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Angular terms in the optical potential: Effect on photoemission from a model (100) surface of
aluminum
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Recently derived angular terms in the optical potential are studied in a model calculation for
photoemission from the A1(100) surface. The results clearly demonstrate the importance of these

contributions, and indicate that they must be included in detailed investigations.

In more recent theoretical studies" of electron
spectroscopies, and in particular in photoemission
analyses, increasing efforts have been made to in-
clude detailed features of the electron-electron in-
teraction in describing the propagation of the
emitted electron. " Such a detailed description is
essential for the quantitative interpretation of a
vast amount of experimental data on electron-
surface interactions, and in discerning the fea-
tures of the spectra which are surface rather than
bulk sensitive. In a recent study, Rasolt and
Davis' have derived additional angular structure
in the absorptive part of the electron-electron in-
teraction which is comparable in magnitude to the
isotropic terms, highly surface sensitive, and yet
totally neglected in any previous description. "
Here we include such terms in a model photoemis-
sion calculation, whose results clearly demon-
strate that detailed surface studies should incor-
porate such contributions.

The detailed analysis producing an angular-de-
pendent optical potential has been presented in
Ref. 3, but for completeness we will sketch the
key relationships. The interaction of a scattering
electron with a surface is described by the Dyson
equation4
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where P(r, t) is the scattering electron wave func-
I

tion, v( r) is the ionic potential screened by the
electrostatic field of the electrons, and e =- po
= Iz'p'/2nz. The optical potential can be written:

Z(r, r', e )= V„(r, r', e )+iV,.(r, r', e.). (2)

Of particular interest is the structure of the imag-
inary part, which is second in importance only to
the ion potential in describing the details of the
above processes.

In practice V,.(r, r', e ) is usually considered to
be independent of position and of the direction of
the electron beam. ' This is clearly a severe ap-
proximation in the surface region. ' Neglected in
such an approximation are terms that depend on
the direction of p relative to the surface normal
z. Such dependence is a consequence of the broken
symmetry along the z axis introduced by the sur-
face. Following Sham and Kohn, ' the isotropic V,.

is written as

i V, (r, r', p()) =i V; (r —r', po —v(r), n(r)}

+ iV",. (r' - r, po —v(r'), n(r')}.
(3)

The v(r) in Eq. (3) will be neglected since in this
work p, »~ v(r)~. The approximation of Eq. (3)
will clearly be the leading term of a gradient ex-
pansion' of a system of slowly varying density.
The hope is that it will remain adequate for actual
electronic systems in which the density sometimes
varies rather rapidly.

We now generalize Eq. (3) to include higher-
order terms in the gradient expansion for V, ,

iV(r, r', p, ) =i V, (r —r', Po, n(r)}+ z [Vn(r) Vg (r —r', po, n(r) }+V'n(r') V'g (r'- r, p„n(r)}]
+ —,'itV'V' [n(r)g(r —r', i)o, n( r))]+ V"V"[n(r')g (r' —r, p„n(r))]] + O(Vn Vn) . (4)

There are other terms we can introduce into the non-Hermitian structure of Eq. (4), but the above form is
sufficient and consistent within our order of approximation. If we now apply a WEB-type approximation
(i.e., P(z )=e@("'")in Eq. (1), we obtain from Eq. (4)

i dr'V, r, r', po r', t =i V; p r, po, n r —g2 p r, po, n r p'& p'~ n r +0 p Vnp'&n r, t .
(5)
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A."(p, p, p., ~.)g'(p'P"%)= ™~

m(0)
(7)

where w(0) —= lim, „oz(q) of the static screening func-
tion. The V~ Vn contribution is neglected, since

Of course, a full exposition of all the terms of Eq.
(4) in Eq. (5) would reveal additional contributions
proportional to i ~p(r) ~'. However, these terms
depend only on the magnitude of the momentum p
and will therefore not add any anisotropic features
to iV";(p,po, n(r)). Such contributions can be
viewed as being part of iV;(~p~), which is obtained
on averaging the first term in Eq. (5) over r. To
order V'n only the last two terms in Eq. (4) intro-
duce intrins'. c angular dependence on p in Z.

To make a connection between g, of Eq. (5) and
the electron gas vertex function A(p+q, p, p„n, )
is not difficult and we write only the final result
below. If we expand

A(p+ q, p, P„n,}
=-I+A(p, p, P., +)+A'(p, p, P., ~)p q

+A."(p,p, P., ~.)(p q}'

+AI (P p Po '+o)Q

then

it represents second-order scattering, and is ex-
pected to be small for large momentum p.

Equation (7) has been evaluated within the RPA, '
and the approach is only summarized below.
First, the contributions from two-plasmon pro-
cesses are neglected. These are higher-order
corrections and hence not likely to change our
estimates and conclusions concerning the order of
magnitude of the anisotropic terms, which is the
purpose of the work. Second, the anisotropic con-
tributions are estimated as follows. e(k, k, ) is the
dynamically screened interaction for the homoge-
neous electron gas. It is known to misrepresent
the interaction at a metal surface for small. wave-
vector fluctuations. ' A cutoff k, (chosen here from
Ref. 9 as k, =0.123kTh, „„, ,} is introduced to re-
flect this. For k&k, we approximate e(k, k,}by
the single-plas mon pole approximation, e(k, ko}= 1
—v~/(ko+ i5)'. For k & k, surface plasmons are
important and another form for e(k, ko) was chosen
from Ref. 8. These surface-plasmon contribu-
tions were then evaluated and found to make only
small corrections to the scattering amplitude
P(r, &).

To estimate the anisotropic contributions to V,-,
our final result for ImA," in Eqs. (8) and (7) then is

12p'y(p, n, 'j 2m 2m ')

3 3 2P
P[P-y(P, ~.)] [P-y(P, +)]' [P-r(P ~)]'/

( 3 3 2P

I(P[P+~(P, %}] [P+~(P .}]' [P+y(P .}]'/ ' (8)

where y(P, n, ) = (P' —2m+~)'~' and e~(x) = 1 for
g & 0 and 0 for x& 0. For application to aluminum
we choose for n(r) the Lang-Kohn' density of a
step jellium surface with bulk density z, = 2. The
anisotropic contribution to Z is then given by

-g, (p, Po, n(r))(p &)(p v)n(r)
0,2

C

= ImA,"(p, p, P„n(z)) (p z)' 8'n(z)
(9) o. 0.1

with z(0) =mkz/k'w'. 'o Equations (8}and (9) rep-
resent the anisotropic contributions to the optical
potential within the RPA. Since Eq. (9) contains
9'n/Bz', these anisotropic conti ibutions will be
highly sensitive to density variations in the sur-
face region.

Equation (9) has been evaluated for Al and the
results are displayed in Fig. 1. To investigate
possible influences on photoemission, we per-
formed calculations for a model corresponding to
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FIG. 1. The anisotropic contribution to the optical po-
tential [Eq. (9)] as a function of position s for two dif-
ferent energies of the scattering electron. The step
jellium background is also shown.
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the Al(100) surface, "where we denote the per-
pendicular spacing between layers as d. Equation
(9) implies that the optical potential is of the form

Z = V, + j fe, (z) + e,(z) cos'0~), (10)

where 0~ is the angle between p and z. Using the
position of the atomic layer relative to the jellium
density of Al as specified in Ref. 6, we approxi-
mate" the z dependence of Eq. (10) as follows.
We set e,(s) = -6 eV and e, =+2 eV for s in the re-
gion from d/4 on the vacuum side to d/2 on the
material side of the first a,tomic layer, and e,(z)
=-4 eV and e, =o elsewhere. "

In the calculations performed, the electron
emission was assumed to occur in either the first
or second atomic layer. Since our interest was in
the influence of 7,. on the final state and not in the
details of the emission process, electron emission
at an atomic site was represented by a single par-
tial wave of the form

Some results for E = 60 eV are presented in Fig.
2, which also contains results for an isotropic V,.

defined by e, =-4 eV and e, =o throughout the en-
tire surface region.

The results of Fig. 2 clearly demonstrate that
there are noticeable effects of anisotropies in V, ,
and that such effects should be considered in any
detailed studies of photoemission processes. ' ' It
is seen that the effects are more pronounced when
emission occurs in the first atomic layer, which
reflects the sensitivity of Eq. (9) to the density
variations in the immediate surface region. Also,
it is noted that higher-angular-momentum states
[e.g., (2, 2)] show a larger effect, which is a con-
sequence of the angular dependence in emission
coupling with the angular dependence in the aniso-
tropic optical potential. Clearly the results of
Fig. 2 are for a simple model. But since notice-
able effects are evident in these results, future
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FIG. 2. Results from model photoemission calculations for an Al(100) surface. The upper curve and lower curve in
each subplot were obtained using, respectively, an isotropic and anisotropic imaginary part of the optical potential.
The azimuthal angle for the calculations coincided with a (011) direction. In each subplot the l.ayer where the emission
occurred and the angular momentum (E,m) of the emitted wave are indicgted.
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studies will examine in greater detail the explicit
dependence of Eq. (9) on density variations.
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