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Experimental and theoretical investigations were made of the asymmetry of the scattering of 
polarized electrons on the surface of polycrystalline gold. Atomic data were used to calculate this 
asymmetry for multiple collisions. The asymmetry of the scattering into a wide solid angle, set by 
a collector in a quasispherical analyzer, was determined using a beam of polarized electrons of 
energies E,, from 100 to 500 eV incident at angles of 0-32". The good agreement between the 
calculated and experimental results confirmed the validity of the adopted model. 

1. INTRODUCTION 

Investigations carried out in the last decade have estab- 
lished that participation of the spin states in the interaction 
of electrons with a solid can provide additional information 
on the scattering mechanisms, characteristics of the poten- 
tial barrier at a solid-vacuum interface, and physicochemi- 
cal properties of the surface (in particular, the magnetiza- 
tion) 

The progress in this topic has been largely due to the 
construction of highly efficient sources of polarized elec- 
trons based on photoemission from 111-V semiconductor 
compounds. 

The present paper reports the results of a calculation 
and of measurements of the scattering asymmetry exhibited 
by elastic scattering of polarized electrons of Ep<500 eV 
energy from the surface of polycrystalline gold. 

The process of the scattering of slow electrons by atoms 
is influenced by the spin-orbit interaction in the course of 
the motion of electrons in the screened Coulomb field of the 
nucleus.' When a totally polarized beam of electrons 
(Po = 1 ) is scattered, the process exhibits an asymmetry 

where I + and I - are the intensities of the electron beams 
scattered through symmetric angles 8 and - 8, and the 
magnitude of this asymmetry is maximal in the case when Po 
is directed either along or opposite to the normal n to the 
scattering plane. ' 
2. INFLUENCE OF MULTIPLE INTERACTIONS 

An analysis of the scattering of electrons of moderate 
energies by the surface of a solid is impossible without 
allowance for the multiple scattering of electrons on target 
atoms. Several models have been suggested to allow for mul- 
tiple  interaction^.^.^ It is reported that the experimental re- 
sults can be explained satisfactorily by calculations of the 
intensity of electrons scattered elastically from disordered 

sults, we used theoretical values of the differential cross sec- 
tions and asymmetries of elastic scattering by free atoms.637 
(The polarizations P acquired in the course of inelastic scat- 
tering of an unpolarized electron beam are given in Ref. 6. 
However, a comparison of the results in Refs. 6 and 7, and a 
general analysis of the problem' demonstrate that in the case 
of single collisions we have P = A. ) 

2. The intensity of a beam of electrons that have not lost 
the primary energy E, in the course of motion in matter 
decreases continuously and is governed by an attenuation 
coefficient. 

The following comments should be made about these 
assumptions. The use of the differential scattering cross sec- 
tions of isolated atoms in the calculation of the intensity of a 
single interaction of electrons with ionic cores in a solid is 
fully justified. Scattering through a large angle (backward 
scattering) is characterized by a small impact parameter, 
i.e., it occurs at distances close to the center of an atom. 
Naturally, the values of the potentials of a free atom and an 
ionic core in a solid should be similar at such distances. Nev- 
ertheless, this assumption is not well satisfied when the dif- 
ferential cross sections represent the scattering through 
small angles which occur in the expression for calculating 
the intensity in the case of multiple interactions. However, as 
shown in Ref. 4, the calculated intensities of elastically and 
multiply scattered electrons are not very sensitive to details 
of the dependences of the low-angle scattering cross sections 
because of the dominant contribution of single scattering. 

As far as the assumption 2 is concerned, the good agree- 
ment between the experimental and theoretical values i f  the 
intensity of elastically scattered electrons is used in Ref. 4 to 
draw the conclusion that the main mechanisms governing 
the scattering process are included in the adopted model. 

The asymmetry of the elastic scattering (through an 
angle 8 )  of polarized electrons in a plane parallel to the 
specular reflection plane of the beam can generally be found 
from the relationship 

Hg, Au, and Ag targets in the energy range Ep = 0.1-2 keV. v N 

In the present study we calculated the asymmetry in the 
kinematic approximation using a scheme proposed in Ref. 4 A ( 0 ) = x  ( 0 1 1 ~  ( 0 )  / zn ( o ) ,  

n=1 

(2 )  
n=L 

to determine the intensity of a beam of elastically scattered 
electrons. We made the following assumptions. 

1. Elastic scattering of electrons on single atoms repre- where A. is the asymmetry for n-fold scattering of polarized 
sents independent events and the differential cross sections electrons and I, is the intensity of n-fold scattered electrons. 
for single scattering are the same for atoms in isolated and In the case of single scattering, A, ( 8 )  is the asymmetry 
aggregate states. In view of the absence of experimental re- for the scattering by a single atom and 
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.xp( -?) 
0 

cos y 

= I. P ( d o  ( 0 )  /dQ) 
o  (I + cos alcos y )  ' ( 3  

where I, is the intensity of the primary beam; a and yare  the 
angles of incidence and reflection measured from the normal 
to the target surface;p is the atomic density; du(B)/dR is the 
differential scattering cross section; u =p(u, + ui ) is the 
attenuation coefficient; a, and a ,  are the integral cross sec- 
tions for elastic and inelastic processes calculated per one 
atom; z is the running coordinate directed along the normal 
to the surface and into the target. 

It is shown in Ref. 4 that in the case of double interac- 
tion the intensity obtained in the approximation of small- 
angle scattering is 

I ,  (0 , )  -10 pZ j d o ( 0 , )  do(92)  -- 
202(1 + cosalcos y )  pa dQ dQ (4) 

where 8, is the angle between the direction of the incident 
and scattered beams, whereas 8, and 8, are the large and 
small intermediate scattering angles. Similarly, the intensity 
of electrons that have suffered n-fold interaction is 

192 (0s) =I0 
P" 

n (1 f cos alcos 7 )  on 

The small-angle approximation is justified because the 
differential cross section for the scattering through angles 
less than 20" exceeds considerably the cross section for the 
scattering for the other angles. Figure 1 shows schematically 
double scattering for a fixed value of a small angle 8,. ( In  
this figure the angles 8, and 8, are shown for the backward 
scattering. This is allowed for in the calculation program.) 
We can see that in the scattering through an angle 8, an 
electron should experience two interactions: 1)  reflection 
through a large angle 8 , ,  the value of which is determined by 
the azimuthal angle p when 8, and 8, are fixed; 2 )  scattering 
through a small angle 8,. 

The sequence in which the scattering events occur (first 
through a large angle and then through a small one or vice 

FIG. 1. Schematic representation of double scattering of a beam of polar- 
ized electrons. The notation is explained in text. 

versa) is of no importance. It is clear from Fig. 1 that when 
the angles 8,, 8,, and 8, are related by trigonometric expres- 
sions, we can write down the integrand explicitly. 

We calculated the value of do, (8,)/dfl in order to 
compare the probabilities of the scattering through an angle 
8, in interactions of different multiplicity. For example, in 
the case of double scattering this quantity is given by 

where the integral in the denominator is z u , .  
The asymmetry in the course of double scattering is cal- 

culated from 

where the factor cos 9 allows for intermediate scattering in a 
plane nonparallel to the specular reflection plane of the 
beam. Here, 9 (Fig. 1 ) is the angle between the normal n and 
the plane aOc of the scattering through an angle 8,, on the 
one hand, and the normal to the plane abc of the scattering 
through the large angle 8,. (The direction of polarization of 
the incident beam is paralldl to the vector n.) In the notation 
adopted in Fig. 1, we have 

sin 0, sin q cosa =[ 1 +( 
cos 0, sin 0, + sin 0 ,  cos 0, cos cp 

)'I-". ( 8 )  

In the calculation of A,(@,) an allowance is made for 
the contribution of the asymmetry which appears only in the 
case of scattering through a large angle 0,.  The asymmetry in 
the scattering of polarized electrons through small angles is 
ignored, because in this case the values ofA , ( 8 )  are 
These calculations also ignore the change in the direction of 
polarization in the forward scattering case. As shown in Ref. 
1, when a beam with the polarization Po is scattered, the 
magnitude and the new direction of the polarization P after 
the collision depends on the ratio of the amplitudes of the 
forward scattering (f) and the scattering accompanied by 
spin flip (g) .  According to Refs. 6 and 7, in the case of small 
angles we h a v e g e a n d ,  consequently, P=:P,. 

Before calculation of the scattering cross sections and 
asymmetries the range of integration is usually selected after 
an analysis of the dependence of the integral in the denomi- 
nator of Eq. ( 6 )  on the angle of the cone representing scat- 
tering through the small angle 8,. The angle of the onset of 
saturation of this dependence governs the range of the angle 
of 8,. For example, in calculation of the cross sections and 
asymmetries of the scattering of electrons of energy E,, 
= 500 eV we used the range of small angles up to 20". 

Calculations of A, ( 8 )  and do,, ( @ ) / d o  were made by 
numerical integration of Eqs. ( 6 )  and ( 7 )  on a computer for 
double scattering and for scattering of higher multiplicity of 
E, = 500 eV electrons and the results are presented in Figs. 
2 and 3. 

The asymmetries and the cross sections for triple, qua- 
druple, etc. scattering processes were calculated as follows. 
According to the approximation of small-angle scattering, in 
the case of multiple backward scattering only one of the scat- 
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FIG. 2. Dependences of the asymmetry or the scattering angle for E, 
= 500 eV. The numbers alongside the curves give the scattering multi- 

plicity. The angle 8, = 0 corresponds to backward scattering. 

tering angles is large and the others are small. This is justi- 
fied by the very rapid fall of the cross section on increase in 
the scattering angle. Therefore, in the case of triple scatter- 
ing, we substituted in Eqs. (6 )  and (7)  not the tabulated 
asymmetries and cross sections for single scattering A, ( 8 , )  
and d o ,  (8 , ) /dR,  but the calculated values of A,(&) and 
dol(@, )/dS1. Following exactly the same procedure in deal- 
ing with quadrupole scattering, we substituted in Eqs. (6 )  
and ( 7 ) the values of A, ( 8, ) and du, (8, ) /do .  The cross 
sections for the scattering through a small angle du(8,)/dR 
were constant in calculations of the interactions of any mul- 
tiplicity. 

FIG. 3. Differential scattering cross sections of E, = 500 eV The numbers 
alongside the curves give the scattering multiplicity. The angle 8, = 0 
corresponds to backward scattering. 

Typical results of the calculations presented in Fig. 3 
showed that an increase in scattering multiplicity results in 
rapid smoothing out of all the singularities typical of the 
differential cross section for single scattering. For n > 3 and 
relatively large values of 8 the angular distributions become 
nearly isotropic. In the case of the scattering asymmetry 
(Fig. 2),  in spite of the fact that the singularities of the de- 
pendence A, (8,) are also smoothed out on increase in the 
multiplicity, the absolute values ofAn (8,) remain sufficient- 
ly large for some angles 8,. Hence, in the case of multiple 
collisions there are such scattering directions for which a 
fairly strong asymmetry is combined with a high scattering 
intensity. 

3. ELASTIC SCATTERING ASYMMETRY 

We investigated experimentally the angular depen- 
dences of the asymmetry in elastic scattering of polarized 
electrons by the surface of polycrystalline gold. This investi- 
gation was carried out using an M-24 ultrahigh vacuum 
units at a residual pressure of less than lo-" Torr. In these 
experiments we used a source of polarized electrons, based 
on photoemission from GaAs,,, Pa,, solid solutions. s.9 The 
polarization Po of a beam from a source was 35 f 2%. The 
asymmetry was separated by modulation of the direction of 
polarization of the primary beam of electrons by reversing 
the sign of the circular polarization of light at a frequency of 
31 kHz. 

In these experiments we determined the dependence of 
the current representing elastically scattered electrons 
reaching a collector of a four-grid quasispherical analyzer 
(collection angle 104") on the angle of incidence a of a beam 
on a target. (We used the same symbol I for the current as for 
the intensity of the electron beam.) We measured simulta- 
neously a signal AIresulting from reversal of the direction of 
polarization of the incident beam. This signal was recorded 
by the method of lock-in detection at the frequency of modu- 
lation of the direction of polarization. The asymmetry re- 
sulting from such scattering was [see Eq. ( 1 ) ] 

where I + and I - are the currents to a collector correspond- 
ing to different directions of polarization of the incident 
beam. The coefficient 1/2 in Eq. (9 )  was used because the 
measured current I was the average of the currents I + and 
I -. 

The target was a thick film of gold ( 2 100 A) evaporat- 
ed on a beryllium substrate under ultrahigh vacuum condi- 
tions directly in the M-24 unit. A polycrystalline beryllium 
substrate was in turn formed by evaporation on a target of 
Au or W. It is knownf0 that this deposition method ensures 
formation of smooth and continuous polycrystalline films. 
Moreover, an analysis of our films by the low-energy elec- 
tron diffraction method demonstrated complete absence of 
crystallographic ordering of the Be and Au surfaces. 

During the initial stage of the investigation we deter- 
mined also the angular dependence of the asymmetry of the 
scattering of polarized electrons by a polycrystalline foil 50 
p m  thick. These measurements showed that the asymmetry 
did not agree with the results obtained for an evaporated 
film. Moreover, the dependence A ( a )  had a number of sin- 
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A the quantity A ( a )  can be found from the expression 

where 1: and A : are the current and the asymmetry of the 
scattering into an element Afl ,  of a wide solid angle. The 
factor cos p allows for the scattering of electrons in a plane 
nonparallel to the specular reflection plane of the beam. 

An analysis of the expression for the intensity in the 
case of multiple scattering of electrons [Eq. ( 5 ) ]  made it 
possible to simplify the procedure of calculation of the quan- 
tity A ( a )  in Eq. ( 10). We represented Eq. (5 )  as consisting 
of two factors. One of them ( -u; -J: 'pn/nun) is proportional 
to the probability of emergence of electrons in vacuum as a 
result of n-fold scattering, whereas the second 
{ - 1 ( 1 - cos a/cos y )  - 'dun (B,)/dR]) determines the . - 
scattering cross section for the n-fold interaction allowing 

FIG. 4. Schematic representation of the scattering of polarized electrons 
along the direction ofacollector 1 in a four-grid quasispherical analyzer; 2 the of incidence and emission of from a 
is the target and 3 is the normal to the surface. solid. In calculation of the intensity of the electrons scat- 

gularities which were clearly of diffraction origin. An x-ray 
structure analysis of the foil confirmed the hypothesis that it 
exhibited long-range crystallinity. 

The thickness of an evaporated film was measured both 
with a quartz balance and by the method of Auger electron 
spectroscopy. The difference in the thicknesses determined 
by the two methods was less than 10%. This result con- 
firmed the layer (and not island) nature of film growth. The 
Auger spectrum of a thick gold film showed no peaks of the 
main accidental impurities S, C, or 0. 

In comparing the calculated and experimental results 
we first found the asymmetry of the scattering of polarized 
electrons by a solid in a wide solid angle equal to the angle of 
collection by the four-grid analyzer. Figure 4 shows the case 
of electron reflection for some fixed scattering angle 0,. The 
primary electron beam with the P,, polarization was incident 
on a target at an angle u relative to the normal to the surface. 
Clearly, the actual angle y of emergence of electrons depend- 
ed on the azimuthal angle p. In the case of such scattering 

tered into a wide solid angle it was found that in the case of 
the n-fold scattering process it is governed primarily by the 
first factor and is practically independent of the second. This 
is not surprising because the dependences of the scattering 
cross sections of different multiplicity differ mainly in re- 
spect of the depth of modulation (Fig. 3 ) .  Therefore, the 
values of the integrals of these functions, calculated for a 
wide range of angles, are practically identical. We used this 
conclusion to calculate independently the asymmetry of the 
scattering of electrons for processes of different multiplicity 
in a wide solid angle. 

We also allowed for surface losses which appear when 
an electron crosses the target-vacuum interface. The depen- 
dence of the probability of the surface losses on the angle of 
incidence (or emergence) for gold is given by the ex- 
pression5 

W(EPr a )  =2,7/EP1" cos a. (11) 

Therefore, the final expression for the scattering asym- 
metry of polarized electrons of different multiplicity in a 
wide solid angle is 

.- 
cos a -' do, (0,) cos a -' do, (0,) 

~ ~ ( a ) = ~ ~ . ( 0 ~ ) c o s ~ [ l - ~ ( ~ ~ , y ) l ( l - - )  -- dQ A Q ~ / - W ( E ~ , ~ ) I ( - - )  T ~ ~ m .  (12) 
m = l  cos y m= I cos y 

I 
The calculations were carried out numerically on a comput- The results of calculations of A, (a )  for two electron 
er in the range of angles 6, from 12 to 52", set by the actual energies E, are presented in Fig. 5. We can see that: 1) the 
details of the analyzer. Use was made of the values ofA,, (8,) asymmetry of the scattering of polarized electrons rises 
and d a ,  (6,)/dR shown in Figs. 2 and 3. monotonically on increase in the angle of incidence of elec- 

FIG. 5. Dependences of the asymmetry on the angle of incidence 
a for different multiplicities of the scattering of polarized elec- 
trons into a collector of a four-grid analyzer: a )  E,, = 100 eV; b)  
E, = 250 eV. The numbers alongside the curves give the scatter- 
ing multiplicity. 
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FIG. 6. Experimental dependence of the scattering asymmetry of polar- FIG. 7. Experimental (0) and calculated (e) values of the scattering 
ized electrons of E, = 100 eV energy on the angle of incidence on the asymmetry for different energies of a primary polarized beam of electrons. 
surface of polycrystalline gold. The continuous curve is calculated by the The angles of incidence was a = 32". The dashed curve is drawn through 
method described in the present paper. for clarity. 

trons on the target; 2 )  an increase in the scattering multiplic- 
ity reduces the scattering asymmetry of polarized electrons 
reflected into a wide solid angle. However, even for the five- 
fold scattering the value of A ,  ( a )  remains considerable. 

The final calculation of A ( a )  was made using 

Since the probability of n-fold scattering decreases rap- 
idly with n, we retained only the first five terms of the series. 
In  these calculations we used the attenuation coefficient u 
obtained in Ref. 5 by comparing the experimental and calcu- 
lated intensities of elastically scattered electrons. 

Equation ( 1 3 )  makes it possible to estimate also the 
contribution of the single interaction to the total scattering 
asymmetry. The results of this calculation showed that the 
contribution in question depends very weakly on the elec- 
tron energy E, and amounts to =: 60% for the investigated 
substance. 

A typical dependence of the calculated and experimen- 
tal values of the scattering asymmetry on the angle of inci- 

due to the interaction of polarized electrons with a polycrys- 
talline solid is due to the scattering by an atomic-like poten- 
tial of ionic cores in the target. The specific influence of a 
solid reduces to the following. 

1 .  In view of the high atomic density, the elastically 
scattered electrons experience not only single but multiple 
scattering by ionic cores in a solid and this alters the symme- 
try. 

2. The existence of a large inelastic scattering cross sec- 
tion results in rapid reduction in the intensity of a beam of 
elastically scattered electrons, which determines finally the 
dominant role of the asymmetry due to single scattering. 

3. When an electron crosses the target-vacuum inter- 
face, it loses energy and this reduces the intensity of a beam 
of elastically scattered electrons which in its turn affects the 
asymmetry of the scattering in a wide solid angle. 

In conclusion, the authors regard it as their pleasant 
duty to thank Yu. P. Yashin and V. N. Yakovlev for their 
help in the experiments. 
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Our results thus demonstrate that the proposed scatter- 
ing model is valid. According to the model, the asymmetry Translated by A. Tybulewicz 
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