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The intensities of several low-energy-electron-diffraction (LEED) beams from a clean
Be(0001) surface are measured as functions of incident-electron energy, azimuth, and angle
of incidence. The resulting LEED spectra (intensities vs energy) of the specular and of two
nonspecular beams are plotted for two different azimuth angles from 20 to 300 eV and every
2' in incident angle from 0' to 24'. Several of the nonspecular spectra are compared with the
results of calculations done by means of a band-matching perturbation approach utilizing a
suitable pseudopotential. The comparison shows encouraging agreement considering, in par-
ticular, the speed and simplicity of the computations. Attention is drawn to the fact that the
intensities of nonspecular beams from the basal plane of the hexagonal-close-packed lattice
depend on the way in which the structure is terminated at the surface, in contrast to the close-
packed (111}face of the face-centered-cubic lattice, for which termination plays no role.

I. INTRODUCTION

The chief problem in the process of low-energy-
electron diffraction (LEED} is to establish a unique
and reversible relationship between the structure
of the scattering surface layer and the intensities
of the scattered electrons. These intensities are,
of course, functions of the reciprocal-lattice vec-
tors, of energy, and of the incident angles. The
correct solution of the LEED problem must there-
fore be able to explain the intensities of all ob-
servable beams at all energies and all possible
incident angles, not only for one but eventually for
any surface of a given material. Owing to the pro-
nounced dynamical (as contrasted to kinematical)
character of the diffraction of low-energy elec-
trons, any theory capable of providing a solution,
even approximate, to the LEED problem is by
necessity complicated. The calculations of the
diffraction spectra expected from a given surface
are lengthy and hence costly because of their de-
mand. on computer time. For these reasons, a
considerable number of theoretical treatments of
the LEED problem have been proposed recently, '
but few have been applied to complete calculations
of theoretical LEED spectra for specific surfaces.
There is, on the other hand, a limited choice of
reasonably reliable experimental data with which
to test the calculated LEED spectra. The collec-
tion of such data from atomically clean surfaces
over a wide range of energies and incident angles
is tedious and time-consuming work. So far, only
one body of data that may be called a fairly com-
plete set has been published in the literature: This
involves three surfaces of aluminum (Al{001},
Al{illj, and Al{110}). Somewhat less complete

sets are available for silver (Ag{lll)ss'ss' and, with
provisory character, Ag{001) ) and for copper
(Cu{001P' and Cu{lll }s). It is coincidental that
all three of these materials have the face-centered-
cubic structure.

Because of the encouraging agreement between
calculated and observed LEED spectra '~'3' '

it is interesting to examine surfaces of some other,
non-f cc material. An excellent candidate for such
scrutiny is beryllium, for a variety of reasons: It
is moderately hard and refractory, and thus can
be polished and cleaned sufficiently well for quanti-
tative LEED investigations; it has a very high Debye
temperature (1160'K) and should thus produce rela-
tively little thermal diffuse scattering at room
temperature; it is the lightest element that crystal-
lizes with the hexagonal-close-packed structure and
its electronic band structure is reasonably well
known. In addition, an independent and contempo-
rary study of cleaved beryllium surfaces by means
of LEED, carried out by Baker and Blakely, a can
provide a useful and reliable check of data collected
from clean but not cleaved surfaces.

The present paper has thus a dual purpose.
First, it presents a reasonably complete set of
experimental LEED spectra from the Be(0001}sur-
face and compares it critically with the set collected
by Baker and Blakely. Second, it presents re-
sults of calculations of nonspecular-beam intensities
which were carried out with a computationally sim-
ple computer program. ~~ Comparison of the cal-
culated with the observed LEED spectra from
Be(0001) shows satisfactory agreement over a wide
range of energies and incident angles, thus con-
firming and completing a recent study of the specu-
lar beam's intensities from the same surface.
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II. EXPERIMENTAL PROCEDURES

A. Sample Preparation

The starting material was a single crystal of
beryllium with bulk purity 99.95%. Platelets
approximately 0. 060 in. thick were cut from this
single crystal by means of a wire saw with silicon-
carbide abrasive, the orientation being such that the
major surfaces of the platelets were roughly per-
pendicular to the hexagonal e axis, i. e. , parallel
to the basal plane of the hexagonal-close-packed
lattice. The orientation was then corrected by
means of a polishing wheel with, successively,
325-, 400-, and 600-grit paper to be within 1'-4'
off the basal plane. Backref lection Laue diffraction
patterns were used to check the orientation of the
sample during all preparation procedures. The
final steps in these procedures consisted af lapping
the major surfaces of the platelets with 1900-grit
powder (thereby improving the orientation with re-
spect to the basal plane and reducing the thickness
to about 0.020 in. ); and finally, polishing with
0.05- pm alumina powder. The final sample mas a
rectangular platelet —', in in l.ength, —,

' in. in width,
and 0.020 in. in thickness, the major surfaces
being parallel to the (0001) plane of the hexagonal-
close-packed lattice to within 0. 5'. These sur-
faces were then electropolished on a rotating wheel
with a solution of 100-cm HSPO4, 30-cm HzSO4,
30-cm' glycerin. , and 30-cm ethyl alcohol, and a
current of 3 A at 50 V for 2 min. The amount of
material removed during the elec tropolishing treat-
ment corresponded to a reduction in thickness of
about 0. 001 in.

B. Surface Cleaning

The sample was mounted on a special holder,
described elsewhere, which allows rotatian of
the surface to be studied around two mutually
perpendicular directions, and then introduced into
the LEED system. This was a conventional dis-
play-type system with three grids and a fluorescent
screen. ' In situ cleaning of the surface mas start-
ed after attainment of a base pressure of about 1
& 10" torr. Earlier investigatians by Adams
showed that high-contrast LEED patterns of
a Be(0001) surface could be observed after either
(i) heating to 1000'C for 5 min, or (ii) argon-ion
bombardment at (1-5)x 10 ~ torr and 1000 V for
30 min, followed by annealing at 750'C for 30 min.
Since the vapor pressure of beryllium is approxi-
mately 10 s torr at 1000'C it is expected (and it
was in fact observed") that the surface would be
thermally etched during the high-temperature-
cleaning treatment. Adams reported, in fact, that
a series of such treatments deteriorated the sur-
face, and hence the LEED pattern, to such an ex-
tent that the intensities of the diffracted beams

could not be reproduced from treatment to treat-
ment. For this reason, we decided to avoid this
particular procedure for surface cleaning and con-
centrate instead on a sequence of argon-ion bom-
bardments and anneals.

The maximum convenient pressure of argon in
our system (convenient in the sense that the sput-
ter-ion pump alone is sufficient, without the help
of forevacuum pumps, to reestablish ultra-high
vacuum conditions after each ion bombardment) is
in the low 10 -torr range. For this reason, our
ion-bombardment treatments mere carried out,
typically, at pressures of (1-2)x10 4 torr of argon,
with ion energies of the order af 600 V and ion cur-
rents of the order of 2 pA/cma. Each treatment
lasted 1-2 h and was followed by an anneal of —,'-1
h at approximately 750 C. The procedure was re-
peated for a total bombardment time of about 20 h,
although acceptable LEED patterns mere observed
after a total of about 15 h.

Observation of the LEED pattern and subjective
evaluation of its high-contrast quality mere the only
criteria used for surface cleanliness. This is un-
fortunate (Auger-electron spectroscopy was not
available to us at the time) because we cannot ex-
clude with certainty the possible presence of minute
amounts of oxygen on the surface during collection
of intensity data. For the following reasons, how-
ever, we believe that the data reported below rep-
resent a valid set: (a) Spot checks done at dif-
ferent times aver a period of several months
showed that the LEED spectra mere always repro-
duced very satisfactorily. (b) Controlled adsorp-
tion of oxygen on Be(0001), as shown by Baker
and Blakely, and confirmed by us, causes a gen-
eral decrease in intensity of the LEED beams con-
comitant with an over-all increase in background
intensity, but no shifts in energy of the LEEQ
spectra and no appearance of extra beams. The
oxygen atoms are disordered on Be(0001). (c)
Our intensity data reproduce Baker and Blakely's
data (obtained from a cleaved surface) fairly well
(see discussion below), but are more complete
regarding nonspecular beams and azimuthal depen-
dence of the specular beam.

C. Collection of Intensity Data

The intensities of the diffracted beams were mea-
sured by monitoring the brightnesses of the cor-
responding LEED spots on the fluorescent screen
with a suitable spot photometer. 33 ln general, the
procedures adopted in this experimental work were
the same as described in an earlier publication. ~2

These procedures involved the plotting of the LEED
spectra on an X- F recorder; the determination of
the current incident upon the sample; the compen-
sation of earth's and stray magnetic fields; the
determination of normal incidence; the calibration
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of the azimuthal angle; and the application of a
biasing voltage between the sample and the first
grid in the LEED optics. A novel procedure was
introduced for recording and normalizing the in-
tensity-vs-energy curves: The raw data were fed,
during the measurements, into a time-shared on-
line computer. The output of the spot photometer
(after suitable amplification) and the electron-
beam voltage (after suitable deamplification) were
transmitted to the computer via telephone lines
over a distance of about 4 mi. The data were
digitized, tested for internal consistency, and then
stored on cards at the computer end. Normaliza-
tion of the data (carried out by dividing each value
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FIG. 1. Be(0001). Experimental angular dependence
of the 00 spectrum: 0 varies from 4 to 24 while Q is
fixed at Q =O'. The curves have been translated in the
vertical direction by different amounts to avoid overlap.
The numbers on the left-hand side indicate the levels at
which the scales pertaining to the curves with the corre-
sponding 8 angles have the same {arbitrary) value. Thus,
any two spectra for different values of 8 can be compared
quantitatively with one another by translating the corre-
sponding curves until the tickmarks with the correspond-
ing 8 values coincide. The tickmarks for 6' and 4' are
located 4 of a decade and 12 decade below the 8' tickmark,
respectively.

Iof the intensity by the value Io of the electron current
incident on the surf ace at the same energy), and plot-
ting of the LEED spectra on linear or logarithmic
scales were done subsequently whenever needed.

Since the fluorescent screen that is part of the
LEED optics subtends an angle of only about 100
at the sample, the nonspecular beams are not
visible on the screen at very low voltages, under
field-free conditions. To make them visible on the
screen it is necessary to bias the first grid posi-
tively with respect to the sample. The intensity
data of nonspecular beams were therefore col-
lected in two steps. First, the data were collected,
under field-free conditions, from 300 V down to
the voltage at which the corresponding diffraction
spot moved off the fluorescent screen. Second,
the data were taken again, after application of a
suitable bias voltage between first grid and sam-
ple (typically about 150 V) from approximately 120
V down to the emergence voltage of the correspond-
ing beam. Subsequently, both sets of data, were
separately normalized [the normalizing curves
Io(V) are different in the iwo cases] and finally matched
to one another by bringing into coincidence the
overlapping portions of the spectra. The result
is thus a single spectrum, for each beam mea-
sured, extending from emergence to about 300 V.

The measured spectra are plotted on a logarith-
mic scale in Figs. 1-V. Three beams (the specular
and two nonspecular beams) are reported for each
of two values of the azimuth angle P, namely, /= 0'
and Q= 30'. The meaning of these azimuthal posi-
tions is clarified by the hexagons sketched on top
of each figure. The hexagons represent, schemat-
ically, the LEED patterns observed, the diffrac-
tion spots being located at the center (specular
beam labeled No. 1) and at the corners of the hex-
agons (nonspecular beams, labeled from No. 2
to No. V). At constant azimuth P, the incident
angle 8 is varied by assuming that the incident
electron beam is fixed and perpendicular to the
plane of the drawing, while the sample is rotated.
The angle of incidence 8 is defined as the angle
formed by the incident electron beam with the
normal to the sample surface. The rotation of the
latter is assumed to occur horizontally, moving
the specular spot to the right for increasing angle
8. In Figs. 1—6, the angle 8 varies from 4' for the
specular beam, and from 0' for the nonspecular
beams, up to 24' in steps of 2'. In Fig. 7, the
angle 8 was held fixed (at 14') and the azimuthal
angle P was varied from 0' to 30' in steps of 5'.

All data were taken at room temperature. The
estimated accuracy of the energy scale is + 2 eV.
No correction was applied for the difference in
contact potential between the sample and the cathode
of the electron gun. The angles quoted in the fig-
ures are estimated to be accurate to within + 2'
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FIG. 2. (a) Be(0001). Experimental angular dependence of the 10 spectrum (spot No. 5 on schematic LEED pattern
shown on top): 8 varies from 0' to 24', while IIII is fixed at /=0'. The spectra have been displaced vertically as de-
scribed in the caption to Fig. 1. The tickmarks for 2 and 0' are located ~of a decade and l~ decade below the 4'
tickmark. The spectra for 8=10' through 8=24 are not complete (dotted lines) because the corresponding diffraction
spots were occluded by the drift tube of the electron gun. (b) Calculated angular dependence of the 10 spectrum for
y=0.

above 40-50 eV (although the relative accuracy
may be a Q. 5'). Below this energy, the accuracy
of the values of 8 and P is probably rather worse,
although difficult to estimate, owing to our inability
to eliminate completely the residual local mag-
netic and electrostatic fields.

D. Comparison with Other Data

Although Adams was the first to report LEED
observations of beryllium surfaces, at the time of
writing only Baker and Blakely~s have collected a
fairly complete set of intensity data from Be(0001).
Baker and Blakely's set consists of the angular
dependence of the 00 beam for /=0' and /=30'
(similar to our Figs. 1 and 4), and of the two non-
specular spectra at 8= 5' and /=30'. Cursory
inspection of Baker and Blakely's set and of ours
indicates satisfactory agreement within the quoted
experimental accuracies. We have, however, made

a careful curve-by-curve comparison of the two
sets of data" by directly overlaying one on top of
the gther.

The results of this comparison were the follow-
ing: All the spectra in. Fig. 1 (angular dependence
of 00 beam for /=0') are displaced on the average
by (5a 2) eV toward higher energies with respect
to the corresponding figure of Baker and Blakely.
A curve-by-curve comparison cannot be done
rigorously because the 8 angles quoted are never
exactly the same in the two figures. However,
for 8 & 8 there is good correspondence of the 8 values;
for 8& 8, the ~valuesquotedbyus are consistently
1'-2 lower than the 8 values quoted by Baker and
Blakely for the "same" curve. The general agree-
ment of peak positions, peak shapes, and general
intensities is fair to good. There is, however, one
shoulder peak around 100 eV in Baker and Blakely's
data that never develops fully in our set of Fig. 1.
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This general trend is repeated for the data in Fig.
4. Note that the curves in the corresponding figure
of Baker and Blakely were not normalized, although
this should not affect the peak positions too much.
Our energy scale is on the average (6+2) eV higher
than Baker and Blakely's. The 8 values correspond
well for e& 8', while for 8 &8 there is a difference
of about 2' (our values being lower than Baker and
Blakely's). The general correspondence of peaks
is good. As for the nonspecular beams, only one
spectrum (Baker and Blakely's 11 at 8= 5' versus
our beam No. 4 at 8 =4' or 6') is common to both
sets, and for this the correspondence is good.

Two main points arise from this detailed com-
parison with Baker and Blakely's data: (i) There
is a difference of approximately 6 eV, on the
average, between the two sets of data; (ii) there
is a difference of approximately 2', on the average,
between any two 8 values quoted for the "same"
spectrum. These differences are indicative of a
systematic error, because they always have the

same sign. Discrepancy (i) is reduced by the fact
that Baker and Blakely have corrected their energy
scale for the contact-potential difference between
sample and cathode (the correction being'8- S. 5 V),
whereas we have not. So, the average discrepancy
is reduced from 6 to 2. 5 eV if we assume, as is
likely, that the same contact-potential correction
would apply to our data as well. This difference,
although due to a systematic error of unknown
origin, is overlapped in part by the uncertainties
(of + 2 eV) quoted by both Baker and Blakelyas and
by us. As for the difference of 2 in the 8 values
this also just barely lies within the quoted experi-
mental accuracies (of +2 ). We conclude, there-
fore, that, by and large, the agreement between
Baker and Blakely's set of data and that part of our
own set which overlaps it is satisfactory within
the quoted experimental uncertainties. The lack,
in our data, of the shoulder peak exhibited by
Baker and Blakely's set for the 00 beam at /= 0'
and about 100 eV we ascribe to a possible contami-
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FIG. 3. (a) Be(0001). Experimental angular dependence of the 11 spectrum (spot No. 4 on schematic LEED pattern
shown on top): 8 varies from 0' to 24', while P is fixed at p=0'. The spectra have been displaced vertically as de-
scribed in the caption to Fig. 1. (b) Calculated angular dependence of 11 spectrum for ft) =0'.
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mon creation (approximately 20 V), and for ma-
terials with weak scattering pseudopotentials, the
strength of the inelastic scattering promotes rapid
convergence of the expansion in Bloch states.
Particular advantages of this method are its ap-
plicability to arbitrary angles of incidence and the
speed of computation of several points per second
on the IBM 360-67 machine, even with a detailed
energy-dependent nonlocal pseudopotential. The
spectra calculated with this band- matching pro-
cedure were comparedwiththe experimental curves
of Baker and Blakely ' and encouraging agreement
was found over a wide range of incident energies
and angles.

To examine the wider applicability of the method,
we include here calculated spectra for several
nonspecular beams. In particular the intensities
of the 10 and 11 beams for /=0' are computed for
several values of the energy and of the incident
angle 8 and compared with experiment. The pro-
cedure followed for the calculation of the potential
and of the LEED intensities is the same as pre-
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FIG. 4. Be(0001). Experimental angular dependence
of the 00 spectrum: 8 varies from 4' to 24', while Q is
fixed at Q =30 . The spectra have been displaced vertically
as described in the caption to Fig, 1. lLiQ
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nation of our surfaces during this particular mea-
surement. It should be noted that, while our data
were collected with the sample at room tempera-
ture, Baker and Blakely collected theirs with the
sample at liquid-nitrogen temperature. However,
since the Debye temperature of beryllium is very
high (1160'K) one would not expect much difference
between LEED spectra taken at room temperature
and those taken at liquid-nitrogen temperature.
Considering that our surfaces were cleaned by ion
bombardments, while Baker and Blakely's were
cleaned in situ, we conclude that the general agree-
ment discussed above is further confirmation of
the efficiency of the ion-bombardment cleaning
method for achieving clean surfaces in ultrahigh
vacuum.

III. CALCULATIONS AND COMPARISON WITH
EXPERIMENT

In earlier papers, ' several LEED spectra of the
specular beam from the basal plane of beryllium
were calculated by means of a band-matching
perturbation approach. This approach was justified
because for energies above the threshold for plas-
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FIG. 5. Be(0001). Experimental angular dependence
of the 11 spectrum (spot No. 4 on schematic LEED pattern
shown on top): 8 varies from 0' to 24, while Q is fixed at
P =30'. The spectra have been displaced vertically as de-
scribed in the caption to Fig. 1.
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less weight to diffraction from succeeding layers.
The specular beam is not affected, because the
reciprocity theorem ~ guarantees its invariance to
the order of termination. The differences in the
intensities of the nonspecular beams for different
terminations, however, are considerable and can
be illustrated by a simple kinematic calculation in
which absorption is included.

A. Kinematic Calculation

We fix the z axis such that the surface lies in
the xy plane. The attenuation of the beam into the
crystal by inelastic scattering relaxes the diffrac-
tion condition in the z direction. Thus the intensity
of a diffracted beam with scattering vector K = k'
-k is proportional to

f(K) v(K" —g")
I
I «'):I '

I
s(K)

I

'
where I (K) -=g& exp (-iK' R, ) and the structure
factor term S(K) -=g&e ' '

&. Here k' and k are the
wave vectors of the incident and diffracted beams;
K" and g" are the components of K and g parallel
to the surface. g being a reciprocal-lattice vector:
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FIG. 6. Be(0001). Experimental angular dependence
of the 01 spectrum (spot No. 3 on schematic LEED pattern
shown on top): 8 varies from 0' to 24', while Q is fixed at

Q =30'. - The spectra have been displaced vertically as de-
scribed in the caption to Fig. 1.
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viously reported. '9 The results are shown in
Figs. 2(b), 3(b), and 8. Over-all agreement in
peak position and structure is at least as good as
reported earlier for the specular beams. The
arbitrary, - although physically reasonable, elimi-
nation of the potential step at the interface in the
specular-beam calculation is unnecessary here as
the reflection due to the discontinuity is specular
and hence does not interfere with the nonspecular
beams. This can be seen formally by inspection
of the expressions for the amplitudes of the specu-
lar and any nonspecular beam.

One interesting point arises from the two dif-
ferent ways in which the hexagonal-close-packed
basal plane can terminate at the surface. The
hexagonal lattice is comprised of layers with the
well-known stacking sequence ABAB' ' . Termina-
tion of the crystal midway between planes A and B
will yield, in general, different LEED spectra for
the nonspecular beams from termination midway
between planes B and A. This is due to inelastic
effects which effectively give a greater weight to
diffraction from the first layer and successively
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FIG. 7. Be(0001). Experimental dependence of the 00
spectrum upon azimuth angle Q for constant incident angle
9 =14'. The spectra have been displac@d vertically. as;de-
scribed in the caption to Fig. . 1.
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K'=((E+ V )
~ +[8+V —(g") ] }k,

A

where i, j, and k are unit vectors in the directions
x, y, and z, respectively, F- is the incident-beam
energy, and Vo is the inner potential. Inelastic
effects are simulated by an imaginary component
of Vo. Thus K' is complex with

K = (k+ik')k.

The distinction between terminations (either A.

or B) can be expressed as a difference in the third
factor of Eq. (1), the structure factor S(K). The
second factor is independent of termination and is
easily evaluated to be

!
L&') '= — -n c -ac1+e ' —2e 'coskc ' (2)

where c is the lattice parameter along the sixfold
axis of the hexagonal unit cell. This expression
yields the usual Bragg peaks, lifetime broadened
by inelastic scattering.

Let us now focus our attention on the structure
factor, which for the hexagonal-close-packed
structure is the sum of two terms S=e ' ''f
+ e ' ' '2. The basis vectors of the hexagonal lat-
tice can be taken as (see Fig. 10)

a= —,v3 ai+ ~aj, b= —aj

Then the basis vectors of the reciprocal lattice
are given by

K'is the component of K perpendicular to the surface;
R, is the lattice vector to the origin of the l th unit cell;
and v; is the vector from the origin of the unit cell
to the jth atom in the unit cell. The Kronecker
5(K" —g") is a consequence of the two-dimensional
periodicity everywhere. For simplicity we con-
sider the incident beam normal to the surface.
Conservation of energy and the factor 5(K" —g")
yield the following expression for the backward-
scattered beams:

Kll KL Kll «II

show that the absolute squares of the structure fac-
tors for the two different terminations are

!S„!'=1+e '"+2e '""cos[-,'w (2n+m)--,'kc],
(3)

!Ss! =1+e '+2e '~ cos[—,'w(n+2m)--, 'kc] .
While generally IS&I 0 IS~ I, there are important
special cases in which they are equal and termina-
tion is therefore of no importance. These are (a)
when 2n+m is a multiple of three (n =m is a
special case). It follows immediately that n+ 2m

is also a multiple of three, and hence the argu-
ments of the cosines in Eq. (3) are identical (with-
in modulo 2w). (b) The second case is when there
is a "Bragg" reflection; i. e. , when IL(K') I [Eq.
(2)] is a maximum. This occurs for —kc=2wl, I
= integer; and follows at once from the identity

cos[—,
'

w (2n + m) + wl ]= cos [—', w (n + 2m) + wl ]

for any set of integers n, m, &. (c) The third case
is when there is no absorption; i.e. , when 0 c = 0.
Then 5(K" —g ) ~ L(K ) I is proportional to 5(1F —g )
which yields a nonzero contribution only at a Bragg
reflection; in which case point (b) above applies.

In all other cases, Eq. (3) gives differences
for the two terminations. For example, if we
calculate the intensities halfway between the
"Bragg" reflections, we have kc = wl, I being an
odd integer. Then the differences l~~ I

—IS~ I

are given by 2&3 e " '~ C„„,where the quantities
C„, for / =1, 5, 9, .. . are given by

C„, =1 if n-m=1, 4, V, ...or —2, —5, -8, . ..;
C„=—1 if n —m=2, 5, 8, . ..or —1, —4, —7, . . .

2 II BEAM

( NI. 4)

2 1-. - 1 1-. 1a*= —i and b~=+ —i-—j ~~S a v3 a a

Each of the two terminations gives rise to a dif-
ferent set of v~ vectors in the unit cell. From
Fig. 10 we see that the 7z's for termination "A."
are

] j A

~A f & ~g p 3 +2

and for termination "I3,"
Tg f=0p '7g g= 6 vsa'L —zaj +ac& ~

uj o

Ci

HEORY

e=4

EXPERIMENT

EORY

e=12'

EXPERIMENT

BERYLLIUM (pppl)
p'

16

If we consider a general diffracted beam given by

K"= 2wnK*+ 2w mb* and K'= (k+ ik') 5,
where n and m are integers, then it is easy to

0 40 80 120 160 200 0 40 80 120 160 200
INCIDENT ENERGY (eV)

FIG. 8. Direct comparison bebveen experimental and
calculated 11 spectra for /=0, and 8=4, 12', and 16 .
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FIG. 9. Calculated 11 spectra for 8 =12' and Q =0'.
The solid curve represents the spectrum from a surface
that terminates in the 8 configuration as shown in Fig. 10.
The broken curve represents the spectrum from a surface
that terminates in the A configuration as shown in Fig. 10.
The dotted curve is the average of the two other curves.

the hcp (0001) surfaces should be treated alike,
i. e. , that different terminations would produce
different LEED spectra from fcc f111jsurfaces
as well. This is not the case since the relationship
between the first and second layers of an fcc (111)
surface is determined only by the orientation of the
crystal a,nd not by which layer terminates the
crystal. Inspection of the fcc lattice shows that the
A plane bears the same relationship to the B plane
as B does to C, i. e. , the C plane can be obtained
from B with the same translation that produces
8 from A. For hexagonal-close-packed crystals,
however, the relationship (see Fig. 10) is deter-
mined by terminations, because the displacement
tha, t produces the B plane from the A plane is op-
posite in sign to that which produces the A. from
the B plane. In other words, the face centered
cubic is a Bravais lattice with one atom per unit
cell and thus all structure factors have unit mag-
nitude. This is not so for the hexagonal-close-
packed structure.

In conclusion we emphasize two points. First,

For l=s, 7, 11, the quantities C„, have the op-
posite sign. The even values of l give rise to zero
differences according to point (b). Thus we see
that the different terminations may give different
results for the intensities of the nonspecular
beams. In particular, for a nonspecular beam for
which 2n+m is not a multiple of three, kinematic
theory yields a difference which is zero at a Bragg
reflection and increases to a maximum halfway
between Bragg reflections, alternating in sign be-
bveen successive Bragg reflections. In Fig. 9,
the effect of termination on the 11 beam for 8=12'
and p = 0' is shown by means of a plot of the in-
tensities (calculated with the method described in
Ref. 19) relative to each termination. If the elec-
tron beam illuminates a region containing a large
number of atomic steps equally distributed over
the two terminations, an average spectrum will
result. As this situation is most probable in the
experiments described above, we have averaged
the intensities calculated for the two terminations
and have plotted the averaged curve in Fig. 9 as
well. The curves presented in the Figs. 2(b) and

3(b) are all averages of curves calculated for the
two terminations A and B.

It is interesting to consider whether these re-
sults are applicable to reflections from the (1113
surface of a face-centered-cubic crystal. This
surface is also close-packed but differs from its
hexagonal counterpart in the stacking sequence
along the (111)direction The stac.king sequence
is of course ABCABC. . . instead of ABABAB. . . .
If the absorption is so large that only the first two
layers are effectively probed by the electron beam,
then one might suspect that both the fcc f111}and

il
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FIG. 10. Schematicdrawing, in real space, of the basal
plane of the hexagonal-close-packed structure. The top
figure depicts the A. termination: the open circles repre-
sent the top layer, the full circles the second layer. The
bottom figure depicts the B termination: The solid circles
represent the top layer, the open circles the second layer.
The unit mesh is defined by the vectors i and 6 (given in
the text}. The two atoms in the unit cell are labeled 1 and
2.
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the calculated results for the nonspecular beams
from Be(0001) are in reasonable agreement with

the experimental data. This lends encouragement
to&yards the goal of calculation of LEED intensities
both accurately and rapidly so that LEED data can
be useful in surface-structure determination.
Secondly, non-Bravais-lattice crystal structures
can give rise to diffraction features in the non-

specular beams which are dependent on the termi-
nation plane and hence indirectly on the distribution
of steps. If there are many steps illuminated by
the beam, the resulting intensities are averages
over the various diffraciions from each type of
surface exposed. If there are few or no steps the
diffracted intensities are specific to the termina-
tion exposed.

*The work of these authors was sponsored in part by
the Air Force Office of Scientific Research, Air Force
Systems Command, under Grant No. AFOSR-69-1707.
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