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Abstract

The theoretical aspects of the spin polarization of Auger electrons have been formulated in a
simple model. The model allow us to explain in quantitative terms the measured spin polarization of
the yield in the interaction of spin polarized He" ions with metal surfaces.

The spin polarized emitted Auger electrons can be simply related to the character of the
hole state on the He" ion.

The effects of the energy of incident of the He® ion on the emitted spin polarized electron are
calculate and discussed,

Our calculations to the spin polarized emitted electrons from Ni(110) , Al(100) surfaces are

compared with experimental data show a good agreement.

Keyword: Spin polarizations, Ni(110) surface , Auger neutralizations ,spin polarized He" ion ,
emitted Auger electrons

1- Introduction neutralization  (de-excitation) of  spin-

In the last few decades, the importance polarized He* ions (He" metastable atoms)
of surface has begun to be recognized, and interacting with magnetic metal surfaces
there has been a resulting explosion in the constitutes an active field of research. Low
field of surface science(F. J. Kontur ,2005 ; velocity He* ions (He™ metastable atoms) are
F.Amuryr et al ,2010). The study of the among the most used projectiles due to the
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absence of resonant electron capture
processes from the metal valance band to the
1s bound state of the incident particles. In the
surfaces

the

case of paramagnetic special

attention has been paid to spin-
polarization of electrons emitted during the
neutralization (de- excitation) of the projectile
that takes place via Auger process.

Analysis of emitted electrons provides
information on the electronic properties of the
metal surface, as well as on the characteristics
of the charge- exchange processes that take
place. A large amount of experiments based
on this technique has been devoted to
investigate magnetic properties or, in more
general sense, spin related effects on the
interaction of the particles and surfaces(L.
Lavagnino etal, 2011 ; Pratt Aetal, 2010 ;
M . Alducin and M . Rosler , 2007 ; M
.Onellion et al ,1984; M . Salvietti et al ,
1996 ; D.L. Bixler et al ,1999; R . Moroni et
al , 2003; J.C. Lancater et al , 2003; M .
Kurahashi et al , 2003) .

In the last years, a variety of
theoretical models have been proposed to
study different aspects of Auger process( M .
Alducin and M . Rosler , 2007 ; N . Lorente
et al , 1994 ; M . Alducin ,1996 ; M .A.
Cazalilla et al , 1998 ; N.P.Wang et al , 2001 ;
N.P.Wang et al , 2003) but little about spin
polarization , some papers analyzed spin
effects (M. Alducin and M . Rosler , 2007;

D.R. Penn and S.P.Apell , 1990; L.A.Salmi
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,1992; M . Alducin et al , 2004; M . Alducin
etal , 20047, M. Alducin et al ,2005;
J.1.Juaristi et al , 2005; R.Vincent et al ,2007)
In this paper, we try to calculate the
asymmetry of the emitted Auger electrons
following the neutralization of He® ions
scattered off the Ni(110) and AI(100) surfaces
The present study was motivated by
experiments by Onellion et al and Lancaster et
al on spin resolved Auger transition that
involves two valance band electrons of

Ni(110) and Al(100) surfaces.

2- Theoretical consideration

Following the work of David R. Penn
and Peter Apell(D.R. Penn and S.P.Apell ,
1990), the theoretical framework is described
in details in this section. As a first step, we
derive a coupled- channel formulation of ion-
surface Auger neutralization. In  Auger
neutralization, an electron (e;) with spino,

decays from an occupied state in the metal
surface| @, ), with energyE/, to the empty
bound state of the He" ion| ¢7) with energy
E.” . Another electron (e;) with spin ¢(c”)
from the band in a state | ) with energy
E;), excited to the state| 7))  with
energy E?“?, (where o' is opposite to o).

The process is schematically shown in Fig.1.



Basrah Journal of Science (A) Vo0l.30(2),15-29, 2012

ale’),
i
Vacuum Level E ) =E -¢ -&,
] 5-_ f':
E_I'
E|,
E[]
Metal

He"

Flg.l. SChUIIIaLIb uravviily vl uic /Auyct incuu arniZauuvlil riuucoo.

The one- electron wave function corresponding to the metal | p5\’), ion | ¢Z)

and excited electron | 7)) states are as follows:

1- The metal state wave function is described by (R .Zimung , et al 1991)

: 1 Lo
0,0(0") _ k(J) ai(kyy+§)Ty
oy (r)= \/F Zg: B, e RRm@ (z) (1)
~Oc(jy2
where R, (z) =" (2)
is the solution of the following one- dimensional Schrodinger  equation,
hz d2 0,0(c") hz " ~\2 )
{_Zm _dZZ +[Ek(j) _ﬂ(kn +0)°] R11+g (z)=0 3)

ith k. P Iy 2m ,
with kll = kx+ky ; rll =X+ y and Hk(j) :\/h_z EU‘”(”)

k(i) +(E11+g)2 (4)

here, G is the reciprocal lattice vector, L is the surface area introduced for the normalization

purpose and B;"” are coefficient (to be determined) related to the partial density of the electronic
states(for g=0) pO(E,IZﬂ) as follows (S.l.Easa ,1986)

12 ’
By 7| ok ki\d (E — ES5) 5)

po(E, R’11) = Z

k.k'yq
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2- The wave function of the incident ion orbital is approximated by hydrogen like 1s state wave

function as,

¢z (r) = \/%eﬁ ! (6)

Where p, isthe effective core charge
3- The wave function of the Auger electron (emitted above the vacuum level) can be well

approximated by a plane wave for all energies E?” as,
o’ (F) =L 2" (7

With the Auger electron wave vector magnitude,

2m ,
Q=\/h—2(E?(“’—Eo) (8)

With E, is the bottom of the valance band

4- The two electron Hamiltonian is given by:

H(es,e2,;t)=H(es;t)+H(e2;t)+Vp(r,)+V(ey.e2) 9

Where H(i;t) is the one- electron Hamiltonian (with i refer tol or 2 electron). Vy(rt) is the
interaction energy of the electron at z(t) from the metal surface with it's own image, any other
electron image and atomic core image inside the metal. The interaction term V (e1,e2) between the
two electrons can be used for Auger neutralization process as screened coulomb potential when the

energy transfer is small (less than plasmon frequency)(T.A. Selman ,2000)

exp(—A|7; -7

Ve, e)= > with A is the screening parameters ( 1 is the screening distance).
v y)

5 -7

The eigenstate expansion method is used for obtaining a coupled channel formulation of two-
electron state amplitudes, relevant for Auger neutralization ,where the time-dependent wave
function for the ion-surface system is given by (J.C. Tully, 1977),

' t ’
07, 0t expl=i [ (E7 + E])de] +

to

| e;,8,;1) =Cy ()

(10)

t
> Ch ] o7 styexpl-i[ (E] + EJ)dr]
ik to

Where C, (t) represent the initial state amplitude coefficient which is decay to the final state
amplitude C, (t) . Substituting equation (10) into time- dependent Schrdédinger equation and using

(9) leads to the following coupled equations for the state amplitudes of Auger neutralization

process.
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. ; , L , ’
iC(t) =D Al (t) C, () expli [ (E{ + E7) ~Ef“ —E{)de] (11,)
ik ty
. t
iCic(t)= Al (1)Cw (t)expl-i[ (E] + E{) —E] —E7)de] (11p)

)
Where A% (t) = (o7 g7 1tV (e, 8,07 pZ;t) is the Auger neutralization matrix element.
The coupled equations (11,) and (11,) have to be solved with initial conditions in time t, far before
the interaction (to=-0):

Cfa (to) =0 (123)

(Civ(ts) C i (o)) = F(E) T (A (12)
Where ( ) means averaging over the ground state of the metal surface and f (E) is the Fermi-
Dirac distribution:

f(E) = L+ ep[(E+¢)/KT]}" (13)

With ¢ being work function, T the solid surface temperature. Integrating (11,) we obtain,

t t'
Cy (1) =C (t) =i [ dUALD (1)C , (t) exp[—i [ (EJ + E7) —E{ —Ef)dr] (14)

) )

Substituting (14) into (11,) to obtain the integro- differential equation for C,,(t) .

L] . , t , ,

iCr(t) =Y AL (1) C e (t, ) expli j (E7 +E{“) —E7) —E7)de] -

ik t

t , (15)
i > Al @) [ dt’ AZS) (1) C w ®) explif (] + Ef“) — ] —E{)dr]

jk to f

As a second step , we use the separation between the time - and quantum - number - dependence
of the matrix elements(Z.L. Miskovic and R.K.Janev, 1986)

A_fa(a'),aa' (t) - Afﬂ(ﬂ,)vaﬂ u (t) (16)

o (0') ko jo(o") ko

and introducing the Auger neutralization rates 7°°“’(E,,z),

“O(E7 +ET —E7 —E[)o(E, —E{) (17)

FU”(U') (EA’ Z) oc ‘C . (t)‘z ~ 2?7[ Z‘Afjg((a’),ka

d'),a0
jk, fa

We obtain the average number of electron N_(E,) excited during the Auger neutralization process

as,
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, dE, 7 °“)(E,,z
1—::—(0—)(EA’Z) 0 J. A" o ( A )

Tl 18
e exp[ !dz e ] (18)

N (E,) :sz

The velocity of the He" ion ,v(z), normal to the surface is related to the function u(t) in equation
(16), where u(t) = exp(—az(t)) = exp(—av(z)|t|) ,Z(t) is the classical trajectory of the ion , andv(z)

IS given by,

2

v(z) = &(Einc +Z—) , Where M is the mass of the He atom , E,. is the energy of the incident ion.
z

The rate that spin T electrons are produced at energy E, by a spin 4 empty hole of the He" ion is:
2 , 2
M (E,.7)= ;" [deY"py, (e)pyy (B +Ey =) A" (e,E, +Eyy —e)| f(e)f(E,+Ey —e) (19)
LI

The modification from (17) to (19) is simplified by (E.O.Kane , 1967). Where p, (¢), p,. (&) is
the surface density of the electronic states. E,; is the energy of the He 1s state.

The rate that spin 4 electrons are produced at energy E, by spin 1 empty hole of the He" ion is:

2T
Fim(EAv z) = —J.dez,ow (€)py (Ex+Eys —¢)
h LI
. (20)
XE\A”’(S, Ep+ By —6) =~ A"(E4E,, —e,6)| F(e)f(E,+Ey o)

The rate that spin T electrons are produced at energy Ea by a spin T empty hole of the He" ion is:

2
FO(E,2) === [ded py()py s (Ep +Ey —¢)
h LI
(21)
x%\A”’(g, E, +Ey, —8)~ A"(E 4B, —e,6)| T(e)f(Ep+E, —e)

The rate that spin 4 electrons are produced at energy Ea by a spin T empty hole of the ion He" ion

is:
2 , 2
rY(E,2)= ;” [ piy )y, (B + Erg o) A" (e, Ep + By —2)] F(e)f(E, +Ey —e) (22)
1L

The difference in the rates at which He™ ion of different spin produce Auger electrons can be
calculate as AI"(E,,z) = I4(E,, 2) — I, (Ep,2) with, 73(E,,2) = I3V (E,, 2) + 17 (E,, 2) and

[ (Ep2)=T"(Ep2)+ TPV(E,, 2)

20



Basrah Journal of Science (A) Vo0l.30(2),15-29, 2012

AF(EAi Z) = %Idgz {[(pm(‘c")prT(EA + Els _8) 4y (S)pm(EA + Els _8))
X%‘A“’(E’ E,+Ej —&)- A" (EA+E15 _515)‘2 + (/’m (‘9)/’|f¢(EA +Ej —&)- (23)

' 2
P (@)ps By +Ey =) A" (,E, + E —2) 1F(e) F(E\ +Ey —e) |
Also , the total rate 7 (E,,z) is given by:
[E)(EA’ Z) :ﬂ(EA' Z)+1_:L(EA7 Z)

B %jd"?z{[(pm(g)pm(EA +E; —€)+p,(e)py, (Ex + By —¢))

1 , 2
XE‘A“ (3, EA + Els _8) - A” (EA+E15 _8’8)‘ + (plT(g)pI’i(EA + Els _8) * (24)

' 2
P @)y By +Ey =) A" (6., + B —)| 1F(e) F (B +Ey —e) |
Define #(E,,z)and An(E,, z)as the ratio between the total and the difference in the rates and the

LE.D) ey ATELD)

ion velocity v(z) as 5(E,,z) = V) v(z)

, then using equation(18) we

get the average number of electrons emitted with different spin during the Auger neutralization

process at energy Enp ,

NL(EL) = [dz(n(E,, 2) + An(E,, 2))expl-[ dz' [ dE, (4 n(E,,2') +n(E,,2)] (25)

—00

And for the spin-down emitted electrons is,

N, (E,) = [d2(y(E,, 2)— An(E,, 2))expl[ dz’ [dE,(An(E,, 2) ~n(E,, 2] (26)

—00

Additionally, the neutralization rate per unit distance D(z) is given by:

[dETG(E,,2)

D(z) == V@) (27)

If we consider n_(z) be the probability that initially empty hole of He" ion (0' =T,~L) is still empty

after the ion( at z = ), has reached a distance z from the surface. Far from the surface n_(z) »>1

and decreases monotonically with decreasing z. Thus,

nT(z)zno(z)[l—sz'TdEAAn(EA,z')] (28)

—00

ni(z):no(z)[1+sz’TdEAA;1(EA,z’)] (29)

—00
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ny(2) is the number of He" ions and is given by:

n,(2) = expl-| &2'D(2)] (30)

and S(z) =n,(z)D(z’) is the filling probability(neutralization probability).
With the help of equations (28) and (29) , we can rewrite equations (25) and (26) as,

N, (E,) = [d2TH(E, 2) + M1(E,, 201N, (2) (31)

N, (E,) = [dzTn(E,, 2) - M(E,, 20, (2) (32)
The number of emitted electrons with energy greater than E, is given by:

N (E,) = [N, (EL)E, (33)

The spin polarization P(E,) of electrons emitted in the neutralization of He™ ion in a metal surface

is defined as the relative difference between the number of spin-down Nj (E,)and spin-up N (E,)

electrons, i.e.
p(E,) = N ER)=NI(E) (3)
N} (Ex)+ N1 (E,)

Calculation and discussion surface with an energy higher than some

Since the incident He(2%S) atoms are energy Ea are collected, regardless of
electron-spin polarized in a selected direction, spin.The spin of He atoms is reversed and
the spin of the electron which fills the He™ 1S again emitted electrons with energy higher
hole is know.For a given incident spin than E, are collected. A He™ ion with a 1S
direction, all electrons emitted from the metal hole of spin o(c ) incident on surface will
produce one electron due to the filling of 1S
hole.The actul measured vyield is smaller than
because not all electrons escape in to the We use an expression for the matrix elements
vacuum .However, the escape probability given by Easa and Modinos (S.l.Easa,1986)
with depend only on energy and not spin so for the Auger neutralization process and an
that P(Ea) is not effected . We therefore approximate elliptical formula for the surface
neglect the escape probability in this paper. density of state assumed as (T.A.
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Selman,2000),  p, ., (e) = é - (%)2

where, b is the energy position at the
maximum diameter of elliptic shape which is

chosen to be the Fermi energy level position

In Fig. (2) we show the asymmetry of
spin polarization of the emitted electrons
from He" ion incident on Ni(110) surface, the
figure shows high polarization at high Auger

electrons energy, also it represents the effect

. i +
and B is an energy parameter related to the of incident energy of He  ions.
energy band width (= 44).
0.040
t —=—0.025eV
0.035 |- 100ev
| —&— 500 eV
0.030 |-
r/oa
c 0025 /S
-g . /. A/
S o020 /A/
5 v
° 0.015 _/A/A
- ,_/Zj‘/
0.010 |- ‘/‘/1
0.005 |- ‘}f‘/‘
N
el
0.000 1“"“ 1 1 1 1 1
0 2 4 6 8 10 12
E,(eV)

Fig.2. Emitted electron spin pAoIarizations for He" ions

with different incident projectile energies at Ni(110)surface.

A good agreement between our results and the experimental data(M.Onellion et al ,1984)

shown in Fig.(3),the results normalized with experimental data at 9 eV energy.

2

Polarization x 10

E, (eV)

Fig.3. Polarization of electrons emitted with larger than Ex Theoretical results are shown by solid

line.The open circles are experimental data for the polarization of the electrons e-mitted in the

neutralization of He" ions in front of Ni(110) surface ,with incident projectile energy 0.025 eV.
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Fig.(4) represents the neutralization rate per unit distance for the He" ions at Ni(110)surface

(equation 27), it shows high incident energy less neutralization rate.

—=— 0.025eV
140 - - 100 eV
. —A— 500 eV
120 | .
B .
I
o 100 =
= .
i=! -
2 s -
N
S 60l s
= \
=] N
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=2 40 -
N
-
-
.
20 | "a
-
PR
"
o I n aalzzy N
2.0 25 3.0 35 4.0 45 5.0
o
Z(A)

Fig.4. The neutralization rate per unit distance for Ni(110) surface.

The neutralization probability was shown in Fig.(5) for different incident energy of the He®
ions at the Ni(110) surface.

0.8
—=—0.025 eV
o - 100 eV
r . e —A— 500 eV
> b ;N
Fn -
= o6} .
3 AN 5 .
o / A \
S 05 A A .
. / a b \
o /‘ N .
< 04 A \ / \
S / A
= [ A ! n
T g3l / A | \
N A A" \
< A a/ "
S o2 / t, e
) A /
D 7 / AA =
"
Z o1l * =Y "
A - A, L
AA - M .....
0.0 L 4. " L L R 1 YYWA Adasaad
2.0 2.5 3.0 3.5 4.0 4.5 5.0
0
Z(A)

Fig.5. The neutralization probability for He* ions at Ni(110) surface.

Fig.(6) shows the relation of the number of He™ ions(survival probability) as a function of the

ion-surface distance.
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10 |- 100 eV Al
—A—500 eV -
u
A L]
A
2 08l A -
= A =
o A B
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2 04f 7 K
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e A Ll
=] " .I
73] / /
A [
0.2 | A h
A ;'
L A h
A w
A L]
0.0 J . P s 1 s 1 n 1
20 25 3.0 35 40 45 5.0
0
Z(A)

Fig.6. The survival probability for He" ions at Ni(110)surface
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The same study has down for different surface Al(100). Fig.(7),(9),(10) and Fig.(11) have the
same property of Fig.(2),(4),(5)and Fig.(6) but Fig.(8) for the polarization shows good agreement at

high energy of the emitted electrons but differ at low energy(J.C. Lancaster et al , 2003).

Polarization

0.25

0.20

0.15

0.10

0.05

0.00

[ —=—0.025eV

100 eV
—&— 500 eV

A A"'A/A‘A

_A-A-AT

A-A-A-a-A-A R L R L I I

2 4 6 8 10 12 14
E (eV)

16

Fig.7.Same as Fig.2,but the results are for the Al(100) surface.

0.65 [
0.60 [
0.55 [
0.50 [
045 [
0.40 [
0.35 [
0.30 [
025 [
0.20 |-
015 [

Polarization

0.10 [
0.05 |-

0.00

E, (eV)

Fig.8. Same as Fig.3 , but the experimental results for the Al(100)surface,with incident projectile

energy 15 eV.
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Fig.9. Same as Fig.4,but the results are for the Al(100) surface
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Fig.10. Same as Fig.5,but the results are for the Al(100) surface
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Fig.11. Same as Fig.6,but the results are for the Al(100) surface
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