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Use of spin-polarized electron-energy-loss spectroscopy to investigate dipole and impact
scattering from transition-metal surfaces

H. Hsu, M. Magugumela, B. E. Johnson, F. B. Dunning, and G. K. Walters
Department of Physics and the Rice Quantum Institute, Rice University, 6100 S. Main Street, Houston, Texas 77005

~Received 25 November 1996!

Spin polarized electron-energy-loss spectra have been obtained from Ag~100!, Cu~100!, Mo~110! and un-
magnetized Co~110! and Fe~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 filledd shells. The data also suggest that impact
scattering, like dipole scattering, tends to be concentrated in the specular direction.@S0163-1829~97!04720-6#
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I. INTRODUCTION

Electron-energy-loss spectroscopy is used extensivel
the study of elementary electronic excitations at crystall
surfaces. For low-energy~<100 eV! electrons incident upon
an atomically clean metal surface, excitation of intra- a
interband transitions and of surface plasmons generally
vides the dominant source of inelastically backscattered e
trons for energy losses extending up to;10 eV or more.
These mechanisms result in a broad, relatively feature
energy-loss spectrum. Inelastic energy loss can occur e
in the vacuum outside the target surface~termed dipole scat-
tering!, or upon penetration of the target~termed impact scat
tering!. Electrons undergoing these different types of inel
tic scattering are superimposed in the observed elect
energy-loss spectrum and their separate contributions to
total inelastically scattered electron signal are impossible
determine without additional information. In the present e
periments, the use of a spin-polarized primary electron be
coupled with energy- and angle-resolved polarization an
sis of the scattered electrons, is shown to provide new
sights into the dynamics of electron energy loss at surfa
and the relative contributions of the different inelast
scattering channels to the total energy-loss spectrum.

II. ENERGY-LOSS MECHANISMS
AND SCATTERING MODEL

Inelastic scattering of electrons from crystalline surfac
is usually treated theoretically as a superposition of con
butions from dipole scattering and impact scattering, thou
strictly speaking these represent the two limiting cases o
as yet unrealized fully microscopic description of t
electron-surface interaction.1,2 Dipole scattering arises as
consequence of the Coulomb interaction between incom
electrons and electric-field fluctuations set up in the vacu
outside the target by oscillating surface- and near-surf
atoms.1,2 These fluctuations are associated with elemen
excitations of the medium, such as surface plasmon an
intra/interband~electron-hole pair! excitations. ~We disre-
550163-1829/97/55~20!/13972~8!/$10.00
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gard phonon excitations which produce energy losses in
millielectronvolt range, well below those of interest here!
Dipolar processes occur well outside the target surfa
where the electrons undergo predominantly small-angle s
tering either preceded or followed by elastic scattering fr
the surface. Thus the dipole-scattered electrons are mo
concentrated within a small angle about the specular di
tion ~and other Bragg directions!. Because the inelastic sca
tering events occur in the vacuum at distances where the
insignificant wave function overlap with electrons in the ta
get, there is no possibility of exchange, i.e., the incident a
scattered electrons are one and the same.

However, incident electrons that penetrate the tar
~without having undergone dipole scattering! may be inelas-
tically scattered in the near-surface region by short-range
teractions, producing electron-hole pairs. Little is known,
ther experimentally or theoretically, about the angu
distributions of such impact-scattered electrons as t
emerge from the target, though it is often assumed that t
are distributed over a broad range of angles with no pre
ence for the specular scattering direction.1,2 Electron-hole
pair excitation via a short-range interaction makes poss
exchange and the emerging electron may be either the
that was incident or one from the target.

We now consider in greater detail the effect of these sc
tering processes on the spin polarization of scattered e
trons when the incident beam is spin polarized. Figure
illustrates schematically the inelastic direct and excha
channels accessible in electron-hole pair excitation by imp
scattering from a paramagnetic target with equally popula
spin-up~↑! and spin-down~↓! valence-band states. The spi
flip and non-spin-flip scattering rates corresponding to
inelastic energy loss« and momentum transferq for, say, an
incident spin-up~↑! electron can be expressed in terms of t
amplitudes for the direct~f ! and exchange~g! scattering
channels diagrammed. In the case of direct scattering it is
incident electron that leaves the surface having suffered
inelastic energy loss, whereas for exchange scattering
emerging electron originates within the target. The spin-
(F) and non-spin-flip~N! scattering rates are given by
13 972 © 1997 The American Physical Society
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55 13 973USE OF SPIN-POLARIZED ELECTRON-ENERGY-LOSS . . .
F~«,q!5( ug↑↓~e,q!u2, ~1!

N~«,q!5( @ u f ↑↑~«,q!2g↑↑~«,q!u21u f ↑↓~«,q!u2#, ~2!

where the summations are over states for which energy
momentum are conserved. If it is assumed that the trans
matrix elements coupling occupied and unoccupied states
independent of energy and constant over the Brillouin zo
the spin-flip and non-spin-flip scattering ratesF(«,Qs) and
N(«,Qs),respectively, for inelastic energy loss« and scatter-
ing angleQs may be written3

F~«,Qs!5uMF~Qs!u2E
EF2«

EF
n0~E!nu~E1«!dE

5uMF~Qs!u2J~«!, ~3!

N~«,Qs!5uMN~Qs!u2E
EF2«

EF
n0~E!nu~E1«!dE

5uMN~Qs!u2J~«!, ~4!

whereEF is the Fermi energy,MF(Qs) andMN(Qs) are the
effective ~energy-independent! matrix elements for spin-flip
and non-spin-flip scattering, andn0 andnu are, respectively,
the densities of occupied and unoccupied electronic sta
Thus, in this limit, bothF(«,Qs) andN(«,Qs) are directly
proportional to the convoluted, or joint, density of occupi
and unoccupied states, represented by the integralJ(«).

The electron-spin polarization is defined as the ratio of
difference in the number of scattered electrons with spin
~↑! and spin-down~↓!, divided by their sum. Thus, in the
present approximation, and assuming that the detected
trons have undergone only single energy-loss events, the

FIG. 1. Schematic representation of the inelastic direct
exchange-scattering channels important in the present work.
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larization PI of impact-scattered electrons for an inciden
beam polarizationP0 is simply

PI~Qs!5P0

N~«,Qs!2F~«,Qs!

N~«,Qs!1F~«,Qs!

5P0

uMN~Qs!u22uMF~Qs!u2

uMN~Qs!u21uMF~Qs!u2
, ~5!

which is less thanP0 and independent of energy loss, thou
perhaps dependent uponQs . ~It is important to note that
differences in the polarization of the incident and emerg
electrons is strictly a consequence of exchange p
cesses—no electron undergoes a true spin flip, the prob
ity of which is negligibly small during the very brie
electron-surface interaction.!

Dipole and impact scattering both contribute to the to
scattered electron signal. Dipole scattering, however, p
serves the full polarizationP0 of the incident beam becaus
electron exchange cannot occur. Thus, dipole scattering
vides a scattered electron distribution with polarizationP0 ,
upon which is superimposed a distribution of lower polariz
tion resulting from electron-hole pair excitation in impa
scattering. Denoting the rate for dipole scattering
D(«,Qs), the net polarization of the scattered electrons w
be

P~«,Qs!5P0

D~«,Qs!1N~«,Qs!2F~«,Qs!

D~«,Qs!1N~«,Qs!1F~«,Qs!

5P0F12
2a~«,Qs!

11b~«,Qs!
G , ~6!

where

a~«,Qs!5
F~«,Qs!

N~«,Qs!1F~«,Qs!
~7!

is the fraction of impact scattering events that result in a s
flip, and

b~«,Qs!5
D~«,Qs!

N~«,Qs!1F~«,Qs!
[c~«,Qs!

D~«,Qs!

J~«!
~8!

gives the relative weight of dipole and impact scatterin
c(Qs) is a proportionality constant. The measured polari
tion P(«,Qs) will approachP0 when dipole scattering is
dominant andP0(122a) when impact scattering is domi
nant.

In the present work we explore the applicability of th
simple scattering model to the analysis of measured polar
tion loss spectra from paramagnetic and unmagnetized fe
magnetic metal targets. The targets studied were selecte
provide a wide range of joint densitiesJ(«) of occupied and
unoccupied valence states. Becauseb(«,Qs) is inversely
proportional toJ(«), P(«,Qs) is expected to decrease a
J(«) increases. Moreover, to the extent that dipole-scatte
electrons are expected to be more tightly concentrated a
the specular direction than are impact-scattered electrons
larizations measured in specular scattering geometry sh
be larger than those for off-specular scattering.

Earlier comparative studies of polarized electron scat
ing at Mo~110! and Cu~100! surfaces undertaken in specul

d



p

ie

e
p
ex

um
a

tie
cu
-
a

the
e-
will
ates
ly
e
ron-
ism
be

. A
the

to
pied

13 974 55HSU, MAGUGUMELA, JOHNSON, DUNNING, AND WALTERS
geometry have demonstrated that the scattered electron
larization is dependent on the joint density of statesJ(«)
appropriate to the target.4 As illustrated in Fig. 2, molybde-
num has high densities of both occupied and unoccup
states whereas copper, with its closedd shell, has very few
unoccupied states. Thus, for energy losses&6 eV, J(«) is
much larger for molybdenum than for copper which corr
lates with the greater reduction in the scattered electron
larization observed experimentally. The present work
tends these investigations of molybdenum and copper
include measurements in off-specular geometry, and a n
ber of new targets, specifically silver, and iron and cob
epitaxial films. As shown in Fig. 3, these targets provide

broad range of joint densities of statesJ(«).5 In the case of
iron and cobalt, which were left unmagnetized, the densi
of majority and minority states were summed before cal

lating J(«).6 ~For cobalt, film growth results in a fcc struc
ture for which the density of states is not available. The d

FIG. 2. Densities of states for Cu and Mo~taken from Ref. 4!.
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in Fig. 3 were calculated using the density of states for
stable hcp structure.! The present targets provide a compr
hensive test of the scattering model described earlier. As
be shown, the data suggest that dipole scattering domin
for the noble metals but that for targets with incomplete
filled d shells, i.e., largeJ(«), impact scattering can also b
sizable. Further, the analysis indicates that single elect
hole pair excitation is the dominant energy-loss mechan
in impact scattering, which, like dipole scattering, tends to
concentrated in the specular direction.

III. EXPERIMENTAL PROCEDURE

The present apparatus is shown schematically in Fig. 4
collimated beam of spin-polarized electrons is directed at

FIG. 3. Calculated joint densities of statesJ~«! for the targets
investigated. Calculations for Ag, Co, and Cu do not extend
higher-energy losses because densities of high-lying unoccu
states were not available in Ref. 5.
n-
FIG. 4. Schematic diagram of the experime
tal apparatus.
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55 13 975USE OF SPIN-POLARIZED ELECTRON-ENERGY-LOSS . . .
target surface and the polarization of elastically/inelastica
scattered electrons is measured as a function of energy
angle using a movable retarding-potential Mott polarime
that is equipped with a hemispherical energy analyzer.
polarized electron beam is produced by photoemission f
a cesiated GaAs surface using circularly polarized radia
from a Ga12xAl xAs laser.

7 The photoelectrons, which ar
initially longitudinally polarized, are accelerated and direct
through a 90° electrostatic deflector. The emergent be
now transversely polarized, passes through a series of e
trostatic lenses and is then focused on the target surface
angle of incidenceQ i . The polarization ofP0 of the beam is
;0.26 and can be simply reversed,P0→2P0 by changing
the sense of circular polarization of the radiation incident
the GaAs photocathode. The energy of the primary beam
27 eV for all data presented.

Electrons leaving the target surface in a narrow range
angles~;63°! about the mean scattering angleQs , mea-
sured relative to the surface normal, enter a hemisphe
energy analyzer that has an energy resolution of;0.3 eV.
The polarization of the incident electrons is perpendicula
the scattering plane defined by the incident and scatte
electrons. Those electrons transmitted through the he
spherical energy analyzer enter a low-energy M
polarimeter8 where the average component of their spin p
larization perpendicular to the scattering plane is determi
by measuring the left-right asymmetry that results becaus
the spin-orbit effect when the electrons~at 18 keV! are
quasielastically scattered through6120° at a thorium sur-
face. In practice, to eliminate instrumental asymmetries,
scattering asymmetry is determined with the incident el
trons polarized both spin up and spin down. Ancillary me
surements showed that for the surfaces and energies stu
in the present work the scattered-electron currents were
sentially independent of the spin of the incident electro
~the asymmetries were,0.01! and that the polarization o
the scattered electrons produced by an unpolarized inci
beam was unobservably small. It was also verified that for
targets the polarization of elastically scattered electrons
equal to that of the incident electron beam. These obse
tions indicate that spin-orbit effects do not play an import
role in determining the polarization of the scattered el
trons. It is therefore reasonable to assume that the pola
tion of the scattered electrons is simply proportional to
polarizationP0 of the incident beam and will reverse sig
when P0 is reversed. In this event, the polarization of t
scattered electrons is given by4,8

P5
1

Seff

X21

X11
, ~9!

whereSeff is the magnitude of the analyzing power~effective
Sherman function! and X5(RLRR8 /RRRL8)

1/2. RL(RL8) and
RR(RR8 ) are the count rates in the two detection chann
labeled left and right, with incident-beam polarizatio
P0(2P0).

The single-crystal Cu~100! and Ag~100! surfaces were
cleaned by repeated cycles of Ar1-ion bombardment and
thermal annealing until the contamination level was de
mined to be,1% by Auger electron analysis. These surfac
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exhibited sharp low-energy electron-diffraction~LEED! pat-
terns. The molybdenum, iron, and cobalt surfaces were
pared by epitaxially growing several monolayers on t
Cu~100! substrate using electron-beam evaporators. T
structure and quality of the films were verified by LEE
measurements which exhibited well-defined patterns and
diffuse background. Contamination levels were below 1%

IV. EXPERIMENTAL RESULTS AND ANALYSIS

Angle- and energy-resolved intensity distributions of ele
trons elastically and inelastically scattered from Cu~100!,
Mo/Cu~100!, and from unmagnetized Co/Cu~100! surfaces
are shown in Fig. 5 and are representative of those meas
with all the present targets. The scattering geometry is in
cated in the inset. The primary beam energy in each case
27 eV. It is seen that the angular distributions are sharper
clean Cu~100! than for the epitaxial films, presumably as
result of imperfect growth. Nonetheless, for all targets inel
tically scattered electrons with relatively small energy lo
tend to be concentrated in the specular direction, but
distributions broaden as the energy loss increases. Thes
servations are consistent with general expectations base
the discussion of dipole and impact scattering in Sec. II. T
energy-resolved intensity distributions of electrons scatte
off-specular from both the Cu~100! and Mo/Cu~100! surfaces
are shown in Fig. 6. The scattered intensity is least for
ergy losses&1 eV, and gradually increases with increasi
energy loss. Similar behavior is observed both on and
specular with all targets.

The polarizationP of the backscattered electrons, norma
ized to that of the incident electron beam~P050.26!, is
shown as a function of inelastic energy loss in Fig. 7 for ea
of the five targets studied.9 The data include polarization
spectra obtained for both specular and off-specular sca
ing, with scattering geometries indicated in the insets. T
majority of the data were recorded at an angle of incide
of 35° and at a nonspecular scattering angle of 55°, i.e.,
off specular. However, as suggested by the data
Fe/Cu~100!, which was taken at an angle of incidence of 5
and a nonspecular scattering angle of 35°, the observed
fects appear to be relatively insensitive to the off-specu
scattering geometry, i.e., whether toward or away from
surface normal. The behavior observed for specular sca
ing from Cu~100! and Mo/Cu~100! is similar to that noted in
earlier studies.4,10 Inspection reveals that the decreases
served in the scattered electron polarization, i.e.,P/P0 , are
correlated qualitatively with the joint densities of stat
J(«) shown in Fig. 3. Also, the measured polarizations a
systematically larger for specular than for nonspecular s
tering, which is expected, at least qualitatively, because
~fully polarized! dipole-scattered electrons are concentra
in the specular direction. However, the polarization diffe
ences are not large. This suggests that the impact-scat
electrons also tend to be peaked in the specular direct
though not so strongly as for dipole scattering.

Figure 8 shows the polarizationsP/P0 predicted by the
present model, i.e., Eq.~6!, as a function of the ratiob of the
dipole to impact-scattering rates for several values of
parametera that represents the fraction of impact-scatteri
events that result in exchange. The valuea51/4 is obtained
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13 976 55HSU, MAGUGUMELA, JOHNSON, DUNNING, AND WALTERS
by assuming that the rateN associated with direct non-spin
flip scattering is three times that for spin-flip exchange sc
tering,F. This would be expected if the rates associated w
each of the~three! possible nonflip channels were equal a
if interference between direct and exchange channels is
important. Interference effects, however, might reduce
total rate for direct scattering and the assumption that
rates for direct and exchange scattering are equal lead
a51/2. It appears reasonable to expect that the true valu
a will lie in the range 1

4 to 1
2 , i.e., in the shaded regio

FIG. 5. Angle- and energy-resolved distributions of electro
elastically~d! and inelastically~s, «52 eV;m, «56 eV! scattered
from Cu~100!, Mo/Cu~100!, and unmagnetized Co/Cu~100! sur-
faces. The scattering geometry is indicated in the inset.
t-
h

ot
e
e
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indicated in Fig. 8. The limiting casea51, which corre-
sponds to all impact scattering being associated with
change, is also included.

Inspection of the data for Cu and Ag in Fig. 7 shows th
for inelastic energy losses,&6 eV, the measured values o
P/P0 lie in the range;0.8–0.95, even including the off
specular data. As evident from Fig. 8, such values ofP/P0
imply ratios b of dipole to impact scattering of;2220,
indicating that for these elements dipole scattering is do
nant. This is not surprising because each has a filled 3d shell
leading to small joint densitiesJ(«) of occupied and unoc-
cupied states, especially for small inelastic energy losses~see
Fig. 3!. In contrast, values ofP/P0<0.6 are measured fo
Mo/Cu~100!, Fe/Cu~100!, and Co/Cu~100! which, as sug-
gested by Fig. 8, can only be obtained if the rate for imp
scattering is greater than, or at least comparable to, tha
dipole scattering, i.e., ifb&1. This can be accounted fo
because these materials have large densities of unoccu
states makingJ(«) large.

Several tests of the validity and of the internal se
consistency of the present model can be made by conside
the separate contributions of dipole and impact scatterin
the measured scattered electron currentI («) at some fixed

s

FIG. 6. Energy distributions of electrons scattered nonspecul
from ~a! Cu~100! and ~b! Mo/Cu~100! surfaces.1, total scattered
electron currentI ~«!; d, n contributionsI D(«)associated with di-
pole scattering calculated using Eq.~20! assuminga~«!50.25 and
0.5, respectively;h, energy dependence of the dipole-scattered c
rent predicted using the complex dielectric functiond(«,0). The
scattering geometry is indicated in the inset.
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55 13 977USE OF SPIN-POLARIZED ELECTRON-ENERGY-LOSS . . .
scattering angle. Denoting these contributions byI D(«) and
I N1F(«), respectively, their ratiob is given from Eq.~6! by

b~«!5
I D~«!

I N1F~«!
5

2a~«!

12P~«!/P0
21, ~10!

wherea~«! is the fraction of impact-scattering events th
lead to a spin flip. Consider initially the use of the model a
the measured scattered electron energy distributions to
dict the energy dependence of the scattered electron p
ization P(«). This can be accomplished by first calculatin
the contribution to the total scattered electron current du
impact scattering at some particular inelastic energy l
« r , which is given by

FIG. 7. Normalized polarization of electrons scattered spe
larly ~�! and nonspecularly~�! from each of the five targets inves
tigated, as a function of inelastic energy loss. Scattering geome
are indicated in the insets.
t
d
re-
ar-

to
s

I N1F~« r !5I ~« r !2I D~« r !5
I ~« r !

11b~« r !
, ~11!

whereb(« r) is related, through Eq.~10!, to the measured
scattered electron polarizationP(« r) at « r . If it is further
assumed that, as discussed previously, impact-scatte
rates are proportional to the joint densityJ(«) of occupied
and unoccupied states, this currentI N1F(« r) can be used to
estimate the currents due to impact scattering at other e
gies via

I N1F~«!5
J~«!

J~« r !
I N1F~« r !. ~12!

Denoting the ratioJ(«)/J(« r) by Jn(«),I N1F(«) can be
written

I N1F~«!5
Jn~«!I ~« r !

11b~« r !
, ~13!

whence the current associated with dipole scattering is gi
by

I D~«!5I ~«!2I N1F~«!5I ~«!2
Jn~«!I ~« r !

11b~« r !
. ~14!

The ratio of these currents then provides an expression
the value ofb~«! to be expected at all inelastic energy loss
«, i.e.,

b~«!5
I D~«!

I N1F~«!
5
I ~«!@11b~« r !#

I ~« r !Jn~«!
21. ~15!

b(« r) may be written in terms of the~measured! electron
polarizationP(« r) using Eq.~10!, yielding

b~« r !5
2a~« r !

12P~« r !/P0
21. ~16!

Substitution in Eq.~15! gives

-

es

FIG. 8. Normalized polarizations predicted by Eq.~6!, as a func-
tion of the ratiob of dipole- to impact-scattering rates, for sever
values of the parametera that represents the fraction of impac
scattering events that result in electron exchange.
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13 978 55HSU, MAGUGUMELA, JOHNSON, DUNNING, AND WALTERS
b~«!5
I ~«!2a~« r !

I ~« r !Jn~«!@12P~« r !/P0#
21. ~17!

Use of this relation, coupled with Eq.~6!, provides an ex-
pression for the expected energy dependence of the scat
electron polarization

P~«!

P0
512

2a~«!

11b~«!
512

I ~« r !Jn~«!a~«!@12P~« r !/P0#

I ~«!a~« r !
.

~18!

The energy dependence of the fractiona~«! of impact-
scattering events that result in a spin flip is not known
appears reasonable to expect, however, that this fraction
not be strongly energy dependent. If it is assumed as a
approximation thata~«! is energy independent, Eq.~18! re-
duces to

P~«!

P0
512

I ~« r !Jn~«!@ I2P~« r !/P0#

I ~«!
. ~19!

Values of P(«)/P0 obtained using this expression are i
cluded in Fig. 9. The data for Fe/Cu~100!and Mo/Cu~100!
were derived using reference energies« r of 2 and 5 eV,
respectively. These energies were selected because the
close to the minima in the observed polarization profiles a
because they correspond to regions whereP(«) is large. Ref-
erence energies of 3 and 5 eV were employed for Cu~100!
and Ag~100!, respectively, and represent the energies
which J(«) for these targets first becomes large. The val

FIG. 9. Comparison between the measured off-specular po
izations~�! and predictions based on Eq.~19! ~s!.
red

t
ill
st

lie
d

t
s

of P(«)/P0 derived from Eq.~19! are in reasonable agree
ment with the experimental observations, at least for inela
energy losses&6 eV. Agreement becomes less good f
larger energy losses, possibly as a consequence of the
creasing importance of multiple scattering. Nonetheless,
general level of agreement evident in Fig. 9 suggests that
present model and the assumptions inherent in deriving
~19! are at least reasonable.

A further test of the present model can be obtained
considering the energy dependence of the contribu
I D(«) to the total scattered electron current due to dip
scattering which, using Eqs.~10! and ~14!, can be written

I D~«!5I ~«!2Jn~«!
I ~« r !@12P~« r !/P0#

2a~« r !
. ~20!

Although the value ofa(« r) is not known, it is reasonable to
expect that, as discussed earlier, it will lie in the range 0.2
0.5. Values ofI D(«) derived using Eq.~2! and these two
values ofa(« r) are included in Fig. 6. Note that, as dis
cussed earlier, for Cu~100! dipole scattering is dominant
whereas for Mo/Cu~100! impact scattering provides a majo
contribution to the scattered electron signal.

The rate for dipole scattering at a solid surface is thou
to be governed by the complex dielectric functiond(«,q)
and to be proportional to Im{21/@11d(«,q)#}, the surface
energy-loss function.2,11,12 In the limit of zero-momentum
transfer, i.e.,q50, the dielectric function is related to th
dielectric constantn(«) and extinction coefficientk(«) by

d~«!5@n~«!2 ik~«!#25d1~«!1 id2~«!, ~21!

where

d1~«!5n~«!22k~«!2,

d2~«!52n~«!k~«!.

Values ofn(«) andk(«) for several of the targets studied i
this work are tabulated in the literature13 and can be used to
obtain an estimate of the energy dependence of the dip
scattered signal. This predicted energy dependence is
cluded in Fig. 6 and is seen to be in qualitative agreemen
least for inelastic energy losses«(6 eV, with that obtained
using Eq.~20!, again pointing to the essential correctness
the present model.14

V. SUMMARY AND CONCLUSIONS

The present work suggests that electron-spin labe
techniques can be used to examine the relative importanc
dipole and impact scattering in inelastic electron scatter
from surfaces. The polarization of incident electrons is fu
preserved in the case of dipole scattering, but is degrade
exchange reactions in the case of impact scattering. Con
eration of the data using a simple model indicates that
targets such as Ag or Cu that have filled 3d-shells dipole
scattering is dominant, whereas for targets like Mo, Fe, a
Co with large densities of unoccupied states the rate for
pact scattering is greater than, or comparable to, that
dipole scattering for inelastic energy losses«*1 eV. Further
analysis suggests that for each target the rate for impact s
tering is approximately proportional to the joint densi
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J(«) of occupied and unoccupied states. It is also obser
that impact-scattered electrons tend to be concentrated
the specular direction, but not so strongly as dipole-scatte
electrons. This suggests that in impact-scattering elect
hole pair excitation occurs predominantly via relative
small-angle inelastic scattering events either preceded or
lowed by elastic backscattering from the ion cores. Th
since the angular distributions of impact-scattered electr
are governed primarily by the elastic event, it follows th
there should be little difference in angular distributions
direct- and exchange-scattered electrons, i.e., the fractio
nd
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impact-scattering events that lead to a spin flip should
approximately independent ofQ.
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