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Spin-dependent studies of the dynamics of Heion neutralization at a Au(100 surface
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Spin labeling techniques, specifically the use of electron-spin-polarizédiétes coupled with energy-
resolved measurements of the ejected electron polarization, are used to study the dynamiceeitkédiza-
tion at a A100 surface. A marked correlation in the spins of the electrons involved in the Auger neutral-
ization process is observed that is particularly pronounced at the highest ejected electron energies. A theoretical
model is presented that explains the general characteristics of the data by considering the perturbation in the
surface electronic structure induced by the presence dptilarized He" ion. This model, which includes the
effects of ion velocity parallel to the surface, shows that the induced density of states is spin dependent, the
spin dependence being most pronounced in the vicinity of the Fermi erf&@¥63-182609)13335-4

INTRODUCTION broaden to such an extent that they extend below the Fermi
level e allowing each to be partially filled by electrons from
The dynamics of ion neutralization at surfaces have beethe metal. This increases the local density of states in the
investigated both by analyzing the energy distributions ofvicinity of e and, because the'$ level lies significantly
electrons ejected from the surfacand by measuring the higher in energy than the33 level, this increase is spin
number, and charge state distribution, of particles producedependent resulting in a marked spin dependence in the in-
through reflection of incident iorfsHere, we demonstrate a duced local density of states. The calculations include the
powerful method for probing such dynamics that makes useffects of ion velocity parallel to the surface which, it is
of spin labeling techniques, specifically the use of incidentshown, can influence the polarization of the ejected elec-
electron-spin-polarized He ions coupled with energy- trons.
resolved measurements of the ejected electron polarization.

This approach complements the earlier investigations and EXPERIMENTAL METHOD
provides insights into the perturbations in local surface elec- . _ o
tronic structure induced by the presence of the ion. The present apparafus shown schematically in Fig. 1.

Conventional modelssuggest that at clean high-work Polarized He ions extracted from an optically pumped rf-
function metal surfaces Heions undergo Auger neutraliza- €xcited helium discharge are formed into a beam by a series
tion (AN) in which an electron from the metal tunnels into of electrostatic lenses and directed onto the(1R0) target
the He"1s core hole. The energy liberated is communicatedsurface. The energy distribution of the ejected electrons is
to a second electron in the metal, which, if the energy transmeasured using a retarding potential-energy analyzer; their
fer is sufficient, can be ejected from the surface. This ANpPolarization is determined using a compact Mott polarimeter.
process results in a relatively structureless ejected electron- The central component of the ion source is a weak, rf-
energy distribution that reflects, approximately, a self-excited helium discharge that is contained in a cylindrical
convolution of the local density of electronic states at thePyrex cell. In such discharges, Penning ionization reactions
surface. However, earlier studies using spin-polarized®f the type
He(2°S) metastable atons® which undergo resonance ion-

ization as they approach a high-work function metal surface, He(2M%S) + He(2'%S) —He" + He(1'S)+e” (1)
have suggested that the presence dpalarized He" ion

can lead to a strong spin-dependent local perturbation in thekagfam e 1AL PUMPING ENERGY

surface electronic structure. In particular, the data sugges PYREX DISCHARGE CELL ANALYZER 4 AuTARGET
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that the ion can, in essence, locally “magnetize” the surface. N | ‘Nacrzer

In the present paper, we have examined this behavior di- [/ Z/————|—————7——7_ \yrr—

. . . . . RN - 1 | — - — /l} u:_j
rectly using a beam of polarized Héons incident on a clean SER N N S T ¥
Au(100 surface. A marked correlation in the spins of the \Eismoos ! Q8 2 ¢ AN e
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electron energies. A theoretical model is presented that ex-
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plains the general characteristics of the data by considering o~ TRANSPORT v
the perturbation in the surface electronic structure that results S°“* opTics ANALYSIS

from the presence of the polarized H®n. The major per-

turbations to the surface electronic structure are associated FIG. 1. Schematic diagram of the apparatus. The lens elements
with interactions that involve the heliumsdrbital. Near the  |abeledSP;...SP, also serve as steering platesh; and A, are
surface, the 2S and 2S atomic levels each shift upward but small beam defining apertures.
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involving He(21°S) metastable atoms present in the dis-target surface was measured by moving the target and allow-
charge contribute significantly to the overall ion producfion. ing the beam to enter a Faraday cup equipped with a retard-
If the He(2°S) atoms are spin polarized by optical pumping, ing potential-energy analyzer. To facilitate changing the ion
spin angular momentum conservation leads to the formatioirmpact energy at thégrounded target, the power supplies
of polarized Hé ions. Because the performance of theand potential dividers used to bias the repeller electrode, ex-
source is degraded by the presence of impurities in the digraction canal, and elements of the ion transport system up
charge, helium gas is flowed through the cell. The cleanneg®, and including, the second apertétgare all referenced to
of the discharge is monitored using a low-resolution spectroa common potential. By varying this potential, the energy of
scope; if no spectral lines other than those of helium ardhe ions relative to ground can be adjusted without changing
detected, the source will typically perform well. the ion extraction conditions or the focusing of the optics
A weak-magnetic field of-2 G is applied across the dis- throughA,. The potentials applied to the lens elements fol-
charge cell(and the entire ion beam lingo establish and lowing A, must, however, be individually adjusted as the
maintain a well defined quantization axis. ThéS2atoms in  beam energy is changed to maintain a good focus on the
the discharge are polarized by optical pumping using circutarget surface. Using this technique, the ion impact energy at
larly polarized 1.083um 23S— 23P radiation. This is pro- the target can be varied from 15 to = 300 eV.
vided by a system comprised of a distributed Bragg reflector The ion beam purity was checked using time of flight
(DBR) laser diode coupled to a Yb-doped fiber amplifier, techniques by pulsing the transverse voltages applied to the
which vyields output powersz 0.5 W. Use of right-hand first set of steering plates. At the source operating pressures
(left-hand circularly polarized radiation preferentially trans- used in this work(= 0.3 torp only He" ions could be de-
fers, or pumps, %S atoms into them;=+1(—1) magnetic tected. The Hé beam polarization, defined by
sublevel. The relative densiti@s. , n, andn_ of 23S atoms
in the my(mg)=+1, 0, and—1 sublevels, respectively, are _ N, —N_ 3)
obtained, as described previou&lgy measuring the absorp- TUONLHNC
tion of a weak circularly polarized 1.083m probe beam . .
that is provided by a second DBR laser diode. The outpu\’vherleN+ an(il N_ are _the number of ions In thMJ.(MS)
frequency of this laser is scanned by varying the drive cur-_.' 2 and —; magnetic sublevels, respectively, is deter-
rent to allow separate absorption measurements at 8¢ 2 mined by allowing the be?‘m to stnke_thg clean (m
—23Py(Dy), 2%S,—2°P,(D;), and 2S,—23P,(D,) target surface and measuring the polarization of the ejected

transitions. Such measurements show that, when pumping oeHectrons. This polarization, specified by

the 22S,—23P,(D;) transition, the present laser system can n.-—n
provide He(2S) polarizations in the discharge, defined by Pezﬁ, (4)
T 1
B B (np—n_) wheren; andn, are the number of electrons in times=
P,=(S)= n,+ng+n_’ @ 4 3 and— 3 states, respectively, was determined by directing

the ejected electrons into a compact retarding-potential Mott

of typically 0.65 to 0.75. The metastable atgamd thus ion polarimeter® Earlier work in this laboratofusing a beam of
beam polarization can be easily reversed by changing thepolarized thermal-energy Hetg) atoms [which undergo
sense of circular polarization of the optical pumping radia-resonance ionization as they approach &180) surfacg has
tion. shown the electrons involved in Auger neutralization of such

lons formed in the discharge are extracted through a shoions are correlated in spin, resulting in an ejected electron
canal with the aid of a small bias applied to a repeller elecpolarization that is, on average;0.3 times the polarization
trode. The emergent ions are formed into a beam and transf the incident ions. Using this known spin correlation, the
ported to the target surface by a system of electrostatigcident ion polarizatiorP, can be inferred from the mea-
lenses. The ion transport energies are relatively kigh00—  sured electron polarizatioR,, i.e., P, =P//0.3. The earlier
250 eV) to minimize deflections due to the transverse fieldspin correlation studiéspertain to very low-ion impact en-
that defines the quantization axis. To correct these defle@rgies,<1 eV. However, the present measurements show
tions, the lenses indicated were divided into four quadrantthat the average ejected electron polarization is independent
allowing them to double as beam steering elements by applief incident ion energy, at least for ion energies in the range
cation of small transverse electric fields. lons emerging fronilO to 250 eV, suggesting that the spin correlation is not
the extraction canal have a broad energy distributierg0  strongly energy dependent. Under optimum operating condi-
eV, that depends on the discharge pressure and intensity. Thiens, the present source can provide ion beam currents of
energy distribution of those ions that impact the target sur~1-2 nA at the target surface with polarizatioRs of
face is reduced by taking advantage of the chromatic aberra~0.17.
tion in the lens system. The ion transport system was de- The Au100) target surface is cleaned by repeated argon
signed with two intermediate foci where small aperturesjon bombardment/thermal annealing cycles. Surface clean-
labeledA; and A, in Fig. 1, were located.The second ap- ness is monitored by Auger analysis and by ion neutraliza-
ertureA, also provides a convenient vacuum break betweetion spectroscopy, i.e., by measuring the energy distribution
the intermediate and findUHV) vacuum chambersOnly  of electrons ejected from the surface as a result of ib&
ions within a narrow energy range,3-5 eV full width half  neutralization. This distribution, which is measured using a
maximum, are focused through both apertures. The energgimple retarding potential-energy analyzer, is very sensitive
distribution, and total current, of the ions incident on theto surface contaminatioh'® The ejected electron polariza-
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ejected electron energy should be given By,,=&—2¢,
where g; is the ionization energy of the ion andl is the
surface work function;-5.5 eV for AU100). The ionization
energye; depends on the ion-surface separation, decreasing
from the value characteristic of an isolated iom; (
~24.6eV) as the surface is approached. This suggests a
valueE,,,=13.6 eV, which is in reasonable accord with the
value observed with He@®) atoms. Several effects have
been discussed that might account for the observed increase
in the high-energy cutoff with increasing ion energiy}?the

two most important of which are associated with the motion
of the incident ion. The first is a purely kinematic effect. In
the metal, the electrons can be approximated as a semi-
infinite free-electron gas. The density of states in momentum

(IZ) space for such a gas is constant. Transformation into
energy space leads to a density of staites) that increases
with increasing electron energyasn(e)~¢*2 Multiplica-
ELECTRON ENERGY (eV) tion by the Fermi-Dirac distribution function results, for rela-
tively low temperatures, in a sharp cutoff in the density of

S . . states near the Fermi energy. In k space, this cutoff limits
FIG. 2. Electron-energy distributions resultlng from Hen the Occupied states to those within a Sphere, termed the
neutralization at a clean ALOO) surface for incident ion energies Farmi sphere, of radius:, corresponding to a Fermi veloc-
of (—.—.—.—) 16, (= — ) 60, agd(“') 250 eV.(—), earlier v\, | the rest frame of the incident ion, the velocity
results obtained using incident He®) metastable atomiRef. 4. giqyibytion of electrons in the metal is shifted by an amount

tions were measured using a Mott polarimeter, which Wasequal to th_e incident ion velocity; . This distorts _the _density
' of electronic states as observed from the moving'idithe

equipped with a retarding potential-energy analyzer at its in- ) i ) L
auipp gp g9y y ffective cutoff in the density of states is increased to a new

put to permit energy resolved measurements. In the Motf

H _ 2
polarimeter, the electron polarization is determined by mea?&U€ &c given by ec=me(ve+v;)*/2. For gold, e¢

suring the asymmetry that results due to the spin-orbit eﬁeCFS.SeVilcorrespPrjding to a Fermi velocityg~1.4
X10Pms L. A He' ion incident at 250 eV has a velocity

when they scatter quasielastically at large angtes-120°)

_l . .
from a thorium target maintained at 25 kV. This asymmetry,Yi~1.1X 10°ms 7, resulting in a cutoff energy.~6.4eV,
defined a3t i.e., in a reduction of~1 eV in the effective surface work

function. Such a decrease would lead to an increase 2f
N, —Ng eV in the maximum ejected electron energy. This increase,
= (50 although substantial, is somewhat less than that observed ex-
N, +Ng . > al _
perimentally, suggesting that an additional broadening
whereN, andNg are the numbers of electrons scattered tomechanism is occurring. As discussed by Hagstttithjs is
the left and right, respectively, is related to the component omost likely associated with nonadiabatic excitation of elec-
electron spin perpendicular to the scattering planePgy trons in the solid by the moving ion to create electron-hole
=A/S., where Sy is the (known) effective scattering pairs. Such electrons have energies abeyeand, if they
asymmetry. Effects associated with instrumental asymmeparticipate in the Auger neutralization process, could lead to
tries are eliminated, as described elsewliéfehy undertak-  increased ejected electron energies. Fourier analysis of the
ing measurements with the incident ion-beam polarizatiorvariation in the potential at a point as the ion passe¥ by
reversed P, — — P_), which is simply accomplished by re- suggests that the broadening due to this mechanism should
versing the sense of circular polarization of the opticalincrease approximately linearly with and amount to~0.5

N(E) dE

A

pumping radiation in the source. to 1.5 eV for the present range of ion energies.
Measured ejected electron polarizations are shown in Fig.
RESULTS AND DISCUSSION 3 as a function of the retarding potentik applied to the

retarding grid in the energy analyzer at the input to the Mott
Ejected electron-energy distributions observed followingpolarimeter for ion energies of 16, 60, and 250 eV. The

He' ion neutralization at a clean ALOO) surface are pre- electron polarization is normalized to that of the incident
sented in Fig. 2 for incident ion energies of 16, 60, and 250ons. For any particular retarding potentig, the measured
eV. Also included is the energy distribution measured in earpolarization represents the average polarization of all elec-
lier work that results from the deexcitation of thermal-energytrons ejected with energies greater tlev, wheree is the
He(2°S) metastable atonfsAs expected, the energy distri- electronic charge. A marked spin correlation is evident indi-
butions, which reflect a self-convolution of the local densitycating that the electrons involved in the Auger neutralization
of states, are broad and relatively featureless. The highprocess tend to have antiparallel spins. This can be seen, for
energy cutoff in the distributions, however, increase mark-example, by considering the specific case where the incident
edly with increasing incident ion energy. In the absence oHe" ions are polarized in thé/;(Mg)=+3, i.e., spin-up
other effects, simple arguments suggest that the maximurstate. Because the helium ground state is a spin singlet, such



PRB 60 SPIN-DEPENDENT STUDIES OF THE DYNAMICS P. .. 9085

L incomplete understanding of the influence of metallic screen-
] ing on the procesgAuger transition-matrix elements depend
sensitively on the dielectric function used to screen the Cou-
lomb potentialt?) Also, perturbations introduced by the pres-
ence of the Hé ion near the surface could have a strong
effect on the transition matrix elemerifs.
. ] Here we neglect the energy and spin dependence of the
3 transition-matrix elements and assume that the ejected elec-
] tron currents are proportional to a simple selfconvolution of
. the occupied part of the surface densities of states for spin-up
and spin-down electrong*° and p{°. If, as assumed pre-
viously, the incident ions are polarized in thé;(M¢)=
+1/2 state, the currents of spin-up and spin-down electrons
ejected from the surface with energywill be given by

POLARIZATION

o 4 8 12 16 () [ de’ o) e —)
RETARDING POTENTIAL (VOLTS) 6)

‘ y _0cc 1y 0CC
FIG. 3. Ejected electron polarizations as a function of the retard- Il(w)xf de’p?*(e")pY (w—si—8’),

ing potentialVg applied to the retarding grid in the energy analyzer . o . .

at the input to the Mott polarimeter. Data points: experimental mea¥Vheres; is the ionization energy of the ion. When evaluating
surements for He ion energies ofd) 16, (&) 60, and(®) 250 eV. these expressions it is assumed that thé loa is at a fixed
Lines: theoretical predictions obtained assuming that Heutral- ~ atom-surface separation and is in equilibrium with the sur-
ization occurs at an ion-surface separatidn 6 a.u. for incident  face. In practice, the incident ion has a component of veloc-
He* ion energies of— — —) 16, (—---) 60, and——-——) ity perpendicular to surfacgThe ions are incident at an
250 eV and assumed effective surface temperatiiggsof 900, angle #=50° to the surface normalBecause of this, the
1500, and 3000 K, respectively. The electron polarization is nortransition-matrix elements might also be influenced by nona-

malized to that of the incident ions. diabatic effects. However, a fully nonadiabatic treatment of
_ _ _ the problem is presently not possible.
ions must be neutralized by spin-downs=— 3 electrons The presence of thépolarized He" ion at the surface

from the metal. However, as shown by experiment, this isntroduces a spin-dependent perturbation. To estimate the in-
accompanied by preferential ejection of spin-up electrongiuced density of states, the Hsurface interaction is treated
leading to the formation of singlet two-hole final states in theusing the Anderson Hamiltonian
surface.

The general characteristics of each of the data sets in Fig. 1
3 are similar(and mirror the behavior observed with polar- H:% 8knk0+; gNot 5 2 UsoNoNgr
ized He(2S) atoms.>* At low-to-intermediate values of re- e
tarding potential, the measured electron polarizations are es- n n
sentially constant and independent of incident ion energy. +;r VioCo CkU’L;’ VkoCkoCo- @
However, they increase markedly at the highest retarding ’ ’
potentials indicating that those electrons in the high-energylere, e, denotes the energy of the different electronic states
tail of the electron-energy distributions have polarizationso of the helium atom. The subscriptrefers to the Bloch
that are significantly higher than those characteristic of thénomentum and band index of the metal conduction elec-
rest of the distribution. This increase in polarization can belrons. U, represents the intra-atomic Coulomb repulsion
explained by considering the perturbation in surface elecbetween the different helium states,, is the hopping ma-
tronic structure induced by the presence of tpelarized trix element between the helium stdié and the conduction
He' ion. Calculation of such perturbations, and the energyelectron state in the metgk, o). It is assumed that spin is
and polarization distribution of the ejected electrons resultinggonserved during electron tunneling.
from Auger neutralization, is a very challenging problem. The surface is approximated using a jellium model char-
However, a qualitative understanding of the underlyingacterized by a half-filled elliptical conduction band centered
physics can be achieved by adopting some simplifying asat the Fermi energy. The unperturbed density of states at the
sumptions. surface thus takes the form

3 e—eg|?
THEORY pi“”(s—sp>=ﬁ[1—( =] ®
A rigorous theory of the Auger neutralization of ions near
a surface is still lacking. While some progress has beeffor s e (—D+ep, D+eg), andpS"™=0 elsewhere. For Au,
achieved in calculating transition matrix elements for verywe takeD =5.5 eV, consistent with a Wigner Seitz radius of
large atom-surface separatioiisit is still not clear how r¢=3.01 a.u. The major perturbation in the surface electronic
transition-matrix elements should be calculated at typicabtructure is associated with the heliudS2and 2'S atomic

physisorption distances. The major difficulty arises from thestates. At large atom-surface separations, th®@ &nd 2'S
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where« can be treated as a free parameter to be determined
9r by fitting model predictions to the experimental data. As will
i be shown, reasonable fits can be obtained using.1. (It
6L i \ might be expected that should be small since the induced
[ states have the greatest overlap with the helium orbjthds.
3t I,"// \\\ \ equilibrium, the occupied density of states can be obtained
VRN from the total effective density of states by multiplying by a
0 — RS modified Fermi-Dirac distribution function.
The two effects of ion velocity discussed earlier are in-
i cluded in the calculations as follows. Electron-hole pair ex-
| * N\ citation is taken into account by increasing the effective sur-
) \ face temperature, which broadens the Fermi-Dirac
A \ distribution. As noted previously, broadening due to
3T ,f’//\ \ \ electron-hole pair excitation is expected to increase linearly
LN with ion velocity. In calculating the occupied densities of
= states, effective surface temperatufgg of 300, 900, 1500,
-4 R 0 2 4 and 3000 K were used for incident ion energies of 0, 16, 60,
e—er (eV) and 250 eV, respectively. These choices of temperature lead
to high-energy cutoffs in the ejected electron energy distri-
butions that are in accord with those observed experimen-
I;ally. A technique based on the Galilean transformation op-
erator is used to model the effects of parallel velo&itfFor
an ion moving with momentur®, parallel to the surface, the
levels lie ~4.77 and 3.97 eV, respectively, below the problem can be solved exactly. If matrix element effects are
vacuum level. The levels are relatively close to the Fermineglected, the finite parallel velocity can be accounted for by
energy of the target and therefore hybridize strongly with theeplacing the(broadened Fermi-Dirac distribution function
surface. However, the energy separation is such that thg with the quantity
populations in these levels will be small allowing many-

b)

DENSITY OF STATES

FIG. 4. Calculated induced densities(af spin-up andb) spin-
down states for a Heion located 4(——), 6 (— — —), and 8
(----) a.u. from the surface. The solid line shows the assumed bul
density of states.

electron effects to be neglected. The,,, term in Eq.(7) R (6,
can therefore be omitted enabling analytical diagonalization F(e,Qp,Te) = N (12
of the Hamiltonian. (fide

As an atom approaches a metal surface, the energy levels - ) ,
shift and broaden. The distance dependence of the shift annere the average ovéris restricted tos,=e. This aver-
broadening of the He@B) state has been calculated previ- 29ing can be done_ numerlc_ally for a sphenc_al F_erm| surface.
ously using the complex scaling methtfdn the region out- The total occupied density of state§™(¢) is simply ob-
side the surface where Auger neutralization is expected ttained by multiplying piﬁ(s) by F(e,Qy,Tex). Figure 5
occur, i.e., at atom-surface separatichdetween 4 and 8 shows the calculated occupied densities of spin-up and spin-
a.u., the shift and broadening of the state can be parametedown states for the ion energies employed experimentally

ized as and ion-surface separations of 4, 6, and 8 a.u. For reference,
results are included for zero incident ion energy. A marked
e )_8022-26\/ o) spin dependence in the density of occupied states is evident
7 R V4 that is particularly pronounced in the vicinity ef-. The

density of spin-up states is significantly higher than that of

spin-down states. This results because, as illustrated in Fig.
T,(Z)=1.4exg—0.14Z)eV. (10) 4, the resonance associated with spin-up states-i@8 eV

lower in energy than that for spin-down states, i.e., closer to
For simplicity, we assume that the shift and broadening of: . As expected, because of kinematic effects, the density of
the He(2S) state is the same as for the Hég} state. occupied states is quite sensitive to ion energy, extending

For a He' ion at rest near the surface, the induced densitowards ever higher energies as the ion velocity is increased.

ties of spin-up and spin-down states can be calculated dinterestingly, neaer, the occupied density of states is not
rectly from the retarded Green’s functions of the two levels strongly dependent on the ion-surface separafiomhis re-
p(e)=21mG,(e).” Figure 4 shows the calculated in- sults because, as can be seen from Fig. 4, although the reso-
duced density of spin-up and spin-down states for ald@  nances in the induced densities of states broader de-
locatedZ=4, 6, and 8 a.u. from the surface. The effect of thecreases, they also shift toward higher energies maintaining
increasing shift and broadening of the atomic levels as thapproximately the same density of states in the vicinity of
surface is approached is clearly apparent. For reference, Figr . However, for energies well abowg- a significant dis-

and

4 also includes the substrate density of states. tance dependence is apparent.
The effective density of surface electronic states near the The energy dependence of the ejected electron polariza-
He" ion may be written tions derived using Eq$6) for ion neutralization 4, 6, and 8

ot surt - a.u. from the surface is shown in Fig. 6. Similar trends are
ps(e)=apy, (e)+(1-a)p, (&), (1) evident in each data set. The calculated polarizations are sub-
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» a) in the Auger neutralization process must originate from ever
.03 higher energy states where the spin dependence in the den-
sity of occupied states is most pronounced. Interestingly,
o W s N nced. Intere
f theory suggests the possibility that for high-incident ion en-
v 03 : ergies the polarization of the ejected electrons might reverse
= o e sign near the high-energy cutoff. This results because the
s 0 . calculations predict that for large ion-surface separations the
2 03 0 b) occupied density of spin-down states is greater than that of
o B NS spin-up states for energies—e-=2 eV. The shift of the
E 0 N\ e distributions toward lower ejected electron energies with de-
z 03 \ creasing neutralization distance results from the upward shift
= in the ground-state energy of the ion as it approaches the
a o surface. The low-energy cutoff in the distribution is an arti-
=0 . . .
m fact of the simplified band structure assumed in the calcula-
5 * c) .
G .03 AN tion.
8 \\ In order to obtain a direct comparison to experiment,
0 NV where the average polarization of all electrons ejected with
03 v energies greater than some vakeley set by the retarding
N potential Vg used in the energy analyzer is measured, aver-
0 , > 0\\ > aged polarizations were calculated using the expression
e—¢ eV ™
r (eV) bV Jeydofl (o) =1 (o)} 3
FIG. 5. Calculated occupied densities of spin-up and spin-down R f‘;fVRdw{l T(‘*’)"' I L(“’)} :

states for Hé ion-surface separations ¢d) 4, (b) 6, and(c) 8 a.u.

The different lines are for incident ion energies 6f—) 0,  Results obtained assuming that neutralization occurs at ion-
(————) 16,(= — —) 60, and(--——) 250 eV and assumed effec- g\face separationg of 4, 6, and 8 a.u. are presented in
tive surface temperaturély of 300, 900, 1500, and 3000 K, re- g 7 The calculations are limited to retarding voltages for
spectively. which the transmitted secondary electron current is at least
.1% of the total secondary electron current. The predicted
olarizations increase with increasing incident ion energy
ut, at least for values aZ=<6 a.u., this increase is small.

stantial and increase dramatically with increasing ejecte
electron energy, and thus with increasing incident ion eny,
ergy, in quahtatlve agreement W.'th the experimental resuIts‘OveraII, the calculated polarizations are relatively indepen-
This increase in the polarization is to be expected because,$
t

the eiected elect ) the elect Vol nt of Z. The results foiZ=6 a.u. are included in Fig. 3.
€ €jected electron energy Increases, the electrons nvolv hough the predicted polarizations are somewhat lower

than the measured values, the general agreement between
theory and experiment is quite good, especially considering
the simplifying assumptions inherent in the theory. In par-
ticular, the present model correctly predicts the large in-
crease in polarization seen at the highest retarding voltages.
Although, the predicted increase depends on the widths of
the spin-up and spin-down resonances in the induced density
of states, i.e., on the widths and degeneracy of the helium
2133 levels, the general features of the calculated spin polar-
izations and their dependence on ion energy are not strongly
influenced by reasonable changes in the helium level param-
eterizations. A detailed investigation of these dependences
has been presented elsewhEr@he resonance in the spin-
down density of states lies relatively far above the Fermi
level. Thus, decreasing the widths of the resonances reduces
the relative contribution of spin-down states to the total den-
sity of states neaer. A reduction of a factor two in the
widths, for example, increases the calculated maximum po-
' : larization to~0.7. Matrix-element effects and the simple as-
0 4 8 2 16 20 sumed shape of the conduction band might also contribute to
ELECTRON ENERGY (eV) the differences between the measured and calculated polar-
FIG. 6. Calculated energy dependence of the ejected electroffations. . . .
polarization assuming that Heneutralization occurs at ion-surface ~ An additional mechanism that might contribute to the ob-
separations ofa) 4, (b) 6, and(c) 8 a.u. The different lines are for S€rved spin correlation has been propd8eiat is based on
incident ion energies of—) 0, (———) 16,(— — —) 60, and  the separate consideration of the transition rates associated
(-----) 250 eV and assumed effective surface temperatures of 300yith the ejection of spin-up and spin-down electrons. An
900, 1500, and 3000 K, respectively. incident (spin-up He" ion must be neutralized by a spin-
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tinguishable reaction channels and interference between
a) : these can reduce the probability for ejecting spin-down elec-
4L ' - trons as compared to that for ejecting spin-up electrons. Cal-
. : culations using this model and approximate metal and atomic
wave functions, and including surface screening, suggest that
such interference could lead to sizable ejected electron po-
larizations. However, the polarization is predicted to de-
crease dramatically with increasing electron energy, behavior
= that is opposite to that observed experimentally.

CONCLUSIONS

The present paper shows that spin labeling techniques
provide a powerful tool with which to investigate the dynam-
ics of ion-surface interactions. This approach can provide
insights into the perturbations in the local surface electronic
structure introduced by the presence of the ion. In particular,
comparisons between experimental data and the results of a
simple theoretical model demonstrate that the presence of a
(polarized He* ion near a surface can result in a strong spin
dependence in the induced density of states. Because the
induced density of states results from partial filling of the
broadened helium S levels, three basically independent
mechanisms might be pictured as leading td Kt neutral-
oL . ' l ization: Auger neutralization, direct Auger deexcitation of
the singlet state with emission of a metal electron, and indi-
rect Auger deexcitation of the singlet or triplet states in
which a metal electron fills the Heslcore hole with emis-
sion of the & electron. Only the latter process would lead to

FIG. 7. Calculated ejected electron polarization as a function offJ€CION Of_ a polarlz_ed electron. _Thus, the observed electron
the retarding potentiaV/s assuming that He neutralization occurs ~ SPIN polarization might be considered as a measure of the
at ion-surface separatio@of (a) 4, (b) 6, and(c) 8 a.u. for incident ~ relative importance of indirect Auger deexcitation as com-

POLARIZATION

0 5 10 15
RETARDING POTENTIAL (V)

He" energies of—) 16, (———) 60, and(— — —) 250 ev  pared to the other processes. Further work will be required,
and assumed effective surface temperatiigsof 900, 1500, and however, to estimate the various matrix elements to better
3000 K, respectively. develop this picture.

down electron from the surface, but the ejected electron can
have spin up or down. If Auger neutralization leads to ejec-
tion of a spin-up electron, the neutralizing and ejected elec- The experimental research was supported by the Office of
trons can be distinguished. If spin-down electron ejectiorBasic Energy Sciences, U.S. Department of Energy and the
occurs, it is not possible to determine for a given initial pairRobert A. Welch Foundation. The theoretical work was

of spin-down electrons in the metal which is captured by theunded by the National Science Foundation under Grants
He' ion and which is ejected. This gives rise to two indis- Nos. DMR-952144 and CDA-9502791.
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