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Theory of spin polarization in the metastable-He —metal interaction
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In a recent experiment by Hart et al. , the spin polarization of electrons emitted in the interaction be-
tween metastable He and Cu was measured as a function of their kinetic energy. The polarization was
found to increase with increasing electron energy from approximately 22% at the lowest energy to
around 75% at the highest energy. The purpose of the present work is to show the crucial role played by
three factors: the exchange interaction in Auger neutralization, secondary electrons, and Auger deexci-
tation. With these, we explain why there is a measured spin polarization and why the spin polarization
increases with increasing kinetic energy of the ejected electrons. Using a simple model for the copper
wave functions and including surface screening, our calculation shows a good agreement with the experi-
mental results.

I. INTRODUCTION
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There has been increasing interest in the spin depen-
dence of electron scattering from surfaces, ' especially
since it has the potential for obtaining information about
the exchange scattering. Recent experiments utilize a
spin-polarized beam as well as spin detection of the scat-
tered electrons to obtain information about different
scattering channels in magnetic materials. However, in
those experiments the number of scattered electrons in
different channels includes effects from the difference in
occupation of spin-up and spin-down electron states and
the exchange process. To isolate the eQect of exchange,
which is a property already of the nonmagnetic solid,
spin-polarized metastable-atom-deexcitation spectrosco-
py (SPMDS) on nonmagnetic materials will be shown in
this work to yield important information to this point.
We are particularly interested in the He-Cu system. '

The He-metal (or H-metal) interaction has been studied

by various authors, ' —though without focusing
speci6ca11y on the exchange effect. The purpose of this
work is therefore to go beyond those treatments by focus-
ing strongly on the exchange effect itself and to show how

the result of a SPMDS experiment on a nonmagnetic ma-
terial, such as Cu, directly measures the exchange
scattering.

The spin polarization of electrons emitted when a
thermal-energy beam of metastable He(2 S) atoms is
deexcited at a clean Cu(100) surface was recently mea-
sured. Figure 1 shows the experimental cross section
(small dots) and spin polarization as a function of the ki-
netic energy of the ejected electrons. The incident excit-
ed helium atoms can undergo an Auger deexcitation pro-
cess, where one metal electron makes a transition into the
empty He ls state (see Fig. 2). Energy is transferred to
the excited He 2s electron, which then can leave the
atom. Since the copper work function is sufBciently
large, there is a competing process where the incident
metastable He atom also can undergo resonant ioniza-
tion. The resulting He+ ion continues toward the surface
and is quickly neutralized by a metal conduction elec-
tron, and the resulting Auger electron can be ejected if it
has enough energy to surmount the surface barrier.
From the work by Hagstrum, we know that there is a
most probable distance where the neutralization process
takes place. For a thermal beam of helium this distance
is approximately 2 A. The electrons produced in the
Auger neutralization process can also cause a cascade of
secondary electrons, produced from electron-electron col-
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FIG. 1. Experimentally determined electron energy distribu-
tion (~ ) and polarization (+) for metastable He(2'S) deexcita-
tion at a clean Cu(100) surface (Ref. 6).

FIG. 2. Potential-energy diagram of a He+ ion at a distance

d from a metal surface. FF and Vo are the Fermi and vacuum

energy levels. 1s represents the He ground state and the energy

zero is put at the bottom of the conduction band. The empty

He 2s state is indicated with a dashed line.
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lisions, which yields a third contribution to the measured
yield.

In Sec. II we treat the production of electrons from the
Auger neutralization process. Starting from the golden
rule, we derive expressions for the production rate and
the spin polarization, which we calculate numerically. In
this calculation we include an exchange matrix element,
use approximate wave functions from the square barrier
model, and include a scheme for frequency and wave-
vector-dependent dynamical surface screening.

Section III contains the calculation of secondary elec-
trons. Using a simple model, we calculate the contribu-
tion of secondary electrons to both the total production
rate and the spin polarization.

Auger deexcitation and resonant ionization rates are
estimated in Sec. IV. Using the same ingredients as in
the Auger neutralization process, we calculate the contri-
bution to the production rate and the spin polarization.
The importance of the different processes at different dis-
tances between the atom/ion and the surface is discussed
in Sec. V. From this we conclude that the processes can
be characterized by a most probable distance, where they
take place. A summary and conclusions ends the paper
in Sec. VI.

Altogether, the Auger neutralization, secondary elec-
trons, and Auger deexcitation explain the experimentally
observed cross section and spin polarization in metastable
He and Cu interaction.

II. AUGER NEUTRALIZATION

In this section, we start from the golden-rule transition
probability and develop the theory for the Auger neutral-
ization (AN) process. The theory incorporates an ex-
change matrix element and dynamical metal screening.
Production rates and spin polarization are calculated nu-
merically for different selected distances between the ion
and the surface. We then choose the most probable dis-
tance as a representative distance of the process, to com-
pare with the experimental measurements.

Consider a spin-polarized He+ ion at a distance d from
a metal surface as in Fig. 2. In our calculation we use a
Fermi energy of 9 eV that corresponds to electron band
calculations. "

Vo is the vacuum level, and the helium
ground state

~
ls ) at infinite distance from the surface is

set to be 24.6 eV below the vacuum level. A metal elec-
tron can neutralize the ground state of the He+ ion.
Since the He+ ion is 100% spin polarized (with spin up
for convenience} this electron can only have a spin oppo-
site to the He+ electron. However, the emitted Auger
electron can have both spin up or down but with different
probabilities. This is the basic reason for measuring a
finite polarization of the outgoing Auger electrons. If the
detected electron has spin up there is only one possible
process [Fig. 3(a)], but if the emitted electron is detected
with spin down there are two different possible processes
between specific initial and final states [Fig. 3(b)]. One is
as the direct process, and the other (dashed} is the ex-
change process.

From the golden rule, we write the transition probabili-
ties per unit time and per energy interval for the emission
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of spin-up and spin-down electrons detected at an energy
Eas
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where f is the T=0 Fermi factor and M the Coulomb in-
teraction matrix element. ~k) and ~k') are both metal
conduction-electron states, ~k" ) is a free-electron state,
and

~
ls ) is the helium electron ground state. In the ex-

pression for N~(E), exchange effects are taken into ac-
count by the standard antisymmetrization of the matrix
element, where the factor —,

' ensures that we get zero po-
larization if we neglect interference between matrix ele-
ments.

In the experiment by Hart et al. , the polarization of
the Auger electron yield is defined as

N ) (E) Ng (E)—
Nt(E)+Ng(E} B —A

(3)

where N&(E) and Ni(E) are the number of spin-up and
spin-down Auger electrons, as described above in Eqs. (1)
and (2). Without exchange effects the measured polariza-
tion would be zero, which is not in accordance with the
experimental findings of Ref. 6. The quantities A and 8
introduced in Eq. (3) can be expressed, using Eqs. (1) and
(2), as

=2&— & f(k}f(k'}[1—f (k")]Re[M"&'.,M'", ]
7 7

X5(Eq Eq +E„Ei,)5(Es—~ E), (4—)—

FIG. 3. Auger neutralization. (a) shows the emission of
spin-up electrons S~(E) and (b) the emission of spin-down elec-
trons N~(E). The fu11 lines are the direct and the dashed lines

are the exchange neutralization processes. The ejected electron
is denoted k", the empty He ground-state hole 1s, and k and k'

are metal conduction-band electrons.
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X5(E„- E~—+E„E—„)5(E„- E—}, (5)

where M is the Coulomb matrix element. If we neglect

exchange, we observe that A =0 and P=0. Taking the
Fourier transform of the Coulomb interaction in the
parallel direction, assuming translational invariance of
the copper surface, and using the classical surface
response function (see, e.g., Ref. 12), the matrix element
can be expressed as

2

(6)

where co=E&- —E&.=E&—E„ is the energy transfer and 8 is a unit-step function. Here z =0 corresponds to the
square barrier step in the electron potential at the metal surface and the metal is in the z (0 region. Since the classical
response function contains e(co), it describes the dynamical screening of the neutralization event by the metal. We con-
sider this to be an important piece of physics to include, and in this sense our treatment goes beyond Refs. 7-10. How-
ever, then we are not fully treating the spatial screening of the external potential. To find a remedy for this, we later in-
troduced a kii-dependent so-called surface dielectric function.

The expression for the matrix element can be simplified if it can be separated with respect to the perpendicular coor-
dinates z, and z2 of the electronic wave functions. To investigate if such a separation is a valid approximation, we need
to look more carefully at the following integral:

z2

(ls(z&)~e " ' ' ik(z&)) =f dz& P»(z, )e " ' '
Pt, (z, )+f dz& P»(z, )e l' ' '

PI, (z, )=—I, +I2 . (7)
oo 2

If the first integral I, is negligible compared to I2, i.e., I, /I2 «1, a separation is valid. A closer look at I, and I2
gives at hand that I& /I2 &0. 1 for z2/d &0.5, where d is the ion-surface separation and z2 is the perpendicular coordi-
nate of ik') and ik" ). When z2 is close to the distance d between the surface and the He+ ion, I&/Iz =1, and the ap-
proximation is no longer valid. On the other hand, the metal electron state ik"(x2) ) decays exponentially outside the
surface and gives negligible contribution to the integral over z2. The separation is therefore a reasonable approxima-
tion. After the separation of the matrix element with respect to the coordinates z& and z2, as described above, the ma-

trix element in Eq. (6) can be written as

2

M", „-= g (1s(x )ie " '"e " 'ik(x ))
L 4~~0

q

&((k (x )i eall 2[1 e(z )]+ eall ~ ~
e ~ll 2 e(z )e'~ll "~ll [k (x ))

To be able to calculate the matrix element further, we
need to specify appropriate wave functions. For the met-
al conduction-electron states it ) and

~

k' ) we use free-
electron states calculated from a jellium model with a
square barrier confining potential. In our calculation we
use z =0 as the position of the potential step and for the
position of the image plane. This means that we use
different screening functions for z2 & 0 and z2 (0, as seen
in Eq. (6). In general, the position of the image plane de-

pends on frequency, but a frequency-independent choice
is a rather good one for low and intermediate frequencies
compared to the plasma frequency of the metal. ' This is
certainly better than using the classical image plane that
is at the jellium edge. Our wave functions describe s-

band states in a reasonable way, but fail to give any infor-
mation about the d-band states of copper. However, d-

band states give, as argued below, a negligible contribu-
tion to the AN process. Therefore, assuming translation-

gl, (x)=—e' ll "llg (z), Ez & E~,
where the perpendicular part is

(9)

+ —t„e "'e(z)

and the transmission and reAection coefficients are

2k'
ki+EK

kl lK
fk

kq+iK '

(10)

(12)

I

al invariance parallel to the surface, and using box nor-
malization (size L), these wave functions can be written in
the form'
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with the decay constant v given by

mVo —k (13)
A

The free-electron state
~

k" ) is taken as a plane wave cor-
responding to Eqs. (9) and (10), but with Ek., )E~. Out-
side a metal surface, the magnitudes of the wave func-
tions decrease the more localized the orbitals are. Of par-
ticular importance in the AN process is the magnitude of
the metal wave function at the position of the He ion.
Because of this, and the fact that the ejected Auger elec-
trons originate from the surface region, the contribution
from d electrons in the measured Auger spectrum is very
small. ' '

The hydrogenlike helium 1s ground state in the ion is
described by an exponentially decaying orbital with decay
constant 1,„. A,„ is set to 1.69 ap ', which is the value
given by a variational calculation of the helium atom. '

The helium core is at the distance d outside the metal
surface. In the following calculations, we use the approx-

I

imation of treating the 1s state as strongly localized at the
position of the helium ion. Integrals involving the 1s
wave function therefore reduce to integrals over only the
1s wave function, a quantity that we define as V&, with

V&, =64vr/(A, &, ) . The rest of the integrand is evaluated
at the point z =d.

An exponentially decaying orbital describes the 1s state
well when the helium ion is far outside the metal surface.
In approaching the metal surface we expect the energy
level to move up. ' We use the classical image shift
e /(16m eoz ) as an approximation of this increase in ener-

gy as the helium approaches the surface. This should of
course be more accurate for large distances outside the
surface. At closer distances we know that hybridization
and reorientation of orbitals may alter the energy level in
a manner different from the classical image shift. ' How-
ever, this is most important for more extended wave
functions, i.e., for excited helium states.

Putting everything together we now express A and 8,
defined in Eqs. (3)—(5), as

~ ~

V, g f(k)f(k')[1 f(k")]-
477&p

XRe{N(kj kj 1k' kiril ro)Pk (") '(k~ "~ Ikji "tel ~')&k (

X 5(co+ E„Eq)5(Eq-—E), — (14)

' 2 V„g f(k)f(k')[1 —f(k")] „,ze4~~p L
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X IN(kz k j Ikj~ kj~ I co)fk (d) I 5(ro+E& Ep }5(Ek E) (15)

where N is defined as

N(kI kI q~~, co)= f dz2'((k„(zz) + 1
e ' "((k, (zz)+ f dzzPk (zz) e " ' — e '

Pk, (zz) . (16)
0 e(ro)+ 1

With wave functions according to Eqs. (9)—(13), N can be
solved analytically. Due to the exponentially decaying
wave functions, the integral can be neglected in the +00
limits. However, it turns out that it is crucial not to
neglect the integral in the region between the surface and
the helium ion.

In the expression for the matrix element in Eq. (8), we
recognize qII in the denominator as caused by the long-
range Coulomb interaction. Nevertheless, the sum over

qII does not diverge for qII~O, because the wave func-
tions are orthogonal. Normally this is solved by a proper
orthogonalization of the wave functions. Neglecting the
orthogonalization will result in an overestimate of the
transition rates. Here we use a different method than
usual by introducing a lower cutoff in momentum space.
This is done by adding a factor to qII in the nominator of
Eq. (8) such that q~~~q~~+1/d'. The length d* given by
Eq. (17) below ensures that we get the correct finite limit
when qII ~0.

( ls)z~k)
(ls(k)

I

Evaluating d' in Eq. (17) with the wave functions de-
scribed above gives d' =d.

The dynamical response of the metal to the rapid neu-
tralization process is contained in the surface response
function in Eq. (8). This is a classical response function
in the sense that it contains only an co dependence. Spa-
tial screening is neglected in this purely classical model.
However, we know that the correct screening also exhib-
its spatial screening. This is traditionally done within the
Thomas-Fermi model, which in turn implies neglecting
all dynamical screening effects. ' To introduce an co- and
kII-dependent screening, we proceed as described in Ap-
pendix A by substituting e(ro) for the so-called surface
response function e(k~~, co) according to

1 k
II

dkg

e(ro) e(kii, co) k, +k e(kii, kj, co)

e( k~~ kz co ) is for convenience taken from the hydro-
dynamic approximation
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CO

e(kii, ki, co)=1- —P (k„+k )
(19)

where co is the plasma frequency, p=0. 77vF, and vF is
the Fermi velocity. Setting Eq. (19) into Eq. (18) yields

1 1 e(co) —1

e(kt~, co) e(co) 1 e(~)1+

(20)

where Y is defined as

Y(k )= k P
II

COp

(21)

We notice that Eq. (20) exhibits the correct limit when
p~0, since the right-hand side of Eq. (20) reduces to
I/e(co) as expected. For e(co), we now use the dielectric
function for copper taken from experimental measure-
ments. ' Thereby d electrons are included in the screen-
ing, which is important inside the solid.

Taking everything together, we first calculate the total
internal energy-integrated Auger rate at different dis-
tances for the helium ion outside the metal surface as
shown in Fig. 4. This figure also contains the rates for
the Auger deexcitation (AD) and resonant ionization (RI)
processes, as discussed in Sec. IV below. Technically, the
integrations are performed by using the Monte Carlo in-
tegration method. We notice that the curves exhibit a
slight convex behavior, which was predicted earlier.
Using square barrier wave functions for the metal states
has earlier been shown to yield production rates that are
lower than when using more accurate metal wave func-
tions. However, screening increases the production
rates slightly. This phenomenon can be explained by
studying the values of the dielectric function for copper

in the appropriate energy range. Because screening typi-
cally comes in as a factor 1/e, we expect higher produc-
tion rates whenever ~Re(e)~ ( 1, a condition of antiscreen-
ing, which is fulfilled in our case. The AD and RI rates
are much larger than the AN rate for specific distances
outside the surface. We notice a stronger dependence on
the distance, i.e., a steeper slope, for the AN rate. This
has its origin in the AN matrix element in Eq. (8), which
contains two metal states, whereas the AD and RI matrix
elements only contain one metal state, as shown below in
Eqs. (25) and (26).

The ejected electron rate from AN per unit energy in-
terval for a fixed distance between the helium ion and the
metal surface is calculated using the same method as

0
above. For a distance of 3 A this gives the result shown
in Fig. 5. The choice of d =3 A is based on the best fit of
our calculation to the experimental polarization. Al-
though the absolute magnitude of the rate in Fig. 5 de-
pends strongly on the distance d, the shape does not. The
curve gets its main shape from the convolution of free-
electron densities of states. This has to do with the fact
that matrix element effects on the total rates are weak
compared to the inhuence from a limited momentum
space.

The polarization exhibits a strong dependence on the
distance d since the polarization involves a difference be-
tween matrix elements. Figure 6 shows the polarization
of the ejected electron distribution for various distances
outside the surface. We notice that the polarization is
near 100%%u~ at the lowest energies. This strong polariza-
tion is partly a result of the surface barrier. Because the
angular distributions of spin-up and spin-down electrons
inside the solid are not equal, the surface acts like a filter
that favors the transmission of spin-up electrons. For
d =3 A, we get a polarization of approximately 20—40%
in the middle-energy range. Later we will show that tak-
ing secondary electrons into account gives for d =3 A a
polarization of around 20% in both the low- and middle-
energy ranges, which corresponds to the experimental
values. A more elaborate calculation should also average
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FIG. 4. Calculated total-energy integrated Auger neutraliza-

tion rate N«, =N~+N~, expressed in eV as a function of the
distance d between the helium ion and the metal surface. Also
indicated in the figure are the Auger-deexcitation and resonant
ionization rates, which are treated in Secs. III and IV.

FIG. 5. Calculated total ejected electron distribution per unit

energy interval, N„,(E)=N t (E)+N ~ (E), from the Auger neu-

tralization process at a distance of 3 A between the helium ion
and the metal surface. E, is the vacuum level.
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FIG. 6. Polarization P(E) of ejected electrons produced in
the Auger neutralization process as a function of ejected elec-
tron kinetic energy. The polarization has been calculated for
different distances d (2.5, 3.0, and 4.0 A) between the helium ion
and the metal surface. E„ is the vacuum level.

secondary electrons that are mainly produced in the
lower energy region. This secondary-electron cascade ex-
plains both the rate and the polarization of the ejected
electrons at low energies, as measured experimentally.

Secondary-electron cascades have earlier been de-
scribed successfully by starting with the Boltzmann
transport equation. ' A spherical average of this trans-
port equation can be written as

N(E) =S(E)+f dE'F(E', E)N(E'), (22)
E

where S is the primary electron distribution, N is the
secondary-electron distribution, and I' is the scattering
kernel, giving the probability per unit energy of an elec-
tron at E' being scattered to E. Here S is the internally
produced electron distribution from the AN process. Be-
cause every primary electron produces two secondary
electrons in a collision, a sum rule for secondary electrons
can be deduced. We use, assuming that the sum rule has
a strong influence of the secondary-electron production, a
simple approximation for the kernel in the transport
equation that fulfills the sum rule,

over the ion-surface distance of the He trajectory. In-
stead we use the most probable distance as a representa-
tion of the whole continuous sequence of processes as dis-
cussed and motivated below in Sec. V.

For lower energies, the theory of AN cannot explain
either the experimental cross section or the spin polariza-
tion as shown in Fig. 1. This leads us to consider other
possible processes. We later show that the lower-energy
part of the curves can be explained by incorporating
secondary electrons emitted by the Auger electrons, as
proposed recently. ' Because secondary electrons are
preferably produced at lower energies, the rate in Fig. 5 is
expected to increase and the spin polarization to decrease
for lower energies if we incorporate secondary electrons
in our calculations. There is also a disagreement in the
highest-energy range between our theory and the experi-
mental results. This is particularly obvious in the polar-
ization diagram. We suggest below that the AD process
is of importance at these high energies. This is in accor-
dance with the recent predictions that excited helium can
survive quite close to the metal surface and therefore AD
can compete effectively with the RI and AN processes. '

In this section we have calculated the production rates
and the polarization for the AN process. We note that
the nonzero polarization originates from the exchange
matrix element. However, the disagreement between the
theoretical and experimental curves leads us to take a
closer look at other possible processes in He-metal in-
teraction. We start in the next section by considering
secondary electrons.

III. SECONDARY ELECTRONS

We found in the preceding section that we could not
account for the experiment at low kinetic energies. A
reason for this can be that we have neglected the produc-
tion of secondary electrons. Using a simple model, we
show in this section that the ejected electrons from the
metastable He-metal interaction produce a cascade of

F(E',E)= E' —EF
(23)

This approximation has earlier been shown to give a good
approximation to more elaborate calculations, particular-
ly for higher secondary-electron energies. For energies
close to the Fermi level, Eq. (23) diverges and obviously
gives too high a secondary production rate. In our case
we do not have to calculate secondary electrons close to
the Fermi level, since the metal work function inhibits
those electrons from escaping from the solid.

Equations (22) and (23) give the secondary-electron dis-
tribution before escaping the surface. To calculate the
ejected secondary-electron distribution, we need a surface
transmission function. It has earlier been concluded that
the probability to escape the surface does not depend
strongly on the type of ion, and that the final state densi-
ty is a relatively smooth function of the energy. '

Different escape probability functions have been used,
but they differ little from each other for energies larger
than 4 eV above the vacuum level. ' Because of this, and
the fact that we expect the secondary electrons to exhibit
an angular dependence similar to the AN distribution, we
use a surface transmission function P(E) that is the ratio
of the calculated ejected and internal AN distribution.

In bulk, Eq. (22) should be iterated to give all orders of
secondary processes. In the surface region, where the
AN takes place, we cannot assume infinite orders of the
secondary process. Mean free paths in this energy region
have been calculated to be in the order of 5 —10 A.
Therefore we expect only the first few orders of secon-
dary electrons to be important, since they have a high
probability to reach and escape the surface without fur-
ther interacting through higher-order secondary process-
es. We also notice that the mean free path increases with
decreasing electron energy in this particular energy re-
gion. This suggests that most of the secondary elec-
trons generated moving toward the surface, within the
surface region, will escape the surface and therefore in-
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hibit higher orders of secondary-electron generation.
Based on these ideas, we do an approximation where all
Auger electrons produced in a direction toward the sur-
face escape according to the surface transmission func-
tion P(E) without generating any secondary electrons.
Auger electrons that are unable to escape are assumed to
generate the first generation of secondary electrons. Be-
cause we use a spherical average for the secondary-
electron production, we assume for simplicity that the
secondary electrons are also escaping the solid according
to the transmission function P(E). The fraction of the
first generation of secondary electrons that do not escape
the surface generates a second generation of secondary
electrons, etc.

Within these approximations, we calculate the ejected
electron distribution of the AN process with associated
secondary-electron cascade for the selected ion-surface

0
distance of d =3 A. This gives a polarization of around
20%, as shown (dashed) in Fig. 7. The secondary elec-
trons give higher production rates in the low-energy
range with a curvature that gives a good agreement with
the experimental result. Given the source distribution
S(E), i.e., the internal Auger distribution, we note that
Eq. (22) gives the absolute number of secondary electrons
and therefore the strength of the total distribution N(E)
of Auger and secondary electrons without adjustable pa-
rameters. To get an amount of secondary electrons that
agrees with the measurement, we have to incorporate at
least two generations of secondary electrons. Higher or-
ders of secondary-electron generations give only a negli-
gible contribution to the ejected electron rate in Fig. 7.

Ignoring spin-Aip scattering, each secondary-electron
process will create two secondary electrons with no
preferable spin direction. A source distribution of elec-
trons with high polarization, which is the case for the
AN electrons at low energies (see Fig. 6), will therefore be
diluted with electrons of zero average polarization. This
results in a decrease of the total polarization. From Fig.
7, we observe a clear decrease in polarization to approxi-
mately 20% in the low-energy range. The resulting, al-

Z.0.}0'

0.6

most energy-independent, polarization corresponds well
to the experimental measurement in Fig. 1 for kinetic en-
ergies up to 10 eV.

Using a simple theory, we have approximated the
secondary-e1ectron contribution to the AN process.
Clearly, secondary electrons can explain the high produc-
tion rates at lower energies. Also, the relatively energy-
independent polarization at lower energies can be ex-
plained as an effect of secondary electrons. There is,
however, still a disagreement between theory and experi-
ment for the highest energies. In the next section we
therefore consider the Auger-deexcitation process as a
possible cause of this.

IV. AUGER DEEXCITATION
AND RESONANT IONIZATION

In this section, we discuss the Auger deexcitation (AD)
and resonant ionization (RI) processes. Using the same
ingredients as above, we estimate the rates for different
selected distances between the excited atom and the sur-
face. Our calculation shows that the AD process is im-
portant in the high-energy region, and explains the exper-
imentally observed increase in polarization for high ener-
gies.

For the AD process we start with metastable helium
atoms instead of ions far outside the surface. At large
atom-surface distances the excited state, here labeled
~2s), lies below the Fermi level of the metal. In ap-
proaching the surface the excited state increases in ener-

gy, classically expressed by the image shift as described
above. For a certain distance the excited electron is in
line with the Fermi level and has the possibility to tunnel
into the metal. We are then left with a helium ion and
the possibility of AN to occur as described in Sec. II. Be-
fore tunneling, however, there is a possibility for the AD
process to take place. The situation with a metastable
atom outside the metal surface is shown in Fig. 8. Ignor-
ing the effect of p orbitals, we let the energy level of the
isolated excited 2s state be 4.8 eV below the vacuum lev-
el. For copper, the work function is 4.55 eV. The possi-
ble AD process is illustrated in Fig. 9.

Obviously the polarization from the AD process is al-
ways 100Wo, since there are no escaping electrons with
spin down. The production rates per time and per energy
interval can be expressed from the golden rule in the

1.0i10
Vo

0 I 0

0 2 0 6 8 10 12 14

F E (~Q}

FIG. 7. Calculated total ejected electron distribution per en-

ergy interval X„,{E)=Xt{E)+N~{E),and spin polarization
P {E}{dashed line) as a function of ejected electron energy from
the Auger neutralization and secondary-electron processes. The

0

calculation is done for a distance of 3 A between the helium ion

and the metal surface. E, is the vacuum level.

FIG. 8. Potential-energy diagram of an excited spin-

polarized He atom at a distance d from a metal surface. EF and

Vo are the Fermi and vacuum energy levels. 1s represents the
He ground state, 2s the excited He state, and the energy zero is

put at the bottom of the conduction band.
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(, $ k" MP = ( k
~ ( e /4n ear )

~
2s ) . (26}

2s

$ 1s

FIG. 9. Auger-deexcitation process with emission of spin-up
electrons N~(E). The ejected electron is denoted k", the He
ground state 1s and excited state 2s, and k is a metal
conduction-band electron.

same way as in Eqs. (1}and (2) as

NL(E) =0, (24)

y f(k}IM),'g I'5(Eg- —E2, +E),—Eg)
k,k"

X5(Eg- E), — (25)

where M is the Coulomb matrix element. Taking the
Fourier transform of the Coulomb interaction in the
parallel direction, and using a classical surface response
function in the same way as above, the matrix element
can be expressed as in Eq. (6). However, the AD and RI
processes both take place at larger distances from the sur-
face than the AN process. We therefore simplify our cal-
culation by not taking metal screening into account. We
also assume that the ejected electrons are produced out-
side the surface, i.e., the overlap between ~2s ) and ~k" )
is negligible inside the metal. For the metal state ~k ) and
the helium

~
ls ) state, we use the same wave functions as

described in Sec. II. The free-electron state ~k" ) is also
taken as a plane wave as before. For the excited helium
state we use a Slater orbital. In this case, the exponential
decay is characterized by A,2, that is given by 0.58a0 for
the Slater 2s orbital in helium. At relatively large dis-
tances ( ~ 5 A) between the atom and the surface, the 2s
orbital has been shown to be largely spherical with only a
slight orientation toward the surface. ' With decreasing
distance to the surface, the width of the 2s state shows a
nearly exponential increase. Close to the surface, howev-
er, hybridization has been shown to have a pronounced
effect on RI and gives a saturation of the width. '

Since the purpose of this section is to get only a rough
approximation of the AD and RI rates, we continue the
calculation without taking screening and hybridization
into account. The calculated AD rate as a function of
the atom-surface distance d is shown in Fig. 4. As ex-
pected, the AD rate is much larger than the AN rate for
specific distances outside the surface. We also notice a
stronger dependence on the distance, i.e., a steeper slope,
for the AN rate, as discussed in Sec. II. Because the
slope has a strong influence on the most probable dis-
tance of transition, this assures that the AD process takes
place further out from the surface than AN, as will be
discussed in Sec. V.

In calculating RI, we use first-order perturbation
theory. Treating the Coulomb interaction as the distur-
bance, the corresponding matrix element can be ex-
pressed as

We calculate, using the same wave functions as above but
not taking screening into account, the RI rate as a func-
tion of the distance d between the atom and the surface.
Figure 4 shows the RI rate together with the rates for
AD and AN. The RI rate is larger than both the AD and
the AN rate for specific distances outside the surface.
However, the dependence of the distance for RI is similar
to that for AD, since the corresponding matrix elements
only contain one metal state. This assures that both the
RI and AD processes take place further out from the sur-
face than AN and that AD has the possibility to compete
with RI.

In this section we have roughly estimated the produc-
tion rates for electrons ejected from the AD and RI pro-
cesses. We have to incorporate, as we show in the next
section, at least three different processes in explaining the
ejected electron distribution and polarization from meta-
stable He-copper interaction. In our treatment we use
the most probable distance for different processes to
occur. In the next section we discuss the choice of a most
probable distance from a set of rate equations and ad-
dress the question of the number of ejected electrons
from AD to explain the increase in the polarization at
high energies in Fig. 1.

V. MOST PROBABLE DISTANCE FOR TRANSITIONS

We now turn to a discussion of the choice of most
probable distances for AN and AD. From a set of rate
equations together with the earlier calculated production
rates, we derive approximations to the most probable dis-
tances where the AN, AD, and RI processes take place.

We start from the following rate equations to deter-
mine the relative number of excited helium atoms n '(z),
helium ions n+(z), and ground-state helium atoms n (z):

d, AD�(z)
n '(z) = — n '(z),

dz
(27)

d + 1~ (z} 1m (z)
n+(z) = — n+(z)+ n'(z),

v+(z) u'

n (z)+n'(z)+n+(z)=1,

(28)

(29)

where u' is the velocity of the helium atoms and u+(z) is
the velocity of the helium ions. 'T~', 7 D ', and r&

' are the
transition rates for the AN, AD, and RI processes as cal-
culated in Secs. II—IV, and ~„D=~z'+~D'. For large
distances outside the surface (z ~ 00 ), n and n + are
equal to zero, and n * is equal to one. An ion is expected
to feel its image charge and is therefore attracted to the
surface with a resulting increase in velocity near the sur-
face according to the relation

mH, v+ (z)/2=mH, v' (ao )/2+e /(16~eaz),

where mH, is the mass of helium.
To be able to calculate the most probable distance for

the processes, we need to have accurate magnitudes of
the transition rates. In our calculation of the AN, AD,
and RI rates, we have approximated the metal wave func-
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8(E)[Z Zp(E}]
(30)

where a (Ez)= 1.4 A and zo(EF )=4 A. This
modification was developed with an origin (z =0) at the
jellium edge. In the infinite barrier model, the distance
between the jellium edge and the potential step is
3~/(8kF), which in our case is =0.8 A. For the finite

0

square barrier model this distance is smaller, =0.2 A,
which is small compared to the distance between the sur-
face and the He. Therefore we consider Eq. (30) also to
be valid in our case, where the origin is at the potential
step. Although the modification of the wave function ac-
cording to Eq. (30) depends on electron energy, we con-
sider the electrons near the Fermi level to be most impor-
tant in our processes. Within these assumptions, we no-
tice that our origin at z =0 has to be moved approxi-
mately 3 —4 A outside the surface to give the correct tran-
sition rates.

We notice that the energy-integrated transition rates in
Fig. 4, as functions of the distance d between the helium
and the surface, are characterized by their exponentially
decaying behavior. Fitting such exponential functions
helps us to solve Eqs. (27)—(29). The result, after taking
the effect of a more accurate metal wave function accord-
ing to Eq. (30) into account, is shown in Fig. 10. Relative
numbers of excited helium atoms n *(z), helium ions

tions from the square barrier model, which are expected
to underestimate the rates as compared to more elaborate
jellium models. A more realistic barrier that includes the
effect of the He is known to have a lower height. An ex-

ponentially decaying wave function can still be used, but

it has to be modified with a weakly energy-dependent de-

cay factor and a more strongly energy-dependent shift of
origin according to Eq. (30),7

n+(z), and ground-state helium atoms n (z) are shown
together with the filling probabilities P~(z)
= [n +(z)rN'/v+(z)]/PN, „, PD(z) = [n '(z)re� '/v*]/
PD,„, and Pit(z)=[n*(z)rz'/v )/Pz, „ for the AN,
AD, and the RI processes. We notice that the most prob-
able distance, i.e., the position of the maximum for the
filling probabilities, for the RI and the AD processes lies
around 7 A. The most probable distance for AN is closer
to the surface, approximately at 3 A. From Fig. 4 we no-
tice that at 7 A the transition rate for the AD process is
around I —2% of the transition rate for the RI process.
Therefore a small fraction of the metastable helium
atoms is deexcited through AD. This amount suSces,
however, to explain the increase in Fig. 1 of the polariza-
tion at high energies, as discussed below.

The slope of the different transition rates in Fig. 4 is
the main factor that determines the most probable dis-
tance of transition. AD and RI have similar slope, and
these processes will therefore take place at almost the
same distance. A much steeper slope for AN secures that
AN takes place much closer to the surface, as illustrated
in Fig. 10. The magnitudes of the rates at a given dis-
tance give the relative transition rates for the different
processes. Using the most probable distance as represen-
tative for a whole process is a good approximation only if
the filling probabilities are localized in space. We notice
that the filling probabilities in Fig. 10 exhibit narrow
peaks around specific distances. Therefore we consider
the most probable distances to represent the processes
well in our case.

Using the most probable distance as representative for
the AN and AD processes, and taking the generation of
secondary electrons from the AN process into account,
we put the different processes together and show our cal-
culated total ejected electron rate per energy interval and
the polarization in Fig. 11. This should be compared
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FIG. 10. Relative number of excited helium atoms n*(z),
helium ions n+(z), and ground-state helium atoms n (z) at
different distances from the surface. Also shown are the
filling probabilities P~(z) = [n +(z)r~ ' Iv+(z)]IP~,„, Pv (z)
=[n (z)rv I" ]IPv and PR(z)=[n (z)rR /v ]/Ps
at different distances for the AN, AD, and the RI processes.
The filling probabilities are normalized to their maximum.
U (z) is the velocity of the helium atoms and U+(z) is the veloci-

ty of the helium ions. The transition rates ~ ' are taken from
the calculations in Secs. II, III, and IV.

FIG. 11. Calculated total ejected electron distribution per en-

ergy interval N„,(E)=N ~ (E)+N ~ (E) and spin polarization
I'(E) (dashed line) from the Auger neutralization, secondary-

electron, and Auger-deexcitation processes as a function of
ejected electron energy. The calculation is done for a most

probable distance of 3 A between the helium ion and the metal

surface for the Auger neutralization and secondary processes.

Auger deexcitation is calculated for a most probable distance of
7 A. E, is the vacuum level. This figure should be compared
with the experimental results in Fig. 1.
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with the experimental results in Fig. 1. Only by incor-
porating all these three different processes in our theory
do we manage to get a good agreement between theory
and experiment. We discuss this further in the next sec-
tion. Because AD contributes to a relatively small frac-
tion of the ejected electrons and the electrons from AD
originate from the He atom, we have not incorporated
secondary electrons from the AD process in our calcula-
tions.

VI. SUMMARY AND CONCLUSIONS

In this paper we have treated electrons emitted in
spin-polarized metastable He-metal (Cu) interaction. We
can only explain the experimentally emitted electron dis-
tribution and spin polarization in Fig. 1 if we incorporate
three diff'erent processes: Auger neutralization (AN),
secondary electrons, and Auger deexcitation (AD).

The main contribution to the ejected electron distribu-
tion comes from the AN process. We start from the
golden rule, using simple wave functions and taking met-
al screening into account, to calculate the AN transition
rate. The region between the surface and the He is found
to be of great importance in calculating the transition
rate. As a consequence, we consider d-band electrons to
be of less importance in AN. AN with its exchange ma-
trix element is also found to be the main source of spin
polarization. A SPMDS experiment on a nonmagnetic
material therefore directly measures the exchange
scattering. We estimate that the AN process occurs at a
most probable distance of around 3 A outside the surface.
However, AN does not explain the ejected electron distri-
bution and polarization at the lowest and highest ener-
gies. Therefore we consider other possible processes to
be important at these energies.

In the lowest energy range, secondary-electron process-
es from AN are the major source of generating almost
unpolarized electrons. Starting from the Boltzmann
transport equation, using a simple kernel that fulfills a
sum rule associated with the production of secondary
electrons, we calculate the secondary-electron contribu-
tion to the AN process. In the energy region of interest,
electrons are known to have rather long mean free paths
(5—10 A) compared to the size of the surface region (lim-
ited by the He extension) where the AN process takes
place. The electrons can then move large distances
without generating electron-hole pairs, and they have a
large probability, determined by the surface transmission
function, to escape from the solid. Therefore we expect
only the first few generations of secondary electrons to be
of importance. Within this model, secondary electrons
give a significant contribution to the AN process in the
low-energy range and the calculated ejected electron dis-
tribution in Fig. 7 is in good agreement with the experi-
mental cross section. Secondary electrons also manage to
bring down the high polarization of AN. AN with asso-
ciated secondary electrons give an almost constant spin
polarization of around 20%%uo if we, as a representative for
the AN process within the square barrier model, use a
most probable distance of 3 A.

In the high-energy range, we consider ejected electrons

from the AD process (100%%uo spin polarization) to be the
source of a measured increasing spin polarization. When
excited He atoms move toward the surface, AD competes
with resonant ionization (RI). We estimate the RI rate
from first-order perturbation theory and compare it with
AD, which is calculated, without taking metal screening
into account, from the golden rule. AD explains the ex-
perimentally measured high polarization at the highest
energies for a most probable distance of around 7 A. All
rates as functions of the distance to the surface exhibit al-
most exponentially decaying behaviors. However, close
to the surface ( S3 A) the rates are known to saturate. '

Our model does not, however, take such saturation into
account. Both the calculated RI and AD rates are
greater than the AN rate for specific distances. RI and
AD therefore have the possibility to take place further
out from the surface than AN. Comparing the transition
rates with each other reveals that around 2% of the eject-
ed electrons originate from the AD process. This amount
suffices to explain the measured increase in polarization
at the highest energies. Taking all the above-described
processes into account, the calculated ejected electron
distribution and polarization are shown in Fig. 11 and
should be compared with Fig. 1.

We notice that the filling probabilities for the AN, RI,
and AD processes in Fig. 10 exhibit narrow peaks around
specific distances. This leads us to the conclusion that
the choice of a most probable distance represents the
different processes well in our case. When the incoming
excited He atoms reaches around 7 A outside the surface,
it undergoes a transition to an ion. This ion survives to a
distance of around 3 A, where it is neutralized to a
ground-state He atom. The incoming He therefore goes
through three different stages that are spatially rather
well defined.

Metal screening turns out to be important in the AN
process. We take both an co and k dependence of the
screening into account by introducing a surface response
function e(k~~, co). Screening increases the AN rate with
approximately a factor of 2. This condition of antiscreen-
ing has its origin from the values of e(kl, co) in the partic-
ular energy range under consideration. We note that
more important than screening is the use of proper metal
wave functions that take into account the lowering of the
surface barrier as the He ion approaches the surface.

For the future, we find it important to incorporate
more accurate wave functions to be able to calculate the
magnitude of the transition rates better. Also a proper
orthogonalization is needed to treat the singularity in k
space. Instead of using the most probable distances for
the various processes, we could integrate over the trajec-
tory of the incoming He. However, our results give a
good agreement with the measurement, and we therefore
consider the most probable distances to be good represen-
tatives for the processes. The velocity of the incoming
He has so far been neglected in the matrix elements. It
would be interesting to study to what extent a finite ve-
locity of the incoming He affects the transition rates and
the polarization. This should be of particular importance
for calculating transition rates and most probable dis-
tances for the transitions. Also, the position of the most
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probable distances, and the regions of different stages of
the He, as discussed above, may be altered by changing
the incoming velocity. The recently reported saturation
of width of states very near the surface can have a
significant effect on the transition rates. ' This should
not only be true for AD, as reported, but also for AN
with its most probable distance closer to the surface than
AD.

where we set Q= 1 for simplicity. Fourier transforming
this charge distribution and solving the Poisson equation
within the extended pseudomedia scheme gives the total
potential in the extended pseudovacuum (denoted 1) from
the moving point charge and the response from the metal
as

y' '(k, co)=, [5(co—k.v)+5(co —k.v')+cr(kli, co)],871
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APPENDIX

p'"'(r, t) =Q5(r vt ), — (Al)

In this appendix, we follow the treatment in Ref. 25 to
derive the expression used in Sec. II for introducing a
wave-vector dependence in the classical surface response
function. We study the problem by defining symmetrized
extended pseudomedia, whose definition includes a ficti-
tious surface charge distribution. The surface charge is
later eliminated by imposing matching conditions. Con-
sider a moving point charge outside (z &0) an infinite
metal surface. A moving point charge with velocity v
can be described as

z &0. (A2)

cT(ki, co)=—
dki

[5(co—k v)+5(co —k v')]
k

1k'
k kz e(kll, ki, co)

+
(A4)

Substituting Eq. (A4) into Eq. (A2) gives the induced
charge distribution P'"d outside the metal as

v' is the velocity of the image point charge and o. is the
fictitious induced charge distribution at the metal surface,
which we later will eliminate. In the extended pseu-
domedium (denoted 2) the potential can be expressed as

cr(kii, co)
P' '(k co)= 8n — ', z(0 .

k'e(ki, , ~)

Matching Eqs. (A2) and (A3) at the surface (z =0) gives
the fictitious surface charge distribution cr as

(1) extQ'" (k, co)=Q'"(k, co) —P'"'(k, co)=
2

5(co —k v')—

dkif [5(co—k v)+5(co —k v')]
k

dki 1+
k e(ki, ki, co)

(A5)

We now Fourier transform Eq. (A5) back to (r, t) space
and get

IIyind(r, t) = dN
2m. k v+(co —k v)

II II

In the region outside the surface, the total potential is a
contribution from the external point charge and the
response from the metal. We therefore arrive at the fol-
lowing expression for the total potential outside the sur-
face:

—k z i(k .r —cot) 2
II ~ II II

B (k~, , co)
(A6)

dkII i(k r cur)—
P(r t}= dco e

k U +(co kii'vii}

where v~ is the velocity perpendicular to the surface and

B (k~~, co} is defined as
k z

II + ] II

—k z

L

(A9)

ki dk'i
B(kii, co)=1+

k k'ki+ki
(A7)

The potential from the external point charge in Eq. (Al)
can be expressed as in Eq. (A8):

ycxt(r t) dco e II e
cfkll vi k z i(k .r —cot)

2H k„+( —k )

(A8)

A comparison between Eq. (A9) and the classical surface
response function g(co}=[e(co}—1]/[e(co)+1] (see Ref.
12), where e is the dielectric function, gives that the clas-
sical surface response function g(co} here corresponds to
2/B(kii, co) —1. Now we introduce a wave-vector depen-
dence into the classical surface response function through
the exchange of g (co) with
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2 —1=
B (kl, co)

kll dki
k', ~+k,' e(ki, k,', co)

1+ kll dk

k~i+kP e(kii k

(Alo)

which is the same as if we in the classical expression
kll dki

e(to) E(k'~~, cia) 1T kl +k~ E(k'i, k&, co)
(A 1 1)

g(co) = [e(co)—1]l[e(to)+1] exchange 1/e(to) according
to
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