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surfaces, which may be induced by e.g. high temp

strong elsctric fields,ivradiation by energstis
or by charged particles. In this thesis work ws study

theoretically the latter process, where elect

jected, and outgoing electrons are detected. The first

[
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oy

evidence for electron emissicn from metals, inducs

electron bombardement , was found in 19202 by Austin and

1)

Starke . Since that time a large number of -
(2) ) ,
ments hags been performed . The discovery of =lesctron
. C L : (3)
spin and its description by Dirac as a necessary cuon
sequence of the principle of relativity was & milestone
of physics of course,but In particular initiated

the study of the magnetic properties of

Pauli calculated the spin susceptibility of the free ale
4) ) . (5) i
ctron gas , and in 1938 Stoner gave the explana-

tion of ferromagnetism in Ni within the b
consequence of the exchange interaction betwssen the parsa
llel-spin electrons.

The experimental studies with spin analysis of ele

o

trons in metals were, however, not developing very fast.
The main reason were the lack of intense scurces of pola
rized electrons and the lack of efficient spin analyzers,

Due to the uncertainity principle, together with the

Lorentz force , the flux of unpolarized electrons cannoct

o

be split into "up" and '"down'" beams in Stern-Gerlach ty




ring of electrons on heavy atoms, discoversd theoretical

ly by Mott in 1929 (see Ref.7), is used up to now.
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the intensity of electron beam after spin ssgregation
of several orders of magnitude, which makes measuremznts

gquite difficult. It was only in the laté sixties that
(8)

o R

H.C.Siegmann and coworkers in Zirich first detected

the spin-poclarization of electrons photoemitted from Gd.
It took then another ten years for the first observation

polarization in photoemission

(9) ‘
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=
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=
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b

reported

5]

In electron energy loss spectroscopy (EELS) the
< D

primary electron (PE) beam is directed on the sample and

v

ually direction) of outgoing

ot

intensity, energy (and even

his method has been proven

3

electrons are ured.

E
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e

valuable for the investigation of electronic structure

. 10 .
of solids . The spin-analyzed version of EELS is
called spin polarized electron energy loss spectroscopy
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o
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W
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(SPEELS). Here,a spin-polarized P is used, or al-
ternatively the spin orientation of the outgoing elec-
trons is detected. This technique has emerged recently,
but it has already shown its power. Since the electrons
are "marked" by their spin-orientation one can detect the
electron exchange process which involves gspin - flip,

The most recent success of this technique 1s represented

11
by the experiments of Hopster et al. ( ) and Kirschner
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et al. who detected the spin-flip excitations across
(14) (1)

e ferromagnetic Stoner gap in Fe and i .

An earlier, and not less important finding realised with

this technigque concerned the gnergy-resclved measurements

of spin-poclarized secondary =lectron emitted (SP3EER) from

(12)
a ferromagnetic material . The secondary electrons
{SE), or shortly secondariss, are roduced in a cascade

process with manyYindividual snsrgy losses processss and
also many electrons involved. The SE intensity is relati

vely large, comparable or larger than the inté&nsity of

(2)

PE's . This feature is of courss desiderable for spin-
-~orientation detection for +the reasons mentioned above.
In contrast, in SPEELS experiments, where only relativsly

small losses ( compared to the primary energy) are msasu

red, electrons are scattersed inel
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cnce.

This is of course easier to describe theoretically.

[

However, the experimental intensities are at lesast two

orders of magnitude smaller than - those of seconda-
ries.
The most puzzling finding in the SPSEE experiments

was the large polarization enhancement of low energy se-
. {(14-17) B ) ) .

condaries .The secondzries of lowsest energy,i.e.

0-5eV, show polarizations almost twice as large as the

bulk polarization of the ferroma

from. The effect has been found in photo-generated secon
: (14) . . (15)
dary cascades in Fe and Co and in Ni , and for

electron-generated secondaries emitted from iron-based

- . (16,17) | .
ferromagnetic glasses with PE's used.

The initial motivation for the present thesis work
was to explain this polarization enhancement effect.
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At the beginning we trying to emplocy the simple mo-
del of a ferromagnetlc metal consisting of two spin-split

. . {18)
paraboclic bands introduced by Yin & Tosatti ..
Those early attempts, while giving us fresh understanding
of SPSEE, failed totally to describe properly polariza-

)

tion enhancement .This left us with an alternative:
a) the enhancement had to do with the d-bands, which we-

re left out in Yin & Tosatti's model, b) the enhancement

had another origin, e.g., it was a surface effect.

At this point, the results of Hopster et al. became

available ,showing how strongly spin-polarizing a

change event envolving the d-bands could be.¥We then produced

<

in-Tosatti model but enriched
(20}

a model which is agalin the

with feature mimickin the d-bands

(9]

succe

&

fully explained the SPEELS results of Hopster et al.
but also turns out to be the basic ingredient fo

satisfactory theory of spin-poclarized secondaries.

Y]

We end up finally with a coherent picture of single {(SPEEL
and multiple (SPSEE) inelastic scattering of electrons
in ferromagnets described essentially in terms of Stoner

excitations. The empty minority states above the Fermi
energy are essential for those excitations. We have found
them also to be important for the spin dependence of the
inelastic-mean-free-path ( IaMFP) in the ferrom
The effect is strongly energy dependent, and,
is of particular importance for the interpretation of the
results of spin-polarised electron emission from erro-
magnets.

We have also studied the spin effects in the elec-

tron-paramagnet scattering. The collision between two frse
e g g




depending on th allows, tThe de-
tection of the s rocess, once
again, if elect discuss that
possibility for the electron scatfered on the Fermi sesz
of the paramagnetic metal electrons. The simple forz and
the physical content of the results we have cbtained are

quite appealing,.

This thesis is organised as follows:
in Section 2 we present our model of a ferromagnetic metal
and we calculate spin-dependent single inelastic scatte-

. . R (11)
ring rates. The comparison with &x

is also made. In Section 3 we describe two methods for cal
culation the secondary polarizabtion in SPSEE : the rate equation
approach and computer simulation. This part of the work

is a subject of joint theoretical-exper
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In the Appendix (placed at the end )} we solve analvtica
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transparently the mechanism of polarization growth with
electron energy decay. At the end of Section 3 we describe
computer simulation results of SPSEE for a ferromacn
with spatial variation of the magnetization. In Section 4
we give some predictions for future experiments with
spin polarized PE beam and spin analyzed scattered electron dete
ction from a free-electron-like paramagnet. This a direct
application of the earlier work byY¥in& Tosatti.  yo roung
that this type of measurement should reveal some impor-
tant information about electron-electron {(e-e) interac-

. . 5 verifie« xperimentglly.
tion in metals, which could soon be verified experl tally
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R i
energies tThis .dependance can be very strong.

The SPEELS and spin polarized electron emission
(SPEE) from metals is very new, fast growing part of con
denszd matter physics. It it also of practical importan
and 1s already finding applications to data storage sys

(21) , (22)
tems , and to surface magnetometry .

The present work is the first comprehensive theorsg

i

nerant ferrc-
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good physical un
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As the basic ingredient for further considerations,
we need to know the inelastic single scattering amplitu-

des for a high energy electron in a ferromagnetic metal.

These amplitudes were first calculated by Yin and

. (18) . . . .
Tosatti , using the Born approximation , and the
simplest spin-polarized parabolic band model. While such

rarabolic bands probably provide a representation of the

sp bands which is not unreasonable, the model is clearly

of
I
o]
[
0]
4]
V]
L.
3

insufficient for describing a real ferromagne

addition the d-bands are somehow introduced.A simple-way

. (23,24) , ,
to mimic the d-bands without increasing the com-
plexity of the calculation has been devised by Glazer &
| . (20) oy . - L
Tosatti . In their model, plane-wave-likes parabolic

v of {(minority) ¥ and

d’

bands are retained, but the densi

(majority) % states is selectively enhanced by a factor
(1+c) in two narrow energy '"windows"

g ,
2 +A/2 +4) and (E-8/2 -0 ,E -4,
i

Here, EF is the Fermi energy, £\ is the

-

and the two quant ities (1+c¢c) , "window factor", and 2,

"window width" are adjustable paramsters {see Fig.1).
. (20) . .

Glazer and Tosatti have shown ; in particular, that

once the free parabolic Green's function is replacsd by

a modified one
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Schematic band model used in this

process by which an incoming (Ep,&} electron is
oner pair in the

(8 p—u;,f) with creation of a St
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G (e kg) = o
T -~ Eue 2 T
< k6 — LU
W . . . C i nd
(where 69 is unity when &€ falls inside 2 window ,
k kg
and zero cotherwise) then the spin-polarized electron
energy-loss cross sections of real itinerant ferromagnst
such as Fe B S are very well reproduced.Specifically,
82 12 6

the band disp

ersion taken is

a - k*/

et < /Lm (2)

Cev = K/1m + A

Ky //L._sf‘f‘z EA 2

where is an 'sp" exchange splitting (not to be con-
fused with the d-band exchange splitting ~ 2eV). Parame-
ters that were found to reproduce the situation of
FeSZBlgs% Were c:3.5,<§:0.6 eV, A=2.2 eV,wﬁlﬁ.S ev.
For different Fe-based glasses, studied below, we need
to adjust only the value of ¢ , keeping other parameters
constant.

The density of states for g:given enzrgy is propor

tional

{ad
o

to the imaginary part of the Gresn's function.
Thus, we have for majority nf and minority né spin densi
ties &
am)
m /s a )
n' =t . gc’uEE 4 <'§ T LU TS ) , (3
(297)
0
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| n o Yl
. om Wy
m‘g; g ,,,,,,,,,,, {"“‘ {dwgf 64
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window s above E_ .
F . )
+ 1 1 — ’ 5 P e) 2 ¥ /
the bulk poclarization P as P =(n -n )/n
) b b
A 4 . R . 4
(where n=n +n is the total density of conduction elec-

trons) we can adjust via Egs.3 a,b the parameter c to

1

the given value of Pb.

#

i
. . , ¥ o , L
We shall dencte b R (&,.) the probability per
2
energy and per unit time that the incomring spin-up elec-—

tron , of energy E, will,by a single scattering event,

lose energy (& and flip to spin-down, and by R (E,&
the same process without spin-flip. Similarlily, we call

Yo Y )
gY (E,w), R (E,w)

the same quantities for an incoming
spin-down electron. The energy E is measured with res-

pect to the bottom of spin-up energy band, so that kine-

tic energy

where the inne

~ potential V is related to the Fermi
o

energy E through the work function:&] =EF+ﬁ¥.
o

We put V =1§ eV and ﬁlzd.SeV.
o y

The scattering rate Rﬁé 0

th
iy

electron rom the sta

L | . N - = .
te E(p),pT to the final state E(p)-/, (p-g)¥ with
e - o o3
momentum transfer q and energy transfer [ (see Fig.?2
and Ref.25) is proportional in lowest-order perturbation

theory to the imaginary part of the forward scattering

amplitude:
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Diagram for the exchange spin-flip process for an
spin-up electron, Spin-down electron from initial
. . «-‘:v«s‘:"!' N . .

is excited to E-w,{p-q) state leaving the hols

The cross indicates observed elactron.

incoming

-
€,xV state

behind.
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As shown in Fig.2 the electron spin is conserved along

¢

the electron propagation line, since in the absence of

spin-orbit interaction an electron spin cannot be
Flipped without exchange.

The int ction between electrons is taken to be

D

-
i

W

a statically screened Coulomb potentisl:

‘ LT e™ (6)
(Gy ? '

(g1 94)Q

is the Thomas-Fermil screening wave vector g
2 A . .
( 6 7 ne /EF ) , e 1s the electron charge

[

Qe

ven by qFT:

and LQ. is a normalisation volume. The rationale for this

choice has beeh discussed in Ref.18 and is roughly as fol
lows. A'tﬁﬁé lowest order scattering thesory would imply

in Eg.5 a bare Coulomb interaction | V(g)]| = (4ﬁe2/q%ﬁ)2.
Full summation of the RPA bubble series would instead
vierd | via, @)1 = (ame®/a®R)Z £ (g, w), wnere
ERPA is the g and @ dependent dielectric function.

This expression is more accurate - in particular it does
take into account excitation of plasmons. However, 1t has
disadvantages for a practical calculations, in that it de

pends simultaneously and not tco simply on both g and & .
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A statically screened form like (8) is less accurats but

not toc unrealistic, except for &/ close  te plasmo

frequencies. The plasmon oscillateor strength is, shifted,
I A 1 o e u_} il A C-"

witnh this replacement, from P to A == ,

i.e. to electron-hole (e-h) pairs. For our purpose, this

is good enough on two accounts: (i) spin - polarization

(26)
¥

from plasmon scatterin to be insignificant’

[ils}
j.._a
0
o
v}
f—_.l
H
)
<
0}
[N

(ii) for densities such as those of Fe uﬁ: and EF are
numerically not very different.

We shall deal here in detail with g-integrated rates oniy, as

many present-day experiments have no momentum transfer sele ction.
. 4 \ ) _
The non - flip R (E,& ) scattering rate is a

sum of two terms:

i
e

{\E g@j) (7)

M
=
R
..a%-

20

My |
R"(E,0)=R,

The partial rate R@ (E,w) consists of a single contri-

bution, (very similar to Eg.5, once integrated over q ).

Mo % rrd3a rd3k rd€
R c,w =T Ii’ﬁ RN A Phadii — X
-5 ) At (870> J(237)% ) 27

"G’hie,Kéj> (8)

1
The other partial rate Ry (E,w ) is made up of several

contributions, because of particle indistinguishability

b
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The first two terms in Eq.9 represent direct and exchan

Nt

ge scattering respectively. The third term ( negative

hy
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3
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appears naturally if all lcocwest orde

[0
[
=

(¢}

ded and is the quantum - mechanical interference betw
}

amplitudes of direct and exchange process
-1

<+

The factor (1+Cc9k* ) in that term cancels the enha
WL ) ,

ncement (1+c Qk& ) of Eq. (1) for these terms only.

The idea is that exchange interference term should be

negligible for states belonging to different shells.

Four out of the seven integrations dinherent in
Eq.8 & 9 can be done analytically. The remaining three
are left for numerical calculations.

, )
vt ¥ W)

The quantities R (E,wW ) and R (E, are

computed in the same way, namely:

RM(E W) In[ (LEL9AE G40
) ,

X’Gﬁ(gww;(&e )6 (erw, Gt

GM(eRT) ] e




and:
RY(Ew) = Ry (E,w) + Ry (B w) (4
c t NE N )
where 3
2 R T TP Ry o 2
o Cb*gyﬁ,uag‘ - N}
(E 0)= —5: I [ f w;%r«““ iV(W '

Y(E+ (Z+T Y b AN AN AT e N
+V(E4- Al -2N{q,) V(B-¢- W“*‘*{i%ﬁﬁ,gﬁﬁ g

a7
(4‘*’(2@@@}@) )J :

We have carried out calculations as =2 function of
E and w that are reguired in further discussion
As an example we display in Fig.3 the results for c¢=2
(P_=22%) for up and down-spin electron with initial ener
gy 10 eV above the vacuum level.

The most striking features in Fig.3 are the chim-

44 +
ney-like structures for the R Y and RH functions. They

are both the consequences of the abrupt square shape we
\L . ) 1

have assumed for the d -band window. One can vary the
W . o . .

shape of the 9k€ functions, e.g. by making it smooth,

but this would not change the mocst important physical
features of the model.

¥
The spin-flip scattering R (via the exchange p

ﬂ
lo

cess) for spin-up electron is enhanced when the excited
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Energy loss rates for spin-up {(down) electron with
primary enrgy E =10 eV measured with respect to va-
B
cuum level V , as a function of energy loss & .
0

Vertical line marks the vacumm level.



spin-down electraon falls intc the d -band, ths same hap
pens for non-flip scattering for spin-dcwn electrons. In
: o N 1
the latter case however both processes are possible:

. . 4
Direct {(when the scattered electrcn falls into the d -

-band ) and exchange scattering (when the spin-down elec

o
tron excited from below E? falls into tHe -d=bdnd).
e I ,
This is the reason why R {(E,4 ) is much lar

v‘r i
R"Y (E,w ) when E-# is within the d -band.

er than

[iis]

P

&
The maximum for & =2.2 eV for RY' (E, W ) ref-

. + &
lects the scattering process where both d and d bands
;
are involived: a spin-down electron falls intoc the d-band

#
exciting a spin-up electron from the d -band with energy
(20)
loss W close to the d-band exchange splitting A (see
Fig.1) . This amounts just to creating a Stoner excita-

]

tion in the metal. Since both filled and empty d -bands

.. 4 . . JR
contribute to the R& scatteri rate , the maximum of R

O]
=)
[ils}

has a triangular shape due to the self-convolution of

the d-density. On the other hand no Stemsr excitation
. . S
can be created by an up spin electron. As a ult R 1is

much smaller then R®' for w™A. The effect of this asy-

mmetry has been observed experimentally in spin-polarized

electron energy loss spectroscopy (SPEELS) in Fe - based
. PR (11) . oo (12)

ferromagnetic metalic glass and 1in Ni .

The SPEELS polarization measured in ref.1l is,;in the 8im

plest scheme, equal to the "outgocing asymmeiry parameter’”

Ak R0 R E0) )~ R"Ew) +R™E w)

)
Iy . 9
(R™M(Ep )+ RAG ) RW Ew )t R™ (B w) )




where Ep is the kinetic energy of a primary electron.
Our result obtained for A iz presented and

Ui
¢

with experiment in Fig.4. The best agreement is:obtained
by giving the window parameter ¢ a value bestween 3 and»
3.5. The main process contribution to the peak at

is that of Fig.1l , involving a Stoner excitation. The ma
gnitude of this peak is found to dscrease rapldly for la

rge primary energies EP , which agrees very well with ex

periment , as shown in Fig.5, as well as with our physi-

[}

s
1

cal expectation for an exchange process. No such increa
(1
i

PR

is however reported for Epfbetween 18 and 5 eV in N
The reason for this can probably be traced to band-strug
ture matrix-element effects that are omitted in ocur sim-.

4 1

ple model, but should be important at low energles.

o]

As a further check on the implications of our mechsa
nism, we can calculate the EELS intensity lins

shape (not spin-analysed). This is proportional to

A
T

L. (R i
R(E,w)=R"(Ew)+R"(E,0)t R (E,w)t R

which is plotted in Fig.6 for various primary energies.
A characteristic d-band shoulder, or hump, 1is predicted

for losses near the exchange splitting & ~4. The occur-

rence of this hump in Fe is currently being investigated
. . (27) . .
in Fe by Roseli and coworkers . The hump height is

predicted to be also energy-dependent as in Fig.3. Featy

res reminiscent of those in Fig.4 have been reported by

28
Ibach and Lehwzld ( ) for Ni. Their interpretation of a

(M

§

N
direct spin-flip process d —4d should probably, in view
of our evidence, be revised to an exchange spin-flip as

in Fig.1.
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Fig.4

Calculated spin asymmetry Aout (Eq.13), without (lowsr curve,

c=0) and with (upper curve) d-bands. A good agreement with ex-

perimental data of Ref.1ll is achieved as shown, with c¢c=3.5,
other parameter chosen so as to approximate the situation

for Fe.
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Primary energy dependence of the main polarization peak .of:.
Fig.4 (full curve) and of the total intensity hump (Eq.14) of
Fig.6 (dashed line). The rapid fall with increasing Ep seen
both in theory and experiment (Ref.11) is strong evidence for

an exchange process in Fig.1l,.
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Fig.6

Total EELS (Eq.14) calculated for Fe. Lower curve no d-bands,.

Upper curves : with d-bands, for various primary energies.

The hump around 2eV reflects the process of Fig.1l.
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. FERROMAGNETIC META

=

CASCADE OF SECONDARY ELECTRONS.

When an energetic PE is injected into a metal it

ot

will lose its energy mainly via e-h pailr creation. The
electrpns excited above the Fermi level EF in this pro-
cess travel through the metal being scattered both elas
tically (e.g. Bragg-diffracted by the lattice) and inela

-

stical by giving rise to futher e-h pairs. Some of

ly,
these slec

ot

rons eventually leave the metal, crossing its
surface. Those electrons which leave after so many ine-
lastic scattering events that their energy is reduced to
10-20 eV or less are the SE.

1

The theory of secondaries has been developed deca-

2 ] . (29-33)
des ago and is now well established .
The spin plarization of SE however has not been discussed
theoretically.
As a first guess, the fact that the largest frac-

tion of secondaries is excited out of the wvalence bands,
suggests that their polarization has to be close to the

. . . C (14-17)
bulk polarization Pb. The experimental findings

indicated however, quite surprisingly, that the polariza

tion of SE of lowest energy is about twice Pb for fer
romagnetic Fe, Ni, and Cc. This effect of polarization
enhancement has been attributed to the spin-dependent ex
. (9,15) ) o . . .
change scattering and to the increase of minority=

—-electron decay due to the large number of empty minority-
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-spin states Jjust above the Fermi level T
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low we present calculations where
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mechanisms contribute to the SE polarization ¢ enhance-

ment in a manner that makes them hard to separate. The
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results are compared with SPSEE experiments perfor
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with ferromagnetic metalic glasses based on iron. .Va
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Fe concetration gives an 1
the theoretical results with respects to different bulk
plarization Pb.

There are two basic steps involved in our spin-po-

larized calculation of secondariss., The first is the de-

w

terﬂénation of cross-section or a single scattering

event (it is already done in Ssction 2.) The second ste

is to calculate the polarization of hot electrons excited

above Ew' A guantum-mechanical treatment of a large num-
B

ber of scattering events including overall phase coherer

ce is in practice out of the question . It is clear, however,

=

that to some extent such a level of complication is exc

o]

ssive. For increasing electron energies, for example,

oy

gquantum-mechanical interference be

<t

W ¢

M
0]
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1 products of scat

ot

tering amplitudes relative to different events should ra
pidly become negligible - we have made the approximation

that such interferences can in fact be neglected

altogether , thereby abandoning scattering amplitudes in
favour of cross sections of successive events, assumed

to be unrelated.
Within this approximation we have carried out two
separate and parallel calculations. The first approach

is based on a simple rate eguilibrium, of up and down-

3

-spins as a function of energy. The corresponding master

o

»
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equation is constructed and solved numerically . The se-

omputer experliment, where

[

cond approach consists of =
the cascade generated by one fast incoming electron 1is

followed step by step, with probabilities for successive
events taken from the microscopic theory of inslastic

electron scattering. In this latter approach the gecmet
ry of the problem 1is also included, and a much more de-
tailed study of the properties of the secondary electron

cascade in space, energy, and spin is possible.



3.1 Rate Equation Approach.

2

Suppose a continious flux of primary electrons is
being injected into a metal, and thus generates the cas-
cade of hot electrons. All those electrons lose energy

etal electrons. Their

h

f ot

[§
"3
=
q

ct

by inelastic scattering o

final fate is either to decay to Fermi level or to es-
cape from the metal across the surface. After an initial
transient regime, a dynamical equilibrium has to be
reached where the spin-resolved energy distributions f%E),

become

[Us]

Ié(E) of hot electrons, both inside, and escapin
time-dependent.

We neglect here escapé of the electrons altogether
or, eqguivalently, we assume an infinite metal, where the
surface is negligible. This makes things much simpler, sin
ce then we do not need to worry about: a) the geometry

of the problem and b) elastic scattering of the elec-

trons (as long as we can assume that it is spin-indepen
dent). We then assume that the energy and spin distribu-
tion of SE is the same as the distribution of hot elec

trons in the metal.

At dynamical equilibrium the number of electrons
per unit time which fall,through flip or non-flip inelas
tic scattering, down, to energy E with spin-up(down) is
equal to the number of spin-up (down) electrons with ener
gy E scattered inelastically further down in the same
time. Cne can then write a pair of coupled master equa-

tions:
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where E is some initial electron energy, e.g.,the pri

o =
mary electron energy. On the left side in both equations
are the numbars of up (Eg.1%a) and down (Egq.15b) elec

&

trons falling to the energy E , on the right are the

4]

numbers of electrons leaving the states with energy E.

o

We are concerned only with E>»V , 1. only with elec-
o}

trons which in vacuum would have positive kinetic energy.
Note, however that electrons have the possibility to de-
cay into the energy region of width ﬁf tetween the vacuum
level V and the Fermi energy Ep, hence the integra-

o F
tion limit E—EF on the right-hand side.

Our aim is now to calculate from Eg.l15a & b the two

&
unknown functions If(E) and I (E) for V { EXLE
: $
with boundary conditions I (E )} = I and
o o)

4 ]
From I and I we will eventually calculate the SE

o
S
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In principle E has to be egqual to the energy of the
© $ v # v

PE beam E and P = (I - I Y / (I + I ) ought

‘ p o 0 o o} o

to be the PE polarization. What we find however 1is that

g

the intensity and polarization of SE
ding to Eq.15-17 is practically independent of E and

P if the kinetic energy of PE 1is higher than 100eV

(%)

and P is between zero and P, . Since the problem
o] ., D
) . ik 3 :
is linear, we can alsc set I =1, i.e., we use relative
o

intensities.
The solution of the integral egquations 15a and 15b

has been done numerically by the iteration (simplified

problem can be solve%iiga ytically - see Appendix) :
i i ~ T iy :
Tan (B)= I (E) + gdg[a Etw,0)In (Evw ) +
% ° 0 P r
= i, \ . 4 .;,, \ { \
TR (Brw, 0) T4 Er0) - [dw[R™ Ew) Ty )
o

+ P\NI (ij)lrj(5>] 3 (18a)

¥ Note again that no provision for gecmetrical factors, and es

cape depth, etc., is made in the single formulation given
in this Section. Due to these, I &and P may of course
pick up an extra dependence on E , P as discuss=d fur

o o
ther below.



(18b)

where I+Z)(E) is the spin-up (down) energy distribution
function calculated in n-th iteration. For a number of
iterations N 1large encugh so that Iﬂgt(E) and fﬂ§+l(E)
become practically independent of N , we can tale IﬁN(E)
and IﬁN(E) as the solution of Egs.l15 a & b

We have found I*(E) and I$(E) for scattering ra

tes calculated for <c¢=2. ; 1.4 ; .75, corresponding
Pb = 22% ; 19% ; 15% respectively, if 4 =.5 eV is kept
fixed. The detailed discussion of the results is presented
in the following subsection. Here we only want to point

Fig.8 -

6]

out that the intensity I of SE we found (se
(

3
-s0lid line) obeys an E law with m = 2.



3.2 A computer simulation.

As pointed out in the beginning of this ' Section the
neglect of guantum interference effects allows the discu-

ssicn of the electron cascade in purely classical terms,

easily amenable to direct computer simulation. Many casca
. . . (29-33) .

de studies have been carried out . Some of them
. . (32,33)
are based on Monte-Carlo computer simulations .

The present simulation, though analogous in spirit, has
been developed independently. It is simple and unsophisti
cated, but it contains the important new ingredient of
spin selection. An electron is considered a point particle
moving in space and time. Each electron above the Fermi
level is kept track of independently, with respect to 1its

energy, momentum and spin state. The continoius trajectory

et

of an electron is broken into "hops" of length 41, which

ot

is chosen tentatively to be 18, At the end of each "hop"
the electron with energy E, can suffer inelastic scatte-
ring. Now consider what happens for example to a spin-up
electron. Inelastic scattering will occur with a probabi-

lity given by

i

"

PrE)aL yo T (E)

(19)

where v?(E)

1y
(28/m)”® is the velocity of spin-up elect=
.
rons with energy E {for down-spin : v@(E) = (2{E~E)/m)é),
PN
while Pl is a probability per unit time for spin-up

electrons with energy E that any inelastic event occurs:
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During the inelastic scattering event a spin - up
- 4 -2
electron with energy E and momentum p leses energy
i L B =
and transfers momentum g to the created e-h pair sys-

tem. After this scattering there are two electrons above

—

. . - .
Fermi level : one with momentum ©p - g , another with mo-
iz — - .
mentum ¢ + k . The momenta g,k and spins of the elect-
rons have to be chosen with proper probability.
From the discussion of Section 2, the probability

; ¥ > P
P(Sf;(glq) ,(§+§) ) +that a spin-up electron with momen-

e
tum p (and energy E ) produces a spin-up electron with

-_— "

momentum p - g (and energy E -« ) and a spin-down elec
o

> —

—

tron with momentum gq + k is proportional to (all momenta

and energies are expressed in terms of p_ and ?éF res-

4 S
pectively, where p . yZmEF )




and with the same noctatio
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Here the @-functions take cars of the Pauli principle.

( > - Fé]

However, the electron at E -, p - q) is automati-

cally above EF since we consider energy loses with

w £ E - EF . Energy conservation requirement adds one
.. - - - e 2
more condition for g and k : p-q = gk + g
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a erence
discussed in previous Section. Similar formulae .to these
can be written for scattered spin-down electrons.

After this scattering event, we have two electrons
plus a hole, all with well-defined spin and mcmenta trave
lling through the metal, exciting eventually other elec-
trons ; In principle this cascade process is infinite and
each electron which does not escape out of the surface
reaches the Fermi level through repeated inelastic scatte
ring.

As an approximation, we choose to neglect energy
loss processes due to inelastic scattering by the hole,
and the new e-h pairs thus generated. Sinces the hole can
only lose energy W< EF , the chance that it can give riss
to an electron with sufficient energy to be relevant as a
seceondary is finite, but very small.

The only electrens interesting for us are those ele
the

ctrons which have a chance to cross surface of the

3
jo

tal and be observed as secondaries. Therefore, after ine-
lastic scattering the energies of two electrons are checked
and those with energy less than vacuum zero VO ars drop
ped, since their only fate is to sink to the Fermi sea.

So far, we have not discussed how the geometrical
factors enter our simulation. This happens in two ways.
The first is that it is necessary for an electron tc have
a direction very different from the incident electrgns .

for it to be observed as a secondary. The inelastic proce

sses considered here do actually involve a deflection, but
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the probability of a large deflection is very small, even

e
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cally

u

&

i

after repeated scattering. It is phys

large - angle elastic scattering , for example Bragg sca-
ttering in the crystalline case, is crucial in determining
Y

5) .
We shall describe

. . (3
large observed yield of secondaries.
further down the very simple way we use for introducing

lectron deflection, actually done by elastic scattering.

[}

The second is that escape out of the surface has, in the
simplest potential step scheme, a certain kinematic depen
dence upon the angle of incidence of the electron which
attempts the escape against the surface. This kinematic
restriction has to do chiefly with the parallel momentum
conservation - while of course the normal momentum is not
conserved, when the electron crosses the surface. We cal-
culate SE yields both with and without +this kinematical
restriction. The resulting intensities are very similar,

1\ escape 1s strongly

except at very low Ek , where electro
suppressed by parallel momentum conservation. It is inte-
resting to note that most available data resemble much
more the calculation done without kinematical restriction.
In our opinion, this could be because the surface of the amorphous
material is so imperfect that parallel momentum conserva-
tion isirrelevant. Following this reascning, we conclude,
that, while the full escape kinematics should of course be
used for an ideally flat surface, the best one can do for
a real surface is to ignore 1t altogether, and assume that
each electron that hits the surface with energy E7:VO
will just escape, no matter what angle it forms with the
surface.

Elastic scattering is, both in principle and in DrEC
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tice a much more delicate problem to deal with. Calcula-
ting its intensity 1s non trivial , requires the use
of highly sophisticated codes. Furthermore, elasftic scat-
tering is spin-dependent, although the resulting asymmetries
X (37)
are only of the order of a few percent in amorphous Fe .
This last fact provides one sole justification for negleg
ting any spin- polarization arising from elastic scattering.
A simple inelastic scattering event will usually be more
spin - polarizing than this (see Fig: 4).

There remains the geometrical problem of how To pro
duce, within our computer simulation, the large - angle
elastic scattering required to turn electrons cut of the
sample.

Elastic scattering is crudely replaced in our simu-

lation by a '"mirror" which scatters back tThe electrons.

The depth where the 'mirror" is placed can be adjusted

by fixing the total yield Y:.of secocdaries (v = Nout/Niﬁ’

where N, is a number of PE and N _ _ is a number of
in out

SE ). Too small and to big mirror depths make Y small
since in the first case the cascade of secondaries has not
enough space to develop and in the second case electrons
have a small chance to reach the surface. We have found a
mirror depth of six times the InMFP see Section 5 to be the
most. realistic. In that case the yield Y for PE with
primary energyl E (measured with respect to the vacuum
level) of 400 eV is Y~=1.6 which seems reasonable com-
pared with experimental data (2).

In the simulation the primary energy E , the elec-

T

tron angle of incidence (measured with respect to the sur

face norm=l) and the bulk polarization Pb {i.e. parameter c)
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of the metal are to be chosen at the begining. Each "ex-
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periment" consists of repeated inji=c

%}

. - . . e e . .
with the same momentum p and with different spin orien-

tation. As the PE beam in the real experiment is unpola
rized- we have injected the same number of up and down

electrons. A large number of primaries is needed for each

(]

simulation (41105) in order to achieve reasonably accurat
values of yield and polarigation of secondaries for kine-
tic energies below 10 eV.

Data of outgoing electrons are stored. Histograms
can than be made, with an one eV as the energy interval.
The results are shown in Fig.7 for ¢ = 3.;2.;1.4;0.75
(Pb = 27% , 22% , 19% , 15% respectively). The strong en
hancement, with i1ts magnitude depending on Pb , of elec-
tron polarization for small kinetic energies 1s obssrved.

In Fig.8 we show the SE intensities. The shapes
are practically independent of the ferromagnetic glass we
used. There is almost absolute agreement between intensi-
ties obtained by solving the master equations and by doing
the simulation without surface scattering. This is not sur
prising : In the simulation each secondary electron is pro
duced on the average after &bocut 10 inelastic events with
various ensrgy transfers. It seems enough for the system
of hot electrons to be very close to the equilibrium dis-
tribution as predicted by the master equations. Some dis-

crepancy around 10 eV above the vacuum level 1s caused by

the minimum in the InMFP of the electrons with those

energles present here in our model.

(17)

The experimental results show the well known
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Fig.7

Pclarization of SE obtained by computer simulation for
different Pb values. The increase of ststistical noise

with increasing kinetic energy E is caused by decreas

k
of electron intensity (see Fig.8).
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Fig.8

Energy distribution of secondary electron as a function of

their kinetic energy; (®)-experiment; (+)-computer simulation;

golid line - master equation solution. All intensities have been

normalized to_the value at E =0. (&)-intensity from the simula-

tion with surface scattering. It has been matched at 15 eV with
the intensity from computer simulation without surface scattering.




ri=s at almost zero kinetic enrergy-
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peak in the intensity of second:

.
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—caused by the escaping mechanism., Of course, in the maste
solution as well as in the simulation without surface scattering the
calculated maximum is instead at kineti¢ energy exactly zero.Except
for that the agreement between experimental and theoretical results,
especially for small energies is rather good. The excellent .agree-
ment of intensities predicted for small energies by the rate egua~
tion results with the experimental intensities is so good that it
probably has some fortuitous element in it. It is very gratifying to
find that the two independent methods, the computer simulation and
the rate equation approach, agree so well.
“ fFor;higher energies theoretical intéﬁsiféeé are higher
then experimental ones. This is because in the experiment
(17)
a part of more energetic SE {fail to be detected .

We also show in Fig.8 energy distribution of secon-
daries produced by the simulation with surface scattering,
introduced by a potential step . As mentioned earlier the
agreement with experiment is in this case not very good.

If, as we believe, this is due to surface disorder, it
would be interesting to check experimentally whether the
lineshape of a crystalline ,ordered and flat surface has
indeed this form.

In Fig.9 a,b & c we show spin polarization of secon
daries for samples with different Fe/Ni composition.

The agreement between experimental and theoretical (”theg
retical" meaning computer simulation and master equation
solution) results is in each case gquite satisfacto;y.

The experimental ‘'"plateau" polarization around
Ek = 15 eV is in general slightly larger than that obtained

from the simulation. As is seen from Fig.7 the computer

experiment is very sensitive to the parameter ¢ o¢f our
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Fig.9 a)

Polarization of secondaries for Pb=22%; (#)-experi-
ment, (+)-computer simulation, solid line - master
equations solution. PE beam in experiment and simula-
tion has the same parameters (also for Fig.9{(b) and

o
(c) ): E =400 eV, =30 , unpolarized.
P &
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Fig.9 b)

Polarization of secondaries for Pb=l9%; (e)-experi-
ment, (+)-computer simulation, solid line - master

equation solution.
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Fig.9 c¢)
Polarization of secondaries for Pb=15%; (& )-experi-
ment, (+)-computer simulation, solid line -~ solution

of master equations.




model. The small differences between real and computer ex
periment in the plateau region can in principle be adjus-
ted by small changes in ¢ . .

There are two simultaneous mechanisms at work that
determine the SE polarization at energies around 15 eV
where the bulk plarization reached
(i) the multiple scattering : this should enhance P to
be larger than Pb , as seen for low E ,

(ii) suppreﬁion of exchange, for a high energy electron
interaction between electrons is in this case practically
spin - independent and electrons excited randomly from
conduction bands have to show up the bulk polarization Pb.

If the ?E energy is small, say 50 eV or less, both me-
chanisms described above should be of smaller importance,

and effects caused by the variation of surface magnetiza-

(34,38)

tion with respect to the bulk one, can also be observed

(see also following subsection).
The experimental petarization. decreases for increasing Eg’ coming

to a "plateau" from E&flSeV onwards, where the polarization of secondaries 18

anyway close to the bulk polarization Pb. In the rate
equation results P 1is also close to the Pb value but
it keeps decreasing slowly with electron energy. The pola
rization obtained from rate equations are generally slight
ly larger than those from simulations. This 1is because of
the assumption of the infinite solid inherent in our rate
equation approach. In the simulation electrons can cross
the surface before the polarization predicted by the rate
equations is reached.

The simulation results are affected by a large sta-

tistical noise in the plateau region but they tend to in
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dicate that when the low - energy secondary polarization
is well reproduced in shape and magnitude, then a somewhat
lower polarization than Pb is found in the high energy
regime Ek> 15 eV. At present, it is not clear whether the
origin of this slight disagreement 1s to be blamed on the
experiment or the theory. In fact, while there are indica
tions that in other cases polarization lower than Pb

may be observed (34,38) , we also have no guarantee that
our theory is reliable at high energies where the collec-
tive excitations are also important.

We finally come to discuss the most interesting fea
ture of the secondary polarization spectrum, namely the
large polarization enhancement at small kinetic energy.
This phenomenon has been so far somewhat puzzling.

As Fig.9 a)b) and c) show,it is Very well reproduced by our cal-
culations. It thus establishes this enhancement as a bulk
phenomenon, brought about by the multiple inelastic scat-
tering.

The main and crucial reason for the existence of this
enhancement can be simply stated as the fact that most

spin - down electrons in_ the cascade , decay in energy

with preferential and massive creation of Stoner excita-

tions at W= 2.2 eV in Fe -based glasses. Electrons of down spin ter

minate their life by falliné into the empty d¢ band,be=
low the vacuum barrier. Since the same is not possible for
up - spin electrons , this produces a ”filtering"J

effect which reduces the down - spin secondary population.
On top of this, as a result of the Stoner pair creation,
an up spin electron emerges at energy E - w, which further

enriches the up spin secondary population at low energy




side. Repeated occuerce of the Stoner pair creation leads

o

eventually to a very large increase of P at very low B -

In order to give further quantitative support for
our statement, we have calculated the number of up - spin
electrons between O and 1 eV kinetic energy which come
from a Stoner pair excitation (i.e. the last inelastic
event before leaving the metal was a Stoner excitation ),
and found them to be a large fraction , 7~ 38% of total
number (for Pb = 27%) .

The present calculations show good agreement between
data taken in glasses with decreasing average magnetiza~
tion and calculations done keeping the exchange splitting
A  constant and just changing the adjustable enhancement
parameter ¢ , which represents crudely the d - density
of states near EF . The results obtainable by keeping c

constant and decreasing & would however not be very diffe

rent.



3.3 Polarization of secondaries for ferromagnets
with spatial variation of magnetization ,

primary energy dependence. :

Thé compuler simulation technique provides the pos-
sibility of a numerical study of the cascade process in
a ferromagnet having magnetization varying in space. The
original idea (21,34) is that changing the energy Ep
of PE one changes their penetration depth. Hence, if ma
gnetization is depth - dependent , one should observe pri
mar energy dependence of SPSEE.

First, we check in our ‘'computer experiment” how
the density D(z) of hot electrons, created during the
cascade process at a depth =z below the surface, depends
on primary energy Ep. We have found , running several si
mulations, D(z) for different Ep by counting the elec
trons with positive kinetic energy created at a depth =z,
after an inelastic scattering. The results are shown inf
Fig.10 . They are simikar to those obtained alsoc in the
Monte-Carlo study by Gauchaud & Cailler (32). However,
in their study of spatial extent of the secondary process
inside the metal, they were looking for the total energy
loss as a function of the depth. This similarity between
the two results is not unexpected, since the total energy
loss and hot - electron density D are related through
the average energy loss which we have actually found to va

ry slowly with =z . For our purpose the density D is the

more significant variable then the total energy loss.
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Fig.10

Density of hot electrons D as a function of the depth z below

the metal surface, for different primary energies. The small

wiggles are due to stestistical noise. (Note that the "elastic

mirror" depth which is six time the InMFP, sece Fig.16, is much
greater than the depth af the peak in D functioh, for each E?
respectively).
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As it could be anticipated;, with E increasing, the maxi
D =

mum of D shifts towards larger depths with electrons be

coming more spread inside the metal. The depth resulting

to

from our model should be suitably reduced when applied
real systems not with e - e scattering alone (see Ref.33
and discussion in Section 5.).

As peointed out in Ref.34 the chemical composition
of metallic glasses can vary between the surface and the

L.

bulk. This can lead to a significant reduction of the mag
netization towards the surface. However, the magnitude and
spatial extent of that reducticn is not known exactly.

We are able to mimic such a situation within our simula-

tion by continously changing the parameter cC . We put

¢ = 0 on the surface, which corresponds to Pb = 10%

o}

with the Stoner excitations almost completely suppresse

and increase it linearly with =z up to the -¢ =2/ (Pb=22m)
for =z approaching the limiting value Zb , which is thus

the width of the transition region between the surface and

the bulk. For A Zb c remains constant. We have run se

veral simulations for different primary energies E and
D

for three different z, values : z, = 504, z, = 358 angd

z =0 (z = 0 means ¢ = 2. for all =z ). We have looked

b

for polarization in the plateau region Ppl defined as

the average polarization of electrons emitted with kinetic
energies in the energy range between 13 and 17 eV (see
Fig.11). As expected for z = 508 & z, = 35K ,the polari-
zation Ppl increasies with increasing primary energy Ep.
The reason is that for more energetic primaries, electrons

penetrate deeper into the solid (see Fig.10) where the bulk

polarization is larger than close to the surface. For high
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Average polarization for secondarfes with kinetic energies

o

E for
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different magnetization profiles, and the total yield Y of

between 13 eV and 17eV as .a function of primary energy

secondaries as the function of ED, The statistical errors in

2% [i.e. P, — (P + 2%) ]

polarization are less than { ol pl
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enough primary energies, when the mean - fres - path of
= by

primary electron is much bigger then zb ., saturation has

z

to be reached , which has actually been experimentally

34
observed by Mauri ( ) in F883Bl7 ferromagnetic glass’

for E = 300 eV. In our 'computer experiment" the satu

p . :
ration is almost reached for E = 400 eV, at least for
P

zb = 358 ( which for technical reasons is the highest pri

mary energy we~can fully study) The escape mechan1sm ob=

v1ously prefers electrons close ta‘the surface to leave

the solld sc the- saturatlon value!of‘zP,q should 1lie

somewhere betwsen those surface and deep { z>’zb ) bulk

polarization.

The resulfs,for zb-O (no surface reductlon of then

magnetization), shown in Fig.11l,~

‘equlre a separate expla

nation. At first sight it seemns surprising that the plateau

polarization P 1 is the largest for;the smallest primary

energy, Ep = 25 eV, and is much largef;than the bulk pola
rization. It is not so surprising, hoﬁe#er, if one consi-
ders +that the primaries with Ep = 25 eV  fall down to
the energy region between 13 eV 'and '17 eV after only
one or two inéléstic events. For those primary energies ,
exchange Stoner excitations are stronglywenhanced which
leads to the’iafge polarization of scattered electrons
(see Fig.5); Actually we show here that the measurements
of the Qa%géing;éiectronk pola?izatidﬂ‘averaged over a re
lativelyfwi&é e£ergy range Can’be used aé’an alternative
method for the 6bservation of Stoner excitations in the
strong ferromagnets. The main advantage of this method is

that it does not require high enery resolution in the de-

tection of secondaries. With iﬁcreasing primary energy E

p

®




i

discussed in detal

n

. N v
the cascani» develops fully, a

[

4s a result, for primary energies E above 2GQeV

i}

tion 3.2.

low energy electrons emitted from the solid practically do

not carry any information about primaries and Ppl remains
almost flat (see Fig.ll ; zb = 0),.
We show, also in Fig.1ll, the total yield of secon-

e
daries Y. The primary energy despendence of Y we obtained
resembles that observed by Mauri (34) , especially for pri
mary energies below 400eV. We have also found a maximum in
the total electron yield Y , resulting from a competition
between secondary production and penetration of primaries.
Both of them increase with increasing ED » around the same
energy as Mauri did, namely EpzSOOeV. Our maximum is howe-
ver much sharper. The reason for this 3¢ undoubtedly the ér-
tificial way in which the elastic scattering in our simu-
lation has been introduced (see previous subsection).
Ganachaud & Cailler (32) have shown that the elastic mean-
-free-path grows slower then the inelastic one with Ep in-
creasing, reducing thus the rate the penetration depth in-
creases with, for increasing primary energy. This leads. to
the flatter aspect of the maximum in the total yield Y,

that they found in their simulation (32).



4., PARAMAGNETIC METALS.

The well-established technique based on GaAs pola-

rized electron guns and Mott scattering spin analyzers ,

makes in principle vossiblas an experiment with spin -~ oriented electron

PE ©beam and spin - analyzed scattered electrons
This type of measurement gives a new opportunity of

direct observation of exchange process between prima
ry and paramagnetic - metal electrons (39) . In this Sec
tion we present our theoretical prediction for such an expe-.
riment. We give a. quantitative description of the exchange
process in terms of depolarization of initially fully po
larized PE beam using a model of a paramagnetic metal
consisting of a single parabolic band filled up to the
Fermi level EF . Within this free electron aporoxdimation of a real pa—
ramagnet, which seems quite reasonable for a simple metal,

such as Al, we calculate the single scattering rates in

the first order perturbation theory for direct and ex
(6,7

change process. A comparison with Mgller ) scatte

ring of two electrons is also presented. In M@ller scattering the

exchange process becomes negligible with respect to the

direct scattering when the energy loss goes to zero. We show in detail that thisi

+is no. longer the case for electrons scattered by.r
a Fermi sea. Our results indicate that the exchange

spin - flip process should be generally easy to observe
and should reveal a relation between the relative
flip probability and the metal screening properties.

The single scattering theory can be applied direc-
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tly only to electrons which lesave the me
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=

wi
loss of the<order of a few electronvolts. In fact, or
an energetic PE , a small energy loss has a low probabi
lity, which makes multiple inelastic scattering practi-
cally negligible. We have also calculated the polariza-=

tion of scattered electrons with energies very much sma-

Jmt

1

@
‘g

t

o]
b

-

eguilibrium rate equations. The results indicate the

Ke

possobility for observing a yeakexchange-induced s%i?—down
#
polarization of secondaries, for a spin up primary . .

() We concentrate here only on spin-effects caused by
inelastic scattering. The spin-orbit polarization effects
present in electron<ion scattering can be eliminated by:
proper experimental conditions, such as (i) use of PE
with polarization parallel to the electron beam; and/or
(ii) use of PE with alternate polarization, and then

average between the data thus obtained.

r than E , namely secondaries, solving as in Section 3.1
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4,1 Inelastic scattering rates.

The model of a paramagnetic metal which we will

use

here 1is a special case of the -medel introduced

] . » ,

in Section 2 with ¢=4A =0. We repeat,however, the main
. b

steps in the procedure of calculating spin-resolved ine

lastic rates , forﬂthé'purpose of further discussion.

The technique of calculation used here is fully reported

in Ref.18.

The spin-flip scattering rate Rr#(E ()

of the electron
from the state E,;B to the firal state E

-, (p - q)' with
e
momentum transfer q and energy transfer w between antil

parallel spin electrons, is proportional in lowest order

perturbation theory to the imaginary part of scattering

amplitude

P\’N (E)CO):—:%— lm 5{)’;}? iV(S_%,?)I’Z )

xG° (B-w, (3-§,)") »
* G (Erw, @-g— )
v G (g, ‘fg‘») ] 3

(24)




where d}l di'%‘k . (:igzé
QUHs @m)? 2

d3'- —k

and the electron (hole) Green's function is given by :

e(h) 1

(€, DE 7 (25)
€-€2xL0
with
€2 am
(28)
The non-fliv scattering rate R (E, ) is given as the
sum of four terms
M —R?T @7 T .
REw)=Ry (E)w)fR (Bw)t Rs (Ea’)f’“'g‘*(t w), (27)
where
Ry (Ew) =37 dm [Ed“}?\\j@/)‘ & (Ew}(P.Qy) )x (28a)

G (e, @ D) 6 (671



Ra (Byw)=- 2 Im[[dF" V@) "6t (w,(7-§) ")+
~ & s 3
<M {6%@/(% £>®)§;‘ ‘E‘) k\éJ) J (28b)
A%, - - e = ?
Ry (E m):-—gﬁ;— m Bdg"\/ CS"@V"K;* G (E-w, {?%\) }X
h 1
<G (e, @ R)T 6" (EXT) o
and
™ - QQ, I 3N -a_faﬂﬁ
Ry (B, w)== 2 Tm [[F VI IVEEgR)

» GE(Ew, (F-3)) @%\em)@&)"‘)%

C G (e, kY .

For clarity we have put spin indexes into the formulas;

however, the Green's functions do not depend on them here.
T
RlM R,

The first two terms 1 s 5

represent direct process
where the incoming up-spin electron is scattered against
another up and down spin electron respectively. Since,

there is an egual number of up and down-spins in the pa=-

P
ramagnet, R f (E,w )=R

1 (E,w). The third partial term .

2
RB(E,QJ) represents the exchange



non-flip process. Again, since n = n , this rate is nume-~

D process,

t
e

rically equal to the rate of exchan

. N . :
R f (E,w) = R (E,« ). This does not mean that .spin-flip

e spin-1fl

>

0

ile]

w

and non-flip exchange processes have equal probabilities.
The probability of exchange process between parallelworieg
ted spins is diminished by the negative ternm 2R, which
represents the guantum-mechanical interference between
direct and exchange amplitudes. (In fact, this is the point
where indistinguishability of particles comes in).

The values of R$?(E,G3) and Rwé(E,fﬂ), for inco
ming down-spin electrons, are the same as for incoming
up-spin electrons.

As an interaction between electrons we use again the
statically screened Coulomb potential as in Eq.6. The many-
-body effects, e.g. plasmon scattering, are not present:
in this model. However, they should not be imortant for very
small energy losses ( (euw)),

With this electron-electron interaction we can per
form the five out of seven integrations in Eq.24-28 ana-
lytically, while two are left for numerical calculations.
We have used EF = 11.7 eV and a work function ¢ =4,25 eV,
a choice of parameters appropriate for Al.

Having obtained ﬁ” and RH‘ » we can find the fi

nal polarization B_ . (E, W) of initially spin-up polari-

zed electron after a single inelastic event



The polarization Pout is not labeled any spin index,
since its value is the same for either up and down inco-
ming spins.

In Fig.12 we show the single scqttering energy loss

&

rates R and R for a fixed primary enrgy (kinetic)
Ep = 120 eV, as a function of the final kinetic energy Ek’
defined by Eq.4. In terms of the energy loss W, g, 1is

given by

EK = E? -w . (30)

#f
For Ek approaching Ep, the scattering rate R goes to ¢

zero, as evident from phase space considerations, since
the number of conduction electrons which can be excited

above EF also goes to zero. Similarly, around Ep—EszF;

all the conduction electrons begin to have a chance to be

excited (predominantly during direct scattering) whence

it
the maximum of R ;(see Eg. 28 a) and b) ).



Fig.1l2

Flip R and non-flip R inelastic scattering rates as

the function of kinetic energy of scattered electron.
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The increase of R for small Ek is caused by the in-

ot
oy
[§1)

crzass of xchang

3]

term R, (Eg.22 ¢). {In some se&n
3 i

M

se this is a replica of the maximum around “}:EF)'
In our calculations we fix the energy of an observed ele
ctron and integrate over all other variables, in particu
lar on the momentum of the second electron (egual to E+Eﬁ
in our foermalismj.
1 A Z
The rate R 1s a pure exchange processes. Fcr small
N L : .
energy losses R is much smaller than R , Since 1in
those cases exchange scattering regquires a large momentun
2 ) .
transfer which implies, by Eq.6, a small |V]| . With in-
creasing energy loss, the exchange process eventually

overcomes the non-flip process, at about E_/2 . This is

(S

because of the negative interference term 2R4 , which
diminishes non-flip rates {(otherwise, for small Ek , with
" 4 . o [ *t
Rl and R2 becoming negligible, R and R would be
equal).

In Fig.13 we show Pou* defined by Eg.29 , compa-

red with that calculated in the non-relativistic limit
for two-electron 'scattering (Mgller scattering).
The shape of the two curves in Fig.l1l3 is very similar.

It indicates, that for a rough estimate of the importance
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of the exchange intsracticn of an energetic electron with

t the scattering

Ui

a paramagnetic metal, one can use Jju
theory of two free electrons. However, there is ‘an impor

tant difference of detail, which we describe next.



4.2 Depclarization for small energy losses.

In this section we discuss the differences between
spin-flip Méller scattering, and that from & paramagnetic
metal, when the energy loss is small.

For small w (E_ approaching Ep) the polarization of

k

an electron scattered off another single electron at rest

remains 100% (see Fig.13), for all primary ensrgies Ep

]

Physically this means that in that erence system the

"3

e

exchange process rate goes to zero much faster than the

3

rate for the direct process.

In the other case of electron-paramagnet scattering,
on the other hand, a finite depolarization i% found for
w—>0 (see Fig.13). In fact, in this case the electron is
scattered on those Fermi sea electrons which have momenta
of the order cf Fermi momentum Pp = (ZmEF)% . This makes
processes with infinitesimal energy loss and finite momen
tum transfer possible. Obviously, with wW->0, the éxchange
scattering rate does again go to zero (see Fig.12), but
in a weaker way than for MégIler scattering. The effect
should be enhanced when primary momentum p becomes compa

rable with pF. To be more precise, let us define POtEp)

as the limit of P (E ,w) for w =0
out p

’ "(C RN IE ~
N
w->0 RN (E?;u))*‘RT (E&w}




Fig.13

E @)

Polarization of scattered electron versus final kinetic

energy. Solid line - present model.

scattering of two free electrons.

Dashed line -~ Mgller

120.
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Using Eq. 24-28,31 we have calculated P for &/ approa
5 2
ching zero. The result is shown in Fig. 14. For large t_,
P T =]
R > R , we can rewrite therefore Eq.31 in the simpler
form
hf\gf{“’ P
U

()= lim 4~ 2, 0 o2
U320 RTT (E?}CQ)

For infinitesimal energy loss the momentum transfer

wave vector g 1is limited by Fermi surface : 04£q4&2p_, Thus,

F

A
2

—r

is much

if the primary momentum p = (2m(Ep + V)
Tt

o]
greater than qFT' the non - flip scattering rate R

has its main contributions from the partial scattering

t# 4
rates R and R f (see Eq.6,24-28). Neglecting g

1 5 ,q and k

FT

(k is always smaller than pF) and leaving only the primary

momentum p in the matrix element in the formula for flip

P4 .
rate R (Eq.24) we can write

Y fF

R (o) =g [k L
, ’EP")OQ O \Im(Erw)' P (33)

w-0

and for non - flip rate
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Fig.14

Depolarization of fully polarized primary electron beamn

by an infinitesimal energy loss as a function of primary energy.



M, ‘
E.:.ﬂ) i;',\‘} = ‘z“‘ { cWC T n (
R (‘,, Ly 1 ji%jd}kk 7 (34)
0

where X’is a constant..

Putting Eq. 33 & 34 into Eg.32 one easily obtains

()= Am —T" /7
o \&p z —

A e (AN, P
ZCV; G*rtjcg ('CP%—T ))rz‘ phtq

(35)

Eq.35 is strictly valid for large primary energies Ep

By comparing this approximate PO with accurate numerical
results of Fig.14, we find that at least for the case of

Al Eq.35 turns to be quite accurate for Ep) 5QeV.

It is interesting to discuss the two special limits qF§?O
and pF-*O (note however that usually dprp and pp are fixed:

q /pF = 1.18 for A&l).

FT



T

0
0

s pF - finite

i)o(\Ef’ )=1- T ° (36)

This formula represents the true results with good accuracy for %ﬂﬁpﬁ

It shows directly that a finite depolarization of electron
scattered inelastically on the metal electrons with small
energy loss is caused both by existence of a Fermi surface

as well as by free-electron screening.
b). g - finite , pF«a 0

A
EO (Eﬁ;)‘“ /!-— %—ZL . (37)

This 1limit is extremely interestingfromthetheoretical point

of view : pF—é 0 means that Eg. 37 describes the
M@gller . scattering of two electrons interacting by :a

screened Coulomb potential, treated in the Born approximation.
The~fact ‘that screening enhances the exchange amplitude

with respect to( 8? direct one has already been pointed

out by Matthew . For small energy losses the direct
scattering rate is governed by momentum transfer q
(see Eq. 34). The introduction of qFT , comparable with

q , reduces the probability of direct process, while the



exchange one, governed by the primary momentum p,

almost unaffected. The depolarizing effec

e
o

of small

loss single inelastic scattering from a paramagneti

~

tal shown on Fig.13 & 14 should be easily detectable

experimentally.

ins

er g3
o

e_



4.3 The secondary cascade - rate eguation approach.

We have discussed up to now the single scattering energy

loss. Fig.13 shows that an initially up-polarized elect-
ron preferentially reverses its polarization after losing
most of its energy in a single scattering event. This re
versed or negative polarization is as large as 30% for Al.
Initially this number provides a direct measurement of

the relative importance of the Pauli:principle at Ep:lZOeV:
an up-spin electron still has 30% larger preference to

scatter off a down spin electron below E than one with

_____ F’
same spin. In this energy region, however, the spectrum
of emitted electrons is dominated by secondaries, which
have been inelastically scattered many times in a cascade
process. Since the cascade develops in a magnetically neu
tral medium, one can expect that the effect of the nega-
tive polarization should be diminished.

To obtain a gquantitative answer to that problem we

use again the rate equilibrium eguations, already intro-

BtV E i
J duw { 1T (E+w)R™ (Erwyw) + 1* (BMR"T@W}Q) =
0

=

=T'®) E(Zw

| S

RM(Ew) +RY (Eu“*"):bi

LY
w2
-

‘L ks
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Ep“'Va
[ g | TV(Erw) R™ (E10,w) +

0
.I..q;x E*- > K'Nl (E“c EBR b)}] ..
| W ot
= T'(E) (aw [R* (Ew) * R (E0)].
0
Where the functions I*(E) and I&EE) are unknown.

We have solved Eq.38 @ & b}numerically by the iteration

procedure (described in Seéction 3.1) with the boundary

Y s vy =1,
P o

I (Ep + V ) = 0 ) and for VO<E(Ep +VO . Having so obtained

I’(E), I*(E), we can find (Eq.16 & 17) the intensity I(E)

condition of 100% - polarized PE (i.e. I

and polarization B(E) of hot electrons. The question ari
ses, if I(E) and P(E) are closed to what we expect
to be obsertved outside the metal ?

We show our resulting P(E) and P(E) on Fig.l5,
as was expected, the maximum negative polarization is re
duced for Ep = 120 eV, by about a factor two with respect

to the single scattering predictions (see Fig. 13), and



Fig.15

Polarization of secondaries emitted from Al for polarized
primaries a)b)c) for different primary energies, and inten
sity in arbitrary units d) for Ep=120eV, versus reduced

kinetic energy.



b about a factor four for small kinetic energies but 1t
H

- -

is still of cor=ziderable magnituds. It should be guite

[

easily detectable in an experiment, espec¢ially because of
the high intensity of electrons emitted in that energy
range. With increasing energy of emitted electrons the
polarization should be more and more as predicted by sin
gle scattering theory. Actually, for large Ep only the
very low energy part of this curve would be modified by
the secondary cascade. This is the reason for the increa
sed negative polarization with increasing Ep seen on
Fig. 15.

For small energy losses, the results given by the
master equation are very close toe those given by single
scattering. In particular, they give exactly the same fi
nite depolarization for w -0, since then no éascade can

ensue.



5. SPIN - DEPENDENCE OF INELASTIC MEAN-FREE-PATH

ELECTRONS IN FERROMAGNETS.

o
vy

It is reasonable to expect the inelastic men-free-~
- path of an electron , in a material with different
electronic structure for majority (up) and minority

(down) spin orientation, to be dependent on its spin di

. (41,42) ] (&1)
rection .The early idea of Erskine & Stern T was
that minority - spin electron,in Ni should have asmaller
InMFP"  than majority ones, since near to the Fermi level

the density of states of minority spins is much greater

than that of majority spins, thus causingng spin - down

9 . G
electrons to decay preferentially. Bringer et al.( )&Iigédﬂ$4wangﬁd

that exchange interaction should strongly prefer scatte-
ring between antiparallel - spin electrons,and gave a rough

estimation for ratio between up and down InMFP
U !’
A/%*”’rfkl.
(44)

The subsequent calculations of Rendell & Penn yielded
a considerable spin-asymmetry for (Ni,Co,Fe) A of the

InMFP defined as

!

AE) = X' (E) - A &E) , (39)
A (E) + aY E)

Wever,these authors predict a negative sign of Ain contradiction to



Ref. 9,41,43) for Co and Fe and for small energies -

o -

- TR0 eV).

1

These results have been criticized by Matthew (4?) who

also found a spin - dependence of InMFP much smaller than

the predictions of Bringer et al. (9). His M"atomic" ap

proximation however is valid only for primary energies

E > 100 eV.
p
In this Section we calculate electron - electron
V) . .
part of InMFP Aee' We use here the model introduced in

o

Section 2, where the Coulomb potential with Thomas-Fermi
screening is used as the e-e interaction,

Having the loss probabilities per unit time and per
unit energy range of up and down spins calculated in Sec

tion 2 we can write the mean free path as
") TN
. R A , :
N €)= v "E) / (@l tew),
Q

where VN”(E) is the velocity of up (down) electron de-
fined in Section 3.2.

We show on Fig.1l6 results for different bulk plari
zation P = 27% (¢ = 3 in this case) is the bulk pola
rization of crystalline ferromagnetic iron. The smaller

Pb values correspond to less polarized iron based glasses.
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Fig.16

Average InMFP for e-e interaction Aee,and asymmetry A

between InMFP for up and down-spin electrons, for different

bulk polarization as the functions of electron energy E.
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Pb = 10% results from our model when «¢=0 , it means

that all spin - asymmetry yiesld

v
o3
D]

only. What we obtained is rather strong Ianﬁ ,asymmetry
peak ( except for c=0) at E:EanA/E + & when electron energy coincides

with empty d¢ - band. Note. that it happens below the
vacuum barrier (}5/=4.3 eV). We display also the ave-

rage e-e InMFP A
ee

- t ¥
{)\ee = % (9\€€,+ 9\% ) . e

Because of owr neglect of many - body effects the minimum
of X is shifted from W, to E_. For the same reason .
ee P F

the InMF?, we obtained is larger than is expected ,

particularly for electron energies close and above u%;
The InMFP asymmetry A as presented on Fig. 16,

particularly, the very small asymmetry for ¢ = O , which

is equivalent to complete quenching of our "d - bands",

shows how crucial those bands are in determining the value of A,

To maké this‘évenxclearer, we have calculated the asymmetry A for
P = 22% (i) without d - (empty) band, and (i) with both d — bands
but without exchange interference term (negative terms in Eq.9 & 12b)
which normally reduces interaction of parallel-spin elec
trons. (In this latter case the electron interactions be
come spin - independent and all spin effects occure only
due to the difference between the majority and minority

electronic density of states, occupied and empty).

We find (see Fig.l17) that eliminating the d-bands (c=0)



A%)

Fig.17

50.

Inelastic mean-free-path asymmetry A for P =22%;
a) with both d-bands and with the exchange interference
interaction between the parallel-spin electrons (the

same curve as in Fig.18);
b) with both d-bands, but without exchange interference

(spin-independent e-e interaction);

A
c) with exchange iterference, but without empty d -band.

PRT)
E \&V/



reduces dramatically the asymmetry A , while on the other

hand, even a spin-independent e-e interaction with d-band

yields an asymmetry only slightly reduced with respect to

the complete calculations. We conclude therefore, in agree
(41)

ment with the conjecture of Erskine & Stern , that the

inelastic mean-free-path asymmetry A results mainly as an

effect of the strong asymmetry between density of empty

spin-up and spin-down states above the Fermi level.

Having more empty states to fall down onto, that is, ,more
chance to decay by emitting eventually a Stoner excitation
(see Section 2), a spin-down electron has a larger proba

dence of e-e interaction plays only minor role. In the work
(44)

of Rendell & Penn the spin-dependence of density of

states above EF was altogether ignored. In ocur opinion this
is a reason for negative sign of A found by them for Fe

and Co. The importance of spin-asymmetry in the densities
of empty states has been already shown in spin-polarized
photoelectron spectroscopy in Ni(45) and in Fe(46)

The asymmetry A Mﬁ&bweﬂﬁéoﬁaﬂmm exhibits a strong
energy dependence. In particular, A decays rapidly with
increasing electron energy. The explanation of this
effect stems from simple phase - space considerations.

The volume of the phase - space allowed for a decaying

spin - up electron with energy E 1is roughly proportio
3/2
nal to E / . For spin - down electron this volume is
3/2
proportional to E / + é& , where éé is the additional

and constant contribution from the d¢~band. Thus, with

E increasing the relative difference between phase-space
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al

=

owed for down and up-spin electrons, being proportio-

o
~3/2
5

o B , becomes smaller and smaller, zand the InMFP

ot

A
[

n
asymmetry A decreases. Al fernatively, but equivalently,
one can just observe that the rate for creating Stoner
excitations decreases for increasing energy.

The present calculations are limited only to Fe,
but similar results, with smaller A yalue however, are
expected for Co and Ni.

We do not know any experiment performed for the pur
pose of measuring the spin-dependence of InMFP (although
the presence of an asymmetry A has of c¢ourse an indirect

impact on many experiments).

The direct observation of both average e-e InMFP

—

A\ and its asymmetry A could be ideally performed by measure
ee
ment of the polarization Pt of initially wunpolarized

electron beam, elastically transmitted through thin fer

romagnetic film of thickness =z . During that transission
the fluxes of up and down spin electrons are diminished

# 4
- -z/
e 2/ and e A respectively , ( here

by factors
we neglect repeated elastic scattering ),so polarization

Pt is given by

_z/at ~z/a Y
P = < - & (42)
2
¢ —z)at _z/a ¥
e LN

which, after some simple algebraical transformation tums

out to be related to the asymmetry A in the form

A
1A (45

?{; = %O.ﬂh (2/5\& )



[

where A and A depend on electron energy.
ee
All other possible inelastic scattering mechanizm=, if
. . . (26)
spin - independent , e.g. plasmon creation , .can not

affect polarization Pt given by Eq. 43 since they re-

duce fluxes of both spins in the same way. Note also ,

that strongly depolarizing elastic - exchange scattering
(47)

possible in paramagnets , are suppressed in ferro-

magnets since spin - flip reguires energy loss and 1is

£

A
already accounted for hl)é..
g

Pierce- & Siegmann (48) have performed photo-

oom

emission experiment with thin Ni films of various thic
ness deposited on Cu substrate . The results of their
measurements can be interpreted as induced by spin - de-
pendence of InMFP;. However, both elastically and
inelastically transmitted electrons have been observed
simultaneously, while our considerations apply only to
the elastically scattered . The authors of Ref.(48) avoid

interpretations involving asymmetry of InMFP (see
also discussion in Ref.49).

We will now discuss briefly the possible influence of InMFP asymmetry on pho-
toemission experiments. This is important, since in pre-
sence of this asymmetry the polarizatiion of photoexcited
electrons could be altered while they travel through the
ferromagnet, before escaping. To the extent to which this
happens; it could then mask substantially he true initial

band polarization one was trying to measure.

Sﬁpﬁo;e the photon beam of a given energy and in-
tensity jO , directed perpendicularly onto a ferromagnge
tic surface, penetrates the bulk of the solid exciting
electrons with average spin - polarization Pexc

Let us denote by A h the photon mean - free - path for
P

that electron excitation. The probability for a photon



. "Z/’!\g‘ﬂ .
to reach the depth =z 1is equal e , the probabi-
lity for the excitation of an up - spin electron in the
interval [ z , z+dz ] is equal; 4 14 ‘

b (”H‘ eexc) d=
A ph
and the probability for the elastic escape of that
#
-z
electron is equal e /A (for simplicity reason we con-

sider here only the electrons drifting almost perpendicu

larly towards the surface). The electrons can be excited

in any point along the photans path, so the intensity jT
of elastically photoemited spin - up electrons is gi
ven by

, E/J\f}s -2/5°
JT- AO (49:):@&) (dz e e , (a4)

and after integration

:}’i‘

g’?- p g (’H’ ?@(c>

:K¢ (44a)

and the similar result for spin - down intensity

dpp b\

The spin - polarization of electrons leaving the solid

(44b)

e 2, (P )

Pobs is, és usually, given by:



oo

P A s, . ' ‘E
N f— 8y / ( T4 j
by = (4 —47 )/ W4
The photon mean - free - path 1is much longer than the
N
electron one : Apai?A,l . Within this limit P b is
obs
given by simple form

At Pexc
1 'i'Pm(c;' IA\

(45)

Pop =

where InMFP  asymmetry A depends on the #*electron
energy. As seen from Fig. 1B, for energetic eléctrons the dif
ference between polarization measured outside the solid

and that which electrons have just after excita-

obs
tion P should be rather negligible. For low energy
exc
electrans » however, with energies about 10 eV or less ,

the excitation polarization can be quite different from
that observed .

The interesting feature of Eq.45 should be noted
if Pexc = + 100% , PObs = Pexc whatever value of A
igs. It means that spin - asymmetry of InMEP°- 1s not
in contradiction with the possibility of the observation
of -100% polarization of photoemitted electrons, as it
is claimed for the photoemission from Ni (50) , if mere
ly elastically photoemitted electrons are observed:

The flux of elastic electrons decays exponentially , but

the spins cannot be f1lipped without energy loss, so if only
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spin - down electrons are excited , as it is reported
in Ref. 50, the elastic electrons remain always complete

ly down polarized.

We hope that the near future will bring new experi
mental results throwing more light on the spin-dependence

of the InMFP of electrons in ferromagnets.
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APPENDIX
Analytical solution of simplified spin - polarized-
- secondaries - cascade rate equations.

The goal of this Appendix is to give the analytical
solutiun of the SPSEE rate equations of Sectiongui, with

assumptions, made especially for this purpose, that will

be clearly pointed out.

1 £ b
Let us rewrite Eg. 15 a & b assuming R = R ,

A

Rfi = 0 , using dimensionless variables : x = E/EO ’
$ T

y = W/E , and changing notation : R — o ,

rF 8 Pl #¥)
R, R —f, I — i

?"“f [pOcry, ) LT (xry) v ey, y )Lt Gery) ]
)AL

X |
+ S = dej?(x)\j)tfb(> , (Al.a)

I4

TSR

T PR R TR e T 22

&
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A=X
N ; , -

g%[@{xw}g)w(x‘#g)i-s =

0 (Al.b)
T § g - |

= gd,(j[(é(x,,g)é"(x)%l(xf‘é)t x),

0

where zero is on the Fermi level. The parameter s rep-
resents the source of electrons falling below energy E

(x = 1) with constant and equal intensity for up and down

spins. Introduction of s is more convenient for analy-
tical solution than the boundary conditions used in 3.1.

We introduce further simplifying assumptions,namely:

@iaf;gg)zp ,
aliy)= ad (y-0) .

(A2)

(A3)

Eg. A2 says that non - flip, or essentially direct scaﬁ
tering rate is independent of electron energy and of
energy loss. In view of Fig.3,this is.-a very crude assump-
tion, but not completely unreélistic. Eq.A3 sets tg gzero the
energy loss for Stoﬁer spin - flip process which -is false
in ferromagnetic iron, but makes the problem ma-
thematically much more simpler. A solution with finite
energy ioss would not be much different. From Egs. A1-A3

we have




A
ol (%) *p 551”()(5)&3(!*{9))((?()(”5:0 ;
(Ad.a)

X

| 4
—al ()t Ecd’(%')dx'-rgxé*(xw 5=0
"

(A4.b)
We are looking for functions i* and ié for 0 xdL1 .
The solution is straightford :
( % ! e
m s'(tar)  2s 7(1t7) [ (A
o) = % 2 |
Gy 4 + (
(147) A X L(xty) )
M 4 44 ] ,
GRS e
|
, s' (1+7)
LY ) = ; ~*
f o e A (AB)
(Rt 2)
where s' = s[ﬁ and X: oi/ﬁ . It is easy to see that

Yy < 1 ; for the highest electron energy (x = 1) direct
energy 1ld6ss has a probability'ﬁiﬂ, which should be bigger

N s a ) £
trazn exchange probability ol , hence, £ 7«,




From Eg. AS one can see the same 1/x2 increase for
secondaries for decreasing energy as predicted e.g. in
Ref.31. The singularity of i at zero energy (x=0) irefe
lects the fact that electrons can not decay below EFermi:
level and they accumulate just there. (In numerical cal=
culation in Section 3.1 we did not face that problem since
we lost interest in all electrons fallen below the vacuum
level):

For down spin electrons singularity vanishes (see Eq. A6),

because down spin electrons have a possibility to turn

to up ones by spin - flip process. Note that this drastic

f v . .
difference between 1 and 1 functions remains for
any finite value of 3’ . However, there is always an
energy range where exchange process, prevails upon di-

rect process occuring with probability f-x.This happens
for x : x<) . For those energies, the polarization P

defined by Eq. 17 is approximately given by

ETIRY:
le ( D (A7)

P> 4- .

which gives P = 100 % on Fermi level (x = 0).
As seen, the bolarization enhancement is built up
here only by exchange process set to be completely asym-
metric. Of course, in reality the situation is much more
complicéted. (Our analytical solution is rather more akin to
o gedankaen oxperiment on a paramagnetic metal with spin-
-flip exchange process blocked for one spin direction).

Nevertheless that the very simple model solved

:
i
L

TR

RO

v e st

i
i
E
:

g
&
b




in this Appendix, gives a proper feeling of the mechanism

of intensity and polarization growth of low energy SE ,

it also shows how a simple ideal spin-polarized electron

cascade is characterized by a ‘“critical'’exponent" of 2,
Y p

resulting by infinite repeated scattering.
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