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Ebstract

A simple spin-polarized parabolic band model of a metal i

as the basis for a computer simulastion of the cascade le

o
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secondary electrons' emission.For a paramagnetic metal,spin-flip
processes are found to give rise to a slight negative polarisation
of secondaries for a totally polarized primary beam.In a ferromagne-
tic metal repeated inelastic scattering leads to spin polarization
parallel to the internal moment.The role of two mechanisms:

and spin-down
electrons and b} spin-flip due to exchange scattering is clevified.

i3

a) difference between mean-free-paths of spin-up
t




wWhen an ene: y electron is injected into 2z metal will
lose its energy via electron-hole (e-h) pzair creation. The electrons
excited above the Fermi level in this process travel through

lastically (e.g..Bragg-diffr

by giving rise to further e-h

Some of thes electrons can eventually leave the metal, by crossing

hose elecirons which leave after so many inelastic

terings events that their energy is reduced to only & few eV are
the secondaries.
The theory of secondaries was first tackled some 20 vears ago Q
So far,however,the spin properties of secondaries have not been given
any theoretical discussion. On the other hand spin-resolved experiments

on seccndaries have appeared quite recentlv[j 5]

There are three basic steps involved in a spin-polarized calculation
of secondaries.
The first is the determination of cross-section for a single scat-

tering event. For a given initial energy E and energy lossy<E), there
are two such cross-sections in a paramagnetic metal:non-flip, and
spin-flip, and corresponding four of them in a ferromagnetic metal.
The calculation of these scattering rates is presented in section IT,

( following the work of Yin and Tosatti @j and Yin,Teosatti and G1 a7@r£53

sed on the simple parabolic band model.

rF
T

The second step is to generate the cascad

sv=nts. A guantum-mechanical treatment of ¢ larue runher of scattering

including overall phase coherence iz i ‘sotilcs out of the

guestion. It is clear, however, that to sone ewrsan such 2 level ¢

e products of diffe,
scattering events should rapidly become negligible - we shall assume

[l =

.ut, thereby going from

scattering smplitudes to
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ff f/ function;EF is the Fermi energy
Ve and & is the exchange splitting

(=0 for a paramagnet).

T
&%

The model is described by three parameters: the Fermi energy, the
exchange splitting between spin-up and spin-down (for a paramagnet

4
[

.0 excite

3

]
O

:nnd the work functbxagj the minimal energy required

4=0)

electron from the Fermi level to the vacuum (see Fig.1). The values

-

of Ex and are determined by conduction electron densityv n and bulk
F 3 3

#H%)

. . { . - .
olarization Pyp. Calling n ‘the density of spin-up(down) electrons.
p B > Y p 3

we have {(we use for convenience H=1):

Ao
— - P

n B £1)

. 3/2 A
2= (omEp )Y T ont (2)
nt (3)
where m 5. Adding the obvicus condition:

E’f‘ - I'l‘é = i { i }

we end up with a complete set of eguations which give for fixed n snd Py
the values of Ep and g . The work function %ﬁis given the fixed vs

4.3eV, to simulate Al (paramagnetic) or Fe (ferromagnetic).




recall here the general scheme.

. ; , 4, o
The scattering rate of the electron {rocm the state pL,E(p) (p-momentum

X Ks . ]
of spin-up electron) to the final state (p-g),E{pl-#with the momentum

-~

transfer g and energy transfer W between antiparallel spin electrons
is proportional in lowest order perturbation theory to the imaginary

t of the forward scattering amplitude, that is according to Fig.{(2)

2
s S AN G Gllk+rgl-1)
Relw) = e - éJQ\é“k‘ AN X
TN LB Clpmg-i)™ + app ) ‘
: } & (5)

Fig.2. (a}&(b):spin-flip
process f
coming electron with
1
i

the ferms of p_ and 2E
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where 9ey is the Thomas-Fermi static screening length given bv
e 2 172 ) .
q_.=!2Fne”/Epi~ = and e is the electron charge
F g
. g i
‘he rational for this choice 1s discussed in Bj & izz and is roughly
as Tollows. True lowest order perturhbation theory would imply a bare
coulomb interaction V(g) the RPA bubble series
would instead vield, VR This expression 1s more

accurate
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cant [10],

-

in particul

ar does take inte account excitation of plas-
has disadvantages for a practical caleulation., in that it
multaneously and not too simply upcon both g and w.
511y screened form like (6) is less accurate but not too
c, except for wclese to plasmon frequencies. The plasmon os-
trength is shifted, with this replacemant, fOr&jﬂgée to:&«EF;
ectron-hole pairs. For our purpose. this is good encugh on two

spin-peolarization from plasmon scattering is known to be

(ii) for densities such as those of Al or Fe,

erically not very different.

Ead P .
ability A}{F @) is obtained, as shown in equation (5}, byv
er all possible momenta g transfared to excited electron and
le momenta k of the hole left below the Fermi level. In the sa-

-tlip rate R@f can be calculated, but in this =ase more
nf
ave to be considered:
I S £ F N \ £ .
RO tE.w)=R__ (E,w}+R__ _(BE,W)+R__ (E,w}+2R _ (I an 7
nf nil nf2 nf3 ni4
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ative R%n4 term represents the exchange process present only
nr '

in a non-flip rate. As an example we display on Fig.3 diagrams associated

The ne
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with R _ . and R ., terms.
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a)l Fig.3.Diagrams associat
o
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r
rms representin
-flip processes.
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and R$ quantities are calculated in & similar way. All the
n
ts are shown in Ref.ﬁ??.
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ip and the non-
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As explained in the Introduction. neglect
effects allows the discussion of the electron cascade
terms. thus available to direct computer sim
in our simulation an electron is consider
in space and time. FEach electron above the
independently of others. The continucus +r
broken into "hops" of lenzth 41, which is chosen tentatively

cf the nearest neighbours spacing in iron crystal i.e. 41=.

¢t us consider now what happens for example to a spin-up electron.
At the end of each "hop" the electron, with energy b, can suffer inelas-
tic scattering. This happens with a probability P given by
P=P (E)at (12)
where PT(E) is given by (12).and
at=a1/vT(E) (14)
and , .
N (15)
vi(E)=(2(E<E_}/m}
F
; .
5 . f o 1/2
vE(E)=(2(E+E_-4A)/m)
F
Clearly, when 241%0 the mean-free-path (MFP)} of electron would be the
zazme as predicted by theory.

During inelastic scattering event spin-up electron with momentum o
loses energy and transfers momentum q to the <reated electron-hole sys-
tem. After this scattering there are two electrons above the Fermi level
one with momentum p-g another with momentum Momenta .k and spins o
the electrons have to be chosen with proper probhability.

Looking back to formulas (5),(7)-(11) and Fig.2 & Fig.3 one can notice

. ) 1iev Plah * & e Tt .
that: the probability P(p;:(p-g).{g+k) )} that a spin-up electron with

momentum p produces spin-up electron with momentum pP-q

roportional to:

electron with momentum g+k

3

(p:lp-qg)

P@g;(

and spin-down

(16)
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8 functions insure that both electrons are above the Fermi level. Energy

conservation reguirement add one more condition for g and k:

T

Similar fTormula can be writt:

(

n for scattered spin-down electron.
After this scattering. two electrons plus a hole with well-defined

I

spin and momenta travel through the metal exciti

pu]

g eventually other
electrons. In principle this cascade process is infinite and each elec-
tron which will not escape to the vacuum reaches the Fermi level through
repeated inelastical scattering.

As a further approximation, we choose to neglect energy loss processes
caused by the hole, and in particular the new electron hole pairs thus

generated. Since the hole can only lose energy less than E_, the chance

E

that it can give rise to an electron with sufiicent energy to be relevant

bt
)]

finite, but very small.
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The only interesting electrons are for us those electron

"be cbserved! as secon-

a chance to cross the surface of the

daries. So, after inelastic scattering the energies of two electrons are

Going tarough the crystal, an electron can reach the surface and after

crossing it can be fixed as secondary electron with given energy, spin

and momentum.
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it c¢an also happen that an electron approaches

such a direction that the electron energy 'perpendicu

momentum component larger than

% tant for electrons which tend (o escane
on trajectories cloef the surface of the metal. As we have found <t -ec
only small part of all secondaries.

So far, we have not discussed at 3ll elastic scattering by the crystal
lattice potential. It is however well known [é} that the total yield
of secondaries is mainly fixed by the elastic scattering. This is essen-
tially because inelastic scattering is strongly peaked forward. While
inelastic scattering is responsible for the final energy distribution,

and (as we believe) for the state of polarization of secondaries, it

does not deflect the electrons sufficiently to turn them back out of the

surface with respectable intensity. On the other hand, elastic scattering
1

does precisely this. It does in principle also spin-polarize the e

ot

rons. However, since we expect a much smaller number of elastic events
than inelastic, we will neglect any polarizing effects here.

Elastic scattering is crudely introduced in our simulation in the
following way. In the spirit of muffin-tin approximation we give each
ion of the lattice a conventional radius or screening length X,
taken for Fe or Al to be one-fourth of the distance between nearest

[«
rneighbours {(for Fe jA-64).
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If in the course of its movemen is closer to any atom

than X , the elastic scattering occurs . The probability 0(8) for the

5 is given by

electron with momentum p to be scattered in the angl
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It should be pointed out that coherent effects. such as Bragg elastic
diffraction are neglect entirely, as this is known to scatter backwards

to the experimental data by allowing an elastic scattering to occur with
Ep 2

srobability (1o mmem} ™,

P ; ETE.

For the time being we stay with ~%hkis artificial treatment. We believef
that the proper consideration of the electron as a wave packet scattered
ering with itself would not charnge the picture
he simulation the primary energy ED (measured with respect to
vacuum zero), the electron angle of incidence o {measured with respect
to the surface normal)} and the parameters of the metal are to be chosen
at the begining. Each "experiment" consists of repeated injections of

one electron with the same momentum p and with different spin orientation.
(

A large number of primaries is needed for each simulation

Data of outgoing electrons {(energy-measured with respect to

zero, directicn, spin orientation) are stored. Histograms can

made, with one eV as the energy interval.

by observation of the statistical fluctuations

e results with increasing number of primaries.




4. Paramagnetic metal
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As shown on Fig.4a the primaries tend to lose most freguently energy

EF. As disussed earlier,this can be thought as sa particle-hole pair
remnant of the plmmon peak ( here absent because of the assumed static

Vigl }. It is caused iegrowing number of electrons which can be ex:
while w changes from 0 to E |
As we see on Fig.4b electrons which have lost energies up to Ep remain
almost completely polarized. On the other hand low energy electrons,that
have lost most of their primary energy, have acguired a polarization Oppo—’
site to the original. This negative polarization can be understood as an

exchange effect. Incoming spin-up primaries interact more strongly with
spin-down than with spin-up electrons because of the Pauli principle,
thus causing a slight excess of down electrons in the end.

The formation of cascade can be considered as the multiple convolution
of the process described above.

Results of the complete simulation for scattering of 100%-polarized
primaries are shown on Fig.5. The number of primaries was 200000
The overall efficency in secondary generation in this experiment is .8 .
As one can observe multiple inelastic scattering shifts drastically the
intensity of outgoing secondaries to small energies. Rather surprisingly,
the negative polarization effect at low energies still ramains s although’
now the average number of scattering events is as high as 12, for
E =100eV and ¢ =30°,

B

We have also studied the dependence of the residual negative polari-
zat.ion P upon the primary energy ED, the result is displayed in Fig.6.

(Here P is defined as the polarization of electrons averaged on the

energy range where the polarization is negative. )
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% & '
R . Fig.6. Average {(negsative)
¢ rization P.. ot
o . polarizaticn Py of .
€ low energyv elec- |
trens as & fTunection
of primary energy
Ep. The error of
2y PN is less than ;
. LI :‘
K3
o Bt J : ’:
P &6 80 e - t20 ¥

The appearence of a maximum for PN(E ;E is caused by two competitive
effects.

Increasing of primaries energy E enlarges the cascade of secondaries
D

ot
s
)
o

and phenomenon of negative polariz;tion shown on Fig.4 s to wash out.
For larger Ep electrons are scattered more and they "™ forget " about
spin orientation of primary electron.

The decrease of Ep below 60eV swithes on another mechanism. Highly
polarized electrons with energies from the range below Ep (see Fig.4)
start to cover energies where possibly negative polarizaetion could appear.

They suppress it completely for E less than 13eV.
P

o~

There is however another experimental possibility for chan

v A

.
(’Q

ring the size'
of secondaries cascade keeping Ep constant. This can be done by changing
the incidence angleel .

For small values of o electrons have to suffer a relatiely big number
of inelastic scatterings until they turn back onto the metal surface.

Un the contrary, primaries injected at large angle « produce cascade
almost pargilel to the metal surface, and easy outgoing electrons are

found, that have experienced only a small number of scatterings.
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we show intensity and polarization of secondaries for primary

o e 3l . P
fP7aL }g has its maximum.
N p
o - X
Fig.7. Intensity (z) and
polarization (b} :
Es83e% for completely pola-
rized primaries with
- E_=63eV, ¢ =00°.
- P
20 &0 o 6O
é} -
Eg83e¥ T -
20 40 o 80

Bere we find n;_~defined as the average number of inelastic event

(
n
[

i
]
v3

Iw.iv

ne incom

o
s

i
ng electron-equal to 6.2. This small number of inelastic

n

catterings is responsible firfte increase of negative polarization with
respect to the case shown on Fig.S5b. The intensity shape (Fig.7a) is
similar to that shown on Fig.5a, nevertheless it has also some resemblan-

ce to Fig.4a:the maximum (however very weak and broad) 1l1eV below E

\




and relatively high intensity of secondaries sbove low enargy peak.
Results presented on Fig.7 with nje=0.2 fall between the two previcus ones
with n;, equal to 1. and 11.9 respectively.
Finally we show (Fig.8&) the dependence of PN on & with E <o
ES ¢ LD
and egual to 63eV.
s 1S
% € . . . . .
¢ Fig.8. Negative polarization Py
o 8 as a function of &« for
E_=63eV.
p
[
.»3 -
1 ) @
o° ac® 80° ec®

As one would expect P grows with « changing from 0° to 9Q°. Decreasing

N
of o plays here with respect to PN’ the same role as increasing of pri-

mary energy discussed with connection to Fig.6. We find foro =0°,30°,60°,
90° n;e=9.3: 8.0; 7.22; 6.22 which shows by itself the influence of ot
on the formation of secondaries.

The real experimental investigations for negative polarization of small
energy secondaries would have also another advantage in the case of a big:
value of the angle ¢: the efficency (i.e. the total yield of secondaries
divided by yield of primaries) is, as we find, almost twice as large for
o ~90° than firtte incident beam normal to the surfaée of the metal.

In conclusion, we believe that negative polarization of secondaries

could be usefully analysed in simple paramagnetic metals.
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early due to inadequacy of ocur

ribe in detail that case. In this sense,

y
=

crude parabolic model to desc
all results of the present ferromagnetic case study are to be considered
purely gualitative.

We have done computer simulation for Ep:iGOeV and ¢ =30°. The results

for intensity of outgoing electrons are shown on Fig.¢.

[ RIN

S B T A 2 e 5 A SR
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~
e
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: : 5 : N -1
50 00 250 250 Y &S00
Fig.9. Intensity of secondaries as a function
of their energy.
The shape of the intensity curve seems actually to agree well with
. - Y <% . § 2 oo o~ :
exparimental data E}lj . One can notice alsc the shift of secondaries

maximum to Jlower enyx

g

y comparing Fig.% with Fig.5a. The bigger E chosen
’ P

b

for this case in fact implies mcre scattering events, here we find
nje=44.7, and low energy electrons produced during cascade formation
dominate secondaries energy spectrum. We expect the same nie dependence

on incidence angle o as presented in the previous chapter and we have not

verified it.




Total vield of ocutgoing electrons is 1.4 per incoming electron. About

:
9048 ~ Fig.10. Polarization (+} in
E 400eY percent and intensi-
o ty (=) in arbitrary
units of secondaries
. as the function of
6 their energy.
;(:&
.
) 8
- +
- + 44 ++ "
+, 7 +F 4t + 7 o
- <t +"§+ +_;,
A +. s 4+t £
¢ P 4
A - + + *F
+ ™ + & -+
> g -+
I
e +
WMMMQW
B
EYe 20 oy EO

The error in polarization caused by statistical fluctuations is less

than 1% for secondaries with energy up to 10eV (i.e. polarization for

10eV is equal 20.(Z1)% ). The error grows with incre cing secondaries
energy because of the rapid decrease in the number of cutgoing electrons,

We have not found any pronounced polarization angular dependence on the

direction of outgoing electrons. The averags of all outgoing|
electrons is 12.4%. the average polarization leaving the

A8}
J

met in the direction within 15° to its surface is 12.1% .
Recent experimental data - that partly motivated this study -~ show
a very different behaviour, with polarization rising up to about twice

the bulk value for very low energy secondaries. The maximum polarization

',..l-

reported for 400eV primaries scatterred on the ferromagnetic iron

]

s
about 45% . Our secondary polarization lies generally below the bulk

value,
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could be the total absence of flat d-bands near E_ in ocur model.
t

Heowever, it is not

s

a high secondary electron polarization.

second possibility is that the cobserved polarization rise could be

=

a surface effect, which is again bevond cur simpls model. A surface me-

chanism would suggest a strong dependence of secondary polarization upon

b

surface quality, and also upon the angle of emission, and there seems
. . , ~
to be some evidence for both of this effects EZ;.
-t

This leaves however the field wide open for thecretical investigation.
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6. Ferromagnetic metal: asymmetry of mean-free-paths, versus

The technique used in the presented work gives the opportunit

One can see that there is a simple connection between MFP of spin-up

- L ! T '\'Ei 2 ?(‘1’3 . ® .
{(down) electron Y ’‘and P(E/defined by eguatiocn (12). Since P
%&}

bability per unit time that any inelastic event occurs X 'is given by:

E)is the pro-

>
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jad}
[
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i
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f .
The values of A and k are on Fig.l1 .
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Fig.11. MFP of spin-up and spin down electron as a function
of its energy in ferromagnetic iron with majority

spin~up electrons.




In our approximation MFP of spin-up is always bigger than of spin-down
electron. This inequality can be understood as the effect of exchange
part of the interaction between electrons which tends to diminish this
coupling. The spin-up electron "feels'" more exchange intersctions than
spin-down one, because in the material there is more spin-up than
spin-down electrons. Though, spin-down electron interacts more strongly
witha cloud of conduction electrons and its MFP is shorter than for a spin-
-up one

~ 71
I'his type of result was anticipated by Bringer at al. |13 | and Feder

- 1 N
ﬁé? , Who;however ,greatly

Our results are in disagreemant with those presente
i v
Fenn {15{ ; in their findings the A{E}?ﬁ(E} inegual
L= =
energies. We agree with Matthew's criticism f}@} of
ineguality
Below (Fig.12) we present results of computer

scattered on paramagnetic iron {(4=0)}, but with arti

difference between MFP of spin-up and spin-down ele
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Due to poorer statistics the errors in polarization are less than 1% for
secondaries energy below 5eV, and higher energies should be disregarded %

On Fig.10 we had given the results of the "full'" simulation where ezec-é
trons have spin-dependent MF
Fig.12 everything is rather similar, but spin-flip asymmetry is absent

The difference in polarization between Fig.10 & Fig.12 is not dramatic. |

B
The average polarization of outgoing electrons (Fig.12) is 11.1% which
is only 1.3% less than for "full' simulation (Fig.10). The polarization

is even a little bit bigger than on Fig.10.
We conclude that spin-flip does not play a major role in secondary

spin polarization (at least to the "bulk" part discussed here), and that
MEP asymmetry is sufficient to explain the gualitative aspects of our
result. This MFP asymmetry due to Pauli principle, has the opposite sign
to that

ounnd by Rendell & Penn, and the same sign as that originally

proposed by Bringer & Feder, although of smaller magnitude.
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