04 eV (see Fig. 8) but variable e. Gaussian phonon
widths at FWHM were determined assuming Gaussian
spectrometer function with 1,p —-0.25 eV. Note essential
constancy of m but large increase in I'» with increasing
temperature, illustrating importance of phonon broaden-
ing. At bottom, fits at different temperatures are
overlaid &i to emphasize increased broadening and in-
creased Li 1s binding energy at elevated temperatures.
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FIG. 8. Li 1s x-ray photoemission spectrum at 90 K
showing limits of uncertainty in determining lifetime
width, F&, , and phonon width, I'», in eV at FWHM for
given singularity index n = 0.24 and Gaussian spectro-
meter width 1",~=0.25 eV. From this method of analysis
(see bottom Fig. 6 and text) best values are I'» ——0.26
+0.02 eV and r„=0.04 ~0.03 eV.

the visual analysis procedure of the data is illus-
trated in Fig. 8, where we show the Li-1s data at
90 K fitted with line shapes of variable values of
I'„and r,„".The tail region on the low-binding-
energy side of the data should be most important
in distinguishing the relative contributions of the
long-tailed Lorentzian lifetime function and the
short-tailed Gaussian phonon function. Limits of
uncertainty can be determined for the two compon-
ents by requiring that the resulting line shape
above the FWHM points fit the data uniformly well
for any combination of I'~ and I"» . This require-
ment therefore allows one component to be ad-
justed at the expense of the other and serves to
constrain the limits of each. From the expanded
tail region shown in Fig. 8 it is clear that the val-
ues I'~ =0.04 eV and I'~„=0.26 eV comprise the
most acceptable combination and that the uncer-
tainties of +0.02 eV for each value appear to be
reasonable limits. The above analysis was per-
formed assuming a constant Gaussian spectro-
meter width of I'~=0.25 eV.

The presence of large Gaussian broadening well
above the instrumental resolution function has also
been readily demonstrated by least-squares analy-
sis. The data were fitted over a 4-eV interval,
starting 3 eV below the binding energy of the 1s
peak and using a single DS line convoluted with a
Gaussian to represent the combination of the in-
strumental and phonon broadening. Least-squares
adjustments were made with the Gaussian width
held fixed to a series of values ranging from the
instrumental resolution function to the width of the
line in the data. A minimum in X' for each spec-

trum af the three different temperatures was ob-

tained, which defines the phonon broadening, the

lifetime width, and the singularity index. The
minima correspond to consistent values of e near
0.25 and give phonon widths in excellent agreement
with our earlier results obtained from the visual
analysis procedure. " Because of the shallower
minimum in X' compared with that for Al 2P, see
Fig. 4, the Li 1s lifetime width is less well deter-
mined. Inspection of the error bars from the fits,
however, places a clear upper limit on I'~ of 0.06
eV.

The singularity index z for Li obtained from the

analysis in Figs. 7 and 8 is found to be essentially
invariant with temperature, as theory requires.
Taking into account all three temperature mea-
surements and the uncertainties in I'~ and I'x~,
we obtain a mean value of the Li singularity index

+ = 0'.250+ 0.010. %e should mention at this point
that in both the visual and least-squares analysis
of the Li 1s data described above we have assumed
a symmetrical Gaussian spectrometer function
with F%HM of I'gp= 0.25*0.02 eV. Detailed inspec-
tion of Au and Ag core-level line shapes taken near
the time of the measurements of the Li 1s spectra
showed a slight skewing in the Gaussian instru-
mental response function. %e have investigated
the effects of this by a least-squares refitting of
all the Li 1s data using a two-parameter skewed
Gaussian representation. " The phonon and life-
time widths were found to decrease and increase
with respect to the results obtained in the afore-
mentioned analysis by no more than about 0.02 eV,
i.e., within the uncertainty limits of the assumed
Gaussian function. The singularity indices, how-

ever, were uniformly lower than the value of 0.25

by about 0.03. Since the skewed Gaussian spectro-
meter function used represents a somewhat ex-
treme case, we feel confident in quoting the life-
time and phonon values determined with a Gaussian
response to have uncertainty limits of no more
than +0.03 eV and the singularity index to have a
mean value of ~=0.23+ 0.02.

A final feature in the temperature-dependent Li-
1s measurements is a small but reproducible in-
crease in binding energy with increasing tempera-.
ture. The energy displacements in.going from 90
to 300 K an/ from 300 to 440 K are 0.025+ 0.005
and 0.040+ 0.005 eV, respectively. The origin of
the shifts lies in a combination of anharmonic nu-
clear motions and a temperature dependent elec-
tronic relaxation, and will be discussed in more
detail in Sec. IVB.

Thus far we have analyzed the'Al 2P and 2s spec-
tra to illustrate the essential procedures for ex-
tracting the singularity index and the lifetime val-
ues, and have analyzed the Li 1s spectra to illus-
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FIG. 9. Na 2P x-ray photoemission spectrum at
300 K showing existence of photon broadening in Na.
Dashed line is DS function without phonon broadening
and n =0.20, solid line is same curve but with smaller
lifetime width convoluted with Gaussian of FWHM I'„z
=0.20 eV. Spin-orbit 2p3&2 and 2p&&2 components (un-
resolved) are also sholem.

trate the need for also including phonon broadening.
It is therefore appropriate to reconsider the Al 2p

spectrum at 300 K in Fig. 3 to see how important
phonon broadening is in that metal as well. From
Fig. 4 we saw that a total Gaussian component with
F%HM of I'&o& = 0.234+ 0.006 eV best fit the data.
Since this total Gaussian includes the effects of
phonon broadening, to determine its magnitude we
must first know the smallest possible spectrome-
ter broadening of the modified instrument. The
theoretical lower limit of I'„(min) is 0.20 eV,"so
the maximum phonon component I' xp (max) = [I'„t
—I",~ (mtn)]'~'=0. 12+ 0.01 eV. As will be dis-
cussed in Sec. IVB, the minimum phonon broaden-
ing in Al for photoemission of Al 2P electrons
arises from the recoil broadening of the ion in the
lattice" and is calculated to be I' XP (min) = 0.09
eV. %e therefore determine I" xP' = 0.11+0.02 eV
for Al. This value is considerably smaller than
that for Li at 300'K, 0.37+0.03 eV, but is still not

negligible compared to kT and therefore should not

be ignored in cases where the instrumental resolu-
tion is comparable to kT. In these XPS experi-
ments, the FWHM of even the high-resolution
spectrometer function is approximately 10kT at
T = 300 K and cannot be expected to remain con-
stant throughout all the measurements. " There-
fore, in determining the Gaussian phonon contri-
bution to the core-level line shapes, it is neces-
sary to evaluate 1"„for each series of measure-
ments.

The phonon broadening in Na is qualitatively de-
termined using the above visual procedures ap-
plied to the expanded Na 2p spectrum shown in Fig.
9. [In an earlier analysis, '6 the lower-binding-
energy side of the expanded Na 2s spectrum was
fit well by lifetime and spectrometer broadening

alone, but the short Na 2s lifetime effectively ob-
scured the phonon broadening contribution. This
led to a somewhat smaller value of 0. than that re-
ported here (see below). ] The importance of pho-
non broadening can be seen in Fig. 9 by first ig-
noring its contribution and attempting to fit the
lower-binding-energy tail of the expanded Na 2p

peak while constraining the fit at and above FWHM;
an obviously unsatisfactory result is obtained, see
dashed curve. Including phonon broadening by con-
volution of a DS function with an additional Gaus-
sian phonon width I',h

= 0.20 eV and a longer Na

2P lifetime results in a distinct improvement.
Least-squares analysis allows for a more quanti-

tative determination of the phonon broadening in
both the Na 2s and 2p spectra. Using the procedure
described above, we obtained minima in X' shifted well
away from the 0.25-eV instrumental Gaussian" inboth
cases. This is a particularly instructive result be-
cause, in spite of the order-of-magnitude difference
in lifetime widths between the Na 2p and Na 2s holes,
consistent values for the Gaussian width and the
singularity index were obtained. Using the value
of I',~=0.25 eV, we find I'x»p' equal to 0.18+0.01
and 0.20+0.01 eV for Na 2p and Na 2s, respective-
ly. Including the uncertainty of +0.02 eV in 1 »
increases the error limits to +0.03 eV. Note that
as for Al, I'x„' is appreciably smaller than that
for Li but is nonetheless significantly larger than
kT and should not be ignored.

To determine a for Na it is necessary to analyze
both the 2p and 2s spectra shown in Figs. 9 and 10,
respectively. The presence of a trace amount
(-0.1 monolayer) of oxidized Na (due to oxide-
leaching of the vacuum-sealed glass vial containing
the Na) is seen at -1 eV higher binding energy
above the Na 1s peak in Fig. 10. This information
is used to extract cy from no more than -1 eV
(0.3E~) above the binding energy in the Na 2s spec-
trum. The influence of the surface plasmon, also
shown in Fig. 10, is seen to be negligible within 1
eV from the peaks. After convolution of the phonon
broadening term (see Fig. 9), a, best value of a
=0.20+ 0.015 for both 2p and 2s levels is obtained.
(In Sec. IVC we will also show that the essential
equivalence of a values for the Na 1s and 2s spec-
tra. in Fig. 10 is direct evidence for the intrinsic
nature of the asymmetric e-h pair tail. )

As a final check on the values of o. we have car-
ried out a least-squares analysis of all three sets
of Na data and the results are shown in Fig. 11. In
each case the phonon width was treated as a free
parameter. The Na 2p data were fitted over a
range of 2.5 eV from the peak with the spin-orbit
splitting held at the free-ion value of 0.169 eV and
the intensity ratio of the components held at 2".'1.

The oxide surface contamination had to be explicitly
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TABLE I. Summary of x-ray photoemission results. ~

Metal
Temp.

( K)

bI'
n,

(eV)

I xPsg
ph

(eV)

Lithium 1s 90
300
440

0.04 + 0.02
0.03+ 0.03
0.03 +0.03

0.26 +0.03
0.37 + 0.03
0.42 +0.03

0.23 +0.02
0.23 +0.02
0.23 +0.02

Sodium 2P
2s
1s

300
300
300

0.02 + 0.02
0.28 + 0.03
0.28 + 0.03

0.18 + 0.03
0.20 +0.03
0.18 + 0.04

0.198 +0.015
0.205 +0.015
0.21 +0.015

Magnesium 2P

2s
1s

Aluminum 2P
2s

90
300
300
300

300
300

0.03 + 0.02
0.03 + 0.02
0.46 +0.03
0.35 + 0.03

0.04 6 0.02
0.78 +0.05

0.15+ 0.04
0.18 +0.04
0.19+0.04
0.20 + 0.05

0.11+ 0.02
~ ~ ~

0.128 + 0.015
0.126 + 0.015
0.130+0.015
0.15 +0.02

0.118+0.015
0.12 + 0.015

' Mean values are quoted and are based on both least-squares analysis and computer-generated
comparisons as described in text. Uncertainties include all known cumulative errors of
precision from data and from analysis procedures.

Lifetime of n& hole state, FWHM value.' Phonon broadening measured in XPS, FWHM value. Includes both electronic and recoil
phonon broadening, see Eq. (5).

Singularity index.

IV. DISCUSSION

This section is divided into four subsections
which deal, respectively, with (A) core hole life-
times, (B) phonons and other temperature-depen-
dent phenomena, (C) applicability of the DS func-
tion to XPS spectra, and (D) singularity indices-
all as they pertain to the XPS measurements of Li,
Na, Mg, and Al. Comparisons between the life-
time, phonon, and scattering phase shift values
obtained in our XPS mea, surements with those de-
termined from x-ray absorption spectra will be
made in II.

A. Core-hole lifetimes

For core holes with energy less than 2 keV, non-
radiative Auger electron emission is the predom-
inant decay mechanism. " Two types of Auger de-
cay processes can be defined: those involving
higher-lying core electrons, which we refer to as
intra-atomic transitions, and those involving either
a core and a valence electron or two valence elec-
trons exclusively, which we refer to as interatomic
transitions. Intra-atomic transitions predominate
in cases where they are energetically allowed. "
Their probabilities are, by definition, insensitive
to chemical environment. Interatomic transitions,
on the other hand, while generally weaker on an
absolute scale, are the predominant decay mecha-
nisms for certain shallow core holes and clearly
depend on the nature of the valence electrons. In

other words, for particular core holes the chemi-
cal environment of the hole-state atom can affect
the lifetime of the hole itself. These considera-
tions have been previously discussed" and very
dramatic effects of core-hole lifetimes with chem-
ical environment have been recently observed. "
For the metals Li, Na, , Mg, and Al it is, there-
fore, appropriate to distinguish between those core
holes which decay by interatomic, as opposed to
intraatomic, transitions and to compare the mea-
sured core-hole lifetimes in the metals with those
calculated or determined for their atomic counter-
parts.

Intra-atomic Auger rates are generally calculated
from atomic matrix elements using first-order
time-dependent perturbation theory. " This ap-
proach is entirely suitable for the 1s vacancies in
metallic Na, Mg, and Al, which decay primarily
via KLL transitions. The smaller probabilities for
the radiative decay processes, i.e., emission of
K+ x rays, can also be calculated in a straight-
forward way. Several authors have calculated the
1s lifetimes in atomic Na, Mg, and Al."" Their
results are compared in Fig. 14 with our measured
values in the respective metals. We have included
the theoretical ' and experimental values for
atomic Ne 1s as well. The monotonic increase of
lifetime width with Z is clearly seen. The trend
is qualitatively understood as arising from the
contraction and consequent increased overlap of
the 1s hole with the n = 2 electrons in this essen-
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Fig. 14. Comparison of experimental and calculated
lifetime widths at FWHM of 1s, 2s, and 2p core holes
in Na, Mg, and Al metals. Experimental values from
analysis of x-ray photoemission data (this vrork), ex-
cept for Al 1s (from Ref. 1) and Ne 1s (from Ref. 32).
Theoretical values from Refs. 29, 30, 31, 34, and 35.
Note difference in energy scales for different core
levels.

tially isoelectronic series. The overlap with the
delocalized valence electrons is much smaller.
The agreement between theory and experiment is
generally very good, although for Al the theoreti-
cal values are all somewhat too small. '

The calcula. tion of 2s hole lifetimes in Na, Mg,
and Al is more difficult. The intra-atomic transi-
tions I IL II, III I n. III are energetically fox bidden so
that the only available decay mechanism in the
metals are via interatomic Coster-Kx'onig
I II „ III V processes. The evaluation of the appro-
priate transition matrix elements involves an ac-
curate knowledge of the metal valence electron
wave functions surrounding the localized core hole.
Kobayasi and Morita" first applied a diagrammatic
many-body scheme for calculating the I-I level
widths in these metals by considering the self-en-
ergy of a particulax core state to be representa-
tive of its level width. The results of these au-
thors, along with our experimental values, are
shown in Fig. 14. The agreement for Na is satis-
factory, but for Mg and Al the calculated width is
too large by more than a factor of 2. The 2s lev-
els are short-lived because of the large I I-I II I»
orbital overlap in the Coster-Kronig transitions,
and thus the relaxed 2s and 2p wave functions must
be quite accurately known. The additional require-
ment of accurately describing the delocalized val-
ence wave functions and the nature of its exchange
with the 2P wave functions in the Auger exchange
matrix element makes the calculation of the 2s
lifetime unusually difficult by this approach.

McGuire" has recently calculated the 2s hole
lifetimes 'in atomic Na, Mg, and Al. His results
are also included in Fig. 14. He has shown that the

transition probabilities strongly depend on the
kinetic energy of the Auger electron, thereby
demonstrating the sensitivity of the calculations
on the detailed nature of the wave functions in-
volved. The improved agreement of his results
with the present measurements in the metals may,
however, be fortuitous since the atomic 3s wave
functions are not representative of the Bloch state,
in the conduction band of the metals. Reliable cal-
culations of such transitions in the metals will
probably remain elusive.

The 2P hole lifetimes are also difficult to deter-
mine for the simple metals because they decay via
interatomic L», I»VV transitions. Kobayasi and
Morita'4 used their methods to evaluate these life-
times as well, but wex'e considerably more suc-
cessful than in the case of the 2s states. Compari-
son of their results with our measured lifetimes
in. Fig. 14 shows values too small by about a factor
of two, but essentially within our experimenta3.
uncertainty.

A 1s vacancy in atomic Li cannot decay nonradi-
atively since there is only one 2s electron avail-
able; even radiative decay is formally dipole for-
bidden. In metallic Li the interatomic XVV decay
mechanism is possible because of the valence elec
trons available in the conduction band. Two ap-
proaches have been used to calculate the inter-
atomic Auger rate of Li 1s in metallic Li, an
atomic and a many-body scheme. Franceschetti
and Dowse used an atomic approach in which they
assumed the Li conduction electrons surrounding
the Li 1s vacancy to be approximated by Li 1s2s .
Using relaxed atomic Li ls orbitals, they obtained
a quasiatomic Li 1s lifetime width of 0.040 eV.
They then argued that this value should be in-
creased further, at least by the ratio of the
Vhgner-Seitz to atomic 2s orbital radii, giving a
net lifetime width of 0.130 eV. Using a similar
scheme Mahan" has estimated the 1s level width
in Li to be 0.2-0.3 eV. The many-body approach
of Kobayasi and Morita" was applied to Li by
Bergersen, Jena, and McMullen, "who calculated
the Li 1s lifetime to the lowest diagrammatic or-
der to be approximately 0.008 eV. Those authors
pointed out that their result did not include the in-
creased charge density around the 1s vacancy and
therefore the true value was expected to be con-
siderably larger than the one they had calculated.
Very recently Glick and Hagen" extended their ap-
proach to include higher-order diagrammatic
terms and calculated a~ increased Li 1s width- of
0.01V4 eV. Using their methods they also calcu-
lated the Na 2P lifetime in Na metal. Comparison
of our experimental value of 0.03+0.02 eV for the
1s lifetime width of Li with all the theoretically
calculated values shows that only the detailed
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many-body formalism by Glick and Hagen produces
good agreement.

B. Phonons and other temperature-dependent phenomena

In this section we discuss a variety of effects in
XPS spectra of metals whose magnitudes depend
on temperature. The most obvious ones are re-
lated to electron-phonon coupling, but we will also
consider such effects as recoil-phonon broadening
and electron binding energies, which are also tem-
perature dependent. Furthermore, the important
relation between the magnitude of the phonon-re-
lated effects and the lifetime of the hole state will
be discussed. Many of the above effects produce a
"broadening" of the XPS line shape, so it is im-
portant to distinguish them empirically whenever
possible. New methods for doing this are pre-
sented below. We first summarize a few basic
concepts about phonons and hole-state lifetimes
which are essential for understanding the discus-
sions that follow.

~0 ~[2)

Ev

Eo

«QQ ~
&0 &V

CONF IGURAT I ON COORDINATE

FIG. 15. Configuration coordinate diagram of system
with three electronic states and a single vibrational fre-
quency coo assuming the Born-Oppenheimer and harmonic
approximations. States

~ 0) and
~ 1) are the ground and

excited states of the neutral and photoionized system,
respectively. State

~ 2) is the excited state of the ionized
system which is reached from the ground state in the
photoemission process snd which decays to ~ 1) . The
deformation produced by the core hole is shown by shift
&Q [Q(vertical)- Q(adiabatic)] in the equilibrium lattice
position and by nuclear relaxation energy shift 4 E~~, .
The approximately Gaussian width at FWHM, I'&, of
Franck-Condon phonon envelope is also indicated.

Consider the simplest case of an Einstein solid
of reduced mass M in which the motion of the
atoms or ions is harmonic with frequency co,. Al-
though there are many degrees of freedom in a
solid, to simplify the discussion it is useful to
choose one effective coordinate IqfI, such as the one
directly connecting the hole-state atom to its sur-
rounding neighbors. ' The initial neutral electron-
ic ground state ~0) of the solid is represented by
the configuration coordinate diagram shown in Fig.
15. Photoionization of a core electron produces a
state t2) whose potential is also harmonic and
whose equilibrium position is linearly displaced
from ~0) by b,Q, corresponding to a nuclear relax-
ation(readjustment) energy nE„, =-,'M~,'(AQ)'. All
relevant electronic and x-ray transitions are verti-
cal in Q and the Franck-Condon principle applies,
i.e., we are in the "sudden approximation" limit
(see Sec. IVD for further discussion of the sudden
approximation). At some time following photoion-
ization

~
2) decays into a final, long;lived state I 1)

which is assumed to be unshifted from ~0) as
shown in Fig. 15. Thus the lattice is deformed
when a hole is in ~2), but not when it is in ~1).
The purpose of introducing ~1) is to illustrate the
relationship between the lifetime of the core hole
in ~2) and the degree of phonon broadening of the
photoelectron in going from IO) to ~2). This has
been treated in more detail elsewhere" and only
the essential arguments are summarized below.

Let us a.ssume that the lifetime of I2) is long,
i.e. , long with respect to v, ', so that ~2) can be
treated as the final state. It is possible to think of
phonon excitation in two different (but of course
equivalent) ways. The first and more common one
focuses on the final state ~2). Sudden creation of
a core hole causes the initial-state wave functions
to contract, producing excited eigenstates of the
ion. The contracted positive ion couples to the
surrounding nuclei and excites phonons. The
eigenstates of ~2) are thus thought of as being
"shaken-up" from ~0), and in this language pho-
nons are vibrational analogs of electronic satel-
lites of the final state system. For vibrational
transitions in the sudden approximation, the dis-
tribution of the closely spaced states is strictly
Poisson. ' In the classical limit, i.e., when the
mean number n of such states is very large, the
distribution becomes Gaussian and the strength of
the (relaxed) adiabatic transition is therefore very
weak. The FWHM of a Gaussian Franck-Condon
envelope at 0 can easily be shown to equal
2(21n2)'~'(AE~j @&ac)'~'.' At finite temperatures the
width is multiplied by the statistical Bose-Einstein
factor for a thermal ensemble, [coth(hcug2kT)]' '.

The second and less common way of thinking
about phonon excitation focuses more on the initial
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state. The zero-point motion of a harmonic oscil-
lator has a probability dlstributlon that ls strictly
Gaussian centered around the equilibrium position.
without thinking about the details of the accessible
final states for the moment but just assuming that
there are enough of them to assume R classical
limit, we can imagine suddenly removing an elec-
tron from the Quctuating oscillatox' Rt diffexent
positions so that we essentially sampl, e the com-
plete probability distribution of the initial state.
The resulting distribution must therefore be Gaus-
sian. In order to determine its width, we need
only consider the displacement and distribution of
individual phonon states in j2). The result will,
of course, be just that given in the final state pic-
ture above.

The importance of considering the fluctuating
initial state is seen when the lifetime of j2) is
short, i.e., when it is much less than ~0'. If the
potential wells are arx'anged as in Fig. 15, we can
imagine j2) decaying into jl) so rapidly that no lat-
tice excitations are created because j0) projects
directly onto the eigenstates of jl). Nevertheless,
in this short-lifetime limit the distribution of
photoelectrons excited from j0) to j2) must still
be broadened by the fluctuations in j0) to the same
extent as in the long-lifetime limit above and fox
exactly the same reasons. The only difference
now is that the individual eigenstates are lifetime
broRdened so that the x'esultlng phot0818ctron ener-
gy distribution is simp/y a convolution of a rus-
sian Rnd Lorentzian. This result is very important
because it justifies the data-analysis procedures
described in the previous section, i.e., regardless
of whethex the lifetime and phonon periods are
going or ~@0~ with respect to one another, the net
result will be to px oduce a Gaussian phonon envel-
ope for sufficiently large n.

(If tile IR'ttice 18 Ilot excited lIlto lllgileI' pllo11011

stRtes in this shox't lifetime limit, how cRQ the Rd-
ditional energy be carried away by the photoelec-
tron'P It is not, of course; an equal and opposite
amount of energy is carried away by the emitted
decay photon or Auger electron in going from j2)
to j l). Coincident detection of the energy distribu-
tion for the supp& of photoelectron-plus-decay spe-
cies would clearly be a 6 function, even though the
measurement of the individual distxibutions them-
selves are phonon broadened. '0 In a sense, then,
it appears that the lattice is "virtually" excited in-
to lllgllel' PlloI1011 stR'tes. )

The intexmediate case in which the bole-state
lifetime of j2) is compaI able to the phonon period
has been considered by Minnhagen ' Rnd more re-
cently by Almbladh and Minnhagen. 42 In Minnhagen's
ox'lglnRl workp he proposed that ln this intermedi-
ate-lifetime regime there should be an enhanced

broadening of the photoemitted electron over and
above that described by a simple Gaussian and
I orentzian convolution in either the long- or short-
lifetime limits. Although no simple physical pic-
ture of the enhancement emexges from the formal-
isms of his work, it may be upderstood by imagin-
ing the wave functions in j2) becoming slightly out
of phase. with the wave functions in j0), so that
when j2) decays into jl) there is an additional
broadening effect because of a few "real" lattice- ex-
citations. ' In such a situation, then, the photo-
electron samples not only the Quctuating ground
state of the lattice (i.e., the "virtual" excitations},
but also some of the" real" excited lattice states as
well. Below we shall discuss examples of core
holes whose lifetimes are short (e.g. , Na 2s) and
intermediate (e.g. , Li ls), and shall consider the
importance of the interference effect proposed by
Minnhagen. Before doing so, however, it is Qeces-
saxy to outline a few more basic concepts.

In the above discussion, we considered an Ein-
stein 1Rttlce becRuse lt hRs only R slQgle 1Rttlce
fx'equeQcy Mo. This model ls most Rppx'opx'lRte fox'

ionic solids in which wo maybe adequately represented
by the longitudinal-optical fxequency &«. Metals,
on the other hand, are described by the Debye
model in which there is a distribution of fx'equen-
cies up to the Debye cutoff value, &~. The zex"o-
point motion can still be represented by the root-
mean-square deviation o of the atoms from theix'

equilibrium energy (as in the case of an Einstein
solid), llut. liow I't ls less sil'Riglltfol'wR1'd to pic'tul'8
it simply as in Fig. 15. Furthermore, the statis-
tical weighting factor for the thermal ensemble is
soxQewhRt different. It cRQ be expx'essed by R func-
tion due to Overhauser, "namely, [I+ (8kT/
Sk~~)']'~', where the Debye temperature BID= h'~n/
k. The two different weighting factors fox Einstein
and Debye solids are compared in Fig. 16. For
the same effective phonon energies A& =0.03 eV,
the functions are seen to be quite distinct. Altern-
atively, if the factors are set equal at 300'K, the
cox'responding effective phonon frequencies assume
the values lQdicRted ln the figure. The point to be
made hex e is that only good statistics at several
temperatures could distinguish between the functions.

Summarizing the F%HM phonon widths in the
large phonon limit due to electronic contraction of
an atom in a solid at temperature T, we have
(i) Einstein solid:

I"~ph = 2(2 in2) '~'cr s [00th(iI(ug2nr)] '~',

eo= NLO,

(ii) Debye solid:

I",' = 2(21n2)'~'0 [I+ (8AT/Shee )']'~',
(al II k6 D/lI .
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FIG. 16. Comparison of temperature-dependent
statistical weighting functions for Einstein (solid line)
and Debye (dashed line) thermal ensembles, each with
vibrational energies Sco= 0.03 eV. Also shown are the
weighting functions of the tyro-models with different
vibrational energies produced by requiring they be
equal to magnitude at 300 K. This illustrates impor-
tance of measuring phonon widths [ see Eq. (3)] over a
wide temperature range to determine the true effective
vibrational frequency. Debye function taken f'rom Ref.
43.

There is an additional source of phonon excita-
tion that we have not yet considered, namely, . the
recoi7, energy which the photoejected electron im-
parts to the ion." Ordinarily the recoil energy is
small, but for highly energetic electrons or for
low-Z ions it can become quite appreciable.
Flynn" has recently discussed this effect and has
expressed the FWHM Gaussian phonon broadening
due to recoil by

P2yT
2(2 1n2)'~' for kT &&0

rec M0
P

X/2

2(21n2)' ' ' for kT &e, ,
0

(4)

where P is the recoil momentum, M, the ionic
mass, and e, the zero-point energy of the solid.
P is equal to the photoelectron momentum
[2m, (Ku —Ea)]'~', where m, is the electron mass,
Au the incident photon energy, and E~ the binding
energy of the core electron. In the low-tempera-
ture limit, one can assume as an upper limit that

j.
Eo —g A(g)D ~

The total FWHM Gaussian broadening in an XPS
measurement is given by combining the electronic
and recoil terms of Eqs. (2) and (4) in quadrature,

r",„"=[(r,'„')'+ (r „')'J' (5)

This is the equation that must be used to interpret

the XPS results.
In Table I we have listed the FWHM Gaussian

widths of all the XPS data that we have fit,by either
our least-squares routine or computer-generated
comparison procedure. The value of 1",„'does not
include the instrumental response function. It is
worthwhile to also remove the recoil contribution
from I „ in order to make comparisons with theo-
retical calculations and ultimately with x-ray ab-
sorption measurements for which l "„'is essentially
zero. The Gaussian recoil corrections for photo-
electrons emitted with A1K+ radiation are readily
removed from r,"hps using Eqs. (4) and (5), leaving
the phonon broadening due to electronic contrac-
tion, I",h.

In Fig. 17, we plot I,'„values for Li Ig electrons
as a function of temperature. For the 90'K data
of Li Ig, the zero-point energy @ was approxi-
mated by —,'ke~. The error bars include the cumu-
lative uncertainties of the least-squares fitting
procedure (negligible) and the instrumental re-
sponse function, and thus represent the accuracy
of the determined widths. For completeness we
also include in the plot (shown as open circles)
the phonon broadening results of our analysis of
x-ray absorption44 and photoyield444' measurements
of the LiK edge. Details of the edge analyses are
reported in II. The XPS data have been fit by the
temperature-dependent function for Debye solids,
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FIG. 17. Comparison between experimental and theore-
tical temperature dependence and magnitude of elec-
tron-phonon broadening P~~of Li 1s core hole in Li
metal. X-ray photoemission results (filled circles) do
not include recoil phonon broadening contribution [see
Eq. (5)]. Also shown are electronic phonon broadening
results from analysis (Ref. 1) of Li K-x-ray edges
(from Refs. 44 and 45). Solid experimental curve. is fit
to data assuming Debye solid, Eq. (3). Calculated values
for generating theoretical curves were taken from Refs.
25, 43, 47, and 50-53. Note that none of the theories
shown can account for the experimental data.
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Eq. (3), shown as a solid Itne. The phonon cut-off
energy k(gPn ill Eg. (3) wRS R fl'66 pRx"R1118'tex' 111 the
fit and was found to be 0.029 +0.004 eV for I;„
=0.25 4 0.02 6V. Significant1y, this ls smaller than
the phonon cut-off enex'gy of 0.035 eV deduced from
the Debye temperature of Li. 6 The extrapolated
phonon width at T =0; I;„(0'), using the empirical
cut-off energy of 0.029a0.004 eV is 0.20+0.03 eV.

The empirical evaluation of k&as and I'» (0') is
believed to be the first of its kind. The values will
be seen below to be important in attempting to explain
the long-standing discrepancies between calculated
phonon widths in I i and those observed. Phonon
broadening in I j. is particularly impox'tant in the
understanding of the Li K edge." %'6 shall, how-
ever, defer this issue to paper II. The emphasis
here will be on the general phenomenon of phonon
broadening in XPS line shapes of Li and the other
simple QletRls.

%'6 compare oux' XPS phonon widths fox' Li with
various calculati. ons in Fig. 17. Ovex'hausex"s de-
formation potential model, 4384' which was fix st
applied to Li by McAlistex', 48 cleax'ly gives values
too large even when the Fermi energy of 3.32 eV
is used (MCA11stex' used 'tile fl'88 electron value
of 4.70 8V). The "indirect" phonon mechanism
of Dow, Robinson,

'

and Carver'" results in val-
ues greatly 1Q excess of tho86 measured Hex'gex"-

sen, lena, and McMullens' argued pex'suasively
that the "indirect" coupling model is really equiva-
lent to the conventional hole-phonon broademng
scheme. Using R 1Rther soph18ticRted Rppx'GRch

however, Bergersen, McMullen, and Carbotte~
were also unable to reproduce the magnitude of
phonon broadening in Li. Very x'ecently, Hedin
and Rosengx'en'3 have carefully considered the ef-
fects of phonon broadening in Li and have obtained
considerably better success. Another recent ef-
fort to calculate I'~~~ for Li by Flynn2' gave a value
of 0.210 eV at 300 'K compared with the observed
width of 0.32 eV at that temperature. Unfortu-
nately, the temperature dependence of the phonon
broadening contribution using his semiempirical
model %'R8 Qot px'esented. A general coIDparlson,
of the present ezperimental results with those
from all the various theories ~ ' ~ ' spanning
almost 8eveQ yeRx'8 is encoul aging but certRiQly
not wholly gratifying.

Minnhagen'84' proposal of interference between the
lifetime decay and phonon bx'oadening mechanisms
offers R possible explRQRtlon for the discx'epRncles.
Recall that this model suggests that when the core-
h'ole lifetime and phonon pexiod Rr'6 comparable,
thel 6 should be Rn enhanced bx'GRdeniQg of the
photoemission spectrum over that predicted by a
simple convolution of lifetime Rnd phonon contri-
butions. Comparison of the Li j.s lifetime, of

0.03 x 0.02 eV with a typical phonon period detex-
mined fxom the Debye temperature of k9~ =0.035
6V show8 them to meet the necessary conditioQ
of being comparable in magnitude.

The effects of the inter fex'ence between phonon
generation Rnd hole-State decay can be tested in
three ways. The first and most obvious, of course,
is to compare the calculated phonon width in the
absence Gf intex'fex'ence with expex'iment. Thi8 hR8

Rlx'6Rdy been doQ6 Rbove RQd tile disagreement QG

doubt was the initial motivati, on for the formula-
tion of Minnhagen'84' theory. However, the lack
of agreement by itself i.s not conclusive because
the measured widths contain both temperature-de-
pendent and -independent terms, eithex ox both of
which could produce discrepancies. A second,
more stringent test is to compare the terms in-
dividually and this hR8 been accomplished in the
above analysis. %'6 have seen that the empirical
cut-off energy k~~ is smaller than that predicted
in the absence of an interference related pheno-
menon, thereby suggesting its existence. The
third Rnd fillRl test involves the measured cut-off
energy and the empirical zero-point (i.e., tem-
perature independent) phonon width I'» (0'}. Know-
lllg both I'» (0 ) Rlld ix~8, the Stokes-shift energy
2EO between absorption and emission edges can be
calculated from Debye theory. This is given by

+0 = (4/3)os/kCO8~ where On fl'Onl Eg. (3}18
I'» (0')/2(2in2)'II. Using the empirical values of

0~ and S~~, one predicts 2E0=0.66+0.12 eV.~
The observed Stokes-shift 6Qex gybetween Li Eedges
is Qo gx'6Rter thRIl 0.2 6V~ ' again 1Q line vQth the
predictions of RQ intel fex'ence eff ect,. Thus,
we have three results, namely, I",'h(T), )Ia&s, and

Eo, which are consistent with RQ interfer ence-I elated
phenomenon in Li. The phonon broadening fox' Li
can be argued to be larger because, from our
discussions above, creation of a Ig cox'e hole on
the time scale of its lifetime produces both x'eal

RQd virtual lattice excltatlons.
It would be interesting to make similar com-

parisons of oux measux'ed phonon width for Na,
Mg, and Al with calculations to assess the general
importance or correctness of a phonon-lifetime
interference effect, but detailed XPS temperatuxe
studies have not been extended to these systems.
Only for Mg have we made two separate measure-
ments Rt 90 and 300'K. In II, we have also ana-
lyRed the I „,, absorption edge8 of these metR18,
measured Rt VV K, '6 from which the phonon widths
have been obtained. The details of the analysis
are discussed in II. %'6 present the results in
Fig. Ie, shown as open circles, along with our
XPS phonon widths at I'oom temperatux'e deduced
from the 2p and 28 data, shown as filled cix'cles.
The XPS values have been corrected fox' recoil
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FIG. 18. Comparison between experimental and

theoretical electronic phonon broadening ~I',h of 2P and 2s
core holes in Na, Mg, and Al metals. X-ray photo-
emission results (filled circles) do not include recoil
phonon broadening contribution, see Eq. (5). Also shown
are electronic phonon broadening results from analysis
(Bef. 1) of L2 3 x-ray absorption edges (from Bef. 44).
Note that as opposed to Li (see Fig. 19), good agree-
ment is obtained between experiment and theory (from
Befs. 25, 52, and 53).

effects using EIIs. (4) and (5) and the assumptions
described above for Li.. The error bars are rela-
tively large because of the smaller absolute magni-
tudes of 1"'&. On general grounds I ~h is understood
to be smaller than was the case for Li because,
among othex reasons, the atoms are heavier and
removal of a core electron has a smaller frac-
tional perturbation on the other core electrons.
The particular trends of the phonon widths from
metal to metal is less clear since the effective
phonon frequencies and nuclear relaxation ener-
gies themselves do not follow a simple pattern.

Comparison of the phonon broadening widths
with various theories for Na, Mg, and Al is in-
cluded in Fig. 18. Overhauser's theory~' has been
omitted because of its large overestimation of the
phonon broadening in Li. No temperature-depen-
dent theory is available for Mg. A general inspec-
tion of the agreement between theory and experi-
ment for Al and Na shows it to be good. Thus, as
opposed to Li, an interference-related broadening

does mot appear to be px'esent in these metals. For
Al, the absence of such an effect can be under-
stood because the phonon broadening is itself so
small. Hedin and Rosengren calculate n=0.6 for
Al and experimentally (see Sec. III and Table I)
we find virtually no electron-phonon broadening
in the Al 2p spectrum. Sodium, on the other hand,
is clearly phonon broadened; Hedin and Rosen-
gren calculate m=11. Voile it may be argued that
it is difficult to obtain very accurate measure-
ments of the broadening in Na because of its small
magnitude relative to the resolution of the present
instrument, the precision (if not the accuracy) of
the Na results gains credibility from the nearly iden-
tical value observed for the broader, shorter-
lived Na 2s level. The Mg 2p and 2s data show
similar results as in Na. The Mg broadening is
also comparable for the 2p and 2s states. Approx-
imate empirical phonon cutoff energies determined
fox Na and Mg are in moderate agreement with

ku~ determined from the respective Debye tem-
peratures. Furthermore, Stokes-shift energies
calcula. ted from the empirical k~~'s and extra-
polated I'» (0') values do not suggest the existence
of a significant interference effect as was found in
Li. Therefore, based on the (admittedly meager)
data, for Na and Mg, it appears experimentally that
either the interference effect is sufficiently smaQ
in these metals so as to go unobserved, or that the
enhanced broadening in Li is due to some other
cause. Theoretically, Almbladh and Minnhagen"
have very recently reconsidered the enhancement
effect and find that Minnhagen's original work~'

relating the complex part of the electron-phonon
coupling constant with the lifetime width seems to
be an oversimplification. Furthermore, it is
conceivable that the harmonic approximation may
be inappropriate for Li and that the enhanced
broadening arises simply from anharmonic lattice
distortions. Therefore, it appears that at present
no reliable theoretical estimate exists of the mag-
nitud& of an interference effect (should one be
present) for comparison with our experimental re-
sults.

With regard to the subject of electron-phonon
coupling in XPS, we briefly mention another tem-
perature-dependent broadening mechanism dis-
cussed first by Ferrel" and more recently expand-
ed upon by Almbladh and Minnhagen. ' This in-
volves not the core hole-phonon coupligg, but rath-
er the conduction electron-phonon coupling. As ex-
pected, it is very small. In both limits of large
and small core hole lifetime and hole-phonon coup-
lings relative to 4T, the additional FWEM broad-
enings amount to & 0.1 eV. This is extremely dif-
ficult to observe when convoluted with the larger
spectrometer, lifetime, and phonon contributions.
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Anothe'r interesting question in the above discus-
sion is whether our assumption of a Gaussian pho-
non distribution is valid in the analysis of the Li
ls linewidths. The criterion for assuming the
strong coupling limit is that the coupling strength
or mean number of phonons n b0 sufficiently large.
The onset of "sufficiently" has been studied in de-
tRil by Keil, RIQong others, Rnd his x'esults iQdi-
cate that for 8» 5 the distribution is indeed essen-
tially Gaussian (only at 8 =~ is it strictly Gaus-
sian). We can calculate what II is Iluite easily. For
Kills'teill solids lt, 18 sllnply os/}I(do, Rlld for Debye
solids it is given by 2'/I+I'I (the factor of 2 comes
in because a mean frequency, not the upper Debye
cu't-off frelluency, ls I'eqllll'ed). Usillg 'tile empir-
ical values of aa and km~ fox Li we get n —16,
clearly large enough to support the assumption of
R GRus81RQ phonon distribution.

Finally, we turn oux' attention to the temperatux'e
dependence of the Li 1s binding energy, which was
observed to increase with increasing temperature.
Although the total binding stuffs (as opposed to
broadenings) are small over the entire temperature
range of 90-440 'K, it is nevertheless apparent
even in the raw data, see Fig. 7. The energy shifts
from one temperature to anothex were determined
after each spectxum was fit with the least-squares
procedure, and thus does not represent the shift, s
incurred by convoluting the DS line shape with the
instrumental contributions. Based on the analysis
below, we identify the shifts as due to a combin-
ation of thex mal-expansion and temperature-depen-
dent polarization energy. This observation is be-
lieved to be the first of its kind in the photoemis-
sion spectrum from a metal.

The most obvious source of a temperature effect
on electron bmdjng energies I R metal 18 fx'om 1Rt-
tice thermal expansion. This is a first-order cor-
rection in the energy expression of an electron in
a solid and arises from the anhaxmonic dilation of
the lattice. Other corrections such as Debye-Wail-
er and Fan (self-energy) effects are second-order
in the electron-phonon interaction and are expected
to be negligible. It is straightforward to estimate
the thermal-expansion effect on the core-level
binding energy E~. The differential volume change
of an electron gas is just d V/V = —,' dE~/E~. With—
respect to a fixed E~ which is insensitive to such
volume changes, E~ decreases with increasing T.
It is not solely E~ which decreases, however, it is
the entire width of the conduction band. A more
suitable parameter to gauge the dilation of the band
is the average Fermi energy E~=—', Ez.'o Now in an
XPS experiment involving a metal, E~ is generally
referred to the Fermi level, which is fixed.
Therefore, in such a situation E~ becomes the tem-
perature-dependent variable and is related to the

change in E„,by Es,(T,) -Es,{TI)= A-Eg = -EI,(T,)
+E„(T,) -=&EI, Assuming the lattice expansion to
be linear ovex the temperature range &T = T,
—T, (T, & T, ), we simply have the binding energy
shift due to thermal expansion,

where a is the linear thermal expansion coeffi-
clell't equR1 to (I/SV)dV/dT. Elluation (6) stR'tes
the intuitive notion that as the temperature- in-
cxeases, the core electrons become less tightly
bound because of-the weaker attractions in the ex-
panded lattice.

The txend of binding energy with temperature is,
however, oPposite to what is obsex'ved: Ea of Li
18 incx'eRses with lncreR81ng temperature. TIle
reason for this is that the polarization energy, of
the screening conduction electrons is reduced as
the lattice volume increases. This hex'etofox'e neg-
lected effect can be readily evaluated by express-
ing the polarization energy in terms of an effective
screening length A~; classically this is just the
image screening or polarization energy E„,= e'/
2X„. The change in effective screening volume
with temperature then goes as

Since the binding energy increases with decreasing
Ep,l, i.e., &Es =Ef,'(T, ) Es, (TI)=- —-&E~I, we
have the simple expression for the total binding en-
ergy shift {i.e., the sum of initial-state thermal
Rnd flllR1-stRte polRrlzRilon b1ndlng ellel'gy shifts},

&Es =&Ef+hEf'=a~&T( 2EI, +E~I) .-(8)
The only calculated value in EII. (8} is E~, and this
has been determined elsewhere to range between
6.6 eV" and V.4 eV." Using the Li Fexmi energy
of 3.3 eV, and the linear expansion coefficient of
4.5@10"'K ', "we calculate total binding energy
shifts which range between 0.025-0.32 eV and
0.016-0.22 eV for the temperature ranges of 90-
300 K and 300-440 K, respectively. These com-
pare favorably with the observed values of 0.029
and 0.018 eV. It is also gratifying that the present
model pxedicts a negligible binding energy shift for
Mg, ~ 0.008 eV, because no detectable shift was
found in the present experiments„see Fig. 13.

V'

C. ApplicabiTity of the Doniach-Sunjic hne shape to XPS data

We have shown above how we can extract core
hole lifetimes Rnd phonon bl ORdening fRctox'8 fx'om

measuxed XPS core level line shapes using the
Doniach-Sunjic (DS) function, s EII. (2). In the next
sec'tlon we will show llsillg Elle. (I), (2), Rlld Fl'le-
del's sum rule, how we can also extract scattering
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namely, excitation of plasmons and electron-hole
pairs. (There are, of course, in addition to these
processes the usual ato~ic-like "shake-up" tran-
sitions. ) Moreover, there are two distinct physical
ways of producing these excitations. One is during
the transport of the photoelectron to the surface
and into the vacuum; this is referred to as an ex-
trinsic process. The other is during the production
of excited eigenstates of the many-electron sys-
tems upon the sudden creation of the core hole;
this is an intrinsic property of the core hole spec-
trum. Distinguishing between extrinsic and intrin-
sic plasmons is a procedure we need not discuss
for our present purposes. This follows because
plasmons occur at discrete energies which are
generally well removed in energy from the main
XPS peak (see Sec. II). On the other hand, eW
pairs are produced in the XPS tail close to the
main peak. Distinguishing between extrinsic and
intrinsic e-h's is made by the following theoretical
and experimental ar guments.

The cross sections for producing e-A pairs as a
function of electron energy have recently been cal-
c'ulated by Tung eI; al. ,

' and their results indicate
that even at kinetic energies of only a few tens of
eV, the cxoss sections are vanishingly small.
Photoelectrons from core levels excited by 1.5 keV
xadiation have kinetic energies of several hundred
eV and are, therefore, expected to have R negligi-
ble effect on the intrinsic e-h pair spectrum of XPS
line shapes near the main peak. Direct empirical
evidence to support this expectation has alreadybeen
given in Sec. H. Sodium 2s and 2p ele'ctrons have
kinetic energies of &1400 eV in our experiments,
whereas the kinetic energies of 1s electrons are of
the order of 400 eV. The electron escape depths of
1s electrons is conservatively estimated to be
about a factor of 2 smallex than that of the 28
and 2p electrons. ~ One manifestation of the
smaller 1s electron escape depth of Na is directly
observable in Fig. 10, where, the trace oxidized im-
purity and surface plasmon intensities are both
larger relative to the main peak than in the 2s
spectrum In spite. of the differences in es
cape depths, howeuer, the same uatue of a is de-
termined for aLL the core Leuets in a given metaL.
This evidence strongly demonstrates the negligible
contribution of extrinsic e+ pairs to the XPS line
shape in these systems over the stated narrow en-
ergy xanges.

As we have seen above for the Au 4d electrons,
however, there can be interference from other dis-
crete excitations. The core level width must def-
initely be narrower than the nearest allowable ex-
citation. For free-electron metals this energy is
usually the surface plasmon energy, but for other
metals (such as Au) interhand transitions of lower

energy are possible. (In Au, for example, an en-
ergy loss is observed at 4 eV which is well outside
the region of analysis in the narrow Au 4f spec-
trum, but well inside that of the Au 4d spectrum. )

There are two lessons to be learned from all
this. First, it is indeed possible to analyze the
intrinsic e-h pair contribution to the XPS line
shape without interference from extrinsic features,
prouided the anaiysis is performed on core Levels
whose Lifetime widths are narrow retative to the

first accessiMe excitation. Second, since the XPS
line shape does contain a tail of e-h pairs that is
gnMn$gc to its shRpe, lt is incoxxect to subtxRct
any "background" from the raw data in the hopes
of making an inherently asymmetric line shape
symmetric.

%'hat other factors must be considered in the
analysis of XPS line shapes' There appear to be
five, three of which have already been discussed in
detail, namely, phonons, lifetime, and instrumen-
tal broadening. The other two are mentioned here
for completeness: they are surface impurities and
surfRce structure, i.e., non-bulk-like behavior of
the metal. They are sometimes cited as being of
concern because the "surface-sensitivity" of the
XPS technique throws doubt on the ability to attrib-
ute the results of analysis to the bulk. %'e have,
however, explicitly shown above for the 1s and 2P
electrons of Na that small amounts of trace sur-
face impurity have little effect on the analysis.
For large amounts of suxface impurity closer in
energy to the substrate metal peak this would, of
course, no longer be true, but this situation is
usually academic in systems prepared under ultra-
high-vacuum conditions. With regard to the pos-
Sibility that measurements are so surface-sensi-
tive Rs not to sample the bulk of the material, the
above results for Na 1s and 2s core level's serve to
discount that extreme suggestion. (Surface-sensi-
tivity can, of course, be enhanced by detecting
electrons emitted at near grazing angles. ) In the
absence of any known evidence to the contrary,
therefore, the XPS measurements presented here
appear to be representative of the bulk.

Having establish'ed that there are no spurious or
inherently artifactual contributions to the XPS line
shape, we now consider over what energy range
from the main peak the DS function should xemain
valid. To our knowledge this question has not been
thoroughly examined from first principles, but
several workers have treated the problem in a
variety of ways. The I/e' " dependence was ini-
tially derived oaly in the limit of small excitations,
Rnd depend8 upon the point density of e& pRlx'

states being proportional to c . ' ' The functional
form sway from the peak requires evaluation of the
terms in the power series describing the interac-
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TABLE II. Singularity index for Mg 2s spectra as a
function of energy from the main peak.

energy region
from main peak

(e&)

I'2

(eV)

3
1
0.5

0.129+ 0.007
0.132 + 0.012
0.115+ 0.024

0.465 +0.035
0.462 + 0.044
0.459 + 0.042

' Support plane error limits are shown.

tion potential of the collective excitations. Mahan"
has considered the first four terms and finds that
the sum of the series corresponds to the result ob-
tained by replacing sin5 by 5 in the first term.
Minnhagen" has recently shown that starting with
a simple dielectric response function for the con-
duction electrons, the Mahan formalism" leads to
a result similar to that of DS which adequately des-
cribes the data up to the first plasmon energy (he
ignored surface plasmons). The effects of struc-
ture in the density of states has also been consid-
ered" ignoring both the plasmon response and any
energy dependence of the matrix elements. It was
found that for completely-free-electron metals,
the DS function describes the data to within 3% up
to energies of —,'E~ from the peak. For more com-
plex joint density of states additional modifications
in the theory are required, but ones that are en-
tirely tractable.

In the present work, we hive attempted to study
empirically the range of validity of the DS function
by varying the energy region from the peak in
which the data are analyzed. The Mg 2s spectrum
was chosen for study because the statistics are
reasonably high, it is only a single peak (i.e., there
is no spin-orbit splitting), the Mg surface is atom-
ically clean, and there is no interference from the
surface plasmon structure. The energy ranges
over which the data were fit varied from 3 to 0.5
eV, or 0.43E~ to 0.07j.E~. The z values deter-
mined from the least-squares routine are listed in
Table II. Note that in spite of the larger limits of
uncertainty as the number of data points decreases,
the values of a remain essentially unchanged.

None of the above-mentioned theoretical or ex-
perimental efforts are by themselves definitive,
but taken in concert all point to the same conclu-
sion: that the DS function should provide a good
description up to energies of the order of half the
width of the occupied pand, i.e., gyeater than the
interval used in our analyses. At present there
does not seem to be any reason to doubt the appli-
cability of the DS function to data as we have used
it in this work.

D. Singularity indices

In this section, we discuss the singularity in-
dices determined from the XPS data of Li, Na,
Mg, and Al. The emphasis will be on establishing
a physical correspondence between their magni-
tudes and the conduction electron screening of core
holes. The implications of the magnitudes of the
scattering phase shift values on the L«», and
K x-ray edge problem will be treated in detail in
II.

It is well. known that a core hole in a metal is '
screened by the conduction electrons in such a
way as to lower the total energy of the system.
Let us start with this simple notion and see what
can be learned from the present measurements of

The simplest point of view is that the core hole
attracts one conduction electron which screens the
unit extra positive charge. It is more fruitful to
consider the scattering of the conduction electrons
by the attractive potential of the hole. This intro-
duces the concept of scattering phase shifts, 5„
which obey the Friedel sum rule, and can be
thought to represent partial screening charges,
q„which add up to the amount of charge being
screened. From this point of view the screening
charge is simply due to the change of the trajec-
tories of conduction electrons as they pass an at-
tractive potential. For the case of unit charge, the
Friedel sum rule becomes

(9)

The singularity index is usually expressed in
terms of 5, 's, see Eq. (1). Since e-h pair pro-
duction is a'manifestation of the screening process
and e is a measure of the e-h pairs, it follows
from Eq. (9) that a can also be expressed in terms
of the partial screening charges, i.e.,

& = —g (2f+1)a', =-,'g (1o)

The square of the charge enters from the fact that
it is the amount of charge of the electrons and of
the holes which determines the strength of the e-h
pair interaction. In fact, in a spinless one-band
metal with constant density of states, it can be
shown' that a is proportional to the square of the
density of states which enters through the calcu-
lation of the joint density of e-h pair states. This
solution, however, does not satisfy the Friedel
sum rule. In real metals the degeneracy factors
of spin and orbital angular momenta plus the de-
tails of the band structure itself must be taken into
account. As shown elsewhere ' the band-structure
effects in simple metals have negligible influence
on the line shape, so that our a measurements in
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FIG. 21. Friedel phase shifts as a function of sin-
gularity index in a three-phase-shift analysis using the
Friedel sum rule with &= l. Solid and dot-dashed
curves correspond to positive s and p phase shifts,
respectively, which have been terminated at points of
comparable magnitude. Families of curves for fixed
d/P phase-shift ratios are indicated. The experimental
range of singularity indices for Na, Mg, and Al mea-
sured in this work are shown by horizontal bar s.

Li, Na, Mg, and Al provide a rather direct evalua-
tion of the screening charge in these systems.
With this in mind, our analysis is straightforward.

The Friedel sum rule, Eq. (9), and the definition
of a, Eq. (10), yield an upper limit of o, =0.5
for the case when there is only screening from
electrons with s symmetry, i.e., 50=2m and 5, =0
for E~ 1. The minimum value of 0. is obta, ined
when all the phase shifts are equal. This is given
by

X

m = 2(2l+1) .

Thus, for s- and p-type screening (& =1), z
= &, for screening involving electrons of g, p, and
d symmetry, n . = „,and so on. As the fractional
contribution of 60 decreases, so does n.

The a values of Na, Mg, and Al from Table I
are 0.20, 0.13, and 0.12, respectively. The mono-
tonic but nonuniform tx'end ls clear The conduc-
tion band of sodium is essentially half-filled with
electrons of s syrnmefry. The nature of the screening
charge in Na metal has beenpx eviously described'
to be 8-like in the comparison of the Na 2p optical
transition energy in Na atom (corresponding to Na
2p'3s' -Na 2p'3s') with the Na 2p binding energy in
Na metal [corresponding to (Na 2p')cs- (Na 2p')cs,
+ e; CB and CB' are the initial gx'ound and final
relaxed conduction bands, respectively]. The
near equivalence of the two energies is direct

TABLE III. Comparison of experimental and theo-
retical singularity indices.

Li
0.23

Mg
0.13

Al
0.12

Theory
Ref. 69
Ref. 20
Ref. 37
Ref. 66
Ref. 62
Ref. 68

0.20
0.18
0.22
0.24
0.16
0.16

0.19
0.20
0.14
0.21
0.20
0.12

0.10
0.13

0.09
0.11
0.13

evidence that the relaxed conduction band in Na
with a core hole is essentially represented by the
3s configuration in atomic Na, i.e., the screening
electron oc cupies what can be thought of as an s-like
Friedel bound state, where in this case the im-
pux'ity in Na metal is a Na+ ion. In magnesium,
where the s band is more nearly filled, the Friedel
state is largely p-like; in Al the conduction band is
even more p-like. The sharp drop in s character
(or conversely the increase in p character) of the
screening charge in going from Na to Mg is clearly
larger than that in going from Mg to Al. The
qualitative trend of n values, which we have seen
above to be a sensitive measure of 60, quite nat-
urally reflects that break.

It is desirable to quantiiy the relative amounts of
partial screening charges for a given a. If we
make the simplifying but reasonable assumption
(as we shall see) that screening electrons of no
greater than d symmetry are important in the free
g-p electron metals studied here, we may plot 6,
and 5, vs a for different fixed values of Ii, /I), .
These are shown in Fig. 21. The curves are ter-
minated where 50 and 5, are of comparable magni-
tude. Also, we show only the regions where the
phase shifts are positive since this corresponds
to the attractive interaction between the screening
charges and the hole. The horizontal bars cor-
respond to our measuxements. From this figure,
we see that the xange of phase-shift values allow-
able from our measurements of z is large for Mg
and Al, but is reasonably well confined for Na.
Unfortunately, this situation cannot be avoided
because the number of unknowns exceeds the num-
ber of equations. Comparison with various cal-
culations in Table III,""'~' however, is. grat-
ifyin. g and considerably reduces the spread for
the case of Na, Mg, and Al. Only Mahan's re-
sults37 are in disagreement with our measurements
because of an overestimation of the 5, contribution
in the scattering. The disagreement with experi-
ment between Girvin and Hopfield's" calculations
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FIG. 22. Singularity index for Na, Mg, and Al as a
function of electron radius parameter. The nonzero n
value at r~ =0 is not significant since o. is not expected
to be strictly proportional to r, .

for Na and the other results for Li will be dis-
cussed below. For Na, Mg, and Al, however, in-
spection of all the individual phase shifts calcu-
lated from the various theories" ~ " ' places an
upper limit of 5,/5, -0.2-0.3. Thus our assumption
of higher-order scattering phase shifts being un-
imp'ortant in these simple metals is entirely war-
ranted.

Since n is a measure of the conduction-electron
screening it is tempting to correlate a with the
electron radius parameter, r„which is a measure
of the electron density. This is done in Fig. 22,
from which the strong correlation is apparent.
Dow and Sonntag" suggested a similar comparison
but included Li in their analysis as well. This is
clearly incorrect. Li is in a different period from
the other metals and the core-core interactions
between atoms whose cores are isoelectronic with
He and Ne are, of course, considerably distinct.
r, is thus not to be taken as an absolute measure
of free-electron density, but rather only a relative
one amongst atoms that are in all other respects
similar. It is also for this reason that no physical
significance should be attached to the nonzero val-
ue for n at an r, of zero.

The distinction between Li and Na, Mg, and Al
arising from their being in different periods is
believed to have still another effect in the inter-
pretation of a. In our discussions above, we have
assumed that the isoelectronic Ne cores of Na, Mg,
and Al have no effect on the screening conduction
electrons. Girvin and Hopfield" have argued that
in Li this assumption breaks down because the ex-
change coupling between the Li is and conduction-
band electrons is non-negligible due to the strong

overlap at the nucleus. The spins of the hole of
the screening electrons are therefore important;
in effect spin-up and spin-down electrons appear
separately in the sum rule. This has the conse-
quence that z, which just measures the square
of the screening charges, will not be directly com-
parable with the cy values of the third-row ele-
ments in which the exchange mixing is expected
to be considerably weaker. The fact that the
weighted sum of the squares of the spin-up and

spin-down phase shifts does not add up to the mea-
sured singularity index in Na serves to demon-
strate the difficulty of such a calculation in a met-
al in which the exchange is not even expected to be
important.

We conclude this section by briefly discussing
the validity of the sudden approximation, which
was tacitly assumed in the interpretation of the
phonon and e-h pair distributions observed in this
work. The sudden approximation assumes that the
core hole potential is created so rapidly that the
eigenstates of the neutral atom project into the
excited eigenstates of the ion with probabilities
determined solely by the energies of the ion eigen-
states involved according to simple time-dependent
perturbation theory. The criterion for assuming
the sudden approximation is that sufficient energy
is available to excite enough higher-lying states
such that additional energy would make a negligible
contribution to the total relaxation of the ion. In
the case of 1s photoemission from atomic neon,
for example, the probability for exciting the 2p
electron into the continuum (a "shake-off" transi-
tion} has been shown to remain essentially con-
stant for 1s photoelectron kinetic energies in ex-
cess of -250 eV.~ This energy corresponds
to roughly five times the threshold energy of 48
eV necessary to eject the 2p electron from a neon
atom with a 1s hole. It can, in effect, be thought
of as the "onset" of the sudden approximation for
Ne 1s photoemission.

It would be desirable to determine empirically
the "onset" of the sudden approximation for other
excitations such as plasmons, phonons, and e-h
pairs. This could be achieved, in principle, using
synchrotron radiation. In practice, however, such
experiments for e-h pairs and phonons are ex-
tremely difficult to interpret in these terms be-
cause the energies of these excitation processes
are so small. For low photoelectron kinetic en-
ergies, structure in the unfilled conduction band,
autoionization processes, and the energy depen-
dence of the photoelectric cross sections are all
sure to complicate the detailed analysis of line
shapes. Recent synchrotron studies of the shape
of vibrational envelopes in diatomic molecules
provide clear evidence of this fact." Insofar as
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determining the onset of the sudden limit for plas-
mons is concerned, the problem is even less
clear in spite of the fact that these excitations
have sufficiently large energies to avoid the prob-
lems of additional structure in the final state.
Some calculations maintain' that the sudden limit
for plasmons is not reached even for photoelectron
kinetic energies of a thousand eV,"because of an
interference effect between the outgoing electron
and the polarizable electrons around the core hole.
Firm experimental proof of this effect at these
energies remains to be demonstrated.

In the absence of determining the onset of the
energy regimes at which the sudden approximation
is applicable to the e-h pair and phonon spectra,
we can nevertheless be confident that in the pres-
ent XPS experiments involving electrons with
'kinetic energies &100 eV the sudden approximation
is indeed valid. For vibrational excitations there
is ample evidence which shows that in the XPS en-
ergy regime'6 the vertical transition energy (see
Fig. 17' is observed rather than the adiabatic
transition energy seen in photoemission spectra
measured in the ultraviolet energy regime. " For
e-h pair excitations recent calculations' of the
energy dependence of its spectrum give clear evi-
dence that only for very low photoelectron kinetic
energies, typically &10 eV, can an energy dis-
tribution distinguishable from the 1/c' "behavior
be observed. Finally, the extremely good agree-
ment of the line shapes assuming the sudden ap-
proximation with the XPS data presented here

serve to confirm the validity of its assumption.

V. SUMMARY

Analysis of core level photoemission spectra
from Li, Na, Mg, and Al has led to a detailed
understanding of the three physical processes
which affect the intrinsic line shape. These include
the core hole lifetime, the many-body response of
the conduction electrons, and the phonon and re-
coil excitation of the lattice. In order to extract
this information, careful account was taken of the
effects of the instrumental resolution function and
of contributions from plasmon excitation and sur-
face contamination. Evidence is presented which
directly shows that extrinsic electron-hole pairs
do not make a significant contribution to the line
shape in the vicinity of the peak, and that the line
shape described by Doniach and Sunjic provides
a good representation of the screening process to
within &E~ from the peak in these metals.

Quantitative results for the three fundamental
parameters were obtained for all core levels ac-
cessible with Al Ka radiation. Comparison with
the relevant theories allows critical choices
to be made in cases where the range of calculated
values is large. Temperature dependentphonon
broadening was found in both Li and Mg, with indi-
cations that an interference effect may be respon-
sible for the enhanced broadening observed in Li.
Temperature-dependent core-level binding ener-
gies in Li were also observed and explained by
simple theory.

P. H. Citrin, G. K. Wertheim, and M. Schluter (unpub-
lished) .

2G. D. Mahan, Phys. Rev. 163, 612 (1967).
P. Nozieres and C. T. DeDominicis, Phys. Rev. 178,
1097 (1969).

4P. W. Anderson, Phys. Rev. Lett. 18, 1049 (1967);
Phys. Rev. 164, 352 (1968).

~J. J. Hopfield, Commun. Solid State Phys. 2, 40
(1969).

6S. Doniach and M. Sunjic, J. Phys. C 3, 285 (1970).
7See, for example, M. H. L. Pryce, in Phonons in Per-
fect Lattices arith Point Imperfections, edited by
R. W. H. Stevenson (Oliver and Boyd, Edinburgh,
Scotland, 1966), p. 403; J. J. Markham, Rev. Mod.
Phys. 31, 956 (1959).

P. H. Citrin, Phys. Rev. B 8, 5545 (1973).
SS. Hufner, G. K. Wertheim, D. N. E. Buchanan, and

K. W. West, Phys. Lett. 46A, 420 (1974).
P. H. Citrin, P. Eisenberger, and D. R. Hamann,
Phys. Rev. Lett. 33, 965 (1974).
Y. Baer, G. Busch, and P. Cohn, Rev. Sci. Instrum.
46, 466 (1975).
During the course of this work, detailed analyses of
all Li, Na, Mg, and Al line shapes and also those of
Au and Ag showed that the width and form of the AEI

spectrometer function varied somewhat between mea-
surements of different metals. This is not surprising
because the response function depends critically on
the alignment of the sample, the electrostatic focusing
lenses, and the crystal monochromator, none of which
can be considered st'rictly invariant. For the Al 2P
measurements, the function was an extremely narrow
and symmetric Gaussian, for Na it was still symmetric
but somewhat broader, for Li it was about the same
width as for Na but was very slightly skewed, and for
Mg it was rather skewed and broader still. Only for
the Mg measurements was it necessary to include the
effects of a skewed Gaussian instrumental function in
the data analysis (see Ref. 13).

~3G. K. Wertheim, J. Electron. Spectrosc. Relat. Phenom.
6, 239 (1975).

~4G. K. Wertheim and S. Hufner, J. Inorg. Nucl. Chem.
38, 1701 (1976).

~5S. Hufner and G. K. Wertheim, Phys. Rev. B 11, 678
(1975).
P. H. Citrin, G. K. Wertheim, and Y. Baer, Phys.
Rev. Lett. 35, 885 (1975).
Y. Baer, P. H. Citrin, and G. K. Wertheim, Phys.
Rev Lett 37 49 (1976)
D. W. Marquardt, J. Soc. Indust. Appl. Math. 11, 431



F'. H. CITRIN, G. K. %ERTHEIM, AND Y. BAEg,

(1963).
~OP. H. Citrin, G. K. Wertheim, and Y. Baer (unpub-

lished).
20L. Ley, F. B.McFeely, S. P. Kowalczyk„J. G. Jen-

kin, and D. A. Shirley, Phys. Rev. B 11, 600 (1975).
~T. Kloos, Z. Phys. 265, 225 (1973).

22C. Kunz, Z. Phys. 196, 311 (1966).
~3H. Fellenzer, Z. Phys. 165, 419 (1961).

See references cited in Ref. 21.
25C. P. Flynn, Phys. Rev. Lett. 37, 1445 (1975).
26W. Bambynek, B. Crasemann, R. %. Fink, H.-U.

Freund, H. Mark, C. D. Swift, R. E. Price, and
P. V. Bao, Rev. Mod. Phys. 44, 716 (1972).
P. H. Citrin, Phys. Rev. Lett. 31, 1164 (1973);J.
Electron. Spectrosc. Belat. Phenom. 5, 273 (1974).

28J.-¹Chazalviel, M. Campagna, G. K. Wertheim,
P. H. Schmidt, and Y. Yafet, Phys. Bev. Lett. 37, 919
(1976).
E. J. McGuire, Phys. Rev. A 2, 273 (1970).

30V. D. Kostroun, M. H. Chen, and B.Crasemann,
Phys. Bev. A 3, 533 (1971).

3~D. L. Walters and C. P. Bhalla, Phys. Rev. A 4, 2164
(19v1).

32U. Gelius, J.Electron. Spectrosc. Relat. Phenom. 5,
985 (1974).

33The Al 1s lifetime was detexmined in Ref. 1 from data
of H. Neddermeyer, Phys. Rev. B 13, 2411 (1976), and
agrees with Neddermeyer's analysis.

34T. Kobayasi and A. Morita, J. Phys. Soc. Jpn. 28, 457
(1970).
E.J. MCGull e (unpublished).

36D. R. Franceschetti and J.D. Dow, J. Phys. F 4, L151
(19V4).

376. D. Mahan, Phys. Rev. B 11, 4814 (1975).
38B. Bergersen, P. Jena, and T. McMullen, J. Phys.

F 4, L219 (1974).
SA. J. Glick and A. L. Hagen, Phys. Rev. B 15„1950
(19vv).

40P. H. Citrin and D. B.Hamann, Phys. Rev. 8 15, 2923
(1evv).

4~P. Minnhagen, J. Phys. F 6, 1789 (1976).
42C.-O. Almbladh and P. Minnhagen (unpublished).
+A. %. Ovex'hauser, quoted in A. J.McAlister, Phys.

Rev. 186, 595 (1969).
44C. Kunz, H. Petersen, and D. W. Lynch, Phys. Rev.

Lett. 33, 1556 (1974).
~H. Petex'sen, Phys. Rev. Lett. 35, 1363 (1975).

46N. F. Mott and H. Jones, The Theory of the ProPerties
of Metals and Alloys (Dover, New York, 1958), p. 14.
In calculating I'~eh with Overhauser's model, Ref. 43,
we used Debye temperatures from Ref. 46 and acoustic
velocities from H. C. Nash and C. S. Smith, J. Phys.
Chem. Solids 9, 113 (1959).
A. J. MCAllster, quoted ln Ref. 43.

49M. J.G. Lee, Phys. Bev. 178, 953 (1969).
J. D. Dow, J. E. Robinson, and T. B.Carver, Phys.
Rev. Lett. 31, 759 (1973).

5~In calculating the temperature-dependent phonon
broadening contribution from the model of Ref. 50,
we used the rms lattice data from H. G. Smith,
G. Dolling, R. M. Nicklow, P. B.Vijayaraghavan,

and M. K. Wilkinson, in Proceedings of the Fourth
LAEA Symposium on Neutron Inelastic Scattering,
Cojenha gee, Denmark, 2968 (International Atomic
Energy Agency, Vienna, Austria, 1968), p. 149.

~2B. Bergersen, T. McMullen, and J. P. Carbotte, Can.
J. Phys. 49, 3155 (1971).

~3L. Hedin and A. Rosengren, J. Phys. F 7, 1339 (1977).
4Note that the uncertainties in the predicted Eo ax e
correlated with I'~h(0') and hm& because as I'»(0') in-
creases, so does Ivy, and vice vex'sa.

~~T. A. Calcott and E. T. Arakavva, Phys. Bev. Lett. 38,
442 (1977).
C. Kunz, B. Haensel, G. Keitel, P. Schreiber, and
B.Sonntag, Electronic Density of States, edited by
L. H. Bennett, U. S. Natl. Bur. Stand. Spec. Publ. No.
323 (U.S. G.P.O. , -Washington, D. C. , 1971), p. 275.

~TR. A. Ferrell, Phys. Rev. 186, 399 (1969).
C.-Q. Almbladh and P. Mi&nhagen (unpublished).

59T. H. Keil, Phys. Bev. 140, A601 (1965).
@We thank M. Schluter for discussions on this point.
6~L. Hedin and S. Lundqvist, in Solid State Physics,

edited by F. Seitz, D. Turnbull, and H. Ehrenreich
(Academic, New York, 1969), Vol. 23, p. 159.

~2C.-Q. Almbladh and U. von Barth, Phys. Rev. B 13,
3307 (1976).

63%. B. Pearson, A Handbook of Lattice SPacings and
Strlcteres of Metals and Alloys (Pergamon, Neve York,
1958).

4C. J.Tung, R. H. Ritchie, J.C. Ashley, and V. E.
Anderson, Oak Ridge National Laboratory Report
No. 5188, 1976 (unpublished).

SSee, for example, C. J. Powell, Surf. Sci. 44, 29
(19V4).

66P. Minnhagen, Phys, Lett. 56A, 327 (1976).
G. K. Wertheim and L. R. Walker, J. Phys. F 6,
2297 (1976).
S. M. Glrvln and J.J, Hopfleld, Phys. Rev. Lett. 34~
1320 (1975).
G. A. Ausman, Jr. and A. J.Glick, Phys. Bev. 183,
68v (1e6e).

OP. Longe, Phys. Rev. B 8, 2572 (1973).
7~J. D. Dow and B. F. Sonntag, Phys. Bev. Lett. 31, 1461

(19V3).
72T. A. Carlson and M. O. Krause, Phys. Rev. 140,

A105V (196S).
3E. W. Plummer, T. Gustuffson, D. E. Eastman, and
W. Gudat (unpublished).

4J. J. Chang and D. C. Langreth, Phys. Rev. B 5, 3512
{1972);8, 4638 (1973).

75J. %'. Gadzuk, J. Electron. Spectrosc. Relat. Phenom,
(to be published)

7~For example, see K. Siegbahn, C. Nordling,
G. Johansson, J.Hedman, P. F. Hedbn, K. Hamrin,
U. Gelius, T. Bergmark, L. O. Werne, R. Manne, and
Y. Sacr, ESCA ApP/ied to Eree Moleclles (North-
Holland, Amsterdam, 1969).
For example, see D. %'. Tux'ner, C. Bakex', A. D.
Baker, and C. B.Brundle, MoEecllar Photoelectron
SPectroscoPy (Wiley-Interscience, London, 1970).

SJ. W. Gadzuk and M. Sunjic, Phys. Rev. B 12, 524
(19V5).


