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Use of spin-polarized electron-energy-loss spectroscopy to investigate dipole and impact
scattering from transition-metal surfaces
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Spin polarized electron-energy-loss spectra have been obtained fréhdG\gCu(100), Mo(110 and un-
magnetized CA.10 and F€100 surfaces, in both specular and off-specular scattering geometries, by use of a
low-energy polarized incident beam coupled with energy- and angle-resolved spin analysis of the scattered
electrons. The data are interpreted in terms of a model that takes account of both dipole and impact scattering.
Dipole scattering preserves the full polarization of the incident beam, whereas the scattered electron polariza-
tion is degraded by electron exchange in impact-scattering events that produce electron-hole pair excitation in
the target. It is found that dipole scattering dominates at noble-metal surfaces but that the impact- and dipole-
scattering rates are comparable for targets with incompletely filledells. The data also suggest that impact
scattering, like dipole scattering, tends to be concentrated in the specular dirg86d63-18207)04720-9

[. INTRODUCTION gard phonon excitations which produce energy losses in the
millielectronvolt range, well below those of interest here.

Electron-energy-loss spectroscopy is used extensively iDipolar processes occur well outside the target surface,
the study of elementary electronic excitations at crystallinevhere the electrons undergo predominantly small-angle scat-
surfaces. For low-energy=100 e\) electrons incident upon tering either preceded or followed by elastic scattering from
an atomically clean metal surface, excitation of intra- andthe surface. Thus the dipole-scattered electrons are mostly
interband transitions and of surface plasmons generally prasoncentrated within a small angle about the specular direc-
vides the dominant source of inelastically backscattered eledion (and other Bragg directionsBecause the inelastic scat-
trons for energy losses extending up td0 eV or more. tering events occur in the vacuum at distances where there is
These mechanisms result in a broad, relatively featurelegssignificant wave function overlap with electrons in the tar-
energy-loss spectrum. Inelastic energy loss can occur eithget, there is no possibility of exchange, i.e., the incident and
in the vacuum outside the target surfqtermed dipole scat- scattered electrons are one and the same.
tering), or upon penetration of the targé¢rmed impact scat- However, incident electrons that penetrate the target
tering). Electrons undergoing these different types of inelas{without having undergone dipole scattenimgay be inelas-
tic scattering are superimposed in the observed electroriically scattered in the near-surface region by short-range in-
energy-loss spectrum and their separate contributions to tHeractions, producing electron-hole pairs. Little is known, ei-
total inelastically scattered electron signal are impossible téher experimentally or theoretically, about the angular
determine without additional information. In the present ex-distributions of such impact-scattered electrons as they
periments, the use of a spin-polarized primary electron beangmerge from the target, though it is often assumed that they
coupled with energy- and angle-resolved polarization analyare distributed over a broad range of angles with no prefer-
sis of the scattered electrons, is shown to provide new inence for the specular scattering directlonElectron-hole
sights into the dynamics of electron energy loss at surfacegair excitation via a short-range interaction makes possible
and the relative contributions of the different inelastic-exchange and the emerging electron may be either the one

scattering channels to the total energy-loss spectrum. that was incident or one from the target.
We now consider in greater detail the effect of these scat-
Il ENERGY-LOSS MECHANISMS tering pLoceSEes_ ondthe sbpln po_Iarlzatlon Iof _scztteFr_ed elelc-
AND SCATTERING MODEL trons when the incident beam is spin polarized. Figure

illustrates schematically the inelastic direct and exchange

Inelastic scattering of electrons from crystalline surfaceshannels accessible in electron-hole pair excitation by impact
is usually treated theoretically as a superposition of contriscattering from a paramagnetic target with equally populated
butions from dipole scattering and impact scattering, thouglspin-up(7) and spin-dowr(]) valence-band states. The spin-
strictly speaking these represent the two limiting cases of aflip and non-spin-flip scattering rates corresponding to an
as yet unrealized fully microscopic description of theinelastic energy loss and momentum transfeyfor, say, an
electron-surface interactidrf. Dipole scattering arises as a incident spin-up(1) electron can be expressed in terms of the
consequence of the Coulomb interaction between incomingmplitudes for the directf) and exchangedg) scattering
electrons and electric-field fluctuations set up in the vacuunthannels diagrammed. In the case of direct scattering it is the
outside the target by oscillating surface- and near-surfacencident electron that leaves the surface having suffered an
atoms®? These fluctuations are associated with elementarynelastic energy loss, whereas for exchange scattering the
excitations of the medium, such as surface plasmon and/@merging electron originates within the target. The spin-flip
intra/interband(electron-hole pajr excitations. (We disre-  (F) and non-spin-flipg(N) scattering rates are given by
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larization P, of impact-scattered electrons for an incident-

E f % TL TL beam polarizatiorP, is simply
‘ |
N(e,®,)—F(e,0,)
E-¢ t t H- —H - s s
PO =Poy5 0+ F (5,0,
IM\(B9) 2= [Me(0)]?
=Po 2 2 5
IMN(O9)[“+[Me(O)|
* * * which is less tharP, and independent of energy loss, though
Ee =<4 - =R perhaps dependent upd. (It is important to note that
* */ * differences in the polarization of the incident and emerging
electrons is strictly a consequence of exchange pro-
fH fH " cesses—no electron undergoes a true spin flip, the probabil-
g

ity of which is negligibly small during the very brief
) ) ) o electron-surface interaction.
FIG. 1. Schematic representation of the inelastic direct and Dipole and impact scattering both contribute to the total
exchange-scattering channels important in the present work. scattered electron signal. Dipole scattering, however, pre-
serves the full polarizatioR, of the incident beam because
electron exchange cannot occur. Thus, dipole scattering pro-
F(e,q)=2 |9/, (e,0)? (1) vides a scattered electron distribution with polarizatity
upon which is superimposed a distribution of lower polariza-
tion resulting from electron-hole pair excitation in impact
scattering. Denoting the rate for dipole scattering as
N(e,q)=> [f11(e,0)— 911 (8,2 +]F,(,9)[%], (2 Eés,@s), the net polarization of the scattered electrons will

D(£,04) +N(&,0,) —F(£,0,)
where the summations are over states for which energy and P(e,04) =Py

e . D(e,04)+N(e,0,)+F(e,0)
momentum are conserved. If it is assumed that the transition

matrix elements coupling occupied and unoccupied states are 2a(e,0,)
independent of energy and constant over the Brillouin zone, = Po[l_ m} (6)
the spin-flip and non-spin-flip scattering ratéés,®,) and
N(e,®.),respectively, for inelastic energy losand scatter- Where
ing angle®, may be writter F(e,0,)
a(e,09)= > @)
N(e,®04)+F(e,0,)
F (.09 |M F(®s)|2f Er no(E)Ny(E+&)dE ifﬁ;hgrl::jaction of impact scattering events that result in a spin
Ep-- '
— 2
_|MF(®S)| ‘](8)1 (3) ,3(815): D(8’®S) _C(8,®S)D(8,®S) (8)

N(e,0)+F(e,0) J(e)

gives the relative weight of dipole and impact scattering.

N(£r®s):|MN(®s)|2fEF no(E)ny,(E+¢)dE q(@s) is a prop_ortionality constant. The_ measured polar_iza—
Ep-e tion P(e,0,) will approach Py when dipole scattering is
5 dominant andPy(1—2«) when impact scattering is domi-
=[Mn(B9)[23(e), 4 nant.

In the present work we explore the applicability of this
i i simple scattering model to the analysis of measured polariza-
whereEg is the Fermi energye(0;) andMy(0y) are the  iion 1055 spectra from paramagnetic and unmagnetized ferro-
effective (energy-mdepepdehtnatnx elements for Spl_n-ﬂlp magnetic metal targets. The targets studied were selected to
and non-spin-flip scattering, amg andn, are, respectively, provide a wide range of joint densitidée) of occupied and
the densities of occupied and unoccupied electronic statefinoccupied valence states. Becade,®,) is inversely
Thus, in this limit, bothF(e,®) andN(e,®;) are directly  proportional toJ(¢), P(s,0) is expected to decrease as
proportional to the convoluted, or joint, density of occupied](¢) increases. Moreover, to the extent that dipole-scattered
and unoccupied states, represented by the intdgegl. electrons are expected to be more tightly concentrated about
The electron-spin polarization is defined as the ratio of thehe specular direction than are impact-scattered electrons, po-
difference in the number of scattered electrons with spin-ugarizations measured in specular scattering geometry should
(1) and spin-down(|), divided by their sum. Thus, in the be larger than those for off-specular scattering.
present approximation, and assuming that the detected elec- Earlier comparative studies of polarized electron scatter-
trons have undergone only single energy-loss events, the paig at Mo(110) and Cy100) surfaces undertaken in specular
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geometry have demonstrated that the scattered electron po- FIG. 3. Calculated joint densities of stat) for the targets
larization is dependent on the ioint density of st Investigated. Calculations for Ag, Co, and Cu do not extend to
. P . J ensity alés) higher-energy losses because densities of high-lying unoccupied
appropriate to the targétAs illustrated in Fig. 2, molybde- tates were not available in Ref. 5
num has high densities of both occupied and unoccupiea T
states whereas copper, with its closkdhell, has very few in Fig. 3 were calculated using the density of states for the
unoccupied states. Thus, for energy losse& eV, J(g) is  Stable hcp structureThe present targets provide a compre-
much larger for molybdenum than for copper which corre-hensive test of the scattering model described earlier. As will
lates with the greater reduction in the scattered electron pd*e shown, the data suggest that dipole scattering dominates
larization observed experimentally. The present work exfor the noble metals but that for targets with incompletely
tends these investigations of molybdenum and copper télled d shells, i.e., large(e), impact scattering can also be
include measurements in off-specular geometry, and a nungizable. Further, the analysis indicates that single electron-
ber of new targets, specifically silver, and iron and cobalﬂ“OIe pair excitation is the dominant energy-loss mechanism

epitaxial films. As shown in Fig. 3, these targets provide a" impact scattering, which, like dipole scattering, tends to be

broad range of joint densities of stat¥g).® In the case of concentrated in the specular direction.

iron and cobalt, which were left unmagnetized, the densities
of majority and minority states were summed before calcu-

lating J(&).® (For cobalt, film growth results in a fcc struc- ~ The present apparatus is shown schematically in Fig. 4. A
ture for which the density of states is not available. The dataollimated beam of spin-polarized electrons is directed at the

IIl. EXPERIMENTAL PROCEDURE
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exhibited sharp low-energy electron-diffractidrEED) pat-
target surface and the polarization of elastically/inelasticallyterns. The molybdenum, iron, and cobalt surfaces were pre-
scattered electrons is measured as a function of energy ampdired by epitaxially growing several monolayers on the
angle using a movable retarding-potential Mott polarimeterCu(100) substrate using electron-beam evaporators. The
that is equipped with a hemispherical energy analyzer. Thetructure and quality of the films were verified by LEED
polarized electron beam is produced by photoemission froomeasurements which exhibited well-defined patterns and low
a cesiated GaAs surface using circularly polarized radiatiomliffuse background. Contamination levels were below 1%.
from a Ga_,Al A, laser’ The photoelectrons, which are
initially longitudinally polarized, are accelerated and directed
through a 90° electrostatic deflector. The emergent beam, V- EXPERIMENTAL RESULTS AND ANALYSIS

now transversely polarized, passes through a series of elec- Angle- and energy-resolved intensity distributions of elec-
trostatic lenses and is then focused on the target surface at g elastically and inelastically scattered from (1),
angle of incidenc®, ..The polarization oP of the beam is Mo/Cu(100), and from unmagnetized Co/C100) surfaces
~0.26 and can be simply reverse®;,— — Py by changing  are shown in Fig. 5 and are representative of those measured
the sense of circular polarization of the radiation incident onyiih all the present targets. The scattering geometry is indi-
the GaAs photocathode. The energy of the primary beam igated in the inset. The primary beam energy in each case was
27 eV for all data presented. _ 27 eV. Itis seen that the angular distributions are sharper for
Electrons leaving the target surface in a narrow range oflean CU100 than for the epitaxial films, presumably as a
angles(~*3°) about the mean scattering ande, mea-  result of imperfect growth. Nonetheless, for all targets inelas-
sured relative to the surface normal, enter a hemisphericajca|ly scattered electrons with relatively small energy loss
energy analyzer that has an energy resolution-6f3 eV.  tend to be concentrated in the specular direction, but the
The polarization of the incident electrons is perpendicular tqjistributions broaden as the energy loss increases. These ob-
the scattering plane defined by the incident and scatteregeryations are consistent with general expectations based on
electrons. Those electrons transmitted through the hemine giscussion of dipole and impact scattering in Sec. II. The
spherical energy analyzer enter a low-energy Mottenergy-resolved intensity distributions of electrons scattered
polarimete? where the average component of their spin po-off-specular from both the G100 and Mo/Cu100) surfaces
larization perpendicular to the scattering plane is determinedre shown in Fig. 6. The scattered intensity is least for en-
by measuring the left-right asymmetry that results because Qfgy |osses<1 eV, and gradually increases with increasing
the spin-orbit effect when the electroriat 18 kel are  gnergy loss. Similar behavior is observed both on and off
quasielastically scattered throughl120° at a thorium sur- specular with all targets.
face. In practice, to eliminate instrumental asymmetries, the The polarizatiorP of the backscattered electrons, normal-
scattering fasymmetry i; determineq with the inc_ident elecized to that of the incident electron beafR,=0.26), is
trons polarized both spin up and spin down. Ancillary mea-shown as a function of inelastic energy loss in Fig. 7 for each
surements showed that for the surfaces and energies studigfl the five targets studietiThe data include polarization
in the present work the scattered-electron currents were €gpectra obtained for both specular and off-specular scatter-
sentially independent of the spin of the incident electronsng with scattering geometries indicated in the insets. The
(the asymmetries were:0.01) and that the polarization of majority of the data were recorded at an angle of incidence
the scattered electrons produced by an unpolarized incideg§ 35° and at a nonspecular scattering angle of 55°, i.e., 20°
beam was unobservably small. It was also verified that for alhtf specular. However, as suggested by the data for
targets the polarization of elastically scattered electrons Wage/C(100), which was taken at an angle of incidence of 55°
equal to that of the incident electron beam. These observgyhq a nonspecular scattering angle of 35°, the observed ef-
tions indicate that spin-orbit effects do not play an importantgqtg appear to be relatively insensitive to the off-specular
role in determining the polarization of the scattered elec'scattering geometry, i.e., whether toward or away from the
trons. It is therefore reasonable to assume that the polarizayface normal. The behavior observed for specular scatter-
tion of the scattered electrons is simply proportional to themg from CU100 and Mo/CW100) is similar to that noted in
polarizationP, of the incident beam and will reverse sign earlier studied:!® Inspection reveals that the decreases ob-
when Py is reversed. In this event, the polarization of the gerved in the scattered electron polarization, RéP,, are

scattered electrons is giveny correlated qualitatively with the joint densities of states
J(e) shown in Fig. 3. Also, the measured polarizations are
P 1 X-1 (9  Systematically larger for specular than for nonspecular scat-
Seif X+ 1 tering, which is expected, at least qualitatively, because the

(fully polarized dipole-scattered electrons are concentrated
whereSg is the magnitude of the analyzing poweffective  in the specular direction. However, the polarization differ-
Sherman function and X=(R_R;/RgR/)*2 R.(R]) and ences are not large. This suggests that the impact-scattered
Rr(RR) are the count rates in the two detection channelsglectrons also tend to be peaked in the specular direction,
labeled left and right, with incident-beam polarization though not so strongly as for dipole scattering.

Po(—Py). Figure 8 shows the polarizatior®®/ P, predicted by the
The single-crystal G100 and Ag100 surfaces were present model, i.e., Eg6), as a function of the rati@ of the
cleaned by repeated cycles of *Aion bombardment and dipole to impact-scattering rates for several values of the
thermal annealing until the contamination level was deterparameterx that represents the fraction of impact-scattering

mined to be<1% by Auger electron analysis. These surfacesevents that result in exchange. The valuel/4 is obtained
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100 | T from (@) Cu(100 and (b) Mo/Cu(100) surfaces.+, total scattered
- Scattering electron current (e);, @, A cor_1tributionslD(s)gssociated with di-
K angle | pole scattering calculated using E§O) assuminga(g)=0.25 and
10 F _ 0.5, respectivelyi], energy dependence of the dipole-scattered cur-
rent predicted using the complex dielectric functid(e,0). The
i 7 scattering geometry is indicated in the inset.
| F W T indicated in Fig. 8. The limiting case=1, which corre-
i %00 ] sponds to all impact scattering being associated with ex-
= . change, is also included.
1 1 1 1 Inspection of the data for Cu and Ag in Fig. 7 shows that,
20 30 40 50 60 for inelastic energy lossess6 eV, the measured values of

P/P, lie in the range~0.8—0.95, even including the off-
specular data. As evident from Fig. 8, such value®
imply ratios B8 of dipole to impact scattering of-2—20,

FIG. 5. Angle- and energy-resolved distributions of electronsindicating that for these elements dipole scattering is domi-
elastically(®) and inelasticallyO, =2 eV; A, =6 eV) scattered  nant. This is not surprising because each has a filtkdlgll
from Cu100, Mo/Cu100, and unmagnetized Co/CLO0 sur-  |eading to small joint densitie3(¢) of occupied and unoc-
faces. The scattering geometry is indicated in the inset. cupied states, especially for small inelastic energy loésess

Fig. 3. In contrast, values oP/P,<0.6 are measured for

by assuming that the raté associated with direct non-spin- Mo/Cu(100), Fe/C{100, and Co/C{l00 which, as sug-
flip scattering is three times that for spin-flip exchange scatgested by Fig. 8, can only be obtained if the rate for impact
tering,F. This would be expected if the rates associated withscattering is greater than, or at least comparable to, that for
each of thethree possible nonflip channels were equal anddipole scattering, i.e., if3<1. This can be accounted for
if interference between direct and exchange channels is nditecause these materials have large densities of unoccupied
important. Interference effects, however, might reduce thetates making(¢) large.
total rate for direct scattering and the assumption that the Several tests of the validity and of the internal self-
rates for direct and exchange scattering are equal leads tmnsistency of the present model can be made by considering
a=1/2. It appears reasonable to expect that the true value dfie separate contributions of dipole and impact scattering to
a will lie in the range; to 3, i.e., in the shaded region the measured scattered electron curidrf) at some fixed

SCATTERING ANGLE (degrees)
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i\ where B(¢,) is related, through Eq(10), to the measured
0.8 7 scattered electron polarizatidd(e,) at ,. If it is further
= . assumed that, as discussed previously, impact-scattering
0.6+ ] rates are proportional to the joint densitye) of occupied
d | and unoccupied states, this currégt (e,) can be used to
1.07 = /C= (100) ; :55 2=o o estimate the currents due to impact scattering at other ener-
sJre/lu 2 :g( 0 gies via
. \ ' &Y specular
N - of f
08\ B A5-3T5 Toowr | 3(e)
T Iner(e)= 37— In+r(er). (12
R -3 - J(er)
O.6F - Denoting the ratioJ()/J(e,) by J,(€),In+r(g) can be
] 1 1 ) written
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In+r(e)= 11 8(e)) (13

FIG. 7. Normalized polarization of electrons scattered specuwhence the current associated with dipole scattering is given
larly (®) and nonspecularly®) from each of the five targets inves- by
tigated, as a function of inelastic energy loss. Scattering geometries
are indicated in the insets. J(e)l(e))

ID(S):I(S)_IN+F(8):I(8)_W- (14)
scattering angle. Denoting these contributionsl pfe) and '
In+r(€), respectively, their ratig is given from Eq.6) by  The ratio of these currents then provides an expression for
the value ofB(g) to be expected at all inelastic energy losses

_ Ip(e) _ 2a(e) e, i.e.,
A= ) 1=P(e)lPy (10

Io(e)  1(e)[1+B(e))]

where «a(¢) is the fraction of impact-scattering events that Inir(e) Her)Jn(2)
lead to a spin flip. Consider initially the use of the model andg(e,) may be written in terms of thémeasurey electron
the measured scattered electron energy distributions to preolarizationP(e,) using Eq.(10), yielding

dict the energy dependence of the scattered electron polar-

ization P(g). This can be accomplished by first calculating 2a(g,)

the contribution to the total scattered electron current due to Bler)= 1-P(e,)/Py 1. (16)
impact scattering at some particular inelastic energy loss o

g, which is given by Substitution in Eq(15) gives

B(e)= —1. (15)
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of P(&)/P, derived from Eq.(19) are in reasonable agree-

1O i \Oé ' ' ment with the experimental observations, at least for inelastic
- § t— \@—6 .0 7 energy lossess6 eV. Agreement becomes less good for
0.8+ \i\ i larger energy losses, possibly as a consequence of the in-
I\I creasing importance of multiple scattering. Nonetheless, the
;; Ag(100) 1 general level of agreement evident in Fig. 9 suggests that the
|.O —o—t t t 1 present model and the assumptions inherent in deriving Eq.
i o, ] (19) are at least reasonable.
\@_ ..0--0 A further test of the present model can be obtained by
0.8 i\‘ \I . considering the energy dependence of the contribution
L \I\ | Ip(e) to the total scattered electron current due to dipole
| O:’ Cu(100) . i\I - scattering which, using Eq$10) and (14), can be written
I(e)[1—P(g,)IP
a° ; O\\\ 'o__,o - |D(8):|(8)—Jn(8) ( r)[za(s()r) O] (20)
~ 0.8 N . '
o B : °x\ ,'o | Although the value ofx(e,) is not known, it is reasonable to
I\‘@>} ',°' expect that, as discussed earlier, it will lie in the range 0.25—
0.6} Mo/Cu(IOO)\‘oxé?I\{/I\I 1 0.5. Values ofl (&) derived using Eq(2) and these two
I.O’ ; ; N - 1 values ofa(eg,) are included in Fig. 6. Note that, as dis-
| Fe/Cu(100) 0--0---0 | cussed earlier, for GO0 dipole scattering is dominant,
o o whereas for Mo/C(100) impact scattering provides a major
0.8r o - contribution to the scattered electron signal.
Y . i The rate for dipole scattering at a solid surface is thought
\ ﬁ/?"f\I_{\ to be governed t_>y the complex dielectric functide,q)
061 @,7 I\I 7 and to be proportional to Imf 1/[1+d(e,q)]}, the surface
1 : . : energy-loss functioA!*? In the limit of zero-momentum

0 2 4 ) 8 10 transfer, i.e.,q=0, the dielectric function is related to the
dielectric constanh(e) and extinction coefficienk(e) by
FIG. 9. Comparison between the measured off-specular polar-

izations(®) and predictions based on EA.9) (O). d(e)=[n(e)—ik(e)]?=d;(g)+idy(e), (21

where
~ ()20 (e,) . .
N TPS N T P TN dy(e)=n(e)?—k(e)?,

Use o_f this relation, coupled with Ed6), provides an ex- dy(g)=2n(g)k(e).

pression for the expected energy dependence of the scattered

electron polarization Values ofn(e) andk(e) for several of the targets studied in
this work are tabulated in the literatdfeand can be used to

P(e) 2a(e) I(g;)dn(e)a(e)[1—P(&,)/Py] obtain an estimate of the energy dependence of the dipole-

Py =1- 1+ 8(s) =1- I(e)als,) . scattered signal. This predicted energy dependence is in-
)

(18) cluded in Fig. 6 and is seen to be in qualitative agreement, at
least for inelastic energy losses<6 eV, with that obtained
The energy dependence of the fractiafie) of impact-  using Eq.(20), again pointing to the essential correctness of
scattering events that result in a spin flip is not known. lItthe present modef.
appears reasonable to expect, however, that this fraction will

not be strongly energy dependent. If it is assumed as a first V. SUMMARY AND CONCLUSIONS
approximation thai(e) is energy independent, E¢L8) re-
duces to The present work suggests that electron-spin labeling
techniques can be used to examine the relative importance of
P(e) [(e,)dn(e)[| —P(&,)/Pg] dipole and impact scattering in inelastic electron scattering
Po =47 I(e) : 9  from surfaces. The polarization of incident electrons is fully

preserved in the case of dipole scattering, but is degraded by
Values of P(¢)/P, obtained using this expression are in- exchange reactions in the case of impact scattering. Consid-
cluded in Fig. 9. The data for Fe/Ci00and Mo/C{100 eration of the data using a simple model indicates that for
were derived using reference energiesof 2 and 5 eV, targets such as Ag or Cu that have filled-8hells dipole
respectively. These energies were selected because they $eattering is dominant, whereas for targets like Mo, Fe, and
close to the minima in the observed polarization profiles andCo with large densities of unoccupied states the rate for im-
because they correspond to regions wHefe) is large. Ref-  pact scattering is greater than, or comparable to, that for
erence energies of 3 and 5 eV were employed fof100 dipole scattering for inelastic energy lossesl eV. Further
and Ad100), respectively, and represent the energies atnalysis suggests that for each target the rate for impact scat-
which J(&) for these targets first becomes large. The valuesering is approximately proportional to the joint density
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J(&) of occupied and unoccupied states. It is also observetmpact-scattering events that lead to a spin flip should be
that impact-scattered electrons tend to be concentrated neapproximately independent @3.

the specular direction, but not so strongly as dipole-scattered

electrons. This suggests that in impact-scattering electron- ACKNOWLEDGMENTS
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