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Elastic and inelastic low-energy-electron-diffraction measurements on a clean Al(100) surface have been
obtained with a new high-resolution electron diffractometer. These data, together with data obtained
independently at another laboratory, provide the experimental basis for the determination of the surface-
plasmon dispersion relation. A survey of specular elastic scattering is used to select elastic resonances which
may be described by single scattering theory. Inelastic data are presented which are associated by two-step
inelastic scattering with the selected elastic diffraction resonances. The temperature dependence of the inelastic
coherent and diffuse scattering is also examined and its effect on the measurement of the surface-plasmon

dispersion relation is discussed.

I. INTRODUCTION

With the development in recent years of more
sophisticated surface-analysis tools, ! the dis-
cipline of surface physics has emerged as a quan-
titative science.? The development of improved
theoretical models has called for more plentiful
and more precise data. One such area of recent
quantitive improvement involves the understanding
of the surface electronic structure as character-
ized by the surface-plasmon dispersion relation
(SPDR).® The most convenient approach to mea-
surement of the SPDR utilizes the phenomenon of
inelastic low-energy electron diffraction
(ILEED).*'® ILEED is related to elastic low-
energy electron diffraction (ELEED) by virtue of
the fact that the characteristic energy-loss pro-
cesses, such as plasmon creation, involve in-
sufficient momentum transfer to backscatter the
electrons. Hence, a two- or more step scattering
process must occur which includes an elastic dif-
fraction step. As a result, resonances in the
ILEED structure are closely associated with ELEED
resonances. Theoretical work has centered on
the development of an analytical procedure based
on a two-step model of inelastic diffraction for
the extraction of the SPDR from inelastic electron
scattering intensities. 36~®!¢ Appropriate ex-
perimental work for the measurement of the
SPDR has dealt primarily with aluminum which
is a nearly-free-electron metal. Burkstrand® and
Burkstrand and Propst!® have examined nonspecu-
lar elastic and inelastic scattering from Al(100),
Specular data which are easier to obtain and
utilize have been gathered by Porteus and Faith!!
for Al(111) and an analysis of this was presented by
Duke and Landman, 2

In this paper specular elastic and inelastic low-
energy electron scattering from the (100) surface
of aluminum is examined. The data were ob-
tained with a new high-resolution (30< AE <500

13

meV, Af=<1°) scanning low-energy electron dif-
fractometer. Included in the data is a survey of
ELEED and a set of ILEED data which have been
combined with data of Porteus and Faith'® and
used in a recent measurement of the surface-
plasmon dispersion relation for A1(100).'* The
elastic data, which include the first absolute
intensity energy-intensity profiles obtained at low
temperatures (85 °K), are listed and are available
from the author. Also included is an examination
of the temperature dependence of diffuse scattering
and its effect on the measured plasmon disper-
sion. Most of the measurements presented here
were obtained using a resolution of AE =100 meV.
Use of higher resolutions with this instrument is
only necessary for such tasks as the measure-
ment of adsorbate vibrational energies which is
beyond the scope of this paper and is presented
elsewhere, !*

The remainder of this paper is organized as
follows. Section II describes the apparatus, tar-
get preparation, and experimental measure-
ments. Section III is devoted to the survey of
specular elastic scattering which was a necessary
prelude to the measurement of the surface-plasmon
dispersion relation. Section IV presents a survey
of inelastic data including a look at phonon-as-
sisted inelastic diffraction and Sec. V presents
surface-plasmon dispersion data.

II. APPARATUS

In the past, the majority of low-energy-elec-
tron-diffraction measurements have been per-
formed with display or scanning-type systems
having only moderate energy and angular resolu-
tions (AE>0.5 eV, A6>2°), Those systems
which have employed deflection analyzers to
achieve higher-energy resolutions have hereto-
fore been constrained to operate at fixed angles
of incidence and emergence.
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FIG. 1. Schematic of high-resolution low-energy electron diffractometer.

The instrument used for this study is described
in detail elsewhere.®!" A schematic of the basic
instrument is shown in Fig. 1. It possesses an
electron monochromator and an energy analyzing
electron collector which are capable of providing
a net resolution of AE =30 meV and Af=1°, Each
is constructed with double 127° electrostatic en-
ergy selectors and is independently rotatable
about a common latitude axis 6. The target is
rotatable about the azimuthal axis ¢ which is at
right angles to the latitude axis. The mono-
chromator supplies a beam of electrons at the
primary energy E, and incident angle 6;, and the
collector detects those electrons which leave the
target with energy E, and an angle 6,. The en-
ergy which may be lost in the scattering process
is defined to be W=E,—-E,. The angles 6;=6,=0
are defined to be in the direction normal to the
target surface. The angle ¢ =0 is defined to be
the (10) direction of the surface reciprocal lattice.

A large variety of measurements are possible
with this instrument. The variables which may
be explored are E,, E,, W, 6;, 6,, and ¢. By
sweeping one variable at a time a variety of data
forms may be obtained. For example, energy-
intensity profiles of the LEED beams represent
the intensity of scattered electrons as a function
of E, when W=0. Energy-loss profiles represent
the intensity as a function of Wwith all other
variables fixed. In addition, the temperature of
the target may be controlled over the range 85~
800 °K so that temperature dependence may be
added to each of the above measurements., For
all data reported here, the temperature was within
5 °K of the reported temperature,

The single-crystal A1(100) target was mechan-

ically ground with 1-pm alumina to an accuracy
better than 0. 1° and electropolished in a perchloric
acid solution. The target grinding employed a
special jig'®!® which was mounted on an x-ray
diffractometer. In situ cleaning was provided by
bombardment with 500-eV neon ions followed by
annealing at 500 °C., To avoid contamination during
sputtering and from surface migration, the target
was attached to a pure aluminum block with pure
aluminum screws. The complete target prepara-
tion procedure is discussed in more detail else-
where. 131718 Monitoring of the target surface for
contamination was achieved with Auger electron
spectroscopy

IIIl. SURVEY OF SPECULAR ELASTIC SCATTERING

As a preliminary step to the measurement of the
SPDR, it is necessary to select elastic resonances
which are well represented by the kinematic (single
scattering) approximation for specular diffrac-
tion, 415

1 2 2
E:m[— Vo+2”—m—(5) nz], ()

where V, is the inner potential and d is the layer
spacing. This results from the use of a kinematical
two-step model® for the analysis of the SPDR.
For this reason, a survey of specular elastic
scattering was conducted and a summary of the
results is presented in Fig. 2. Table I lists the
energy-intensity profiles which have been pub-
lished in part elsewhere!® and which may be ob-
tained from the author. Note that the profiles are
for several temperatures and that absolute inten-
sities are available,

The straight lines in Fig. 2 indicate the ex-
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FIG. 2. Comparison of observed specular elastic peak
energies to kinematic theory, Groups of multiple scat-
tering peaks illustrate the “Bragg-envelope principle.”

pected energy dependence on angle for Bragg reso-
nances in the kinematic approximation. The data
points indicate multiple scattering peaks in those
cases where distinctly separate peaks occur. The
clustering of these multiple scattering peaks about
the kinematic position illustrates the “Bragg-
envelope principle.”® A kinematic peak will be
defined as one which follows the kinematic line for
at least 2° above and below the chosen scattering
angle and which is free of obvious multiple scatter-
ing peaks over this same range. In order to
perform the measurements which are required to
determine the surface-plasmon dispersion rela-
tion, it is convenient to choose an angle 6 which is
more than 10° from the normal. The best choices
on this basis are the n= 3 peaks with coordinates
(0°, 15°)., The n=4 beam is only marginally ac-
ceptable for the coordinates (0°, 15°). Then=5
peak does not appear acceptable in any of the

TABLE I. Specular elastic energy-intensity profiles,

¢ (deg) ¢ (deg) T(°K) Ep(eV)
5, 10, 15, 20, 25 0, 15, 45 83, 300, 400 30—250
19, 21, 23, 25, 27 0 100 50250
11, 13, 15, 17, 19 15 100 50-250

cases. These data illustrate the fact that electron
scattering from aluminum, a nearly-free-elec-
tron metal, is strongly affected by multiple scatter-
ing. Despite this, it may still be shown with these
data that the surface layer spacing is within 0.1 &
of the bulk layer spacing. #*® This is accomplished
by the use of averaging techniques®'? which re-
duce the influence of multiple scattering. The
rapid change in the peak positions with small angu-
lar changes emphasizes the importance of having
good angular resolution and accuracy.

IV. SURVEY OF INELASTIC DATA

The discrete energy-loss mechanisms which
are typically observed with aluminum may be
seen in the energy loss profiles of Fig. 3. Two
profiles are shown one profile with a primary en-
ergy at the Bragg energy and the other profile
with the primary energy at the Bragg energy plus
7 V. At anenergy of 1.6 eV a sharp peak occurs
which is an interband transition corresponding to
the W45W, band gap as calculated by Segall. 2 This
peak is very closely associated with the elastic
beam direction and is not seen for scattering angles
more than 1° from the elastic direction. This
interband transition has been seen before in op-
tical experiments at an energy of 1.5 eV and has
been seen at an energy of 2,5 eV in a low-resolu-
tion electron- scattering experiment,?® This is
the first time that it has been observed at the
proper energy by means of electron scattering.

Also seen is a small peak at 6.5 eV. This may
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FIG. 3. Typical energy-loss profiles obtained in a
specular beam direction.
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correspond to the 7-eV peak which was first mis-
takenly identified as the surface plasmon® and
which Powell and Swan?*'® ]ater attributed to the
presence of oxygen on the surface. In the present
experiment the amount of oxygen on the surface
was below the detectable limit of the Auger sys-
tem.

The surface and bulk plasmons are represented
by the peaks near 10 and 15 eV, respectively. Our
main attention will be focused on the behavior of
these plasmon peaks. Also seen in these energy-
loss profiles are peaks which correspond to twice
the surface-plasmon energy, twice the bulk-plas-
mon energy, and the sum of the surface- and bulk-
plasmon energies.

The intensity information of Fig. '3 is presented
in terms of absolute units so that the cross sec-
tion for inelastic scattering might be compared to
that for elastic scattering. We simply note here
that the ratio of the intensity of the surface-plas-
mon peak with E,=139.0 eV and T = 85 °K to the
intensity of the elastic resonance with the same
scattering conditions is 1.6x10™, The reader
must be cautioned to consider the effects of energy
and angular resolution when considering this num-
ber and comparing it to other experiments. The
scattered elastic beam occupies nearly the same
energy and angular windows as the incident beam
while the inelastic scattering beam is considerably
broadened in energy and angle. The analyzer was
adjusted to accept energy and angular windows
which correspond closely to the elastic beam.

Figure 4 contains a set of energy-loss profiles
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FIG. 4. Energy-loss profiles with Ep=Eg .. and Ep
=Epraggt7 eV and 6 =0 +2°,
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FIG. 5. Inelastic angular profiles with E,=Ep . and
Ep=FEpp e+ 7 eV and W=10, 12, and 15 eV.

which illustrates the behavior of the surface and
bulk plasmons with respect to primary energy and
scattering angle. The general behavior displayed
here is consistent with the nonspecular inelastic
Al(100) data of Burkstrand.®® The plasmon
losses are shown for E,= Ep.,,, on the left-hand side
and for E,=Ep 4.+ 7 €V on the right-hand side.
The three scattering angles shown are in the specu-
lar direction and 2° above and below the specular
direction. A pronounced decrease in the surface-
plasmon intensity is seen at the subspecular angle
for the higher primary energy. There is also an
additional peak which appears at about 13 eV for
the lower-right profile, Similar near-specular
peaks have been reported by Porteus and Faith, !°
They attributed the near-specular extra peaks to
one-electron-type excitations because of the very
small momentum which is involved. They also
argue against dynamical effects as the cause with
the observation that these peaks are suppressed
at higher primary energies. The same effect is
seen in the present data.

Figure 5 further illustrates the complexity of
the inelastic scattering. This series of angular
profiles is taken with the same set of scattering
conditions as was used for Fig. 4. The specular
elastic angular profile is not shown, but is cen-
tered about the dotted line and is about 1° wide,
These inelastic profiles are on the order of 10°
wide, emphasizing the necessity of relating in-
strumental angular resolution to measured abso-
lute intensities. A qualitative understanding of
these angular profiles may be obtained by con-
sideration of energy and momentum conservation,
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even though inelastic angular profiles have been
shown to be strongly affected by dynamical scatter-
ing. 3 Momentum parallel to the surface is con-
served when the scattering involves a two-dimen-
sional surface. Given an equal probability for the
loss event to contribute a momentum component
parallel to the surface p, in any direction, the
resulting angular profile will not be symmetric
about the elastic beam direction unless the elastic
beam emerges normal to the surface. The pro-
jection of +p, on the curved secondary energy
sphere on an Ewald construction as in Fig. 6 of
Ref. 13 shows that the angular profile should be
shifted slightly away from the normal. In Fig. 5,
where the specular scattering angle is 15°, a
shift of about 0. 5° can be seen in the profile with
E,="70.5eV and W=10 eV. Only the w=10 eV
profiles will be considered because they represent
a surface excitation in which case the momentum
transfer is parallel to the surface.

As discussed elsewhere®?’ the small momentum
transfer involved in these discrete energy-loss
processes is insufficient for backscattering.
Therefore, two-step diffraction must be considered
in which the loss event is preceded by elastic dif-
fraction (DL) or followed by elastic diffraction
(LD). Elastic diffraction, as Fig. 2 shows, dis-
plays all the complications of multiple scattering
from a three-dimensional lattice. When a DL
event occurs, the diffraction event will be strong
in the specular direction if the primary energy is
equal to the Bragg or other resonance energy.

The angular profile after the loss event would
then show two peaks, one on either side of the
elastic beam direction. If the surface-plasmon
creation has equal probability for momentum
transfer in any direction parallel to the surface,
then the two peaks should be nearly equal in in-
tensity. When an LD process occurs, then the
incident beam is first split in two directions in the
scattering plane in addition to the associated en-
ergy loss. These beams are then diffracted under
different conditions. Figure 2 shows that the peak
energies generally become smaller as the angle 6
is reduced. Thus the diffracted beam which has
the smaller angle 0 is likely to be closer to a
resonant condition for the conditions shown in Fig.
5 with W=10 eV. In the case with E,=77.5 eV

= Epage+ 7 €V, the DL process is not strong and
the LD process associated with the smaller angle
6 corresponds almost exactly to the Bragg condi-
tion. This explains the suppression of the surface
plasmon in the lower right profile of Fig. 4.

Figures 4 and 5 again emphasize the importance
of instrumental resolution since small changes in
scattering parameters lead to dramatic changes
in the profiles. The angular profiles also show
that the inelastic diffuse background is not a strong

function of the loss energy, but is a strong function
of angle in the vicinity of the plasmon peaks. This
result has been shown before by Duke and Land-
man*? using data from Porteus and Faith.!! We
suggest below though, that there is some de-
pendence of the diffuse background on energy loss
and that this is an important consideration when
measurements of the plasmon dispersion are
made,

To gain insight into the nature of the diffuse
background and its effect on the observation of the
surface-plasmon dispersion, we examine the tem-
perature dependence of coherent and diffuse in-
elastic scattering. The incoherent background is
caused by both thermal diffuse scattering and sur-
face morphology effects. It is shown elsewhere!®:!?
at least insofar as this particular aluminum crystal
is concerned that the primary source of the inco-
herent background in the elastic scattering case is
thermal diffuse scattering. In that study it is as-
sumed that the morphological diffuse scattering is
independent of temperature and that the thermal
diffuse scattering temperature dependence is given
by the first term of the expression®

I=Nf¥(1-e2¥)+Lpe™", @)
where
M=8n2/2%cos®0( u?) (3)

and the mean square atomic displacement is

3niT

2 =
(u?) i, 0%

)

In this kinematic scattering vibrating lattice model
the second term represents the coherent scatter-
ing. The Debye-Waller factor is given by ¢ 2¥ and
is determined from the slope of In(I.onerent) VS T
(Debye plot). The temperature dependence ob-
served for any beam condition represents a mix-
ture of surface and bulk properties; hence the
Debye temperature which is used to characterize
the temperature dependence is generally written
as an effective temperature, 3. The tempera-
ture dependence of coherent elastic scattering
from Al(100) has been examined elsewhere, 13192
Figure 6 shows three angular profiles taken
with a loss energy of 10,0 eV with temperature
the variable. The primary energies are adjusted
as required to allow for the thermal lattice ex-
pansion. We should expect the temperature de-
pendence of the inelastic profiles to be at least
qualitatively the same as for the elastic profiles
as a result of the inclusion of an elastic scattering
event in the inelastic scattering process. The
intensity of the coherent scattering decreases as
the temperature is increased while the incoherent
background increases. This is the effect expected
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from multiple Debye phonon losses. ## The peaks
also appear to broaden slightly as the temperature
is increased which is the result of single Debye
phonon losses, 32

The temperature dependence of both bulk and
surface-plasmon peaks may be plotted on Debye
plots as is done with elastic resonances. The
temperature dependence observed is then repre-
sentative in part of the elastic resonances in-
volved in the two-step scattering. Although a
careful series of measurements was not made for
this purpose in the present work, it was obvious
that the bulk plasmon displays a higher @ff* than
the surface plasmon. Thus, as expected the
scattering events associated with the bulk plas-
mon occur deeper in the bulk than with the surface
plasmon case. It has been generally accepted
that the surface layer has a lower @' which
means that the thermal vibration amplitude of the
surface atoms is greater than that of the bulk
atoms. !¢

The temperature dependence of the diffuse
scattering is more difficult to define exactly be-
cause the coherent scattering displays a larger
angular spread and is not easily separated from
the incoherent scattering. The dotted lines in
Fig. 6 are not an indication of the incoherent
scattering, but merely a convenient baseline.
In order to estimate the amount of diffuse scatter-
ing at an angle, say 6,=5°, we need to make two
assumptions. First, it is reasonable to expect
that the incoherent scattering is primarily thermal
diffuse scattering as in the elastic case. Second,
we need to assume that the Debye-Waller factor
e ¥ determined from the coherent inelastic
peaks, may be applied to the incoherent scattering
as in the elastic case. At the angle 6,=5° for the

70 eV elastic beam, the morphological diffuse
scattering was shown to be about 10% of the total
diffuse scattering at a temperature of 300 °K, !3:1°
Using Eq. 1, we then write expressions for the
total intensity at 6,=5° for two temperatures T
=100 and 300 °K. Solving this set of equations
then shows that the ratio of coherent to diffuse in-
tensity at 7= 300 °K is about 0. 34 and at 7=100°K
is about 1.20. Thus, diffuse scattering is clearly
dominant at an angle of 10° from the specular di-
rection for a temperature of 300°K and above.

V. SURFACE-PLASMON DISPERSION MEASUREMENTS

In the remainder of this paper we present data
used for a measurement of the SPDR for A1(100).
The determination via a kinematical two-step model
of the SPDR from this data and from data of Por-
teus and Faith!® is presented elsewhere by Duke
et al.' The initial step in the analysis of the
SPDR is the selection of data. In order to use a
kinematical two-step model, particularly in the
case of an LD resonance,'! it is necessary to se-
lect ELEED resonances (E, 6, ¢) which are nearly
kinematic in their behavior. The ILEED reso-
nances which are associated with these ELEED
resonances by the two-step ILEED process are
then studied. For this study we have chosen the
following ELEED resonances which we label as
beams No. 1, No. 2, and No. 3.

Beam No. 1: ¢=15°, 6=15°, E,=140eV;

Beam No. 2: ¢=15°, 6=15°, E,=T0eV;

Beam No. 3: ¢=0°, §=15°, E,=140eV.

Having chosen the ELEED resonances with which
to work, the first step of the analysis is completed
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by parameterizing each ELEED resonance in
terms of kinematic theory to determine the inner
potential V, and inelastic collision damping length,
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FIG. 7. Energy-loss profiles associated withbeam No. 1
which are used to measure surface-plasmondispersion.

Xgeo ® For beam No. 2, the best fit of kinematic
theory with the peak position and shape is ob-
tained® when V,=17.7 eV and \,,=7.5 A. These
parameters are subsequently used when the two-
step analysis is applied to the ILEED data asso-
ciated with this particular ELEED resonance,

Duke and Landman?® have shown that energy-
loss profiles are the most suitable form of inelastic
data to be used with a two-step model. By ob-
serving the energy-loss profiles in a series of off-
specular directions, a momentum transfer may be
associated with a given energy loss. In this work,
energy-loss profiles were taken at angular inter-
vals of 1° over the range 6, = 6 pqcy1ar£ 6° and in
intervals of 2° over the range 6,= 0 gecu1ar £15°.
The data were obtained at two temperatures T
=100 °K and T =300 °K. Figure 7 displays the
profiles which are associated with beam No. 3 over
a range 10° above and below the specular direc-
tion with 7= 300 °K. The motion of the surface-
plasmon peak as well as the bulk-plasmon peak can
be easily seen as a function of angle. The sur-
face plasmon occurs at an energy of 10.3 eV in
the specular direction which is the case involving
nearly zero momentum transfer. The maximum
energy shift occurs for §=10°, The peak in this
case is centered at about 11. 5 eV, however, the
peak is quite broad and precise measurement is
difficult, In these profiles the 1.6 eV interband
transition loss and the 6.5 eV loss are also evi-
dent. Both losses display very little divergence
from the elastic beam direction, which indicates
that both are associated with one-electron-type
excitations.

The dispersion characteristics observed with the
three beams are summarized in Fig. 8. In the
top three panels, the surface-plasmon peak inten-
sity is shown as a function of §,. The specular
direction in all three cases occurs for 6,=15° and
the loss energy associated with each point is the
loss energy observed at each angle. In the bottom
two rows of panels is shown the loss energy mea-
sured as a function of 6, at temperatures of 300
and 100 °K. The error bars indicate the uncer-
tainty in the measurements of a given peak posi-
tion which is indicative of the peak width. The
angular dependence of this peak width is an indica-
tion of the angular dependence of the plasmon
damping T'. *!* The most interesting initial ob-
servation is that data for T=100 °K for all three
cases indicate a greater dispersion for the low-
temperature case. The plasmon damping also
appears to depend in some indefinite way on the
temperature. The apparent asymmetry of the dis-
persion data about the p,=0 direction has been
attributed in part to the overlap of the bulk-plas-
mon loss peak.'® However, with the data pre-
sented in Fig. 7, this does not appear to be an
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FIG. 8. Surface-plasmon intensity and dispersion data from beams Nos. 1, 2, and 3.

adequate explanation. The explanation may be
found in the two-step model®*® though it has not
been verified in this case.

Three factors combine to create the apparent
temperature dependence of the dispersion. First,
it is evident from Fig. 6 and the discussion in
Sec. IV that for angles greater than 6° from the
specular direction, the intensity observed is pri-
marily due to the thermal diffuse background. I
it is noted that for the 6,=5° profile in Fig. 7 the
diffuse scattering accounts for roughly three
fourths of the total intensity as discussed in Sec.
IV, then it is obvious that the diffuse background
must exhibit a slight energy dependence over the
range of interest W=9-12 eV. The inelastic dif-
fuse scattering is associated with elastic diffuse
scattering by the two-step process as in the case
of coherent scattering. A random direction will
be associated with the elastic scattering event.
The loss energy observed is then weighted toward
the most probable loss energy which is shown by
Fig. 8 to be the near zero momentum loss energy.
This background can thus cause a distortion in the
relatively weak loss profiles which occur in the
vicinity of 5° above or below the specular direc-
tion. The peaks may be shifted and/or broadened.
Thus, loss energies measured at the extreme angles
are representative of the diffuse background as
well as the plasmon dispersion. At low tempera-
tures the diffuse scattering is considerably re-
duced so that the distortion of the loss profiles
will be reduced. It is therefore desirable to cool
targets to a temperature at which the thermal dif-

fuse scattering is minimized to reduce this dis-
tortion. Reduction of the morphological diffuse
scattering is a separate and more difficult question
which has not been explored.

The second factor in the temperature dependence
of the dispersion involves the angular resolution
of the system. Consider the case where 6=10°,

If the instrument has a poor angular resolution,
say 10°, the instrument will see electrons arriving
in the angular window between 5° and 15°. Ob-
viously, there is a greater intensity of electrons
which represent the surface plasmon toward the
15° position. Therefore, the loss profile will be
distorted toward the energy which occurs for 6,
=15°, With a resolution of 1° the energy of the
peaks will be more faithfully represented. Now,
as the temperature is decreased, the angular pro-
files have been seen to narrow as in Fig. 6. Single
phonon broadening® of elastically diffracted elec-
tron beams is the same order of magnitude. Re-
ducing the temperature has the same effect as
improving the instrumental angular resolution.

It is apparent from this that the most accurate
measurement of the SPDR should be obtained from
high-resolution low-temperature measurements.

A third possible factor is the change in electron
density as a function of temperature. The near
zero momentum plasmon energy is proportional
to the square root of the electron density in the
free-electron model. 3 If the surface layer is as-
sumed to possess the same thermal expansion
coefficient as the bulk, then the energy of the
plasmon would increase about 0.07 eV when the
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temperature is reduced from 300 to 100 °K.
Dasgupta, Kumar, and Beck® recently derived a
semiclassical integral expression for the SPDR
which indicates a dependence on the surface elec-
tron density profile. In order to compare data to
this theory, it will first be necessary to carefully
account for the other effects. Alternatively, by
examining the SPDR behavior for a material which
reorders its surface as a function of temperature,
a phase change should also be seen in the SPDR.
Evidence for this is the difference in the SPDR
which has now been observed for two crystallo-
graphic faces of aluminum, !4*®

Consideration of the relative magnitude of these
effects indicates that subtraction of the diffuse
background from higher-temperature data is the
primary solution to the problem. A shift in the
angular resolution from 1° to 2° will shift the loss
energy by 0.1 eV at the most. In the data for beam
No. 1 at an angle §,=11° the loss energy observed
is 11.1 eV when 7= 300 °K. For 7T'=100 °K the
loss energy is 11,6 eV. At this position, it ap-
pears from the top panel that the total intensity
is approximately one half diffuse and one half co-
herent. A simple average of the low-temperature
loss energy and the loss energy in the diffuse
scattering peak which is approximately 10.5 eV
according to the 6,=5° profile of Fig. 7, is ap-
proximately equal to the loss energy observed for
T =300 °K.

In the analysis of the 300 °K data by Duke et al. '
the second step of the procedure is the subtrac-
tion of a calculated diffuse background from the
inelastic data. The diffuse background calcula-
tion was based on a series of angular profiles at
various loss energies. The form of the diffuse
background obtained from this had the energy in-
dependent form®*

do 0.017
(dndE),m., =0.05+ 570,01 5

where 0 is the scattered angle measured from the
target normal, In order to minimize the effects
of the distortions discussed above, the data used
for calculation of the surface-plasmon dispersion
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were limited to loss profiles in an angular range
such that the intensities were primarily due to
coherent scattering. The uncertainties which
arise from this are one of the reasons why the
plasmon dispersion relations which have been ob-
tained contain sizeable ambiguities. The SPDR
which has been obtained in association with the
present work is given by**

Fwgp,) =10.4(x0.1) - 2(x1)p,+ 9(£3)p} .  (6)

The energy Zw; is in eV and the momentum parallel
to the surface p, is in A™. By means of a more
detailed study of the temperature dependence of
coherent and diffuse inelastic scattering, it should
be possible to expand the range of useful data and
thus to reduce these uncertainties.

VI. CONCLUSIONS

We have presented elastic and inelastic elec-
tron diffraction data obtained from an Al(100) tar-
get in a high-resolution low-energy electron dif-
fractometer. The elastic data have been used to
define kinematiclike elastic scattering resonances.
Inelastic encergy-loss profiles and angular pro-
files associated with selected elastic resonances
were obtained to provide the basis for a measure-
ment of the surface-plasmon dispersion relation.
An apparent temperature dependence in the raw
plasmon dispersion data has been shown to be
primarily the result of the temperature depen-
dence of the inelastic thermal diffuse background.
As a consequence of the high energy and angular
resolution of the system, it was also possible to
observe clearly an interband transition loss of
1.6 eV and to show the sensitivity of inelastic
scattering and multiple elastic scattering to en-
ergy and angle.
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