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Surface-atom core-level shifts from evaporated noble metals are reported using angle-

dependent x-ray photoemission with monochromatized A1Ka radiation. The absence of
line broadening with increasing takeoff angle for the case of aluminum metal, where the

surface shift is known to be small, confirms that the shifts observed in the noble metals are
real surface phenomena. An analysis procedure is developed which establishes that the ef-

fect of the vacuum-solid interface in these systems is confined to the first atomic layer. The
asymmetric (final-state —related) line shapes of the surface- and bulk-atom photopeaks are
also shown to be identical within experimental error. The surface core-level shifts are
—0.40+0.02 eV for Au, —0.08+0.03 eV for Ag, and —0.24+0.02 eV for Cu, with the sur-

face contributions occurring at lower electron binding energy. The analysis additionally
0 0

yields electron mean free paths of 19+3 A at 1400 eV in Au and 14+3 A at 550 eV in Cu.

Using the surface-to-bulk intensity ratios of the Au4f core levels, it was possible to isolate

the contribution of the surface-atom valence electrons. The width of the surface density of
states is narrowed (8+2)% with respect to the bulk density of states and its center of gravity
is shifted by —0.5%0.1 eV. The analysis procedures and conclusions presented here should

be applicable to core and valence surface-atom photoemission from a wide variety of other

systems.

I. INTRODUCTION

For over a decade it has been known' that most
photoemission measurements contain an appreciable
contribution of electrons originating from the sur-
face because escape depths of —10—1500-eV elec-
trons are only a few monolayers. Understandably,
interpretations of core and valence photoemission
spectra based solely on bulklike properties have eli-
cited skepticism because the surface-atom contribu-
tions could well be different. Such criticism has
generally been met with the counterargument that
since bulk theory and experiment tend to agree, the
surface contribution must be small or indistinguish-
able from the bulk. On this belief any disagreement
between theory and experiment is then attributed to
inadequacies of the bulk theory. Others not content
with these arguments have continued an active
search for manifestations of surface effects in the
data. Could the surface contribution be too small,
or too poorly resolved, or otherwise indistinguish-
able from the bulk? Since surface atoms have fewer
neighbors than bulk atoms, the surface valence-band
width, which reflects the degree to which the elec-

trons are delocalized, should be narrower than that
of the bulk. Furthermore, because the "chemical"
environment is different at the surface, the core-
electron binding energies of the surface atoms must
be different from those of the bulk. This should be
reflected in a "chemically shifted" core-level com-
ponent. Since the surface layer must contribute sig-
nificantly to the measured spectrum due to the small
photoemitted electron escape depths, these effects, if
sufficiently large, should be readily observable.

Numerous early attempts to detect such differ-
ences between surface- and bulk-atom photoemission
have led to conflicting or negative results. Houston
et al. claimed to have observed surface-atom core-
level shifts in Ti, Cr, and Ni by comparing surface-
sensitive appearance potential spectroscopy binding
energies with those obtained from hard x-ray photo-
emission spectra (XPS). Subsequent measurements
by Webb and Williams disputed those results.
Mehta and Fadley have observed d-band narrowing
in Cu using A1ECa radiation (1.49 keV) by enhanc-
ing the surface sensitivity of their measurements
with grazing electron emission. Chye et al. , using
photon energies of 80—180 eV to enhance the sur-
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face sensitivity, found no such effect in Au. Con-
trary to the expectations of numerous investigators
(many of whom have not published their negative
findings), no surface-atom core-level shifts were ob-
served in photoemission studies of W, ' Ru, ' Cu,
Au, "or Al, Ni, and In. '

The unambiguous identification of a surface-atom
core-level shift (SCS) in Au has been previously re-
ported by us. ' In that work we also reported the
measurement of a narrowed and shifted surface den-

sity of states (DOS) for that material. We further
proposed a model which relates the shifted and nar-
rowed surface DOS to the sign and magnitude of the
SCS and which elucidates its chemical dependence
in Cu and Ag. Since that study a number of experi-
mental and theoretical reports on the existence and
interpretation of surface-atom core-level shifts in
other metals have appeared. In the present work we
elaborate on our specific results for Au and then
present our study of the core-level spectra from Cu
and Ag. The data analysis procedures developed for
all the noble metals are described in considerable de-
tail because the bulk and surface components are not
well resolved. Our procedures are quite general and
are intended to establish the criteria for analyzing
and interpreting core and valence surface-atom
photoemission in other systems as well. Discussion
and comparison of related studies with the present
work are given in the following paper. '

In our assessment of the quality of fits to the data
we pay particular attention to the residuals. These
should contain only the statistical fluctuations of the
individual data points provided the model function
is capable of representing the data. When the resi-

duals do contain additional nonrandom fluctuations
it is a clear indication that the model function used

in the fits is inadequate and that little significance
can be attached to the parameters obtained by the
least-squares adjustment. We also point out that the
core-level data presented here are not subjected to a
background subtraction prior to- analysis. This com-
mon practice applied over a narrow range of ener-

gies is fundamentally incorrect' and generally
makes it impossible to obtain statistically acceptable
fits with physically meaningful line-shape parame-
ters. The presence of such a background in the data
was, in fact, tested by including it in a model func-
tion with its amplitude left as a free parameter. As
expected, least-squares adjustment reduced it to a
negligible value.

For the case of Cu and Ag metals the SCS was
found to be only a small fraction of the correspond-
ing core-hole-state lifetime width. The essential in-
novation which made it possible to extract the
surface-atom signal from such data was the simul-
taneous fitting of the data for all takeoff angles. In

this procedure any parameters required to have the
same value in all data sets are automatically restrict-
ed to a single value. This then allows the interpreta-
tion of takeoff-angle-dependent broadening or shifts
to be made in terms of bulk and surface components
exclusively.

The results presented here for the noble metals
serve as a starting point for understanding the na-

ture of surface-atom photoemission in general. The
following paper' considers our results in this gen-
eral context by elaborating on our previously pro-
posed model' and extending it to the other metals
in the Periodic Table. In doing so, we explain why
surface-atom effects have gone unobserved for so
long and what further insight is to be gained from
studying the details of such effects in these and oth-
er systems.

II. EXPERIMENTAL PROCEDURES
AND RESULTS

Ultrapure Au, Ag, and Cu were evaporated onto
cooled (-10'C) optically flat glass substrates at a
base pressure of -1)(10 "Torr, forming random-

ly ordered polycrystallites of & 1 pm grain size' in
films & 1000 A thick. The films were prepared in
the sample chamber of a AEI instrument, which

was modified' to utilize monochromatic A1Ka ra-
diation. The total instrumental response function
was determined to be very Gaussian with a full
width at half maximum (FWHM) value of &0.24
eV. ' This relatively high energy resolution for XPS
with AlEa radiation proved to be essential for these
experiments. Core- and valence-level spectra were
taken as a function of takeoff angle 0, measured
from the surface normal and accurate to +2'.

Figure 1 shows the raw x-ray photoemission spec-
tra of the narrowest (longest-lived) core levels in Au,
Ag, and Cu recorded at different values of 8 and
normalized in peak height. A monotonically in-

creasing shoulder on the low-binding- (high-kinetic-)

energy side of the peak with increasing 8 is obvious
for the Au4f7/p level. The effect is less apparent
between the normal and grazing emission spectra of
the comparatively broader Cu 2p3/p and the narrow

Ag 3d5&z levels, although an intensity enhancement
on the low-binding-energy side is still in evidence.
To check for the possible contribution of such asym-
metric broadening from the instrumental response
function we also measured normal and grazing
photoemission from the very narrow Al 2p levels, see
Fig. 1. The ultrapure Al films were prepared as
above for the noble metals. Inspection of the A12p
data clear|y shows that the shoulder in the noble
metals is not an experimental artifact. On the basis
of the increasing intensity of the shoulder with in-
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FIG. 1. Normalized x-ray photoemission spectra from evaporated films of Au, Ag, Cu, and Al as a function of increas-
ing surface sensitivity (increasing 8).

creasing surface sensitivity (increasing 8) we assign
its origin to photoemission from a surface layer.

Given that we are directly measuring surface-
atom core-level photoemission we face the question
of the properties of the surface photopeak, i.e., its
line shape, intensity, and position, as well as the
atom thickness of the region which produces the
surface signal. Detailed knowledge of these proper-
ties is necessary for an understanding of surface
photoemission measurements in general: How do
the surface core-level spectra relate to the surface
density of state? What is the role of final-state re-
laxation processes in determining the measured
core-level binding energy? What further informa-
tion could be gained by surface core and valence
photoemission studies of this type in other systems?

In this section we address the characterization of
the surface photoemission spectral properties in Au,

Ag, and Cu. We also analyze the normal and graz-
ing emission A12p spectra in some detail. Implica-
tions of these results in terms of the more general
questions posed above are discussed in the following
papel.

A. Gold

We start our analysis of the Au 4f7/2 data
without a priori knowledge regarding the number of
experimentally resolvable atom-layer components in
a given core-level spectrum. For simplicity we ini-
tially assume that the data contain only two com-
ponents, corresponding to emission from bulk- and
surface-atom layers. If that is true, then linear com-
binations of two raw (non-normalized) spectra
recorded at different takeoff angles can be used to
separate the individual bulk and surface contribu-
tions. This procedure is illustrated in Fig. 2. We in-

BULK Au4f71s FROM [0']-r [80'] SURFACE Au4frqz FROM [80o] -P [Oo]

FACE

y=0. p =0.54

V)
Z',
UJI-
Z.'

y= 0.5 P =0.4

y=0.3 p =0.4
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I

84 86
BINDING ENERGY (eV)

84 82

FIG. 2. Separation of bulk and surface components from the difference between 8=0' and 80' spectra. P and y are
weighting coefficients. The solid line is the Doniach-Sunjic line shape.
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voke the following criteria to determine the ap-
propriate weighting coefficients, P and y, for the
two spectra taken at 8=0' and 8=80'.

(a} The line shape on the low-binding-energy side
of both the surface and the bulk components must
be the convolution of a Lorentzian due to lifetime
broadening, a Gaussian due to photon broadening,
and the instrumental response function. '

(b) The Au4f hole-state lifetime is dominated by
intra-atomic Auger processes, ' and the photon
broadening in Au (Ref. 19) is smaller than the in-
strumental resolution. Therefore, the low-binding-
energy sides of the surface and bulk components
(even if they were to have somewhat different pho-
non broadening) must have nearly the same shape.

(c) The high-binding-energy side of the surface
component must be physically reasonable, i.e., it
should not contain kinks or other pathological
features.

Note that these criteria have been previously estab-

lished and are unrelated to our hypothesis that there

are only two components in the data.
The separation of the surface component is shown

in the right-hand panel of Fig. 2. As expected, we

see that independent of the coefficient P, the lower-

binding-energy side of the surface line shape
remains unchanged. The higher-binding-energy
side, however, is seen to depend quite sensitively on

P (to within +10% of its value). For P=0.44 too
much of the 8=0' data is subtracted from the
8=80' data and an unphysical kink results, while

for P=0.54 too little 0' data is subtracted as indicat-

ed by a small kink and an unphysical additional in-

tensity (the solid line will be explained shortly}.

The lower-binding-energy side of the surface com-

ponent serves as a template for the same side of the

bulk component, shown separated from the surface

component in the left-hand panel of Fig. 2. Near

the value of y=0.53 the right-hand side line shapes

of the surface and bulk components agree, although

the ability to detect very small contributions from

the surface is clearly less sensitive to the choice of y
than is the corresponding ability to detect very small

contributions from the bulk to the surface corn-

ponent with changing P. Within as much as +20%
of the value for y the high-binding-energy side of
the bulk component remains virtually unchanged,

indicating that the residual surface component in

the 8=0 data has little influence in this region.

Having separated the bulk and surface com-

ponents, we now take the bulk spectrum and find

empiricallg that it is fitted extremely well with a
Doniach-Sunjic (DS) line shape, shown as a solid

line in Fig. 2. Such a line shape is characterized by

the hole-state lifetime I and the singularity index a,
which describes the partial scattering phase shifts

due to the creation of electron-hole pairs. While this

result for the bulk component may not seem too
surprising based on similar earlier findings, ' it is

not at all obvious that the same line shape should fit
the surface component equally well, see Fig. 2. The
significance of this result is that using the criteria

mentioned above and assuming only two com-

ponents in the data we have shown that the surface

and bulk components have virtually indistinguishable

DS line shapes. Furthermore, we see from the shad-

ed regions and the vertical solid and dashed lines

shown in Fig. 2 that any misfit between the DS line

shape and the difference spectrum resulting from an

incorrect weighting coefficient lies almost exactly in

the vicinity of the corresponding surface and bulk

component peaks. This then suggests that our hy-

pothesis that the data contain only two components

is quite reasonable. Finally, we note that all the
above information has been obtained simply by tak-

ing conventional difference spectra and then empiri-

cally fitting the results. No elaborate fitting pro-
cedures and no prior knowledge of any details of ei-

ther the surface or bulk line shapes beyond those al-

ready mentioned were necessary.
With the plausibility of our approach established,

we now analyze the data more critically using a non-

linear least-squares procedure. The only constraints
we impose are that there are two components in the
data with the same DS line shape. Also, for simpli-

city we assume that the instrumental response func-

tion is purely Gaussian and thus can be easily com-

bined with the Gaussian phonon broadening. (These
constraints will be subjected to more careful scrutiny
below). All other parameter are variable, and these

include the bulk binding energy Eq, the total
FWHM Gaussian width I G [which includes the
Gaussian phonon and spectrometer widths,
I'G =(I ~b+I,~)' ], the FWHM Lorentzian lifetime

width I, the singularity index a, the surface binding

energy E~, and its intensity with respect to that of
the bulk R~. The results of the fits are shown as
solid lines in Fig. 3, with the'components shown as
dashed lines. The surface component is shaded.
Numerical values are summarized in Table I.

While the fits in Fig. 3 are excellent, this is itself
not definitive support for the validity of our ap-

proach since it might be argued that such high-

quality fits are to be expected simply because of the

large number of free parameters. Justification is ob-

tained from the excellent consistency of the parame-
ters determined from the four independent data sets.
The mean Au4f7/2 lifetime width is 0.317+0.011
eV, where the uncertainty here represents the stand-
ard deviation from the mean. The standard devia-
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TABLE I. Results of individual two-line least-squares fits to Au 4f7/i data.

Takeoff Hole-state
angle lifetime

e r (ev)

Singularity
index

Gaussiaan Bulk electron
broadening binding energy

I G (eV) E& (eV)

Surface-bulk
shift

5,,g (eV)

Surface/(surface plus bulk)
intensity ratio

fe
0
60'
70'
80'

Average
value

Quoted
value

0.329+0.009
0.323+0.011
0.312+0.010
0.305+0.010
0.317+0.011

0.048+0.002
0.054+0.002
0.053+0.002
0.054+0.002
0.052+0.003

0.26920.022
0.288 +0.019
0.311+0.013
0.317+0.014
0.296+0.022

0.32+0.02 0.052+0.006 0.30+0.05

84.000'
84.025 +0.015
84.010+0.014
84.014+0.016
84.012+0.010

—0.401+0.007
—0.393+0.004
—0.398+0.003
—0.399%0.003
—0.398+0.003

—0.40%0.02

0.115+0.005
0.215J0.004
0.267+0.005
0.313+0.003

'Assigned value.
Error limits include estimates of reproducibility.

The mean value from the fits is —0.398+0.003 eV;
we quote —0.40+0.02 eV. Both the randomness of
Eq and the constancy of 5, b comprise the necessary
and sufficient proof that there are indeed only two
components in the data whose line shapes are indis-
tinguishable within the quoted experimental uncer-
tainties.

The final spectral feature that needs to be charac-
terized is the intensity (or, equivalently, area) of the
surface-atom component relative to that of the bulk.
Knowledge of this allows us to determine the effec-
tive thickness D of the surface layer. Values of the
surface-to-bulk intensity ratio Re determined from
the least-squares fits are given in the last column of

Table I. With the assumption of an ideally smooth
surface, the fractional surface signal fe
=Re/(Re+1) is given by the usual expression

c c —DIA, cose
1

where A, is the mean electron escape depth. The
minimum D is the effective interlayer spacing for
polycrystalline Au. For our purposes here we sim-

ply take this value to be the average of the d spac-
ings of the most stable surfaces in an fcc crystal,
namely the (111) and I 100) surfaces (our con-
clusions here are insensitive to D) We thu. s obtainD:d~iy: i(d(iii)+d(ico)): ~(2355+ 2039)A

TABLE II. Determination of escape depth [using Eq. (I)] for 1.4-keV electrons in
polycrystalline Au. All values. in A.

6 nom

00

60'

70'

80'

b
anom

18.0

18.2

20.7

33.8

+fe'

+ 0.9
—0.8
20.4

+0.3

+0.4

+0.01

+ 1.2
—1.0
+ 2.2
—1.8
+ 8.4
—5.6

+dp)]y

+ 1.3

+1.3

+1.5

+2.5

f
Arstyg

18.1+2.2

18.4+2.8

21.1%3.8

35.8+9.9

'Nominal experimental takeoff angle (refraction effects not included).
'Nominal escape depth assuming no uncertainty in fe, 0, and d~i„.
Uncertainty in iL„, due solely to uncertainty of fractional surface intensity fe as determined

from least-squares fits, see Table I (note opposite sign dependence of A,„, and fe uncertain-
ties).
Uncertainty in A,„due solely to uncertainty in nominal experimental takeoff angle 8„, .

'Uncertainty in A,„, due solely to uncertainty in average surface-atom d spacing for polycrys-
talline Au (see text).
Average escape depth of upper- and lower-limit values determined from correlated uncertain-

ties in fe, 8, and d~i„ (refraction effects not included).
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=2.20+0.16 A. The mean electron escape depths
are solved for at the various angles and the results
are given in Table II. We have listed the individual
uncertainty contributions to l{, arising from fs (from
Table I), e(+2'), and d~i„assuming that each acts
independently of the others. The last column
represents a more realistic average A, since it incor-
porates all the uncertainties of the aforementioned
parameters assuming they are correlated. From
Table II we see a monotonically increasing trend of
A,,„g with increasing 8 coupled with a corresponding
trend in its uncertainty. The major source of this
latter trend is due to the uncertainty in 8. The value
of Xa g for 8=80 is undoubtedly in error because of
surface-roughness effects, i.e., a breakdown in our
initial assumption of an ideally smooth surface.
Another source of error is our neglect of electron re-
fraction at the surface, which becomes more impor-
tant as 8„0 increases. The external nominal angle is
related to the internal angle 8;„by

8;„=sin '(sine„, [E/(E+eVO)]' ), (2)

where E is the electron kinetic energy and Vp is the
inner potential. Assuming E= 1400 eV and eVp ——14
eV, 8„, decreases from 80' (70') to 78.5' (69.2'),
which in turn decreases )L,sg (){,7~) from 35.8 A (21.1
A) to 29.4 A (20.0 A). These effects are sufficiently
small to ignore for the purpose of this discussion,
which is to establish the qualitative value of A,. We
see from Table II that despite the monotonic trend
of A g with 8, the A,,„g values for the 8=0', 60', and
70' data fall within the quoted error limits of each
other; the mean value of A,,„s is 19.2+1.6 A (we
quote 19+3 A). This is taken as direct evidence of
the precision of the independent determinations of
Arzvg The accuracy of these values can only be as-
sessed by comparisons with other independent re-
sults. Henke's carefully determined value of
A, = 19 A for 1.4-keV electrons in polycrystalline Au
determined by a different method is in excellent
agreement with our result, while a still different
method for determining A, by Klasson et a l. gave
26+3 A. The important conclusion of this agree-
ment is that we have determined the surface-atom
component to originate from a layer one atom thick,
in agreement with our initial expectations.

The above novel approach for obtaining A, com-
pletes the characterization of the surface-atom com-
ponent in the core-level photoemission spectrum.
We now know its line shape, its binding energy with
respect to the bulk, and the thickness of the layer
which gives the unique surface signal. It must be
true that the existence of the surface-atom core-level
component is related to the surface density of states
(see Sec. III), and comparable information about

gVB

Pvs=P/T

tg tyB

tVB 7p' C p'

(3)

Here t~ and tvB are the total counting times of the
core and valence-band spectra, respectively. [The
ratio (tvs)o/(tvs)7Q accounts for the difference in

them is clearly desirable. In the absence of corre-
sponding criteria to determine independently the
weighting coefficients for the two valence-band
spectra measured at two different takeoff angles (the
surface and bulk DOS shapes and intensities depend
upon details of the band structure and the partial
photoabsorption cross sections), it would still be pos-
sible to take difference spectra with ratios deter-
mined by the escape depths appropriate for the ma-
terial and 8. The obvious shortcoming of this ap-
proach is that such information is rarely known to
the accuracy required and, moreover, possible
surface-roughness effects at grazing emission angles
could (as we have already seen) preclude the applica-
bility of independently determined escape depths.
The alternate approach is to use the same weighting
coefficients which separate the core-level spectra in
bulk and surface components and apply them to the
Ualence-band spectra taken at the same angles.

There are a number of points to be made about
this approach.

(a) It is equivalent to using empirical electron es-

cape depths for the conduction electrons since the
kinetic energy of the Au4f electrons (1.40 keV) pho-
toexcited with A1Ea radiation is essentially the
same as that of the conduction electrons (1.48 keV).

(b) It has the advantage of removing any angular-
dependent instrumental effects since these will be
the same for both the core and valence spectra taken
with the same instrument.

(c) Its application should be generally valid for
polycrystalline materials and for high kinetic energy
photoelectrons since the respective effects of azimu-
thal angular variations in the valence transition
probabilities and of refraction at the surface are
unimportant.

(d) It is purely empirical and involves no further
adjustable parameters, i.e., the valence surface-bulk
separation is uniquely determined once the core
surface-bulk separation is obtained.

Now there are actually two different methods of
applying this procedure. The first involves the
weighting coefficients P and y used above to
separate the core-level spectra. These are multiplied
and divided by the appropriate counting-rate factors
according to
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total accumulated counts between the 8=0' and 70'
valence-band data while the ratio (tc)7Q/(tc)Q
corrects for the constant difference in instrumental
collection efficiencies at the different angles. ] The
only requirement for this method is that the incident
x-ray flux must remain constant during the course
of the measurements, a condition that was tested for
and fulfilled in these experiments. The core-level
weighting coefficients P and y could be either deter-
mined empirically as in Fig. 2 or computed from the
results of the least-squares procedure. Using the
latter values, we replace the empirically determined
P and y coefficients in Eq. (3}by

Ca 1sq, o' c
Plsq c ~ lsq

a lsq, 70'

(4)
Rp cri~=
R70.

where a&~ & is the least-squares computed area of
the bulk core-level component and R ~

[=fa/(I —fs)] is the computed surface-to-bulk in-
tensities ratio (areas) in the 8 spectrum. We have
compared our empirically determined P value with

Pl~ for the 8=0' and 70' data and found them to
agree to better than 1%. This is not surprising since
we saw (Fig. 2) that P is very sensitive to small con-
tributions of bulk intensity on the high-binding-
energy side of the surface component. The values of
y and yi&, on the other hand, agreed to within only
6%. The least-squares result is probably more reli-
able since we saw (Fig. 2) that the low-binding-

energy side of the bulk component is not very sensi-
tive to small contributions from the surface.

The second method of applying the surface-bulk
DOS separation using core-level data overcomes one
shortcoming of using Eq. (3), namely that the coeffi-
cients yvB and PvB are not unique because they con-
tain relative intensity information (i.e., counting
times t) not inherent to the general surface-bulk
DOS decomposition procedure. This can be avoided
by using the fractional surface coefficients fa deter-
mined from the least-squares fits according to

20—

Au

15—

10—

V)

z 0—
0 si

O
1.2O

0.8—
qz[o']=

ACE DOS

0.4—

cedure since two valence-band spectra whose areas
have been normalized have prescribed fractions of
surface and bulk intensity independent of details of
the instrumental collection efficiency. [Parentheti-
cally, the same description could be given for the
core-level data by replacing yvB, Pva, and Ava in
Eq. (5} with yc, Pc, and Ac a——7trlatr, where now

ae is the total empirical area of the core-level spec-
trum. ]

In the upper portion of Fig. 4 we show the raw
valence-band spectra measured at 8=0' and 70'. Ei-
ther Eq. (3}or (5) may be used to determine the ap-
propriate weighting coefficients, and for complete-
ness we give the results for both. The fs values in
Table II are used to predict that for hyothetically
area-normalized valence-band spectra yvB would be
0.43+0.02 and Pva would be 0.83+0.01. Since the
integrated areas of the real 0' and 70' data are in the
ratio of 2.0:1 (note the different left- and right-hand
scale assignments in Fig. 4), these values must be
modified according to Eq. (5} to give

0
yVB= ~VB ~

f7Q.

(1—f7Q }
PVB

(1—fir} ~VB
VBa 7o'

~VB vB
ap

where a~ is the total empirical area of the valence-
band spectrum at a given 8. Now the ratios of the
fractional surface and bulk coeffcients represent a
more fundamental description of the separation pro-

6 4
BINDING ENERGY (eV)

0&Ep

FIG. 4. Separation of Au bulk and surface density of
states from the difference between 8=0' and 70 spectra.
Note different scales for raw data. Weighting factors
0.42 and 0.80 were determined from corresponding core-
level spectra as in Fig. 2. Centers of gravity (e}for bulk
and surface DOS are also shown.
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yva ——0.86+0.04 and Pva=0.41+0.01. Using Eq
(3) and the empirical values of y and P, we indepen
dently obtained yves ——0.8 1 +0.08 and

Pva ——0.41+0.02. (This agreement is simply a re
statement of that previously mentioned between y
and yi~ between P and Pi~}. Since the results for
the bulk DOS are insensitive to yves vs yves we used
the former, and these are shown in the lower portion
of Fig. 4. For comparison the surface DOS is
shown above it. Note that because a larger fraction
of data is subtracted in the separation of the surface
DOS relative to the bulk DOS (-80Po versus 40%}
the statistics for the former are poorer. Neverthe-
less, the differences between the two valence-band
spectra are readily apparent. The details of these
differences are discussed in Ref. 14 where it will be
seen that two spectral properties of the bulk and sur-
face DOS, namely their widths and their centers of
gravity, contain important information regarding
the understanding of the SCS. We conclude our dis-
cussion of Au with the determination of these two
quantities. Only the d part of the valence band will
be considered.

The center of gravity (e) of the valence d band is
described by Ii /Io, where Io and Ii are the zeroth
and first moments. The integrations are performed
between upper and lower limits which define the to-
tal d-band width. For Au these are taken to be ap-
proximately 8.5 and 1.5 eV, respectively. Also, the
integrations are performed on background-
subtracted data since only the elastically scattered
electrons are of interest. The subtraction algorithm
used is based on the assumption that the inelastic in-

tensity at each kinetic energy is proportional to the
integrated no-loss area at higher energies. (Our re
suits are insensitive to the details of the subtraction
procedure because the background is so small. } The
width 8' of the valence d band can be shown to be
described by I2/Io —(Ii/Io), where I2 is the
second moment It, too, is determined from the
background-subtracted data taken over the same
upper and lower limits as for (e). To place error
bars on (e) and 8' we have varied both the back-
ground and the coefficients yva and Pva within the
conservative limits of + 5%%uo of their respective
values. From this procedure we find that the sur-
face DOS width is (8+2)% narrower than that of
the bulk and that the center of gravity shift between
the surface and the bulk DOS, (e), —(e)s, is
—0.5+0.1 eV.

B. Silver

Inspection of the data shown in Fig. 1 makes it
apparent that 4, b for Ag is much smaller than that
for Au. Although the Ag 3d 5/2 line is inherently
narrower than the Au 4f7/'i line, only a slight devia-

tion on the low-binding-energy side is discernible

with increasing takeoff angle. Without knowledge

of the SCS in Au, this low-binding-energy intensity

might easily be ignored or explained away as arising

from angular-dependent instrumental broadening.

Even with knowledge of the SCS in Au and a suspi-

cion of similar behavior in Ag, it is not possible to
analyze Ag data using the procedures described for
Au because the two Ag photopeaks (surface and

bulk) are separated by less than half their width. In

particular, linear combinations of raw data sets gave

72
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569 568

BINDING ENERGY (eV)
FK". 5. Results of least-squares fits to Al 2p3/2 ]/2 and

Ag 3d5/2 data at 8=0' and 80'. Data were individually
fitted assuming only one bulk component. Compare small
symmetric shift to higher binding energy for 8=80 A12p
data with the small asymmetric shift to lower binding en-

ergy for 8=80' Ag 31&/2 data.
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TABLE III. Results of one-line least-squares fits to Al 2p data.

Takeoff
angle

8

0'
80'

Quotedb
value

Hole-state
lifetime
r (ev)

0.052+0.009
0.051+0.010
0.05+0.02

Singularity
index

0.121+0.004
0.114+0.003
0.12+0.01

Gaussian
broadening

I G (eV)

0.266%0.007
0.280+0.007
0.27+0.02

Bulk electron
binding energy

Eg (eV)

72.500'
72.518+0.010

Spin-orbit
splitting

0.402+0.002
0.405+0.002
0.40+0.01

2P 3/2/2P I/
intensity ratio

R

1.976+0.028
1.992+0.032
1.98+0.04

'Assigned value.
Error limits include estimates of reproducibility.

ill-defined line shapes, and fully unconstrained
least-squares fits using two components gave non-
unique and unphysical results due to parameter
correlations. Lacking direct evidence of surface-
atom photoemission in Ag, then, we must first
demonstrate the existence of a SCS in Ag and then
develop procedures to extract the surface-atom con-
tribution. We now examine how this is done.

The first problem is that it is difficult to distin-
guish the difference between a single instrumentally
broadened peak and two unresolved peaks. To
check for angle-dependent instrumental broadening
we have least-squares analyzed normal and grazing
photoemission spectra from the very narrow A12p
core levels assuming the data to be composed of a
single bulk spin-orbit doublet. The results of the fits
are shown in Fig. 5(a) and the numerical values are
given in Table III. There is excellent consistencey
between the line shapes of the two different data
sets, with only a small and nearly symmetric shift to
higher binding energy at grazing emission angle.
We attach no physical significance to this shift in
view of the very small (—0.057+0.007 eV) shift of
opposite sign measured by Chiang and Eastman
and the fact that this shift is comparable to the fluc-
tuations in E~ for Au. There is also a finite but

small increase in I G with increasing 8. The
Ag 3d5~2 data taken at various emission angles have
been similarly least-squares analyzed with a single
component. The numerical results are summarized
in Table IV and the fits at 8=0' and 80' are shown
in Fig. 5(b). In contrast to the A12p data, there is a
small and asymmetric shift to lower binding energy
at grazing emission angle. More importantly, there
is a systematically increasing Gaussian broadening,
which is outside the uncertainty and reproducibility
limits of the Gaussian contribution determined from
the narrower A12p data. This behavior in Ag is
therefore not an artifact of instrumental broadening
but is, instead, consistent with the presence of a sur-
face component at smaller binding energy, just as in
the case of Au.

Since the overall shape (i.e., singularity index and
lifetime width) of the single-line fits to the Ag3d
line does not vary appreciably with takeoff angle,
the monotonically varying shift in binding energy
can be taken as a measure of the centroid shift due
to the increasing strength of the surface component.
In order to test whether the results are compatible
with this supposition we use the following model.
We assume that the data contain two components at
fixed energies with the same shape, as in the case of

TABLE IV. Results of one-line least-squares fits to Ag 3d5/2 data.

Takeoff
angle

8

00

60
70
80

Hole-state
lifetime
r (ev)

0.281+0.002
0.27720.002
0.270+0.003
0.269+0.002

Singularity
index

0.059+0.001
0.063+0.002
0.067+0.001
0.068+0.001

Gaussian
broadening

r, (ev)

0.238+0.005
0.271+0.005
0.290+0.006
0.297+0.004

Bulk electron
binding energy

E,' (eV)

368.192b
368.179%0.010
368.172+0.010
368.168%0.010

'Here h, b=O and, from Eq. (7), E=Ea.
From extrapolated value assigned at 368.200 eV, see text.
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Au, with the fractional intensity of the surface com-
ponent given by Eq. (1). The energy of the centroid,
E, is then

E=(1 fs—)Es+fsEs 5I.O

TAKEOFF ANGLE e

0 40 60
1 } I

70
I

=Ea+fe~s, b
b

If D «A. cos8,

E=Eg+ ~s,bD/A, cos8 .

(6)

(7)

By plotting E vs 1/cos8 we should obtain a straight
line in the region where the above equation is satis-
fied. Note that this approach is valid so long as 6, b

is small with respect to the linewidth of each com-
ponent.

The results of the single-line fits for Ag 3d5&2 us-
ing Eq. (7) are given in Table IV and the values for
E are plotted in Fig. 6. [Because the condition
D «A, cos8 is less well satisfied for 8=80' and be-
cause of surface-roughness considerations (sm
analysis for Au}, we have not included the 8=80'
data in our analysis. ] The fact that the three data
sets do approximate a straight line and have a
scatter compatible with the reproducibility of each
measurement indicates that the model provides a
good representation of the physical situation. Ac-
cording to Eq. (7} the intercept at I/cos8=0 yields
the binding energy of the bulk components. (The
extrapolation into the region where 1/cos8 is less
than 1 can be readily justified. ) The slope gives the
quotient of the surface-bulk shift and the escape
depth defined in units of the atomic layer thickness
D. The extrapolated bulk binding energy corre-
sponds to channel 50.22, which we assign to be
368.200 eV. Using an independently measured value
of )(,=21 A (Ref. 26} we obtain an estiinate for
h, b ———0.12 eV. A calculated value of A, =14 A
(Ref. 27) yields 6, b

———0.08 A.
With the bulk binding energy Ez evaluated it

would now be feasible to perform two-line fits to the
individual data sets to determine the other spectral
parameters. However, since the lifetime width I of
the Ag 3d hole state and the singularity index a have

50.0—

0 OIO
8V

0 2 3 4
I/COS 8

FIG. 6. Demonstration of surface-atom photoemission
in Ag 3d5&2 spectra. Binding energies in channel number
(one channel equals 0.050 eV) are determined from one-
line least-squares fits of Ag 3d&~2 data at 8=0', 60', and
70'. Monotonic variation with 0 is described by Eq. (7).

values which should be the same in all data sets it is
advantageous to make a simultaneous fit to all the
data in which these additional parameters automati-
cally have a common but adjustable value. Other
parameters may also be constrained to have either
common or fixed common values.

As a test of this formalism the Au spectra were
fitted leaving all parameters freely adjustable, but
with common values for 6, b I', a, and Es The re-.
sults, see Table V, differ slightl from those ob-
tained above in Table I because Ez is constrained to
be the same for all spectra, but there is no disagree-
ment outside of the quoted uncertainties. The
values of I G for the four data sets increase at the

TABLE V. Results of simultaneous least squares fits to data at all takeoff angles. All
quoted error limits include estimates of reproducibility.

Au 4f7/7

Ag 3d5~
Cu 2p3/2

Hole-state
lifetime
r (eV)

0.339+0.02
0.274+0.01
0.595%0.01

Singularity
index

0.048+0.006
0.06620.006
0.042+0.006

Gaussian
broadening

I ~ (eV)

0.276+0.03'
0.262+0.03'

[0.230]~

Surface-bulk
shift

h, b (eV)

—0.389+0.01
—0.076+0.03
—0.241 +0.02

'Average of angle-dependent values.
~Constrained.
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C. Copper

Inspection of Fig. 1 shows that the case of Cu is
in many ways comparable to that of Ag. The SCS is
closer to that of Au than of Ag, but the Cu2p3/Q
core-level width is also much larger than that of the
Ag3d5/q level. The ratio of shift to linewidth is,
however, slightly more favorable than in Ag. An at-
tempt to follow the single-line-shift method used for
Ag, i.e., Eq. (6), failed because single-line fits gave
systematic variations in line shape (specifically a)
with takeoff angle. The fits were also relatively
poor in the high-energy tails. This itself is already a
clear indication that there is more than one com-
ponent in the spectra.

In Fig. 8 we compare a one-line and a two-line fit
to the Cu2p3/g data taken at 75' takeoff angle. The
difference in quality of fit is best assessed by the
residuals shown in the lower half of the figure. If
the noise in the data were entirely due to counting
statistics the residuals would fluctuate randomly
about zero when an adequate fit is obtained. The
one-line fit shows systematic trends in the residuals
indicating that one line is not able to represent the
data satisfactorily. In the two-line fit the ideal of
randomness is approached much more closely. The
ratio of the sum of the squares of the deviation to
the total number of counts provides a simple index
of the quality of fit. The one-line fit gives 1.18, the
two-line fit 0.630. An attempt to make independent

two-line fits to all the data sets, as was done in the
case of Au, did not lead to satisfactory results, large-
ly because h, b was not well determined from the
low-angle data.

We have consequently made simultaneous fits to
the Cu spectra. The major advantage of the simul-
taneous least-squares method lies in the fact that
those parameters which are inherently identical can
be constrained to be the same in the four spectra but
at the time remain adjustable by least squares. This
gives confidence that the other parameters are not
compromised. With all parameters free these fits
gave an unphysically small value for I ~. With I G

constrained to 0.23 eV, the lower limit set by the in-
strumental response function, the procedure con-
verged rapidly to the values shown in Table V. The
fits are shown in Fig. 9. In this case there is suffi-
cient information in the data so that the position of
the bulk component could be independently deter-
mined for each data set. The resulting values of Ez
are consistent and show only small random fluctua-
tions, i.e., 932.700 (assigned), 932.713, 932.734, and
932.722 eV for 8=0', 30', 60', and 75', respectively.
The quoted value for the lifetime width is 0.60+0.02
eV and the many-body singularity index has a value
of 0.042+0.006, testifying to the non-free-electron-
like character of the conducting electrons.
has a quoted value of —0.24+0.02 eV, intermediate
between those of Au and Ag. The least-squares pro-
cedure also yields satisfactory intensities for the sur-
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FIG. 8. Demonstration of surface-atom photoemission in Cu2p3/g data. Residuals for least-squares fit using one line
show nonrandom fluctuations whereas those using two lines (surface and bulk) are random and more representative of
data.
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certainties) of 15.6+3.1, 13.4+2.7, 12.7+2.9, and
21.8+6.5 A. The mean of the 0', 30', and 60' values
is 13.9+1.5 A (we quote 14+3 A), in good agree-
ment with experimental and theoretical values.

III. SUMMARY
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FIG. 9. Least-square fits to Cu 2p3/2 data as a function
of 8. All data sets were fitted simultaneously with life-

time broadening, singularity index, and surface binding

energy having freely adjustable but common values. The
Gaussian broadening was constrained to lower limit set by
instrumental response function.

face components, i.e., 0.120+0.017, 0.158+0.019,
0.272+0.030, and 0.307+0.025 for 8=0', 30', 60',

and 75'. Using the procedure described for the case
of Au these intensities correspond to respective elec-

The analysis presented above has established the
nature of the change in the electronic structure at
the surface of evaporated noble metals and its effect
on care-electron binding energies. Although this in-

formation is obtained from photoemission, a final-
state spectroscopy, our conclusions pertain largely to
the initial state. This was demonstrated in the case
of Au by showing that within experimental error the
bulk and surface atoms have the same line shape
and therefore the same final-state screening

response. The individual surface and bulk responses
were isolated using a linear combination of spectra,
a technique which does not require any assumptions
about the line shape. Our conclusions were put on a
quantitative basis by least-squares fitting the
Doniach-Sunjic line shape to the data. Both analy-

ses show that the data are well represented by only
two components, bulk and surface. The intensity of
the surface signal and its change with takeoff angle
show that the surface component comes from the
first atomic layer. The second atomic layer is exper-
imentally indistinguishable from the bulk. These
facts allow a direct determination of the electron es-
cape depth in terms of the metal d spacing without
the well-known problems associated with overlayer
experiments. For Au this value is measured to be
19+3 A at 1400 eV kinetic energy, in very good
agreement with independent estimates. The other
major result of this study is the determination of the
surface-atom core-electron binding-energy shift,
which arises from the band narrowing at the surface
and the attendant charge redistribution. The con-
nection between the valence- and core-electron
modifications at the surface is discussed in detail in
the following paper. ' For Au the value of the SCS,
h, b, is —0.40+0.02 eV, with the sign indicating a
lower binding energy for the surface component.

Once the fractional bulk and surface contributions
to the total core-electron signal are known for two
takeoff angles, they can be used to isolate the bulk
and surface contributions to the ualence-band spec-
trum. The process is again one of linear combina-
tion and requires no additional assumptions. It is,
in fact, a general procedure which should find its
way in future surface-atom studies of core and

valence photoemission in other systems. The results

obtained here for Au are illuminating, showing not
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only the anticipated density-of-states narrowing but
also a centroid shift towards EF which is compar-
able to the core-electron shift. This part of the
am+lysis directly exhibits the modifications in the
surface band structure responsible for the surface
core-electron shift.

The Cu core-level data do not contain sufficient
information to define the shapes of the bulk and sur-
face components individually. Following the results
obtained for Au, the Cu bulk and surface line shapes
were assumed to be the same and the assumption
tested by fitting two identical lines to the data. The
two-line fits to the Cu data were clearly superior to
the single-line fits, but the line-shape parameters
determined by the fits did not have adequate statisti-
cal significance. This problem was overcome by fit-
ting the data for all takeoff angles simultaneously,
so that parameters like the lifetime width and
surface-atom shift would have common values. A
we11-defined value of —0.24+0.02 eV for 6, b was
then obtained, and the surface-atom intensities again
indicated that the surface signal comes from only
the first atomic layer. Quantitative evaluation led to
an escape depth in Cu of 14+3 A at 550 eV kinetic
energy, also in good agreement with other deter-
minations.

It is worth noting that the ability to determine
LL, b for Cu is limited not by the instrumental resolu-
tion of &0.24 eV, but by the 2p3/2 Bole-state life-
time width I of 0.6 eV. It is a clear indication of
the power of simultaneous least-squares analysis
that a component shifted by only 0.4I could be es-
tablished with confidence.

In the case of Ag the individual data sets at dif-
ferent takeoff angles give no indication of the pres-
ence of a shifted surface component. They are each
well fitted by a single DS line shape. The only clue
to the presence of a surface component is found in a
small shift in line position and correlated with this,
a systematically increasing linewidth with takeoff
angle which is outside experimental uncertainties as
determined from analysis of narrower A12p data.
The shift information was used to determine the po-
sition of the bulk component. With this parameter
predetermined and fixed, a simultaneous fit to all
the data then yields a reasonably well-defined value
of —0.08+0.03 eV for h, b. Using the predeter-
mined value of the bulk binding energy leads to an

0

escape depth of —13+7 A, in agreement with a
theoretical determination. The relative value of 6, b

for Ag is only 0.3I and its absolute value is very
much smaller than that of Au or Cu. This is under-
stood in terms of the fact that the d band of Ag is
less strongly hybridized with the s-p conduction
band than are those of Cu or Au, i.e., it is more
corelike and less subject to charge redistribution at
the surface. This result suggests that metals like Zn,
Ga, Cd, In, Hg, and Tl should also have small
surface-atom shifts. A detailed discussion of shifts
in the noble and transition metals, as well as in the
free-electron-like and rare-earth metals, is given in
the following paper. '

One issue raised by the data analysis, which
remains largely unresolved, is the possibility that the
surface signal has greater phonon broadening than
the bulk. An attempt to include this feature in the
simultaneous fits was largely unsuccessful. In the
individual fits for the case of Au, the overall phonon
width did increase slightly as the surface signal in-
creased, but the scatter was comparable to the effect,
forcing us to conclude that we have no convincing
evidence for surface-phonon broadening in Au. For
the case of Cu no phonon broadening of any kind
was detected because of the large Lorentzian lifetime
width, which obscures small Gaussian phonon
broadening. Only for the case of Ag was there a
systematic increase in phonon widths with takeoff
angle which merits further consideration. In view of
the difficulty of the Ag analysis, however, it seems
prudent to consider this an open question in need of
further experimental investigation.

In summary, we have shown that the modifica-
tion of electronic structure at the surface of eva-
porated noble metals is confined to the first atomic
layer, have determined the shift in the core-electron
binding energy at the surface, and have shown it to
be a predominantly initial-state effect. For Au we
have also isolated the surface density of states and
shown that it is both narrowed and shifted toward
EF. Finally, we have used the relative intensities of
the surface and bulk signals to measure the escape
depth in terms of the metallic d spacing. Our
analysis procedures and conclusions are quite gen-
eral and should be applicable for studying both core
and valence photoemission from clean surfaces of
other systems.
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