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We have used a formalism developed by us recently to carry out a series of calculations of electron-energy-loss
(EELS) cross sections for excitations of vibrations in a ¢(2X2) overlayer of CO on the Ni(100) surface. The
calculations explore impact scattering and cover a wide range of energies and scattering geometries. We examine the
sensitivity of the various cross sections to the CO bond length, and also to the C-Ni distance. We also find a series of
selection rules that apply to the impact-scattering problem. These are discussed and illustrated with numerical
calculations of the angular variation of the EELS cross sections.

I. INTRODUCTORY REMARKS

Electron-energy-loss spectroscopy (EELS) has
become a most important experimental method in
the study of molecules adsorbed on single crystal
surfaces,! and we are just beginning to see the
method extended to the study of the vibrational mo-
tion of atoms in single crystal surfaces.? In the
experiment, a highly monoenergetic electron
beam is directed toward the surface of interest,
and one analyzes the energy spectrum of electrons
scattered inelastically by the vibrational motion
of atoms or molecules on the crystal surface.

The method is, for surface physics, a direct an-
alog of the neutron scattering experiments that
have played a crucial role in the elucidation of the
dynamical properties of a wide range of solid ma-
terials.

In the best spectrometers available at this date,
one may achieve an energy resolution of only 30
cm™ (3.7 meV), so when EELS is compared to
optical spectroscopy, the method offers poor reso
lution. However, in the experiment, one is prob-
ing the surface with particles with a de Broglie
wavelength comparable to crystal lattice constants
or molecular bond lengths, so the EELS method
can in principle be used to probe microscopic
structural details of the surface geometry. In
contrast to this, optical spectroscopies all em-
ploy long wavelength probes and are sensitive
only to overall symmetry as a consequence. This
paper presents detailed theoretical calculations
which explore the sensitivity of the EELS cross
sections to microscopic details of the adsorption
geometry, for a c(2X2) layer of CO adsorbed on
the Ni(100) surface. The calculations-are based
on a formalism developed recently by us.® Some
of the results have been presented briefly else-
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where,* and since this early discussion we have
carried out an extensive series of new calcula-
tions. We present a discussion of our analysis of
electron scattering from a monolayer of CO ad-
sorbed on Ni(100) here, and it is our intention in
a subsequent paper to report similar calculations
for H adsorbed on W(100). A detailed comparison
of the calculated EELS cross sections for these
very different systems should prove most illum-
inating. Before we turn to a presentation of our
results, a few introductory remarks may prove
helpful.

All of the early experimental studies of inelastic
scattering of low-energy electrons by adsorbate
vibrations and many studies currently underway,
examine only those inelastically scattered elec-
trons which emerge very close to the specular
direction. The acceptance angle is typically one
or two degrees. When a molecule is placed on a
metal surface, the vibrational modes which gen-
erate an oscillating electric dipole moment with
component normal to the surface produce a strong
electrostatic potential above the surface, and this
potential scatters the electron strongly. Electrons
scattered by this mechanism emerge very close to
the specular direction; a typical deflection angle
AP from the specular is A9 >7iw,/2E,, where w, is
the frequency of the vibration and E, is the impact
energy. One has A6=0.1° in a typical experiment.
A proper quantum-mechanical theory of the dipole
scattering mechanism® shows the EELS cross
section is a product of a functionf(E,,A6) that de-
scribes the dipole excitation probability and, when
certain conditions are met,° the intensity I, of the
specular beam. As the electron impact energy E,
is decreased, f(E,,A6) increases until the char-
acteristic angle A0 exceeds the spectrometer slit
width. At the same time, I, increases with de-
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creasing energy, so for dipole scattering the max-
imum signal is obtained when low impact energies
in the range of 1 to 5 eV are employed. To first
approximation, vibrational modes with electric
dipole moment parallel to the surface fail to scat-
ter near the specular, since their dipole moment
is nearly cancelled by the image dipole in the sub-
strate.® Thus, we have the dipole selection rule
mentioned earlier.

Far from the specular, even for a mode polar-
ized normal to the surface, the simple dipole the-
ory breaks down and a proper description of the
EELS cross section requires a microscopic theory
which takes due account of the detailed structure
of the potential of adsorbate molecule and underly-
ing substrate. One may see this as follows. In
the dipole scattering theory, if the electron wave-
vector transfer has magnitude @ , the electron
scatters from electric field fluctuations in the
vacuum above the crystal when it is a distance
1,=Q;! from the surface. For a 5-eV electron
deflected 20° off specular, one has [,=2.5 A.
When [, is so small, a microscopic theory is re-
quired that takes detailed account of the structure
of the crystal potential and electron penetration
into the substrate, and the long-range dipole tail
of the scattering potential becomes unimportant.
The same remark applies to inelastic scattering
produced near the specular direction by “dipole-
forbidden” modes, or possibly those character-
ized by small values of the dipole-moment effect-
ive charge (this is frequently called the polariza-
bility derivative in the chemical literature).

It is useful to introduce terminology which draws
a distinction between situations where the dipole
mechanism and the associated long-ranged elec-
trostatic fields dominate the observed cross sec-
tion, and where short-ranged interactions domin-
ate. The latter regime is often called the impact-
scattering regime since, in some crude sense,
one may think of the scattering event as a collision
between the electron and a collection of vibrating
billiard balls. Quite clearly, it is impossible to
draw a rigorous distinction between the two re-
gimes since, for a dipole-active mode the near
specular losses are controlled by long-ranged
fields but as one moves off specular to very large
angles where an impact-scattering picture is ap-
propriate, the transition from the first regime to
the second is smooth and continuous. As we shall
see shortly in these introductory remarks, it is at
present difficult to construct a single theory which
includes a proper description of dipole scattering
along with the microscopic details of the crystal
potential. Thus, to the theorist it is useful to ex-
amine each regime separately. Fortunately, in
the data the near specular “dipole lobe” is fre-

quently a striking feature that stands out distinctly
above a broad angular distribution of inelastically
scattered electrons.

Our recent theoretical effort®* and the detailed
calculations reported here, are based on an im-
pact-scattering description of the EELS process
which takes full account of multiple scattering of
the incoming and scattered electrons from the

.molecules in the adsorbed layer and within the

substrate. As remarked earlier, we have devel-
oped a formalism ® that enables such calculations
to be carried out through use of the multiple-scat-
tering theories that have proven useful elsewhere
in surface physics.

We have found* that in the theory of impact scat-
tering, there exist useful selection rules which
supplement the well known dipole selection rule
introduced by Evans and Mills.® Our earlier dis-
cussion of the selection rules which operate for
modes that scatter predominantly by impact scat-
tering was brief,* and here we discuss these in
more detail and illustrate them with our numerical
calculations. In the near future, it is likely that
the selection rules will prove most useful to ex-
perimentalists equipped with present day spectro-
meters. To extract detailed structural informa-
tion from the energy variation of the EELS cross
section, it would be useful to construct spectro-
meters which operate at impact energies of a few
tens of electron volts, rather than a few electron
volts. This will be clear from the discussion be-
low.

A new ingredient required in the theory is a de-
scription of the electron-phonon interaction. We
have modeled this as follows. We begin with an
array of muffin-tin potentials arranged to describe
an (ordered) adsorbate layer and the underlying
substrate. We form the matrix element for the
electron-phonon interaction by rigidly displacing
the muffin-tin potential associated with a site of
interest and sandwiching the change in potential
8V between the relevant wave functions that de-
scribe the incident and scattered electron. The
details of this procedure have been given else-
where, ® but for the present purposes one should
note that this procedure never generates an elec-
tric dipole moment since the electron charge
cloud, assumed spherically symmetric around
each nucleus, follows the nucleus without distor-
tion. Thus, within this formalism we describe
impact scattering at large angles, but we are un-
able at the same time to recover the dipole con-
tribution near the specular for dipole-allowed
modes. Such calculations have proved exceedingly
difficult in the highly developed field of electron-
molecule scattering. An EELS theory with both
impact and dipole scattering incorporated fully and
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rigorously thus represents a major extension of
the present study.

We believe one could synthesize useful formulas
for the EELS cross sections by simply adding to
our impact-scattering ¢ matrix the additional di-
pole portion which is large near the specular for
allowed modes. We have chosen not to use such
a phenomenological procedure here, because we
wish to focus our attention on the detailed behav-
ior of the impact-scattering cross sections for the
c(2X2) layer of CO on Ni. Before we turn to our
detailed results, we briefly summarize some prin-
cipal conclusions.

As remarked earlier, the cross section for di-
pole scattering decreases with increasing electron
energy, because the dipole excitation functions
f(E,,A6) decreases and because the specular re-
flectivity I, does also. When we calculate
(dP;/d2)dS2, the probability an electron is scatter-
ed into solid angle df? after exciting the ith vibra-
tional mode of the adsorbate by impact scattering,
we find a very different behavior. In the impact-
scattering regime, the excitation probability in-
cveases with energy. More precisely, (dP;/d)
is not a monotonic function of energy, but rather
consists of a series of diffraction peaks superim-
posed on a background which increases with ener-
gy. The point is that as one moves to higher im-
pact energies, the cross section for vibrational
excitation by the impact mechanism increases on
the average, while the specular intensity I, falls
off. This suggests that it will be advantageous
to work at higher beam energies, in the regime of
30-200 eV, to study vibrational excitation by im-
pact scattering. Also, as we show here, the dif-
fraction peaks have position and shape influenced
by the microscopic details of the adsorption site
geometry, as in other electron surface spectro-
scopies. We thus have very rich information in
this energy regime, and it would be of very great
interest to see experiments carried out with inci-
dent electron energy in this range.

We may quantify the above remarks as follows.
For an impact energy of 5 eV, the calculations re-
ported below show (deY)/dQ) =10 for impact
scattering, where here and elsewhere in this pa-
per we refer to the CO stretch mode as the «”
mode. If these electrons are collected with a slit
geometry that collects all electrons that lie within
a cone with apex half angle Ax =1°, then the solid
angle AQ subtended by the spectrometer slit is
AQ=1073 steradians. Hence, roughly one electron
out of each 107 in the incident beam is scattered
into the spectrometer slits by the impact mechan-
ism. For a strong dipole-allowed mode such as
the CO stretch, about one electron in 10° is scat-
tered from the incident beam into the near specu-
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lar dipole lobe; for this estimate, we assume one
percent of the electrons in the incident beam are
contained in the specular beam of electrons scat-
tered elastically from the surface. Thus, at these
low incident electron energies, our calculations
show the cross section for large-angle impact
scattering to be roughly two orders of magnitude
smaller than the near specular dipole lobe when
the comparison is made as outlined.

Now consider incident electron kinetic energies
in the range of 50 eV rather than 5 eV. The dipole
cross section will be at least an order of magni-
tude smaller here than at 5 eV, when the combined
energy variation of the dipole excitation function
f(E,A0) and the specular intensity I, are consider-
ed. At the same time, our calculations show
(dei”/dQ) increases by roughly one order of mag-
nitude. Hence, the same comparison shows the
near specular dipole-scattering intensity has fal-
len off sufficiently, and the impact-scattering
cross section has increased to the point where the
two signals are comparable in intensity near the
specular even for a strong dipole-allowed mode.

The above remarks, combined with the diffrac-
tion features produced by multiple scattering of
the electron from the adsorbate-substrate combin-
ation, lead us to suggest that experiments should
be performed at incident electron energies sub-
stantially higher than those used at present.

There is one final general point we wish to
stress before we turn to the discussion of our de-
tailed calculations. As remarked above, when
certain conditions are met, % the near specular
dipole cross section may be expressed as the pro-
duct of the dipole excitation function f(E, A6) de-
rived explicitly elsewhere,® and the elastic inten-
sity I, of the specular beam. It thus proves use-
ful to divide the measured dipole-loss cross sec-
tion by I, to obtain f(E,A6). By this means, quan-
titative values of the magnitude of the dipole-mo-
ment effective charge ¢* may be extracted from
the data.’ In the impact-scattering regime, as
we emphasized earlier,* the EELS cross section
has its own characteristic variation with energy,
and this bears no simple relation to the energy
variation of the specular intensity I,. Thus, to
divide impact-scattering-dominated EELS data by
I, obscures rather than clarifies the information
contained in the data, in general. This point is
amply illustrated by Fig. 2 of Ref. 4, and we
shall not discuss this issue in any more detail
here.

We now turn to a discussion of our calculations.
Section II presents a discussion of our calculations
of the energy variation of the EELS cross sections,
and Sec. III explores the selection rules which op-
erate in the impact-scattering regime.
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II. THE ENERGY VARIATION AND STRUCTURAL
SENSITIVITY OF EELS CROSS SECTIONS

Before we turn to a presentation of the results of
our numerical calculations, we recall the general
features of the method of calculation.?

We begin with an array of muffin-tin potentials
centered at sites {ﬁﬁ)}. The outermost layer of
potentials describe the ¢(2X2) arrangement of oxy-
gen ions, the next layer is the layer of carbon
ions, and we then have the Ni substrate. If R, ()
is a vector to the equilibrium position of the nu-
cleus at site 1, then R() =R,() +d(0), i.e., we con-
sider an array of muffin-tin potentials, with (1)
the displacement of the nucleus at site 1 from its
equilibrium position.

If an electron of wave vector k'’ is incident on
this array, then we can calculate f(K'®),k"; {R})
the scattering amplitude for scattering into the
final state kF (in the vacuum above the adsorbate-
substrate combination). As indicated, the scatter-
ing amplitude depends parametrically on the posi-
tions of the various nuclei. Then if (i) is small,
we may expand the scattering amplitide in powers
of (1). To first order in the displacement, with
u, (1) the ath Cartesian component of d(1),

f(E(F), 1:(1) ;{ﬁ}) :f'(k<p) D ;{ﬁo})
Z Z (aR (I> ral e W

The first term in Eq. (1) describes elastic scat-
tering from the structure with all nuclei at their
equilibrium position (the low-energy-electron-dif-
fraction problem), while the second term describ-
es vibrational loss by one phonon process. In Ref.
3, we have analyzed the derivative [3f/0R ()],
within the framework of multiple scattering theory,
and the calculations presented here are based on
these results.

Quite clearly, from Eq. (1) we see that we need
to know the amplitudes of the motion of the var-
ious ions to calculate the cross section for scat-
tering from a particular vibrational mode of the
system. We are interested here exclusively in
inelastic scattering of electrons from the vibra-
tions in the adsorbed CO layer,® so we have sup-
posed that the Ni atoms remain at rest always,
and only the carbon and oxygen nuclei participate
in the vibrational motion. For scattering from
the CO stretch mode, this is clearly an excellent
approximation, though it is more questionable
for some of the lower-frequency modes, such as
the C-Ni stretching mode. For reasons discus-
sed below, we believe the calculations are not
very sensitive to this assumption. We shall see
that for a considerable range of energy and im-

pact angles, the EELS cross sections are not very
sensitive to the C-Ni spacing, so inclusion of the
motion of the Ni atoms is unlikely to affect the
results greatly.

As in our earlier paper, we refer to the outer-
most layer of nuclei (the oxygens) as layer A, and
the second layer (the carbons) as layer B. Fur-
thermore, we suppose each CO molecule vibrates
independently of the others. If 6f&™, kV;{R})
is the part of the scattering amphtude which is
first order in #(1), and Q, _kf,”’ k(n is the wave-
vector transfer of the electron prOJected onto a
plane parallel to the surface, we have

,k(I);{R} Z éf(l)(Q")u(A)

(F)

of (r
+ 30 @, (2)

where

5FO@) = Wg((maf(1 )) exp[i§, ROA)], )

and d'4’, &8’ are suitably normalized eigenvectors
of the vibrating adsorbate molecule.

For our ¢(2x2) layer of CO on the Ni(100) sur-
face, with the CO standing vertically and termin-
ally bonded, the normal modes are polarized
either normal to the surface or parallel to the sur-
face. For this site, the symmetry | group is C4v
Thus, the scattering amplitude 6f (kP ,k*";{R})
cons1sts of a sum of the two amplitudes éf“’(Q")

(”(Q") each weighted by an eigenvector ampli-
tude. If we consider, say, scattering by the two
normal modes normal to the surface, then as we
saw in Ref. 3 the amplitudes «4’ and «{?’ are fully
determined once the ratio of the two frequencies
w!* (the CO stretch) and w'!™’ (the C~Ni mode) are
known. A similar statement applies to modes po-
larized parallel to the surface.

Our calculations show that the energy variation
of the EELS cross section is rather insensitive to
the value chosen for the ratio w!"’/w!”. We illus-
trate this in Fig. 1, where for a particular scat-
tering geometry we plot dP(*’ /dSy, the probability
per unit solid angle, of exc1t1ng the w{*’ mode.

We have fixed the value of the frequency of the
w!” mode (the C-Ni mode) at the value 480 cm™!
measured by Andersson,® and three values of w!"’
have been used to generate the ratio of the vibra-
tional amplitudes of the two nuclei. The solid
curve is calculated for the measured value of the
CO stretch frequency, w (” =2070 em™, the dashed
curve is calculated for the choice w!* =2890 cm™,
and the dot-dashed curve for 1655 cm™. We see
that the variation of w."’ over a rather wide range
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leaves the energy variation of dP{})/dQ unaffect-
ed, but does somewhat alter the overall magnitude
of the cross section. The latter effect is as ex-
pected, since the EELS cross section increases

as the zero-point amplitude of the mode respon-
sible for the scattering increases (we have 7iw!"
<k,T here), and lowering w*’ increases the zero-
point amplitude.

We have found very similar results in our calcu-
lations of the EELS cross section for scattering
from the w!”’ mode. These results show that we
do not require full knowledge of the factors that
control the eigenvectors to perform reliable cal-
culations of (dP/d?). We may understand this as
follows. For the CO molecule in the gas phase,
the center of mass of the molecule remains fixed
when the CO stretch vibration is excited. This
leads to the amplitude ratio (4’ /u{?) =~(Mz/M,).
When the CO is adsorbed onto the substrate and
the stretching vibration is excited, the center of
mass of the molecule wobbles, but the correction
to the gas-phase ratio for (u?/«f) is of order
(w!”/w!’)?, and this is very small. One may see
this from the formulas in Appendix A of Ref. 3.
Thus, the fact that w{~ <« "’ means that for the
CO stretch vibration, the ratio («!4’/«{?’), and
consequently the energy variation of the EELS
cross section, is not greatly affected by the exis-
tence of the C-Ni bond. Also, the amplitude of

the center-of-mass wobble is small in the limit
(=) (+)

W, KW, Similarly, when we consider scatter-
ing from the w!~’ mode, we have u!4’=#{® in the
T T T T
25F  w¥'mMoDE 4
SN
6,=30° /N
fN
20 B,-35° // \ 4
w_=480cm™ / \
< ——w, =1655cm"!
o —
Z 13 —w, -2070cm"!
S ---w, =2890cm"!
o /'\\
~ A
o lof
o
05}
0.0

ELECTRON ENERGY (eV)

FIG. 1. The probability per unit solid angle (dP/dS2)
for exciting the CO stretch mode (w{*), as a function of
electron energy for a particular scattering geometry,
The incident electron wave vector, outgoing electron
wave vector, and normal to the surface all lie in the
same plane, the scattering plane, The scattering plane
is aligned along a [100] direction.

limit w{” «w!", since the “stiff spring” between

the carbon and oxygen nuclei does not allow rela-
tive motion of these two constituents.

We expect results similar to these will hold for
a wide variety of adsorbed layers formed from
molecules, where modes similar in character to
gas-phase normal modes have frequencies high
compared to modes that are rotations or transla-
tions of the gas-phase species hindered by bonding
to the substrate. The eigenvectors of the gas-
phase motion may be used in these instances, with
no great cost in quantitative accuracy.

We remark that all the calculations in Fig. 1,
and those reported in the remainder of the paper,
consider geometries where the incident electron
wave vector K7, the scattered electron wave vec-
tor k¥, and the normal to the surface 7, lie in the
same plane. We call this the scattering plane.
Furthermore, in all the calculations the scattering
plane is oriented parallel to a [100] direction in
the surface.

For most scattering geometries for the CO layer
adsorbed on Ni(100), we find the position and shape
of the structures in the EELS cross section are
quite sensitive to the carbon-oxygen bond length,
and at the same time are relatively insensitive to
the carbon-nickel bond length. The reason for
this is that the electron-phonon matrix element is
small for forward scattering from the carbon and
oxygen layer, and is much larger for backscatter-
ing from it. Thus, most of the electrons which
emerge from the surface have been backscattered
from the carbon and oxygen layer without penetra-
ting through to the substrate. We next present a
series of calculations which illustrate these points.

In Fig. 2, for two values of the CO bond length,

(dP/dQ) (103)

ELECTRON ENERGY (eV)

FIG. 2. The energy variation of the probability per
unit solid angle for scattering from the w* mode for
the scattering geometry shown in the inset. For both
curves, the Ni—C distance has been chosen equal to

1.80 A, and the CO bond length has been varied.
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we show the energy variation of the probability
(aP)/aQ) per unit solid angle for scattering by
the w{*’ mode. In both calculations, the C-Ni
perpendicular distance has been fixed at 1.80 A,
while two values of the CO bond length which differ
by 0.2 A have been employed. We see striking
differences between the two curves. The broad
peak in the curve for d,,=1.13 A is missing from
the curve calculated for d,,=1.33 A, and an inter-
ference minimum occurs near 70 eV incident en-
ergy in the 1.33 A curve, while a well-defined
peak appears near this energy for the curve calcu-
lated for dg,=1.13 A.

In contrast to the sensitivity to the CO bond len-
gth displayed in Fig. 2, we find the EELS cross
sections are remarkably insensitive to the spacing
between the CO layer and the Ni substrate. This
we illustrate in Fig. 3, where we show calcula-
tions of (dP:;’/dQ) for scattering from the w;"
mode for d,,=1.13 A and for two values of the
Ni-C spacing. There are distinct differences be-
tween the two curves, but these are rather subtle.
While we have found scattering geometries which
produce energy variations for (dP/d2) sensitive
to the C-Ni spacing, as we shall see shortly, on
the whole the results are not very sensitive to this
parameter.

The reason is that the amplitude for backscatter-
ing from the CO layer, with emission of a vibra-
tional quanta, is in general appreciably larger
than the corresponding amplitude in the forward
direction. Furthermore, the structure in (dP/dS)
has its primary origin in interference between the
term proportional to éfj{;(—Q’”), and that proportion-
al to 57 (@,); both 1670@,)12 and 167L)(@Q,)12
are smooth functions of energy. Thus, (dP/dR) is
sensitive to the CO bond length, but is not affected
greatly by variations in the C—Ni bond length.

We may illustrate this point as follows. Suppose
we consider a layer of CO molecules embedded in

T T T T T T T

10§ moDE -
6y =50° dco =I.13A
0.8 8 = 40° co 7=
3 . dy.c=2.0R R
SN erEe

° A
deo =1.I3A_&)

PN
dy;c=1.804

dP/dQ (10%:

0.0 h 1 1 1
o 10 20 30 40 50 60 70 80

ELECTRON ENERGY (eV)

FIG. 3. The energy variation of dP/dS2, the probabil-
ity per unit angle for scattering from the w*’ mode, for
two values of the C~Ni spacing and for the C—O bond
length indicated. The scattering plane has been aligned

with the [100] direction.

the (complex) inner potential used in the above
calculation, and we define for either the oxygen
or the carbon layer two scattering amplitudes

% and Qg as follows. For the carbon layer, for
example, the quantity g, is the amplitude that the
electron approaches the carbon layer with angle of
incidence 6; (from below; the half space z <0 is
the vacuum) and is backscatterved from the layer
to emerge with angle 6, relative to the surface
normal, after excitation of a vibrational quanta.
We include in the calculation of @, all multiple-
scattering events within the carbon layer as the
site of vibrational excitation is approached, and
as the electron exits the layer; i.e., Q5 is the
amplitude for backscattering with vibrational ex-
citation from an isolated carbon layer. Similarly,

oo is the amplitude for forward scattering through
the layer with vibrational excitation, again to
emerge with angle 6, relative to the normal. The
formulas for both Q54 and Q¢ are given as Eq. (3.18)
of Ref. 3. For a plane of atoms with up-down
reflection symmetry, Qi'=Q5, and Qi =Q5y .
The magnitude and angle variation of the ampli-
tudes for forward scattering through or backscat-
tering fromthe oxygenlayer have similar behaviors
as those of scattering from the carbonlayer, so many
qualitative aspects of scattering from the CO layer
may be appreciated by studying the scattering from
the individual layer.

In Fig. 4, for 6;=50° and selected energies, and
for scattering from the w{*' mode, we show both
| Qoo! and 1@Qgg! for the carbon layer as a function
of 6,. For almost all of the angles explored (but
not everywhere) we have | Qx| > | Q.:l, so the ma-
jority of the electrons are backscattered from the
carbon layer and never get through to the sub-
strate. Note that the ordinate of Fig. 4 is a log-

LANELIL A BN L B LA AL BN B B B TR S B S N B
E(o) Eg=335eV 1 (b) Eg=435eV f(c) Eg=53.5ev ]
. 61=50° 8;=50° 81:50°
I 1
Qgal —
o.m;\lﬂl,/»a— 3]
C 7
TN A IO
: I\ ,’/ 'Qogl \
‘| | \
1 l’ i
0.0l y ! + ¥
F Vi 1y
! lln
N N
1 1
i i
s e by 8 b Ny
0° 20° 40° 60° 80° 20° 40° 60° 80° 20° 40° 60° 80°
6 ¢ 8¢

Fig. 4. For an angle of incidence 6;=50°, we plot the
quantities | @fs|, | Q5| defined in the text as a function of
the angle 6  between the scattered electron wave vector
and the normal to the carbon layer for (a) an incident
electron energy of 33.5 eV, (b) an incident energy of
43.5 eV, and (c) an incident energy of 53.5 eV. The cal-
culations assume the electrons excite the w{” mode,
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arithmic scale. The zero in | Q! at 6, =6; =50°
is an illustration of a selection rule, and this will
be discussed in Sec. III.

We may use plots that compare | Q5 with | @l
for carbon and oxygen to search for regimes of
angle and energy where (dP/dQ2) exhibits sensitiv-
ity either to the CO or the C-Ni spacing. One ex-
ample is illustrated in Fig. 5, where for a mode
with displacements parallel to the surface, we
show similar plots of 1Qq| and | Qg for the car-
bon layer. The mode considered has displace-
ments parallel to the scattering plane, which as in
the other calculations is aligned along the [100]
direction. We call the two normal modes of this
polarization «'’ and w!”’, and the calculations
shown are for the h1gh frequency w!"’ mode. We
have calculated the eigenvector of the mode using
the frequencies w!*’ =460 cm™ and w!"’ =65 cm™
taken from Ni carbonyl compounds.

From Fig. 5, we see that for exit angles in the
range 0, =20°, we have | @yl > | @5l . Now most
of the electrons that strike the adsorbed carbon
layer are scattered in the forward direction after
vibrational excitation, and must be backscattered
from the substrate before they can emerge into
the vacuum. With this scattering geometry,
(dP/dR) should exhibit features sensitive to the
C-Ni spacing.

We illustrate this in Fig. 6, where for 6, =50°
and 6, =20°, we calculate the energy variation of
(dP/dSZ) for excitation of the w!*’ mode. This is
done for dso=1.13 A, and several values of the
Ni-C separation. We now see considerable sensi-
tivity to the Ni-C spacing as we expect from Fig.
5. AS dy,.c is shortened from 2.0 to 1.6 A, the
trend is for the structures in (dP/dS2) to shift to
higher energies, with shifts as large as 10 eV
evident in the figure. When these results are com-
pared to those in Fig. 3, we see that study of the
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F 6¢ 8¢

20° 40° 60" 80°

FIG. 5. The quantities | Q| and | @}l for the carbon
layer calculated for 6;=50° as a function of 6 for the

(") mode. The incident electron energy has been chos-
en to be (a) 33.5 eV, (b) 43.5 eV, and (c) 563.5 eV.
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behavior of |y, and | Q| for carbon and oxygen
is a useful way of locating regimes of energy and
angle where the behavior of (dP/df2) is sensitive
to distances between the adsorbate layers or be-
tween the adsorbate and the substrate. It must be
kept in mind that the x- and y-polarized modes
are degenerate for our CO molecular on its site
of C,, symmetry. But as we shall see in Sec. III,
when both k%’ and K’ lie in a reflection plane,
the cross section for scattering from the y-polar-
ized mode vanishes.

The zero at 6; =60, in | Q5| in Fig. 4, along with
those in both | @5l and | Qy,! in Fig. 5 are not ac-
cidental, but are in fact symmetry determined.
There are a series of symmetry-induced zeros
in the EELS cross sections in the impact-scatter-
ing mechanism. Some of these were discussed
by us earlier,* and we now turn to a more detailed
analysis of these features, which should prove
most useful to the experimentalist.

III. SELECTION RULES IN IMPACT SCATTERING

In Ref. 4 we presented a brief discussion of
selection rules that operate in the impact-scat-
tering regime. We now turn to a more complete
discussion of these rules. These rules are par-
tially illustrated by the results presented in Ref.
4, and the results displayed in Sec. II of the pre-
sent paper.

The geometry considered in this discussion is
illustrated in Fig. 7. As in Sec. II, we consider
a scattering configuration in which the wave vec-
tor k ‘I? of the incident electron, the k ‘¥’ of the
scattered electron, and the normal 7 to the sur-
face, all lie in the same plane which is here the
xz plane. As above, we call the xz plane the

INTENSITY (ARBITRARY UNITS)

G 10 20 30 40 50 80 70 80 50 100
ELECTRON ENERGY (eV)

FIG. 6. For dco=1.13 A and several values of dy;_c,
we calculate the energy variation of dP/dS2 for exciting
the w*) mode. The incident angle §;=50° and 65=20°,
where Fig. 5 suggests (dP/dQ) should be sensitive to the
C—Ni spacing.
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scattering plane.

We also confine our attention to an adsorbate
atom or a linear diatomic molecule such as CO
in an adsorption site with symmetry sufficiently
high that the normal modes of vibration are
polarized purely normal to the surface, or purely
parallel to it. We wish the eigenvectors to trans-
form under rotations, reflections, etc., as vector
quantities. For more complex molecules, or
possibly for a diatomic molecule which “lies
down” on the surface, the eigenvectors may have
very different transformation properties, and
the selection rules outlined here will fail to apply.
We touch on these more general cases only briefly
at the end of the present section. Also, through-
out this section our attention is confined to one-
phonon loss events.

Note that for our case the eigenvectors which
describe vibrations parallel to the surface may
be separated into sets which describe motions
parallel to two mutually orthogonal directions.
We consider the selection rules which operate
in three cases. :

A. Vibrational modes polarized parallel to the surface
and normal to the scattering plane (y-polarized modes)

Consider scattering produced by a vibrational
mode polarized along the § direction in Fig. 7(a).
The scattering amplitude must vanish in the
following circumstances.

(i) Suppose that the nature of the adsorption site
is such that the operation of reflection R,
(through the x 2z plane) is a good symmetry opera-

() ke ®) «

/ ® ®
/: y —
,/SPECULAR o o
,/ DIRECTION

" (c) <

® (¢]
y y —
(¢] ®
@ '
—0 O—-

1
I
FIG. 7. (a) The scattering geometry which forms the

basis for the discussion of the impact scattering select-
ion rules. Both K’ and k¥ lie in the xz plane. (b) Ex-
ample of a geometry for which the xz plane is a reflec-
tion plane (z normal to xy plane). (c) Example of a
geometry where the z axis is a twofold axis, but the xz
plane is not a reflection plane. (d) An example of a diat-
omic molecule which “lies down” on the surface and for
which the parity of the stretching vibration is even.

tion. Then the EELS cross section must vanish
for all wave vectors k ‘¥ in'the xz plane. The
reason is that the wave function |¢,) of the elec-
tron in the initial state, and that lz];F) of the elec-
tron in the final state are both even under R ,.
This is true, of course, not simply for the in-
coming and outgoing plane waves in the vacuum
outside the crystal, but for the entire electron
wave function, including the portion in the cry-
stal. In effect, the calculation of the EELS cross
section involves evaluation of a matrix element
that “sandwiches” the change in potential 8V pro-
duced by the ionic motion, between |¢,) and [9p).
Since 8V is necessarily odd under R,_,, the EELS
scattering amplitude and the single-layer am-
plitudes Qf,*o*’ vanish whenever k ¥’ lies in the xz
plane.

(ii) Suppose the nature of the adsorption site is
such that there is twofold rotational symmetry
about the z axis. This is clearly a situation dif-
ferent than that just considered. As an illustra-
tion, we show in Fig. 7(b) a geometry for which
R, is a good symmetry operation, but the z axis
is not a twofold axis. In Fig. 7(c) a geometry is
illustrated for which the z axis is a twofold axis,
but R, is not a good symmetry operation.

In this situation, the EELS scattering amplitude
and @5, Qo2 vanish only for k ¥’ directed along
the specular direction. That this is so may be
seen as follows. Let k ‘¥’ lie along the specular
direction. Then a twofold rotation about the 2
axis changes the sign of the eigenvector U as-
sociated with the vibrational mode, and hence
changes the sign of 6V. Also, we have kW
~ -k ¥, andk ¥~ -k under this operation.
If we assume also that time reversal is a good
symmetry operation and the scattering is quasi-
elastic so we ignore the difference between the
magnitude of k /’and k ‘¥’ in calculating the
electron wave function, the combination of the
twofold rotation and time reversal leaves the
electron scattering geometry invariant, but
changes the sign of §V. This is sufficient to en-
sure that for specular ker ’, the total scattering
amplitude, Q;, and @, vanish.

The single-layer amplitudes Q33 and @y will
vanish for k ‘¥ in the forward direction if the
midplane of the layer is a reflection plane, the z
axis is a twofold axis and we need time-reversal
symmetry.

B. Vibrational modes polarized parallel to the surface
and parallel to the scattering plane (x-polarized modes)

We consider modes polarized parallel to the
surface, and parallel to the scattering plane in
Fig. 7(a). For the EELS cross section and single-

+

layer amplitudes Q. and Q;;, and Q;;, we again
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have two selection rules. These are the following.

(i) Suppose reflection in the yz plane is a good
symmetry operation. Then within the approxima-
tion that we may take wave vector k ‘7 of the
scattered electron equal in magnitude to that k
of the incident electron, the combined effects
of R, and time-reversal symmetry require the
EELS cross section and Q;, , @, for scattering
from the x-polarized mode to vanish when Kk
is directed along the specular direction.

We see an illustration of this selection rule in
Fig. 5 of the present paper. Note that for each
energy for which calculations of IQBJI are dis-
played, this quantity vanishes identically when
the electron emerges along the specular direction.
This zero is a consequence of the selection rule
just described. We also show in Fig. 8 calcula-
tions of the angular variation of (d P/dQ) for the
two x-polarized modes of the adsorbed CO. In
each case, the EELS cross section (dP/d)
vanishes along the specular direction. Finally,
in our earlier note this selection rule was dis-
cussed,? and calculations were presented which

n
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FIG. 8. Calculations of (dP/dQ) for the x-polarized
modes (vibrations parallel to the surface and parallel to
the scattering plane), for the case where the scattering
plane is aligned parallel to the [100] direction, and the
selection rule requires (dP/dS) to vanish along the
specular direction. The angle of incidence is 50°, and
the calculations are carried out for an incident electron
energy of 6.5 eV.

illustrate it.

(ii) Suppose the scattering plane is arranged so
that a rotation of 180° about the z direction is a
good symmetry operation. Then this rotation
symmetry, combined with time-reversal sym-
metry along with the assumption |k ‘7’| = |k ‘©’|
requires the EELS cross section @, and @, to
vanish along the specular direction.

For layer amplitudes Q7 and @y, to vanish in
the forward direction, we need the y axis to be
a twofold rotation axis, and we also need time-
reversal symmetry. These quantities vanish also
if the z axis is a twofold axis, and there is in
addition reflection symmetry in the xy plane com-
bined with time-reversal symmetry.

C. Vibrational modes polarized perpendicular to the
surface (z-polarized modes)

There is a selection rule that applies here to
more limited usefulness than those just described.
Consider a plane of adsorbed atoms (or perhaps
a plane of substrate atoms). Let Q7 , Qo be the
amplitudes for backscattering from the plane and
for scattering through the plane. Then for the
geometry illustrated in Fig. T(a), if the plane
has twofold rotational symmetry about the y axis,
this symmetry combined with time -reversal sym-
metry and the assumption ]E Ry ] = ]E (F’] requires
Q¢ to vanish in the forward direction, when 6,
=0,;. This selection rule is illustrated in Fig. 4,
where for each energy considered, we see that
|Q: | vanishes when 6=0;. Also Qg must vanish
in the forward direction if the z axis is a twofold
axis and if the xy plane is a reflection plane. Then
a twofold rotation about z, combined with re-
flection in the xy plane and time reversal requires
Qg to vanish in the forward direction. However,
for z-polarized mode, even for 6, =6, and Q4 do
not vanish.

In circumstances where backscattering from the
substrate makes a substantial contribution to the
cross section, this selection rule can cause a
dip in the impact-scattering cross section for
scattering from z-polarized modes. While this
dip may be partially or totally obscured by the
dipole scattering allowed for these same modes,
it may be observable for modes with large im-
pact-scattering cross sections or small values
of the dynamic effective charge (polarizability
derivative). Unfortunately, for the case of the
¢(2x 2) overlayer of CO on Ni(100) examined here,
we saw in Sec. II that ]Q[;O* I >> ]Qg;f for the z-
polarized modes. No dip shows up in the total
cross section, to graphical accuracy. In Fig. 9,
we show calculations of the angular distribution
of electrons scattered by the z-polarized modes,
and we see a smooth angular variation, with no
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sign of a dip at 6,=6,=50°. In Fig. 9, so the
reader may appreciate the rélative sizes of
various contributions to the cross section, we
have decomposed the total cross section into that
part which comes from the oxygen layer alone,
that from the carbon layer, and the interference
term between the two. This completes our dis-
cussion of the selection rules that operate in the
impact-scattering regime. We conclude with a
few general comments.

We have invoked one assumption that goes be -
yond symmetry considerations to demonstrate
some of the rules above, and this is that the
energy change of the electron is sufficiently
small that we may suppose that |k ‘7| [k (9],
The selection rules that depend on this assumption
may well break down for experiments carried out
in energy regimes where the reflectivity varies
rapidly with electron energy, so at the outgoing
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FIG. 9. The angular distribution of electrons scattered
by the two normal modes polarized perpendicular to the
surface, the «$? mode (CO stretch), and the w(l") mode
(C—Ni mode). The angle of incidence is 50° and the in-
cident electron energy is 6.5 eV. We have decomposed
the cross section in a piece that comes from scattering
off the layer of oxygen nuclei alone, from the C layer

alone, and the interference term between the two.

electron energy, the wave function is substantially
different than that at the incident energy. This
can happen, for example, in the near vicinity of
the fine-structure resonances observed often at
low impact energies.® If one wishes to exploit
these selection rules, care should be taken to
carry out experiments in energy regimes where
the reflectivity varies little over the relevant
range of energy and angle. We currently have
underway a new series of calculations which in-
clude the effect of the image potential, so the
influence of the fine-structure resonances will

be included fully. Their influence on the selection
rules just described, and comparison with ex-
perimental data, will be discussed in a subsequent
publication.

We have also invoked time-reversal symmetry
and used it in combination with reflection or ro-
tational symmetry to establish most of the rules.
It is interesting to explore the selection rules
for EELS experiments carried out on ferromag-
netic surfaces, where time-reversal symmetry
breaks down. A lengthy discussion of the selec-
tion rules is required here, and we shall present
such an analysis elsewhere. Note that for elec-
trons incident on the ferromagnetic metals, the
incoming electron feels the presence of the mag-
netism not only from spin-orbit coupling, which
is relatively small in the ferromagnetic transi-
tion metals, but from the strong Coulomb in-
teractions in combination with the Pauli principle.
This point has been emphasized by Feder in his
analysis of spin-dependent elastic scattering of
electrons from the surfaces of ferromagnetic
metals.! Thus, there are very substantial dif-
ferences in the wave function of an electron in-
cident with spin parallel to the magnetization of
the substrate, or antiparallel to it.

It is important to note that the selection rules
also require the normal coordinate of the mode
responsible for the scattering transform under
reflections and rotations like a vector quantity.
It is easy to find an example of a mode that fails
to satisfy this requirement. Consider the stret-
ching vibrations of a diatomic molecule which
lies parallel to the surface. If we consider a
homopolar molecule, then as illustrated in Fig.
7(d), under reflection through the dotted plane,
the stretch vibration has even parity rather than
odd parity as in the examples for which the selec-
tion rule holds. When more complex molecules,
such as NH, or C,H, are considered as adsor-
bates, these will be a subset of modes for which
they do not operate; the rules may then assist
the experimentalist in making symmetry assign-
ments to the various modes detected in an EELS
experiment.
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