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Low-energy electron mean free path and its spin dependence in transition metals
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A simple model is presented to estimate the low-energy electron mean free path in transition metals and to
calculate its spin dependence. In this model, the electron-scattering rate is directly related to the number of
holes in thed bands; its spin asymmetry is almost proportional to the spin magnetic moment. These quantities
show a weak energy dependence from the vacuum level up to a few tens of eV above the metal Fermi level.
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The study of the inelastic electron mean free p@hFP)  rater?(e) from E, to (E,—¢) for the primary electron is
in metals started many years ago, both theoretitalyd taken agrandomk approximation
experimentally’ The high-energy domaifsay for electron
energies from 50 eV up to a few keV above the Fermi [pvel  I7(e)=n“(Ey—¢)[0?7¢7(e) + 07" 7¢~ 7" (¢)],
now seems well understood; the question of the low-energy
electron mean free path was considered to remain puzzling,
because in this energy domain the electrons are sensitive to
the details of the band structure, and because, there, several
energy-loss mechanisms can be involved. It became cledp the expression of’(e), »’” andw”” 7 are taken as con-
that, at very low energy, close to zero, the electron mean fregtant transition matrix elements characterizing direct and ex-
path is extremely largétens of nm from the conductivity change processes; for simplicity, we also assume that we
relaxation timg, whereas it reaches a minimum val@efew  have the symmetry relations™ " =w™ "=w and o™~
tenths of a nmat energies of the order of 100 eV. Its depen-= o~ " =w;. The functionsn’(u) are the relevant densities
dence on the electron energy was thought to follow a “uni-of states. Thes”” (&) functions are defined far’' = + o, an
versal” curve® However, near the vacuum levéypically 4  extension which will be useful later. Two important param-
eV), the scarce experimental data all originated from theeters can be introduced: the spin-averaged transition rate
work by Kanter! Recent experiments indicated that the R(Ep) = %[R*(Ep)+ R*(Ep)], and the spin-dependent
IMFP was probably more material dependent than previouslyomponent of the transition ratey R(E,) = %[R‘(Ep)

assumed,and in particular the large increase of the IMFP — R*(Ep)]; the spin-dependent scattering rate at end&gy
expected when the electron energy is lowered close to thRU(Ep) is

vacuum level does not seem to be observed in transition

metals® At the same time, the spin dependence of the IMFP Ep

was considered,and, for example in the case of cobalt, a R7(Ep)= fo r?(e)de.

very high spin asymmetry was measured at a few eV above

the Fermi leveP the asymmetry remaining significant at Note that the raticA R(Ep)/ R(Ep)=(A " =X7)/(NT+17)
higher electron energyAn important step was the proposi- is the standard spin asymmetry of the mean free path.
tion by Schmhense and Siegmann of an empirical model in  Hereafter, the band structure is described by a constant
which the scattering cross section, proportional to the inverseensity of statesi;,, corresponding to the density of states
of the IMFP, is directly related to the number of holes in theat the Fermi level fors and p bands on which is superim-
d bands> A consequence is that the quantity XI)  posed a positive continuous compact-support funatifu)
—(1\7), wherex™ (\7) is the IMFP for minority(major-  describing the consideratiband:n”(u)=n&(u)+ng,. The
ity) electrons, is proportional to the spin magnetic momenty pands are bounded by energEg (lower bound and E

The spin dependence of the electron mean free path at ﬂ{ﬁpper bouny their common width is denoted a¥,. The
Fermi level is also crucial in the analysis of giant magnetore-

. : . numbersNg and Ny of electrons and holes in the bands
sistance experiments. In this paper, we study the Iow-energ%/NgJr NZ=5) are
IMFP (in fact, the scattering ratend its spin dependence for * ¢ "
electron energies ranging from zero up to a few tens of eV, 0 oo
with elementary assumptions but using a realistic description NI= f ng(u)du, b= J’ ng(u)du.
of the d-band structure. - 0

We only take into account electron-electron scattering

and consider a primary electron at enefgy (hereafter the
energy origin is set at the metal Fermi leyekith a spino
=+, This electron loses an amount of energywhich is 2% (u)d
used to excite a secondary electron from a negative energy to EU:f_wund(u) u ZEJ’ Hc
a positive energy’, with spin conservation. The transition ¢ JTInf(wdu 5

¢‘T‘T’(8)= j:n”(s’)n”’(s’—s)ds'.

The band centergg and the centers of the emerged part of
thed bandsE;, are defined as

ung(u)du,
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+ o
ErNp= fo ung(u)du.

It can be easily shown that thﬁ""'(s) functions verify the
following properties:

(i) For smalle, ¢ (£)~n’(0)n (0)e.

(i) For large values of & [e=W7
=Sup(Ej|,|E3],[ET [IEZ ||ES—ET |,|[EZ —EI)], we
find

¢7 (e)=nZe+ngy(NT+NT).

A consequence is that the value $f7(e) does not depend
on the band considered; also note thatndf=0, ¢””’(s)
=0 whene=Sup(EJ—EJ |,|ES —EZ]).

(i) Whenu=Sup(EJ—EY|,|ES —EY]),

u ! !
| o5 @r0e=ngny',

Where¢>g"'(s) is ¢ (&) calculated for the only bands,
i.e., with ng,=0.

For very small primary energie®’(E,) is easily evalu-
ated[using(i)], and we obtain

3[R (Ep)=R*(Ey)]=4E5[n~(0)=n™(0)]
x{w[n~(0)2+n*(0)?]
+(wi— )N~ (0)n*(0)}.

If w=ws¢, or if n*(0)=0 (perfect ferromagngt or if
n"(0)=n"(0) (nonmagnetic metal we conclude that the

spin asymmetry of the IMFP is the asymmetry in the densit)p

of states at the Fermi level:

AR(E,) n~(0)—n*(0)
R(E,) n (0)+n"(0)’

For a large primary energyE,=SupW" " W™ ")
+Sup(0, E; ,E3)], R7(E,) is calculated after cutting the
integration domain at energy/=SupW* " ,W~"):

Ro(Ep)=fOEpr0(s)ds=fowra(s)dﬁfviprff(g)ds.

When O<se<W, (E,—¢) lies out of thed bands, so that
n’(Ep,—e&)=ng,. Considering only¢g“(e) in the expres-
sion of ¢7“(&), the first integral yield$using(iii )]

Nep( @NINZ+ w;Ng “Np ).
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E
nsp(w+wf)J "n7(E,—&)[Ngpe +5]de.
w
Finally, the expression dR’(E,) reduces to
R7(Ep) = Nsp(@NINp + wiNg "Ny 7) +5n2 (wE] + w(Eq )

—2nZ ( wEIN{ + w(Ep Ny %)

+ngp(w+ )| (5—ngpgER)NE+5ngE,

Ny
1+ &
To expressR(E,) andAR(Ep), we introduce the total hole
numberN;,=(N,, +N;) and AN,=(N, —N;). Moreover,
we defineyN,=[(N; )%+ (N;)?] and the characteristic en-
ergies Eq=—(EgJ+E{)/2, EMN=(N,E,+NiE),
E{AN,=(Ny E —NJE[), andEe,=(E; —Eg); then

X

1.2 2
+ EnSpEp} .

R(Ep) =5y 0+ wp)| M,

vy 1
1— E+ E nsp(Ep—SEh)

1 2
+ngp(Ep— Ed)+ﬁ nspEp

and
AR(ED) = gnsp(w_ wf)[ANh(l_ %Nh_ %nspElQ) + nspEex]
+ gnsp(w-i— o) AN[1+ %nsp(Ep— Ef)l.

An important conclusion is thaR(Ep) is determined by the
number of holes in thel bands, as postulated in the Soho
hense and Siegmann modelVhen AV, #0, the relation\},
=npE* defines an energy scale which is relevant for a sig-
ificant variation of R(E). Becauseng, is almost ten times
smaller than the mean density of states in thebands
(5Wy), E* ~2WyMN,, . Assuming that none of the bands is
empty, and using a square-band model, we figg

= y(Wy/10), Ef=M(Wy4/10), and Eq~ANL(Wy/5). As
expected AR(E,) appears to be proportional to\,, i.e.,

to the spin magnetic moment. For a material with a small
hole number, if we retain only the leading terms in the ex-
pression ofR(E,) andAR(Ey), we obtain

E,—E N, [E \2
p d h p
R(Ep)mSHSp(a)—l—a)f)./\/'h 1+ E +1—0 (E—*) :|,
M i\ [wi—o  E,
AR(Ep)=5nspwily 1+E<1+3)(m+5—* -

To simplify the discussion, we now assume that w; (see
below). Then we observe that most of the spin dependence of
the IMFP involves large energy losses, the primary electron
falling in thed bands. Concerning the scattering rate, a com-
parable contribution originates from small energy losses, the
secondary electron being excited inside thstates. In the

The other terms are easily calculated after an integration bgase of Fe, Co, or Ni, becaull <N, , AN /AN,~1. In all

parts. Concerning the domail<e<E,, we use the large-
energy expression o$’’(e) [see(ii)], so that the corre-
sponding integral reads

of these cases, we estimateR/R~0.4 when E,~Wjy
~6 eV, ie., close to the vacuum level, although the bulk
polarizations pg=AAMN;/(10—N}) are strongly different
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[27% for Fe, 17% for Co, and 6% for Ni The energy . . Ep ,
dependence of the spin asymmetry is almost governed by the P”° (e")=w’n” (Sl)J’S, n7(Ep—&)n? (¢’ —¢)ds
energy dependence @(E;). Note that, to convert a scat-

tering time into an IMFP, we have to multiply it by the =w"”'n"'(s’)J'Ep_8’

electron velocity. If thesp band is described in a parabolic 0

model, the electron velocity is proportional [t&,+ Eg]"2

whereEE~10 eV is the Fermi energy; this is is not strictly xn?(un” fu=(Ep=e")]du,

consi§tent With.a constamts,, v;//hich implies an electron p(m/(s,):w(m/n(,/(s,)qbag/(Ep_s,).
velocity proportional td E,+ Eg] 3. In any case, the IMFP ,
does not vary much with energy. We consider the energy domain Sup@®; ,E3 )<e'<E,

-+ - "y —nt Ny — H
As previously stated, the spin polarization of the second= W - ghere,n _ (h8 )=n"(e )I_'nsp" ;'_"dk‘]"’e staréwnh ?
ary electrons involves the matrix elemendsand w;. The primary beam with a spin polarizatioR; the numbers o

o , . . rimary electrons with spint or — are (1+P)/2 and (1
excitation at energy" of secondary electrons with a spiri EP)/ZY respectively. Thepspin polarizati((i?l of t)he secor(1d-

by primary electrons of spier occurs at the rates ary electrons is then:

(¢ ¢ )o@ =" ) HPlo(¢T ¢ ) —wi(¢T )]
o Hd VFold +d )TPla(d T~ Jtw(d —¢ I’

P
with [using (ii)]
¢ (Ep—e')— ¢~ (Ep—e')=0,
¢ (Ep—e') ¢ (Ep—e)=¢" (Ep—e')+ ¢ "(Ep—e')=10ng 1+ 5ns(Ep—e)],

¢_+(Ep_81)_¢+_(Ep_8,):2nspANhl

so that 0.6 and 0.4 reported for Co in Ref. 8 at a few eV, the value
measured at 14 eV~0.15)° the comparable asymmetries

M (0— wy) . , reported near the vacuum level for’B&as well as the weak
wpr( 1=90) TP —% [1+sns(Ep—el)] IMFP and asymmetry variations versus energy also reported
P~ for Fe in Ref. 6(asymmetry divided by a factor of the order
(0t ) [14in.(E,—2')]— P 1_% of 2 between 10- and 40-eV primary energagree nicely
2 shspiTp = Ps 10 with this model. It allows us to understand, at least qualita-

) o tively, why a negligible spin asymmetry in the mean free
Unlessw~wy, the spin polarization of the secondary elec-path was reported for Fe in spin-valve experiméhtshich
trons has a strong memory of the primary beam polarizationjnyolve phenomena arising at the Fermi level: a cancellation
Note that the primary electrons of spinemerge at energy occurs due to the presence of empgtgtates in the majority

g', after suffering a collision, at the rate band. A definite conclusion is that the scattering rate at a few
eV above the Fermi level is almost fully governed by the
r’(Ep—e')=n"%(e")[wp’(Ep—e’) d-band density of states. This model also provides a useful

guide for the analysis of possible experiments involving po-
larized electrons. For instance, it is known that some
Fe, _,V, alloys have a larger density of states at the Fermi
evel for the minority states, which inverts the

agnetoresistand@;on the contrary, we see that this is of no
(fmportance in the case of electrons transmitted above the
Mfacuum level.

+oid” 7" 7(Ep—e')].

For a nonmagnetic metal, the distribution of the primary
electrons which have lost energy always coincides with th
distribution of the secondary electrons. For a ferromagneti
metal, in the energy domain considered above, the total nu
ber of primary electrons at energy’ is (1/2)ngy(w

+o)[¢" T (Ey—e')+ ¢~ "(Ep—e¢’)], which is almost | am deeply indebted to Catherine Bouton, A. Filipe, G.
equal to the number of secondary electrons wReo\,,/5 Lampel, Y. Lassailly, and especially to J. Peretti for a very
<1. careful reading of the manuscript. | am extremely grateful to

The present model provides a simple derivation and genM. |. D'Yakonov and to C. Hermann for many fruitful dis-
eralization of the empirical Schbense and Siegmann rela- cussions. | thank C. Cacho for pertinent remarks. | acknowl-
tion between the scattering cross section and the number efige the “Déegation Gaerale pour ’Armement” for sup-
holes in thed bands> The large spin asymmetrigbetween  port.
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