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The binding energies of core electrons on Ne, Ar, Kr, and Xe implanted in Cu, Ag, and Au have

been measured by x-ray photoemission and are found to be 2—4 eV smaller in magnitude than the

corresponding binding energies obtained from gas-phase measurements. All implanted data have been

referenced to the vacuum level of the appropriate metal and are therefore absolute energies suitable for

gas-phase comparison. For a given noble-metal host, the magnitude of the binding-energy shift decreases

monotonically from Ne to Xe, while for a given rare-gas core electron the shift is largest in Ag and

smallest in Cu. Investigation of both these trends allows for the study of the two contributions

responsible for these shifts. First, the self-consistent potential experienced by the core level is changed

upon implantation (the initial state). Second, the polarization of metal-host electrons upon
photoionization (the final state) provides relaxation energy not present in the free atom. Both these

effects have been calculated using a model which represents the metal-host valence s electrons as free,
the host outer d electrons as a dielectric, and the neutral and photoionized rare gas by a
pseudopotential. The model is treated using a density-functional method that allows for both

self-consistency and nonlinear screening by the host electrons. All the parameters in the model are
empirically determined independently of the present experiment. The results show that the potential
shift and polarization energy are. of comparable magnitude and opposite sign, so that significant
cancellation occurs. The calculated trends in total binding-energy shift for the series of gases in each
metal are in excellent agreement with the experimental results, and the trends for each gas from metal

to metal are reasonably well reproduced. An essentially uniform discrepancy of 1.4 eV between the
absolute calculated and measured values is ascribed to limitations of the model and detailed knowledge
of the implantation-site geometry.

I. INTRODUCTION

The technique of x-ray photoemission spectros-
copy (XPS or ESCA) has progressed considerably
since the discovery of the chemical-shift phenom-
enon in 1964. ' New developments in x-ray mono-
chromatization and sample-preparation procedures
have enabled the measurements of binding energies
of core electrons in solids, 2 ga.ses and vapors, 3

molecular beams, and even liquids, ' to quite high
accuracy and have allowed one to distinguish, in
favorable cases, species in the same material that
are energetically inequivalent by only several
tenths of a volt. Commensurate with these exper-
imental developments has been a growing interest
in the calculation of core-electron binding energies.
The degree of sophistication required to adequately
keep pace with existing data has similarly pro-
gressed from simple frozen-orbital (Koopmans's
theorem') calculations to calculations of self-con-
sistent hole states. These latter methods,
while satisfactorily accounting for the polarization
of the passive electrons by the core hole in the fi-
nal state, are necessarily restricted to very sim-
ple systems such as atoms and ions ' ' or small
molecules. ' The question of how one may cal-
culate core-electron binding energies of atoms in
solids to a, reasonable degree of accura, cy while not
involving unreasonable computational time and dif-

ficulty is the subject of this paper. In order to ap-
preciate the approach to this problem, it is neces-
sary to outline briefly the major factors of consid-
eration.

The first is the initial-state Hartree potential of
the atom in the solid. Clearly it will be modified
in going from the free species to the solid phase.
This initial-state potential shift can, for example,
be a,s la, rge as tens of volts for a free ion being in-
corporated into an ionic crystal. Also, just as the
magnitude and sign of the charge on the ion deter-
mine the sign of the shift (e. g. , an electron in a
free Ca" ion is less bound in a CaF2 crystal by
-20 eV while an electron in free F is more bound
by -11 eV in the same crystal), so can the differ-
ent interactions of an atom with its solid host affect
the magnitude and sign of this potential shift.

The second point to consider is a final-state ef-
fect. Whereas passive electrons are polarized in
free atoms or ions upon formation of a hole state,
passive electrons from the surrounding solid en-
vironment may also be polarized. Here the effect
is always a lowering of the absolute magnitude of
the binding energy because, from energy conserva-
tion, the photoejected electron acquires the energy
lost from the passive electrons being polarized to-
wards the region of more attractive potential. The
significance of this effect in x-ray photoemission
was first appreciated by Hedin, who calculated
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from linear- response theory polarization energies
of conduction electrons in free-electron-like met-
als. The effects and calculations of polarization
energies were later shown to be important in x-ray
photoemission measurements of ionic crystals, ~

even though the passive electrons on the surround-
ing ions are highly localized.

The final factor to consider is the problem of
choosing a suitable and meaningful reference lev-
el. For pure metals in electrical contact with the
spectrometer, the Fermi level is a logical choice.
Knowledge of that metal's work function can, in
principle, determine its vacuum level as well. For
alloys, this becomes less practical due to a lack
of work-function data. For insulators or semi-
conductors under x radiation, the problem is fur-
ther complicated because the Fermi level in such
a nonequilibrium condition is not well defined.
Also, these samples may accumulate excess
charge and modify the core levels further still.

Realizing the significance of the above-mentioned
factors, the system chosen in order both experi-
mentally and theoretically to isolate them in a sys-
tematic Bnd well-definable manner was that of im-
planted rare gases in noble metals. The rare
gases, being closed-shelled atoms and thus chem-
ically inert, are minimally affected by implanta-
tion. Since accurate XPS data exist for these free
gases, it is then possible to isolate any effects
produced by the host solid in a way consistent with
the monotonic variations in the gas atom's size.
The noble metals are attractive hosts for a variety
of reasons. They are isostructural and isoelec-
trr nic with nonmonotonic lattice constants and work
functions, thereby readily lending themselves to
systematic investigation. Being metals whose
work functions are accurately known eliminates
the reference-level problem, provided the surface
purity of the metals is sufficiently high to ensure
implantation into the metal. In this regard, the
noble metals are ideal due to their relative chem-
ical inertness and thus their ability to be cleaned
and to remain clean during the course of the ex-
periments. Lastly, the essentially quasifree con-
duction s electrons in these metals permit itiner-
ant-electron assumptions in the calculation of their
response to the photoionized rare-gas atom. Thus,
it is seen that through comparison of free and im-
planted rare-gas electron binding energies as a
function of rare gas and metal host, it is possible
to study trends in both the initial-state potential
changes and the final-state polarization processes.

Results of the x-ray photoemission measure-
ments are presented in two parts in Sec. III. The
first contains a summary of conclusions regarding
the line shapes of the implanted photopeaks and
their relationship with linewidth and radiation
effects. A more detailed discussion of pertinent

line-shape information is given in Appendix A.
The second part of Sec. III compares the measured
binding energies of implanted rare-gas core elec-
trons with those of the corresponding free gases to
obtain the empirical binding-energy shifts. Sec-
tion IV, also in two parts, describes first an out-
line of the theoretical model and, secondly, the
appropriate choice of model parameters used to
calculate the binding-energy shifts. Details of the
method of solution employed in these calculations
are given in Appendix B. In Sec. V, results of the
calculations are compared with experimental re-
sults and implications of the agreement are dis-
cussed.

II. EXPERIMENTAL PROCEDURES

Rare-gas ions of 1.0 keV were implanted into
high-purity polycrystalline metal samples with a
conventional ion-sputtering gun. Rather high ion
doses, typically -10'6 ions/cm~, ensured that the
concentration of rare-gas atoms reached a level of
saturation. This was confirmed by channeling ex-
periments which are described in Appendix A.
Further discussion there is also given to the gas
concentration, range, damage, and lattice location
of the implanted ions.

The data used to determine the binding-energy
shifts were taken with a Varian IEE spectrometer
using Mg Kn radiation. ' In this instrument the
working pressure was never greater than 2x10 '
Torr. The surface purity of the metal hosts was
monitored before and after the sputtering proce-
dure, which served to clean the metals as well as
to implant the atoms. Immediately after sputter-
ing, oxygen contamination was not at all percepti-
ble in any of the metals. As a further check on the
possible effects of surface purity on these implan-
tation measurements, several measurements of
various implanted gases were repeated using a
Hewlett-Packard 5950A ESCA spectrometer in
which the working pressure was -10 Torr. Here,
as before, oxygen contamination was observed to
be negligible. Comparison of the binding energies
for both the host and implanted-gas electrons with
those obtained in the somewhat poorer vacuum
showed them to be in agreement to within 0. 15 eV,
even for those gases implanted in the comparatively
more reactive Cu metal. The importance of these
results is that implantation in the metal-not in a
surface contamination layer on that metal —is clear-
ly established. While recognizing that work func-
tions are sensitive to submonolayer coverages, it
should be emphasized that such work-function
changes due to surface impunties are immaterial
to the problem of choosing a suitable reference
level for the metal, so long as the metal is in elec
trical contact with the spectrometer. Further dis-
cussions of reference levels are given in Appendix B.
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III. RESULTS

A. Line shapes

The rare-gas core levels studied most in this
investigation were Ne 1s, Ar 2p, &~, Kr 3p3&2, and

Xe 3d, &, because they were the most intense.
Other weaker core levels gave essentially identical
binding-energy shifts, and these are discussed in
Sec. III B. En addition to the energy shifts, note-
worthy line-shape features were observed for the
core levels of the implanted gases and these fea-
tures were twofold. The first was a considerable
line broadening compared with widths of corre-
sponding lines observed in spectra of free gaseous
atoms. The second was a noticeable line asymme-
try which was observed only for Ne 1s electr ons
implanted in all three metals. Possible causes for
these results may be lifetime effects or effects
associated with multiple implantation sites in the
lattice. Both possibilities are considered sepa-
rately and in some detail in Appendix A. The con-
clusions of that discussion which are pertinent to
our analysis of binding-energy shifts are summa-
rized below.

(i) Core-electron linewidth broadening of im-
planted rare gases is not due to hole-state life-
time variations arising from chemically dependent
Auger transition rates. The exact source of the
broadening is presently unexplained.

(ii}' The average range of implanted atoms is
between 10 and 20 A, comparable to mean escape
depths for photoelectrons analyzed in these experi-
ments.

(iii) A steady-state concentration of implanted
atoms is reached in these experiments, which
amounts to about 1% total implant concentration.

(iv) For Ar, Kr, and Xe, "substitutional" im-
plantation associated with only a small fraction of
nearest-neighbor vacancies appears to describe
aptly the average configuration for each implant
site; for Ne implantation, such a description is
also applicable, but small clusters are apparently
formed in addition.

B. Binding-energy shif ts

As stated, the bulk of the data used in this work
were obtained with a Varian IEE spectrometer and
similar spectra from it have already been present-
ed in a preliminary report. " Typical spectra for
Ne and Xe implanted in Cu taken with a HP 5950A
ESCA spectrometer are given in Appendix A. The
Varian data, in which all cases of gases implanted
in metals were run at least twice, are reproduci-
ble to better than 0. 15 eV. In those cases for
which comparison with the HP data is possible,
similar reproducibility was obtained. Data from
both instruments were analyzed with a nonlinear
least-squares fitting procedure using line shapes

TABLE I. Summary of data (in eV). ~

Host

Cu

Ag

Au

Gas

Ne
Ar
Kr
Xe

Ne
Ar
Kr
Xe

Ne
Ar
Kr
Xe

E+(impl)b

862. 18(4)
241. 09{7)
207. 27 (6)
669. 58(2)

862. 38 (10)
241. 19(3)
207. 60(5)
669, 62 (12)

861.56 (7)
240. 26 (4)

—d
668. 89(8)

F
&e~t

8. 19(11)
7. 53(11)
7.28 (16)
6. 82(15)

7. 99(13)
7.43 (11)
6.95(16)
6. 78 (19)

8.81(10)
8. 36(9)

~ ~ ~

7. 51(17)

V c&e~t

3. 54(12)
2. 88(12)
2. 63(17)
2. 17(16)

3.99(20)
3.43(19)
2. 95(22)
2. 78 {24)

3.71(19)
3.26(17)

~ ~ ~

2. 41 (23)

*Numbers in parentheses represent uncertainties in
last digit(s).

bBinding energy measured relative to Fermi level of
host.

~Defined in text.
'Kr could not be successfully implanted in Au.

adjustable between Gaussian and Lorentzian. Ex-
cept for the case of neon, all data were fitted with
one peak. For Ne, the strong asymmetry observed
suggested at least a two-peak fit. Discussion in

Appendix A of the cause for this asymmetry further
suggested the use of only the more-intense lower-
binding-energy component for Ne in our analysis.

The binding energies determined from the fits
are listed in Table I under Ea(impl) and are the
average values for all the runs. The errors, in
parentheses, calculated by statistical laws, include
the deviations from the mean value as well as the
standard deviations from the fitting procedure. The
superscript notation Ea(impl) refers to the Fermi
level of the metal host which was used as the zero-
binding- energy ref erence.

If we compare the binding energies Es(impl) with
the corresponding binding energies in the free gas-
eous atom Es (gas), it is seen that the former val-
ues are considerably smaller in magnitude. (We
remind the reader that in this and other discus-
sions, binding energies shall be discussed in terms
of absolute magnitudes, e. g. , 1s electrons have
higher binding energies than 2s electrons. ) The
superscript for the values of Ea (gas), which were
taken from Siegbahn eg al. ' and Johannson et al. ,
denotes the vacuum reference level. Values of the
experimental binding-energy shift 4,„„,defined by

b,„„=Ea (gas} —Es(impl),

are given in the rniddle column of Table I. Here,
the uncertainties, in parentheses, also include
those associated with Esv(gas). '~ We have plotted
4~„„for the different noble metals and gases in
Fig. 1(a). Before discussing these results it must
be realized that because different reference levels



10 MEASUREMENT AND CALCULATION OF POLARIZATION AND ~ . ~ 4951

TABLE II. Implanted-rare-gas cavity radii, crystal
radii, and van der Waal's radii (in A).

Gas in Cua in Ag, Au~ Crystal Lennard- Jones

Ne 1.81 1.91 1.60 1.57

Ar 2. 09 2. 17 1.92 1.92

Xe

2. 18

2.30

2. 29

2. 40

2. 02

2. 21

2. 02

2.27

This work.
R. G. Wyckoff, Crystal Stmctures, 2nd ed. (Intersci-

ence, New York, 1963), Vol. 1.
'J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird,

Molecular Theory of Gases and Liquids (Wiley, New
York, 1954).

In choosing a theoretical method appropriate to
the goals of this investigation, several considera-
tions influenced our decision. First, it was decid-
ed that direct calculations of the core levels in a
solid environment could not be carried out with
sufficient accuracy to give a useful comparison
with chemical trends in a series of measurements.
This suggested that the largest closed-shell (rare-
gas atom or metal ion) configuration be used as a
reference, whose core level energies could be de-
termined experimentally. Only changes in these
energies due to electrons outside the closed shell
would be calculated.

The fact that only the valence electrons were to
be explicitly considered in the calculations strongly
suggested the usefulness of pseudopotentials in de-
scribing the interactions of the reference closed-
shell core with valence electrons. ~8 Wide experi-

are used to determine 4~~„these are not very
physically meaningful numbers. It is therefore
desirable to use a common reference, which we
take as the vacuum level. (This point is discussed
further in Sec. IVB and Appendix B, ) Since

Ea(impi) =Eg(impl)+ W„
where g„is the work function of the metal sample,
the binding-energy shift to be studied is &,„„,

, = Ea (ga s) —Ea (impl) .
The shifts ~„,, were determined using Eastman's
values of W„for clean polycrystalline Cu, Ag, and
Au which are, respectively, 4. 65 + 0. 05, 4. 0 + 0.15,
and 5. 1+0. 1 eV. ' These shifts are given in the
last column in Table II and are plotted in Fig. 1(b).
The so1.e purpose for introducing 4,

„„

is to empha-
size the importance of selecting appropriate refer-
ence levels and to illustrate the various sources of
uncertainty introduced in determining 4,„„.

IV. CALCULATION OF BINDING-ENERGY SHIFTS

A. Theoretical model
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FIG. 1. (a) Experimental binding-energy differences
between gaseous and implanted rare-gas core electrons.
The Fermi and vacuum levels are the zero-binding-ener-
gy references for the implanted and gaseous atoms, re-
spectively. (b) Absolute experimental binding-energy dif-
ferences, using common vacuum-level reference.

ence with pseudopotentials in solid-state calcula-
tions has indicated that a pseudopotential whose
parameters are adjusted to fit the energy levels
in one situation, say a particular solid or the atom,
does a good job in all other situations. This trans-
ferability of pseudopotentials makes them particu-
larly suited to the questions of binding-energy
shifts addressed here.

The second major decision required was how to
calculate the response of the valence electrons,
which in the cases considered were conduction
electrons in metals. The possibility of a full self-
consistent quantum- mechanical calculation was
dismissed, since this would be comparable to such
a calculation for a realistic model of an impurity,
and the state of the art in this area is not very ad-
vanced. The simplest alternative considered was
the use of linear-response theory, which has been
applied to this problem in the past. This method,
however, gives a distribution of screening charge
for the photoionized atom that depends only on the
average conduction-electron density, and there-
fore neglects most of the effects which can give
rise to the chemical trends in the shifts in a given
series.

A second method which has been applied makes
use of atomic wave functions for the screening
charge, extending a. method developed for free
atoms to the case of atoms in metals. The screen-
ing charge is considered to occupy the lowest un-
occupied wave function calculated for the atom one
to the right of the photoexcited atom in the Periodic
Table. ' ' While this latter method builds in de-
tails of the screening cloud near the nucleus more
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accurately than linear-response theory, it gives a
number that is independent of the chemical environ-
ment of the photoexcited atom-the only role played
by the host is that of an electrical conductor capa-
ble of supplying the additional electron. This
method also fails to provide a means of calculating
the shift in binding energy due to the change in ini-
tial-state potential at the core produced by the com-
pression of the valence wave functions in going
from the atom to the solid.

The most suitable compromise, it was decided,
was to apply a density functional method. In such
a calculation, the total energy of a system is ex-
pressed as a functional of the electron density n(x),
and the density is varied, subject to a constraint on
the total number of electrons, to achieve the mini-
mum value of the functional. 32 The interactions of
the electrons with an external potential and the
average electron-electron Coulomb interactions
are, of course, exactly expressed as functionals
of the density. The quantum-mechanical quantities
such as the zero-point kinetic energy, the exchange
energy, and the correlation energy can only be ap-
proximated by a density functional. One such ap-
proximation, which has been widely used in atoms,
has recently been shown to give good results when
used in combination with pseudopotentials for the
lattice constants and compressibilities of a large
number of solids. This is known as the Fermi-
Thomas-Dirac-Weizsacker method.

The total energy in this approximation can be
written

P

E=
l f[n(r)]dr ——,'e [n(r) —n, (r)] V, (r)dr, (4)

where n(r) is the electron density, n, (r) is the dis-
tribution of positive charge (assumed fixed), V, is
the electrostatic potential, and f represents the re-
maining energy terms. We follow the convention
that V, is electrostatic potential, so that the poten-
tial energy felt by an electron is —eV„where e is
the magnitude of the electronic charge. With this
convention, V, is given by the solution of Poisson s
equation

V V, (r) = 4ve[n(r) —n, (r)]. (5)

The function f has the form

I Vn jf=c n +~ —c n —enV
4 n

where c„=~0(3v )~ Bh /m, c~ = k /2m, and c, = 4

(3/v)'~~e2. The n5~3 term is the leading kinetic-
energy term, based on a uniform electron gas, and
the V'n term is the von Weizsacker correction which
represents the extra cost in kinetic energy neces-
sary to have the density vary rapidly. The n
term represents the exchange and correlation ener-

gy, and the V~, term, the interaction with the pseu-
dopotential,

In the x-ray-absorption process, we single out
the atom which is photoionized. The induced
screening charge in the final state, which is respon-
sible for the relaxation energy, will be localized
near this atom. It is clear that we must take the
pseudopotential of this atom accurately into account
if we wish to describe trends in the relaxation en-
ergies. The remaining atoms in the solid have less
contact with the screening cloud, however, and
their pseudopotentials should have less effect. This
suggests that it should be a good approximation to
replace all but the photoexcited ion by a uniform
positive background, the so-called jellium model.
Of course, an appropriate amount of positive back-
ground must be excluded from the vicinity of the
atom whose potential we treat in more detail, to
avoid double counting. A spherical cavity of radius
Ro is introduced for this purpose. This approxi-
mation makes possible a spherically symmetric
geometry, and greatly simplifies the variational
problem of finding the density, which minimizes
the energy functional.

For the case of the noble metals, Cu, Ag, and

Au, it is not clear that the jellium characterization
is entirely adequate. The d states, while complete-
ly filled, lie near the Fermi energy and are polar-
izable. They could thus produce a significant po-
larization energy even in the absence of mobile
screening charge. To approximate this effect, a
uniform dielectric is assumed to exist coincident
with the positive background. The Coulomb-inter-
action part of the energy functional must be suitably
modified to take this into account. This can be done
by dividing the right-hand side of Eq. (5) by the
dielectric constant e~ for r& Ro. The boundary
conditions on V, at Ro are given by the usual rules
of elementary electrostatics at dielectric surfaces,
and Eq. (4) remains the correct expression for the
energy. We have not modified the exchange-cor-
relation term to include the dielectric on the
grounds that the long-range zero-frequency d-band
dielectric function is not appropriate to the short-
range and large virtual energy transfers associated
with these processes among the s electrons. A
more sophisticated treatment of this question is
certainly beyond the purview of the present study.
Values for the interband dielectric constant e„in
Cu and Ag have been extracted from optical and
ultraviolet spectroscopic measurements and are
discussed in Sec. IVB.

Two pseudopotentials must be chosen to represent
the rare-gas atom, one for the initial ground state
and a second for the photoionized state. The rare-
gas atom with a core hole is analogous to an alkali
ion, and for this case the simplest choice is the
Ashcraf t pseudopotential '
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0, r&R,
V„(r)=

e/r, r& R„
where the single fitting parameter R, can be loosely
interpreted as the core radius. This form of pseu-
dopotential has been used successfully in combina-
tion with the functional method adopted here. The
presence of the dielectric for r& Rp modifies V~
from its conventional form given above, and we in-
stead must use the expression

—(e/Ro)(1 —1/e~), r & R,

V~, (r) = e/r (e/R-, )(l —1 /e~), R, & r&R, (9)

e/e, r,

For the initial state of the rare-gas atom, we
expect a short-range repulsive pseudopotential.
We believe that the best simple choice is a "soft-
core" square barrier. While the height and radius
of this barrier could be chosen independently, we
have simplified this pseudopotential to contain only
a single parameter by relating the barrier height
and the core radius in the same way as they are
related for the Aschroft potential,

-e/R„r& R,
Vp, r=

0, R, &~.
(9)

B. Model parameters

The calculations described in Appendix B have
been carried out for rare-gas atoms implanted in
Cu, Ag, and Au. The parameters needed for each
calculation are the pseudopotential parameters,
the effective cavity radius, the average electron
density, and the interband dielectric constant.

Free rare-gas atoms act on low-energy electrons
as repulsive hard-core scatterers with a weak but
long-range attractive tail due to induced polariza-
tion. The interaction of these two factors domi-
nates in scattering experiments. In a metal, the
weak attractive tail will be negligible because of
screening, and only the repulsive core will be im-
portant. This term may be isolated b~ looking at
Hartree-Fock calculations of electron-rare-gas
scattering. These calculations have been carried
out for Ne and Ar, but not for Kr and Xe. For the
photoionized atoms, of course, no such calculations
exist. It is reasonable to assume, however, that
a rare-gas atom with a core hole will act much as
the ion of the corresponding alkali metal to its right
in the Periodic Table. Ashcroft "core" radii R,
have been obtained describing all these ions from
solid-state data, and we use the values 0.88, 1. 12,
1.44, and 1.55 A for Na, K, Rb, and Cs, respec-
tively. ~8

1-a e
V» = Vy Vp~ (10)

where v» is the effective volume of the alkali in the
alloy, v, is the atomic volume of the pure alkali,
and v2 is the atomic volume of the noble metal.
The choice @=0.36 fit the Au data well, and this
formula was used to generate the volumes for Cu.
Since v2 is the same for Au and Ag, the same vol-
umes were used for both. The corresponding cav-
ity radii are given in Table III. It is interesting
that these empirically determined cavity radii do
turn out to be similar to the experimental crystal
and theoretical van der Waal's radii; these latter
values are also given in Table II for comparison.

The contribution of the filled d shell to the static
dielectric constant &„for Cu and Ag was deduced
from optical and ultraviolet absorption measure-
rnents. Because these data were not available
for Au, an empirical procedure was devised to es-
timate &,. The dielectric constant can be repre-
sented by the expression

The neutral-rare-gas model potential, Eq. (9),
was fitted to the Hartree-Fock scattering calcula-
tion for Ne and Ar. The core radii obtained in this
manner were within 4/o of the corresponding alkali
core radii in both ca,ses. This correlation was con-
sidered sufficiently good to use the potential in Eq.
(9) with the alkali Ashcroft radii to represent all
the neutral rare gases. We did not make the small
corrections required to adjust the neutral model
radii to exactly fit the scattering calculation for
Ne and Ar since we could not make corresponding
corrections for Kr and Xe.

The choice of radii Ro for the spherical cavities
in the positive background was not straightforward
for the implanted rare gases. Simply using the
Wigner-Seitz radius of the metal atom gave an un-

physically small number. On the other hand, using
a radius based on the rare-gas atom alone fails to
account for the fact that a given atom produces a
larger strain in Cu than in Ag or Au, and therefore
should produce a relatively smaller cavity. It was
felt that a better estimate could be obtained by
using the rare-gas-alkali analogy further, and ex-
amining data on low-concentration alloys of alkalis
in the noble metals. We found that only Au dis-
solved all the alkalis, and that each alkali atom
expanded the lattice considerably. " We chose a
jellium cavity volume equal to the effective volume
per alkali atom in the dilute limit. This should
give a slight underestimate, since the neutral rare
gas is more repulsive than the alkali, but the dis-
crepancy is surely beyond the absolute accuracy of
the model.

For the other cases, data existed only for Na in

Ag, and its effective volume was essentially equal
to that of Na in Au. For the remaining cases, we
devised a one-parameter empirical scaling law
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TABLE III. Conduction-electron Wigner-Seitz radius
r~, d-band dielectric constant cz, and calculated surface
electrostatic dipole potential D.

Metal

Cu

Ag

Au

1.41

1.59

1.59

4. 6'
4a

D(eV)

5. 9

4. 6

4. 6

Reference 38.

e„=1+Ku. /E„
where (d~ is the free-electron plasma frequency for
the average density of the electrons in question,
and E~ is an average interband energy gap. Equa-
tion (11) is best regarded as a definition of E . We

calculated E~ for Cu and Ag from the published &~

values, and noted that this energy was approxi-
mately four times larger than that of the first peak
in the interband absorption spectrum. This much
of the spectrum is available for Au, so the same
relation was assumed to hold. The deduced d-band
dielectric constants are given with the others in
Table III.

As discussed in Appendix 8, the "natural" refer-
ence level for the theoretical calculation is the
average internal electrostatic potential of the host,
To compare this reference energy with an experi-
mentally meaningful reference energy, it was de-
cided to use the vacuum level, which involves com-
puting the surface dipole, rather than the Fermi
level. There are two reasons for this choice.
First, the effects of the s-d hybridization in these
metals makes the relation between the Fermi level
and the average internal potential a very difficult
quantity to estimate. Certainly the jellium result
is not valid for this quantity. Second, the cavities
around the rare-gas atoms are rather large, so a,

substantial fraction of the dipole that would form at
a free surface forms between the metal and the
rare-gas atom. Therefore, errors in computing
the vacuum potential relative to the internal poten-
tial (i. e. , the free surface dipole) should at least
partially cancel against corresponding errors in
computing the initial-state energy of the rare-gas
core level relative to the average internal poten-
tial. The dipoles were calculated using exactly
the same theoretical methods, and in fact the sa.me
computer program. The rare-gas atom was sim-
ply removed from the cavity, and the cavity radius
Rp was allowed to become large. The potential at
the cavity center then asymptotically approached
the vacuum potential. The calculated dipoles are
given in Table III.

The dipoles we calculated are significantly larger
than those of Lang and Kohn for the noble metals. "

There are several reasons for this discrepancy.
First, the density functional method used here is
less accurate for the kinetic energy than the com-
plete self-consistent solution of Schrodinger's
equation carried out by Lang and Kohn. Second,
a simpler expression for the exchange and corre-
lation potential is used here. Finally and perhaps
most importantly, the model used here differs
through the inclusion of the d-band dielectric re-
sponse &„. Dipoles calculated with actual &~ values
were (20-30)% larger than dipoles calculated with
~, =1.

The calculations we have described were carried
out for each pair of implanted gas and host for the
initial state (repulsive pseudopotential) and final
state (Ashcroft pseudopotential). The self-consis-
tent charge densities which minimize the energy
functional in the initial and final states are illus-
trated by the case of Ne implanted in Cu shown in
Fig. 2. It was observed%hat the results were
about comparably sensitive to similar changes in
the parameters r„R„andRp. Actual values of

R, and Rp tended to be correlated since both are
increasing functions of the size of the implanted
atom. The results were less sensitive to changed
in e~ in the range spanned since the relevantparam-
eter is really E„',which was small in all cases.
The results for the binding-energy shifts, broken
down into polarization energy and potential-shift
contributions, are shown in Fig. 3.

V. DISCUSSION

The primary goal of this work was to investigate
systematically the factors responsible for deter-
mining the binding energy of electrons on atoms
in solids. These factors have been classified into
two terms: the initial-state potential and the final-
state polarization energy. Although it has been
shown in Appendix B that this separation is unnec-
essary for the actual calculation of binding energies
in solids, we shall continue to discuss the results
of our analysis along these lines because a valid
physical distinction exists between the two effects.

A comparison of the experimental binding-energy
shifts referenced to the vacuum level, 4,~„and
the calculated shifts referenced to the same level,
4,~„aresummarized in Table IV and shown in
Fig. 4. On the first level of comparison, we see
that the calculated relative shifts for different
rare gases in a given metal host are in excellent
agreement with the experimental values. For ten
of the eleven cases studied (Kr in Cu not included),
the calculated shifts are in agreement to within
-0.3 eV. The mean of the discrepancies between
the calculated and experimental shifts is only
0. 19+0. 13 eV for these ten cases and only 0. 25
+ 0. 21 eV for all eleven. The significance of this
result is that it puts on firm ground our choice of
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I.O Ne in Cu TABLE IV. Comparison of experimental and calculated
binding-energy shifts b, (in eV).

O
C

C

~ 05
Z
4J
Cl

Z
O0'

4J
LJJ

0
/ Ne Core/+

0 0.88A

RADIUS

Y/pcu/g
1.82 A

FIG. 2. Copper conduction-electron density before and

after photoionization of Ne 1s electrons. The integrated
difference between the two curves is one electron.

cost

CU

Au

Gas

Ne
Ar
Kr
Xe

Ne
Ar
Kr
Xe

Ne
Ar
Kr
Xe

2. 29
1.60
0. 71
0. 61

2. 56
1.98
1.19
1.06

2. 54
l. 95
1.19
1.04

3. 54
2. 88
2. 63
2. 17

3.99
3.43
2. 95
2. 78

3. 71
3.26
~ ~ ~

2. 41

1.25
1.28
1.92~

1.56
1.36 + 0. 14

1.43
1.45
1.76
I.72
1.59+ 0. 17

1.17
1.31

1.37
l.25+ 0. 11

Q =1.40+ 0. 17

model potentials for the rare-gas atoms and ions
and for the sizes of the implantation cavity radii
used in the calculations.

The physical interpretation of the actual trend
in relative binding-energy shifts may be under-
stood through inspection of Fig. 3, in which the
polarization-energy trends are seen to be more
important than those of the potential-energy shifts
in a given host. This is perhaps not surprising,
for it is expected that the smaller Ne ca.vities
should allow a more compact screening cloud than
the larger Xe cavities, and that this effect should

U

(n -20z

W

LLJ

UJ

o -30

//I
/ //

//
/I

/I
CI

/ I
C /I

I I
/I

/

I/
/I

Ne
Ar

Xe
Kr

O
I—

CL

O
CL

30—

'~---- ~ Ne

~,

+----+ Ar

Kr

w----+ Xe

Cu Ag Au

(o)

Cu Ag Au

(b)

FIG. 3. Polarization and potential-energy contributions
for the implanted gases in the noble metals. The poten-
tial shift is the change in the initial-state Hartree poten-
tial of the core levels due to implantation in the metal
host, and tends to increase the magnitude of the binding
energies. The polarization energy is the apparent de-
crease in the magnitude of the binding energies due to
the response of the host electrons to the presence of the
final-state core hole.

'This value not included.
"Kr could not be successfully implanted in Au.

dominate differences in cavity "surface" dipoles.
The trend with cavity size can be understood semi-
quantitatively in terms of a, simple image-potential
model. If the internal "surfa, ce" of the metal-host
cavity is replaced by an ideal conducting sphere
of slightly smaller radius, ~ R,«, classical elec-
trosta. ties gives the relaxation energy as e2/2R, «,
which compares well with the results of our de-
tailed calculation. To understand the smallness of
the changes in initial-state potential, we note that
the cavity radii are several times the characteris-
tic decay length of the cha, rge at a, free metal sur-
face of simila, r electron density. Therefore if the
cavity were empty, the potential would nea, rly reach
the vacuum level. The presence of the repulsive
rare-gas atom makes the buildup of surface dipole
at the cavity surfa, ce less complete, but the repul-
sive model potential is relatively sma, ll compared
to the cavity radius, and much of the dipole re-
ma, ins.

On the second level of comparison of theory and
experiment, we look at the absolute values of the
binding-energy shifts. This comparison, given in
the last column of Table IV, shows the calculated
values for all cases to be smaller than experimen-
tal shifts by an essentially constant amount. The
mean discrepancy of all shifts is 1.40 eV, with the
rms of this deviation being only +0. 17 eV. There
are two physical effects that have been neglected
which could give rise to such systematic error.
The first is the intrinsic limita, tion of the jellium
model for the description of the noble metals. '
While the approxima. te inclusion of the d-band
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FIG. 4. Comparison between experimental absolute
binding-energy shifts and total calculated shifts. The
absolute scale of (b) is offset from that of (a) by 1.40 eV.

polarizability corrects one defect of simple jellium,
the omission of s-d admixture is undoubtedly seri-
ous. Our model tends to overestimate the work
function, and presumably the surface dipole. Since
the potential contribution to the binding-energy
shift can be considered a fractional change in dipole
between a real surface and the cavity "surface, "
a decrease in the magnitude of the dipole would
improve agreement. The second effect is the pos-
sible chg.nges in the outermost rare-gas wave func-
tions. We have included the repulsive interaction
between these and the host conduction electrons,
but only permitted the conduction electrons to re-
spond. Since the rare-gas electrons are not, in
fact, perfectly rigid, they would be expected to
compress slightly. This would increase the intra-
atomic Coulomb interactions in the initial state,
and therefore decrease the magnitude of the binding
energy. The concomitant increase in the intra-
atomic relaxation would also be in the right direc-
tion, but undoubtedly small compared to the initial-
state effect. In light of the uncertainties about the
detailed atomic arrangement near the implantation
site, the considerable computational effort involved
in attempting to remove these sources of systemat-
ic error seems unwarranted at present.

The final comparison of experiment with theory
is seen from inspection of the relative trends for a
given rare-gas atom in different metal hosts,
shown in Fig. 4. From this figure it is seen that
the nonmonotonic trend of shifts in going from Cu
to Ag to Au is reasonably reproduced by the calcu-
l.ations, although somewhat less satisfactorily for
Ag to Au. The reason for this is obvious from Fig.
3(b), in which it is seen that the potential shifts
for Ag and Au are calculated to be about equal due

to their similar lattice constants. However, it is
known that their work functions, which are in large
measure determined by their surface dipoles, are
different by as much as 1 eV. ~' The surface dipoles
of these metals presumably differ this much be-
cause of differing s-d admixture, a phenomenon
beyond the scope of our model. It is significant,
however, that the most dramatic change in surface
dipole between Cu and (Ag, Au) is reproduced. The
physical basis of this is simply the greater conduc-
tion charge density due to the smaller lattice con-
stant of Cu. The point to stress here is that if we
had simply considered the polarization energies
and did not include the potential shifts-however
crudely calculated —the trend of calculated shifts
would be in the exact opposite direction from that
experimentally observed. Furthermore, the cal-
culated shifts in the absence of potential considera-
tions would overestimate the observed shifts. Thus,
the importance of considering both initial- and fi-
nal-state effects is clearly demonstrated.

A general assessment of the agreement of our
theory with experiment shows it to be quite satis-
factory. This becomes particularly clear when it
is realized that the theoretical values represent
differences between larger numbers coming from
separate effects whose magnitudes, in some cases,
are of comparable value. It should further be real-
ized that the relative degree of agreement, of the
order of tenths of volts, is most gratifying, espe-
cially in view of the uncertainties inherent in the
experiment itself and the consequent uncertainties
imposed in the choice of model parameters. (Re-
call that all model parameters were determined by
data entirely independent of the present experi-
ments. ) Perhaps most significantly, our method
includes both initial- and final-state effects on
core-electron binding energies through calculations
that are both physically reasonable and computa-
tionally expedient. This fact, coupled with its in-
herent feature of treating the nonlinear response
of the polarized electron medium, makes this
method nicely suited for systems in which the in-
teractions of atoms with solids are better defined.
Examples of this will be t,reated in a separate
work. 3
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APPENDIX A: LINE SHAPES OF IMPLANTED-RARE-GAS

CORE ELECTRONS

Lifetime effects

The mechanism primarily responsible for decay
of core hole states bound by & 1 keV is emissionof
Auger electrons. It has been recently shown that
the lifetimes of core hole states which decay via
Auger transitions involving valence electrons on
the hole-state atom in question depend on the chem-
ical nature of that atom. ' ' Since the noble-gas
atoms have closed-shell configuarations, it would
be expected that the chemical nature of their va-
lence shells, and thus the lifetimes of their valence
and penultimate (t. e. , least-bound core) levels,
would be little affected by implantation. An alter-
nate Auger mechanism that has been recently dis-
cussed involves transitions from valence electrons
associated with nearest-neighbor ligands to the
hole-state atom. In the case of implanted rare-
gas atoms, the interatomic transitions of most
importance would involve the decay of rare-gas
valence hole states V~G by annhilation and ejection
of metal valence electrons V„;in Auger notation
this is denoted by V„GV„V~'.For a rare-gas pen-
ultimate-core hole state C„G, interatomic transi-
tions of the type C„GV~GV„might occur, although
simple intra. -atomic processes C„GVR-, VRG would be
expected to dominate since the rare-gas electron
configuration is closed shell. In principle, it
should be possible to test the importance of inter-
atomic effects through XPS linewidth analyses of
valence and penultimate levels. Unfortunately the
intensity of the rare-gas valence electrons are
quite small and, more importantly, their detection
upon implantation is obscured by the metal d bands.
On the other hand, the penultimate levels in the
rare gases, viz. , Ne 1s, Ar 2p3&» Kr 3d5&» and
Xe 4d5&» do not suffer from these experimental
difficulties, so the following test was performed.

The linewidths of both the Xe 4d5
& ~ and Xe 3d»z

levels were measured in the gaseous and implanted
cases. These levels were chosen because both are
intense enough to obtain good statistics in reason-
able counting times. The implanted xenon was
studied in copper metal because there was no ob-
struction of the xenon core levels by those of that
host. Gas-phase date for Xe were taken with a
nonretarding electrostatic cylindrical mirror ana-
lyzer using Al Kz radiation, while the implanted
data were taken with the HP 5950A ESCA spectrom-
eter using monochromatized Al Ka radiation.
These latter data are shown in Fig. 5. The total
measured linewidths, as determined from least-
squares fits, and the widths of the lines after re-
moving the instrumental and incident radiation
widths4 3 are compared for both sets of data in

Table V. The errors in parentheses represent the

s r s
I

v & 1
I

I & s r

I
r a s a

xe 4d5&
in Cu

675
I I I I I I I I Q 4 k I I I I I I I I I I I

670 665 65 60 55

BINDING ENERGY, Ez (eV)

uncertainties associated with the fitting and instru-
mental subtraction procedures. 4

Inspection of the intrinsic widths for the gas-
phase data show the Xe 3d, &,-hole width to be
broader than that for Xe 4d5~~-hole, as expected.
While this trend is also observed for the "intrin-
sic" widths of the implanted gases, we see that the
Xe-3d-Xe-4d width difference is much smaller and
that, more importantly, both these "intrinsic"
widths are significantly broader than those in the
gas phase. This result, it should be noted, is
relatively insensitive to minor changes in the as-
surnptions used in the instrumental subtraction
procedures. Since lifetime effects should have
little affect on the deeply bound Xe 3d levels, non-
lifetime broadening mechanisms present in the
implanted case but absent in the gaseous case are
strongly suggested.

We may estimate the magnitude of this addition-
al broadening by assuming that it is Gaussian (it
is not lifetime related) and by assuming that the
intrinsic widths determined from the gas-phase
data are applicable to the implanted atoms. Using
procedures discussed in Ref. 49, the total Gaussian
component (including the Gaussian instrumental
contribution) is determined; subtracting the in-
strumental width from this then gives the addition-
al Gaussian broadening which is set out in the far
left-hand column of Table V. We see that this
latter contribution, of the order of 0.8-0.9 eV, is
larger than the intrinsic widths of either core va-
cancy and is about the same magnitude for both
levels. One possible source for this broadening

FIG. 5. X-ray photoemission spectra of core levels
of xenon implanted in copper. The linewidths at full Width

at half-maximum were determined by least-squares fits
and include instrumental and other broadening contribu-
tions.



4S58 P. H. CITRIN AND D. R. HAMANN 10

TABLE V. Linewidths of gaseous and implanted Xe (in eV). ~

Electron Expt Intrinsic'

Xe 4d / 1.37(4) 0. 10(9)

Xe 3dg)2 1.52(2) 0. 65(10)

Exptd

1.12(3)

1.41(2)

O. 79(6)

1.14(4)

1.o6Q. o)

1.03(9)

Implanted'
"Intr insic'" Gaus sian Additionalg

o. s9(14)

o. s4(13)

~Numbers in parentheses represent uncertainties in last digit(s).
"Data taken with cylindrical-mirror analyzer, Ref. 48.
Implanted in Cu, Data taken with HP 5950A ESCA spectrometer.
Fotal measured linewidth at full width at half-maximum determined by least-

squares fit includes instrumental and exciting radiation widths.
'Intrinsic width of hole state. Instrumental and radiation widths have been re-

moved by procedures described in Ref. 49.
Total Gaussian component of experimental (Expt) width including instrumental

contributions assuming intrinsic width of hole state in gas phase.
~Additional Gaussian component not including instrumental width.

may arise from multiple implantation sites asso-
ciated with the metal lattice, and this possibility
is considered in the next subsection. (We should
also mention that core-level broadening has been
observed in x-ray photoemission spectra of other
solid-state materials in which spurious or experi-
mental effects are not present. ) Owing to the
uncertainty of the exact lattice location of the im-
planted atoms, however, we cannot rule out exper-
imental effects in these experiments. Nevertheless,
we can safely say that lifetime effects associated
with interatomic Auger transitions are certainly
insignificant compared to this additional broaden-
ing. In order for such Auger transitions in the
implanted gases to be firmly established, careful
analyses of low-kinetic-energy CVVAuger spectra
must be performed.

Radiation effects

Upon implantation of impurity ions into a target
metal, point defects (interstitials and vacancies)
and extended defects (dislocations and clusters)
are readily formed. A central question to this
study is how these defects might affect the inter-
pretation of the observed line shapes and binding-
energy shifts. Before attempting to answer this,
one must first determine the configuration of the
metal atoms with respect to the implanted atom.
A wide variety of data has shown that the degree
of damage associated with the implantation pro-
cedure depends not only on the interactions be-
tween implant and target, but also on such factors
as the ion dose, the energy of implantation, and the
temperature of the target. ' Specific information
about the lattice location of the implanted impurity,
which may depend on the target crystal structure
and the solubilities and relative sizes of the im-
planted and target materials, is very scant owing
to the limited techniques available for suc'. ~. prob-
ing. In view of either the paucity or complexity

of the data necessary to answer the question at
hand, therefore, some reliance on extrapolation
is clearly required.

The average range of the implanted atoms is
determined from the theory of Lindhard, Scharff,
and Schiott (LSS), which predicts average ranges
for ions in polycrystalline targets that are in very
good agreement with existing experimental data"'
and which are reasonably linear with ion-bombard-
ment energies. Extrapolating from this theory
to the appropriate ion-energy region in these ex-
periments gives ranges that span from - 20 A for
Ne in Au to -11 A for Xe in Au, with similar ranges
for Cu and Ag. These values are comparable to
the mean escape depth for the photoelectrons in-
vestigated. ' These extrapolated range values are
also consistent with our observation that after se-
quentially sputtering a particular metal target with
different rare-gas ions, no evidence was seen in
XPS spectra for the previously implanted gases.
For example, a sputter yield of -3 atoms/ion for
1-keV Ar ions' bombarding Cu at an ion dose rate
of 1.5x10'3 ious/cm~ sec corresponds to a removal
rate of -5x10'~ atoms/cm sec, or about two mono-
layers per minute. For total ion doses of -10'
ions/cm, about 20 monolayers have been removed,
well over the ra, nge of these ions.

In addition to the depth profile of the implanted
atoms, it is also important to know the damage
profile associated with these atoms. To attempt
to answer this and related questions, channeling
experiments with 1.8-MeV He were performed on
single-crystal Cu implanted with Xe under condi-
tions very similar to those in our XPS experiments.
The following channeling results were observed:
(i) The Xe dose saturated at 2x10' ions/cm~. (ii)
The total damage in the crystal ' corresponded to
a thickness of -6-7 A or -2. 5 monolayers of Cu.
(iii) There were no orientation effects of the damage
in either the (110) or (100) directions. It should
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be noted immediately that the channeling technique,
which has a depth resolution of -200 A and mea-
sures only the total number of atoms displaced
from channeling directions, is not a very useful
probe of short-range-order or near-surface ana-
lyses. Nevertheless, some important information
is provided by these results.

From the first result, we learn that saturation
is easily achieved at the ion doses used, thereby
ensuring reasonably reproducible conditions upon
minor changes in total dose and sputtering geome-
try, as observed (see Sec. III B). Assuming the

extrapolated LSS most probable range for 1-keV
Xe in Cu to be correct implies that at least 90/~
of that Cu lies within twice that range for a Gauss-
ian depth profile. Based on the saturation dose,
this implies an average gas concentration of -1'f&.

The second result of the channeling experiments
suggests that there is, on the average, only a small
degree of disorder in the Cu crystal associated with
the implanted atoms. At first look this appears tobe
at most 25/~ disorder distributed throughout the
total range of the implanted gases in the Cu crystal:
6-7 A is about half the most probable LSS range
profile for 1-keV Xe, which, in turn, is about half
the total range profile. Upon more careful inspec-
tion, however, it is clear that even this picture
overestimates the degree of disorder in the crys-
tal. First, it assumes that the implant depth and
damage profiles are superimpossible, i.e. , colli-
sion cascades are unimportant. Second, the total
damage or disorder measured in the channeling
experiment includes surface contamination on the
single crystal, i. e. , disorder that is unrelated to
the implantation procedure. Therefore, it is safe
to conclude that there is only a small amount of
disorder in the Cu crystal as a result of implanta-
tion. Below we show that this conclusion draws
additional support from published calculations and
experiments and that from these works, the de-
gree of disorder around the implanted atom may
be inferred.

Consider the fate of a gas atom implanted at low
energy (& 10 keV) into a metal host in which it is
insoluble, as is the case for rare-gas atoms.
Much work has shown that there are three most
probable processes responsible for the trapping
and release, rearrangement, or migration of such
gases. The first involves trapping in damage-
induced sites whereby rearrangement and/or mi-
gration energies of activation less than normal
diffusion energy are involved. The second de-
scribes trapping to form gas bubbles which migrate
depending on the number of vacancies present.
Both these mechanisms have been shown to be
most important at elevated temperatures and/or
high ion-bombardment energies, conditions which

are not encountered in these experiments. Some
exceptions to this generalization occur for the
lighter gases, such as He and Ne, and these will
be discussed later on. The third mechanism is
one in which the atoms are trapped in sites deter-
mined by the repulsive and electronic energies of
the atom with the sites in question and in which the
atoms migrate according to normal diffusion acti-
vation energies. While there is relatively meager
experimental data for this process, calculations
of energies of solution of He, Ne, Ar, Kr, and
Xe in Cu have been performed by Rimmer and
Cottrell which predict that substitutional solution
for Ar, Kr, and Xe is clearly favorable to inter-
stitial solution. We should point out that the terms
"substitutional" and "interstitial" necessarily re-
fer to the atomic configuration of the metal atoms
immediately around the implanted atom, not to the
bond lengths or positions of these atoms in the nor-
mal lattice prior to implantation. This distinction
between "substitutional" in this and in the conven-
tional sense is immediately obvious when one con-
siders the relative sizes of the implantation cavity
radii (discussed in Sec. IV B) and the Wigner-Seitz
radii of the metal hosts: Because the implanted
atoms are so much larger, the lattice is expected
to distort considerably. In spite of this distortion,
however, we do not expect a significant change in
the density of nearest-neighbor metal atoms sur-
rounding the implant. Experimental evidence to
support this expectation is borne out in a recent
Mossbauer channeling study of lattice locations of
Xe in Fe (Wigner-Seitz radius of Fe equals that of
Cu) in which three different lattice sites —substi-
tutional with none, one, and two vacancies, all in
about equal population —were identified. 63 The
average number of vacancies associated with each
xenon atom, therefore, is only about one out of its
eight nearest neighbors. Additional evidence for a
relatively uperturbed nearest-neighbor density
around the implanted atom is given by thermal-de-
sorption measurements of low-energy Kr in W,
from which an upper limit of -2 vacancies per Kr
atom is deduced. It should be noted that this
number refers to the vacancies that remain around
the implant (many more are initially formed which
rapidly diffuse to the surface) and that it does not
distinguish between nearest- or next-nearest-neigh-
bors vacancies to the implant. In view of the re-
sults of these experiments and calculations, it
seems most reasonable to expect that gas atoms
implanted in Cu have associated with them only a
small fraction of nearest-neighbor vacancies. This
over-all description of the implant configuration
site is consistent with the results of our channeling
experiments, which show that substitutional im-
plantation in the conventional sense is not observed
[result (iii)] while, at the same time, the total
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FIG. 6. XPS spectrum of Ne 1s implanted in Cu. (a)
Raw data; (b) least-squares fit of fraction of curve (solid
line) emphasizing high binding-energy line asymmetry.

amount of disorder in the lattice is not very large
[result (ti)]. Important to the question at hand,

the analysis of binding-energy shifts, is that this
description is consistent with our treating the
metal-host atoms as a continuous background of
positive charge which surrounds the implanted
atom. The details of this so-called jellium model
have been discussed in Sec. IV.

We may now use the above description to help
explain the asymmetric tail observed in the XPS
experiments for implanted Ne 1s electrons in Cu,
Ag, and Au. This asymmetry is clearly observable
and is shown for Ne in Cu in Fig. 6 (a); Fig 6 (b)
emphasizes the asymmetry by least-squares fitting
only a portion of the raw data. For contrast, this
effect should be compared with the symmetric Xe
3d5/2 line shown in Fig. 5. Although the data in
these figures were taken with relatively monochro-
matic x radiation, the asymmetric line shapes were
also observed in data obtained with poorer resolu-
tion. 2 We suggest that the origin of this asymme-
try most probably lies in the formation of small
neon-gas clusters. Experimental evidence to sup-
port this comes again from thermal-desorption
measurements which show that, in contrast to the
larger rare gases implanted at 1 keV, He and Ne
desorption follows kinetics predicted by such small-
atom clustering. 6 The prominence of clustering
increases with increasing ion energy for all the
rare gases at the expense of single-atom sites in
configurations described above. The description
of single- and multiple-atom sites readily explains
the observed asymmetry for Ne ls electrons: A

photoionized neon atom in. a gas cluster is expected
to polarize its immediate environment less efficient-
ly than a single atom surrounded by more mobile

metal-conduction electrons. The effect of this re-
duced screening will be to produce an apparently
higher Ne 1s binding energy, as observed.

APPENDIX B' SOLUTION OF THE THEORETICAL MODEL

The first step in finding the density profile that
minimizes the energy functional in either the initial
or photoionized condition is to form an Euler-La-
grange differential equation by formally varying the
density in Eq. (4). This equation is

d (~1/2y 5 c ~7/6+ 4 5/6

+ e ( V, + V~,—Va) n' "= 0, (Bl)

where V, and V~, are the electrostatic and pseudo-
potentials, and Vp is formally introduced as the
Lagrange multiplier associated with the require-
ment that total particle number be conserved. The
total functional actually varied is thus not simply
the energy E given in Eq. (4), but

I'=E+eVp iz r dr. (B2)

The equation has been transformed into the form
most suitable for spherical coordinates.

There is a much more physical way to under-
stand the role of Vp &p plus V, as found from
Eq. (6) must go to zero far from the origin a.s a
consequence of electrical neutrality. The electron
density must go to a constant value np far from the
origin, so that in this limit the second derivative
in Eq. (Bl) must go to zero. From these argu-
ments, it is easy to calculate Vo from Eq. (Bl).

V 4 1/3 5 2/3 (B3)

Thus Vp is a density-dependent constant which en-
sures the proper asymptotic behavior of n (r).
However, if we regard the tota. l functional I' in
Eq. (B2) as a free energy for a system with a vari-
able particle number, e Vp clearly plays the role of
the chemical potential or Fermi level, measured
relative to the tvera~e intenzal electrostatic
potential. Since the photoexcited electron is de-
tected in vacuum, the distinctions between the
average internal electrostatic potential, Fermi
level, and the vacuum potential must be borne in
mind. The expression for the Fermi level given
in Eq. (B3) is just that found in the Hartree-Fock-
Slater scheme, which is the quantum-mechanical
equivalent of the functional method used here.

The conventional self-consistent-field procedure
is to guess a starting potential, calculate the charge,
find a new potential, and iterate. The charge in the
present theory is given by the solution of a non-
linear differential equation whose boundary con-
ditions are that the dependent variable rn' vanish
at the origin and go to rn(') 2 at infinity. For a given
potential, there is no way of assuring that the charge
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— ' n, [r(v, .v„)].
cw

Equations (5) and (B4) form a coupled set of linear
differential equations with constant coefficients,
and therefore have solutions of the form

(B4)

nz, =Ae "", (B5)

rv =(4we/k ) Ae (B6)

where V= V, + V~„Ais an as yet arbitrary ampli-
tude factor, and k is the solution of a quartic equa-
tion. The solutions for k for &„=1are

2. 46 0. 407 6.03 14 1/2-1/2
aok =+ 2

— + -2
——+0.166

~s S

(B7)
where go is the Bohr radius and y~ is the Wigner-
Seitz electron radius in Bohr units. The argument
of the interior square root is negative for 0. 43
& r, & &5, a range which more than spans all metal-
lic densities, so k is complex and the four solutions
for n and V, are damped sinusoids. The expression
for &, &1 is qualitatively similar. While it is
tempti. ng to draw analogy between these oscillations
and Friedel oscillations6 it is incorrect to do so
because these oscillations arise from an interplay
between the potential and density rather than from
the effect of the sharp Fermi surface. Further-
more, they decay exponentially while Friedel os-
cillations decay algebraically. It is difficult to
anticipate whether an exact self-consistent calcu-
lation of an impurity in an electron gas would dis-
play such oscillations in the transition between the
strongly perturbed small-r range and the large-y
Friedel region.

The desired asymptotic solution is a linear com-
bination of two solutions which have a complex-con-

solution can both satisfy its boundary conditions
and yield charge neutrality. Lack of charge neu-
trality will produce an unacceptable V, on the next
iteration, and so the conventional procedure cannot
be followed. Instead, we solve Eqs. (5) and (Bl)
simultaneously as coupled differential equations.
The solutions for n and V, which satisfy the equa-
tions and boundary conditions are then automatical-
ly sen-consistent.

As a practical matter, it is not possible to
satisfy adequately the boundary conditions at infin-
ity by numerical integration alone. An asymptoti-
cally exact solution can be found for large r, how-

ever, so that numerical integration is needed for
only a limited region. To do so, we note that for
large r, Eq. (Bl) can be linearized by letting
n(r) = no+ n, (r), and expanding to first order in

n, /na. It then takes the form

d ~0 c~ 2/3 Sc,2

(rn, ) = ——no ———na I (rn, )
d'v 9 c~ 9ct„]

jugate pair of k's with positive real parts. Thus
there is a net amplitude and phase to be determined.
These are arbitrary for the linearized equations,
but are fixed by the requirement that the asymptotic
solution smoothly join the solution of the full non-

linear equation which is integrated numerically from
small radius. It has been verified that the solution
is highly independent of the joining radius if this
radius is chosen so that n, /no is a few percent or
less.

After finding the solutions for n and V, for a
given ion charge and core potential, the functional
F is evaluated in a large sphere placed where the
charge density has reached no within our numerical
accuracy. We will denote this value as (F) in anal-

ogy with a quantum-mechanical expectation value.
A stringent test of our solution and computer codes
was performed by holding the repulsive core fixed
and increasing the ionic charge by small increments.
The relation analogous to the Hellman-Feyman
theorem,

«(~)), = —F (~) (Bs)

E~, = h&u —E„z+(F;); —(F&);, (BIO)

where (F&); indicates that the final-state pseudopo-

where ~ is the charge strength, was then checked
numerically. The left-hand side is computed from
the total energy for several values of X, and the
right is equal to the electrostatic potential at the
radius of the charge shell for each X. Agreement
was obtained to one in 10', which indicates the
accuracy of the numerical procedures used.

Having obtained the minimum energies in the
initial and photoexcited final states of the system,
(F;), and (F~)z, we turn to the question of relating
these quantities to experimental measurements. '
We assume that the binding energy of the core state
in question is known for the isolated closed-shell
atom or ion, and call its magnitude E„,. This num-
ber includes both the one-electron (Koopmans's
theorem') energy of the core state relative to the
vacuum, and the polarization energy from all the
passive electrons in the outer closed shell and other
core states.

For an x ray of energy hen, the energy of an elec-
tron photoemitted from the free atom or ion is
given by

(B9)

Now suppose we introduce the solid surrounding the
reference atom, allow the electrons to adjust to its
potential in the initial state, and freeze them in that
configuration. The photoemitted electron will now
have its energy shifted because of the potential pro-
duced by the other electrons and ions. Its energy
is now given, in terms of our theory, by
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E„=a~-E„,+&F,), -&F,),. (B12)

It is thus seen that while the separation into po-
tential shift and relaxation or polarization energy

tential is used but the energy functional is evaluated
for that charge distribution which minimizes the
functional with the initial-state pseudopotential. A
moment's reflection indicates that E~, must be
measured y.glatii. e ta the ai, em' electrost~i!c
Dotenti~l inside the soliel for Eq. (B10) to be valid.

Further energy can be gained by allowing the
electron distribution to relax to accommodate it-
self to the final state pseudopotential. We will
assume that all this energy gets transferred to
the photoelectron, while recognizing the fact
that incomplete relaxation can, in principle, add
a tail to the low energy side of the observed line.
With the relaxation energy included, we find

E~, = he@ —E„,+[(F;),—(F~)f)+ [&Fy); —F~)~)& (Bl1)

which simply reduces to

is conceptually useful, it is inessential in terms
of the actual evaluation of the photoelectron energy
from our theory.

The energy given in Eq. (B12) is still referred
to the average internal potential, which is a theo-
retically convenient but experimentally inaccessi-
ble number. The two useful references are the
vacuum level and the Fermi level. The photo-
electron energies in terms of these references are

E~, = h~ —E„„+(F;);—(Ff)& —eD,

E~, = h&u —E„., +(F;);—(Fz)f —e Vo,

(B13)

(B14)

where D is the surface dipole potential (defined to
be positive when the electron must climb a poten-
tial barrier to get out), and Vo is given by Eq. (Bl).
The difference between Eqs. (B13) and (B14) is,
of course, the work function. Which equation it is
better to use for comparison with experiment de-
pends on the relative confidence in our ability to
calculate Vo versus our ability to calculate D.
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