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Theory of the spin dependence of the inelastic mean free path of electrons
in ferromagnetic metals: A model study
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~Received 11 January 1999!

We explore the spin dependence of the inelastic mean free path of an excited electron in a model ferromag-
netic metal. The excited electron is assumed to reside in a plane-wave state, while the metal electrons are
modeled within the framework of a one-band Hubbard model. We consider scattering by both Stoner excita-
tions and by spin waves, and outline their relative importance in various energy ranges. In addition, we explore
the dependence of the inelastic mean free path on the number of holes in the spin-polarized energy bands of the
substrate.@S0163-1829~99!11821-6#
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I. INTRODUCTION

Various spin-polarized electron spectroscopies are
ployed to probe the surfaces of magnetic materials and
ultrathin films. Examples are provided by photoemiss
studies in which the spin of the photoelectron is detect
scattering experiments such as spin-polarized low-ene
electron diffraction~SPLEED!, and the spin-polarized ver
sion of electron energy loss spectroscopy~SPEELS!.1 If
these and other related spectroscopies employ electrons
energy in the range from 1 to 100 eV, they display gr
surface sensitivity by virtue of the fact that the electron me
free path is only two or three lattice constants, in most m
terials of interest. The strong inelastic scattering of the pr
electron from particle-hole excitations and collective exci
tions ~plasmons, for example! leads to such short mean fre
paths.

In a ferromagnetic metal, quite clearly the probe elect
mean free path will be spin dependent, and different for
cases where its spin is parallel or antiparallel to the subst
magnetization. A quantitative understanding of the spin
pendence of the inelastic mean free path is essential to
interpretation of the information obtained from polariz
probes. For example, one may wish to use a spin-polar
electron photoemitted from the 3d bands of ferromagnetic
metal as a means of the presence of enhanced magnetic
ments in the surface or the temperature variation of the n
surface magnetization. The interpretation of such data is
fected sensitively by a difference between the mean free
of spin-up and spin-down photoelectrons, if this is subst
tial.

Various experiments have explored the question of
spin-dependent mean free path. An elegant example is
vided by the work of Pappaset al.2 These authors deposite
an ultrathin ferromagnetic Fe film on a Cu~110! surface.
Electrons were excited from the Cu 3d bands with sufficient
energy to emerge above the vacuum level after pas
through the Fe film. A substantial spin asymmetry in t
photocurrent was detected. It was argued2 that the spin asym-
metry has its origin in the spin dependence of the inela
photoelectron mean free path, However, subsequent the
ical calculations3 showed that spin-dependentelasticscatter-
PRB 590163-1829/99/59~21!/13840~9!/$15.00
-
so
n
d,
y

ith
t
n
-
e
-

n
e
te
-

an

d

o-
r-
f-
th
-

e
o-

g

ic
et-

ing of the photoelectron accounted nicely for both the m
nitude and energy variation of the measured asymmetry. T
along with the fact that a very extensive set of SPLEED d
~taken with beam electrons whose kinetic energy is mu
larger that those sampled in Ref. 2! on Fe~110! may be ac-
counted for in a remarkably quantitative manner without
need to incorporate spin asymmetry in the beam penetra
depth4 suggests that the spin asymmetry in the inelastic m
free path of excited electrons may be more modest than
assumed by some authors. Clearly theoretical studies of
question are highly relevant. We hasten to add that in a v
beautiful experiment, clear and unambiguous measurem
of spin-dependent quasiparticle lifetimes have been repor
for excited electrons roughly 1 eV above the Fermi energy
ferromagnetic Co.5

In this paper, we explore the spin dependence of the e
tron mean free path in a simple model we believe sufficien
complete to allow conclusions to be drawn regarding a nu
ber of issues. The virtue of the model is its simplicity; with
it we can readily derive expressions whose structure may
explored by analytic means. In the numerical studies bel
we can easily vary parameters to see trends in the spin
pendence as we vary the number of holes in the subs
energy bands, the magnetic moment of the substrate, an
on. It is our intention to carry out fully quantitative studies
the spin dependence of the electron mean free path, for f
realistic pictures of the transition metal ferromagnets, in
near future.

The excited electron is assumed here to reside in a pla
wave state, while the electrons in the substrate are descr
within the framework of the one-band Hubbard model. Me
field theory provides us with a model of a ferromagne
ground state, and we use the random phase approximatio
describe the spin excitations~spin waves, Stoner excitations!
sampled by the excited electron. Our analysis includes
influence of spin waves on the mean free path; we find th
dominate at low quasiparticle energies such as those sam
in Ref. 5.

The outline of this paper is as follows. In Sec. II, w
introduce the model and the formalism used to generate
expression for the spin-dependent contribution to the ine
tic mean-free path. Section III examines a special limiti
case, the contributions from scatterings produced by
13 840 ©1999 The American Physical Society
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emission or absorption of long-wavelength spin waves. S
tion IV presents numerical studies, and final remarks
found in Sec. V.

II. MODEL AND THEORETICAL CONSIDERATIONS

As mentioned in Sec. I, we model the substrate electr
within the framework of the one-band Hubbard model. T
excited electron whose mean free path is the subject of
interest will be supposed to be in a plane-wave state, a
ture appropriate for a simple model of an electron with e
ergy above the vacuum level. We ignore multiple-scatter
events experienced by such electrons that are, of course
portant in the analysis of data such as photoemission d
We generate expressions for the spin-dependent mean
path by exploring the relevant contributions to the se
energy of such electrons. We note that in full multipl
scattering theories, self-energies calculated in this man
provide the basis for modeling the imaginary part of t
inner potential, in full treatments of multiple scattering6

Thus, our analysis can provide input for such full calcu
tions when applied to ferromagnetic materials. We shall a
let the energy of the excited electron approach the Fe
energy. We then view our model as providing a descript
of electrons associated with thespbands of transition metals
In this energy regime, we invoke the two-band picture
transition metals, viewed as materials with magnetic prop
ties derived from tight-binding 3d bands, and transport b
electrons ofsp character. It is then the mean free path of
sp electron we are considering. The numerical calculatio
interpreted as just described, may be used to explore tre
It is our intention to carry out calculations which employ
realistic structure of the ferromagnetic transition metals
the near future, as mentioned above. The analysis here s
as a starting point for such studies.

The Hamiltonian is then

H5(
i , j

t i , j cis
† cj s1U0(

i
ni↑ni↓1Vex1He . ~1!

The first two terms describe the band electrons. We use a
lattice, and nearest-neighbor hopping only. The termHe de-
scribes the excited electron andVex the exchange scatterin
of it off the band electrons.

We shall explore the basic exchange process illustra
schematically in Fig. 1~a!, and described by the diagram
Fig. 1~b!. In Fig. 1~a!, we have an excited spin-down ele
tron propagating in the material, illustrated by a solid circ
This makes the transition to an unoccupied hole state in
minority spin band of the substrate and via the Coulo
interaction excites an electron from the majority spin band
the final state. We thus have an exchange-induced spin fl
the excited electron, accompanied by creation of a sp
triplet particle-hole pair in the substrate energy bands. T
spin-triplet particle-hole pair is referred to as a Stoner ex
tation.

We discuss the form of the matrix element which contr
the exchange scattering event depicted in Fig. 1. It was fo
that in a recent theoretical analysis of the contribution of
spin-flip processes to energy losses experienced by an
tron propagating in ferromagnetic Fe,7 the ratio of losses via
spin-wave excitation to those from coupling to Stoner ex
c-
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tations is sensitive to the structure of the exchange ma
element. Thus, we wish to use a realistic form for this in t
analysis here, since we wish to assess the relative import
of the two mechanisms to the inelastic mean free path.
the process illustrated in Fig. 1~b!, we consider

Vex~kW1 ,qW 2 ;qW 1 ,kW2!

5E d3xd3ycqW 1
* ~xW !ckW2

* ~yW !V~xW2yW !cqW 2
~xW !ckW1

~yW !. ~2!

Then, if V is the volume of the crystal andN the number of
unit cell within it, we have for the wave function of th
excited electron

ckW~xW !5
1

AV
eikW•xW ~3!

and that in the substrate energy bands

cqW~xW !5
1

AN
(

lW
w~xW2 lW !eiqW •xW, ~4!

wherew(xW2 lW) is the localized orbital associated with sitelW.
We write the electron-electron interaction in the form

V~xW2yW !5(
pW

v~pW !eipW •(xW2yW ). ~5!

Then, following Ref. 7, we find

FIG. 1. ~a! An illustration of the basic exchange process e
plored in this paper. An excited electron with spin down drops in
an empty state in the minority spin band, while it excites a majo
spin electron to an excited state via the Coulomb interaction.~b! A

diagram of the process illustrated schematically in~a!. HerekW1 and

kW2 are the wave vectors of the excited electron in the initial and fi

states, whileqW 1 andqW 2 are those for the band electron.
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13 842 PRB 59JISANG HONG AND D. L. MILLS
Vex~kW1 ,qW 2 ;qW 1 ,kW2!5
1

Vc
(
GW

dkW11qW 2 ;kW21qW 12GW

3(
GW 8

v~kW12qW 11GW 8!

3 f ~kW12qW 11GW 82kW2! f ~qW 12GW 8!. ~6!

Here Vc is the volume of the unit cell,f (qW ) the Fourier
transform of the local orbital, andGW is a reciprocal lattice
vector. We have

f ~qW !5E d3xw~xW !eiqW •xW. ~7!

As in Ref. 7, we takev(pW ) to the Fourier transform of the
bare Coulomb interaction. We shall encounter predomina
scattering processes in which the wave vector transfer
energy loss are sufficiently large that screening may
viewed as unimportant. Thus, we choose the bare Coulo
interaction forV(rW2rW8). This is discussed further in Ref. 7
For w(r), we shall use the radial wave function for Fe em
ployed by Pickett and co-workers.8 This has the form

w~r!5N0(
j 51

8

a jAje
2gjr

2
, ~8!

whereN0 is a normalization constant,a j5gj
7/4/A3p3/4, and

Aj is found by fitting the radial wave function to those d
termined fromab initio calculations.

With the form of the exchange matrix element in han
we turn next to the analysis of the spin-dependent contr
tion to the mean free path. We shall proceed by examin
the self-energy of the excited electron, with attention to th
contributions which describe its spin flip scattering off sp
excitations. In the ferromagnetic state, this scattering
will differ for the two spin orientations of the beam electro
The issue is to explore the Green’s functionGs(kW ,E) which
describes propagation of the electron. This is written

Gs~kW ,E!5
1

E2es~kW !2Ss~kW ,E!
, ~9!

wherees(kW )5 \2k2/2m1Vs , andVs is a possibly complex
spin-dependent, spatially averaged inner potential. We s
see below this inner potential enters importantly. He
Ss(kW ,E) is the proper self-energy of the excited electron

Our interest, once again, is in those contributions to
self-energy which describe spin-flip processes. Within
language of finite-temperature many-body theory,9 the con-
tribution to the proper self-energy from the exchange scat
ing process illustrated in Fig. 1~a! and Fig. 1~b! is given in
Fig. 2~a!. If we retain only this contribution, we are assumin
the excited electron engages in spin-flip scattering fr
Stoner excitations. This is the scattering process invoke
various discussions of spin-dependent mean free paths in
literature. The analysis in Ref. 10 has this process in m
for example, and the discussion there of the phenomeno
of spin-dependent mean free paths is particularly comple
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Clearly, the scattering of the electron from spin wav
omitted from the picture just discussed, constitutes an a
tional mechanism for endowing the electron mean free p
with a spin dependence. Consider, for example, an exc
electron which propagates through a ferromagnet at abso
zero temperature. Then only spin-wave emission is poss
At zero temperature, it follows from angular momentum co
servation that only excited electrons with spin down m
emit spin waves. The reason is that when a spin wave
created, thez component of magnetization of the substrate
decreased by exactly the amount of\.11 This must be com-
pensated by a change in angular momentum of the elec
which has emitted the spin wave. If the excited electron
spin down, angular momentum will be conserved if its fin
state has spin up. If, however, the excited electron has
up in the initial state, spin-wave emission is suppres
completely by considerations of angular momentu
conservation.12

A central issue in the present paper is to asses the rela
importance of spin-flip scattering from spin waves and t
from Stoner excitations. From experimental data, one m
infer that the inelastic mean-free paths of spin-down el
trons is always shorter than that for spin-up electrons.10 It is
argued commonly, assuming that only the scattering proc
illustrated in Fig. 1~a! and Fig. 1~b! is operative, that this is
so simply because there are more final states available to
spin-down electron, because there are more holes in the
nority spin bands of the substrate.10 Spin-wave emission pro
vides a second mechanism for realizing shorter mean-

FIG. 2. ~a! The contribution to self-energy of a spin-down ele
tron, from the exchange scattering process illustrated in Fig. 1.

electron of wave vectorkW11QW 1GW is a plane-wave state, while th

electrons of a wave vectorqW 1QW andqW reside in the substrate en
ergy bands. Here,ivs52p(s1

1
2 )/b and iVm52pm/b are the

imaginary frequencies of many-body perturbation theory, wherb
51/(kBT). ~b! We include final-state interaction between the fin
state electron and hole by summing the ladder graph series
cated.
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path for spin-down electrons. If spin-wave emission is dom
nant, then the spin asymmetry in the mean free path ha
origin in a very fundamental principle of physics, the co
servation of angular momentum, rather than the details of
band structure. In this regard, we note that in a recent exp
mental study of an ultrathin Fe film, a strong signal fro
spin-wave scattering was reported in the SPEE
spectrum,13 consistent with theoretical predictions.7 Thus
spin-wave scattering is surely present, in addition to that p
vided by Stoner excitations.

We may incorporate spin-wave emission into the analy
by going beyond the lowest contribution to the self-ene
illustrated in Fig. 2~a!. The collective excitations can be in
troduced by incorporating final-state interactions between
excited electron and hole, in the substrate energy band14

The simplest scheme for doing this is illustrated in Fig. 2~b!,
where repeated scatterings of the electron and the hole
described by the ladder graph series depicted there. T
graphs, applied to the analysis of the wave-vector- a
frequency-dependent transverse susceptibility of the m
rial, give a description of the spin waves and of the Sto
excitations as well.7,14 In the present case, by virtue of th
exchange matrix element through which the spin-trip
electron-hole pair in the substrate is excited, we shall
counter a response function distinctly different from t
transverse spin susceptibility discussed commonly in the
erature on itinerant ferromagnets.14,15

It is a straightforward exercise in diagrammatic perturb
tion theory to sum the diagrams illustrated in Fig. 2~b!. As a
consequence, we shall only state their contribution to
final form of the proper self-energy. We encounter three d
tinct response functions in the analysis. These have b
discussed earlier.7 We have, withGW a reciprocal lattice vec-
tor,

x↓↑
(0)~QW ;V!5

1

N (
qW

f „e↑~qW 1QW !…2 f „e↓~qW !…

e↓~qW !2e↑~qW 1QW !2V2 ih
, ~10!

x↓↑
(1)~kW1 ,QW ,GW ;V!

5(
qW

Ṽex~kW1 ,QW ,qW ,GW !
f „e↑~qW 1QW !…2 f „e↓~qW !…

e↓~qW !2e↑~qW 1QW !2V2 ih
, ~11!

and also

x↓↑
(2)~kW1 ,QW ,GW ;V!

5(
qW

uṼex~kW1 ,QW ,qW ,GW !u2
f „e↑~qW 1QW !…2 f „e↓~qW !…

e↓~qW !2e↑~qW 1QW !2V2 ih
,

~12!

where we have

Ṽex~kW1 ,QW ,qW ,GW !5
1

Vc
(
GW 8

V~kW12qW 1GW 8!

3 f ~qW 1QW 2GW 81GW ! f ~qW 2GW 8!. ~13!

The diagrams in Fig. 2~b! give
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S↓~kW1 ,E1 ih!

5
1

p (
GW

(
QW

E
2`

`

dV
11n~V!

E1 ih2V2e↑~kW11QW 1GW !

3ImFx↓↑
(2)~kW1 ,QW ,GW ;V!1

U0

N

@x↓↑
(1)~kW1 ,QW ,GW ;V!#2

12U0x↓↑
(0)~QW ;V!

G .

~14!

Here,n(V)5 @exp(\V/kBT)-1#21 is the Bose-Einstein func
tion. Note that the exchange matrix element scales as 1N,
the number of unit cells in the crystal. Then, of course,
self-energy is independent ofN as it must be. In these ex
pressionse↑,↓(kW )5e0(kW )1U0n↓,↑ , wherens is the number
of electrons with spins in each unit cell, ande0(kW ) de-
scribes the energy band in the paramagnetic state.

If we retain only the contribution fromx↓↑
(2) in Eq. ~14!,

then we have a description of scattering of the excited e
tron from only Stoner excitations, as illustrated in Fig. 2~a!.
The spin-wave emission process enters through the term
portional to (x↓↑

(1))2; the spin waves produce poles in th
contribution, generated by the zeros of the denominator.

In a similar manner, one can generate an expression
the proper self-energy of a spin-up electron, We find

S↑~kW1 ,E1 ih!

5
1

p (
GW

(
QW

E
2`

`

dV
11n~V!

E1 ih2V2e↓~kW11QW 1GW !

1ImFx↑↓
(2)~kW1 ,QW ,GW ;V!1

U0

N

@x↑↓
(1)~kW1 ,QW ,GW ;V!#2

12U0x↑↓
(0)~QW ;V!

G ,

~15!

where

x↑↓
(0)~QW ;V!5

1

N (
qW

f „e↓~qW 1QW !…2 f „e↑~qW !…

e↑~qW !2e↓~qW 1QW !2V2 ih
, ~16!

x↑↓
(1)~kW1 ,QW ,GW ;V!

5(
qW

Ṽex~kW1 ,QW ,qW ,GW !
f „e↓~qW 1QW !…2 f „e↑~qW !…

e↑~qW !2e↓~qW 1QW !2V2 ih
, ~17!

x↑↓
(2)~kW1 ,QW ,GW ;V!

5(
qW

uṼex~kW1 ,QW ,qW ,GW !u2
f „e↓~qW 1QW !…2 f „e↑~qW !…

e↑~qW !2e↓~qW 1QW !2V2 ih
.

~18!

One identity is useful to note. We have

x↓↑
(0)~QW ,V!5x↑↓

(0)~QW ,2V!* . ~19!

We comment on the manner in which the spin-wave con
butions enter the expressions set down above. As noted
lier, in the spin-wave frequency domain, the function 1/@1-
U0x↓↑

(0)(QW ,V)# has poles whenV5V(QW ), whereV(QW ) is
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the frequency of the spin wave of wave vectorQW . We shall
be interested below in examining the contribution to t
proper self-energy from the emission and absorption of lo
wavelength spin excitations; so we isolate their contribut
to the proper self-energy. Suppose we examine the limiQW
→0. Then after a bit of algebra, we find

lim
QW→0

1

12U0x↓↑
(0)

5
U0Dn

DQ22V1 ih
, ~20!

which shows that the spin-wave pole provides the domin
contribution to the term proportional to@x↓↑

(1)(kW1 ,QW ,GW ;V)#2

in the proper self-energy. The spin-wave exchange stiffn
D is given by14

D5
1

3Dn H 1

2N (
qW

@ f „e↑~qW !…1 f „e↓~qW !…#¹qW
2
e0~qW !

2
1

NU0Dn (
qW

@ f „e↑~qW !…2 f ~e↓~qW !!#u¹qWe0~qW !u2J .

~21!

The contribution to the self-energy from scattering o
long-wavelength spin waves is found by inserting Eq.~20!
into Eqs.~14! and~15!, after noting the identity in Eq.~19!.
We may set QW 50, V50 in x↑↓

(1)(kW1 ,QW ,GW ;V) and

x↓↑
(1)(kW1 ,QW ,GW ;V). Then we find

S↓~kW1 ,E!5
J2~kW1!

N (
QW

11n~DQ2!

E2DQ22e↑~kW11QW !1 ih
~22!

and

S↑~kW1 ,E!5
J2~kW1!

N (
QW

n~DQ2!

E1DQ22e↓~kW11QW !1 ih
.

~23!

Here J(kW1), which is the matrix element for emission o
absorption of a long-wavelength spin wave by the electr
is given by

J2~kW1!5U0
2Dn@x↓↑

(1)~kW1,0,0;0!#2. ~24!

One sees easily thatx↓↑
(1)(kW1,0,0;0)5x↑↓

(1)(kW1,0,0;0). Note
that we ignore umklapp scattering in this limiting form. F
our model, we show the magnitude and energy variation
J(kW1) in Fig. 3.

The result in Eqs.~14! and ~15!, and also those jus
quoted, constitute the principal formal results on which o
calculations are based. In Sec. III, we explore the contri
tion of long-wavelength spin waves to the self-energy, wh
in Sec. IV we discuss our numerical studies. The contri
tion to the mean free path of the scattering processes con
ered is found from the imaginary part of the self-energy
discussed below.
-
n

nt
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,

f
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e
-
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III. REMARKS ON THE CONTRIBUTION
TO THE QUASIPARTICLE LIFETIMES

FROM THE EMISSION AND ABSORPTION
OF LONG-WAVELENGTH SPIN WAVES

The primary objective of this paper is the evaluation
the contribution of the spin-flip scatterings to the lifetime
spin-up and spin-down quasiparticles, utilizing the expr
sions in Eqs.~14! and ~15! for the basis of numerical calcu
lations. For the ferromagnetic transition metals, we may
pect finite-temperature effects to be small; so we procee
our full calculations by setting the temperatureT50 every-
where. This is clearly a valid procedure for the Stoner ex
tations, since these have energies in the range of 0.5–3
depending on the material of interest. Spin waves in the
romagnetic transition metals are sufficiently ‘‘stiff’’ tha
even at room temperature, only rather long-wavelen
modes are excited. Thus over most of the three-dimensio
Brillouin zone, we may set the Bose-Einstein factor equa
zero. As an example, for Fe,D>300 meV-A2. If we estimate
the wave vector of the thermally excited spin waves by s
ting DQT

2 equal to kBT, then at room temperatureQT
>0.3A21, a small fraction of the distance to the zone boun
ary; only a few percent of the Brillouin zone contains the
mally excited spin waves. Thus, in fact, we may letT→0
when we examine the spin-wave contribution as well.

Nonetheless, despite these remarks, an interesting i
arises when we consider the contribution to the imagin
part of the proper self-energy from thermally excited sp
waves, whenTÞ0. In this section, we explore this questio

In Eqs. ~22! and ~23!, e↑,↓(kW11QW ) enters through the
propagator of the final-state electron. These energies in
model are given by$\2(kW11QW )2/2m1V↑,↓

(1)1 iV↑,↓
(2)%, where

V↑,↓
(1) ,V↑,↓

(2)are real and imaginary parts of the proper se
energy of the final-state electron.

Suppose, for example, we consider the contribution
the imaginary part of the proper self-energy of spin-do
electrons from emission of long-wavelength spin wav
In Eq. ~22!, we letE approach the real axis, to become

FIG. 3. The magnitude of the coupling constantJ(kW1) for the
emission and absorption of spin waves, as a function of elec
energy. The analysis here determine only magnitude and not

sign of J(kW1).
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$\2(kW1)2/2m1V↓
(1)%. Thus we consider

S↓„kW1 ,e↓~kW1!…5
J2~kW1!

N (
QW

11n~DQ2!

~\2/2m! @kW1
22~kW11QW !2#2DQ21~V↓

(1)2V↑
(1)!2 iV↑

(2)
. ~25!
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The long-wavelength spin waves have a very small ene
so the factor ofDQ2 may be ignored in the denominator o
Eq. ~25!. It will be important to retainDV5V↓

(1)2V↑
(1) ,

which we may suppose is positive. Note thatV↑
(2)5

2 \/t↑ , wheret↑ is the lifetime of the final-state, spin-u
electron. When the sum onQW is converted to an integral, an
once again we consider the contribution from lon
wavelength modes, we have

Im$S↓„kW1 ,e↓~kW1!…%5
J2~kW1!Vc

8p3 E d3Q@11n~DQ2!#

3ImH 1

DV2\vW kW1
•QW 1 i \/t↑

J .

~26!

It is a straightforward matter to perform the integration ov
the direction of the spin wave vectorQW , to find

Im$S↓„kW1 ,e↓~kW1!…%

52
J2~kW1!Vc

4p2\vkW1

E
0

`

dQQ@11n~DQ2!#

3tan21F 2vkW1
\

t↑

\vkW1
Q

~DV!21S \

t↑
D 2

2~\vkW1
Q!2G . ~27!

The quantity Im$S↓„kW1 ,e↓(kW1)…% is given by a virtually iden-
tical expression, except thatt↑ is replaced byt↓ , and also

@11n(DQ2)# becomesn(DQ2). Here vW kW1
5 \kW1 /m is the

velocity of the electron of interest.
Our attention is directed toward the contribution prop

tional to the Bose-Einstein factor,n(DQ2). Note that asQ
→0, n(DQ2)→kBT/DQ2; so the integral which involves
this factor diverges logarithmically asQW→0, if this and the
phase space factorQdQ are all that is involved.

One may show very easily that if the self-energy corr
tions represented byDV and byt↑ are set aside by letting
t↑→`, and then by lettingDV→0, the logarithmic diver-
gence survives . We may see this from Eq.~27! by first
allowing t↑→`. Then the tan21 in this expression equal
zero when\vkW1

Q<DV, and switches top when \vkW1
Q

>DV. There is thus a cutoff in the integral asQ→0, atQc
5DV/\vkW1

. Now if DV→0, Qc→0, and we realize the loga
rithmic divergence.

So if we consider an idealized excited electron with in
nite lifetime propagating through our crystal, we set aside
dependence of its energy on spin direction provided by
y;

-

r

-

-

e
e

inner potential; this electron may emit an infinite number
‘‘soft’’ spin waves, if the crystal is at any finite temperatur
The self-energy then diverges.

The dependence of the electron’s energy on spin dir
tion, as provided by the inner potential, blunts the diverge
by introducing a cutoff wave vectorQc . The divergence also
is limited if the quasiparticle lifetime is finite.

For the purpose of illustration, we quote two limitin
forms for Im$S↓

(T)
„kW1 ,e↓(kW1)…%, and Im$S↑

(T)
„kW1 ,e↑(kW1)…%,

the contribution to the proper self-energy from thermally
duced spin-wave absorption and emission processes. On
the following limits.

~a! Very-low-temperature limit. Here, tan21 may be re-
placed by its form appropriate to the limitQW→0. Then

Im$S↓
(T)

„kW1 ,e↓~kW1!…%5Im$S↑
(T)

„kW1 ,e↑~kW1!…%

52
J2~kW1!\Vc

4p2t↑,↓

z3/2~1!

~DV!21~\/t↑,↓!2

3S kBT

D D 3/2

, ~28!

wherez3/2(1) is the zeta function with argument unity. He
the scattering rate in the end scales simply as the numbe
thermally excited spin waves, which for the ferromagn
scales asT3/2.

~b! The limit \/t↑,↓!DV. Here tan21 maybe replaced by
zero whenQ<Qc , andp whenQ>Qc . We then find

Im$S↓
(T)

„kW1 ,e↓~kW1!…%

5Im$S↑
(T)

„kW1 ,e↑~kW1!…%

52
J2~kW1!Vc

8p\vkW1

kBT

D H lnS 1

12e2DQc
2/kBTD J .

~29!

When scatterings of excited electrons are discussed,
tinctly different lifetimes enter, depending on the physic
phenomenon of interest. In this paper we examine only
quasiparticlelifetime, which is the probability an electron in
a particular statekW1 remains in that state, after timet. We
have seen that at finite temperature, the contribution to
decay rate of this state is influenced sensitively by the s
energy of the electrons involved in the spin-wave absorpt
or emission process. The quasiparticle lifetime controls p
toemission intensities, the probing depth of the second
electron microscopy, and related issues.

The transport lifetime of quasiparticles near the Ferm
surface controls the electrical resistivity, and is of a fund
mentally different nature. Here we have an electric curre
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and this lifetime describes the decay of that current. It is t
the change in electron momentum parallel to the current
rection that enters; there is, in the final expression, a facto
(12cosu) absent in the quasiparticle lifetime, whereu is the
angle between the incident and final-state electron mom
tum. In a spin-wave emission or absorption process, aQ
→0, one encounters an additional factor ofQ2 in the trans-
port lifetime that suppresses the infrared ‘‘near divergenc
present in the quasiparticle lifetime.

We now turn to our numerical studies atT50, since we
see that the finite temperature correction are modest, on
is recognized the ‘‘near divergence’’ is suppressed, for
reasons just discussed.

IV. NUMERICAL STUDIES OF THE SPIN-FLIP
CONTRIBUTION TO THE PROPER SELF-ENERGY

AT T50

In this section, we present our numerical studies of
contribution to the imaginary part of the self-energy, fro
the spin-flip exchange scattering discussed above. While
model clearly contains oversimplifications if we have app
cations to real materials in mind, as mentioned above i
our view that with the appropriate choice of parameters,
can simulate the trends found in real 3d transition ferromag-
nets, and obtain results which can be set alongside d
Note, for example, that the authors of Ref. 10 argue that
spin-dependent portion of the electron mean-free path is
fluenced only by the relative number of majority and mino
ity spin holes found in thed bands. If we accept this view fo
the moment, then we may suppose that the actual detai
the band structure, crystal structure, etc., are of secon
importance. We proceed within the framework of this p
losophy for the purpose of the present paper.

We begin by choosing the value of the nearest-neigh
hopping integral so that the width of the substrate ene
band is 4 eV, a value close to that of the ferromagneticd
transition metals Fe, Co, and Ni. We must then choose
ues for the Fermi energyEF and the Coulomb interaction
strengthU0. For this purpose, we employ the information
Table 1 in Ref. 10. For Fe, Co, and Ni, these authors g
values forn5(n↑1n↓)/2 andDn5(n↑2n↓)/(n↑1n↓). We
choose values forEF andU0, to match these numbers as we
as we can, and maintain a ferromagnetic state in our mo
Of course, we have only a single band of electrons in
model substrate; so we must divide the numbers in Ref
by 5. For Co, we can match the numbers well withn
50.825 andDn50.175 in our model, compared to 0.82
and 0.17 in Table 1 of Ref. 10. For our simulation of Fe,
have n50.8 andDn50.2, compared to 0.7 and 0.22 fo
actual Fe. Finally, for Ni, we have in our modeln50.9 and
Dn50.1, compared ton50.95 andDn50.05. As we can
see, in the case of Ni, with our model we cannot reprod
both the correct values ofn andDn. Values forU0 required
to achieve these number range from 5 eV to 8 eV. We sho
refer to our three cases pseudo Fe, pseudo Co, and ps
Ni, respectively.

With the model parameters chosen as just discussed
Fig. 4 we show the imaginary part of proper self-energy,
spin-up and -down electrons, for our pseudo Fe. In this
ure, the zero of energy is chosen as the Fermi energy.
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calculations are for the absolute zero of temperature. AT
50, the imaginary part of the self-energy must vanish at
Fermi energy. Careful examination of the self-energy n
the Fermi energy shows that indeed it vanishes asEF is
approached. This cannot be appreciated from the ene
scale used in Fig. 4.

The imaginary part of the self-energy we calculate here
related to the quasiparticle lifetimets of an electron of spin
s as follows. Both spin-flip~SF! and non-spin-flip~NSF!
scatterings contribute to limiting its lifetime. These are ad
tive if we consider the inverse of the lifetime or, equiv
lently, the scattering rate. Thus, we may write

1

ts
5S 1

ts
D

NSF

1S 1

ts
D

SF

. ~30!

We have

S 1

ts
D

SF

52
1

\
Im~Ss! ~31!

where2Im(Ss) is illustrated in Fig. 4 and the subseque
figure.

We comment on two features evident in the results p
sented in Fig. 4. First, a spin-up quasiparticle engages in v
few exchange-induced spin-flip scatterings. We have

S 1

t↓
D

SF

@S 1

t↑
D

SF

~32!

for all energies shown in this figure. The contrast betwe
the two is more than one order of magnitude. We have fou
this to be the case in all the calculations we have perform
for our model materials. Thus, in what follows, we conce
trate only on Im(S↓), and ignore the influence of Im(S↑).

We also see that for energies close to the Fermi ener
2Im(S↓) increases with electron energy, to peak at roug
4 eV above, and then falls off with increasing energy. T

FIG. 4. The imaginary part of contribution to the proper se
energy from exchange scattering, as a function of electron ene
The calculation is for zero temperature. The stars provide the qu
tity for spin-down electrons and the squares for spin-up electro
Electron energy is measured from the Fermi surface. The results
for our model description of Fe.
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data reported in Ref. 5, which probes the energy variation
the quasiparticle lifetime for excitations within an electr
volt of the Fermi energy of Co is compatible with the
results and those presented below. That is, these au
measure a scattering rate which increases, with increa
quasiparticle energy, in the range they explored. For thed
transition metal ferromagnets, work functions are roug
4.5 eV. Thus, photoelectron spectroscopies and also o
probes of the surface with electron beams employ an elec
whose energy lies above the maximum in Fig. 4. Thus,
has for such studies a spin-flip scattering rate which falls
with increasing electron energy, from Fig. 4.

In Fig. 5, we present calculations of the rate for spin-fl
processes for our three model ferromagnetic metals. Fo
energies, we see that the spin-flip scattering rate falls of
we move from Fe, to Co, and then to Ni. This behavior is,
a qualitative sense, compatible with the empirically bas
arguments presented in Ref. 10. These authors argue
scattering rate from the exchange process for spin-do
electrons should scale linearly with the number of minor
spin holes in thed band. For our pseudo Fe, Co, and Ni, w
have 0.4, 0.35, and 0.2 holes, respectively. At all energies
Fig. 5 we see that2Im(S↓) indeed falls off with decreasing
number of minority spin holes. However, the scaling is qua
tative, rather than quantitative. We would expect, if only t
number of holes mattered, that the scattering rate for pse
Co would differ from that for pseudo Fe by roughly 12%
We see a large difference. This is true also for Ni, where
calculated differences are considerably larger than the fa
of 2 expected from the empirical rule set forth in Ref. 10

As noted above, for our three simulated metals, we fi
2Im(S↑) to be very small always. This should scale, a
cording to the arguments in Ref. 10, as the number of m
jority spin holes in thed band. For all three of our models
the majority spin band is very nearly filled. We would th
expect2Im(S↑) to be very small according to this rule, bu
we cannot test it. We thus moved the Fermi level to achi
a model ferromagnet with 0.164 minority spin holes and 0
majority spin holes. We find Im(S↑) much larger for this

FIG. 5. A comparison of the imaginary part of the spin-fl
contribution to the proper self-energy of spin-down excited el
trons for our model descriptions of the three transition metal fe
magnets.
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case. However, the ratio of Im(S↑)/Im(S↑) is in the range of
4.5 for the energies we explored, considerably larger than
factor of 2.9 expected from the arguments in Ref. 10.

Thus, we conclude that it is indeed the case, for the c
culations we have carried out, that Im(Ss) has a magnitude
which varies monotonically with the number of holes in t
relevant substrated band. However, the variation is clearl
stronger than the simple linear relationship suggested in R
10. This rule thus does not serve as a guide at the quan
tive level to judge from our model study.

A final question we examine is the role of spin-wave sc
tering, compared to that from Stoner excitations. We ha
explored this as follows. If we retain in Eq.~14! only the
termx↓↑

(2) on the right hand side, then we have in the analy
only scattering from Stoner excitations. Inclusion of inelas
scattering from spin waves requires one to retain the te
proportional to (x↓↑

(1))2; as noted above, the spin waves en
through poles in the function@12U0x↓↑#

21. By comparing
the complete calculation discussed above with those ba
on retaining onlyx↓↑

(2) , we may assess the role of spin-wa
scattering.

We show such a comparison in Fig. 6 for pseudo
Above the peak in the imaginary part of the proper se
energy, we see little difference between the two resu
Thus, at these higher energies, spin waves play a mo
role, and the dominant scattering is from the Stoner exc
tions. However, as we drop below the peak, we see a
matic difference between the two results. The scattering
calculated upon including only Stoner excitations falls
below that of the full calculation, with spin waves include
Clearly, spin-wave scattering is dominant at low energi
We have found very similar results for our pseudo Co a
pseudo Ni. This suggests that the experiments in Ref. 5
plore the regime where spin-wave scattering dominates.

V. RESULTS AND DISCUSSIONS

In this paper, we have presented a series of studies o
spin-flip inelastic exchange scattering of excited electro

-
-

FIG. 6. For our model of Fe, we show the spin-flip inelas
scattering to the imaginary part of the proper self-energy of exc
electrons in Fe for two pictures. In one, only the scattering fr
Stoner excitations is included~squares!, and in the second, tha
from both Stoner excitations and spin waves is included~asterisks!.
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13 848 PRB 59JISANG HONG AND D. L. MILLS
from the spin excitations of model itinerant electron ferr
magnets. While our picture of the electronic structure of
substrate is a rather simple one, we have seen that the c
lations account nicely for general trends seen in the exp
mental data, and also allow us to explore the dependenc
the scattering rate on the number of holes in the relev
energy bands. Spin-wave scattering is seen to be a dom
source of inelastic scattering for electrons whose energy
below 3 eV or so from the Fermi energy. At higher energi
above the peak in the imaginary part of the self-energy, s
tering from Stoner excitations is dominant.

We conclude with remarks on an issue addressed in
I, now that our results have been discussed. Pappas an
workers measured a spin asymmetry in the electron trans
sion through ultrathin films of Fe deposited on Cu~100!, and
argued that the spin asymmetry in the inelastic mean
path is responsible for the fact that majority spin electro
have higher transmissivity than minority spin electrons.2 Our
calculations indeed show a very strong spin dependenc
Im(Ss) for our model Fe, consistent with their propos
However, shortly after their paper was published, Gokh
and Mills3 reported calculations which illustrated that spi
dependent elastic scatterings alone account very nicely
spin asymmetries found in the transmissivity. We conclu
by inquiring if the inelastic scattering rates calculated he
are sufficiently strong to account for the data.

Of interest are electron kinetic energies 5–10 eV ab
the vacuum level. If we assume the inner potential is in
range of 10 eV, then we should use results such as th
presented in Fig. 4 for kinetic energies in the 15–20
.
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range. The velocity of such an electron is in the range
33108 cm/sec. In the energy regime of interest, from Fig.
our model of Fe gives2Im(S↓)>0.1 eV, and as we have
seen, to an excellent approximation majority spin electro
suffer little spin-flip scattering. One may argue, possib
naively, that in real Fe,2Im(S↓) may be larger by a facto
of 5 in this energy regime, since there are fived bands for
each spin direction in Fe, and an excited electron in the
ergy range of interest can access the complete spectru
Stoner excitations. This would imply the distance of trav
between spin-flip events,v(t↓)s f , is in the range of 40 Å.
This suggests, consistent with the arguments put forth in R
3, that the spin-flip inelastic scattering rate is too weak
account for the rather large transmission asymmetry repo
by Pappaset al., in the energy range explored by them.

Calculations based on a realistic electronic structure
Fe will be required, of course, for this conclusion to be p
on a firm footing, but the results here are suggestive, in
mind. We note with interest a recent experiment in whi
both the elastic and inelastic contributions to the transmis
ity of electrons through ultrathin film of Co have been det
mined separately.16 The analysis concludes that elastic sc
terings are indeed the dominant source of the total s
asymmetry in the transmission coefficient.
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