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Angle-Resolved Electron-Energy-Loss Spectroscopy: Atomic-Core
Excitations at Adsorbates on Surfaces
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By treatment of the incident and detected electron states in a LEED formalism, it is shown that the
dominant processes contributing to a surface electron-energy-loss fine-structure (SEELFS) spectrum
from atomic adsorbates on crystal surfaces are those involving elastic backscattering and small-angle in-

elastic scattering. This justifies the use of the "dipole approximation" for the atomic matrix elements in

the interpretation of SEELFS. The angular dependence of the detected electrons is calculated for the
first time and its potential for surface structure determination discussed.

PACS numbers: 79.20.Kz, 61.14.Dc, 68.35.Bs

The study of surface electron-energy-loss fine struc-
ture (SEELFS) ' offers essentially the same local surface
structural information as that provided by surface ex-
tended x-ray-absorption fine structure (SEXAFS).
However, the need for only such common laboratory-
based equipment as an electron gun rather than a central
radiation source such as a synchrotron, as is the case
with SEXAFS, enables SEELFS to be much more acces-
sible to surface science laboratories. The main price to
be paid is a more complex theory, due to the much
stronger elastic scattering of the incident electron beam,
and due to the effects of exchange between the projectile
and localized electrons. The first serious attempt at such
a theory was that of Mila and Noguera who treated the
exchange and the elastic scattering of the higher-energy
electrons in a single-scattering photoelectron diffrac-
tion formulation. Treating the case of core-electron
excitations from atomic adsorbates on surfaces, I present
here what I believe to be a more complete theory which
treats the full multiple scattering of the projectiles both
before and after the inelastic scattering in a low-energy
electron diffraction (LEED) formalism. ' This makes
possible a convenient classification of the electron-
scattering paths, from which it becomes clear that the
dominant ones involve elastic backscattering and small-
angle inelastic scattering, which offers an explanation for
the apparent dominance of the "dipole" selection rule in

the atomic excitation processes. " The angular depen-
dence of electrons after energy loss due to the excitation
of atomic-core electrons from disordered adsorbates on
crystal surfaces is calculated for the first time and its po-
tential for surface structure determination discussed. '

An incident electron of energy Ep can interact with an
atomic-core electron of energy Eb via a Coulomb mecha-
nism to generate a final state in which the electrons have
energies EI and E„. Energy conservation requires that

Ep+Eb =EI+E„.

T -e '/4zeo I « —r2 I, (4)

it can be shown' that the matrix element for the transi-
tion is

(5)

where

M(Q) = @„*(r)exp(iQ r)@,(r)dr e'/eo (6)

and

Q =K —K'. (7)

Consider an experiment performed on a sample con-

sisting of a disordered atomic adsorbate on a crystal sur-

face. Diffraction of the incident and detected electrons

by the substrate can be taken into account by the repre-

With allowance for exchange, the initial and final

wave functions of the two-electron system can be repre-
sented by

jexp(iK r~)@,(r2) ~exp(iK r2)@,(r~)l/J2

and

)exp(iK' r~)@„(r2)~exp(iK' rq)@„(r~)j/J2, (3)

respectively, where the incident and detected electrons
are taken to be plane waves of wave vectors K and K'
and energies Eo and EI, respectively. The initial core
wave function is 4„ the final-state core wave function of
lower energy E„ is @„,and r& and r2 are the position vec-
tors of the two electrons. The positive sign is operative
in the triplet case of parallel electron spins and the nega-
tive sign in the singlet case of antipara11el spins. If we

take a Coulomb interaction between the two electrons of
the form
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sentation of them by LEED states

(rI K[~,Eo) =exp[iKo+ (r —ro)}+gsRso(Eo, Kii)exp[iKs (r —ro)},

&r
I K~t, Ef) =exp[iKo ' (r ro)}++sR so(EI, K(~)exp[iK s (r —ro)}, (9)

respectively, characterized by energies Eo and Ef and
wave-vector components K~~ and KI~ parallel to the sur-
face. R z are elements of LEED reflection matrices of
the substrate defined with respect to an origin represent-
ed by ro, which can be calculated by the standard tech-
niques of LEED theory, ' where g and g' are recip-
rocal-lattice vectors of the substrate and

with

K' —= ~ [2Ef (K—Ii+ g') '] ' ' (i3)
The matrix element for the transition between the

states (8) and (9) accompanying the excitation of a core
electron of the adsorbate,

Ka~ =(K((+g,Ks—, )

with

g'g~g = + [2Eo —(K~~+g) ]

(io)
(Ef, &(~i,4x I & I ec', KII,Eo),

can be written

(14)

and
A (Eo, K ~~,'Ef, K~~ ) A ~ +A 2+A 3 +A 4,

(i2)
where

(is)

A~ =M(Qoo+)Doo+ exp[igoo+ (r, —ro)},

A2 =Q, M(go+ )Dos Rs o (Ef,K(~)exp jigos, (r, —ro)},

A3 gsM(gos )Dos Rso(Eo, K~~)exp[igos (r, —ro)},

A4=+ss M(gas )Dss Rso(Eo, K)))Rso(Ef, K())expfigss (r, —ro)},

Dss
—= I/(Qss

—) ' ~ I/2Eo,

(16)

(i9)

(2o)

=
I ~(EI,KI&,'Eo, Ki&) I &oz/&oz. (22)

The physical significance of the terms 3 ~ to A4 is il-
lustrated in Fig. 1. The geometry of the experiment' re-
quires that the detected electrons be propagating in a
direction almost opposite to that of the incident beam.
The signal therefore involves not only an inelastic
scattering of the incident beam at the adsorbate, but also
some form of backscattering process. In (16) to (19) the
inelastic scattering is represented by the products of the
factors M and D, while the remaining factors represent
elastic backscattering by the substrate. A& describes in-

elastic backscattering at the adsorbate, A2 (nearly) for-
ward inelastic scattering by the adsorbate followed by
elastic (LEED) backscattering from the substrate, A3
the processes of A2 in reverse order, and A4 two LEED
backscattering processes sandwiching an inelastic back-
scattering.

The decomposition of the scattering paths in this
fashion enables us to identify the most significant terms

Q —.—=k —+K-++ + +r
SS' ~ I'

where r, specifies the position of the adsorbate.
The intensity measured by a small-angle electron ener-

gy analyzer can be evaluated from

1(Ef,K~t,'E o, K~~ )

(2i)

contributing to the signal. At LEED energies (-40 to
Soo eV) or above, backscattering, elastic or inelastic, is
much less likely than forward scattering. Whereas A4
contains only terms involving at least three backscatter-
ing events, A&, A2, and A3 include terms involving only
one such event. Therefore A4 can be neglected without

A2

FIG. 1. Schematic representation of the scattering paths de-
scribed by terms AI to A4. The hatched circle represents an
adsorbate atom on a crystal surface.
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any significant loss of accuracy. The relative importance
of the other terms depends on the relative magnitudes of
elastic and inelastic backscattering. On the assumption
that the terms M in (16) to (18) are of the same order of
magnitude, we need only examine the relative magni-
tudes of the terms D and R.

If the magnitude of the energy loss ~(=Ep Ef)—is
much smaller than Ep then the following order-of-
magnitude estimates apply:

I
D~++

I
= 1/2Eo, (23)

where the exchange tertn ~ 1/2Ep is the main contribu-
tor. For the dominant terms in the sums (17) and (18),
we have

ID,',.
I =2Eo/(~F-)', (24)

~/E p « 2JR, (26)

where the exchange term is negligible. Then we see that
A1 will be negligible compared with A2 and A3 if

ID%'I« ID„'- IR, (25)

i.e.,

matrix elements in the interpretation of SEELFS spec-
tra.

The type of signal which could be expected from
angle-resolved experiments is indicated by our consider-
ing a special case, namely that of a disordered layer of
Na on Ni(100). In the ordered c(2 X 2) structure con-
ventional LEED studies' have suggested that the Na
atoms occupy the four-fold hollow sites, 2.3 A from the
Ni surface. Figure 2 indicates the polar-angle variation
of the SEELFS signal along a [100] azimuth for an in-
cident electron beam of energy 544 eV and a detected
beam of 430 eV. The ionization energy of the Na L1
edge is 76 eV and therefore the detected beam corre-
sponds to an energy about 38 eV above the absorption
edge. Different heights of the Na atom above the sur-
face are considered, and the strong variation of the sig-
nal is an encouraging indication of this technique as a
surface structural probe. The importance of including
the 3 3 term is illustrated by the dashed curves, in which
this term is omitted in the calculation.

The calculations were performed by modifications of
programs developed for the calculation of diffuse LEED
intensities. ' For energy losses greater than about 20 eV

where R is the magnitude of a typical LEED reflection
matrix element. Given that a typical reflection intensity
is about 10 of the incident-beam intensity even at the
high end of the LEED range, which overlaps with the
SEELFS range (=500 eV to 2.5 keV), " the term on the
right-hand side of (26) is about unity and it would be ex-
pected that provided

(a)

A
(b)

~/Ep« 1, (27)

Qr, «1 (28)

A1 would be negligible compared with A2 or A3. The
latter quantities, however, are of comparable magnitude,
emphasizing the necessity of the consideration of the
elastic scattering of the incident electrons before the in-

elastic process.
Note also (see, e.g., Fig. 1) that A1 and A4 involve in-

elastic backscattering with a large Q-2(2Ep) 't, while

A2 and A3 are dominated by small angle ine-lastic

scattering for which Q —~(2Ep) 't . If we take

r, -ap/Z as the extent of an inner shell in an atom of
atomic number Z (where ap is the Bohr radius), it is

readily seen that, if (26) holds, the condition

th

CU
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is valid for the dominant terms A2 and A3, but not for
the negligible ones A ~ and A4, in the SEELFS range of
the energy Ep. But (28) is the very condition for the ap-
proximation of the SEELFS matrix element (6) by its
SEXAFS counterpart

e„*(r)Q.rC, (r)d'r, (29)

where Q is reinterpreted as an electric-field vector, thus

justifying the use of the dipole approximation for the

FIG. 2. Polar-angle variation of the reflected electron-
energy-loss spectroscopy intensity expected from a [100] az-
imuth on disordered Na/Ni(100). Na L~-shell excitation.
Ep 544 eV, Ef 430 eV. Imaginary part of the optical po-
tential, v„- —4 eV; 49 beams were used to represent the
LEED states. Dashed curves indicate the effect of the A2 term
only. The full curve includes the interference between A2 and
A3. Heights (d) of Na atoms from surface (hollow-site ad-
sorption): (a) d 2.6 A, (b) d 2.5 A, (c) d=2.4 A, and (d)
d -2.3 A.
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the matrix elements (6) are dominated by a monotoni-

cally decreasing contribution due to an isolated atom.
For excitations from spherically symmetric core wave

functions this is independent of Q. To a very good ap-
proximation, therefore, the matrix elements need not be
evaluated in the calculation of the angular dependence of
the detected electrons.

The possibility of angle-resolved detection has already
been demonstrated by Tyliszczak and Hitchcock, ' who

used a concentric hemispherical analyzer rather than the
more conventional cylindrical mirror analyzer. The in-
formation from the experiment can be multiplied many
fold by our considering different azimuthal angles and
diA'erent energies of the detected electrons. In this the
technique has much in common with that of disuse
LEED. ' ' ' One potential problem with that case is

that anything (e.g. , point defects, terminating disloca-
tions, etc. ) which breaks the periodicity of the surface
may contribute to the signal. In the present technique,
however, concentration on electrons of energies close to
the absorption edges of the adsorbate ensures that sig-
nals originate from only the immediate vicinity of the
adsorption site.
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