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Low-energy electron mean free path and its spin dependence in transition metals

Henri-Jean Drouhin
Laboratoire de Physique de la Matie`re Condense´e, Ecole Polytechnique, 91128 Palaiseau, France

~Received 4 September 1997!

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 path~IMFP!
in metals started many years ago, both theoretically1 and
experimentally.2 The high-energy domain~say for electron
energies from 50 eV up to a few keV above the Fermi lev!
now seems well understood; the question of the low-ene
electron mean free path was considered to remain puzz
because in this energy domain the electrons are sensitiv
the details of the band structure, and because, there, se
energy-loss mechanisms can be involved. It became c
that, at very low energy, close to zero, the electron mean
path is extremely large~tens of nm from the conductivity
relaxation time!, whereas it reaches a minimum value~a few
tenths of a nm! at energies of the order of 100 eV. Its depe
dence on the electron energy was thought to follow a ‘‘u
versal’’ curve.3 However, near the vacuum level~typically 4
eV!, the scarce experimental data all originated from
work by Kanter.4 Recent experiments indicated that t
IMFP was probably more material dependent than previou
assumed,5 and in particular the large increase of the IMF
expected when the electron energy is lowered close to
vacuum level does not seem to be observed in transi
metals.6 At the same time, the spin dependence of the IM
was considered,7 and, for example in the case of cobalt,
very high spin asymmetry was measured at a few eV ab
the Fermi level,8 the asymmetry remaining significant
higher electron energy.9 An important step was the propos
tion by Scho¨nhense and Siegmann of an empirical mode
which the scattering cross section, proportional to the inve
of the IMFP, is directly related to the number of holes in t
d bands.5 A consequence is that the quantity (1/l2)
2(1/l1), wherel2 (l1) is the IMFP for minority~major-
ity! electrons, is proportional to the spin magnetic mome
The spin dependence of the electron mean free path a
Fermi level is also crucial in the analysis of giant magneto
sistance experiments. In this paper, we study the low-ene
IMFP ~in fact, the scattering rate! and its spin dependence fo
electron energies ranging from zero up to a few tens of
with elementary assumptions but using a realistic descrip
of the d-band structure.

We only take into account electron-electron scatteri
and consider a primary electron at energyEp ~hereafter the
energy origin is set at the metal Fermi level!, with a spins
56. This electron loses an amount of energy«, which is
used to excite a secondary electron from a negative energ
a positive energy«8, with spin conservation. The transitio
560163-1829/97/56~23!/14886~4!/$10.00
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rate r s(«) from Ep to (Ep2«) for the primary electron is
taken as~random-k approximation!

r s~«!5ns~Ep2«!@vssfss~«!1vs2sf2s2s~«!#,

fss8~«!5E
0

«

ns~«8!ns8~«82«!d«8.

In the expression ofr s(«), vss andvs2s are taken as con
stant transition matrix elements characterizing direct and
change processes; for simplicity, we also assume that
have the symmetry relationsv115v2 25v and v12

5v215v f . The functionsns(u) are the relevant densitie
of states. Thefss8(«) functions are defined fors856s, an
extension which will be useful later. Two important param
eters can be introduced: the spin-averaged transition
R(Ep)5 1

2 @R2(Ep)1R1(Ep)#, and the spin-dependen
component of the transition rates,DR(Ep)5 1

2 @R2(Ep)
2R1(Ep)#; the spin-dependent scattering rate at energyEp ,
Rs(Ep) is

Rs~Ep!5E
0

Ep
r s~«!d«.

Note that the ratioDR(Ep)/R(Ep)5(l12l2)/(l11l2)
is the standard spin asymmetry of the mean free path.

Hereafter, the band structure is described by a cons
density of statesnsp , corresponding to the density of state
at the Fermi level fors and p bands on which is superim
posed a positive continuous compact-support functionnd

s(u)
describing the consideredd band:ns(u)5nd

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

s ~lower bound! andE2
s

~upper bound!; their common width is denoted asWd . The
numbersNe

s and Nh
s of electrons and holes in thed bands

(Ne
s1Nh

s55) are

Ne
s5E

2`

0

nd
s~u!du, Nh

s5E
0

1`

nd
s~u!du.

The band centersEd
s and the centers of the emerged part

the d bands,Eh
s , are defined as

Ed
s5

*2`
1`und

s~u!du

*2`
1`nd

s~u!du
5

1

5E2`

1`

und
s~u!du,
14 886 © 1997 The American Physical Society



it

b

-

ig-

all
x-

e of
ron
m-
the

lk

56 14 887BRIEF REPORTS
Eh
sNh

s5E
0

1`

und
s~u!du.

It can be easily shown that thefss8(«) functions verify the
following properties:

~i! For small«, fss8(«);ns(0)ns8(0)«.
~ii ! For large values of « @«>Wss8

5Sup(uE1
su,uE2

su,uE1
s8u,uE2

s8u,uE2
s2E1

s8u,uE2
s82E1

su)#, we
find

fss8~«!5nsp
2 «1nsp~Nh

s1Ne
s8!.

A consequence is that the value offss(«) does not depend
on the band considered; also note that, ifnsp50, fss8(«)

50 when«>Sup(uE2
s2E1

s8u,uE2
s82E1

su).
~iii ! Whenu>Sup(uE2

s2E1
s8u,uE2

s82E1
su),

E
0

u

fd
ss8~«!d«5Nh

sNe
s8 ,

wherefd
ss8(«) is fss8(«) calculated for the onlyd bands,

i.e., with nsp50.
For very small primary energies,Rs(Ep) is easily evalu-

ated@using ~i!#, and we obtain

1
2 @R2~Ep!6R1~Ep!#5 1

4 Ep
2@n2~0!6n1~0!#

3$v@n2~0!21n1~0!2#

6~v f2v!n2~0!n1~0!%.

If v5v f , or if n1(0)50 ~perfect ferromagnet!, or if
n1(0)5n2(0) ~nonmagnetic metal!, we conclude that the
spin asymmetry of the IMFP is the asymmetry in the dens
of states at the Fermi level:

DR~Ep!

R~Ep!
5

n2~0!2n1~0!

n2~0!1n1~0!
.

For a large primary energy@Ep>Sup(W11,W22)
1Sup(0, E2

2 ,E2
1)#, Rs(Ep) is calculated after cutting the

integration domain at energyW5Sup(W11,W22):

Rs~Ep!5E
0

Ep
r s~«!d«5E

0

W

r s~«!d«1E
W

Ep
r s~«!d«.

When 0<«<W, (Ep2«) lies out of thed bands, so that
ns(Ep2«)5nsp . Considering onlyfd

ss(«) in the expres-
sion of fss(«), the first integral yields@using ~iii !#

nsp~vNe
sNh

s1v fNe
2sNh

2s!.

The other terms are easily calculated after an integration
parts. Concerning the domainW<«<Ep , we use the large-
energy expression offss(«) @see ~ii !#, so that the corre-
sponding integral reads
y

y

nsp~v1v f !E
W

Ep
ns~Ep2«!@nsp«15#d«.

Finally, the expression ofRs(Ep) reduces to

Rs~Ep!5nsp~vNe
sNh

s1v fNe
2sNh

2s!15nsp
2 ~vEd

s1v fEd
2s!

22nsp
2 ~vEh

sNh
s1v fEh

2sNh
2s!

1nsp~v1v f !F ~52nspEh
s!Nh

s15nspEp

3S 11
Nh

s

5 D 1 1
2 nsp

2 Ep
2G .

To expressR(Ep) andDR(Ep), we introduce the total hole
numberNh5(Nh

21Nh
1) and DNh5(Nh

22Nh
1). Moreover,

we definegNh5@(Nh
2)21(Nh

1)2# and the characteristic en
ergies Ed52(Ed

21Ed
1)/2, EhNh5(Nh

2Eh
21Nh

1Eh
1),

Eh8DNh5(Nh
2Eh

22Nh
1Eh

1), andEex5(Ed
22Ed

1); then

R~Ep!55nsp~v1v f !FNhS 12
g

10
1

1

10
nsp~Ep23Eh! D

1nsp~Ep2Ed!1
1

10
nsp

2 Ep
2G

and

DR~Ep!5 5
2 nsp~v2v f !@DNh~12 1

5Nh2 2
5 nspEh8!1nspEex#

1 5
2 nsp~v1v f !DNh@11 1

5 nsp~Ep2Eh8!#.

An important conclusion is thatR(Ep) is determined by the
number of holes in thed bands, as postulated in the Scho¨n-
hense and Siegmann model.5 WhenNhÞ0, the relationNh
5nspE* defines an energy scale which is relevant for a s
nificant variation ofR(Ep). Becausensp is almost ten times
smaller than the mean density of states in thed bands
(5/Wd), E* ;2WdNh . Assuming that none of thed bands is
empty, and using a square-band model, we findEh

5g(Wd/10), Eh85Nh(Wd/10), and Eex;DNh(Wd/5). As
expected,DR(Ep) appears to be proportional toDNh , i.e.,
to the spin magnetic moment. For a material with a sm
hole number, if we retain only the leading terms in the e
pression ofR(Ep) andDR(Ep), we obtain

R~Ep!'5nsp~v1v f !NhF11
Ep2Ed

E*
1
Nh

10 S Ep

E* D 2G ,
DR~Ep!'5nspvDNhF11

Nh

10 S 11
v f

v D S v f2v

v f1v
1

Ep

E* D G .
To simplify the discussion, we now assume thatv;v f ~see
below!. Then we observe that most of the spin dependenc
the IMFP involves large energy losses, the primary elect
falling in thed bands. Concerning the scattering rate, a co
parable contribution originates from small energy losses,
secondary electron being excited inside thed states. In the
case of Fe, Co, or Ni, becauseNh

1!Nh
2 , DNh /Nh'1. In all

of these cases, we estimateDR/R;0.4 when Ep;Wd
;6 eV, i.e., close to the vacuum level, although the bu
polarizations pB5DNh /(102Nh) are strongly different
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@27% for Fe, 17% for Co, and 6% for Ni#.7 The energy
dependence of the spin asymmetry is almost governed by
energy dependence ofR(Ep). Note that, to convert a sca
tering time into an IMFP, we have to multiply it by th
electron velocity. If thesp band is described in a parabol
model, the electron velocity is proportional to@Ep1EF#1/2,
whereEF;10 eV is the Fermi energy; this is is not strict
consistent with a constantnsp , which implies an electron
velocity proportional to@Ep1EF#2/3. In any case, the IMFP
does not vary much with energy.

As previously stated, the spin polarization of the seco
ary electrons involves the matrix elementsv and v f . The
excitation at energy«8 of secondary electrons with a spins8
by primary electrons of spins occurs at the rates
c
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rss8~«8!5vss8ns8~«8!E
«8

Ep
ns~Ep2«!ns8~«82«!d«

5vss8ns8~«8!E
0

Ep2«8

3ns~u!ns8@u2~Ep2«8!#du,

rss8~«8!5vss8ns8~«8!fss8~Ep2«8!.

We consider the energy domain Sup(0,E2
s ,E2

s8)<«8<Ep
2W21. There,n2(«8)5n1(«8)5nsp , and we start with a
primary beam with a spin polarizationP; the numbers of
primary electrons with spin1 or 2 are (11P)/2 and (1
2P)/2, respectively. The spin polarizationP of the second-
ary electrons is then:
P5
v~f112f22!1v f~f212f12!1P@v~f111f22!2v f~f121f21!#

v~f111f22!1v f~f121f21!1P@v~f112f22!1v f~f122f21!#
,

with @using ~ii !#

f11~Ep2«8!2f22~Ep2«8!50,

f11~Ep2«8!1f22~Ep2«8!5f12~Ep2«8!1f21~Ep2«8!510nsp@11 1
5 nsp~Ep2«8!#,

f21~Ep2«8!2f12~Ep2«8!52nspDNh ,
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P'

v f pBS 12
Nh

10D1P
~v2v f !

2
@11 1

5 nsp~Ep2«8!#

~v1v f !

2
@11 1

5 nsp~Ep2«8!#2v f PpBS 12
Nh

10D .

Unlessv;v f , the spin polarization of the secondary ele
trons has a strong memory of the primary beam polarizat
Note that the primary electrons of spins emerge at energy
«8, after suffering a collision, at the rate

r s~Ep2«8!5ns~«8!@vfss~Ep2«8!

1v ff
2s2s~Ep2«8!#.

For a nonmagnetic metal, the distribution of the prima
electrons which have lost energy always coincides with
distribution of the secondary electrons. For a ferromagn
metal, in the energy domain considered above, the total n
ber of primary electrons at energy«8 is (1/2)nsp(v
1v f)@f11(Ep2«8)1f22(Ep2«8)#, which is almost
equal to the number of secondary electrons whenPDNh/5
!1.

The present model provides a simple derivation and g
eralization of the empirical Scho¨nhense and Siegmann rel
tion between the scattering cross section and the numbe
holes in thed bands.5 The large spin asymmetries~between
-
n.

e
ic

-

n-

of

0.6 and 0.4! reported for Co in Ref. 8 at a few eV, the valu
measured at 14 eV (;0.15),9 the comparable asymmetrie
reported near the vacuum level for Fe5,10 as well as the weak
IMFP and asymmetry variations versus energy also repo
for Fe in Ref. 6~asymmetry divided by a factor of the orde
of 2 between 10- and 40-eV primary energy! agree nicely
with this model. It allows us to understand, at least qual
tively, why a negligible spin asymmetry in the mean fr
path was reported for Fe in spin-valve experiments,11 which
involve phenomena arising at the Fermi level: a cancellat
occurs due to the presence of emptyd states in the majority
band. A definite conclusion is that the scattering rate at a
eV above the Fermi level is almost fully governed by t
d-band density of states. This model also provides a us
guide for the analysis of possible experiments involving p
larized electrons. For instance, it is known that so
Fe12xVx alloys have a larger density of states at the Fe
level for the minority states, which inverts th
magnetoresistance;12 on the contrary, we see that this is of n
importance in the case of electrons transmitted above
vacuum level.
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