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If 3,~/ ,  then F5 < - U/2. Proof: 31 U+ V because 
F2=3.  If V = 0  then 31U and F5 < - U/3; if V #  0 then 
F5 < - U/2 because of (14). All the following lower 
limits on 1; can therefore be multiplied by 2 if 3 ,~/x. 

(1) F 3 = l ~ 2 X v o r 2 X m + W  
Fa=gcd(v ,  W/3, m+ W). 

(1.1) W = 0 = > F a < - m ~ G < - 3 m U  
==> ~v >_ Xo/3 = (/zv) '/2. 

(1.2) W # O ~  F4 <- W/3 ~ G <- WU 
::g' 1; --> 2 w  > 6( /zv)  1/2. 

(2) F3=2  =:> F4=gcd(v /2 ,2W/3,  m+ W). 
(2.1) W=O, 4 [ v ~  F 4 < - m ~ G < - 6 m U  

1; ~ ( / ,V)1/2/2.  

(2.2) W=O,  4 . ~ v ~ F 4 < - m / 2 ~ G < - 3 m U  
=> 1; _ (/.v) ~/2. 

(2.3) W ¢ O  ::=> F4<-2W/3 ::=> G<-4WU 
::=> .Y, > 3(i.,v)'/2/2. 

Case ( c) 
F I = F 2 = I  

(1) F3 = 
(1.1) 

(2) 

F5 =gcd  (/x, 3 U, U+ V)<-3U/2. 
1 ~ F4= gcd (v, 2W, m +  W). 

W = 0  =:> Fa<-m ~ G<-3mU/2 
1; _> 2(/, v) 1/2. 

(1.2) W # O ~  F 4 < - 2 W ~ G < - 3 W U  
:=> X > 2(/zv) 1/2. 

F 3 = 2  :=> F4= gcd (v/2,  2W, m +  W). 
(2.1) W=O, 4 I v ~  F 4 < - m ~ G < - 3 m U  

2 >- (p.v) ~/2. 
(2.2) W=O, 4 X v ~  F4 < - m / 2 ~ G  

<_ 3mU/2 ~ .,Y. -> 2(/,v) ~/2. 

(2.3) W#O,  4 [ v = > F 4 < - 2 W ~ G < - 6 W U  
I; > (/xv) 1/2. 

(2.4) W # O ,  4 + v ~ F 4  < - W ~ G < - 3 W U  
~ > 2(/x/.,) 1/2. 

Summary 

It follows from cases (a)-(c) that 

((Ixv)1/2/2 if3]/x, 41 v 

~--> ]2( /z / . ' )  1/2 if 3,~ p., 4.~ v 

[ ( / , v )  l/z otherwise. 
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Electron Inelastic Plasmon Scattering and its Resonance Propagation 
at Crystal Surfaces in RHEED 
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Abstract 

The modified multislice theory [Wang (1989). Acta 
Cryst. A45, 193-199] has been employed to calculate 
the electron reflection intensity with and without con- 
sidering the plasmon diffuse scattering in the 
geometry of reflection high-energy electron diffrac- 
tion (RHEED).  It has been shown that the inelastic 
scattering can greatly enhance the reflectance of a 
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surface, depending critically on the incident condi- 
tions of the electrons. At some incidences, the in- 
elastic resonance reflection is enhanced, which 
is considered as the 'true' surface resonance state. 
This happens within a very narrow angular range 
(<1 mrad). For 'true' resonance states, the inelastic 
intensity is much stronger than for other conditions 
as shown both theoretically and experimentally. The 
enhancement of the reflection intensity may not be 
the proper criterion for identifying the 'true' surface 
resonance. Besides the surface plasmon peaks, an 
'extra' peak, located at 4-5 eV, is observed in the 
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reflection electron energy-loss spectroscopy (REELS) 
study of the 'true' resonance of GaAs (110) surface. 
This is considered as a characteristic of the resonance 
propagations of the electrons along the surface and 
may result from the generation of resonance radi- 
ation. 

1. Introduction 

The phenomenon of surface resonance has been 
observed in reflection high-energy electron diffraction 
(RHEED) for half a century (Kikuchi & Nakagawa, 
1933). It has been variously termed 'surface state 
resonance', 'surface wave resonance' or 'surface res- 
onance'. The theoretical investigations of the origin 
and the nature of the surface resonance have been 
approached in several ways. 

A multislice approach has been developed assum- 
ing a two-dimensional periodicity, parallel to the 
surface (Maksym & Beeby, 1981). The crystal is con- 
sidered to be cut into slices parallel to the surface 
and wave functions in different slices are connected 
by a transfer matrix. It has been shown that the 
resonance corresponds to the intrinsic bound states 
in the scattering potential of an atomic monolayer 
(Maksym & Beeby, 1982; Marten & Meyer-Ehmsen, 
1985). When trapped in these states the electrons 
experience a planar channelling along the surface 
which is confined to the potential troughs of the 
topmost layers of the crystal due to a resonance- 
induced bandgap seen by the incident beam. In other 
words, the resonance effect can also be considered 
as a surface channelling phenomenon. 

The Bethe theory is applied to surface calculations 
by assuming a three-dimensional periodic structure 
terminated by a plane (Colella, 1972). The calcula- 
tions based on this approach (Bleloch, Howie, Milne 
& Walls, 1989) give some results contradictory to 
those obtained by Marten & Meyer-Ehmsen (1985). 
The results do not support the idea that under surface 
resonance conditions a significant component of the 
electron wave field is excited which is unusually 
strongly confined to the surface regions. The res- 
onance effect is considered as bulk property instead 
of surface property. 

An alternative multislice approach has been 
developed analogous to image simulation in the trans- 
mission case except that the slices are essentially 
nonperiodic since they are cut perpendicular to the 
crystal surface and include the wave function both 
inside and outside the crystals (Peng & Cowley, 1986; 
Wang, Lu & Cowley, 1987). The existence of the 
surface resonance wave has been predicted and 
observed directly in RHEED experiments (Wang, 
Liu, Lu & Cowley, 1989). The Goos-Hanchen effect 
(Kambe, 1988) has been predicted in RHEED calcu- 
lations. The monolayer resonance characteristic of 
the electrons in RHEED has been found to be true 

only at some specific conditions. In general, the elec- 
trons are accumulated on the surface top two to three 
atomic layers. This is in agreement with the experi- 
mental results of reflection electron energy-loss spec- 
troscopy (REELS) (Wang et al., 1987). 

All the above approaches are based on elastic scat- 
tering theories; and some contradictory results are 
predicted. Thus it is not easy to get a clear theoretical 
picture. None of these calculations have taken into 
consideration the effects of electron inelastic scatter- 
ing. This might be due to the lack of methods which 
are capable of including the inelastic scattering in the 
dynamical calculation for RHEED. 

Recently, a new method has been introduced by 
Wang (1989a; Wang & Lu, 1988) to include the 
inelastic plasmon diffuse scattering (PDS) in the 
dynamical calculations for RHEED. This method is 
based on the multislice theory developed by Cowley 
& Moodie (1957). The inelastic energy loss is charac- 
terized as an interacting effective potential, which 
perturbs the wavelength of the electrons while travel- 
ing inside the crystal. Based on this approach, it has 
been shown that the inelastic scattering can sig- 
nificantly enhance the reflectance of a crysal surface 
(Wang, 1989b). The calculated intensity ratios for the 
elastically and the inelastically scattered electrons in 
RHEED are quantitatively in agreement with the 
measurements of REELS (Wang, 1989c). 

The purpose of this paper, based on the developed 
inelastic scattering theory (Wang & Lu, 1988, Wang, 
1989a), is to find the relationship between the electron 
inelastic scattering and the resonance propagation in 
crystal surfaces. The effect of the inelastic scattering 
in enhancing the reflection intensity in RHEED will 
be discussed. The predicted results will be compared 
with the RHEED and REELS observations. 

2. Theory 

For the convenience of the following discussion, it is 
necessary to review the modified multislice theory 
introduced by Wang (1989a). A related approach has 
been used by Cowley (1988) for high-resolution elec- 
tron microscopy. The inelastic plasmon diffuse scat- 
tering (PDS) in the geometry of RHEED can be 
represented by an 'effective' potential Uef, perturbing 
the wavelength of the electrons, resulting in an 'extra' 
term in the slice transmission function. In this 
approach, the modified transmission function for the 
nth slice in the multislice theory can be written as 

q,, = exp (ioUo Az) exp (iO'Uef Az), (1) 

where o- - ~-/ho Vo, ho is the wavelength of the initial 
incident electron with energy Eo = eVo. In (1), the 
first term is the phase grating resulting from the crystal 
potential (Ua), which is the same as that in the original 
multislice theory (Cowley & Moodie, 1957). The 
second term is a phase perturbation function arising 
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from the inelastic PDS, with 

Uef= - A E ( x ,  z)/ e 

l I 0 '  I0° I0'Cdqy = - -  d z  d o  h~o 
e 

dzP(to, qy, x) 
do dqy 

(2) 

Uef is derived for a planar interface formed by two 
semi-infinite media a and b by using the relativistic 
dielectric excitation theory (Garcia-Molina, Gras- 
Marti, Howie & Richie, 1985). A point electron 
travelling in medium b at distance x parallel to an 
interface with medium a has a differential probability 
per unit distance for energy loss (hto) and momentum 
transfer (hqy), in the direction parallel to the interface 
and normal to the moving direction, given by 

d 2 p ( t o ,  qy, X) e 2 [ 1 - f l2eb]  
dw dqy - 21r2e0hv 2 Im F(qy, x) ebab 

(3) 
2 2 where fl v/c; O£a, b qy+(to/V)2(1 2 = = -- fl Ca,b) ; • is the 

velocity of the electron; ea and e b are the dielectric 
constants of media a and b. The quantity F(qy, x) in 
(1) is given by 

F(qy, x ) =  [ 2a2(e-a-eb) F(aa--ab)(1--ebfl2) 1 
I EaO£ b "~- EbOia 

exp ( - 2 ~ l x [ )  
x (4) eb~b (a~ + c~b)" 

The electron wave function after being scattered by 
the nth slice can be written as 

O. = [O,-~q,] * Pn, (5) 

where * denotes convolution, with P, the propagation 
function of the nth slice for the electrons with energy 
E0, given to first-order approximation as 

P,=(i/AzAo) exp[-iK(x2+y2)/2 Az]. (6) 

The calculated results of (1) to (6) give the total 
contributions of the elastically and inelastically scat- 
tered electrons to RHEED. To compare the calculated 
total scattering with the calculations of pure elastic 
scattering, i.e. the calculation assuming no inelastic 
scattering and no absorption, the slice transmission 
function in (1) should be replaced with 

q, = exp (itrUa Az). (7) 

Then the calculations based on (5) to (7) will give 
the pure elastic scattering results of the electron in 
the crystal. The total scattering intensity calculated 
with either the total scattering theory or the pure 
elastic scattering theory will be conserved and equal 
to each other if no absorption effect is included, so 
that the calculated absolute reflectances in the two 
cases can be compared with each other. 

It should be pointed out that the spatial variation 
of Uer in (1) (nonperiodic) does induce an angular 

distribution of the inelastic scattering to some extent 
but does not include any effects of limited coherence 
range. The action of Uer on the wave may change the 
average direction of propagation of the electrons, as 
will be shown in Fig. 2. 

3. Co mputa t io n  method 

The GaAs (110) surface is assumed to have a perfect 
structure, so that the atomic arrangement at the sur- 
face is the same as that in the bulk. No surface 
reconstruction or relaxation is considered. The slice 
thickness is chosen as 2.827 ,~ for the [001] azimuth, 
the electron propagation distance can be calculated 
by multiplying the slice number by 2-827 A. The 
calculations are performed for 120kV electrons. 
A detailed introduction to the computing method is 
given elsewhere (Wang et aL, 1987). 

In inelastic RHEED calculations with the multi- 
slice method (Wang & Lu, 1988), special attention 
has to be taken to consider the electron feed-in prob- 
lem on the surface, because the electrons which enter 
the surface through different surface areas have 
different mean energy losses when arriving at the exit 
face of the crystal. This problem can be solved by 
using the small-beam technique introduced by Wang 
(1989b). A large incident beam is divided into narrow 
streams, each of which can be considered as a 
'monoenergetic' stream with definite energy loss 
depending on the travelling distance. The total wave 
function will be the superpositions of all these streams 
at the definite slice position. 

Another problem in RHEED calculation is how 
far the electron should propagate in order to give the 
steady-state reflections. According to the calculation 
results of Wang et al. (1989), a mean free travelling 
distance D can be defined to characterize the path 
length for interaction of the electrons with the solid, 
along which most of the electrons travel before being 
reflected back into the vacuum. This D measures up 
to 500-700/~ for GaAs 660 reflections. Therefore, it 
is necessary to calculate up to the 400th slice in order 
to get the steady-state propagation. In the following 
calculations, the incident beam is formed by a window 
function, the width of which determines the size of 
the beam. The beam size is chosen large enough, so 
that no beam cut-off takes place in the considered 
slice range. 

4. Ca lcu la t ion  results  

Shown in Fig. 1 is a set of calculated RHEED 
intensities across the 660 specular reflection spot of 
GaAs (110) for different incident angles. The dis- 
played intensity is normalized with respect to the total 
intensity of the initial incident beam (Io), so that the 
magnitudes of I/Io can be compared with each other. 
The reflection intensities calculated by using the total 
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scattering theory [(1)] and using the pure elastic 
scattering theory [(7), without absorption] are rep- 
resented by the dashed and the solid lines, respec- 
tively. 

At the exact Bragg-angle incidence, 0 = 26.5 mrad 
for 660 (Fig. l a ) ,  the intensity calculated with the 
total scattering theory is about 40% stronger than 
that with the pure elastic scattering theory. When the 
incident angle is decreased to 24.5 mrad (Fig. lb),  
both theories give about the same output except that 
a slight peak shift (0.8 mrad) is visible. 

When the incident angle is changed to 23.5 mrad 
(Fig. l c), a large increase of the intensity calculated 
by using the total scattering theory is seen. This shows 
that the inelastic scattering can greatly enhance the 
reflection at some specific angles. It was reported by 
Wang et al. (1989) that the surface potential trapping 
resonance (elastic) happens only for the 23.5 mrad 
incident case. This indicates that the incidence at 
23-5 mrad corresponds to the strongest resonance 
excitation of the surface; the inelastic scattering then 
dominates the resonance process. 

With the decrease of the incident angle (Fig. 1 d), 
the reflection intensity calculated using the total scat- 
tering theory decreases quite significantly. When the 
incident angle reaches 21.5 mrad (Fig. 1 e), the reflec- 
tion intensity calculated using the pure elastic scatter- 
ing theory is much stronger, which is a change in the 
opposite direction to that for Fig. l(c). This suggests 
that the inelastic scattering and the elastic scatter- 
ing have their strongest resonance states at different 

incident angles. Hence the reflected electrons with 
and without energy losses are not expected to be 
distributed uniformly in the 660 reflection disk, pro- 
vided with a convergent beam incidence. This 
phenomenon has been observed experimentally (see 
§6). 

The calculated reflectance for the specular reflec- 
tion spot is plotted in Fig. 2 for different incident 
angles according to the results in Fig. 1. Several 
features are shown in Fig. 2. First, the inelastic scatter- 
ing can quite significantly increase the reflectance of 
a surface. The maximum observed reflectance is about 
twice as large as that calculated for pure elastic scat- 
tering without absorption (Wang, 1989b). Secondly, 
a relative shift of the peak positions between the 
results calculated with the total scattering theory and 
the pure elastic scattering theory is visible. This shift 
is a reasonable result of considering the effects of 
energy loss and the effective potential (Wang, 1989b). 
It follows from the nonuniform excitation of the 
elastic and inelastic scattering in the RHEED that 
the inelastic scattering can change the average direc- 
tion of propagation of the reflected electrons. The 
last feature is that about 24% of the incident electrons 
may be specularly reflected under the surface res- 
onance condition. In off-resonance cases, only about 
4-5% of the electrons are specularly reflected. The 
reflected intensity of the specular 660 spot is expected 
to increase about six times when set at the resonance 
condition compared to that set at of[ resonance. This 
is shown in the experimental observation in Fig. 4. 

I / I  0 

i 
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' O = 2 6 . 5 m r a d  
. . . .  Total scatter=rig 
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Fig. 1. Calculated RHEED intensities of the GaAs (110) surface across the specular reflection spot for different incident angles. The 
solid and dashed lines represent the results calculated with the pure elastic scattering theory (without absorption) and the total 
scattering theory respectively. The displayed intensity I/Io has been normalized with respect to the initial incident beam. 
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The multislice calculation makes it possible to trace 
the build-up process of the reflection wave. Shown 
in Fig. 3 is a plot of the calculated intensity ratio of 
the specular reflection, calculated with the total scat- 
tering (I,) and pure elastic scattering (le) theories, 
versus the slice positions. When the electrons propa- 
gate for short distances (less than 100 slices), the 
inelastic scattering effect can be neglected. When the 
propagation distance is close to the electron inelastic 
mean free path, ranging from about 700 to 1000/~, 
the inelastic scattering becomes significant, resulting 
in the increase of the ratio I , / le .  When the travelling 
distance becomes larger than the mean travelling dis- 
tance D (about 500-700 A) (Wang et al., 1989), along 
which most of the electrons travel before being re- 
flected back into the vacuum, the ratio l , / Ie  begins 
to arrive at its steady level. 

5. Experimental method 

Microdiffraction and scanning reflection electron 
microscopy (SREM) experiments were performed in 
a VG HB5 scanning transmission electron microscope 
(STEM). The vacuum at the specimen stage was about 
1.3 txPa or less. The incident beam was 10-15 A in 

03 

It/lo tal scattenng 
0.2 / / ~ o  

0"1 

0 . 0  , • i i i 

20 22 24 26 28 

in mrad 

Fig. 2. Calculated rocking curve for the specular reflection spot 
according to the results in Fig. 1. 
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I t / le 
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2 

1 
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Slice Number 
Fig. 3. Intensity ratio of the specular beam, calculated with the 

total scattering (I,) and pure elastic scattering (Ie) theories, 
versus the slice position, for incidence 0 = 23.5 mrad in Fig. 1 (c). 

diameter. The REELS spectra were acquired from 
the reflected spot with a Gatan 607 EELS spec- 
trometer with an energy resolution of about 2-5 eV. 
The collection angle of the spectrometer was about 
2 mrad. The EELS data were recorded with a Kevex 
data analysis system. The GaAs (110) surface was 
obtained by cleaving a bulk GaAs crystal in air and 
was mounted on a double-tilting cartridge. The micro- 
scope was operated at 100 kV with beam current 
density between 10 4 and 105 A cm -2. 

6. Experimental results 

In RHEED geometry, there are two contributors to 
the plasmon excitation (Wang & Egerton, 1988). One 
contributor is the excitation of the plasmons while 
the electrons are approaching and departing from the 
surface in the vacuum (direct reflection), which is a 
fixed term for a fixed incident angle and does not 
depend on the propagation status of the electrons in 
the surface. Thus, there is always a constant com- 
ponent for plasmon excitation owing to the existence 
of this term. The other contributor is the excitation 
of the plasmons while the electrons are resonantly 
propagating along the surface. The variation of this 
contribution reflects the resonance propagations of 
the electrons at the surface. 

Shown in Fig. 4 is a comparison of the RHEED 
intensities of the GaAs (110) surface while on (Fig. 
4a) and off (Fig. 4b) the resonance. The reflected 
intensity of the whole pattern is enhanced under the 
resonance condition. The variation of the intensity in 
the 660 reflection spot can be measured through the 
REELS spectrometer. The result shows that the 
intensity increases about a factor of five to six in Fig. 
4(a) compared with that in Fig. 4(b). This is in 
agreement with the evaluation of Fig. 2. 

6.1. R E E L S  observations o f  electron inelastic 
scattering and surface resonance 

The 660 spot displayed in Fig. 4(a) is not a uniform 
disk in intensity owing to the convergent incidence 
of the beam. Shown in Fig. 5(a) is a 660 spot obtained 
with a smaller objective aperture. Two intensity 
domains are seen to dominate the 660 disk, separated 
by about 3-4 mrad and corresponding to the reflection 
for different incident angles. The inelastic excitation 
of the surface can be seen through the REELS spectra 
acquired from the domains a and b, as shown in Fig. 
5(b). The spectra are displayed by normalizing the 
heights of the zero-loss peak, so that the relative 
increase of the plasmon-loss part can be considered 
as the relative increase of the inelastic excitations. In 
the spectrum acquired from domain a (dashed line), 
the ratio of the total inelastically scattered electrons 
to the elastically scattered electrons is greater by about 
50% compared with that for domain b (solid line). 
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Also, stronger multiple inelastic scattering is visible 
in the tail part of curve a. The results in Fig. 5(b) 
can be considered as corresponding to the theoretical 
predictions shown in Figs. 1(c) and (e). Then reflec- 
tion in domain a is mainly dominated by the inelastic 
resonance scattering; reflection in domain b is mainly 
dominated by the elastic resonance scattering after 
taking off the contribution from the 'direct' reflection. 
By elastic resonance we mean that the reflection 
intensity is enhanced but with less inelastic excita- 
tions. By inelastic resonance we mean the strong 
excitation of the plasmon losses together with the 
enhancement of the reflection intensity, which is pos- 
tulated to be due to the propagation of the electrons 
along the surface, and may be called the 'true' surface 
resonance. 

Whether the domain a or b is dominated by the 
elastic or inelastic resonance scattering is critically 
dependent on the initial incident conditions. If the 
beam is tilted by about 0.5 mrad away from the 
orientation of Fig. 5(a) in either direction, then the 
inelastic excitation behavior in the domains a and b 
is switched. Also, in some of the experimental cases, 
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Fig. 4. R H E E D  patterns from a GaAs (110) surface (a)  on the 
resonance and (b) off the resonance condition. 
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Fig. 5. (a) R H E E D  pattern from a GaAs ( l l0)  surface. (b) A 
comparison of  the spectra acquired from the domains a and b 
in (a). (c) A comparison of  the spectra acquired from the 
domains a and b but with slightly different resonance conditions. 
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the diffraction conditions appear to be almost exactly 
the same as shown in Fig. 5(a), but the inelastic 
excitation results are totally different from that shown 
in Fig. 5(b). Fig. 5(c) shows an example of this case. 
No obvious difference is seen in the spectra acquired 
from the two domains. These experimental results 
together with the calculations in § 4 (Fig. 1) indicate 
that, for small changes of incident angle, the diffrac- 
tion intensity may not change too much but the excita- 
tion processes may be totally different. 

To demonstrate the sensitivity of the elastic and 
inelastic resonances to the diffraction conditions, Fig. 
6(c) shows a comparison of the spectra acquired from 
the 880 spot in Figs. 6(a)  and (b). The only difference 
between Figs. 6(a) and (b) is a slight change of the 
diffraction conditions, which can scarcely be seen in 
the diffraction pattern. But the spectra show some 
significant changes in the plasmon-loss part. This 
indicates that the resonance propagation of the elec- 
trons increases the inelastic excitation, which feeds 
back and increases the reflectance of a surface accord- 
ing to Fig. 2. 

(a) (b) 

x lO 3 

6.2. An energy-loss peak due to resonance 

As shown in Fig. 5(b), the resonance propagation 
of the electrons at a crystal surface can significantly 
increase the inelastic excitations of the surface. It is 
expected that the resonance energy loss of the elec- 
trons could be seen in this process. By resonance 
energy loss we mean that the extra energy loss of the 
electrons is due to their resonance propagation along 
the surface. Fig. 7 shows a REELS spectrum acquired 
from the 660 spot with domain a strongly excited 
[ ' true' resonance condition, see Fig. 5(a)]. Besides 
the single (11 eV) and the multiple surface plasmon 
excitations, an extra peak, located at 4.5 +0.3 eV, is 
seen. This peak does not appear in the spectra 
acquired from either the domain b (Fig. 5a) or the 
480 reflection spot. When the same experiments were 
repeated for slightly different diffraction conditions, 
the peak was observed from the domain b but not 
from the domain a. This corresponds to the discussion 
in the last section about the critical dependence of 
the surface resonance on the diffraction conditions. 
Hence, this indicates that the observed peak must be 
related to the inelastic resonance propagations of the 
electrons along the surface, which disappear if the 
'true' resonance conditions are not met. 

For the GaAs (110) surface, an extra peak, located 
at 6.3 eV, has been observed by Peng & Cowley 
(1988), but the peak intensity appears about ten times 
stronger than the elastic zero-loss peak, which seems 
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Fig. 6. (a), (b) RHEED patterns from the OaAs (110) surface 
under slightly different diffraction conditions with the 880 
specular reflection. (c) Comparison of the spectra acquired from 
the 880 spots for A and B. The units of energy loss are eV. 
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Fig. 7. REELS observation of the resonance energy-loss peak at 
the GaAs (110) surface. The spectrum was obtained from domain 
a in Fig. 5(a) for the 660 specular reflection. The units of  energy 
loss are eV. 

All the above observations are in good agreement 
with the calculated results in § 3, which, on the other 
hand, confirms that the theoretical treatment from (1) 
to (6) (Wang, 1989a) can reasonably characterize the 
electron inelastic behavior in RHEED. 
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quite abnormal. Also, they have shown that the peak 
position shifts to about 8-9 eV after the surface is 
contaminated. However, our observation shown in 
Fig. 7 indicates that the peak intensity is about 1/15 
of the zero-loss peak or about 0.5-1% of the total 
spectrum; the peak shifts to about 4 eV after the 
surface is contaminated, which is in the opposite 
direction to that reported by Peng & Cowley (1988). 
In their case the incident beam was tilted about 
15 mrad away from the principal azimuth in the direc- 
tion parallel to the surface. Therefore, the peak shown 
in Fig. 7 might not correspond to the same type of 
excitation as for their case, which was interpreted as 
due to channelling radiation from transitions between 
the intrinsic bound states. 

In our observations, one cannot obtain the 'extra' 
peak if the incident beam is tilted off the 'true' res- 
onance by 1 mrad or even less. This indicates that the 
peak we observed in Fig. 7 must be related to the 
surface resonance and is a characteristic of the surface 
resonance states. This shows that the 'true' surface 
resonance happens in a very narrow angular range, 
as predicted theoretically (Wang et al., 1989). The 
enhancement of the reflection intensity may not be 
the proper criterion for the occurrence of the 'true' 
surface resonance. 

One of the possible interpretations for this peak is 
the production of resonance radiation. It has been 
shown theoretically and experimentally that the sur- 
face resonance wave is an oscillating wave while 
propagating along the surface (Wang et al., 1987; 
Wang et al., 1989). It is equivalent to an 'oscillator' 
in space. The acceleration of the electrons in this 
"oscillator' can radiate energy. It can be estimated 
that the radiation probability per cycle of oscillation 
is about 0.5% (Jackson, 1976). This value is close to 
the ratio between the extra peak and the whole spec- 
trum in Fig. 7. Also the oscillating energy is of the 
fight order if the oscillating periodicity is a few hun- 
dred AngstrSms. 

7. Concluding remarks 

The inelastic plasmon diffuse scattering can greatly 
enhance the reflectance of a crystal surface, and may 
have a dominant effect in the surface resonance exci- 
tation. The inelastic scattering can change the average 
direction of propagation of the reflected electrons. 
Within the 660 disk, the inelastic reflections are 
dominant for some of the angular range, but the 
elastic reflection takes the dominant role for the reflec- 
tion in some other angular range. This indicates that 
the domains which have the strongest inelastic reflec- 
tion must be the 'true' surface resonance reflections, 
because the inelastic excitation should be strongly 
excited while the electrons are propagating along the 
surface. There is an evanescent wave propagating 
along the surface under some particular conditions, 

which produces the 'true' resonance excitation of the 
surface. The strong enhancement of the reflection 
intensity is due to the resonance propagations of the 
electrons in the intrinsic bound states of the surface 
(Marten & Meyer-Ehmsen, 1985). The electrons jump 
out of the resonance probably due to inelastic 
scattering. 

The intensities of the other reflections which are 
not due to the 'true' resonance reflection are compat- 
ible with that of the 'true' resonance reflection but 
with much less inelastic scattering. This could pos- 
sibly be interpreted based on the calculations of 
Bleloch et al. (1989). In some particular incident 
conditions, owing to the double Bragg reflections, 
most of the reflection intensities accumulate on the 
specular beam, resulting in the increase of the reflec- 
tion intensity but less inelastic excitation. This means 
that the strong enhancement of the reflection intensity 
due to this process cannot be considered as the res- 
onance reflection. Therefore, the enhancement of the 
reflection intensity in RHEED may not be the proper 
indication of the occurrence of the 'true" surface 
resonance. Also, the 'true' resonance happens at some 
very particular angles with the angular range less than 
1 mrad. Generally, it is not so easy to get the exact 
'true' resonance. This is in agreement with the theo- 
retical predicted resonance of the surface potential 
trapping reported by Wang et al. (1989). 

An 'extra' peak, located at 4.5 eV, is observed in 
the REELS study of the 'true' resonance reflection, 
but not in the studies of the other reflections. This 
peak is considered as one indication of the 'true' 
surface resonance. This peak might be related to the 
resonance radiation of the electrons while propagat- 
ing along the surface in an oscillating way. The proba- 
bility of exciting this peak is about 1%. 

The good agreement between the theoretical calcu- 
lations and the experimental observations proves that 
the theory (Wang, 1989a; Wang & Lu, 1988) of 
including the inelastic scattering in RHEED calcula- 
tions can reasonably characterize the total scattering 
behavior of the electrons at surfaces. 
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Abstract 

The development of the statistical dynamical theory 
of diffraction by real crystals involves two order par- 
ameters: a long-range and a short-range one. These 
parameters play a fundamental role in practical appli- 
cations of the theory to real diffraction data. A reason- 
able probabilistic model is proposed to describe the 
phase correlation at two given scattering positions. 
This model allows for a tractable solution of the 
propagation equations for the beams. 

Introduction 

The propagation of X-rays or neutrons in real crystals 
can be described by Takagi's equations (Takagi, 1962, 
1969; Kato, 1973). For a Bragg reflection associated 
with the reciprocal-lattice vector h, let Do and Dh be 
the amplitudes of the waves propagating in the 
incident direction (with coordinate So) and the diffrac- 
ted direction (with coordinate Sh) respectively. 
Takagi's equations are 

ODo/OSo = ix~q~Dh, 
(1) 

cg D h /  cgS h = iXhq~ * D o. 

In (1) Xh is given by 

Xh = ( AaC/  V)Fh (2) 
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where A is the wavelength, V is the volume of the 
unit cell, a = 1 0 - 1 2 c m  for neutrons and 0.28x 
10 -12 c m  for X-rays, and C is the polarization factor 
for X-rays. Fh is the structure factor 

Ix~l = 1 / A  

where A is the extinction distance. 
The imperfect nature of the crystal occurs through 

the phase factor q~, 

tp = exp [27rih. u(r)] (3) 

where u(r) is the local displacement from the perfect 
position r. 

Without a precise knowledge of the distortion field 
[u(r)], (1) can only be solved by introducing a statis- 
tical hypothesis concerning the distribution of u 
within the crystal. Kato (1980) proposed a statistical 
theory for describing the propagation of the beams 
in real crystals: this theory covers the whole range 
between perfect crystals (dynamical theory) and 
ideally imperfect crystals (kinematical theory). The 
beams, which are coherent for a perfect crystal, 
become partially incoherent, owing to phase coup- 
lings of the type q~(r)~o*(r') which occur in the 
expression for the intensities. The statistical proper- 
ties of the phase factor ~o(r) are thus essential for 
developing the theory. 

Kato's theory has been modified by the present 
authors (A1 Haddad & Becker, 1988) and then gen- 
eralized (Becker & A1 Haddad, 1989a, b). The pur- 
pose of the present paper is to discuss the statistical 
properties of q~(r) and its spatial correlations, since 
this leads to the fundamental parameters appearing 
in the integrated reflectivity or in the extinction factor. 
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