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Core level holes which are created in electron emission spectroscopies of atoms and mole-
cules adsorbed or condensed onto metal surfaces induce a screening charge at the surface. The
Coulomb interaction between the induced and the hole charge, called the extra-atomic relaxa-
tion energy, shifts the apparent binding energy of the ejected electron from the value inferred
from an orbital energy. In this paper, linear response screening shifts are calculated for a num-
ber of different response functions which also allow for the polarizability of the adsorbed lay-
ers. The relation betwesn classical image potential shifts and these obtained here is quantita-
tively compared. As an example, the X-ray photoelectron spectrum of SFg physisorbed on Ru
surfaces is mterpreted in terms of the present theory.

1. Introduction

Core level electron spectroscopy is a most fruitful endeavor for both elernental
identification and chemical characterizatioti of solid surfaces [1]. In general an inci-
dent beam of electrons or photona extites the solid in a way which ultimately
leaves at least one hole in some cor® state and an electron in a high kinetic energy
state. The electron can exit the surface and be energy analyzed. In addition, the sur-
face can be left in an excited state due to the creation of phonons, electron-hole
pairs, bulk plasmons, or surface plasmons. The ejected electrons emerge at discrete
energies which are, to 2 first approximation, characteristic of the elemental nature
of the seurce atom. However there are small (~1—10 eV) shifts in these character-
istic energies which depend upon the immediate chemical environment of the
source atont. Thus accurate determination of these shifts is quite useful in chemical

- analysis. As an example, the so-called electron binding energy (orbital energy with

respect t0 a convenient zero, either the vacuum level or substrate Fermi level) of a
core electron in an adsorbed molecule depends upon the separation between the
molecule and the surface. Furthermore, the surface may dissociate the molecule, in
which case yet another shift in the binding energy of the core electrons results.
These “chemical shifts” arise from the differing electrostatic potentials at the core
site in the various chemical situations {due to number and kind of and distance
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from nearest neighbors, degree of penetration through the surface dipole layer,
etc.). The current status of chemical shifts and electron spectroscopy has been
reviewed by Siegbahn [2].

Unfortunately this is not the complete story. The potential of the core hole po-
larizes the remaining electrons in the system. The Coulomb interaction between the
polarization and the hole charge iowers the total energy of the ionized system. If
the target system is left in the ground state of the new Hamiltonian which includes
the core—hole potential, then the ejected electron must emerge with a greater
kinetic energy than would, be inferred from a “frozen electron™ picture, in order
that energy conservation holds. This upward shift is called the “relaxation energy.”
The ejected electron is observed at an energy which is displaced by both the chem-
ical and relaxation shifts as shown in fig. [ for an atom in the gas phase, on the sur-
face, and embedded within the solid. To extract chemical shifts from observed spec-
tra, one must know the relaxation shift.

A growing literature of relaxation theories exists, in which the emphasis is in
either of two areas. First is the intra-atomic relaxation of all the electrons on the
source atom, for which accurate calculational schemes are available [3]. If the
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Fig. 1. Electrostatic-potential disgram relevant to phatoejection of a core electron in a gaseous,
adsorbed, and implanted atom, with respect to a surface of a metal with dipole potential D and
work function ¢. The kinetic energy of the ejected electron is given in terms of the photon
energy hv, the gas phase binding energy ey, the fractional dipole penetration £, the remaining
chemical shift 8 £chem, and the extra-atomie relaxation energy Ae. which is the subject of this
paper.
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source atom is part of a molecule or solid, additional charge flow occurs to the
hole. The resulting extra-atomic relaxation energy can be calculated in many differ-
ent ways, each method having iis own strengths and weaknesses [4—6].

It is usually assumed that the intra-atomic relaxation is identical in atoms and

solids. If this is a good approximation, then in the condensed phase, the extra. -

atomic relaxation is just the energy associated with the screening of the hole. if the
hole is located outside a surface, in the limit of large separations =s between the
hole and the surface, the screening energy is just the classical image potential [7,8].
The purpose of this paper is'to offer some new theory on image relaxation shifts.
Since experimental electron emission spectra from adsorbed species are being ana-
lyzed in terms of image potential theories {3—13], it seems desirable to make these
theories as realistic as possible. Hence the screening or image energy is calculated
within a linear response formalisim, for a number of different “reasonable™ response
functions. The semi-quantum mechanical step-density model for the surface has
been adopted [14—16] in which the electron density of the solid is assumed ta be

uniform for z €0, A charge sheet at z =0 allows for the satisfying of boundary -

conditions on Maxwell's equations. This model is particularly useful for the type of
parametric study presented here. This paper is intended to be a numerical comple-

ment to a previous work [7] m which more fundamental physics aspects of surface

relaxation were stressed.

2. Theory

The magnitude of the extra-atomic relaxation energy is determined by the adia-
batic Coulomb interaction between the adsctbate hole charge density po(r; ) and
the induced screening charge pi(r'; s) i

'2. .
f Lr a3y p.n(r e A DN (1

where s is hole—surface separation and z = 0 defines the “surface™ plane. Since core
holes typically have radii £ 0.1 A, py may be regarded as a point charge with pg(r; s)
=38(z —$)}8®(1). The role of hole spatial extent and shape has previously been
investigated [7] with the general conclusion that Aeg decreases with increasing hole
volume, although this decrease is inconsequential for core holes.

Introducing two-dimensional Fourier transforms parallel to the surface, eq. (1)
can then be reduced to the convenient form [7,8,18]

Agg = %_.f@ 7 way) Rlay, 0) Flgy,s) , ' (2)

where the static linear response function
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Rlgy, 0) = 8pinlgy, w =0)/3 po(gy, = 0)

relates the induced charge to the driving charge, v(gy) = 2me®/q,, and

gy, s)= If dz exp(—gqyizl) polgy. 2% . (3)

i

For the point holes considered here,
Po(qy; 2) =fd2r,| exp(iqy 7} 00 (r) =8(z - 5),

so £{gqy, 5) = exp(—2gys). The quantum mechanical generalization of the image
charge response function requires

Algy, w) =1 — e(qy, w)/{1 + elgy, W] , (4)

where e(qy, w) is an appropriate dielectric function, to be discussed shortly. Com-
bining eqgs. (2)—(4) one obtains the well-known expression

et 7 ( —e(q), 0

"7 L +e(qy 0)

4 ) exp-2q,9). 5)
]

A major point in eq.(5) is the exponential cutoff of the integrand for gy = 1/s.
Consequently only the small g components of the response function, eq. (4), are
of importance. We now move on to specific mode! dielectric functions.

2.1, Bulk response function

The obvious first approximation is to evaluate the response function, eq. (4),
" using expressions for the homogene§us bulk dielectric function [7]. In the Fermi—
Thomas approximation e(g, 0) = 1 + k%/q? with k = 2.95/r1/% A-1,

The Eonsequent response function is

REr(a) = (1 +24%/%). (®)

Using eq. (6), the screening energy is given in terms of standard sine and cosine inte-
grals as :

& =% [ci.(\/fxs) sin(v/2ks) — si(v/2xs) cos(\/'ixs)] . @)

Wi'th the definition y =+/2ks, the ratio of "Agg to the classical image potential =
2 .

e_/4s, is

R(y) = y[ci{y) sin y — si(y) cos ¥]

which is given in table 1. _
This exercise can be repeated with a better dielectric function, such as the RPA
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Table 1
Ratios of eq. (7) screening energy to classical image potential as a function of ¥ = +/3xs

» R(y) y ")
0.0 0.00 3.0 0.38
0.5 0.43 3.5 0.99
1.0 062 - 4.0 0.92
1.5 : 033 - 4.5 0.93
2.0 0.80 50 093"+
2.5 0.84
where

0. 165r
erpalg. 0) =1+ 2 uppalx)

with

(1 -x%) )l+x
"’ 1n
X I —x

)

and x = q/2k ¢ = qry/7.254. Of course eq. (5) must then be integrated numerically.
Some useful insight into “allowabie” surface approximations can be gained from
fig. 2 in which vanous response functions versus g are plotted. Consider only the
curves labeled €3! and Ry(gy, 0) as a function of g;. The solid curves are RPA val-
ues whereas the dashed are Fermi—Thoras. For bulk screening, the Fermi—Thomas
approximation always gives much too large screening charge density at the fmpu-

uppalx) =% (1 +
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Fig. 2. An example (rs =2) of some Inverse dielectric (e'i(q", 0)) and zesponse (R{gy, 0))
functions in the static limit, as a function of gy. RPA expressions are gwen by the full lines and
Fermi-—'f‘homas by the dashed lines.
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rity site due to the breakdown of the dpproximation in the short wavelength (large
q) region. In fig. 2, discrepancies between RPA and FT functions are insignificant
for ¢y < 1 A™', Now from eq. (5), the heavily weighted response occurs for gy S
1/2s which is $0.5 A~* for reasonable adsorbates. Consequentfy, the Fermi—Tho-
mas response function is quite adequate in surface screening energy calculations,
given the validity of a linear response theory in the first place.

- 2.2, Surface response function

A number of years ago, Ritchie and Marusak [14] presented a dielectric surface
model in which the response of the solid to an exterior charge distribution was sim-
ulated by an infinitesimally thin charge sheet at the surface. This model, which pre-
sumes a uniform electron density in the solid up to z = 0 has been called the step
density model. The limits of validity and usefulness of this model have also been
* critically discussed [14—17]. In essence Maxwell’s equations are solved throughout
space and the charge density sheet allows the matching boundary conditions'of the
interface to be satisfied provided the two-dimensional “surface dielectric function”
of the electron gas—vacuum interface is related to the three-dimensional dielectric
function of the homogeneous system through [14—18] '

STy dg, -1 ,
o (3] o) - ®

—

with g = (g% + qﬁ)m. In the case of the static Fermi—Thomas limit, eq. (8) inte-
grates to & 1(qy,0) = (1 + x*/qf)"/? and the response function is

Rir(ay, 0y ={(qy — (@f + 3PP, 7 )
which is also plotted, for rg = 2, in fig. 2. Note that in the gy - 0 limit, R® decreases
linearly with increasing g; whereas R® is constant.

A closed form expression for the screening energy in the Fermi—~Thomas surface
dielectric approximation, which follows from egs. (4), (5) and (9) is [19]

2 .
Ag =i~;~ {U+ 1/0%s%) — 255,220} | (10).

where Sp 3 is an in-principle-tabulated Lommel function whose first few expansion .

terms are Sy 2(Z) = 1/Z + 3/2Z% + .. .. A standard approximate surface screening
energy, expression has been the displaced image plane expression Ae, ~ e2/4(s +
k1) first suggested by Gomer and Swanson [21]. Eq. (10) can be brought to the
form Aeg ~ e2/4(s + k ~1) + 0(1/5%) which is similar.

2.3. Metal-dielectric surfoce response

In actual fact, the hole created in an adsorbed atom or molecule does not pola-
rize the surface in the same way as does the point charge shown in fig. 3a. For a
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Fig. 3. Seme idealized surface screening models. (a) Hole localized in a vacuum {e, = 1) half
space outside.z metal characterized by a dielectric function e (b) Hole localized in a polar-
izable molecule outside a metal with ep,. (c) Hole localized in a polarizable half space character-
ized by a dielectric constant appropriate to the particular molecule. The value of the screening
energy of (b) shouid be bounded by the calculable values of (a) and {¢).

single adparticle, as in fig. 3b, the hole polarizes the atom or molecule and the field
which the surface responds to is due to the comtbined hole plus intra-molecular po- -
larization charge. In the limit of a thick condensed layer, the hole can be imagined
to be embedded in the dielectric continuum shown in fig- 3¢. The surface dielectric
function for the metal—dielectric interface, within the Ritchie—Marusak model, can
readily be shown*to be

.

a:s - dq., -1
R el > I an

—y

where €, is the dielectric constang of the adsorbed thick film. Combining eqs. (4)
and (11), and rearranging, the surface response function for the configuration
shown in fig. 3c is

€ads — es(qns w) ) (12)
Eads T Es(‘nir w) ’
where €;(gy, w) is given by eq. (8). Eq. (12) is just what would be guessed from the
classical image(/ﬁotential arguments.

The complete expression for the screening energy of the hole embedded in a
dielectric continuum matched to a metal is, '

Alq), w) =

exp(—2q;s) - (13)

Ae. = e r d (eads ~ €s{q> O))
: 2eads o €ads + Es(QII: 0)
The ratio of A to the classical image energy €;m = ¢2/4€,4ss has been calculated, as
a function of separation s, varying €,4s parametrically for a given value of r;. The
results are shown in figs. 4—7. The numbers displayed here were obtained from
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Fig. 4. Ratio of the surface screening energy given by eq. (13) to the classical image potential
¢im = € [deg4ss as a function of the hole- -screening plane separation freating ezqg parametrz-
cally. Here rg = 2.

Fermi—Thomas dielectric functions since a few trial calculations within the RPA
produced results that were virtually indistinguishable from FT. As an example, eq.
(7), the ratio obtairiéd with the bulk response function, is also shown in fig. 4. Note
the significant decrease in screening efficiency by the surface dielectric function at
small separations.
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' Fig. 5. Same as fig. 4 but with rg = 3,

-



LW. Gadzuk [ Surface relaxation energies 8s

VACUUM

S(A)
- Fig. 6. Same as {ig. 4 but withr, = 4.

The reduction in the screening energy due to polarizability of the dielectric me-
dium is a nontrivial effect for atomic scale hole—surface separations. It seems rea-

sonable to expect that the true surface screening energy for a hole produced in an

adsorbed polarizable layer is bounded by the vacuum (e,qs = 1)—metal value from
above and the dieléctric—metal value from below where the value of €,qs 1S taken to
be that for a pure solid of the adsorbed material. This exercise is the first one {to
this writer’s knowledge) in which some ‘coupling between intra-adsorbed layer relax-
ation and metal screening have been considered, albeit in a very approximate way.

0.8 VACUUM |
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c.2p
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Fig. 7. Same as fig. 4 but with rg = 5,
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3.5F;: an example

An interesting application of the image screening notions has been presented by
Fisher et al. [13] in an X-ray photoemission study of SF, which had been physi-
sorbed and comdensed into a Ru(001) substrate. Here some refinements to their
arguments are given, based on the ideas of this paper. The curious observation of
Fisher and co-workers was an enhanced broadening of the F(is) linewidth (1.75 ¢
0.1 eV} for a monolayer of physisorbed SR, in contrast to 2 1.35 % 0.1 eV line-
width for either condensed or gas phase SF,. - :

They felt that the most feasible interpretation of this effect was a differential
relaxation shift amongst the various F atoms. The octaledral SFg. is envisioned {0
adsorb in a configuration in which one plane of three F atoms is-a distance s, from
the surface and the plane containing the remaining three F atoms is a distance 52
from the surface where it is known from the structure of SFgthatsy =g, + 191 A,
The hypothesis is that the F(Is) hole suffers (or enjoys) a different screening shift
depending upon which plane it is in and the 1.75 eV line is in fact an unresolved
doublet. The data suggests a splitting of 0.7 £ 0.1 eV. From crystallographic con-
siderations, Fisher assigned a value of 5; = 0.95 A and thus 5, =2.86 A, For an Fe =
2 substrate and a vacuum halfspace (engs = 1), eq. (13) and fig. 4 yield Ags{s1)=
2.46 eV and Aegsy) = 1.07 eV so the maximum doublet splitting is 1.39 eV, Con-
sidering the polarizable nature of SFg by letting e,qs ~ 2, fig. 4 yields Agg(sy) =~
0.85 eV and Agy(sz) = 0.45 eV so the minimum doublet splitting is ~0.4 V. The
observations fall right in the middle of the aliowed range which is encouraging. Fur-
thermore, these numbers were obtained by a straightforward implementation of the
procedures suggested in ref. [7] and the present text. No fudging or readjustment
of “input parameters” was required in ordér to get to a satisfactory end result. It is
this sort of application for which the simple quantum image thearies can be both
useful and fundamentally correct.  §

4, Summary

The surface relaxation energy associated with core hole creation in an adsorbed
atom or molecule has been calculated within a linear response dielectric screening
model. Some modifications to the usual image scresning energy, due to the polar-
izable nature of the adsorbed layer, have been included. Various dielectric response
functions have been considered and it has been demonstrated why a simple
Thomas response function is reasonable for surface screening, Finally, numerical
values for screening energies vs. separation, treating both the substrate electron den-
sity and the adlayer dielectric constant parametrically, have been provided. Hope-
fully these will be of use in the quantitative analysis of spectroscopic surface data.
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