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By a combination of experimental data [from the Ni(ill)(2x2)-K structure], model calcula-
tions, and simple formal theory, it is shown that a strong initial-state effect exists in backscattering
photoelectron diffraction, which can be ascribed to the parity of the emitted photoelectron source
wave field. Unlike the initial-state effect recently discussed in forward scattering photoelectron (and
Auger electron) difFraction, which is a spherical wave efFect only present due to the close proximity
of the emitter and scatterer, this parity effect in the backscattering geometry exists even in the
lowest order approximation of the scattering, i.e., the plane wave approximation.

Photoelectron diffraction (see, e.g., Refs. 1—4) is pri-
marily a final state effect; the structural information
content of the measurements is a consequence of the in-
terference of the elastically scattered and directly emit-
ted components of the final photoelectron wave field.
Nevertheless, there has been considerable interest re-
cently in understanding the way that different source
wave fields infiuence the observed photoelectron diffrac-
tion behavior. s is Much of this recent work has concen-
trated on the forward (i.e., close to 0') scattering geome-
try. The purpose of this paper is to demonstrate not only
that initial state effects are also present in the backscat-
tering geometry, but that they are actually far more im-
portant in this case. We show, in particular, that the
source wave effects in forward scattering are second-order
in nature, stemming entirely &om the "curved wave" cor-
rections to the scattering process, whereas in backscat-
tering a first order efFect is seen which can be readily
understood in terms of the parity of the primarily emit-
ted electron wave and the experimental geometry.

The recent work on initial state effects in the for-
ward scattering geometry ' ' has been undertaken
mainly to clarify the difFerent forward scattered angu-
lar distributions to be expected in photoelectron difFrac-
tion and Auger electron diffraction, and amplifies the
earlier-established appreciation of the role of the an-
gular momentum of the source wave in Auger electron
diffraction. The motivation for this has been to
dispel misunderstandings in the interpretation of
some recent low energy Auger electron diffraction data.
At high kinetic energies (typically above 500 eV), pro-
nounced enhancements in the detected photoelectron or
Auger electron intensities are seen in directions corre-
sponding to forward scattering in a crystal surface, and
can be readily attributed to constructive interference of
the direct and scattered components of the electron wave
field in this zero-order difFraction (i.e., an event in which
the scattering pathlength difFerence is zero). This is

the basis of the technique of XPD (x-ray photoelectron
diffraction). s'4 Of course, electron diffraction by atoms
involves a phase shift, and if this phase shift were to be
about x, even forward scattering would be destructive
rather than constructive. At low energies (especially be-
low about 100 eV) the phase of the complex scattering
amplitude is often not small, and forward scattering de-
structive interference is possible. Under these conditions
the angular momentum of the source wave plays a crucial
role. Specifically, Terminello and Barton have measured
the angular dependence of Cu M2 3M4 5M4 5 Auger elec-
tron and Cu 3p photoemission from Cu(100) at the same
kinetic (final state) energy and shown that they differ
very significantly. They have further shown that the dif-
ference can be understood in terms of the different dom-
inant partial wave form of the unscattered source wave
(mainly f-like and mixed s- and d-like, respectively). i2

The fact that these source waves lead to different scat-
tering interferences is related to the close proximity of
emitter and scattering atoms; for more distant scatterers
this difference is lost.

In the scanned-energy mode photoelectron diffraction
method, commonly referred to as PhD (Refs. 1 and 2)
or ARPEFS (Ref. 25) (angle-resolved photoemission fine
structure), photoeinission from an adsorbate on a sur-
face is measured as a function of photoelectron kinetic
energy. The observed modulations in the intensity arise
&om the changing phase of backscattering events due to
finite pathlength differences. A wide range of scattering
angles may be involved, but if a single backscatterer lies
directly behind the emitter relative to the detector (i.e.,
having a scattering angle of 180'), scattering from this
atom typically dominates the observed periodicity of the
PhD spectrum. ' For such a scattering event, the par-
ity of the source wave is crucial in determining whether
the scattering event is constructive or destructive, as no-
ticed already in Ref. 6. Consider, for example, photoe-
mission from an s core state (i.e., one with the orbital
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angular momentum quantum number / = 0). The opti-
cal selection rule allows only final states with Al = +1, so
the outgoing unscattered photoelectron wave field is a p-
wave directed along the polarization vector of the light.
If we take the polarization vector to be in any direc-
tion other than perpendicular to the collection direction,
then the odd parity of the p-wave means that the directly
emitted component of the wave field, and that illuminat-
ing the 180 scatterer, have opposite sign; i.e., there is a
phase difference of x. Consider now an initial p core state,
which leads to an outgoing photoelectron wave which is
a mixture of an s-wave and d-waves, all of even parity
and thus having no phase difference between the direct
and backscatterer illumination components. Clearly, the
7r phase difFerence between these two cases means that
we expect constructive and destructive interference con-
ditions to be totally inverted between these two difFerent
initial state conditions.

An example of this effect in experimental data is
shown in Fig. 1 in the form of PhD modulation spec-
tra recorded in normal emission &om the 28 and 2p core
states of K adsorbed in a (2x2) phase on Ni(ill); the
K atom adsorbs atop outermost layer Ni atoms in this
structure, so this emission geometry corresponds to
180' scattering &om the nearest neighbor Ni atom, al-
though the detailed structure of both spectra is also in-
Huenced by scattering &om other substrate atoms. What
is clear, however, is that one spectrum is essentially the
inverse of the other, confirming the importance of the
different parities of the primary emitted electron waves.

In order to give a more rigorous account of this effect,
and to compare it with the role of initial state effects in
forward scattering, we now introduce some formal the-
ory. The photoexcitation of a core state with angular
momentum L, = (l;, m;) creates at the emitter atom an
outgoing spherical electron wave, which is given by

&I.(L;I = —e' '

/ err'R&(r'(p; (r)3

x dO;YI*, r"
Y~i 0~

r" YL„r",
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where p;(r) is the initial state wave function, Bt(r) is
a solution of the Schrodinger equation at the final state
energy, and b~ are the scattering phase shifts. Only coef-
Gcients with l = l, 6 1 and m = m; are nonzero.

If this source wave is then scattered at a neighboring
atom, we obtain for the photoelectron intensity within
the single scattering plane wave approximation
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depends only weakly on the energy due to the radial
matrix elements in Eq. (2). The essential oscillations,
observed in the PhD spectrum, arise &om the mixed
quadratic terms in Eq. (3):

It(k) = ) ) Cl, (L;)t' Y (1k)
m L'

Here, R is a vector between the emitter and a scattering
atom, f(cos 0) is the scattering amplitude, k is the unit
vector pointing towards the detector, and k is the wave
number (k = kk). The intensity of the source wave alone,

Py(r) (x ) Cl, (L,)ht(I(r) Yl, (r).
ijt:R—ik R
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If the polarization vector u is parallel to the z axis of the
coordinate system, we obtain for the coefBcients
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FIG. 1. K 2s and K 2p experimental Pho spectra recorded
at normal emission from a Ni(111)(2x2)-K surface. Details
of the experiment are given in Ref. 28.

This term contains L-dependent prefactors which are re-
sponsible for the observed phase shift between the 2s
and 2p spectra in Fig. 1. In the 180' backscatter-
ing direction (i.e., for R = —k), we obtain by using

Yl, (—k) = (—1)'YL, (k)

ikR —ik-R
It(k) = (-1)'*i+'Ip(k) f (R . k) + c.c. (6)

This means that the phase of the oscillations relative
to the intensity of the primary wave is determined by the
parity of the source wave. Of course, this treatment is
not exact, and this simple conclusion relies on the con-
ditions applied to the above derivation. Spherical wave
corrections and the third term in the intensity [the ab-
solute square of the scattered wave in Eq. (3)j give rise
to small deviations &om the general behavior described
by Eq. (6) for a single backscattering atom. Moreover,
the situation is more complicated for other scattering an-
gles for which the orientation of the polarization vector
comes into play explicitly. Nevertheless, the experimen-
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tal spectra in Fig. 1 show that the parity efFect for the
near-backscattering events is strong enough to dominate
over other single and multiple scattering contributions to
the spectra.

A somewhat clearer view of the main effects in more
general geometries can be obtained &om the results of a
series of simple single scattering calculations from indi-
vidual atoms in different positions (Fig. 2). Figures 3—6
show such calculated spectra; in all cases the detector
axis, the polarization vector, and the emitter-scatterer
vector R lie in the same plane. The angle between polar-
ization vector u and detector is 30' in all cases, as in the
experiment which produced Fig. 1 (Ref. 28). The emitter
is a K atom, the scatterer a Ni atom, and the distance be-
tween them is R = 2.87 A as determined for the nearest
neighbors in the Ni(111)(2x2)-K structure. zs The angle
between the polarization vector u and the interatomic
distance R is denoted by e. The 8 source wave is, of
course, independent of c and these spectra can be con-
sidered to be a reference for polarization-induced phase
shifts. The single scattering spectra have been calculated
with an exact spherical wave theory. The radial matrix
elements in Eq. (2) have been chosen such that the pri-

mary emitted electron wave is either a pure s, p, or d

state. The period of the PhD oscillations in the calcu-
lated spectra increases as the scattering angle 0 decreases
due to the argument ikR(1 —cos 0) in the phase factor
in Eq. (3), which describes the effect of the scattering
pathlength difference.

The underlying effect which we have described and
which is confirmed by the experimental results is shown

clearly in Fig. 3, which shows the efFect of pure s, p, and
d source wave scattering through an angle of 180' with
c = 150', precisely the geometry of the nearest neighbor
Ni scatterer in the experiment (position 1, Fig. 2). The
parity-induced phase shifts of vr are very clear. Figure 4
shows similar results for a scattering angle of 150' but
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FIG. 3. Results of a spherical wave scattering calculation
from a single Ni scatterer placed 2.87 A below the emitter [i.e.,

the nearest neighbor scattering geometry appropriate to the
Ni(111)(2x2)-K structure) with differen angular momenta of
the emitted electron, 0 = 180' and e = 150' (position 1 in

Fig. 2).

two different values, 120' and 180' for s (positions 2 and
2', Fig. 2). The parity effect remains, but the modulation
amplitudes are smaller than in Fig. 3 because the modu-
lus of the scattering factor has a maximum for 0 = 180',
there are amplitude changes between the two pairs of p
and d spectra in Fig. 4 determined simply by the chang-
ing amplitude of illumination of the scatterer, which is
largest for e = 180'.

The situation becomes more complex for Ni atoms in
positions 3 and 4, shown in Figs. 5 and 6, for which
the smaller scattering angles (120' and 90', respectively)
mean that both the relative phase and amplitude of the
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FIG. 2. Geometry for the single scattering calculations.
The positions of the Ni scatterer for the spectra shown in
Figs. 3—6 are indicated.

FIG. 4. Results of single scattering calculations as in Fig. 3
but with 0 = 150' aud with e = 120' (solid lines, position 2)
or e = 180' (dashed lines, position 2').
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FIG. 5. Results of single scattering calculations as in Fig. 3
but with 0 = 120' and with e = 90' (solid lines, position 3)
or e = 150' (dashed lines, position 3').

FIG. 6. Results of single scattering calculations as in Fig. 3
but with 0 = 90' and with e = 60' (solid lines, position 4)
or e = 120' (dashed lines, position 4').

direct and illumination waves depend on the exact loca-
tion of the polarization vector relative to the interatomic
vector R. In Fig. 5, the weakness of the modulations
above 200 eV can be attributed to the small scatter-
ing amplitude for this special scattering angle. Notice
that in Fig. 6 there is a phase shift of m in the p state
PhD intensities between the two different positions of the
atom, since a replacement of R by —R in Eq. (3) gives
a prefactor of —1 in front of the scattered wave. By
contrast, the two d state curves of Fig. 6 are in phase,
since YL, (R) = YL, (—R) for l = 2. The slight devia-
tions implied by these descriptions, which can be seen in
Fig. 6, are caused by spherical wave effects, neglected in
the plane wave approximation of Eq. (3), but included
in the calculations.

In conclusion, we have shown both the experimental
evidence for, and the origins of, a simple (and impor-
tant) parity effect in the infiuence of the source wave on
backscattering photoelectron difFraction. This effect is

seen in the lowest order approximation (plane wave ap-
proximation) for all distances between emitter and scat-
terer, and contrasts with the much more subtle spher-
ical wave effect which accounts for the initial state de-
pendence in forward scattering photoelectron diffraction.
One interesting implication of this result is that if the
form of an emitted source wave field is in doubt (as it
may be in some Auger electron emission experiments),
backscattering diffraction may be a far more sensitive
means to investigate this than angle-scan photoelectron
diffraction.
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