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Total scattering cross section of spin-polarized low-energy electrons in transition metals
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We analyze the low-energ{s—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.

[. INTRODUCTION the following, we derive expressions for the spin-dependent

electron mean free path, on the basis of simple physical as-

Information on the inelastic electron mean free pathsumptions, and we thoroughly test them by comparison with
(IMFP) in metals is essential for electron spectroscopies@ number of experimental data.

Theoretical and experimental investigations started many

years agb? and the study of magnetic properties became

especially active with the development of efficient spin-

polarized electron sourcé&Theoretical models using refined A. A (too) simple model

formalism were proposed, leading us to predict different

spin-dependent effects. It must be stressed that direct ac-

Il. THEORETICAL IMFP VARIATION

It is reasonable to think that, in transition metals, the
curate measurements are intrinsically difficult. In its prin-IMFF> variation is mostly determined by density-of-state ef-
fects, whereas the transition matrix elements introduce

ciple, an IMFP determination is straightforward, as it is ob—\Neaker corrections. The crudest model was given by Scho

tained by measuring the attenuation versus thickness of ah ; nd Sieamaif who ohenomenologicallvelate th
electron beam traveling at a given energy. But practicallyhe e a egmarnn.who phenomenologicallyelate the

H 1 LR + - H H H
this implies the need to extract an extremely small signal sqatte_trlng _crolss tsectl?ntho (Ub) fo][ hmlajorlty-spt)ln .
originating from true ballistic electrons from a large back- (minority-spin electrons to the numbers of holes per atom in

ground. Different stray effects crucially depend on thethed bands. This model was an important contribution to the

sample under investigation. In particular, because the |MF¢|nder_$tand|ng of spm-dependen.t effects in thg experiments
is expected to decrease when increasing primary erengy involving Iovv_-energy electrons. First, .Iet us remind that., gen-
to about 100 eV, the ballistic contribution should be expo- erally spzakm% ar: electron sca;tenng (;Losshsect;rgns
nentially vanishing and is easily polluted by a minute num-SoNnected to the electron mean free paEfby the relation

ber of electrons propagating through uncontrolled channel%e‘;eNzl’ whekreN is the %ens'% of Z‘;‘ttle“”g centers. In
pin holes or defects in the material, for instance. Moreover(€l- 14, t0 ma ﬁ more evident that thenoles act as Sﬁat',
as the transmitted current also exponentially decreases wil§/iNg centers, the scattering cross section is somewhat im-

increasing metal thickness, only a narrow thickness rangﬁrOperIy defined as the inverse of the IMFP. Here, we will

can be investigated, which is generally further restricted b eep this terminology as we start from the well-knotsee,
ior instance, Ref. bSchahense and Siegmann model to

constraints due to the growth process: a minimum metal~" . ; ; :
thickness can be required to obtain a continuous layer, tr;%ef'”e notations making more easy the comparison between

structural properties depend on the substrate and on t fferent papers in the literature. These authors write
growth conditions and, in the case of ferromagnetic metals,

the magnetic properties may differ at low cover&g‘éhe_ 0 =g+ 04(5—n) = 0g+ ogNE 1)
electron IMFP can alternatively be deduced from the fit of

the energy distribution of the photoemitted electrons, which

is, however, a less direct meth6d%or from the study of the Whereo, and oy, respectively, refer tep andd contribu-
photoemission yield(possibly including spin-polarization tions and areassumed to be material independefihis is
measurementsrom a substrate covered by an overlayer ofSomewhat surprising, as, for instance, the atomic
growing thicknes$!'? In magnetic materials, the spin- concentration—and thus the concentration of the electron
dependent part of the IMFP can be more easily determine@i@as—in the metals under consideration are rather différent.
with accuracy as any parasitic effects are eliminated by red ™ (n™) is the number of uptdown-) spin electrons in the
versing either the target magnetization or the primary bear®ands. For the following discussion, we have introduced the
polarization, which is a decisive advantage. This point ofiole numbers in the majority- and minority-spthbands,
view was taken by Oberlet al,’® who tried to relate the Nj=5-n", the total hole numbeN,=N, +N; and the
IMFP to its spin-dependent part, or, in other words, the totatlifferenceA N, =N, —N; =n"—n". It should be remarked
scattering cross section to its spin-dependent component. that the spin-averaged cross section is
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o t+o" N

Writing n*==n=An, the number of Bohr magnetons is ex-
pressed agg=n"—n"=2An and

Energy

Ao=0" —ot =0ogng=0g4AN,. (3)

The Schahense and Siegmann formulag. (1)] originates
from the naive picture of a primary electron “falling” into
empty states in thel bands, with spin conservation. In a
natural way,o 4 is interpreted as the scattering cross section
for scattering by the holes in thitbands. Aso~ is propor-
tional to (\*)"%, the inverse of the mean free path for Density of states

majority- and minority-spin electrons, the IMFP asymmetry o _ )
Ais FIG. 1. Principle of the calculation. For each spin, the band

structure is described by a constant density of states isptand
on which is superimposed a positive continuous compact-support

+

_ o —0 function describing thel band. Thed bands are bounded by ener-
A= o +ot giesE; andE; , their common width is denoted &, . The dotted
area represents the occupied states, located below the Fermi level
NT=NT (energy origin. In the figure, a primary electron at energy with
= AT a minority spin, loses an amount of energy which is used to
excite a secondary electron from a negative energye to a posi-
An 1 AN, tive energye’, with spin conservation. This occurs either in the
= (colog)+5—n = 2 Ny (4) minority-spip band(direct processgsor in the majority-spin band
(oolog)+ > (exchange like processes

The spin-dependent componext and the IMFP asymmetry B. A simple physical model

A play a central role in spin-polarized electron experiments We now use a density-of-states model proposed in Ref.
and can be determined by different meth¢skse the Appen- 17, which only takes into account electron-electron scatter-
dix). ing in the framework of the randomapproximatior’:'® We
From a compilation of experimental spin-averaged IMFPconsider a primary electron at energy (hereafter the en-
measurements in several metals, plotted versy&, it is  ergy origin is set at the metal Fermi leyelith a spino
deduced in Ref. 16 thaty/oy4~0.7-- but it is also found ==. This electron loses an amount of energywhich is
that this value is inconsistent with thfedetermination from used to excite a secondary electron from a negative energy
the cascade polarization measurement. To fitAhexperi- &' —& to a positive energy’, with spin conservation. The
mental data, the ratio /o4 has to be increased up to 2.5! In band structure is described by a constant density of states
fact, this quantitative inconsistency between the wdoy  for thespband on which is superimposed a positive continu-
determinations reveals a deep failure of the model. Lookingus compact-support functianfj(u) describing the consid-
more carefully at the implications of the postulated relationeredd band:n’(u)=ng(u) + Nsp. Thed bands are bounded
betweens™ and the hole numbers makes it obvious that thepy energiesE( (lower bound and E5 (upper bouny their
starting point is unphysical: indeed, in the extreme case of @ommon width is denoted a&/4 (see Fig. 1 The band cen-

strong ferromagnetwith all-occupied majority-spin states  tersEJ and the centers of the emerged part of theands,
the majority-spin scattering cross section is independent Olf:'ﬁ, are defined as

the total hole number and the mean free path deduced from
attenuation measurements through thick layers will be almost

the mean free path of the majority-spin electrowhen the o o
layer is thick enough, see Sec. 1, E410), of the Appen- 5Eg=f ung(u)du; N;{Eﬁ=f ung(u)du. (5)
dix], as it is much larger than the mean free path of the * 0
minority-spin electrons. On the contrary, we must keep in

mind that majority-spin electrons propagating in the metal_ . . . .
can always lose a small amount of energy and excitérh's implies that the densities of states are normalized to

minority-spin electrons inside the minority-spin band so thalmd'v'd,ual atoms. Other relev§1nt q+uant|t|es are def|njedjn the
any correct expression for the majority-spin cross sectiorf‘ouol""rlg way- Eq=—(Eq ++Ed+)/2’ NnEp=(Np th
should contain the number of holes in the minority-spin™Nn En), ANGER=(Ny Ep —NpEy), and yNy=[(Ny,)
band An important consequence is also, as we will see, thatt (N, )?].  Assuming that all transitions have an
the relationA o=ngay, which is the basis for the total scat- equal weight w, the low-energy scattering rates for
tering cross section determination proposed in Ref. 13, does,=W+sup(0E; ,E;), where W=sup(E; |,|E;|,|E; |,

not hold. |E, |, Wy) is shown to be
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(i) A primary electron with a spint falls into the empty
+Nsy(Ep—Eq) d states of same spin, undergoing a large energy loss, and
excites an electron with either spin from the occupitd
states or into the emptyg states. Such events contribute to
: ©®  the scattering rate proportionally td, (N, +Ng +Nj,
_ _ +N_)=10N, , whereN_ = (5—Nj,) is the number of elec-
In a square-band model, assuming that the Fermi levelqng with a spin+ in the d bands. We refer to this contri-
crosses bothi bands, Eq(6) holds forE,=Wq(1+Nn/5).  pytion ase® N7 ; it corresponds to thél? term in Eq.(6)

Ir] particular, it is relevapt for 5EP$10 ?V' which is pre- and is responsible for the spin asymmetry of the scattering
cisely the energy domain investigated in Ref. 16. It can b ross section

written in a form analogous to Eql) after substituting the (ii) A primary electron loses a small energy amount and
relations  N,=2Nj+oAMN, and NpEF=(3)(MiEn  excites an electron with either spin from the occupikd
—oANLE}). By this way, we identify terms proportional to states into the empty states. The corresponding contribu-
Nf. as in Eq.(1), but also terms proportional tAVy. In- tion is proportional toN; N +N; N2 =5M;(1— y/5). We
troducing propeig, oq, andoy coefficients, which are no  refer to this contribution as,A4/2; it corresponds to tha/,
longer constantin particular oy and oq depend on they  term in Eq.(6) and does not contribute to the spin asymme-

" 1 y 2
R (Ep)=10nspw ENh 1—§—§nSth

1 2 =2 o 1 T
+ 75M%ER NE| 1+ 2 no(Ep—ER)

10 sP—P

factor), we obtain try of the scattering cross section.
The overall contribution of théi) and (ii) events to the
R* L AN scattering  rate is oiN, + o Ny2=(ok + TN,
-~ TootoaNy Tog— (M) +gLAN;/2, to be compared to E(7). o anda); have now

a simple physical meaning as they respectively express the
v is the electron velocity, taken as proportional [tB,  contribution to the scattering cross section of the transitions
+Er]**to ensure a constant density of states inghband.  with large and small amounts of energy transfer. Obviously,
The Fermi energyEr specifies the location of the bottom of we haveA o= ¢% AN, andoy= o + o). If all the transition
the sp band. These relations are physically reasonable agatrix elements are equaky/o% =2(1— y/10), which ex-
both scattering cross sections, for minority- and majority-pjains the main terms in Eq10). On the contrary, in the
spin electrons, increase with the hole number. As expectedcrmhense and Siegmann model where the transitions in-
this arises because, if a majority-spin electron cannot “fall”\,\ying small energy transfers are overlookes],€0), it is

into empty majority-spird states, it may undergo small en- incorrectly concluded thaty/c} =1. From this analysis, it
ergy losses, exciting a minority-spin electron inside the

R ; appears that fitting experimental values through Eq(4),
minority-spind band. Remark that these small energy IossesIeads to increase therf/ o) ratio by a\,-dependent factor
which are equally possible for up- and down-spin electron

S
) ; targer than 23.3 for Co and 4.1 for Be whereas a constant
do not contribute taa, but only to the spin-averaged IMFP. value of about 3.6, providing a good numerical fit, is used in

Then, Ref. 16.

Nh
(oy=0p+ T4 (8) C. A step beyond
Whereas the preceding model gives an insight in the
physics, a precise comparison with experimental data needs
Ao=(og=0g) AN, 9 more adaptability, coming through the relative weight of the
different transitions, an approach related to the careful analy-
sis of Ref. 19. For that, we perform ti¥ calculation, step

1+ Ensp(Ep— E/) by step following the procedure described in Ref. 17, but just
A Ao 1 AN, S performing the integration on the amount of energy less
2(o) 4 h y 1 ' after cutting the domain ithree parts: from 0 towW (A do-
(00/og)+ 5 1= 75+ 7gNsp(Ep—3En) main), from W to Ey, (B domain, and fromEy, up toE,, (C

(10) domain; Ey is a somewhat arbitrary cutoff energy which
verifiesE,— Ey=sup(0E; ,E;). In such a model, the elec-
For a material with a small hole number and at moderaterons are treated as distinguishable particles, which appears
primary energy, we observe that the Schense and Sieg- to be a reasonable approximation in the energy range we
mann expressions fako andA [Egs. (3) and(4)] are over-  consider{a justification is given in Ref. 19. There, in Appen-
estimated by a factor of 2. For a strong ferromagnet,(Bg. dix A, Eq. (A1), the cross terms in the first matrix element
predicts a maximum spin asymmetf=100% (V,=AAN,  are neglected, which is equivalent to ignore the wave-
=N, , 0¢=0), whereas Eq(10) yieldsA~50%. This im-  function antisymmetrization. This approximation is further
portant result can be simply understood as follows. The mainliscussed in Sec. Il of Ref. 19 and is based on the numerical
contributions to the scattering cross section originate fronresults of Ref. 4 The matrix elements are assumed to de-
processes involving severdl states. In the energy domain pend only on thes or d) nature of the states involved, in
that we consider, the relevant events involve thatates and each given energy domain. Both spin channels are treated on
are of two types: an equal footing. To track the origin of the different terms,
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we refer to the weight of a transition betweleandk’ states states, the subscript, the nature of the final sjat€kese
(wherek=s or p) by introducing the factomw,,: in the cal- matrix elements argroportional to the Coulomb matrix el-
culation. At the end, to make the link with the notations of ements(they should include a factor accounting for the ion
Ref. 19, weperform the identification wswss  density; an estimate of this low-energy matrix elements is
=(27/h)|IMEY?, wegwsg extremely difficult because of the importance of screening
=27lh)|MSY?, weqwsq= (27/H)MSY?, wsswyq=(27/ A straightforward calculation yields the following expres-
ﬁ)|M§f,i 2 (the superscript indicates the nature of the initialsion, which is a natural extension of E@):

1
+ Ny W—Eg)|MEAA) |2+ ——nZ W2 MY A)|2

R(T 1 b4 2
—Nh[(l‘§)|M§3(A>|2—g”sthlMié’(A)lz 10°"

10ng,(2w/h) 2

1 1
Ny En = W)MEE(B) 2+ 15 B —WA)IMEIB) 2+ ngp(Ep—En) IME(C) >+ 1508,

1
X (Ep—EMIMEIC)>+ N7 [MGLC) |2+ £ nsy( Ep—EDIME(C) 2. (11)

The indications(A), (B), or (C) refer to the energy domain fying assumption which may be rather intuitive in a rigid
where the matrix element has to be evaluated. An importarband model, we see in the above expressions thaEthe
conclusion is that the energy dependencéofdirectly re- E,, and E|, terms[the two latter arising from theNJEy
flects the |M§§| exchange-matrix-element energy depen-product, see the derivation of E)], generally smaller than
dence. In Ref. 19, it is empirically concluded that the cascad&Vy, still contain some material dependence. In usual cases,
polarization value, or equivalently the IMFP asymmege they can alternatively be viewed as related to the hole num-
Sec. 2 of the Appendixis not sensitive to theM$92/|MS92  bers: in a square-band model and assuming that the Fermi
ratio, which is not true in general, and the variation of thelevel crosses both bandsbviously, the results will hold if
squared exchange matrix element is approximated by the lathe Fermi level is not far from thd bands, the energy scale
[1+(e/B)?]"%, wheree is the energy transfer. For simplic- being their energy widthW,) it is readily shown that,

ity, we only retain the energy dependence of the exchange: yWy/10 and E{=N;,W,/10, Eq=EJ— N W4/10, where
matrix element, which is expected to fall off much fasterES is the spin-averaged center of téands if bothd bands
with increasing energy? Then, the whole energy depen- are completely full. Concerningy, we also observe that the
dence contained in the matrix elements is restricted to thexpression holds whatever theband shape, in the extreme
IM5Y(C)| term, which will be evaluated &, and referred to  case where eacti band is either completely full or empty.
as| Mf,g(Ep)l. In the terms proportional to the hole numbers, The validity of this linear approximation in real cases is sup-
the domain indication will be kept in theM$Y matrix ele-  ported by the calculation given in Ref. 2Big. 2, p. 22. In
ments only to recall the origin of these contributions. Thisthe following (except wheA,,=0) we will retain these ex-
also allows us to keep the full energy dependencAw@fin  pressionsand we observe thatr Er=NgP, where Vg is

the absence of domain indication, the matrix elements arthe electron number in thgp band, which appears to be of
evaluated in theéA region. Consequently, the order of unity, due ts-dtransfer?® This means that the
ratio of the densities of states in tepto thed bands is about
NspWq/5=(1/10) (W4 /Eg) NP, i.e., of the order or smaller

R o P AT T sdj2 than 0.1. We write
10nsp(27'r/ﬁ)_Nh[§(l E)'Msd 5 MsoEnlMes
(%
1 S
d T9=—0400, (13
+ N5 Ep— Ea)MEd*+ 75nepEpIM 3 0y Td70
PRIVEL 2 UF o
+Np| [IMGS(Ep)| 4=, Td%d (14
1 e sd 5 wherevg is the electron velocity at the Fermi level and
+ gnsp(Ep— EmIMSS(Ep)|?|. (12
Ngp 27
0_| _SP sd|2
. =|l——IM 15
As in Sec. I B[Eq. (7)], we can calculatery, o4, andoy, 7d ( ve h ds ) (15)

or equivalentlyoy, o4, andAo. Assuming that the matrix
elements do not depend on the material considered, a simplnd we obtain
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E _EO |Msd2 1 E 2|MS§|2 RC 1 ¥
_ sp| P d SS = arspl P s o 17 sd2_ —
SR = S ion 2wy 2|7 5] M 1M
(16)
><(Ep+Eh—EF)|M§§2}
v ANﬁ)PMzsgszqust )
04— 2 Tosaz T T Eoasdz
T NN/ [IME? T 10 Er [MG? g Ep— Eg) M2+ 22 Ee
IMEXEp)|? N:p(Ep y Wy| IMSEp)|? 1 )
R N S
B A U ATt <[y g mz
17 N
+Nil | 1- 30 IM3Ep)|?
IMSYEp)I? 1
Ao= 1oﬁ3d|"2— + 5 NspEeMIED) 2], (2D
Si
0 sd|2 ss2
E. Ny Wyl IMSYE|?] v (Ep—Eg) [Mg® 1 E, 1)[IME]
sp| —p_ 7'h T7d sst —p/1 | 7F 0 0o=b5N3P| —— Sl Vole e N '
+NG<EF 10 E,:) Az | TN, SOl B M3lP 100 Ee 2)[MR)?
(22
(18) 2 di2 d 2
S S
ad—N(l— ANh)“v'sd N IMGS(Ep)|
Jd—/Ve sd|2 e sd|2
where N,=10—-N, is the number of electrons in the NeNn/ Mg IMas
bands. In thegy expression, the following relations have 2E-+(1—0.1v)W.—E. [M392
been used: + NP Gl LYWy | s (23
EF |Mds
d 2 sd 2
Nh A./\/’ﬁ |M§s(Ep)| |Mss(Ep)| Ur o
—-n,—-n Ao=|N + NP — o gANG .
=2 P any 9 S T ER

In Eq. (21), the energy domain whet®59?2 has to be evalu-
1 ANZ : - . . )
_ry_+ _ h ated is only indicated in the term proportional N . This
1 Nl . (20 ) ; .
5 10 NNy leads to a simpler expression, whereas the full matrix-
element energy dependence is kept in 4). Note that the
) ] ) ) . main features of Eq21) are quite intuitive. Indeed, the con-
AN/ NNy, is zero for a nonferromagnetic material and is ntion to the scattering cross section of the transitions in-
much smaller than unity for materials with small or large olying a large energy transféthe (i) events in the discus-
hole numbers and can sometimes be neglected. V\_Nﬂ@_n_ sion of Sec. IIH is now proportional toN:* (N +N;)
=0, because the top o'f thebands may be Iocatgd signifi- =N, N, because the excitation of electrons from &
cantly below the Fermi levelEy has to be kept in thery o4 into the empty states is no longer possible.
expression instead dig. The importance of the terms in-
volving N3P in these expressions depends on the matrix el-

ement ratios, which are expected to be larger than unity as lll. COMPARISON WITH EXPERIMENT

the denominator is an exchange-type matrix elemint. In the framework of the model derived in Sec. IIC, we
_ These results have been derived assuming a constant defow analyze experimental data found in the literature. Table
sity of statesng, in the sp band. This is reasonable f&, | summarizes the material parameters which will be useful in

<Eg. For largerE,, it is more realistic to cut this density of the following. To allow a simple comparison with the results
states below the energy E¢ through a multiplication by a of Ref. 16, the electron and hole numbers given in bngill
Heaviside function. Here again the calculation is straightforbe used. The results are not very sensitive toAfi8, Wy,
ward, assuming Eg=W, in the domain E,=Er  andEg values so that, for simplicity, we tak&SP=1 and
+2 sup(0E, ,E;). In a square band model, this condition \w,=5 eV (except for the specific case of Gd, where the
implies thatE,=Eg+2N, Wy/5. In the calculation oR”,  value N'SP=2 will also be considered We retain approxi-
we perform the integration on the amount of energy less mate values of thé& parameter, which specifies the con-
after cutting the domain at energie$V, Er, Er  stant density of states used to schematizesfpdand and
+sup(OE; ) for direct (involving the +o channel and ex-  defines its low-energy end: in Sec. Il A, where we stugdy
changelike(involving the —o channe) processesky, and  in Co and Fe, we tak&:=8 eV; in Sec. IlIB, where we
Ep [with Ep—EM>sup(OE2+ ,E5>)]. We obtain the impor- compare all the materials listed in Table I, we use the aver-
tant relations age valueE=7 eV (except when stated in the discussion of
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TABLE I. Parameters of the materials considered in Sec. Ill. The crystal structure referring to these data
is indicated in column 1. The values &f,, N3P, N},, andA N, indicated in linea (b) are taken from Ref.
20 (Ref. 16. The atomic concentration is after Ref. 15. Thg value (defining the energy location of the
bottom of thesp band, at energy- E¢) given in linea is an estimate after Ref. 20. The value indicated in line

b is calculated in a free electron modEI,;:fLZk,Z:IZm,

i.e., Ex(eV)~1.7d(10%2cm 3 N:P1%3 mbeing the

free-electron mass arlg: the Fermi wave vector, related to the atomic concentraditirough the relation
k§=3w2d./\/§p. The Eg value indicated in line is calculated in a model were tls density of states is a
constant, which implies th& is proportional td(ﬁ; the 5.6-eV value of lind has been kept for Au and the
other values have been deduced from dh&"sP product. TheW, values are rough estimates after Ref. 20.

The v value is calculated with the hole and electron
20 for metals with\V},=0.

numbers given irblilg is a rough estimate after Ref.

Atomic Ne NP N, AN, Cocentration Er Wy v Eq
configuration xX10%2cm™3 (eV) (eV) (eV)
Cr a 3d54s! 496 104 505 O 8.33 80 7.1 250
bcc b 5 5 0 7.2
c 7.4
Fe a 3d%4s? 6.93 1.07 3.07 225 8.50 86 55 231
bcc b 7 3 2.2 7.4
c 7.8
Co a 3d74s? 787 113 213 1.75 8.97 89 48 170
hcp b 8.2 1.8 17 8.0
c 8.7
Ni a 3d%4s? 897 1.03 1.03 0.67 9.14 95 49 050
fcc b 9.5 05 05 7.6
C 8.0
Cu a 3d'%st! 991 109 009 O 8.45 95 37 0 4.2
fcc b 10 0 0 7.5
C 7.9
Ag a 4d%05s! 10 1.00 0 0 5.85 72 35 0 4.7
fcc b 10 0 0 5.5
c 5.0
Gd a 5d16s? 3.02 452
hcp b 1 2 9 0.54 5.6
C 5.2
Ta a 5d%6s? 378 121 622 O 5.55 74 10 3.50
bcc b 3 7 0 5.3
c 5.7
Au a 5d'%s! 989 1.11 011 0 5.90 10 57 0 3.7
fcc b 10 0 0 5.6
c 5.6

the Gd case, where we take-=5.5eV); in Sec. llIC,
where we compare cascade polarization values, we Eake
=8 eV for Fe, Co, Ni, andE=5.5¢eV for Gd; in Sec. llID,
the spin-averaged IMFP is analyzed wiEh=5.5 eV for Au,
Ag, and Gd, andr=8 eV for Fe and Co. For materials with
Nu#0, we takeESsz/2= 2.5eV whereas otherwise we
useEy =4eV.

A. o§ determination

in this case, the corresponding spin-dependent scattering
cross section should be a minute fraction of the scattering
cross section due to the interaction with plasmons. We will
show that the latter is small compared to the scattering cross
section due to electron-electron scattering involving the
bands(at least in the energy domain where the spin asym-
metry is significant In the case of Co thin filmsAo mea-
surements as a function &, are reported in Ref. 13 and
lower energy measurements giving higher valueso (
~0.8nm! at 1.7 eV}, obtained through a probably more

The spin-dependent IMFP component can be measuregliable techniqudésee Sec. 3 of the Appendixhave been

with accuracy(see the Appendjx and, as it mostly origi-
nates from the electron-electron interaction involvihglec-

reported in Ref. 22. The mean free path of majority- and
minority-spin electrons in Co was measured at several ener-

trons, it can be precisely compared to the model predictionggies in Refs. 6 and 23 and this allows us to calculate
In fact, some spin asymmetry may also arise from othewalues. Similar measurements were performed i°EéA

interactions especially the interaction with plasmofishut

compilation of all these data is presented in Fig. 2; the Fe
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considered, we conclude that 3:8M39%/|M59%2<4.2, in
reasonable agreement with Ref. 19, where a ratio of 7.7 and
5.3 is, respectively, taken for Fe and Ni, to fit experimental
data. The origin of the higher values found in Ref. 19 is the
following: this ratio also appears in the, expression so
that, if the electron scattering cross section were entirely de-
termined by the electron-electron interaction, as assumed in
Ref. 19, an increased, value would be necessary to calcu-
late IMFP asymmetries which do not significantly exceed the
experimental valuegsee Sec. IlIE On the contrary, we
evidence in Sec. Il D that the interaction with plasmons has
also to be considered. In Fig. 2, the fit of the variation in
the higher-energy part has been obtained through(Z4).
with  09=0.044nm?,  [MY%/|M5Y2=35,  and
IMSYE,)[2/|MSY2=[1+(6/B)?])/[1+(E,/B)?],*® with B
ds\=p dsl p
E, (V) =4 eV. In Ref. 19, the valuB=3 eV was proposed for Fe;
however, as the exchange-matrix-element ratio is set equal to
FIG. 2. Ao in Co. The dark squares and crosses are data fronNity alE,=6 €V, the results are not very sensitive to the
Ref. 13 (M, 2.5-nm-thick layer,X, 4-nm-thick laye), the circles value just below and above G_eV' whereas ,the higher energy
(O) from Ref. 6, the square&) from Ref. 22, the diamond from Values —are almost entirely determined by the
Ref. 25. The triangle$/\) have been measured in Ref. 24 for Fe |M§g(Ep)|2/|M§g Z term. The fit of the data through E1.8)
and the values have been multiplied yA}, (Co)/AN, (Fe) in the 6—8-eV range, the application domain, does not sig-
=0.77. The(V) and (+) points, taken from Ref. 23, respectively nificantly differ, although slightly better. It is thus remark-
refer to Fe(multiplied by 0.77 and Co, on a W substrate; ti¥)  able that the simple law expressed by E24) provides an
point refers to Fe(multiplied by 0.77 on a Cu substrate. In the excellent fit of the experimental data in the 6—50-eV range,
calculations, the valueEr=8 eV, Wy=5eV, N¢’=1 are used. with the samecs value for Co and Fe. An exception are two
The dotted parabola is the low-energy variatj@g. (25] with an  values in Fe and Co at 14 eV determined in Ref. 23, which
overall bracket value equal to 1.5. The full curve is a fit through Eq-although consistent together as the two points are almost
(18), valid close to 7 eV. The lowest dotted curve is a fit through s perimposed, are significantly higher than other determina-
Eq. (24), strictly valid above 11 eV. Both fits use[d+(Ey/4)"]  tjons. These points refer to bcc Fe and hep @oaoW sub-
law to describe the exchange-matrix-element variation. The valuegyrate - Another determination, from the same reference, for
04=0.044nm " and [MsJ|*/|MGd*=3.5 have been chosen. The -0 £e on a Cu substrate gives a significantly lower value
:&Fﬁgﬂogﬁ?hiﬁ;vg_g‘vcsngt;dt#:'n?e?eg?nnSt:;fjg‘;:;nge Mal'Xy) One could wonder whether this discrepancy reveals
' P 9 ' some dependence on the metal structure, in particular on the
electron density. However, it must be remarked that the data
values from Refs. 23 and 24 have been scaled, according @ Ref. 6 concern fcc Co on a Cu substrate, the data of Refs.
Egs. (19 and (24), by  multiplication by 13 and 22, hcp Co on an Au substrate, and the data of Ref.
AN (CO)/AN(Fe)=0.77. The scaling remains almost ex- 24, fcc Fe on a Cu substrate. The perfect consistency of
act in the higher energy domain, because the exchange mese various measurements indicates that the dependence of
trix element is negligible; from the analysis which follows, it Ao on the metal structure should not be very important. This
can bee checked that the Fe points are underestimated gnclusion contrasts with the statement made in Ref. 6, “The
only 5% at 15 eV. To determine the] value in Co, we use complex morphology of the Co films on Gai11) is a major
Eq. (18) and the data from Ref. 13. For a first estimate, weProblem in the determination of the absolute values of the
consider the measurements &é at E,=6 eV (almost the ~IMFP” and supports the idea thaio is a much more intrin-
lowest energy where the model strictly applies, 6.75 eV, se€iC parameter thaw). To analyze the lower energy domain,
Sec. 11 B. Because the different samples give somewhat difWe first assume that the exchange-matrix element is constant
ferent results and as stray effects will reduce the spin asynft e€nergies below 5 eV, retaining its 5-eV value which cor-
metry, we use the largest values and taker(Co) espondsto a 1.27 ratio. The corresponding curve is drawn in
—0.50 nmi L. Neglecting the term proportional 13 in Eq. Fig. 2 and agrees WeI_I with the data from Ref. 22. ' '
(18 and taking |M§§(6 eV)|2/|M§§ 2-1  we obtain For very low energies, we follow the treatment given in
0 1 0 1 Ref. 17, close to the Fermi level. The result may be truly
(ve/v)og~0.029nm , ie, 04~0.043nm". At Ep material dependent as it involves the densities of states at the
=15eV, Ao is strongly reduced, being of the order of 0.15

Am-l assuming that the exchange matrix element at thi Fermi level. To get a rough idea, we neglect the density of
. ) 9 9 3tates in the majority-spin band at the Fermi level, we take
energy is small, we deduce from Eq.(24)

IMSY(15 eV)|?/|M3d%<4.2. Theo™ values measured in Fe ::)dV\SSI’) _Tiﬁl\sld\/’v:r(])ctj)t\;lvii assume that, is exactly ten times
in Ref. 24 keep a sizable asymmetry Bj=41eV, where '

Ao~0.1nm%. Using theoy value determined for Co and

assuming thaiM$%(41eV)?=0, with Eq. (24), we find

IM3$4(41 eV)|%/|M5Y2=3.5. Because at such large energies, Ag~12509F
a decrease o|fM§§(Ep)|2 with energy should probably be v

E)Z[IM%IZ._} 25
Wy |M35|2
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ergy. Taking into account the experimental uncertainties, this
is in fact of minor importance. First note that; presents
nonlinear terms as a function of the hole numbers, contained
in the y factor[Eq. (19)]. The minimumy value, )N, is
obtained whem\ NV, =0, i.e.,Ny =N, =(3)N},. This is the
case for a nonferromagnetic material. The highesalue is
achieved whem\ \/y, is maximum. ForA/,<5, in a strong
ferromagnet,N; =0, N, =\, so that AN,=A, and y
=N,,. For N\,=5, the maximumy value is obtained when
N, is as low as possible. Thus we haMg =5, N; =\,

—5 andANp=N,. ForEy~Wjy, as the terms proportional

to N3P lead to a contribution tdo) smaller than 30%g 4
takes a simple expression versus hole and electron numbers:

<o>mmb
[\S]
I

Nn/2 gq~10+ N,

L AN ) M54 -
ATV R
FIG. 3. (o) as a function of\/,/2, the spin-averaged hole num-
ber. The circlegO) are taken from Ref. 16 and refer to Au and Cu In Fig. 3, the full curves have been calculated and plotted for
(same point, lowest valdgAg, Ni, Co, Fe, Cr, Ta, and Gd. The these extreme values. In the calculation, we have used the
square(L)) is a plausible value taken from Ref. 27. The dotted line matrix-element ratios determined in the preceding section,
is the linear r_elation postulated_ in R_ef. 1§. The curves have bee@.gzo'044 nm?, the value determined in Co, taking,
calculated using thery expression given in Eq(ljl), with Ne®  —0 65 nn (very close to the value chosen in Ref)18nd
=1, Wq=5eV, Eg=7 eV, and takingro=0.65nn". The upper  ,qq,mingMs92/|M3%2=1.5. This last ratio, probably larger
curve refers t0y=J\/h/2,_ the minimum value. The lower curves are than unity, cannot reasonably exceed 2: in Fig. 3, the three
calculated for the maximuny value. The cros$+) has been cal- . - L
culated for Gd at 5 eV with\VsP=2 andEr=5.5eV. intercepts of the curvegt Nh—.o, 5, and 10 remain fixed
whereas the curvature increases when increasing
IM$9%/|M39? (note that the Schwhense and Siegmann
The bracket mainly involves transitions within tdebands, model corresponds to the cafe$y%/|M39?=0; see the
with the weightwsdwddz(Zw/ﬁHMf,g 2 but also a sum of discussion in Sec. || B Here again, this conclusion is con-
small contributions originating from théM 3‘;’ 2 |M§g 2 sistent with the analysis of Ref. 19, wherdsomewhat ar-
|M§g 2’ and||\/|:§2 matrix elements. The Corresponding pa- bitrary) ratio of 23|S taken in Ee and 1.5 in Ni. The overall
rabola is plotted in Fig. 2, with an overall bracket value equaid00d agreement with the experimental data demonstrates that
to 1.5. The result is consistent with the data of Filgieal,25  the material dependence which could be containetfiis of
who estimateA o~ 0.4 nmi ! at about 1 eV above the Eermi Secondary importance, comforting the picture of a rigid band
level in Fe; the corresponding point is indicated in Fig. 2model. The full curves limit th¢o) variation domain and we
(diamond. Such a good agreement may be fortuitous sincepbserve that, at a given total hole number, shifting from the
in bulk Fe, nj(0)>n;(0);%* however, contrarily to lower curves to the_ upper one corresponds_ to a transition
Fe,_,V, films, Fe layers have not shown an inverted mag-fom a ferromagnetic state to a paramagnetic state: the fer-
netoresistance effect, a possible explanation being that tH@magnetic state is more transparent for electrons and the
density of states of ultrathin films may differ from bulk difference in the spin-averaged cross section is
samples® Note that the small experimental decrease\of

just below 6 eV in the data from Ref. 13 is suspicious; more- 1 v M2« Wy | MSY2
over, it arises in an energy domain where the IMFP was E—UgANﬁ —sd T X)NZPE_ —sd |» @D
v Mds F Mds

experimentally found to decrease with decreasiig,

whereas it should definitely still increase. ) _ ) ) _
where «=3 in the lower-energy domain considered in this

section [Eq. (17) where the energy dependence of
IM3$92/|M39? has been neglectééind a=1 in the higher-
B. The spin-averaged scattering cross section energy domaifEq. (23)]. This effect can be large and, if
in various materials detected, it would give a direct estimate of M55 2/|M 592
We now consider the total scattering cross sectioh  ratio. Note the interesting case of Gd. Concerning the experi-
[Eq. (8)]. Figure 3 presents experimental determinations inmental Gd point marked by a circle in Fig(@ata from Paul,
several materials, fdE, between 5 and 10 g\4s a function Ref. 27, selected in Ref. 16which does not agrees with the
of N2, after Ref. 160), where these data have been usedmodel, it must be realized that it has a very broad error bar,
to postulate a linear relation between the scattering crosand that Paul only concludes that the IMFP in Gd “certainly
section and the hole numbédotted ling. In the following ~ does not exceen4 A at 5eV.” ?” Eastman' finds the much
analysis, we use Eq17), evaluated aE,=5eV~W, to  lower value (c)=1nm 1. Besides, the above calculation
allow a simple comparison between the various materialsnay be inaccurate a¥73" is rather 2 than 1, witleg of the
although the model may not strictly apply at this very en-order of 5.5 eV rather than 7 e¥;* the value calculated
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with these parameters is indicated in Fig.#3) and lies very  supported by the measurements of Ref. 27 where it is ob-
close to a plausible experimental val(ig) taken from Ref.  served thato) is almost constant below 10 e(éf the order

27. In Ref. 16, Gd was considered to support the linear of 3 nm  for the upper determinations, in good agreement
variation at large\, but it appears that this material rather with the calculationbut, between 10 and 15 eV, drops down
constitutes a counter example: indegek \;/2=4.5, which  to about 2 nm™. This will be further analyzed in Sec. Il D.
means that the intrd-band scattering contributiojsee Eq.
(17)] is almost suppressed, an intuitive result asdhends
are almost empty. This means that, according to(E6), o
is reduced by a factor of the order of 2.5 compared to mate- The polarization cascade determines the IMFP asymmetry
rials with low hole numbers. This is even worse at largerA (see Sec. 2 of the AppendixAs this determination in-
energiegsee Eq.(23)] as the wholed-band contribution is volves an energy domain slightly exceeding the vacuum
suppressed because large energy transfer involvingdthe level energy, we use Eq$l7) and (18) with the matrix-
bands are no longer possible. This conclusion is stronglglement ratios determined in Secs. Il A and |11 B and find

C. oy deduced from the polarization cascade

Ep— 0.1V, W,
. AN, 1+0.35/\/§"‘)E—“d}
1 F
A_4@+—“ 1418 1- 7]+ 03y 1203 Wa) (28)
0" a AT e Er

This equation, where the vali®3]%/|M353%=1.5 has been voked. However, mechanisms that are sample dependent
used, can be compared to Eg), referring to the case to should only yield a small contribution, because the various
IM3$92/|MS92=0. For a strong ferromagnet with a small data t_aken m'the Ilteratu're are really consistent. Hereaﬁer,
we will empirically take into account this contribution by
including in oy an additional scattering cross section, which
)?_ertainly introduces some material dependence, even though
It is not revealed by the analysis of the data obtained at
‘energies close to the vacuum ley8kcs. 11IB and ¢

hole number, neglecting the terms proportional\f@” and
with oy=0, Eq.(28) yields A=40% (instead of 100% The
discrepancy between the two models is thus larger than e
pected in the simplified picture, with equal matrix elements
given in Sec. Il B. From Eq(28), we now evaluaté at E,
=W, (although the model may not strictly apply at this very
energy, taking oo=0.65nm?, the value used in Sec. Il B,
which corresponds tay=22.4. We findA~0.23 for Fe and We now consider the IMFP variation with energy in sev-
Co, A~0.10 for Ni, andA~0.03 for Gd, in good agreement eral materials. To fit the experimental data, we use dge
with the experimental value&=0.28, 0.25, 0.09, and 0.04 expressions given in Eq$l7) and (23), depending on the
quoted in Ref. 16. The only discrepancy is a slightly too lowenergy domain. Concerning,, we use an expression de-
A value for Fe, which may partly arise from the uncertaintyduced from Eq(22). Indeed Eq(16) almost does not differ
on the number ofi holes™ Almost the same numerical re- for Ej close toEg, the energy range where it applies, be-
sults are obtained with/$P=0, which leads to an extremely cause Eq(22) is the tangent to Eq(16) at E,=Er. We
simple expression. In the case of Ni, thevalue is very Write
sensitive to theg, value (and thus toE,) because of the

small hole number, so that the experimemalalue even

allows a goodr, estimation. Contrarily to Ref. 16, treame

oo value accounts very well for both th@r) and A data.

From Eq.(16), neglecting theEf, term which should be rela- The a and b coefficients—which are material dependent
tively small, we estimater,=8.79N,4/Ex~5.5. Thus, to fit empirically account for both electron-electron scattering and
the experimental data, the, value has been increased by a a possible additional contribution. In the case of noble met-
factor of about 4, which cannot be explained by any reasonals, as discussed in Sec. Il Ey is used instead d&J. Gold

able tuning of matrix element ratios. We think that this in-was studied in detail in several pap&ts®—32and reliable,
crease is due to an additional contribution, originating inoften quoted, low-energy data have been measured by
another scattering mechanism, possibly coupling withKanter® In Fig. 4(a), the data from Refs. 30 and 31 have
damped plasmorfs. Coupling with plasmons was also in- been marked respectively by diamonds and squares; data ob-
voked in Ref. 27 to explain the very short IMFRss than 10 tained in Ref. 27 on thin films, from polarization analysis,
A) measured in Cs in the same energy range. In Ref. 2%re indicated by circleghese data have been chosen as they
where the IMFP is calculated from the dielectric function, amatch with Kanter's values and, at larger energies, do not
discrepancy is found in Au between the calculated value andignificantly differ from other determinations given in the
the Kanter's datd’ The contributions of elastic scattering, same referenge Very similar IMFP values are reported in
crystal defect scattering, impurity scattering, etc., are inRef. 30 for Ag[vertical bars in Fig. &)]. However, when

D. IMFP energy dependenceo, material dependence

E.—E) E
(B Ed) @ yar

0o=17.5V3P £ e b. (29)
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FIG. 4. (a) IMFP in Au and Ag. The small diamonds refer to gold, the vertical lfirto Ag, after Ref. 30. The circle€D) are gold
values, after Ref. 27, where they have been measured by a technique involving spin-polarized electrons. THe3quargsld data, after
Ref. 31. The upper dotted curve is a fit through B29), with N'3P=1, Er=5.5eV,E4=4 eV, a=6, andb= —3. The lower dotted curve
has been calculated with= 1.8, b= —0.9.(b) IMFP in Co. The square@]) are from Ref. 6. The dotted curve is thg variation, after Eq.
(29) with N'SP=1, Er=8 eV, E§=2.5eV,a=11.5,b=6. The dashed curve is a low-energy fit using theexpression given in Eq17),
valid for E,>6.7 eV. The full curve is a high-energy fit using thg expression given in Eq23), valid for E,>11.5eV.(c) IMFP in Fe.
The square$D) are from Ref. 24. The dotted curve is thg variation, after Eq(29) with A'3P=1, E,:—8 eV, E§=2.5eV,a=24,b
=0. The dashed curve is a low-energy fit using theexpression given in E¢17), valid for E,>7.6 eV. The full curve is a high-energy
fit using thegy expression given in Eq23), valid for E,>13.2 eV.(d) IMFP in Gd. The squaref) are from Ref. 27. The dotted curve
is the o variation, after Eq(29) with N'sP=2, Er=5.5 eV Ed— 2.5eV,a=12,b=—2. The dashed curve is a low-energy fit using the
expression given in Eq17), valid for E,>9.8 eV. The full curve is a high-energy fit using thg expression given in Eq23), valid for
Ep,>15eV.

comparing data from the literature, it must be kept in mind~|M2J? (a=1.8, b=—0.9), which is probably a lower
that the IMFP experimental determinations are extremelyhound because Coulomb matrix elements betweand d
difficult. For instance, in Ref. 31, theelative error in the  states are presumably smaller than betwestates® just to
IMFP determination in gold is estimated to be20%  visualize the influence of this matrix element ratio. Never-
whereas thebsolutelMFP values are assumed to be correcttheless, such a “good” agreeme(taking into account the
only within =50%. The fit(upper dotted linghas been ob- uncertainties on the experimental dataay be somewhat
tained withEy=4 eV, a=6, andb=—3, which, assuming fortuitous: as some plasma contribution should certainly be
no additional plasmon contribution, corresponds to &9) included, the normalizing coefficient for electron-electron
with [M332=3.9M3Y? (and [M3Y?=3.9M3Y% note that scatterings, may be smaller for noble than fod3metals
the|M 33 matrix element does not appears in Ref. 19 becausand a compensation may arise from the additional scattering
the occupieds-p states are not distinguished from tls).  terms. The IMPF values measured in Co, after Ref. 6, are
The lower dotted line has been calculated witdiJ?  plotted in Fig. 4b) and the fit is obtained witla=11.5,b
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=6; the Fe data, from Ref. 2&Fig. 4(c)] are fitted usinga ~ materials. The energy variation of the parameters was con-
=24,b=0. Figure 4d) shows the IMFP determined in Gd in sidered, and the conclusion is that the main effects are a
Ref. 27 (from polarization analysis, where the results lie be-steep decrease of the exchange matrix element and a large
tween lower and upper bounds determined in the same refncrease ofoy with energy. For materials with a large hole
erence through other techniglieShe data are fitted using number, a strong reduction of the spin-averaged scattering
a=12,b=—2 [with Er=5.5eV, N3P=2]; thisavalue can cross section (o)=(c +o")/2 is predicted—and

be obtained from Eq(22) with [M$32=1.7M39?, which  observed—wherk, exceedsEg, due to the suppression of
should correspond to an upper bound. It spectacularly evithe d-band contribution. We have also shown that a metal is
dences the scattering cross sectitecreasewith increasing ~ always more transparent in a ferromagnetic state than in a
energy, due to the suppression of tand contributions. Paramagnetic state.

The largea values determined in Co and Fe, and the positive

b values in Co, Fe, and Gd unambiguously show that the ACKNOWLEDGMENTS

only electron-electron interaction is insufficient to account ) ) )

for the spin-independent part of the IMFP. For Fe, Co, and _I am md_ebted_to JP Boilot, J.-N. Chaza!wel, and J. Per-
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=0.65nm * used in Sec. Il B. Noble metals seem to differ, €9ation Geerale pour '’Armement.”

with oo~0.16 nm ! at 5 eV, which suggests that the IMFP

values chosen for noble metals in Ref. 16—and reproduced = APPENDIX: SPIN-DEPENDENT IMFP AND IMFP
in Fig. 3 of the present paper—rather refer to 10-eV data. ASYMMETRY DETERMINATIONS

The gold value, for instance, is taken from Ref. 27 where it
corresponds to a lower bound of the IMFP, which surpris-
ingly remains almost the same fdE,=10eV and E, . _ .
=5 eV, in contradiction with Kanter’s resuffsand with the A well-known technigue to determine IMFP’s is the over-
“universal law” generally admitted for noble metalsviore  layer technique in photoemission, in which a ferromagnetic
detailed investigations, both theoretical and experimentalffilm of controlled thicknes is deposited on to a nonmag-
are necessary for further analysis, but we observe that a godtgtic substrate. Electrons are injected in the ferromagnetic
empirical description of the scattering cross sections in thdilm, for instance by photoexcitation of a substrate core
range 5-50 eV is obtained through the very simple lawdevel?*>** Due to a different IMFP for up- and down-spin
given by Eqgs(17), (23), and(29). The dotted curves in Figs. €lectrons, a spin polarization is created in the transport pro-
4(b)—4(d) represent ther, variation. They make evident that cess. More generally, if the primary beam has the spin po-
the picture in which the total scattering cross section consistirization Py, it is straightforward to show that the spin po-
of a oy part(which, in fact, includes processes involving the larization P, of the emerging beam is

d bands and of a contribution due to the “scattering by the

d holes” is only pertinent at low energy, close to the vacuum _a(x)+ Py
level. A larger energies, thed-hole contribution” even be- ¢ 1+a(x)Py
comes negative!

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

~a(x)+Py. (A1)

Here a(X)=[t,(X)—t_(X) /[t (X)+t_(x)] is the spin
asymmetry of the transmission coefficients, expressed as
t.(X)=exp—(xX\*), where A\~ (") is the IMFP for

A consistent description of the electron mean free path irfninority- (majority-) spin electrons. The last equality holds
transition metals has been given, in the range 5-50 eV. Thi& many cases, where the source polarization and the asym-

central result of the present paper is the relation metry of the transport coefficients are not too high. In Ref.
22, theé parameter has been defined as follows:

IV. CONCLUSION

AN
h 1

2 —_—
N

o =0+ ogNy £ 0o
J’_

> =
SR

which relates the scattering cross section to the hole numbers
in the d bands; oy and o originate from the electron- 1
electron interaction. Concerningy we have shown that an A
additional contribution has to be included, which probably

originates from the coupling with damped plasmons. Weand we have
have obtained simple expressions =0~ —o* [Egs.

(18) and(24)]and we have shown that direct information on

the exchange matrix element can been extracted from its ex-

perimental study. It has been established thatis not a )
constant, but is simply related to the hole and electron numPe can also be written
bers[Eg. (26)]. This model accounts for all the presently
available experimental data, in particular, the cascade-
polarization values and the mean free path values for several

(A2)

>
|
>l =

a(x)= tanh%. (A3)

(e

Pe:W’ (A4)
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where | = are the emerging currents of up- and down-spin 2. IMFP asymmetry from the cascade polarization
electrons, so that When high-energya few ke\) unpolarized electrons are
injected into a ferromagnetic substrate, due to the secondary-
1+P, X ST : .
IT=———1=I; exp— —. (A5)  electron cascade, a source distribution is formed with a spin
2 A polarizationP, reflecting the bulk magnetization. If one as-

sumes that spin-polarized electrons are uniformly excited in

I=1"+1" is the total emerging current arlg is the pri- h le. th b f itted elect ith d
mary current of up- or down-spin electrons. By measuring € sample, the numbers of emitted electrons with up an

the emerging intensity and the polarization of the emergingdoWn Spin are respectively proportional to

beam versus film thickness, it is possible to dedute This .

technique was used in Ref. 13 to determike=2/6 in a f (1+Pg)exp— (X/\T)dx=(1+Po\ ",
transmission geometry, where unpolarized electrons are in- 0

jected through a freestanding foil. However, in many photo-

emission experiments, practical problems arise. First, it may o

happen that the first metal layers grown on the substrate have f (1=Po)exp— (X/N")dx=(1—=Po)A~  (Al2)
different magnetic properti€s.Second, for an increasing 0
metal thickness, polarization measurements become impo
sible because of the vanishing sighaf. Then, the measure-
ments are restricted to thicknesses of the ordei.ofor
instance, in Ref. 6, an IMFP of about 0.8 nm is found in Co
close to the vacuum level energy whereas it is stated that the P.= ~A+Py, (A13)
more reliable data have been obtained for a metal thickness 1+APy

of 4 monolayergML) (1 ML=0.208 nm). To overcome this
difficulty, when using an unpolarized primary beam, the
mean free path is deduced from the spin-averaged emergirjf
current, which is assumed to determine a spin-average
IMFP \q in the following way:

S0 that the emitted polarization, referred to as the cascade
polarizationP, is

whereA is the IMFP asymmetry. With this technique, con-
rily to techniques based on ballistic electrons, there is no
ubt that the detected electrons have interacted with the

erromagnetic layer. The cascade polarization yields a good

estimate of the IMFP asymmetry, averaged within a few eV

d d d above the vacuum level energy.

I

[+ =|Oexp—xcoshgzloexp—)\—. (AB)

° 3. IMFP spin dependence from electron transmission

We also have through ferromagnetic bilayers
lo d 1xP, The preceding techniques require to use either a primary
I*=—exp—-—==—72—(00"+1") (A7) spin-polarized electron bearand to detect the transmitted
2 A 2 ; . . o
intensity as a function of the source polarizajionto detect
which yields the transmitted-beam polarization. The ferromagnetic-bilayer

techniqué? allows us to determine accuratedy even using

1 11 N an unpolarized electron beam and without any polarization
NN aln(l_ Pe), (A8)  measurement. It makes full use of the “spin-filter” concept:
a ferromagnetic layer is an electron-spin polarizer. Free elec-
1 1 1+P, trons are transmitted through an ultratlrisymmetric ferro-
5= %In =P, (A9) magnetic bilayerwhere the ferromagnetic layers may have

parallel(“ferromagnetic,F” ) or antiparallel“antiferromag-

1 netic, AF") saturated-magnetization states and, whepo-
~In(1+Py). larized electrons are injected in the sample, the experiment
® N 6 d looks similar to a current perpendicular-to-plane magnetore-

(A10)  sistance(CPP-MR experiment on a spin valve. Let us con-

sider the ballistic electron transmission of an electron beam
through n ferromagnetic layers embedded in nonmagnetic
metals. We describe the magnetic configuration of the struc-
ture through then-dimensionalu configuration vector of

In the small metal-thickness regimd< 6), P, is small and
we havehg~\. For Co at low energy, we may hawe
~0.5,i.e,A"~3\7, thusé~2\, and we are in this regime

for d (notably smaller than 1.5 nm. In the large metal thick- . o
ness regime §<d), we find, as expected,g~\". components;= =1 depending upon whether the majority-

Whenspin-polarizedelectrons with a+ P, spin polariza- spin direction in theth layer is parallel or antiparallel to the
tion are injected through a ferromagnetic film, referring todu@ntization axis. Electrons with spin= 1 are transmitted

the total transmitted current 6= P,), we see that t.hr.ough the sample with a spin-dependent tran_smlssmn cpef-
ficient t,,. Because the relevant parameter is the relative

1(+Pg)—1(—Pg) orientation of the incident spin with respect to the magneti-
(+Po)—1(—Pg ; L .
(TP (=P )zPoa(x). (All)  zation direction, we have the symmetry relatidnp,,

0 0 =t_,_,. The transmitted intensityp(u) expresses as

Thus a transmission experiment performed with spin-
polarized electrons also determines).3 Ip(m) = (UDI[(1+P)t,, +(1-P)t,_]. (Al4)
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The spin-averaged transmitted intendigfu), equal to the product of the transmission coefficient of each layerbath
transmitted intensity when the primary beam is unpolarizedmagnetizations oachlayer appear in the, .t ,, product,
and the spin-dependent part of the transmitted current does not depend on the configuration. Thus identifying

Alp(m), write the u-independent quantityo(m)?—[Alp(m)/P]?, a char-

acteristic of the magnetic materials, for two different mag-
lo(p)=(LD[1p(p)+1_p(m)] netic configurationgx and #’, we obtain the relation
= (U1t + 1) = (L2 p(p) + 1o~ p1)], _(lo(mr: —(A'P("’))Ts( P
(A15) lo(m) Alp(p) | [TF

Alp(p)=(12[1p(p) =1 _p( )] which allows us to determine bots(x) and P indepen-

B B dently This relation involves Alp(u')/Alp(m) and
=(U2)IP (1, —t,) = (L2)[1p(p) —lp(— p)]. lo(m')1o(p) ratios, which are characteristics of the mag-

(A16)  netic structure.
In a ferromagnetic bilayer, we replace tjevector byF
F) to refer to the absolute value of quantities respectively
easured in any of the twe (AF) configurations. If the
rhagnetic films have comparable spin selectivitis6AF)
<1. Thus in the relation [1—s(F)?]lo(F)?=[1

Ap()=Alp( )/ o( ) =PS( ). (A17)  —S(AF)Z]Io(AF) [see Eq(A18)], S(AF)* can be neglected

. to determines(F) from the ratio of the transmitted currents

S(m)=(tys —t,-)/(ty +1,-), the spin asymmetry of the i, the F and AF states, measured with an unpolarized elec-
transmission coefficients, analogous to the Sherman functiopon peam. In an IMFP model, if both layers of thicknesses
used in spin polarimetry, characterizes the discriminatingul and d, are made from the same material, we have
power of theu configuration of the multilayer. In principle, S(AF) =tanH(d;—d,)/8| and s(F)=tanH(d,+d,)/8], which
s(p) can be determined from the measurement4g{u),  gllows us to determing. In fact, in Ref. 22, this technique
provided P is known. In other words, an internal spin- \yas used by injecting a moderate-energy bedm® eV)
polarization measurement must somehow be performed anflrough a Au/Co/Au/Co/Au structure. At the entrance plane,
this implies the use of at least two layers, a polarizer and ag secondary-electron distribution is formed in gold and, sub-

analyzer. Let us consider the quantity sequently ballistic-electron transmission arises through the

and magnetization reversal. The transmission asymmet
i.e., the relative spin dependence of the transmitted curren
is

These relations show the equivalence between polarizatiz@

2_ 2_ 2rq 2 sample, most of the emitted current being transported at an
lo(p) "= [ATp( WP =lo(m) 1= S(p)7] energy close to the vacuum level of the exit face, lowered
=12t t,_ =12, . t_ .. down to about 2 eV by cesium deposition, where the IMFP is

pttp ptt—pt

larger. Then, relevant information is extracted from the low-

(A18) energy part of the spectrum. By this way, there is also no
The overall transmission coefficient is, in an IMFP-like doubt that the detected electrons interacted with the metal
model where no quantum interferences are considered, tHeil.
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