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Total scattering cross section of spin-polarized low-energy electrons in transition metals

Henri-Jean Drouhin
Laboratoire de Physique de la Matie`re Condense´e (UMR 7643-CNRS), Ecole Polytechnique, 91128 Palaiseau cedex, France

~Received 13 December 1999!

We analyze the low-energy~5–50 eV! electron inelastic mean free path in transition metals in the frame-
work of a simple density-of-state model. We establish relations between the scattering cross section and the
hole numbers. This allows us to disentangle the different electron-electron scattering channels and, using
recently available experimental data, to probe the energy dependence of the exchange matrix element. A
critical review of the literature leads us to propose numerical mean free path expressions, relevant for several
materials.
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I. INTRODUCTION

Information on the inelastic electron mean free pa
~IMFP! in metals is essential for electron spectroscop
Theoretical and experimental investigations started m
years ago1,2 and the study of magnetic properties beca
especially active with the development of efficient sp
polarized electron sources.3 Theoretical models using refine
formalism were proposed, leading us to predict differe
spin-dependent effects.4,5 It must be stressed that direct a
curate measurements are intrinsically difficult. In its pr
ciple, an IMFP determination is straightforward, as it is o
tained by measuring the attenuation versus thickness o
electron beam traveling at a given energy. But practica
this implies the need to extract an extremely small sig
originating from true ballistic electrons from a large bac
ground. Different stray effects crucially depend on t
sample under investigation. In particular, because the IM
is expected to decrease when increasing primary energy~up
to about 100 eV!, the ballistic contribution should be expo
nentially vanishing and is easily polluted by a minute nu
ber of electrons propagating through uncontrolled chann
pin holes or defects in the material, for instance. Moreov
as the transmitted current also exponentially decreases
increasing metal thickness, only a narrow thickness ra
can be investigated, which is generally further restricted
constraints due to the growth process: a minimum m
thickness can be required to obtain a continuous layer,
structural properties depend on the substrate and on
growth conditions and, in the case of ferromagnetic met
the magnetic properties may differ at low coverage.6 The
electron IMFP can alternatively be deduced from the fit
the energy distribution of the photoemitted electrons, wh
is, however, a less direct method,7–10or from the study of the
photoemission yield~possibly including spin-polarization
measurements! from a substrate covered by an overlayer
growing thickness.11,12 In magnetic materials, the spin
dependent part of the IMFP can be more easily determi
with accuracy as any parasitic effects are eliminated by
versing either the target magnetization or the primary be
polarization, which is a decisive advantage. This point
view was taken by Oberliet al.,13 who tried to relate the
IMFP to its spin-dependent part, or, in other words, the to
scattering cross section to its spin-dependent componen
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the following, we derive expressions for the spin-depend
electron mean free path, on the basis of simple physical
sumptions, and we thoroughly test them by comparison w
a number of experimental data.

II. THEORETICAL IMFP VARIATION

A. A „too… simple model

It is reasonable to think that, in transition metals, t
IMFP variation is mostly determined by density-of-state
fects, whereas the transition matrix elements introdu
weaker corrections. The crudest model was given by Sch¨n-
hense and Siegmann,14 who phenomenologicallyrelate the
‘‘scattering cross section’’s1 (s2) for majority-spin
~minority-spin! electrons to the numbers of holes per atom
thed bands. This model was an important contribution to t
understanding of spin-dependent effects in the experim
involving low-energy electrons. First, let us remind that, ge
erally speaking, an electron scattering cross sectionse is
connected to the electron mean free pathle by the relation
leseN51, whereN is the density of scattering centers.
Ref. 14, to make more evident that thed holes act as scat
tering centers, the scattering cross section is somewhat
properly defined as the inverse of the IMFP. Here, we w
keep this terminology as we start from the well-known~see,
for instance, Ref. 5! Schönhense and Siegmann model
define notations making more easy the comparison betw
different papers in the literature. These authors write

s65s01sd~52n6!5s01sdNh
6 , ~1!

wheres0 and sd , respectively, refer tosp and d contribu-
tions and areassumed to be material independent. This is
somewhat surprising, as, for instance, the atom
concentration—and thus the concentration of the elect
gas—in the metals under consideration are rather differen15

n1 (n2) is the number of up-~down-! spin electrons in thed
bands. For the following discussion, we have introduced
hole numbers in the majority- and minority-spind bands,
Nh

6552n6, the total hole numberNh5Nh
21Nh

1 and the
differenceDNh5Nh

22Nh
15n12n2. It should be remarked

that the spin-averaged cross section is
556 ©2000 The American Physical Society
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^s&5
s21s1

2
5s01sd

Nh

2
. ~2!

Writing n65n6Dn, the number of Bohr magnetons is e
pressed asnB5n12n252Dn and

Ds5s22s15sdnB5sdDNh . ~3!

The Scho¨nhense and Siegmann formula@Eq. ~1!# originates
from the naive picture of a primary electron ‘‘falling’’ into
empty states in thed bands, with spin conservation. In
natural way,sd is interpreted as the scattering cross sect
for scattering by the holes in thed bands. Ass6 is propor-
tional to (l6)21, the inverse of the mean free path f
majority- and minority-spin electrons, the IMFP asymme
A is

A5
s22s1

s21s1

5
l12l2

l11l2

5
Dn

~s0 /sd!152n
5

1

2

DNh

~s0 /sd!1
Nh

2

. ~4!

The spin-dependent componentDs and the IMFP asymmetry
A play a central role in spin-polarized electron experime
and can be determined by different methods~see the Appen-
dix!.

From a compilation of experimental spin-averaged IM
measurements in several metals, plotted versusNh/2, it is
deduced in Ref. 16 thats0 /sd;0.7̄ but it is also found
that this value is inconsistent with theA determination from
the cascade polarization measurement. To fit theA experi-
mental data, the ratios0 /sd has to be increased up to 2.5! I
fact, this quantitative inconsistency between the twos0 /sd
determinations reveals a deep failure of the model. Look
more carefully at the implications of the postulated relat
betweens6 and the hole numbers makes it obvious that
starting point is unphysical: indeed, in the extreme case
strong ferromagnet~with all-occupied majority-spin states!,
the majority-spin scattering cross section is independen
the total hole number and the mean free path deduced f
attenuation measurements through thick layers will be alm
the mean free path of the majority-spin electrons@when the
layer is thick enough, see Sec. 1, Eq.~A10!, of the Appen-
dix#, as it is much larger than the mean free path of
minority-spin electrons. On the contrary, we must keep
mind that majority-spin electrons propagating in the me
can always lose a small amount of energy and ex
minority-spin electrons inside the minority-spin band so t
any correct expression for the majority-spin cross sect
should contain the number of holes in the minority-sp
band. An important consequence is also, as we will see, t
the relationDs5nBsd , which is the basis for the total sca
tering cross section determination proposed in Ref. 13, d
not hold.
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B. A simple physical model

We now use a density-of-states model proposed in R
17, which only takes into account electron-electron scat
ing in the framework of the random-k approximation.7,18 We
consider a primary electron at energyEp ~hereafter the en-
ergy origin is set at the metal Fermi level! with a spin s
56. This electron loses an amount of energy«, which is
used to excite a secondary electron from a negative en
«82« to a positive energy«8, with spin conservation. The
band structure is described by a constant density of statesnsp
for thespband on which is superimposed a positive contin
ous compact-support functionnd

s(u) describing the consid-
eredd band:ns(u)5nd

s(u)1nsp . Thed bands are bounded
by energiesE1

s ~lower bound! and E2
s ~upper bound!, their

common width is denoted asWd ~see Fig. 1!. The band cen-
tersEd

s and the centers of the emerged part of thed bands,
Eh

s , are defined as

5Ed
s5E

2`

1`

und
s~u!du; Nh

sEh
s5E

0

1`

und
s~u!du. ~5!

This implies that the densities of states are normalized
individual atoms. Other relevant quantities are defined in
following way: Ed52(Ed

21Ed
1)/2, NhEh5(Nh

2Eh
2

1Nh
1Eh

1), DNhEh85(Nh
2Eh

22Nh
1Eh

1), and gNh5@(Nh
2)2

1(Nh
1)2#. Assuming that all transitions have a

equal weight v, the low-energy scattering rates fo
Ep>W1sup(0,E2

2 ,E2
1), where W5sup(uE1

1u,uE2
1u,uE1

2 u,
uE2

2u,Wd) is shown to be

FIG. 1. Principle of the calculation. For each spin, the ba
structure is described by a constant density of states in thesp band
on which is superimposed a positive continuous compact-sup
function describing thed band. Thed bands are bounded by ene
giesE1

6 andE2
6 , their common width is denoted asWd . The dotted

area represents the occupied states, located below the Fermi
~energy origin!. In the figure, a primary electron at energyEp with
a minority spin, loses an amount of energy«, which is used to
excite a secondary electron from a negative energy«82« to a posi-
tive energy«8, with spin conservation. This occurs either in th
minority-spin band~direct processes! or in the majority-spin band
~exchange like processes!.
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Rs~Ep!510nspvF1

2
NhS 12

g

5
2

2

5
nspEhD1nsp~Ep2Ed!

1
1

10
nsp

2 Ep
21Nh

sS 11
1

5
nsp~Ep2Eh

s! D G . ~6!

In a square-band model, assuming that the Fermi le
crosses bothd bands, Eq.~6! holds forEp>Wd(11Nh

2/5).
In particular, it is relevant for 5<Ep<10 eV, which is pre-
cisely the energy domain investigated in Ref. 16. It can
written in a form analogous to Eq.~1! after substituting the

relations Nh52Nh
s1sDNh and Nh

sEh
s5( 1

2 )(NhEh

2sDNhEh8). By this way, we identify terms proportional t
Nh

s , as in Eq.~1!, but also terms proportional toDNh . In-
troducing propers0 , sd, andsd8 coefficients, which are no
longer constant~in particular sd and sd8 depend on theg
factor!, we obtain

R6

y
5s65s01sdNh

66sd8
DNh

2
~7!

y is the electron velocity, taken as proportional to@Ep
1EF#2/3 to ensure a constant density of states in thespband.
The Fermi energyEF specifies the location of the bottom o
the sp band. These relations are physically reasonable
both scattering cross sections, for minority- and majori
spin electrons, increase with the hole number. As expec
this arises because, if a majority-spin electron cannot ‘‘fa
into empty majority-spind states, it may undergo small en
ergy losses, exciting a minority-spin electron inside t
minority-spind band. Remark that these small energy loss
which are equally possible for up- and down-spin electro
do not contribute toDs, but only to the spin-averaged IMFP
Then,

^s&5s01sd

Nh

2
, ~8!

Ds5~sd2sd8!DNh , ~9!

A5
Ds

2^s&
5

1

4

DNh

~s0 /sd!1
Nh

2

11
1

5
nsp~Ep2Eh8!

12
g

10
1

1

10
nsp~Ep23Eh!

.

~10!

For a material with a small hole number and at moder
primary energy, we observe that the Scho¨nhense and Sieg
mann expressions forDs andA @Eqs.~3! and ~4!# are over-
estimated by a factor of 2. For a strong ferromagnet, Eq.~4!
predicts a maximum spin asymmetryA5100% (Nh5DNh

5Nh
2 , s050), whereas Eq.~10! yields A'50%. This im-

portant result can be simply understood as follows. The m
contributions to the scattering cross section originate fr
processes involving severald states. In the energy domai
that we consider, the relevant events involve twod states and
are of two types:
el

e

as
-
d,
’

e
s,
s,

e

in

~i! A primary electron with a spin6 falls into the empty
d states of same spin, undergoing a large energy loss,
excites an electron with either spin from the occupiedd
states or into the emptyd states. Such events contribute
the scattering rate proportionally toNh

6(Nh
11Ne

11Nh
2

1Ne
2)510Nh

6 , whereNe
65(52Nh

6) is the number of elec-
trons with a spin6 in the d bands. We refer to this contri
bution assd* Nh

6 ; it corresponds to theNh
s term in Eq.~6!

and is responsible for the spin asymmetry of the scatte
cross section.

~ii ! A primary electron loses a small energy amount a
excites an electron with either spin from the occupiedd
states into the emptyd states. The corresponding contrib
tion is proportional toNh

1Ne
11Nh

2Ne
255Nh(12g/5). We

refer to this contribution assd8Nh/2; it corresponds to theNh

term in Eq.~6! and does not contribute to the spin asymm
try of the scattering cross section.

The overall contribution of the~i! and ~ii ! events to the
scattering rate is sd* Nh

61sd8Nh/25(sd* 1sd8)Nh
6

6sd8DNh/2, to be compared to Eq.~7!. sd* andsd8 have now
a simple physical meaning as they respectively express
contribution to the scattering cross section of the transiti
with large and small amounts of energy transfer. Obvious
we haveDs5sd* DNh andsd5sd* 1sd8 . If all the transition
matrix elements are equal,sd /sd* 52(12g/10), which ex-
plains the main terms in Eq.~10!. On the contrary, in the
Schönhense and Siegmann model where the transitions
volving small energy transfers are overlooked (sd850), it is
incorrectly concluded thatsd /sd* 51. From this analysis, it
appears that fitting experimentalA values through Eq.~4!,
leads to increase the (s0 /sd) ratio by aNh-dependent factor
larger than 2~3.3 for Co and 4.1 for Fe!, whereas a constan
value of about 3.6, providing a good numerical fit, is used
Ref. 16.

C. A step beyond

Whereas the preceding model gives an insight in
physics, a precise comparison with experimental data ne
more adaptability, coming through the relative weight of t
different transitions, an approach related to the careful an
sis of Ref. 19. For that, we perform theRs calculation, step
by step following the procedure described in Ref. 17, but j
performing the integration on the amount of energy loss«
after cutting the domain inthree parts: from 0 toW ~A do-
main!, from W to EM ~B domain!, and fromEM up toEp ~C
domain!; EM is a somewhat arbitrary cutoff energy whic
verifiesEp2EM>sup(0,E2

1 ,E2
2). In such a model, the elec

trons are treated as distinguishable particles, which app
to be a reasonable approximation in the energy range
consider@a justification is given in Ref. 19. There, in Appen
dix A, Eq. ~A1!, the cross terms in the first matrix eleme
are neglected, which is equivalent to ignore the wa
function antisymmetrization. This approximation is furth
discussed in Sec. III of Ref. 19 and is based on the numer
results of Ref. 4#. The matrix elements are assumed to d
pend only on the~s or d! nature of the states involved, i
each given energy domain. Both spin channels are treate
an equal footing. To track the origin of the different term
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we refer to the weight of a transition betweenk andk8 states
~wherek5s or p! by introducing the factorvkk8 in the cal-
culation. At the end, to make the link with the notations
Ref. 19, weperform the identification vssvss

5(2p/\)uMss
ssu2, vssvsd

5(2p/\)uMss
sdu2, vsdvsd5(2p/\)uMds

sdu2, vssvdd5(2p/
\)uMsd

sdu2 ~the superscript indicates the nature of the init
ta
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states, the subscript, the nature of the final states!. These
matrix elements areproportional to the Coulomb matrix el-
ements~they should include a factor accounting for the io
density; an estimate of this low-energy matrix elements
extremely difficult because of the importance of screenin!.
A straightforward calculation yields the following expre
sion, which is a natural extension of Eq.~6!:
Rs

10nsp~2p/\!
5

1

2
NhF S 12

g

5D uMsd
sd~A!u22

2

5
nspEhuMss

sd~A!u2G1nsp~W2Ed!uMss
sd~A!u21

1

10
nsp

2 W2uMss
ss~A!u2

1nsp~EM2W!uMss
sd~B!u21

1

10
nsp

2 ~EM
2 2W2!uMss

ss~B!u21nsp~Ep2EM !uMss
sd~C!u21

1

10
nsp

2

3~Ep
22EM

2 !uMss
ss~C!u21Nh

sF uMds
sd~C!u21

1

5
nsp~Ep2Eh

s!uMss
sd~C!u2G . ~11!
id

ses,
m-

mi

e

e
e
.
p-

f

r

The indications~A!, ~B!, or ~C! refer to the energy domain
where the matrix element has to be evaluated. An impor
conclusion is that the energy dependence ofDs directly re-
flects the uMds

sdu exchange-matrix-element energy depe
dence. In Ref. 19, it is empirically concluded that the casc
polarization value, or equivalently the IMFP asymmetry~see
Sec. 2 of the Appendix!, is not sensitive to theuMsd

sdu2/uMss
sdu2

ratio, which is not true in general, and the variation of t
squared exchange matrix element is approximated by the
@11(«/B)2#21, where« is the energy transfer. For simplic
ity, we only retain the energy dependence of the excha
matrix element, which is expected to fall off much fast
with increasing energy.19 Then, the whole energy depen
dence contained in the matrix elements is restricted to
uMds

sd(C)u term, which will be evaluated atEp and referred to
asuMds

sd(Ep)u. In the terms proportional to the hole numbe
the domain indication will be kept in theuMss

sdu matrix ele-
ments only to recall the origin of these contributions. Th
also allows us to keep the full energy dependence ofDs. In
the absence of domain indication, the matrix elements
evaluated in theA region. Consequently,

Rs

10nsp~2p/\!
5NhF1

2 S 12
g

5D uMsd
sdu22

1

5
nspEhuMss

sdu2G
1nsp~Ep2Ed!uMss

sdu21
1

10
nsp

2 Ep
2uMss

ssu2

1Nh
sF uMds

sd~Ep!u2

1
1

5
nsp~Ep2Eh

s!uMss
sd~Ep!u2G . ~12!

As in Sec. II B@Eq. ~7!#, we can calculates0 , sd , andsd8 ,
or equivalentlys0 , sd , andDs. Assuming that the matrix
elements do not depend on the material considered, a sim
nt

-
e

w

e
r

e

,

re

li-

fying assumption which may be rather intuitive in a rig
band model, we see in the above expressions that theEd ,
Eh , and Eh8 terms @the two latter arising from theNh

sEh
s

product, see the derivation of Eq.~7!#, generally smaller than
Wd , still contain some material dependence. In usual ca
they can alternatively be viewed as related to the hole nu
bers: in a squared-band model and assuming that the Fer
level crosses both bands~obviously, the results will hold if
the Fermi level is not far from thed bands, the energy scal
being their energy widthWd) it is readily shown thatEh

5gWd/10 and Eh85NhWd/10, Ed5Ed
02NhWd/10, where

Ed
0 is the spin-averaged center of thed bands if bothd bands

are completely full. ConcerningEd , we also observe that th
expression holds whatever thed-band shape, in the extrem
case where eachd band is either completely full or empty
The validity of this linear approximation in real cases is su
ported by the calculation given in Ref. 20~Fig. 2, p. 22!. In
the following (except whenNh50) we will retain these ex-
pressionsand we observe that 2nspEF5N e

sp , whereN e
sp is

the electron number in thesp band, which appears to be o
the order of unity, due tos-d transfer.20 This means that the
ratio of the densities of states in thesp to thed bands is about
nspWd/55(1/10)(Wd /EF)N e

sp , i.e., of the order or smalle
than 0.1. We write

s05
yF

y
sd

0sI 0 , ~13!

sd5
yF

y
sd

0sI d , ~14!

whereyF is the electron velocity at the Fermi level and

sd
05S nsp

yF

2p

\
uMds

sdu2D ~15!

and we obtain
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sI 055N e
spFEp2Ed

0

EF

uMss
sdu2

uMds
sdu2

1
1

20
N e

spS Ep

EF
D 2 uMss

ssu2

uMds
sdu2G ,

~16!

sI d5N eS 12
DN h

2

N eN h
D F uMsd

sdu2

uMds
sdu2

1
N e

sp

10

Wd

EF

uMss
sdu2

uMds
sdu2G

110F uMds
sd~Ep!u2

uMds
sdu2 1

N e
sp

10 S Ep

EF
2

g

10

Wd

EF
D uMss

sd~Ep!u2

uMds
sdu2 G ,

~17!

Ds5F10
uMds

sd~Ep!u2

uMds
sdu2

1N e
spS Ep

EF
2

N h

10

Wd

EF
D uMss

sd~Ep!u2

uMds
sdu2 G yF

y
sd

0DN h ,

~18!

where N e5102N h is the number of electrons in thed
bands. In thesI d expression, the following relations hav
been used:

g5
N h

2
1

DN h
2

2N h
, ~19!

12
g

5
5

1

10
N eF12

DN h
2

N eN h
G . ~20!

DN h
2/N eN h is zero for a nonferromagnetic material and

much smaller than unity for materials with small or lar
hole numbers and can sometimes be neglected. WhenN h
50, because the top of thed bands may be located signifi
cantly below the Fermi level,Ed has to be kept in thesI 0

expression instead ofEd
0. The importance of the terms in

volving N e
sp in these expressions depends on the matrix

ement ratios, which are expected to be larger than unity
the denominator is an exchange-type matrix element.19

These results have been derived assuming a constant
sity of statesnsp in the sp band. This is reasonable forEp
<EF . For largerEp , it is more realistic to cut this density o
states below the energy2EF through a multiplication by a
Heaviside function. Here again the calculation is straightf
ward, assuming EF>W, in the domain Ep>EF

12 sup(0,E2
1 ,E2

2). In a square band model, this conditio
implies thatEp>EF12Nh

2Wd/5. In the calculation ofRs,
we perform the integration on the amount of energy los«
after cutting the domain at energiesW, EF , EF

1sup(0,E2
6s) for direct ~involving the1s channel! and ex-

changelike~involving the 2s channel! processes,EM , and
Ep @with Ep2EM>sup(0,E2

1 ,E2
2)]. We obtain the impor-

tant relations
l-
as

en-

-

Rs

10nsp~2p/\!
5N hF1

2 S 12
g

5D uMsd
sdu22

1

10
nsp

3~Ep1Eh2EF!uMss
sdu2G

1nsp~Ep2Ed!uMss
sdu21

1

5
nsp

2 EF

3S Ep2
1

2
EFD uMss

ssu2

1Nh
sF S 12

N h

10 D uMds
sd~Ep!u2

1
1

5
nspEFuMss

sd~Ep!u2G , ~21!

sI 055N e
spF ~Ep2Ed

0!

EF

uMss
sdu2

uMds
sdu2 1

1

10
N e

spS Ep

EF
2

1

2D uMss
ssu2

uMds
sdu2G ,

~22!

sI d5N eS 12
DN h

2

N eN h
D uMsd

sdu2

uMds
sdu2

1N e

uMds
sd~Ep!u2

uMds
sdu2

1N e
sp 2EF1~120.1g!Wd2Ep

EF

uMss
sdu2

uMds
sdu2 , ~23!

Ds5FN e

uMds
sd~Ep!u2

uMds
sdu2

1N e
sp

uMss
sd~Ep!u2

uMds
sdu2 G yF

y
sd

0DN h .

~24!

In Eq. ~21!, the energy domain whereuMss
sdu2 has to be evalu-

ated is only indicated in the term proportional toNh
s . This

leads to a simpler expression, whereas the full mat
element energy dependence is kept in Eq.~24!. Note that the
main features of Eq.~21! are quite intuitive. Indeed, the con
tribution to the scattering cross section of the transitions
volving a large energy transfer@the ~i! events in the discus
sion of Sec. II B# is now proportional toNh

6(Ne
11Ne

2)
5Nh

6N e , because the excitation of electrons from thesp
band into the emptyd states is no longer possible.

III. COMPARISON WITH EXPERIMENT

In the framework of the model derived in Sec. II C, w
now analyze experimental data found in the literature. Ta
I summarizes the material parameters which will be usefu
the following. To allow a simple comparison with the resu
of Ref. 16, the electron and hole numbers given in lineb will
be used. The results are not very sensitive to theN e

sp , Wd ,
and EF values so that, for simplicity, we takeN e

sp51 and
Wd55 eV ~except for the specific case of Gd, where t
value N e

sp52 will also be considered!. We retain approxi-
mate values of theEF parameter, which specifies the co
stant density of states used to schematize thesp band and
defines its low-energy end: in Sec. III A, where we studyDs
in Co and Fe, we takeEF58 eV; in Sec. III B, where we
compare all the materials listed in Table I, we use the av
age valueEF57 eV ~except when stated in the discussion



e data

ne

e
0.
.

PRB 62 561TOTAL SCATTERING CROSS SECTION OF SPIN- . . .
TABLE I. Parameters of the materials considered in Sec. III. The crystal structure referring to thes
is indicated in column 1. The values ofN e , N e

sp , N h , andDN h indicated in linea ~b! are taken from Ref.
20 ~Ref. 16!. The atomic concentration is after Ref. 15. TheEF value ~defining the energy location of the
bottom of thesp band, at energy2EF) given in linea is an estimate after Ref. 20. The value indicated in li
b is calculated in a free electron model,EF5\2kF

2/2m, i.e.,EF(eV)'1.7@d(1022 cm23)N e
sp#2/3, m being the

free-electron mass andkF the Fermi wave vector, related to the atomic concentrationd through the relation
kF

353p2dN e
sp . TheEF value indicated in linec is calculated in a model were thesp density of states is a

constant, which implies thatEF is proportional tokF
3; the 5.6-eV value of lineb has been kept for Au and th

other values have been deduced from thed N e
sp product. TheWd values are rough estimates after Ref. 2

Theg value is calculated with the hole and electron numbers given in lineb. Ed is a rough estimate after Ref
20 for metals withN h50.

Atomic
configuration

N e N e
sp N h DN h Cocentration

31022 cm23
EF

~eV!
Wd

~eV!
g Ed

~eV!

Cr a 3d54s1 4.96 1.04 5.05 0 8.33 8.0 7.1 2.50
bcc b 5 5 0 7.2

c 7.4
Fe a 3d64s2 6.93 1.07 3.07 2.25 8.50 8.6 5.5 2.31
bcc b 7 3 2.2 7.4

c 7.8
Co a 3d74s2 7.87 1.13 2.13 1.75 8.97 8.9 4.8 1.70
hcp b 8.2 1.8 1.7 8.0

c 8.7
Ni a 3d84s2 8.97 1.03 1.03 0.67 9.14 9.5 4.9 0.50
fcc b 9.5 0.5 0.5 7.6

c 8.0
Cu a 3d104s1 9.91 1.09 0.09 0 8.45 9.5 3.7 0 4.2
fcc b 10 0 0 7.5

c 7.9
Ag a 4d105s1 10 1.00 0 0 5.85 7.2 3.5 0 4.7
fcc b 10 0 0 5.5

c 5.0
Gd a 5d16s2 3.02 4.52
hcp b 1 2 9 0.54 5.6

c 5.2
Ta a 5d36s2 3.78 1.21 6.22 0 5.55 7.4 10 3.50
bcc b 3 7 0 5.3

c 5.7
Au a 5d106s1 9.89 1.11 0.11 0 5.90 10 5.7 0 3.7
fcc b 10 0 0 5.6

c 5.6
h
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Fe
the Gd case, where we takeEF55.5 eV); in Sec. III C,
where we compare cascade polarization values, we takeEF
58 eV for Fe, Co, Ni, andEF55.5 eV for Gd; in Sec. III D,
the spin-averaged IMFP is analyzed withEF55.5 eV for Au,
Ag, and Gd, andEF58 eV for Fe and Co. For materials wit
N hÞ0, we takeEd

05Wd/252.5 eV whereas otherwise w
useEd54 eV.

A. sd
0 determination

The spin-dependent IMFP component can be meas
with accuracy~see the Appendix!, and, as it mostly origi-
nates from the electron-electron interaction involvingd elec-
trons, it can be precisely compared to the model predictio
In fact, some spin asymmetry may also arise from ot
interactions,6 especially the interaction with plasmons,21 but
ed

s.
r

in this case, the corresponding spin-dependent scatte
cross section should be a minute fraction of the scatte
cross section due to the interaction with plasmons. We w
show that the latter is small compared to the scattering c
section due to electron-electron scattering involving thed
bands~at least in the energy domain where the spin asy
metry is significant!. In the case of Co thin films,Ds mea-
surements as a function ofEp are reported in Ref. 13 and
lower energy measurements giving higher values (Ds
'0.8 nm21 at 1.7 eV!, obtained through a probably mor
reliable technique~see Sec. 3 of the Appendix!, have been
reported in Ref. 22. The mean free path of majority- a
minority-spin electrons in Co was measured at several e
gies in Refs. 6 and 23 and this allows us to calculateDs
values. Similar measurements were performed in Fe.23,24 A
compilation of all these data is presented in Fig. 2; the
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values from Refs. 23 and 24 have been scaled, accordin
Eqs. ~18! and ~24!, by multiplication by
DN h(Co)/DN h(Fe)50.77. The scaling remains almost e
act in the higher energy domain, because the exchange
trix element is negligible; from the analysis which follows,
can bee checked that the Fe points are underestimate
only 5% at 15 eV. To determine thesd

0 value in Co, we use
Eq. ~18! and the data from Ref. 13. For a first estimate,
consider the measurements ofDs at Ep56 eV ~almost the
lowest energy where the model strictly applies, 6.75 eV,
Sec. II B!. Because the different samples give somewhat
ferent results and as stray effects will reduce the spin as
metry, we use the largest values and takeDs(Co)
50.50 nm21. Neglecting the term proportional toN e

sp in Eq.
~18! and taking uMds

sd(6 eV)u2/uMds
sdu251, we obtain

(yF /y)sd
0'0.029 nm21, i.e., sd

0'0.043 nm21. At Ep

515 eV, Ds is strongly reduced, being of the order of 0.1
nm21: assuming that the exchange matrix element at
energy is small, we deduce from Eq.~24!
uMss

sd(15 eV)u2/uMds
sdu2<4.2. Thes6 values measured in F

in Ref. 24 keep a sizable asymmetry atEp541 eV, where
Ds'0.1 nm21. Using thesd

0 value determined for Co an
assuming thatuMds

sd(41 eV)u250, with Eq. ~24!, we find
uMss

sd(41 eV)u2/uMds
sdu253.5. Because at such large energi

a decrease ofuMss
sd(Ep)u2 with energy should probably b

FIG. 2. Ds in Co. The dark squares and crosses are data f
Ref. 13 ~j, 2.5-nm-thick layer,3, 4-nm-thick layer!, the circles
~s! from Ref. 6, the squares~h! from Ref. 22, the diamond from
Ref. 25. The triangles~n! have been measured in Ref. 24 for F
and the values have been multiplied byDN h (Co)/DN h (Fe)
50.77. The~,! and ~1! points, taken from Ref. 23, respective
refer to Fe~multiplied by 0.77! and Co, on a W substrate; the~.!
point refers to Fe~multiplied by 0.77! on a Cu substrate. In the
calculations, the valuesEF58 eV, Wd55 eV, N e

sp51 are used.
The dotted parabola is the low-energy variation@Eq. ~25!# with an
overall bracket value equal to 1.5. The full curve is a fit through E
~18!, valid close to 7 eV. The lowest dotted curve is a fit throu
Eq. ~24!, strictly valid above 11 eV. Both fits use a@11(Ep/4)2#
law to describe the exchange-matrix-element variation. The va
sd

050.044 nm21 and uMss
dsu2/uMds

sdu253.5 have been chosen. Th
upper dotted curve is calculated using a constant exchange m
element, with the 5-eV value of the preceding calculation.
to

a-

by

e

e
f-

-

is

,

considered, we conclude that 3.5<uMss
sdu2/uMds

sdu2<4.2, in
reasonable agreement with Ref. 19, where a ratio of 7.7
5.3 is, respectively, taken for Fe and Ni, to fit experimen
data. The origin of the higher values found in Ref. 19 is t
following: this ratio also appears in thes0 expression so
that, if the electron scattering cross section were entirely
termined by the electron-electron interaction, as assume
Ref. 19, an increaseds0 value would be necessary to calc
late IMFP asymmetries which do not significantly exceed
experimental values~see Sec. III C!. On the contrary, we
evidence in Sec. III D that the interaction with plasmons h
also to be considered. In Fig. 2, the fit of theDs variation in
the higher-energy part has been obtained through Eq.~24!
with sd

050.044 nm21, uMss
sdu2/uMds

sdu253.5, and
uMds

sd(Ep)u2/uMds
sdu25@11(6/B)2#/@11(Ep /B)2#,19 with B

54 eV. In Ref. 19, the valueB53 eV was proposed for Fe
however, as the exchange-matrix-element ratio is set equ
unity atEp56 eV, the results are not very sensitive to theB
value just below and above 6 eV, whereas the higher ene
values are almost entirely determined by t
uMss

sd(Ep)u2/uMds
sdu2 term. The fit of the data through Eq.~18!

in the 6–8-eV range, the application domain, does not s
nificantly differ, although slightly better. It is thus remark
able that the simple law expressed by Eq.~24! provides an
excellent fit of the experimental data in the 6–50-eV ran
with thesamesd

0 value for Co and Fe. An exception are tw
values in Fe and Co at 14 eV determined in Ref. 23, wh
although consistent together as the two points are alm
superimposed, are significantly higher than other determ
tions. These points refer to bcc Fe and hcp Co on a W sub-
strate. Another determination, from the same reference,
fcc Fe on a Cu substrate gives a significantly lower va
~.!. One could wonder whether this discrepancy reve
some dependence on the metal structure, in particular on
electron density. However, it must be remarked that the d
of Ref. 6 concern fcc Co on a Cu substrate, the data of R
13 and 22, hcp Co on an Au substrate, and the data of
24, fcc Fe on a Cu substrate. The perfect consistency
these various measurements indicates that the dependen
Ds on the metal structure should not be very important. T
conclusion contrasts with the statement made in Ref. 6, ‘‘T
complex morphology of the Co films on Cu~111! is a major
problem in the determination of the absolute values of
IMFP’’ and supports the idea thatDs is a much more intrin-
sic parameter than̂s&. To analyze the lower energy domai
we first assume that the exchange-matrix element is cons
at energies below 5 eV, retaining its 5-eV value which c
responds to a 1.27 ratio. The corresponding curve is draw
Fig. 2 and agrees well with the data from Ref. 22.

For very low energies, we follow the treatment given
Ref. 17, close to the Fermi level. The result may be tru
material dependent as it involves the densities of states a
Fermi level. To get a rough idea, we neglect the density
states in the majority-spin band at the Fermi level, we ta
nd

2(0)55/Wd , and we assume thatnsp is exactly ten times
lower. Thus we obtain

Ds'125sd
0 yF

y S Ep

Wd
D 2F uMdd

sdu2

uMds
sdu2 1¯G . ~25!

m
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The bracket mainly involves transitions within thed bands,
with the weightvsdvdd5(2p/\)uMdd

sdu2, but also a sum of
small contributions originating from theuMds

sdu2, uMsd
sdu2,

uMss
sdu2, and uMss

ssu2 matrix elements. The corresponding p
rabola is plotted in Fig. 2, with an overall bracket value eq
to 1.5. The result is consistent with the data of Filipeet al.,25

who estimateDs;0.4 nm21 at about 1 eV above the Ferm
level in Fe; the corresponding point is indicated in Fig.
~diamond!. Such a good agreement may be fortuitous sin
in bulk Fe, nd

1(0).nd
2(0);20 however, contrarily to

Fe12xVx films, Fe layers have not shown an inverted ma
netoresistance effect, a possible explanation being that
density of states of ultrathin films may differ from bu
samples.26 Note that the small experimental decrease ofDs
just below 6 eV in the data from Ref. 13 is suspicious; mo
over, it arises in an energy domain where the IMFP w
experimentally found to decrease with decreasingEp ,
whereas it should definitely still increase.

B. The spin-averaged scattering cross section
in various materials

We now consider the total scattering cross section^s&
@Eq. ~8!#. Figure 3 presents experimental determinations
several materials, forEp between 5 and 10 eV, as a function
of N h/2, after Ref. 16~s!, where these data have been us
to postulate a linear relation between the scattering c
section and the hole number~dotted line!. In the following
analysis, we use Eq.~17!, evaluated atEp55 eV;Wd to
allow a simple comparison between the various materi
although the model may not strictly apply at this very e

FIG. 3. ^s& as a function ofN h/2, the spin-averaged hole num
ber. The circles~s! are taken from Ref. 16 and refer to Au and C
~same point, lowest value!, Ag, Ni, Co, Fe, Cr, Ta, and Gd. Th
square~h! is a plausible value taken from Ref. 27. The dotted li
is the linear relation postulated in Ref. 16. The curves have b
calculated using thesI d expression given in Eq.~17!, with N e

sp

51, Wd55 eV, EF57 eV, and takings050.65 nm21. The upper
curve refers tog5N h/2, the minimum value. The lower curves a
calculated for the maximumg value. The cross~1! has been cal-
culated for Gd at 5 eV withN e

sp52 andEF55.5 eV.
l

,

-
he

-
s

n

d
ss

s,
-

ergy. Taking into account the experimental uncertainties,
is in fact of minor importance. First note thatsd presents
nonlinear terms as a function of the hole numbers, contai

in the g factor @Eq. ~19!#. The minimumg value, (12 )N h , is

obtained whenDN h50, i.e.,Nh
15Nh

25( 1
2 )N h . This is the

case for a nonferromagnetic material. The highestg value is
achieved whenDN h is maximum. ForN h<5, in a strong
ferromagnet,Nh

150, Nh
25N h so that DN h5N h and g

5N h . For N h>5, the maximumg value is obtained when
Nh

1 is as low as possible. Thus we haveNh
255, Nh

15N h

25 andDN h5N e . For Ep;Wd , as the terms proportiona
to N e

sp lead to a contribution tôs& smaller than 30%,sI d

takes a simple expression versus hole and electron num

sI d'101N eS 12
DN h

2

N eN h
D uMsd

sdu2

uMds
sdu2

. ~26!

In Fig. 3, the full curves have been calculated and plotted
these extremeg values. In the calculation, we have used t
matrix-element ratios determined in the preceding sect
sd

050.044 nm21, the value determined in Co, takings0

50.65 nm21 ~very close to the value chosen in Ref. 16!, and
assuminguMsd

sdu2/uMds
sdu251.5. This last ratio, probably large

than unity, cannot reasonably exceed 2: in Fig. 3, the th
intercepts of the curves~at N h50, 5, and 10! remain fixed
whereas the curvature increases when increas
uMsd

sdu2/uMds
sdu2 ~note that the Scho¨nhense and Siegman

model corresponds to the caseuMsd
sdu2/uMds

sdu250; see the
discussion in Sec. II B!. Here again, this conclusion is con
sistent with the analysis of Ref. 19, where a~somewhat ar-
bitrary! ratio of 2.3 is taken in Fe and 1.5 in Ni. The overa
good agreement with the experimental data demonstrates
the material dependence which could be contained insd

0 is of
secondary importance, comforting the picture of a rigid ba
model. The full curves limit thês& variation domain and we
observe that, at a given total hole number, shifting from
lower curves to the upper one corresponds to a transi
from a ferromagnetic state to a paramagnetic state: the
romagnetic state is more transparent for electrons and
difference in the spin-averaged cross section is

1

2

yF

y
sd

0DN h
2S UMsd

sd

Mds
sdU2

1
a

20
N e

sp Wd

EF
UMss

sd

Mds
sdU2D , ~27!

wherea53 in the lower-energy domain considered in th
section @Eq. ~17! where the energy dependence
uMss

sdu2/uMds
sdu2 has been neglected# and a51 in the higher-

energy domain@Eq. ~23!#. This effect can be large and,
detected, it would give a direct estimate of theuMsd

sdu2/uMds
sdu2

ratio. Note the interesting case of Gd. Concerning the exp
mental Gd point marked by a circle in Fig. 3~data from Paul,
Ref. 27, selected in Ref. 16!, which does not agrees with th
model, it must be realized that it has a very broad error b
and that Paul only concludes that the IMFP in Gd ‘‘certain
does not exceeds 4 Å at 5eV.’’ 27 Eastman11 finds the much
lower value ^s&51 nm21. Besides, the above calculatio
may be inaccurate asN e

sp is rather 2 than 1, withEF of the
order of 5.5 eV rather than 7 eV;15,16 the value calculated

n
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with these parameters is indicated in Fig. 3~1! and lies very
close to a plausible experimental value~h! taken from Ref.
27. In Ref. 16, Gd was considered to support the linear^s&
variation at largeN h but it appears that this material rath
constitutes a counter example: indeed,g'N h/254.5, which
means that the intra-d-band scattering contribution@see Eq.
~17!# is almost suppressed, an intuitive result as thed bands
are almost empty. This means that, according to Eq.~26!, sd
is reduced by a factor of the order of 2.5 compared to ma
rials with low hole numbers. This is even worse at larg
energies@see Eq.~23!# as the wholed-band contribution is
suppressed because large energy transfer involving thd
bands are no longer possible. This conclusion is stron
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supported by the measurements of Ref. 27 where it is
served that̂s& is almost constant below 10 eV~of the order
of 3 nm21 for the upper determinations, in good agreeme
with the calculation! but, between 10 and 15 eV, drops dow
to about 2 nm21. This will be further analyzed in Sec. III D

C. s0 deduced from the polarization cascade

The polarization cascade determines the IMFP asymm
A ~see Sec. 2 of the Appendix!. As this determination in-
volves an energy domain slightly exceeding the vacu
level energy, we use Eqs.~17! and ~18! with the matrix-
element ratios determined in Secs. III A and III B and find
A5
1

4

DN hF110.35N e
sp Ep20.1N hWd

EF
G

sI 0

20
1

N h

4 F111.5S 12
g

5D10.35N e
sp Ep1~120.3g!Wd

EF
G . ~28!
dent
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This equation, where the valueuMsd
sdu2/uMds

sdu251.5 has been
used, can be compared to Eq.~4!, referring to the case to
uMsd

sdu2/uMds
sdu250. For a strong ferromagnet with a sma

hole number, neglecting the terms proportional toN e
sp and

with s050, Eq.~28! yieldsA540% ~instead of 100%!. The
discrepancy between the two models is thus larger than
pected in the simplified picture, with equal matrix elemen
given in Sec. II B. From Eq.~28!, we now evaluateA at Ep

5Wd ~although the model may not strictly apply at this ve
energy!, takings050.65 nm21, the value used in Sec. III B
which corresponds tosI 0522.4. We findA'0.23 for Fe and
Co, A'0.10 for Ni, andA'0.03 for Gd, in good agreemen
with the experimental valuesA50.28, 0.25, 0.09, and 0.0
quoted in Ref. 16. The only discrepancy is a slightly too lo
A value for Fe, which may partly arise from the uncertain
on the number ofd holes.13 Almost the same numerical re
sults are obtained withN e

sp50, which leads to an extremel
simple expression. In the case of Ni, theA value is very
sensitive to thesI 0 value ~and thus toEp) because of the
small hole number, so that the experimentalA value even
allows a goodsI 0 estimation. Contrarily to Ref. 16, thesame
s0 value accounts very well for both thês& and A data.
From Eq.~16!, neglecting theEp

2 term which should be rela
tively small, we estimatesI 058.75Wd /EF;5.5. Thus, to fit
the experimental data, thesI 0 value has been increased by
factor of about 4, which cannot be explained by any reas
able tuning of matrix element ratios. We think that this i
crease is due to an additional contribution, originating
another scattering mechanism, possibly coupling w
damped plasmons.28 Coupling with plasmons was also in
voked in Ref. 27 to explain the very short IMFP~less than 10
Å! measured in Cs in the same energy range. In Ref.
where the IMFP is calculated from the dielectric function
discrepancy is found in Au between the calculated value
the Kanter’s data.30 The contributions of elastic scattering
crystal defect scattering, impurity scattering, etc., are
x-
,

n-

h

9,

d

-

voked. However, mechanisms that are sample depen
should only yield a small contribution, because the vario
data taken in the literature are really consistent. Herea
we will empirically take into account this contribution b
including in s0 an additional scattering cross section, whi
certainly introduces some material dependence, even tho
it is not revealed by the analysis of the data obtained
energies close to the vacuum level~Secs. III B and C!.

D. IMFP energy dependence,s0 material dependence

We now consider the IMFP variation with energy in se
eral materials. To fit the experimental data, we use thesI d
expressions given in Eqs.~17! and ~23!, depending on the
energy domain. ConcerningsI 0 , we use an expression de
duced from Eq.~22!. Indeed Eq.~16! almost does not differ
for Ep close toEF , the energy range where it applies, b
cause Eq.~22! is the tangent to Eq.~16! at Ep5EF . We
write

sI 0517.5N e
sp

~Ep2Ed
0!

EF
1a

Ep

EF
1b. ~29!

The a and b coefficients—which are material dependent—
empirically account for both electron-electron scattering a
a possible additional contribution. In the case of noble m
als, as discussed in Sec. II C,Ed is used instead ofEd

0. Gold
was studied in detail in several papers,10,30–32and reliable,
often quoted, low-energy data have been measured
Kanter.30 In Fig. 4~a!, the data from Refs. 30 and 31 hav
been marked respectively by diamonds and squares; data
tained in Ref. 27 on thin films, from polarization analys
are indicated by circles~these data have been chosen as th
match with Kanter’s values and, at larger energies, do
significantly differ from other determinations given in th
same reference!. Very similar IMFP values are reported i
Ref. 30 for Ag @vertical bars in Fig. 4~a!#. However, when
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FIG. 4. ~a! IMFP in Au and Ag. The small diamonds refer to gold, the vertical bars~u! to Ag, after Ref. 30. The circles~s! are gold
values, after Ref. 27, where they have been measured by a technique involving spin-polarized electrons. The squares~h! are gold data, after
Ref. 31. The upper dotted curve is a fit through Eq.~29!, with N e

sp51, EF55.5 eV, Ed54 eV, a56, andb523. The lower dotted curve
has been calculated witha51.8,b520.9. ~b! IMFP in Co. The squares~h! are from Ref. 6. The dotted curve is thes0 variation, after Eq.
~29! with N e

sp51, EF58 eV, Ed
052.5 eV, a511.5,b56. The dashed curve is a low-energy fit using thesI d expression given in Eq.~17!,

valid for Ep.6.7 eV. The full curve is a high-energy fit using thesI d expression given in Eq.~23!, valid for Ep.11.5 eV. ~c! IMFP in Fe.
The squares~h! are from Ref. 24. The dotted curve is thes0 variation, after Eq.~29! with N e

sp51, EF58 eV, Ed
052.5 eV, a524, b

50. The dashed curve is a low-energy fit using thesI d expression given in Eq.~17!, valid for Ep.7.6 eV. The full curve is a high-energ
fit using thesI d expression given in Eq.~23!, valid for Ep.13.2 eV. ~d! IMFP in Gd. The squares~h! are from Ref. 27. The dotted curv
is thes0 variation, after Eq.~29! with N e

sp52, EF55.5 eV, Ed
052.5 eV, a512, b522. The dashed curve is a low-energy fit using thesI d

expression given in Eq.~17!, valid for Ep.9.8 eV. The full curve is a high-energy fit using thesI d expression given in Eq.~23!, valid for
Ep.15 eV.
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comparing data from the literature, it must be kept in mi
that the IMFP experimental determinations are extrem
difficult. For instance, in Ref. 31, therelative error in the
IMFP determination in gold is estimated to be620%
whereas theabsoluteIMFP values are assumed to be corre
only within 650%. The fit~upper dotted line! has been ob-
tained withEd54 eV, a56, andb523, which, assuming
no additional plasmon contribution, corresponds to Eq.~22!
with uMss

ssu253.5uMss
sdu2 ~and uMss

sdu253.5uMds
sdu2; note that

the uMss
ssu matrix element does not appears in Ref. 19 beca

the occupieds-p states are not distinguished from thed’s!.
The lower dotted line has been calculated withuMss

ssu2
ly

t

se

'uMss
sdu2 (a51.8, b520.9), which is probably a lower

bound because Coulomb matrix elements betweens and d
states are presumably smaller than betweens states,18 just to
visualize the influence of this matrix element ratio. Neve
theless, such a ‘‘good’’ agreement~taking into account the
uncertainties on the experimental data! may be somewha
fortuitous: as some plasma contribution should certainly
included, the normalizing coefficient for electron-electr
scattering,sd

0 , may be smaller for noble than for 3d metals
and a compensation may arise from the additional scatte
terms. The IMPF values measured in Co, after Ref. 6,
plotted in Fig. 4~b! and the fit is obtained witha511.5, b



n
e
re

ev

iv
th
n
n

-

r,
P
ce
ta

is

ta
o
th
w
.
t
is
e
e
m

i
Th

be
-

ly

n
e

m
ly
d
e

on-
e a
large
le
ring

f
l is
in a

er-
.
of
e

r-
tic
-
etic
re

n
ro-

po-
-

as

s
ym-
ef.

566 PRB 62HENRI-JEAN DROUHIN
56; the Fe data, from Ref. 24@Fig. 4~c!# are fitted usinga
524,b50. Figure 4~d! shows the IMFP determined in Gd i
Ref. 27~from polarization analysis, where the results lie b
tween lower and upper bounds determined in the same
erence through other techniques!. The data are fitted using
a512, b522 @with EF55.5 eV,N e

sp52]; this a value can
be obtained from Eq.~22! with uMss

ssu251.7uMss
sdu2, which

should correspond to an upper bound. It spectacularly
dences the scattering cross sectiondecreasewith increasing
energy, due to the suppression of thed-band contributions.
The largea values determined in Co and Fe, and the posit
b values in Co, Fe, and Gd unambiguously show that
only electron-electron interaction is insufficient to accou
for the spin-independent part of the IMFP. For Fe, Co, a
Gd, the calculation respectively yieldss0 values at 5 eV
equal to 0.65, 0.60, and 0.71 nm21, which appear to be al
most equal, in good agreement with the values0
50.65 nm21 used in Sec. III B. Noble metals seem to diffe
with s0'0.16 nm21 at 5 eV, which suggests that the IMF
values chosen for noble metals in Ref. 16—and reprodu
in Fig. 3 of the present paper—rather refer to 10-eV da
The gold value, for instance, is taken from Ref. 27 where
corresponds to a lower bound of the IMFP, which surpr
ingly remains almost the same forEp510 eV and Ep
55 eV, in contradiction with Kanter’s results30 and with the
‘‘universal law’’ generally admitted for noble metals.2 More
detailed investigations, both theoretical and experimen
are necessary for further analysis, but we observe that a g
empirical description of the scattering cross sections in
range 5–50 eV is obtained through the very simple la
given by Eqs.~17!, ~23!, and~29!. The dotted curves in Figs
4~b!–4~d! represent thes0 variation. They make evident tha
the picture in which the total scattering cross section cons
of a s0 part ~which, in fact, includes processes involving th
d bands! and of a contribution due to the ‘‘scattering by th
d holes’’ is only pertinent at low energy, close to the vacuu
level. A larger energies, the ‘‘d-hole contribution’’ even be-
comes negative!

IV. CONCLUSION

A consistent description of the electron mean free path
transition metals has been given, in the range 5–50 eV.
central result of the present paper is the relation

s65s01sdNh
66sd8

DN h

2

which relates the scattering cross section to the hole num
in the d bands; sd and sd8 originate from the electron
electron interaction. Concernings0 we have shown that an
additional contribution has to be included, which probab
originates from the coupling with damped plasmons. W
have obtained simple expressions ofDs5s22s1 @Eqs.
~18! and~24!#and we have shown that direct information o
the exchange matrix element can been extracted from its
perimental study. It has been established thatsd is not a
constant, but is simply related to the hole and electron nu
bers @Eq. ~26!#. This model accounts for all the present
available experimental data, in particular, the casca
polarization values and the mean free path values for sev
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materials. The energy variation of the parameters was c
sidered, and the conclusion is that the main effects ar
steep decrease of the exchange matrix element and a
increase ofs0 with energy. For materials with a large ho
number, a strong reduction of the spin-averaged scatte
cross section ^s&5(s21s1)/2 is predicted—and
observed—whenEp exceedsEF , due to the suppression o
the d-band contribution. We have also shown that a meta
always more transparent in a ferromagnetic state than
paramagnetic state.
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APPENDIX: SPIN-DEPENDENT IMFP AND IMFP
ASYMMETRY DETERMINATIONS

1. Spin-dependent scattering cross section from the overlayer
technique

A well-known technique to determine IMFP’s is the ove
layer technique in photoemission, in which a ferromagne
film of controlled thicknessx is deposited on to a nonmag
netic substrate. Electrons are injected in the ferromagn
film, for instance by photoexcitation of a substrate co
level.23,24 Due to a different IMFP for up- and down-spi
electrons, a spin polarization is created in the transport p
cess. More generally, if the primary beam has the spin
larizationP0 , it is straightforward to show that the spin po
larizationPe of the emerging beam is

Pe5
a~x!1P0

11a~x!P0
'a~x!1P0 . ~A1!

Here a(x)5@ t1(x)2t2(x)#/@ t1(x)1t2(x)# is the spin
asymmetry of the transmission coefficients, expressed
t6(x)5exp2(x/l6), where l2 (l1) is the IMFP for
minority- ~majority-! spin electrons. The last equality hold
in many cases, where the source polarization and the as
metry of the transport coefficients are not too high. In R
22, thed parameter has been defined as follows:

1

l2 5
1

l
1

1

d
,

1

l1 5
1

l
2

1

d
, ~A2!

and we have

a~x!5tanh
x

d
. ~A3!

Pe can also be written

Pe5
I 12I 2

I 11I 2 , ~A4!
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where I 6 are the emerging currents of up- and down-s
electrons, so that

I 65
16Pe

2
I 5I 0

6 exp2
x

l6 . ~A5!

I 5I 11I 2 is the total emerging current andI 0
6 is the pri-

mary current of up- or down-spin electrons. By measur
the emerging intensity and the polarization of the emerg
beam versus film thickness, it is possible to deducel6. This
technique was used in Ref. 13 to determineDs52/d in a
transmission geometry, where unpolarized electrons are
jected through a freestanding foil. However, in many pho
emission experiments, practical problems arise. First, it m
happen that the first metal layers grown on the substrate h
different magnetic properties.6 Second, for an increasin
metal thickness, polarization measurements become im
sible because of the vanishing signal.6,24 Then, the measure
ments are restricted to thicknesses of the order ofl. For
instance, in Ref. 6, an IMFP of about 0.8 nm is found in
close to the vacuum level energy whereas it is stated tha
more reliable data have been obtained for a metal thickn
of 4 monolayers~ML ! ~1 ML50.208 nm). To overcome thi
difficulty, when using an unpolarized primary beam, t
mean free path is deduced from the spin-averaged emer
current, which is assumed to determine a spin-avera
IMFP l0 in the following way:

I 11I 25I 0 exp2
d

l
cosh

d

d
5I 0 exp2

d

l0
. ~A6!

We also have

I 65
I 0

2
exp2

d

l6 5
16Pe

2
~ I 11I 2! ~A7!

which yields

1

l6 5
1

l0
2

1

d
ln~16Pe!, ~A8!

1

d
5

1

2d
ln

11Pe

12Pe
, ~A9!

1

l
5

1

l0
2

1

2d
ln~12Pe

2!5
1

l0
1

1

d
2

1

d
ln~11Pe!.

~A10!

In the small metal-thickness regime (d!d), Pe is small and
we havel0'l. For Co at low energy, we may haveA
;0.5, i.e.,l1;3l2, thusd;2l, and we are in this regime
for d ~notably! smaller than 1.5 nm. In the large metal thic
ness regime (d!d), we find, as expected,l0'l1.

Whenspin-polarizedelectrons with a6P0 spin polariza-
tion are injected through a ferromagnetic film, referring
the total transmitted current asI (6P0), we see that

I ~1P0!2I ~2P0!

I ~1P0!1I ~2P0!
5P0a~x!. ~A11!

Thus a transmission experiment performed with sp
polarized electrons also determinesa(x).33
g
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2. IMFP asymmetry from the cascade polarization

When high-energy~a few keV! unpolarized electrons ar
injected into a ferromagnetic substrate, due to the second
electron cascade, a source distribution is formed with a s
polarizationP0 reflecting the bulk magnetization. If one a
sumes that spin-polarized electrons are uniformly excited
the sample, the numbers of emitted electrons with up
down spin are respectively proportional to

E
0

`

~11P0!exp2~x/l1!dx5~11P0!l1,

E
0

`

~12P0!exp2~x/l2!dx5~12P0!l2 ~A12!

so that the emitted polarization, referred to as the casc
polarizationPc is

Pc5
A1P0

11AP0
'A1P0 , ~A13!

whereA is the IMFP asymmetry. With this technique, co
trarily to techniques based on ballistic electrons, there is
doubt that the detected electrons have interacted with
ferromagnetic layer. The cascade polarization yields a g
estimate of the IMFP asymmetry, averaged within a few
above the vacuum level energy.

3. IMFP spin dependence from electron transmission
through ferromagnetic bilayers

The preceding techniques require to use either a prim
spin-polarized electron beam~and to detect the transmitte
intensity as a function of the source polarization! or to detect
the transmitted-beam polarization. The ferromagnetic-bila
technique22 allows us to determine accuratelyd, even using
an unpolarized electron beam and without any polarizat
measurement. It makes full use of the ‘‘spin-filter’’ concep
a ferromagnetic layer is an electron-spin polarizer. Free e
trons are transmitted through an ultrathinasymmetric ferro-
magnetic bilayer, where the ferromagnetic layers may ha
parallel~‘‘ferromagnetic,F’’ ! or antiparallel~‘‘antiferromag-
netic, AF’’! saturated-magnetization states and, whenunpo-
larized electrons are injected in the sample, the experim
looks similar to a current perpendicular-to-plane magneto
sistance~CPP-MR! experiment on a spin valve. Let us con
sider the ballistic electron transmission of an electron be
through n ferromagnetic layers embedded in nonmagne
metals. We describe the magnetic configuration of the str
ture through then-dimensionalm configuration vector of
componentsm i561 depending upon whether the majorit
spin direction in thei th layer is parallel or antiparallel to th
quantization axis. Electrons with spins561 are transmitted
through the sample with a spin-dependent transmission c
ficient tms . Because the relevant parameter is the relat
orientation of the incident spin with respect to the magne
zation direction, we have the symmetry relationtms

5t2m2s . The transmitted intensityI P(m) expresses as

I P~m!5~1/2!I @~11P!tm11~12P!tm2# . ~A14!
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The spin-averaged transmitted intensityI 0(m), equal to the
transmitted intensity when the primary beam is unpolariz
and the spin-dependent part of the transmitted cur
DI P(m), write

I 0~m!5~1/2!@ I P~m!1I 2P~m!#

5~1/2!I ~ tm11tm2!5~1/2!@ I P~m!1I P~2m!#,

~A15!

DI P~m!5~1/2!@ I P~m!2I 2P~m!#

5~1/2!IP~ tm12tm2!5~1/2!@ I P~m!2I P~2m!#.

~A16!

These relations show the equivalence between polariza
and magnetization reversal. The transmission asymme
i.e., the relative spin dependence of the transmitted curr
is

AP~m!5DI P~m!/I 0~m!5Ps~m!. ~A17!

s(m)5(tm12tm2)/(tm11tmÀ), the spin asymmetry of the
transmission coefficients, analogous to the Sherman func
used in spin polarimetry, characterizes the discriminat
power of them configuration of the multilayer. In principle
s(m) can be determined from the measurement ofAP(m),
provided P is known. In other words, an internal spin
polarization measurement must somehow be performed
this implies the use of at least two layers, a polarizer and
analyzer. Let us consider the quantity

I 0~m!22@DI P~m!/P#25I 0~m!2@12s~m!2#

5I 2tm1tm25I 2tm1t2m1 .

~A18!

The overall transmission coefficient is, in an IMFP-lik
model where no quantum interferences are considered
W
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product of the transmission coefficient of each layer. Asboth
magnetizations ofeachlayer appear in thetm1t2m1 product,
it does not depend on them configuration. Thus identifying
the m-independent quantityI 0(m)22@DI P(m)/P#2, a char-
acteristic of the magnetic materials, for two different ma
netic configurationsm andm8, we obtain the relation

12S I 0~m8!

I 0~m! D 2

5F12S DI P~m8!

DI P~m! D 2Gs~m!2 ~A19!

which allows us to determine boths(m) and P indepen-
dently. This relation involves DI P(m8)/DI P(m) and
I 0(m8)/I 0(m) ratios, which are characteristics of the ma
netic structure.

In a ferromagnetic bilayer, we replace them vector byF
~AF! to refer to the absolute value of quantities respectiv
measured in any of the twoF ~AF! configurations. If the
magnetic films have comparable spin selectivities,s(AF)
!1. Thus in the relation @12s(F)2#I 0(F)25@1
2s(AF)2#I 0~AF!2 @see Eq.~A18!#, s~AF!2 can be neglected
to determines(F) from the ratio of the transmitted curren
in the F and AF states, measured with an unpolarized el
tron beam. In an IMFP model, if both layers of thickness
d1 and d2 are made from the same material, we ha
s(AF)5tanhu(d12d2)/du and s(F)5tanhu(d11d2)/du, which
allows us to determined. In fact, in Ref. 22, this technique
was used by injecting a moderate-energy beam~10 eV!
through a Au/Co/Au/Co/Au structure. At the entrance pla
a secondary-electron distribution is formed in gold and, s
sequently ballistic-electron transmission arises through
sample, most of the emitted current being transported a
energy close to the vacuum level of the exit face, lowe
down to about 2 eV by cesium deposition, where the IMFP
larger. Then, relevant information is extracted from the lo
energy part of the spectrum. By this way, there is also
doubt that the detected electrons interacted with the m
foil.
f
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