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The angular dependence of tow-energy-electron-diffraction spectra from Ag t 001) is reexamined. The

energy dependence of the imaginary part of the scattering potential is determined by comparing the

measured total elastic current reflected by the surface with that calculated for a rigid lattice, thereby

substantially removing the dependence on lattice motion and surface roughness. This energy-dependent

complex potential is then used to calculate several specular and nonspecular spectra for incident angles up

to SQ'. Except for the spectra at 50' incidence, all calculated spectra are in very good agreement with the

observed spectra as far as peak positions and shapes are concerned. As expected, the observed intensities are

always somewhat less than calculated intensities because of the imperfections of the surface used in the

experiment.

I. INTRODUCTION

In earlier papers'~ we have examined in detail
the low-energy-electron-diffraction (LEED) in-
tensities obtained from surfaces of aluminum,
copper, and silver in regard to dependence upon
energy and the angle of incidence of the primary
electron beam as well as upon the model assumed
for the termination of the bulk structure at the
surface. The calculations were done with the lay-
er- KKR (Korringa- Kohn-Ro stoker ) procedure,
which applies the KKH method of band theory to a
sing1.e atomic layer to give the scattering proper-
ties of that layer and then solves the multiple-
scattering problem between layers with a system-
atic matrix procedure. ~ The crystal potential is
supplemented by an imaginary part, called P, to
take into account the short mean free path of elec-
trons for inelastic electron scattering in the metals
considered and in the energy range of interest to
LEED, and by an inner potential 4 which gives the
difference in energy between vacuum and the aver-
age potential between atoms (the muffin-tin zero).
Correction for lattice motion is introduced by put-
ting the average coherent and incoherent scatter-
ing of an atom (averaged over a Debye spectrum
of lattice motion at each site) into the usual rigid-
lattice formalism, as justified by Duke and Lara-
more. '

The agreement between calculated and observed
LEED spectra was found to be good to excellent
for two surfaces of aluminum' ' (viz. , Al{001)
and Al{lll}) and two surfaces of copper ' (viz. ,
Cu{001}and Cu{111}),but was much less satisfactory
for the Ag{001)surface. ' Agreement for Al{110)
was also good, but with certain clear discrepan-
cies which we believe can be explained by the qual-
ity of the surface available for experimental mea-
surement. A few other authors have also com-

pared theory to experiment for aluminum and cop-
per surfaces '3 and found mostly satisfactory
agreement. We have not found other calculations
to check against for Ag{001},but the new experi-
mental results'4 agree well with our calculation.
This paper gives the theoretical treatment of the
experiments described in the previous paper, '
where we note that many of the features observed
in the experimental Ag{001}spectra reported ear-
lier' could not be reproduced with a bulk sample
of silver. Thus, there is some evidence that the
difficulties in the earlier experiments might be
responsible for the unsatisfactory agreement be-
tween observed and calculated spectra found ear-
lier. One object of this paper is to establish that
the method of calculation is adequate for surfaces
of silver by obtaining satisfactory agreement be-
tween theory and experiment.

In earlier work on Ag{lll) we used a crystal po-
tential in muffin-tin form from work on the band
structure of silver, the self-consistent Hartree-
Fock-Slater crystal potential calculated by Snow'

with exchange-correlation parameter o. =+ . This
potential has been shown to be reasonably success-
ful in reproducing Fermi-surface data for silver, '
but was only partially successful'~ in reproducing
Lagally' s data" for Ag{111},e.g. , the calculated
intensities were much larger than observed (about
'I titnes around 60 eV and 14 times around 100 eV).
This discrepancy in intensities is common to all
our calculations of the few LEED spectra for which
absolute experimental data are available, ' when
the calculations are made with a constant value of
the imaginary part P of the crystal potential. The
constant value used was chosen to approximate the
imaginary part of the self-energy calculated for a
uniform electron gas by Lundqvist, ' assuming that
one s electron per silver atom enters the metallic
electron gas of the crystal, and ignoring the con-
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tribution of the d electrons to the electron gas. In
the present paper we develop a procedure to use
experimental data to determine P and its dependence
upon energy, and then use the resulting function of
energy P(E) to calculate LEED spectra from
Ag(001) at different incident angles. The calcula-
tion also requires a value for the inner potential
6; in all the calculations in this paper b, has the
magnitude 8 eV.

II. ENERGY DEPENDENCE OF IMAGINARY PART OF
THE CRYSTAL POTENTIAL

A. Total Elastic Current

When comparing absolute intensities in observed
and calculated LEED spectra of a given surface, it
is necessary to consider many factors which tend
to reduce the intensity of a given diffracted beam
in the experiment. These factors are of three
types: the inelastic scattering processes with oth-
er electrons in the interior of the solid, the diffuse
scattering caused by the lattice motion, and the dif-
fuse scattering caused by roughness and irregular-
ities of the actual surface used in the experiment.
In the theory, the inelastic scattering in the bulk
is described by the imaginary part P of the crystal
potential and the lattice motion effects are taken
into account by modifying the effective scattering
phase shifts of the atoms as described else-
where. '~'~~ However, the theory assumes a per-
fect surface of a low-index plane, i.e. , it does
not consider diffuse scattering caused by surface
irregularities and steps. Furthermore, it is dif-
ficult or impossible to distinguish between bulk
inelastic scattering and phonon effects by compar-
ing theory and experiment for various beams.
These considerations suggest that since scattering
due to surface irregularities is omitted, the cal-
culated intensities are expected to be always larg-
er than observed (an expectation that is confirmed
in all cases examined}, and we cannot fix P by com-
parison between calculated and observed LEED
spectra of individual beams.

A procedure to find P that avoids the difficulties
with surface irregularities noted above uses the
total elastic scattering from the crystal, rather
than the individual beam intensities. The total
elastic scattering consists of the sum of the inten-
sities in all beams plus the diffuse background
(the electrons scattered out of the beams by both
phonons and surface irregularities}. We compare
this total intensity with the calculated total inten-
sity in all beams for a rigid lattice. Here, with a
perfect surface, the electrons which would be scat-
tered by phonons or surface roughness remain in-
cluded in the beams. Hence this total scattering
is comparable with the experimental total. With
a given atomic potential the absolute intensity in
the theoretical total scattering now depends only

on one parameter, the inelastic scattering poten-
tial P. The theoretical total scattering can then be
made to give the experimental result by adjusting
P at each energy, hence experiment can be used
to determine P(E}.

A possible source of error in this procedure is
that some of the electrons interacting with phonons
and surface irregularities may be deflected so as
not to emerge from the sample. Since we find, in
general, that the reflected intensities in the beams
are reduced by increase of P, we expect that this
procedure will give an upper bound to P since the
total elastic current is underestimated by the mea-
surement, which picks up only the electrons (back)
scattered into the vacuum hemisphere. It is con-
venient to refer to this underestimate of the diffuse
background as electron retention or, simply, re-
tention. Certainly partial retention occurs for
beams that are almost parallel to the surface.
But since single-phonon scattering is known to
peak around the elastic beam, and multiphonon
scattering, although less strongly directed, is
still greatest in the halos around the elastic beams,
we believe the retention effect is small. The as-
sumption of small retention for roughness effects
agrees with the analysis of Laramore, Houston,
and Park, ' who estimate the effects of a distri-
bution of surface steps on LEED beam intensities
and profiles. Under certain assumptions they show,
in fact, that the total integrated elastic intensity
is independent of the distribution of steps in both
size and thickness.

B. Estimation of P

We begin by comparing, in Fig. 1, the total elas-
tic current measured experimentally on an Ag(001}
surface for an incident angle 8=0' and that cal-
culated with the layer-KKR method for a rigid
lattice with a constant value of P = 0.25 Ry as de-
rived from Lundqvist's jellium calculations.
The experimental curve was determined (in a con-
ventional display-type LEED equipment) by biasing
the sample negatively with respect to the grid-
screen assembly, so as to collect all the elastic
backscattered electrons, and measuring the elec-
tron current flowing through the fluorescent screen,
which acts in this case as a collector. In the con-
ventional geometry of a common LEED equipment,
such a measurement would miss the electrons that
are reflected specularly or close to specularly, as
the 00 beam would return into the collimating tube
and hence not be collected by the fluorescent
screen. For this reason, the theoretical curve
that should be compared with this experiment is
one calculated with the exclusion of the 00 beam
(middle curve in Fig. 1). It appears, in fact, that
this curve bears more resemblance to the experi-
mental curve than does the theoretical curve cal-
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FIG. 4. LEED spectra from Ag(001) at normal inci-
dence. Top panel: 00 beam, theoretical only t'P =0.35
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mental and theoretical. Bottom panel: 20 beams, ex-
perimental and theoretical.

6, which concern the 00beam at 8=4' and 8=10',
respectively. Note that the agreement is much
better at energies higher than about 50 eV for 8= 4 '
and higher than about 40 eV for 8=10 '. However,
comparison in the low-energy range between the
theoretical curve calculated for 8=4 ' and the ex-
perimental curve for 8 = 6 ', and also between the
theoretical curve at 8= 10 and the experimental
curve at 8=12 ', gives satisfactory agreement down

L L I I4 2

theory and experiment can be achieved by fitting
P at a number of energies over the range investi-
gated.

Before fitting a complete P(E) curve we study how
sensitive various features in the LEED spectra are
to changes in the value of P used in the calculations.
Consider first the effect of a change in P from 0.25
to 0.35 Ry (a 40% change) on individual beams at
different angles. Figure 4 shows a few spectra at
normal incidence: the specular beam (only theoret-
ical) in the top panel, the ll beam (fourfold degen-
erate) in the middle panel and the 20 beam (also
fourfold degenerate) in the bottom panel. Beams
are indexed on the basis of the face-centered net
for fcc (001) surfaces as described, e.g. , in Ref l.
We note that while all curves calculated with P
= 0.35 Ry have lower intensities than those calcu-
lated with P= 0.25 Ry, the agreement with experi-
ment remains highly satisfactory as far as peak
shapes and positions are concerned. The same
general conclusion may be drawn from Figs. 5 and
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III. ANGULAR DEPENDENCE OF LEED SPECTRA

A complete set of nine beams for 8=10' and

P =0 ' is presented in Fig. 9 (each of the two 11-
type beams shown and the 02 beam are twofold
degenerate) for the purpose of comparing experi-
ment to calculations both with variable P as deter-
mined above and with a constant P =0.35 Ry. The
qualitative agreement with experiment for both
choices of P is good at higher energies and the
variable P shows some improvement in shape
matching even at lower energies (see, e.g. , beam
11 below 50 eV), although for two beams, ir and
to a lesser extent 20, even the qualitative agree-
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FIG. 10. Effect of surface potential barrier on LEED
spectra of As[001}: 00 beam, 8=10', 8 =0'.

ment is not satisfactory below about 60 eV. Before
we examine whether the situation can be improved
by taking into account the probable change in ex-
perimental incident angle that was discovered a-
bove, we consider the effect that a change in the
surface potential barrier has on the calculated
spectra.

Earlier calculations, ' done with three different
ways of matching waves at the surface, revealed
some intensity changes but no great shape change
of the spectra in the low-energy region. The sim-
plest reasonable procedure, and the one that was
adopted for all calculated spectra presented so far,
is one that takes into account the refraction of the
beams through the surface but eliminates the re-
flections in the potential step region (so-called "no-
reflection" matching procedure). A physically
more realistic model introduces a gradual poten-
tial change between vacuum and the crystal interi-
or. A potential profile for the transition between
crystal and vacuum was calculated by Lang and
Kohn ' using a semi-infinite uniform electron gas
model (hence all quantities are constant in planes
parallel to the surface); their result is approximat-
ed quite well by a hyperbolic tangent function tanh
(z/d), with d=0. 2a, where a is the lattice param-
eter 4.086 A for silver. The resulting transition
potential we call the Eckart-potential barrier, and
we use the analytical solution of Eckart~~ for trans-
mission through this barrier in the Ag calculation.
In Fig. 10 we compare the 00 spectra at 8= 10 '
calculated with such an Eckart-potential barrier
and with the usual no- reflection procedure. Ex-
cept for the appearance (or, maybe, only the in-
crease) of bumps around 33 and 52 eV, the Eckart-
potential barrier does not seem to modify the spec-
trum very much. This statement holds true for a
number of other spectra (not shown) at different
angles. Kith one exception, to be discussed below,
the adoption of an Eckart-potential surface barrier
does not seem to improve the agreement between
calculated and experimental data. For this reason,
we will continue using the no-reflection matching
procedure in the subsequent theoretical calcula-
tions.
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not improve the agreement very much. The calcu-
lation done with an Eckart-potential barrier and

constant P=O. 25 Ry seems to improve the situation
at lower energies (appearance of small peak around

41 eV) but the large peak calculated around VO eV
is hardly visible in the experimental curve and the
general trend above 80 eV is not very satisfactory.
In view of the good agreement between theory and

experiment obtained so far, and in view of the fact
that the experimental data at these large incident
angles must be collected "blindly" (i.e. , without

the help of the visual observation provided by Qu-

orescent screen), it seems reasonable, in this

case, to suggest the possibility of experimental
error. The experimental curve could not be checked
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FIG. 11. LEED spectra from Ag(oolj in the energy
range up to 60 eV. The theoretical curves are all cal-
culated for 2' less in e than the labeled values of 8 on
the experimental curves. 0.5

The agreement seems to be consistently bettered,
however, by taking into account the 2 discrepancy
discussed earlier. Figure 11 shows comparisons
in the energy range up to 60 eV between 00 spectra
calculated with 8= 2, 4', 8', and 10' and 00 spec-
tra measured with nominal 8= 4', 6', 10', and
12', respectively, The qualitative agreement is
good and the improvement over comparisons with
data for the same nominal 8 values is obvious.
Similar conclusions may be drawn from Fig. 12
for the low-energy range of the nine nonspecular
beams already examined in Fig. 9 for a nominal
experimental 8= 10'.

We now proceed to examine the ability of the
theoretical calculations to reproduce experimental
spectra at larger incident angles. Figure 13 pre-
sents the case of 8=30, confirming the over-all
good agreement with experiment and the improve-
ment achieved by changing 8 by 2'. Figure 14 gives
the result for 8=40' and indicates in addition an
improvement in peak shapes (in particular, the
bump around 42 eV) for a surface expanded by 5%
with respect to simple termination of the bulk
structure. Finally, for 8= 50' the results shown
in Fig. 15 are much less satisfactory. The cal-
culated spectra had to be displaced toward higher
energies by 3 eV with respect to all other spectra
examined above, and even the calculation with 8
=48' (or with an expanded surface, not shown) does
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FIG. 12. Nonspecular LEED spectra in the energy
range up to 60 ev from Ag(oolj (compare with Fig. 0).
Theoretical curves calculated for 8=8', experimental
curves reported for 8=10'.
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because this discrepancy was discovered consid-
erably after completion of the experimental run.

IV. CONCLUSIONS

The present study demonstrates again that, as
in the case of aluminum and copper, the layer-
KKR method with band-structure potentials can
give a good account of the LEED spectra of these
pure close-packed metals, provided suitable cor-

FIG. 13. LEED spectra from Ag(001}. Experimental
curve (middle) for 8=30', theoretical curves (top and

bottom) for 8=30', and 8=28, respectively, and variable
P.

rections for lattice motion and inelastic scattering
effects are introduced. With only one remaining
uncertainty (at 8= 50') the theory reproduces peak
positions, shapes and intensities equally well at
high as at low angles of incidence. It appears, in
fact, that the theory can detect discrepancies of
at least 2' in the incident angles quoted in the ex-
periment. Since the current quoted accuracy in
angular resolution is + 2, these results suggest
that an improvement in this experimental param-
eter is desirable.

Quantitative agreement in absolute intensities
between individual calculated and experimental
beams is not attained and probably not attainable
with "real" surfaces until and unless the effects
of surface roughness can be conveniently intro-
duced into and properly accounted for by the the-
oretical treatment. The procedure proposed in
this paper provides a plausible way to determine
the appropriate value of the imaginary part of the
scattering potential from suitable experimental
data. The accuracy of the assumptions that under-
lie the described procedure is however still to be
established. Although the rough-surface scatter-
ing has the effect of transferring electrons from
the beams into a diffuse background, just as the
thermal and zero-point motion scattering do, some
fraction of that diffuse background will be scattered
into the crystal and lost. We assume that the frac-
tion retained by the crystal is small. The proced-
ure used for the lattice-motion effects, reported
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FIG. 14. LEED spectra from Ag(001}. Experimental
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calculated for abrupt termination of the bulk (top) and for
surface expanded by 2.5% (second from top) at 8=40',
and for surface expanded hy 2.5% at 8= 38' (bottom), all
with variable P.

FIG. 15. LEED spectra from Ag(001}. Experimental
curve (second from bottom) for 8=50, theoretical curves
calculated with variable P for 8=50' (top), 8=48' (second
from top), and with constant P=0.25 Ry, for 8=50' and
Eckart potential barrier (bottom).
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in a previous paper, ' gives a prescription for de-
fining complex phase shifts for an atom "blurred"
in position by thermal motion. The total cross
section for an atom given by these phase shifts can
be split up using standard formulas into elastic and
inelastic cross sections. %e have assumed in this
paper that electrons which are inelastically scat-
tered in this way (quasielastic scattering) still come
out of the crystal and contribute to the diffuse back-
ground. As in the case of roughness scattering,
electrons which do not come out cannot be distin-
guished in the experiment from the electrons which

suffer larger energy losses owing to the electron-
electron scattering that is included in our formal-
ism through the P term. Hence, at worst, our
procedure will give an upper bound for P. However
it is encouraging that experimental tests of the
small retention assumption, performed on silicon
after this work on silver, indicate that the assump-
tion appears to be quite adequate. These tests
showed that the total elastic intensity scattered out
of the crystal was not much changed by heating or
by strongly disordering by ion bombardment; the
details will be reported elsewhere.
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