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One-dimensional model of normal photoelectron diffraction
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A simple one-dimensional electron-scattering model is used to interpret recent observations of
normal photoelectron diffraction for Se(3d), S(2p), and O(ls) on Ni(001). The method shows prom-
ise as a quick and simple approach to determining the adsorbate structural parameter d& from
photoelectron-intensity —versus —energy curves.

Recently, a new experimental surface-structure tech-
nique called normal photoelectron diffraction (NPD) has
been applied to several adsorbate-surface systems. ' In
NPD one measures the adsorbate photoemission current
normal to the surface as a function of electron kinetic en-

ergy. The analysis of the data requires a full dynamical
multiple scattering theory in order to determine the prin-
cipal structural parameter dz. Such calculations are quite
complicated and could severely limit an otherwise attrac-
tive experimental method for adsorbate structure deter-
mination. Here we will present a simplified model of nor-
mal electron-surface scattering which hopefully will
ameliorate this problem. The method is applied to the
systems Se(3d), S(2p), and O(ls) on Ni(001) over the full
energy range reported in Refs. 1 and 2.

Figure 1 shows the geometry of the one-dimensional
NPD model to be described in the following. In our coor-
dinate system d =dj + —,'a because in the real systems
studied by NPD the distance from the adsorbate to the
first substrate atom is dan+a, i.e., the adsorbate occupies
the fourfold hollow site. An electron photoemitted from
the adsorbate 3 is represented by a unit wave incident
from the left and a wave reflected back from the substrate
S with amplitude C. The wave wave function for the re-
gion —d &z &0 therefore is

y(z) =exp(ik„z)+C(k„k, )exp( ik, z), —

INpD(E) =Io(E) Q ~

1 +C(kg, ks)exp(2ikgd)
~

(3)

( o ) Pure Substrate

s2 s3 =2

where we have included a summation over +kz because
the left-right choice of the coordinate system is immateri-
al. That is, the final result, which is symmetric in k„, is
given by

INpD(E) =Io(E)[1+
~

C
~

+2(ReC)cos2kgd], (4)

ReC(k~, ks) is symmetric in ks and kz. The simplicity of
Eq. (4) will become even more apparent in conjunction
with the figures.

In Figs. 2—8 and the following discussion we summa-
rize our results using Eq. (4). These results are of course
preliminary since we have made no attempt to optimize
parameters. In particular, Io(E) has been replaced by a

where k =2(E —V) in a.u. and C is the reflection coeffi-
cient for one-dimensional (1D) low-energy-electron dif-
fraction (LEED). In NPD, however, C must also contain
a phase factor exp(iP) that allows for an approximate sa-
tisfaction of the relative symmetry of direct and backscat-
tered electrons. This is elaborated in the discussion of
Fig. 4. The inner potential V, is usually known from
LEED calculations on the pure substrate or else both Vz
and V, become empirical parameters. The NPD current is
proportional to (kz/ko)

~
1'(z)

~

at the detector and thus
by the joining conditions also proportional to
(kz/ko)

~
g( —d)

~

. We therefore obtain

( b ) Adsorbate Substrate

sg

Ia

s2 s
2

INpD(E)=ID(E)
~
p( —d)

~

where Io(E) is a smooth envelope function the main ener-

gy dependence of which is determined by the photoioniza-
tion probability. Inserting Eq. (1) into Eq. (2) we have FIG. 1. 1D scattering model of NPD.
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(a ) Se(3d)- I@i{001)
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FIG. 2. 1D intensity calculations. (a) NPD Se(3d)—Ni(001).
(b) LEED Ni(001). Inner potentials: ReV, = —14, Im V, =8.1

eV; ReVq ——0. Structure parameters: a=1.76, dq ——1.55 A.
Vertical lines denote experimental and/or exact diffraction

peaks.

constant since it is a slowly varying function of E and
hence has little effect on the NPD peak positions.

In Fig. 2 the results for Se(3d)—Ni(001) are displayed
for the geometry that gives the best agreement between the
experimental NPD and the full dynamical electron-
scattering calculations, i.e., d1 =1.55 A and the Ni lat-
tice constant, a = 1.76 A. The real part of the inner poten-
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FIG. 4. 1D NPD for Se(3d)—Ni(001). (a) Phase factor of the
reflected wave equals + 1; (b) phase factor of the reflected wave

equals —1. All other parameters are the same as in Fig. 3.

tial V is also taken from Ref. 2 and is —14 eV. The ima-
ginary part of Vis chosen in order to obtain the best pos-
sible agreement between the exact and the kinematic 1D
results for the pure substrate. Although not necessary,
this can always be approximately accomplished as shown
in Ref. 3 and makes the subsequent calculations very easy
to carry out. The 1D scattering from the pure substrate is
also shown in order to note an interesting comparison.
That is, the substrate gives rise to every other diffraction

( o ) Se (3d) —Ni (001)

35 54 86 133 170 235 eV (a) d, =1.64A

(b) di = 1.53A

(b) Ni (001)

(c) d, = l. 43A
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FIG. 3. Same as Fig. 2 except that the structure param-

0

eters are a=1.80, d&
——1.53 A.
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FIG. 5. Effect of varying dq in increments of 0.2 a.u. All
other parameters are the same as in Fig. 3.
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FIG. 6. 10 lntenslty calculatIons. (a) NPD S(2p)—Nl(001)

(b) I BED Ni(001). Inner potentials: ReV, = —14, Im V, =8.1

eV; ReVq ——Im V&
——0. Structure parameters: a=1.76, d& ——1.30

A. Vertical lines denote experimental diffraction peaks.

0 1 2 3 4 5 6 ? 8

E (Cl.u.}

FIG. 8. 10 intensity calculations. (a) NPD 0(1s)—Ni(001).
(b) I.RED Ni(001). Inner potentials: Re V, = —11, ImV, = —8.1

eV; Re Vq ——Im V~ ——0. Structure parameters: a=1.76, dj ——0.9
A. Vertical lines denote positions of experimental diffraction

peaks.

peak —a result seen in all of our calculations. The vertical
lines mark the positions of experimental and/or full
dynamical diffraction peaks. Even with this simple unop-
timized model we see moderately good agreement between
the ID theory and the correct results.

In Fig. 3 the same comparison is made for slightly
modified values of the structural parameters, di ——1.53

(0) d = 1.41A

(c) d~ = 1.19'A
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FIGr. 7. Effect of varying dq in increments of 0.2 a.u. All
other parameters are the same as in Fig. 6.

and a= II.80 A. It is seen that improved agreement with
experiment and full dynamical theory is obtained. How-
ever, until the 1D method is fully optimized the physics
that can be drawn from this result would be premature.
The main purpose of this figure is to give an example of a
simple trial-and-error attainment of "best" agreement.
Also in this comparison of graphs one more clearly sees
the interesting fact alluded to above that when an adsor-
bate is added to the substrate every other peak is filled in,
i.e., the substrate itself gives rise to every other peak in the
NPB spectrum.

In Fig. 4 the phase relationship between the initial and
final states is clearly shown. If the initial state of the elec-
tron emanating from the adsorbate has a given parity with
respect to the z direction, then the final state must exhibit
the opposite parity by virtue of the photoionization selec-
tion rule. This can be incorporated in the phase factor
exp(iP) of the reflection coefficient C. Thus if the initial
state has angular momentum L then P=(L+1)m will

properly account for this symmetry. Thus for Se(3d)
L=2 and exp(i(t ) =—1. The NPD curve for this case is
shown in Fig. 4(b). For comparison the choice exp(iP) =1
is shown in Fig. 4(a). The maxima and minima are essen-
tially interchanged which is in agreement with the effect
found in full dynamical calculations.

Figure 5 is a collection of graphs designed to show the
sensitivity of ID NPD to the important structural param-
eter di. Of the three graphs displayed the middle one
with the asterisk for dj ——I.53 A clearly displays the best
overall agreement. The variation of 0.1 A causes large de-
viations of the peak positions from the experimental
values, again denoted by vertical lines. This is an exam-
ple of the kind of analysis that could be useful in deter-
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mining a preliminary set of structure parameters from
which a more detailed refinement might proceed.

In Fig. 6 we show results for S(2p)—Ni(001) with

di ——1.30 A. They are analogous to those in Figs. 2 and 3
for Se(3d). The results are quite similar, although at this
level of parameter optimization the agreement with exper-
iment is not as good. In this system the same phase rela-
tionships are displayed as were discussed previously except
that now 6= 1 for the initial state and thus exp(ig)=1
since P=m(L+ I).

Figure 7 shows the same type of sensitivity to di as

displayed for Se(3d). The asterisk again denotes the graph
that agrees best with the experimental NPD for S(2p). In
this case all of the vertical lines mark experimental peak
positions.

Finally in Fig. 8 we show our preliminary results for
the O(1s)—Ni(001) system. Here the distance di ——0.9 A
is quite a bit smaller than in either of the previous cases.
Thus if the adsorbate is located at the vacuum level only
the highest energy peaks are in reasonable agreement with
experiment. Here again we defer a discussion of possible
reasons for this until complete parameter optimization is
attained.

The 1D theory reported here can be shown to be essen-
tially a modified version of renormalized forward scatter-
ing theory. However, the principal contribution is now
taken to be in the precise forward and backward direction
and a further perturbation theory based on the model is
then developed. This work is currently in progress and it
should be noted that it has more far reaching consequence
than just NPD. Its applications to LEED are also being
studied.

In conclusion it appears that the theory of 1D electron
scattering of NPD may be sufficiently good to provide a
method for adsorbate-surface d| determination that is suf-
ficiently fast and simple to serve as a preliminary to full
dynamical calculations. '
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