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Inelastic Low-Energy Electron Diffraction 

Measurements on Al (111) 

J. O. Porteus and W. N. Faith 

Michelson Laboratory, Phyiict Division, China Lake, California v.1555 
(Received « September 1971; in final form 17 January W2) 

An experimental ^udy U.\> lucn made of rlcctrons in thf tmrgy ran^c U) 80 cV, inelastically stat- 
tered and diffracted from a clean Al(lll) surface. The surface is prepared by epitaxial vapor depo- 
ution on a Si(lll) single-crystal surface in ultrahigh vacuum immediately preceding the measure- 
ments. The inelastic electron intensity at a ^iven energy los^ and angle i- obtained as the energy 
derivative of the amplified electron current from a Faraday collector having a retarding field 
analyzer and limited angular acceptance. The energy derivative comes from the digitally com- 
puted average of a repeatedly measured difference in dc signal accompanying a fixed increment in 
retarding field. Using this method inelastic angular and loss profiles at IS" incidence have been ob- 
tained in the vicinity of a Hragg maximum of the 00 elastic beam. The profiles show structure 
related to the surface and volume plasmon momenta by a two-step model of inelastic diffraction. 
Dispersion data inferred by applying this model to the "loss-before-ditlraction" structure are com- 
pared with results from other sources. The surface- plasmon dispersion obtained from inelastic low 
energy electron diffraction measurements shows promise as a new means of characterizing solid 
crystalline surfaces. 

Introduction 

Inelastic low energy electron diffraction (ILEED) offers 
a protniring new means of relating the properties of 
surface-sensitive electronic excitations to surface crystal- 
lography. Unlike optical photons, electrons in the energy 
range KMOO eV produce collective excitations for which 
the wave vector A' is commonly in the range 0.1-1 A^1. 
Such excitations, especially the surface plasmons, which 
penetrate as e~A', can characterize a selvedge only a few 
atomic layers deep. Also, the information is obtained 
selectively from those areas of the sample which are 
sufficiently well ordered to produce a LKKI) pattern, 
and therefore have a well-defined lattice structure at the 
surface. In the latter respect ILEED differs basically 
from both optical and kilovolt electron transmission 
experiments. 

It is only within the past two years that the role of 
excitation momentum in ILEED has been fully recog- 
nized. Because of instrumental limitations, especially 
the large collector acceptance angles used in earlier 
studies, ILEED maxima were found to coincide with the 
elastic Bragg maxima when allowance was made for the 
energy loss. However, studies on a tungsten (110) sur- 
face, using high angular resolution, showed small devia- 
tions from coincidence which could be attributed to the 
excitation momenta.' - Similar results have since been 
observed usiiiK a silver (111) surface.'' These experi- 
mental results, along with recent developments in 
LEED, stimulated the development of a theory of 
ILEED intensities, including momentum considera- 
tions.45 Predictions were given for Al (100), where the 
plasmon modes are comparatively veil known and the 
diffraction is relatively kinematic. Qualitative experi- 
mental confirmation of this theory has bc-en reported, 
using an epitaxially prepared Al(lll) surface.1 This 

paper describes these mcv.surements in detail in terms of 
a kinematic two-step model.2,6 Some implications ot the 
measurements in terms of recent intensity calculations 
on Al (111) are described elsewhere.78 

I. Model 

Attention is restricted here to the azimuth containing 
the 00 LICIT) beam. Our principal interest is in the 
variation of inelastically diffracted intensity within this 
azimuth as the polar angle is scanned. When .ill other 
diffraction variables remain fixed, the result of this scan 
is called an angular profile or. more specifically, a polar 
angular profile. Other types of diffraction profiles, which 
are of secondary interest here, are generally labeled by 
the scanned variable, .ill other variables remaining fixed. 
Profiles in which the energy loss remains fixed are 
classified either as elastic or inelastic, depending, re- 
spectively, on whether the energy loss is nominally equal 
to zero or not. 

For each tyix1 of plasmon two cases of the two-step 
model must be considered, i.e., diffraction followed by 
loss (I)!-) and loss followed by diffraction (I-l)). Kach of 
these cases can act in conjunction with liragg diffraction 
to give rise to two ILEE1) maxima in an angular profile. 
These correspond to the two possible directions (in the 

given azimuth) oi the component of plasmon momentum 
parallel to the surface. For each Bragg peak .. given 
excitation should therefor.' produce a total of lour 
distinct ILEED maxima in the sequence of angular 
profiles at differetil priiiiar>'energies. These maxima are 
(jiiile well defined for the surface plasmon (Fig. 5 of 
Ref. 4) and somewhat less so for the bulk plasmon (Fig. 
4 of Kef. 4). Since the momentum associated with the 
surface plasmon is constrained to the surface plane, the 
positions of the ILKKI) maxima are well determined in 
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the angular profiles by the fixed energy loss, conserva- 
tion of energy, conservation of momentum parallel to 
the surface, and the dispersion relationship between 
plasmon momentum and energy. Conservation of the 
niomentum component normal to the surface is rela- 
tively unimportant as a result of the small mean-free 
path for inelastic collisions (<1()Ä in Al). The bulk 
plasmon case is complicated by the fact that the plasmon 
momentum is not constrained to the surface plane. The 
resulting lack of fixed momentum exchange for given 
energy loss eliminates the condition leading to the well- 
defined beams in the surface plasmon eise. However, the 
vestige of normal momentum conservation, combined 
with strict conservation of parallel momentum, provides 
a relaxed condition for Intensity maxim.i which produces 
some structural definition. The resulting momentum- 
tuned side bands46 are the basis of our earlier excitation 
dispersion determinations for tungsten.2 An additional 
consideration for the bulk plasmon, which is not in- 
cluded in the basic two-step model, is the possibility of 
coherence between the DL and LI) processes. This may 
introduce additional conditions for inelastic diffraction 
in the form of sidebands in the inelastic primary energy 
profile.6 Typically, two peaks representing DL and LI) 
split into four. Since this energy profile is simply a cross 
section of the angular profiles at constant exit angle, 
such splitting should be apparent in the angular profile 
data. This effect does not appear in the present data and 
will not be considered here. 

A. Surface Plasmon 

Analyses of the DL and LI) processes for the surface 
plasmon are made with reference to Figs. 1 (a) and 1 (b), 
respectively, which illustrate wave-vector relationships 
in the redprural lattice plane containing the 00 LKED 
beam. Energy conservation requires that 

E,-E.-E{K), (1) 

where the p'asmon energy E is equal to the fixed energy 
loss in the sequence of angular profiles at different pri- 
mary energies. This implies that the plasmon mo- 
mentum K is also fixed i.i magnitude, and is related to 
the energy loss through the dispersion relationship 
E(K). The primary and secondary electron energies of 
the interacting electron are related to the corresponding 
free-electron wave vectors kp and k, (kinematic ap- 
proximation), by 

£,-(*V2m)*,«. 

li.= {V/2m)k,\ 

(2) 

(3) 

The magnitude of k, is therefore governed by the pri- 
mary energy and fixed loss as indicated by the arcs in 
Fig. 1. Momentum conservation requires that 

G = k,,-kl (D 
and 

*,/ = *„ (5) 

where G is the reciprocal latticevectorOF (including 2ir) 

FlGURB 1. Wave vector relationships in the two-step model for 
surface plasmon II.KKI) maxima in the inelastic angular profiles 
near an elastic 00 Bragg maximum. The 00 reciprocal lattice rod is 
normal to the sample surface, as indicated. Lung solid vectors aO 
and al' represent the incident and diffracted LEED beams, re- 
s|)cctively. Short horizontal vectors represent the surface plasmon. 
Diffraction before loss (DL) is represented in (a). Here an II 1 (,l> 
do'iblet (dashed vecton k,) occurs when the primary electron wave 
vector kp corresponds to at). Loss before diffraction (LD) is repre- 
sented in (b). llere two inelastic maxima (dashed vectors k,i = k1) 
are prodiced at higher primary energies, when kp corresponds to 
bO or to cO. 

correspondiiig to the Bragg energy observed in the 
elastic primary energy profile; k, and k^ represent the 
incident and diffracted electron wave vectors defining 
the diffraction step of the two-step process. Neglecting 
refraction arising from the inner potential,2 DL and LD 
correspond to 

k. = kp    (DL) (6a) 
and 

k,, = k.    (LD). (6b) 

respectively. Conservation of parallel momentum in the 
scattering step requires 

k,*\ne,-kd*\ndi = K s\nd    (DL) (7a) 
and 

*isiii01-*psinöp = A'sinö    (LD), (7b) 

respectively, where the 0's represent the direction angles 
of wave vectors with corresponding subscripts; 0 alone 
applies to the plasmon wave vector K. All angles are 
referred to the normal. Since the surface plasmon wave 
vector is constrained to the surface plan. , 

sinö=±l. (8) 

The above equations will be used to predict the 
ILEEDdata in two different ways. In the first approach 
we adopt the dispersion relationship 

/•;(A) = 10 + 4A+3/v-, ((>) 

where li is in electron volts, and A' in angstrom  ' units. 

J. Vac. Sei. Yechnol., Vol. 9, No. 3, May-June 1972 



iwmm^H ■——'-—— 1 •''■ 'i  ■PMPIPP"MiMiinaHHai 

1064 J. O. Porteus and W. N. Faith 

TABLE I.    Surface pLismon II I.I'D maxima. Al(lll), 00 l)eam, ^~0*, »,= 15° 

Process 

DL 

LD 

DL 

LD 

DL 

ID 

DL 

I I) 

DL 

LD 

E(K) 

8.4 

in I 

12.4 

14.4 

U..4 

0.(W 

0.45 

0.72 

0,94 

SI 15.2 
.si 18.6 
M 15.0 
63 18.0 

si 9 
M M, 
(.1 •> 
69 24 

si 4 
si 32 
62 5.4 
7-S 28 

51 ii 
51 39 
(.1 2 
■si 31 

0.32 

0.25 

0.48 

0.71 

0.82 

Eq. (9) Eq. (10) Observed 
/C(A-»)    B,(eV)    ».(deR) KiA')    E,(eV)    ».(den) fi,(eV) ».(detf) 

51 ii 50 11 
si 22 .SO (18) 
Sfl n 60 II 
63 21 

SI 12.4 50 13 
SI 21.4 SO 19 
60 12.5 60 12.5 
6S 20.4 

51 8 55 8 
51 27 (55) 1(. 
(.1 9 (60-65) 9 
70 24 

SI 4 (50-55) (5) 
51 32 
62 5.5 (.(1 5.3 
75 28 

51 .t (50-55) 6 
SI 36 50-55 IS 
M 4 60 4 
79 29 

The first term is derived from high-energy electron loss 
experiments on clean Al,9 and the coefficienta in the 
second and third terms are from theory10 since no 
experimental values ot.ier than those derived from the 
present data are yet available. I'sinj; the appropriate 
members (a) or (b) o! Kqs. (6) and (7), the above 
equations are solved simultaneously to predict Ep and 
6„ which are tabulated under Kq. (9) in Table 1 for 
£>10eV. 

In the second approach we use Eqs. (^-(S), (6b), and 
(7b) to derive an expression for K in terms of the 
observed LI) peak positions, 

K - (ÄV2w)-» | (£,)« sinö. - (£,)» sine, |.       (10) 

This is the surface plasmon form of Eq. (13), Ref. 2, for 
diffraction by the 00 reciprocal lattice rod. As in the 

past,2 we choose the prominent LI) peak for the deri- 
vation of A' since its position can usually be measured 
with greater precision than that of the DL maxima. As 
present results will show, the latter maxima are com- 
paratively weak; moreover, they occur at the Bragg 
energy, where the noise level from the superimposed 
elastic intensity is relatively high. Since the Ep interval 
between our observed angular profiles is somewhat large 
(5 eV) for an accurate determination of the LL) peak 
energy value to be used in Eq. (10), we introduce 

E. = Emit,) (cortp/cosV,), (ID 
which follows from the model [cf. Fig. 1(b)]. Here 
Eooiidp) is the Bragg energy from the elastic primary 
energy profile measured at primary angle dp. Four con- 
ditions must be simultaneously satisfied: Fqs. (1), (10), 

FIGURE. 2. Wave vector relationships in t'.ie 
two-step model for bulk plasmon ILEED max- 
ima in the inelastic angular profiles near an 
elastic 00 Bragg maximum. Terminology and 
representation of DL and LD processes are 
analogous to Fig. 1. Notice that K is no longei 
constrained to the surface plane and that the 
vestige of the normal momentum component is 
now conserved. 
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TABLE II.    Hulk plasmon ILEED maxima. Aid 11), 00 UMIH, « = 0°, »p= 15°. 

Eq. (13) 
Process E(K) KiA')     E,(tV)     ».(den) 

K(|s. (14), (IS) 
A." (A'1)     £,(eV)    ».(den) 

(>bierved 
B,(eV)      »,(deg) 

DL 

lli 

DL 

1.1) 

Dl 

l.D 

14.4 

16.4 

18.4 

0.68 

1.06 

M 11.5 
51 19 
6S 9 
71 21 

51 28 

1i .'7 

0.4') 

0.60 

0.74 

65 i 1 
66 16 

M 11.5 
70 19 

51 13 
51 17 
67 9 
73 .'I 

(50) 

65 

65 

70 

14.5 

I 1 

11.5 

(11), and tlioö, vs £, dependence of the LD (x-ak, which 
is inferred from the annular profilei .it the given energy 
loss E. Having obtained A' in this manner, WT prorcd as 
with Eq. (9) to predict the positions of the weaker 
maxima. Results are tabulated in Table 1 under the 
heading Eq, (10). 

B. Bulk Plasmon 

Figures 2(a) and 2(1)) show wave vector relationships 
for the bulk plasmon corresponding to those shown in 
Fig. 1. Equation (8) does not apply here; instead, the 
ILEED max'ma are determined by the vestige of mo- 
mentum conservation normal to the surface, which may 
be expressed as 

kdcosed-k,cosB, = K cosd    (PL), (12a) 

kpcosep-ktmse, = K co»B    (LD) (12b) 

in the cases indicated. 
We again provide two types of predictions from the 

model. The first is based on the bulk plasmon dispersion 
observed with high energy electrons,9 

/t(A') = 15 + 3.()48A'2. (13) 

The second is based on a determination of A from the 
data, using the model of Fig. 2(b), which yields- 

K-iV/lm)-* Mc«C(£,)»8in»,-(£,)»Biitf,],    (14) 

where 

e = arctan{[(£,)* sine,- (£„)* sin*,]/ 

[(A',)'cos0p-(/<.)» cosö.]).     (15) 

Equations (14) and (15) are applied to the prominent 
LD peak positions. The procedure is analogous to that 
described above for the surface plasmon, and results are 
similarly presented in  Table 11. 

II. Experiment 

A. Diffractometer 

Our diffractometer is the scanning collector instru- 
ment used in previous work.12 Approximate over-all 
angular and erergy resolutions are 2° ant! 0.5 eV, 
respectively. The gas source has been replaced with an 

aluminum evaporator, and a (111 )-oriented Si single 
crystal slice now occupies the sample holder, thus 
permitting preparation of an Al(l 11) surface by epitaxial 
vapor deposition. The vapor source consists of a HN 
crucible, externally threaded to accommodate a helix 
of tungsten heater wire. A HN sleeve covers the helix for 
heat retention. The charge, consisting of <>().(>()()'; 

aluminum wire, is supported on an externally manipu- 
lated hook above the crucible until the latter has been 
thoroughly outgassed, as determined by residua! gas 
analysis. This procedure permits evaporation in the low 
10~9 range at a deposition rate of 100 A min. 

B. Sample Preparation 

The sample preparation procedure was developed by 
Bauer,11 using a standard three-grid LEED system 
equipped with modulation and lock-in detection for 
Auger analysis. Surface cleanliness and ordering of the 
epitaxially grown Al(lll) films were found to be at least 
comparable to those of single crystal samples prepared 
by argon ion bombardment and annealing.1'-' The sub- 
strate is of device-grade Si, ground and polished to 
within 0.05°of the 111 axis using SiC abrasive followed 
by diamond paste. A chemical etch consisting ot 1 part 
HF to .? parts IINOj is followed by rinses in distilled 
water and alcohol. Final cleaning by heating to a 
maximum temperature of l200oC produced the Si-7X7 
pattern. After establishing a constant evaporation rate 
of Al the cleaned Si is exposed without heating for 6 min, 
followed by a 10-inin anneal at ^400oC. The resulting 
Al lilms have an average thickness of ~6()()Ä; the 
LEED pattern is Al(lll) 1X1 with no evidence of the 
Si pattern. All measurements are made at 2X10 10 

Torr, or In-tter, within 3 h of sample preparation. Ilefore 
each data run the sample was renewed by flashing off the 
old aluminum and redepositing. Except for an increase 
in peak-to-background intensity with each successive 
depontion, the LEED pattern and inelastic data are 
quite reproducible. The aging effect is attributed to an 
increase in diffracting area of the sample as a result ol 
aluminum-induced surface migration of Si atoms during 
the heating for aluminum removal. This is supported by 
the micrograph ol Fig. 3, which shows the portion of the 
sample exposed to aluminum as having a higher pro- 

J. Vac. Sei. Technol., Vol. 9, No. 3. May-June 1972 
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FIGUM 3.   Optical micrograph of typical lample surface.   Hw 
darker .IRM is hare Si substrate, which was obBCUfed from the A 
v.ipnr beam. Dilfraetion is believitl to occur only from the siiia I 
Bat areas, which occupy a large"- fraction of the surface in the Al- 
covered portion. 

portion of apparently flat areas compared to the un- 
exposed }H)rtii)ii. 

C. Measurement Procedure 

Since the inelastic signal is only of the order of 1% of 
the peak elastic signal, and data acquisition time must 
be minimized to avoid sample contamination, a highly 
sensitive and efficient data collection system is required 
for the inelastic measurements. Figure 4 shows a flow 
chart of the system used here. Amplification of the 
collector current is performed by a Cary model 36 
vibrating-reed amplifier, which has an inherent noise 

Uvd in the 10 '■ A range foraO.l-sec response tim«'. n> 
obtain  a  given  data  point, stepwise changes in   the 
collector's retarding field .uc initiated by an advance 
pulse from a Vidar 5203 digital data acquisition system 
to a volt.ige stepper. The latter provides programmable 
electronic switching of resistances in the control circuit 
of a dc power supply, whose output is applied directl> to 
the collector guard electrode. Stepping is confirmed by a 
retui uing record command pulse from the stepper, which 
causes digital encoding and tape recording of the ampli- 
fied collector signal after a 0.3-sec settling time.   The 
next advance pulse is produced on completion ol re- 
cording. The stepping mode isequivalenl to square wave 
modulation of the retarding potential at 1.7 11/, 0.8 e\ 
peak to peak. A digital computer, which analyzes the 
tape, computes the average signal difference between 
half-cycles over 15 or more cycles for the data point, and 
thereby performs the demodulation   In addition, the 
mis deviation, or noise level, is computed ; printout and 
point-by-point data plotting with error bars are optional 

outputs. 
Resetting the diffractometer for a new data point is 

largely automatic. The retard voltage stepper may be 
programmed for a complete loss profile scan, including 
advancement of the energy loss by 0.4 eV between data 
points. For an angular profile the collector angle is 
mechanically stepped two degrees on a manual com- 
mand. For elastic energy profiles the output of the 
vibrating-reed amplifier is applied directly to the Y axis 
of an AT plotter. The X axis of the plotter, which 
corresponds to the primary beam voltage, is scanned 

continuously. 

V1B 

REED 

AMPL 

AMPL   SIG 

-< 
DATA 

ACQ 

SYSTEM 

MAG 

TAPE 1 
1 

/ HAW SIG — — — 
^ " 

COL C   IHM 
RETARD 

VOLTS 

ADVA 

PL 

NCE 

LSE 

HE( 

PU1 

;ORD 
SE 

HETAHD 

VOLTAGE 

PROGRAMMING CONTROL 
RETARD 

VOLTAGE 

STEPPER l-'icfRK 4.    Flow chart and tiMiiuK sc- 
quenre of data rollectioi, system. 

AMPl if-lED SIGNAL 

SEQUENCE 
1    ADVANCE  PULSE 
?    RECORD PULSE 
3    ENCODE 

J. Vac. Sei. , Vol. 9, No. 3. May-JuiM 1972 
_  -'■—-  _^— .._ 



HH     "'^    ! ' ""W ■WWW""""1'   "    '"I PP»-  

LEED DiHraclion Measurements on Al(111)        1067 

III. Results and Discussion 

A. Elastic Primary Energy Profile 

An clastic primary energy profile of the 00 LEED 
beam from our sample at öp= 15° in the azimuth <> = ()0 

of tlu 10 LEED beamu is shown in Kin. 5. These settings 
are the same as tor the other lv|K's of profiles discussed 
below. The structural features, which exhibit sixfold 
azimutha' .symmetry as a result of reciprocity, generally 
correspond to those reported for single crystal Al (111).13 

However, two of the major jx-aks appear at the some- 
what lower energies of 51 and 102 eV in our data. The 
position of our 28-eV peak, is in better agreement, but is 
also less accurate, as a result of rapidly varying incident 
intensity at this energy. With regard to the inelastic 
data, attention will be focussed on structure related to 
the 51-eV Bragg peat, although some influence of the 
other two prominent (X'aks is also present. 

B. Loss Profiles 

Figure 6 gives the energy-loss distribution of scattered 
electrons, i.e., loss profile, measured in the specular 
direction at the approximate energy of the 51-eV Bragg 
maximum in the 00 LEED beam. The loss profiles, in 
conjunction with the angular profiles, are useful in 
identifying the origin of ILEED structure and in as- 
sessing the effects of broadening due to plasmon 
damping.'' Except lor excitation momentum considera- 
tions, the contribution from 1 )L processes is a maximum 
here for all values of the energy loss, whereas the LI) 
contribution becomes large only as the energy loss 
approaches zero. Proceeding upward from the strong 
elastic component at zero loss, one first finds a back- 

CO 80 100 

PRIMAHY ENtHG ' leVI 
140 

1- IGUSE S.     Elastic primary energy profile correspoiidinn to present 
inelastic measurement situation. 

ground scattering component whose intensity decreases 
with increasing loss. This arises mainly frjm one- 
electron excitations of low energy, possibly including 
interband transitions which have been observed in the 
optical data.14 Going higher in energy loss one tinds a 
prominent peak at 10.2-eV loss which is produced by 
excitation of the surface plasmon. The smaller peak at 
14.6-eV loss arises from the bulk plasmon. 

In the loss profiles shown in the next two figures the 
primary energy lias been increased to 60 eV and the 
collector is out of the specular direction by 5° in polar 
angle, toward the normal in Fig. 7 and away from it in 
lig. H. The most striking feature on comparison of these 
two figures is the gross angular asymmetry of intensity 
ot the surface plasmon peak, in spite of the symmetrical 

-.25 
M 
h 
1 
3 
> 
cc 

K.20 

3 
< 

ij.l5|- 
cc 
cr 
D 
U 
K 
O 
u.10 - 

o 
u 

< 
1--05 1- 
z 
UJ 

It 
uj _ 

.00 

I "T 1 1 1  

LOSS PROFILE Al (111)   Si 11111 

8 12 
ENERGY LOSS IcVI 

16 20 

FlGUSB 6.    Loss profile measured in direction of tne 00 IKMIII at a Bragg maximum. Typical data points are shown with error bars repre- 
senting nns deviation 
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FIGURE. 7.   Loss profile with coliector 
wt 5" from the 00 beam in the direc- 
tion of the normal. The primary energy 
is !0 eV greater than in V\% 6. 

EMERGY LOSS (eVl 

placement of the collector relative to the LEED beam. 
li\' increasing the primary energy to •> cA above the 51- 
eV Bragg maximum, the 1)1. and low loss LI) contribu- 
tions have been suppressed in favor ol LD contribution» 
having energy loss near') eV ; hence, the strong involve- 
ment of the surface plasmon. The asymmetry is a 
manifestation of the plasmon momentum, as represented 
in Ki^'. 1(b) (primary wave vector W) and the plasmon 
wave vector directed toward the right ol the figure). 
Another interesting feature of Fig. 7 is that the surface 
plasmon peak lies M eV higher in energy loss than in 
Fig. 6. This results from the surface plasmon dispersion : 
As is apparent from Fig. 1, the greater the departure of 
an ILEED maximum from the LEED beam, the greater 
the plasmon momentum. The collector in \:\^. 1 thus 
samples a higher [joint on the dispersion curve. The fact 

that the (>'ak shilts to higher energy loss is indicative of 
a positive dispersion, i.e., the surface plasmon energy 
increases with increased momentum. While plasmon mo- 
mentum effects and dispersion are evident in the loss 
profiles, they are emphasized in the angular profiles be- 
cause attention is focused on individual points on the 
dispersion curve. 

C. Inelastic Angular Profiles 

Inelastic angular profiles have been measured for 
()0<ö.<300 with 2° between data points. The primary 
energy changes by 5 eV between profiles and covers the 
range 40<£,<80 eV. Such profile sequences have been 
obtained at 2 eV intervals in energy loss, ranging from 
8.4 to 18.4 e\ loss. Three of the sequences an presented 
here in Figs. <)  11. Posit ions of observed [LEED maxima 

8 12 
ENERGY LOSS (nVI 

FlCUU 8. Loss profile with collector 
set 5° from the (K) beam in the direc- 
tion opposite the normal. The primary 
energy is the same as in Fig. 7- 
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FIGURE 9, Angular profiles at 10.4-eV 
loss [Al(llt)/Si(lll)] showing struc- 
ture arisiiiK from thi' surface plasmon. 
The i'xit.iriKlt' 9, is measured from ihv 
normal. Solid dots indicate the position 
of the LEED beam. Error bars repre- 
sent rms deviation, <> = 0o, 9,,= 15°. 
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Al   1111) /Si (1111 

0 

lb 

EXIT  ANGLE 

which appear in this data arc given in Tables I and ll 
according to their identification in terms of the model. 
Observed E, values are quoted to the nearest multiple 
of S eV. Values enclosed in parentheses represent a 
shoulder with respect to the pertinent variable rather 
than a true maximum at that position. 

Structure is quite evident in the angular profiles at 
8.4-eV loss, which is well below the minimum surface 
plasmon energy permitted by Eq. (9). Examination of 
the loss profiles suggests that this structure arises purely 
from broadening. Increasing the loss to 10.4 eV, which is 
above the surface plasmon jx-ak in the loss profile of 
Fig. 6, produces the structure seen in Fig. 9. Here the 
DL doublet is quite apparent in the ,S()-eV profile while 
the LD peak at 60 eV is very prominent. Applying Fq. 
(10) and the model to the latter, as described above, 
yields a satisfactory prediction of the observed doublet 
if some allowance is made for overlap of the two com- 
ponents. However, the high-angle LD maximum pre- 
dicted for the 65-eV profile is not observed. Predictions 
obtained from the model based on Fq. (<)) are less 
satisfactory at 10.4-eV loss, but are in substantial 
agreement with predictions based on Eq. (10) at 12.4- 
and 14.4-e\' losses. For energy losses above 10.4 eV the 
position of the high-angle DL maxima is not predicted 
adequately by either method. For the high-angle DL 

and LD components the nonconservation of momentum 
normal to the surface is more pronounced, especially at 
higher energy losses, as can be seen in Fig. 1(a) and 
1 (b), respectively. The observed weakness of the corre- 
sponding ILEED maxima suggests that the role of 
normal momentum conservation is not entirely negli- 
gible in surface plasmon excitation, as assumed in the 
model. 

At 12.4-eV loss a hint of the bulk plasmon structure 
appears, and at 14.4-eV loss this dominates the angular 
profiles, .is seen in Fig. 10. The surface plasmon struc- 
ture here has moved well away from the LFF1) beam .is 
a result of the increased surface plasmon momentum, 
and is visible as a relativeh small maximum on the low- 
angle side ol the bulk plasmon structure. The latter 
structure, on the other hand, lies near the LFFI) beam 
as a result of the small bulk plasmon momentum. Ac- 
cording to the model, using Fqs. (14) and (15) to 
evaluate K. vestigial normal momentum conservation 
for the bulk plasmon DL process occurs only in our 
profiles at 18.4-eV loss, which agrees with the lack ol 
corresponding distinct maxima at 50-eV primary energj . 
At 16.4-eV loss (Fig. 11) the surface plasmon structure 
at low angles persists,1'' whereas the bulk plasmon struc- 
ture is substantially diminished. The la.'ter is seen in the 
LD maximum at 65-eV primary energy, which appears 
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ANGULAR PROFILES      164 eV LOSS 

Al (till /Si (1111 
0      0 

r. 

EXIT ANGLE 

'■'K'LR^11
f '>,1Kular f,rof,lcs at 16-4-cV :lt 16-4-<"v 'oss CAI(111)/Si(m)] showiaK structure anting from »urface and bulk daimons. 

mcnt of the model, may also have some influence on the 
inferred bulk plasmon dispersion.2 This has no effect on 
the above surface plasmon results because of noncon- 
servation of normal momentum, as may be seen from the 
equivalence of Kqs. (13) and (AQ) of Ref. 2 when Eq. (8) 
of the present paper applies. These problems aside, the 
data generally indicate a lower energy at A' = 0 and 
more pronounced curvature than the upper dashed 
curve in Fig. 12, which may imply failure of Kq. (13) at 
large A' in an oriented crystal. 

IV. Conclusions 

Experimental inelastic angular and loss profiles near 
the 00 beam from Al (111) have been measured with high 

resolution and show structural features which can be 

related to plasmon momenta by a simple kinematic two- 

step model of inelastic diffraction. The DL doublet 

corresponding to the two possible directions of the sur- 

face plasmon momentum in the plane of diffraction are 

clearly visible at 10.4-eV loss. The low-angle LI) maxi- 

mum is in general the most prominent peak and sup-     i.-,,,,,,,  ,>    ■., ... 
. .        , . ' r       ' "•IIKK  lz.    I lasmon disiiersion inffrrcd  from inelastic angular 

ports the authors   previous observation that, from an     profiles, (ir.iilar and triaiiKular |M>ints comapomi to the surface 

experimental standpoint, it  provides a new source of     JÖÄtSt respectiveIy- siK"ifi™«* »' the ™™* * «- 
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precise information on excitation dispersion at large A' 
values. The two-step model, in its present form, often 
improperly predicts the iii^h-anKle ILKKI) maxima; a 
theory which properly represents this aspect of the data 
has not yet been reported. 

The surface plasmon dispersion characteristics in- 
ferred from the present data represent the only ones yet 
available from experiment at large A.' value. Significant 
departure from a theoretical dispersion based on average 
bulk properties su^Kests that this surface plasmon 
characterizes a shallow selvedge peculiar to the clean 
Al (111) surface. An extension of measurements to other 
angles, other beams, and other crystal laces would be 
useful to verify this result, and to eliminate possible 
sources of systematic error. Of particular concern are 
instrumental resolution and artifacts of sample prepara- 
tion. The substrate aging effect observed here gives 
ample evidence of the latter, and also suggests that a 
significant increase in sensitivity may be possible with 
improved sample preparation techniques. 
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