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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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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[S0163-18209)11821-9

[. INTRODUCTION ing of the photoelectron accounted nicely for both the mag-
nitude and energy variation of the measured asymmetry. This
Various spin-polarized electron spectroscopies are emalong with the fact that a very extensive set of SPLEED data
ployed to probe the surfaces of magnetic materials and alsdaken with beam electrons whose kinetic energy is much
ultrathin films. Examples are provided by photoemissionlarger that those sampled in Ref. @n Fe110 may be ac-
studies in which the spin of the photoelectron is detectedcounted for in a remarkably quantitative manner without the
scattering experiments such as spin-polarized low-energ§€€d t0 incorporate spin asymmetry in the beam penetration
electron diffraction(SPLEED), and the spin-polarized ver- deptH suggests _that the spin asymmetry in the inelastic mean
sion of electron energy loss spectroscofSPEELS.! If free path of excited electrons may be more modest than that

these and other related spectroscopies employ electrons Wiﬁ?S“Ted by EQT]? aulthors.t CVI\(/aarrI]y t?eo;eticg(lj st:]uc:igs of this
energy in the range from 1 to 100 eV, they display grea uestion are highly relevant. We hasten 1o a atin a very

surface sensitivity by virtue of the fact that the electron mean eaupful experiment, clgar gnd ynqmblguous measurements
free path is only two or three lattice constants. in most ma-Of spin-dependent quasiparticle lifetimes have been reported,

€ path y i . S for excited electrons roughly 1 eV above the Fermi energy of
terials of interest. The strong inelastic scattering of the prob

) e _ OD%arromagnetic CG.
e_Iectron from particle-hole excitations and collective excita- In this paper, we explore the spin dependence of the elec-
tions (plasmons, for exampldeads to such short mean free 4y mean free path in a simple model we believe sufficiently
paths. _ _ complete to allow conclusions to be drawn regarding a num-
In a ferromagnetic metal, quite clearly the probe electromer of jssues. The virtue of the model is its simplicity; within
mean free path will be spin dependent, and different for thet we can readily derive expressions whose structure may be
cases where its spin is parallel or antiparallel to the substratexplored by analytic means. In the numerical studies below,
magnetization. A quantitative understanding of the spin dewe can easily vary parameters to see trends in the spin de-
pendence of the inelastic mean free path is essential to gsendence as we vary the number of holes in the substrate
interpretation of the information obtained from polarized energy bands, the magnetic moment of the substrate, and so
probes. For example, one may wish to use a spin-polarizedn. It is our intention to carry out fully quantitative studies of
electron photoemitted from thed3bands of ferromagnetic the spin dependence of the electron mean free path, for fully
metal as a means of the presence of enhanced magnetic mealistic pictures of the transition metal ferromagnets, in the
ments in the surface or the temperature variation of the neanear future.
surface magnetization. The interpretation of such data is af- The excited electron is assumed here to reside in a plane-
fected sensitively by a difference between the mean free pativave state, while the electrons in the substrate are described
of spin-up and spin-down photoelectrons, if this is substanwithin the framework of the one-band Hubbard model. Mean
tial. field theory provides us with a model of a ferromagnetic
Various experiments have explored the question of theyround state, and we use the random phase approximation to
spin-dependent mean free path. An elegant example is praescribe the spin excitatiorispin waves, Stoner excitations
vided by the work of Pappaet al? These authors deposited sampled by the excited electron. Our analysis includes the
an ultrathin ferromagnetic Fe film on a Qd0 surface. influence of spin waves on the mean free path; we find these
Electrons were excited from the Cul ®ands with sufficient dominate at low quasiparticle energies such as those sampled
energy to emerge above the vacuum level after passinm Ref. 5.
through the Fe film. A substantial spin asymmetry in the The outline of this paper is as follows. In Sec. Il, we
photocurrent was detected. It was arguiiwt the spin asym-  introduce the model and the formalism used to generate our
metry has its origin in the spin dependence of the inelastiexpression for the spin-dependent contribution to the inelas-
photoelectron mean free path, However, subsequent theordte mean-free path. Section Il examines a special limiting
ical calculation$ showed that spin-dependeglasticscatter- case, the contributions from scatterings produced by the
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emission or absorption of long-wavelength spin waves. Sec- ‘
tion IV presents numerical studies, and final remarks are A ?
found in Sec. V. @ ; + ,

: ]

II. MODEL AND THEORETICAL CONSIDERATIONS

As mentioned in Sec. |, we model the substrate electrons : :
within the framework of the one-band Hubbard model. The t E, |
excited electron whose mean free path is the subject of our E \\ / - :
interest will be supposed to be in a plane-wave state, a pic-
ture appropriate for a simple model of an electron with en-
ergy above the vacuum level. We ignore multiple-scattering q
events experienced by such electrons that are, of course, im-
portant in the analysis of data such as photoemission data. ®)
We generate expressions for the spin-dependent mean free
path by exploring the relevant contributions to the self-
energy of such electrons. We note that in full multiple-
scattering theories, self-energies calculated in this manner
provide the basis for modeling the imaginary part of the
inner potential, in full treatments of multiple scatterfhg.

Thus, our analysis can provide input for such full calcula- FIG. 1. () An illustration of the basic exchange process ex-
tions when applied to ferromagnetic materials. We shall als@lored in this paper. An excited electron with spin down drops into
let the energy of the excited electron approach the Ferman empty state in the minority spin band, while it excites a majority
energy. We then view our model as providing a descriptiorspin electron to an excited state via the Coulomb interactimnA

of electrons associated with tepbands of transition metals. diagram of the process illustrated schematicallyan Herek; and

In this energy regime, we invoke the two-band picture of, are the wave vectors of the excited electron in the initial and final
transition metals, viewed as materials with magnetic propersiates, whilej, andd, are those for the band electron.

ties derived from tight-binding @ bands, and transport by

electrons ofsp character. It is then the mean free path of aNtations is sensitive to the structure of the exchange matrix

sp electron we are considering. The numerical calculatlonselemem. Thus, we wish to use a realistic form for this in the

interpreted as just described, may be used to explore trer‘dghalysis here, since we wish to assess the relative importance

It iS.Ol.Jr intention to carry out calculations Whi.Ch employ 4 of the two mechanisms to the inelastic mean free path. For
realistic structure of the ferromagnetic transition metals iNhe process illustrated in Fig(), we consider
es ’

the near future, as mentioned above. The analysis here serv
as a starting point for such studies. .o L
The Hamiltonian is then Vex(K1,02;01,K2)

H:in el o iy Vet Hee (D) = f Iy (O (YV(X=Y) g, (X, (¥). (2)

The first two terms describe the band electrons. We use a bcthen, if V is the volume of the crystal and the number of
lattice, and nearest-neighbor hopping only. The tétgde-  unit cell within it, we have for the wave function of the
scribes the excited electron ad, the exchange scattering excited electron
of it off the band electrons.

We shall explore the basic exchange process illustrated 1 ..
schematically in Fig. (8), and described by the diagram in Pe(X) = —=elkx 3
Fig. 1(b). In Fig. 1(a), we have an excited spin-down elec- \/V
tron propagating in the material, illustrated by a solid circle.
This makes the transition to an unoccupied hole state in thand that in the substrate energy bands
minority spin band of the substrate and via the Coulomb
interaction excites an electron from the majority spin band to 1 N
the final state. We thus have an exchange-induced spin flip of l/’d(;) =— > p(x—erx (4)
the excited electron, accompanied by creation of a spin- N T
triplet particle-hole pair in the substrate energy bands. The

spin-triplet particle-hole pair is referred to as a Stoner exciwhereg(x—1) is the localized orbital associated with site

tation. _ _ We write the electron-electron interaction in the form
We discuss the form of the matrix element which controls

the exchange scattering event depicted in Fig. 1. It was found

that in a recent theoretical analysis of the contribution of the V(X=y)=> v(p)eP . (5)
spin-flip processes to energy losses experienced by an elec- p

tron propagating in ferromagnetic Féhe ratio of losses via

spin-wave excitation to those from coupling to Stoner exci-Then, following Ref. 7, we find
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(@)

le v(K;—Gy+G’) T Qtio,tiQ,
G Ve Vo
xf(ky=0d1+G'~Kk)f(q;=G"). ()
q | i,
Here V. is the volume of the unit cellf(q) the Fourier Thio Thio

transform of the local orbital, an@ is a reciprocal lattice
vector. We have

(@)= [ dxe(0e @ N

As in Ref. 7, we take;(f)) to the Fourier transform of the
Vo | Ug| Ug| Upg| Ul Ug| V.

bare Coulomb interaction. We shall encounter predominantly o o
scattering processes in which the wave vector transfer and
energy loss are sufficiently large that screening may be
viewed as unimportant. Thus, we choose the bare Coulomb kj io, ki io

interaction forV(F— r'). This is discussed further in Ref. 7.
For ¢(p), we shall use the radial wave function for Fe em- k|G 2. (a) The contribution to self-energy of a spin-down elec-

ployed by Pickett and co-workefsThis has the form tron, from the exchange scattering process illustrated in Fig. 1. The
. electron of wave vectdk; + Q+ G is a plane-wave state, while the
o(p)= NOE aAA‘e_gj,)Z’ ®) electrons of a wave vectar+Q andq reside in the substrate en-

ergy bands. Hereiws=2m(s+ %)/,B and iQ,,=27m/B are the
imaginary frequencies of many-body perturbation theory, witere

whereN, is a normalization constant;=g 7/4/\/§ 34 =1/(kgT). (b) We include final-state interaction between the final-
A, is found by fitting the radial wave funcnon to those de state electron and hole by summing the ladder graph series indi-
termmed fromab initio calculations. cated.

With the form of the exchange matrix element in hand,
we turn next to the analysis of the spin-dependent contribu- Clearly, the scattering of the electron from spin waves,
tion to the mean free path. We shall proceed by examinin@mitted from the picture just discussed, constitutes an addi-
the self-energy of the excited electron, with attention to thosdional mechanism for endowing the electron mean free path
contributions which describe its spin flip scattering off spinWith a spin dependence. Consider, for example, an excited
excitations. In the ferromagnetic state, this scattering rat@lectron which propagates through a ferromagnet at absolute
will differ for the two spin orientations of the beam electron. Zero temperature. Then only spin-wave emission is possible.
The issue is to explore the Green's funct'@g(lz, E) which At zero temperature, it follows from angular momentum con-

describes propagation of the electron. This is written SefYa“O.” that only excited eleptrons with spin d_own may
emit spin waves. The reason is that when a spin wave is

1 created, the component of magnetization of the substrate is
G,(K,E)= _ — (99  decreased by exactly the amountfat! This must be com-
E—e,(k)—3,(k,E) pensated by a change in angular momentum of the electron
which has emitted the spin wave. If the excited electron has
Wheree(,(k)— h2k?/2m +V,,, andV,, is a possibly complex spin down, angular momentum will be conserved if its final
spin-dependent, spatially averaged inner potential. We shaditate has spin up. If, however, the excited electron has spin
see below this inner potential enters importantly. Hereup in the initial state, spin-wave emission is suppressed
3., (k,E) is the proper self-energy of the excited electron. completely by considerations of angular momentum
Our interest, once again, is in those contributions to theconservatiort?
self-energy which describe spin-flip processes. Within the A central issue in the present paper is to asses the relative
language of finite-temperature many-body thebtiie con-  importance of spin-flip scattering from spin waves and that
tribution to the proper self-energy from the exchange scatterfrom Stoner excitations. From experimental data, one may
ing process illustrated in Fig.(8 and Fig. 1b) is given in  infer that the inelastic mean-free paths of spin-down elec-
Fig. 2(a). If we retain only this contribution, we are assuming trons is always shorter than that for spin-up electrisis
the excited electron engages in spin-flip scattering fromargued commonly, assuming that only the scattering process
Stoner excitations. This is the scattering process invoked ifllustrated in Fig. 1a) and Fig. 1b) is operative, that this is
various discussions of spin-dependent mean free paths in ths® simply because there are more final states available to the
literature. The analysis in Ref. 10 has this process in mindspin-down electron, because there are more holes in the mi-
for example, and the discussion there of the phenomenologyority spin bands of the substraf&Spin-wave emission pro-
of spin-dependent mean free paths is particularly completevides a second mechanism for realizing shorter mean-free
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path for spin-down electrons. If spin-wave emission is domi-y (|21 E+in)
nant, then the spin asymmetry in the mean free path has itst

origin in a very fundamental principle of physics, the con- 1 % 1+n(Q)
servation of angular momentum, rather than the details of the = — E E f dQ — —————
band structure. In this regard, we note that in a recent experi- ¢ q /= E+in=Q-€(k+Q+G)

mental study of an ultrathin Fe film, a strong signal from
spin-wave scattering was reported in the SPEELS
spectrumi® consistent with theoretical predictioAsThus N 1-Up'9(Q;) |
spin-wave scattering is surely present, in addition to that pro-

. o (14
vided by Stoner excitations.

We may incorporate spin-wave emission into the analysiere,n(Q)= [exp@Q/kgT)-1] ! is the Bose-Einstein func-
by going beyond the lowest contribution to the self-energytion. Note that the exchange matrix element scales s 1/
illustrated in Fig. 2a). The collective excitations can be in- the number of unit cells in the crystal. Then, of course, the
troduced by incorporating final-state interactions between theelf-energy is independent &f as it must be. In these ex-
excited electron and hole, in the substrate ene_rgy_b%{‘nds.pressionsz’l(ﬁ):EO(|Z)+UOnl’T, wheren,, is the number
T?]e 5|mp|estts<(:jhemifo_r dom? IE'S ISI |IILthtratedd|rtth|CE)2l of electrons with spino in each unit cell, andeo(K) de-

\(/jv ere_bredpia eh sclzadc(jarlngs Oh € gecdroq and he O_I(_ahag%ribes the energy band in the paramagnetic state.
escribed by the ladder graph series depicted there. These If we retain only the contribution fron)((ﬁ) in Eq. (14),

graphs, applied to the analysis of the \wave-vector- anqhen we have a description of scattering of the excited elec-
frequency-dependent transverse susceptibility of the mat%?on from only Stoner excitations, as illustrated in Figa)2

rial, give a description of the spin waves and of the Stonetl_h L o ters th hthe t i
excitations as welf:}* In the present case, by virtue of the € spin Wave(le;rr;l.ssmn process enters through the term pro
exchange matrix element through which the spin—tripletport'qnal.to (17)" the spin waves produce pole; in this
electron-hole pair in the substrate is excited, we shall engontrlbutl_or!, generated by the zeros of the denommatpr.
counter a response function distinctly different from the In & similar manner, one can generate an expression for
transverse spin susceptibility discussed commonly in the litih€ ProPer sel-energy of a spin-up electron, We find
erature on itinerant ferromagnefs> + .

It is a straightforward exercise in diagrammatic perturbf:l—ET(kl’EJr 1)
tion theory to sum the diagrams illustrated in Figh)2 As a 1 "
consequence, we shall only state their contribution to the =— 2 E f do
final form of the proper self-energy. We encounter three dis- TG q J-=
tinct response functions in the analysis. These have been

discussed earli€rWe have, withG a reciprocal lattice vec-

L. Uo [x{P(k;,Q,G;0)1
xﬁ)(kl,Q,G;QH—O[X“ - ]

X1Im

1+n(Q)
E+in—Q—e(k+Q+G)

Uo [x{7P(k1,Q,6;,0) 1

Qe A A
tor, +1Im XTL(k]_:QvaQ)—'— N 1_UOX%OL)(©,Q) ’
1o fle(a+Q)—f(e(a) 49
©(G:0)= = AT e 10
OO=N S C@-a@rga-iy 10 wnere
. 1« fle(q+Q)—f(e(q)
. O3 0)= — ! 1
K7k Q.G:) FQO=RE G-aqra-a-in
o o oo He(g+Q))—f(e (d)) Wi A &
= Ver(k1,0,9,6) ————— —, 1) xi7(k,Q.G:Q)
= e @+ Q) -0y o ot
~ o === fe(q+Q))—f(er(q))
=> VeiKk1,0,0,6) — Q» , (1
and also % ex(K1,Q,9 )ET(Q)—El(Cﬁ‘Q)—Q—iﬂ (17)
k. A &
x|7(k1,Q,G; Q) Xﬁ)(ﬁl,é,é,ﬂ)
oo oa e T(e(q+Q))—F(e () A .
= [Voy(Ky,0,9,8)2—— 7 , - oo oo fe(q+Q))—f(e(q))
- _ O = |Vor(k1,0,9,6 _ S .
3 €(q)—€(q+Q) —Q—in % ex(k1,Q.0,G)| (@), (G10)— 17
(12) 19
where we have One identity is useful to note. We have
- X12Q.0)=x%Q, - 0)*. (19

s 1 -
Veu(ki,Q,0,6)= 1~ 2 V(ki—q+G")
Cc

é/
xf(q+Q—G'+G)f(q—G’). (13

The diagrams in Fig. ®) give

We comment on the manner in which the spin-wave contri-
butions enter the expressions set down above. As noted ear-

lier, in the spin-wave frequency domain, the functiopl1/
Uox{P(Q,2)] has poles whe2 =0 (Q), whereQ(Q) is
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the frequency of the spin wave of wave vec(@r We shall

be interested below in examining the contribution to the
proper self-energy from the emission and absorption of long-
wavelength spin excitations; so we isolate their contribution 08 8

to the proper self-energy. Suppose we examine the @nit
—0. Then after a bit of algebra, we find

o
[

fim 1 UoAn 20
I 7
5_0l™ on(") DQ%-Q+iy

J(k1) @V)
=
'S

which shows that the spin-wave pole provides the dominant 02
contribution to the term proportional (Q((l)(kl Q.G; 0)7?
in the proper self-energy. The spin-wave exchange stiffness

. . 0.0 1 1 i ) L 1
D is given by* 100 200 300 400 500 600 700 800
Electron energy(eV)

1 1 - - 2 - . . =
= | __ f(e +f(e Vie FIG. 3. The magnitude of the coupling constalfk,) for the
3An| 2N Z [ T(q)) ( L(q))] 4 o(a) emission and absorption of spin waves, as a function of electron
energy. The analysis here determine only magnitude and not the

1 sign of J(K,).
mE [f(e(a)—F(e (a)]|Vgeo(d)]? g (k)
I1l. REMARKS ON THE CONTRIBUTION
(21) TO THE QUASIPARTICLE LIFETIMES
FROM THE EMISSION AND ABSORPTION

Lo . OF LONG-WAVELENGTH SPIN WAVES
The contribution to the self-energy from scattering off

long-wavelength spin waves is found by inserting E2D) . L . . .
. . : L The primary objective of this paper is the evaluation of
into Bgs.(14) and(15), after noting the |dent|ty in Eq19). the contribution of the spin-flip scatterings to the lifetime of

We may set Q=0,0=0 in x{P(k;,Q,G;Q) and gpin-up and spin-down quasiparticles, utilizing the expres-
x\P(k1,Q,G;Q). Then we find sions in Eqs(14) and(15) for the basis of numerical calcu-

lations. For the ferromagnetic transition metals, we may ex-
pect finite-temperature effects to be small; so we proceed in

201, 2
21(E1 E)= I7(ky) E 1+n(D*Q )e (22) our full calculations by setting the temperatdre0 every-

N 5 E-DQ%—¢;(ky+Q)+in where. This is clearly a valid procedure for the Stoner exci-
tations, since these have energies in the range of 0.5-3 eV,

and depending on the material of interest. Spin waves in the fer-

romagnetic transition metals are sufficiently “stiff’ that

- ) even at room temperature, only rather Iong—vv_avelength

S (Ky,E)= J°(kq) 2 n(DQ%) modes are excited. Thus over most of the three-dimensional
TARLs N < E+DQ?- 61(E1+ Q)+in Brillouin zone, we may set the Bose-Einstein factor equal to

(23)  zero. As an example, for FB,=300 meVAZ. If we estimate
the wave vector of the thermally excited spin waves by set-
ting DQ? equal to kgT, then at room temperatur®+
=0.3A"1, a small fraction of the distance to the zone bound-
ary; only a few percent of the Brillouin zone contains ther-
mally excited spin waves. Thus, in fact, we may Tet-0
when we examine the spin-wave contribution as well.
J%(ky)=U3AN[x{P(k1,0,0;012 (24) Nonetheless, despite these remarks, an interesting issue
arises when we consider the contribution to the imaginary
One sees easily that(l)(kl,o 0: 0)—X(1)(k1,0 0;0). Note  Part of the proper self-energy from thermally excited spin
that we ignore umklapp scattering in this limiting form. For Waves, wher' 0. In this section, we explore this question.

our model, we show the magnitude and energy variation of In Egs. (22) and (23), €, l(k1+ Q) enters through the
J(Ky) in Fig. 3. propagator of the final-state electron. These energies in our

The result in Egs.(14) and (15), and also those just model are given by#?(k;+Q)%2m+V{M +iv{?)}, where
quoted, constitute the principal formal results on which our\/ﬁ V%zfare real and imaginary parts of the proper self-
calculations are based. In Sec. Ill, we explore the contribuenergy of the final-state electron.
tion of long-wavelength spin waves to the self-energy, while  Suppose, for example, we consider the contribution to
in Sec. IV we discuss our numerical studies. The contributhe imaginary part of the proper self-energy of spin-down
tion to the mean free path of the scattering processes consigfectrons from emission of long-wavelength spin waves.
ered is found from the imaginary part of the self-energy adn Eq. (22), we letE approach the real axis, to become
discussed below.

Here J(Izl), which is the matrix element for emission or
absorption of a long-wavelength spin wave by the electron
is given by
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{#?(ky)%2m+V{}. Thus we consider

N L () 1+n(DQ?
Ki,€,(ky))= —— == .
200D TN 2 ) - (6, @71 D+ (VI VD) -V

(29

The long-wavelength spin waves have a very small energyinner potential; this electron may emit an infinite number of
so the factor oD Q? may be ignored in the denominator of “soft” spin waves, if the crystal is at any finite temperature.
Eq. (25. It will be important to retainAV=V{"-V{Y — The self-energy then diverges.

which we may suppose is positive. Note thy@: _ The depe_ndence of f[he electron_’s energy on spin direc-
~ il where, is the lifetime of the final-state, spin-up " f‘sé)ro,"'ded b% fhe Inner Pote““a'ﬂ?'“g_ts he divergence
electron. When the sum @ is converted to an integral, and y introducing a cutoff wave vectdp, . The divergence also

) ider th Hibuti f | is limited if the quasiparticle lifetime is finite.
once ~again we consider ine contrioution from 1ong- pq e purpose of illustration, we quote two limiting
wavelength modes, we have

forms for IM{Z{PV(Ky,€(ky))}, and IM{={V(ky, e;(kp))},

JA(K)V the contribution to the proper self-energy from thermally in-
|m{21(|21,6l(121))}= #I d®Q[1+n(DQ?)] duced spin-wave absorption and emission processes. One has
8m the following limits.
1 (@) Very-low-temperature limit. Here, tad may be re-
X Im — ) placed by its form appropriate to the Iimft—>0. Then
AV—ﬁv|;1~Q+i hlT,

IM{2 (D (ky, €, (kp)}=Im{ZD Ky, €5 (kp))}

(26)
It is a straightforward matter to perform the integration over - I (k)hV, {a(1)
the direction of the spin wave vect@, to find 4mlr; | (AV)2+(ﬁ/Tm)2
s N kBT 3/2
Im{% | (ky, € (kp))} X T) : (28)
J2(ky)V, [ 5 . . . .
-— —f dQQ1+n(DQ?)] where{;5(1) is the zeta function with argument unity. Here
4772fw|21 0 the scattering rate in the end scales simply as the number of
thermally excited spin waves, which for the ferromagnet
2v fvg Q scales ag3?2,
Xtan . 72 . (27 (b) The limit#/7; | <AV. Here tan' maybe replaced by
! (Av)2+(7— —(fw,;lQ)2 zero whenQ=Q., andm whenQ=Q.. We then find
T

R . My o
The quantity IS, Ky, €, (K1)} is given by a virtually iden- M2 (ky, €y (ka)}

tical expression, except that is replacied by@, and also :lm{E(TT)(Kl-GT(El))}

[1+n(DQ?] becomesn(DQ?). Hereuy = fik;/m is the A

velocity of the electron of interest. Pk Ve kT 1

_ Our attention is d_irect(_ad toward the contribution propor- N 8mhvp D n 1_efDQ§/kBT :

tional to the Bose-Einstein facton(DQ?). Note that asQ 1

—0,n(DQ?)—kgT/DQ?; so the integral which involves (29

this factor diverges logarithmically .a(§.—>0, if this and the  \when scatterings of excited electrons are discussed, dis-
phase space fact@dQ are all that is involved. tinctly different lifetimes enter, depending on the physical

~ One may show very easily that if the self-energy correcphenomenon of interest. In this paper we examine only the
tions repredseﬁtedbngl\/ and by 76 arre] slet as_ldhe by ('j?tt'”g quasiparticlelifetime, which is the probability an electron in
7—2, and then by lettingAV—0, the logarithmic diver- a particular staté?l remains in that state, after tinte We

gﬁg@?ﬂ;u;\/zzs Tr\:\é i mzytasﬁele ir:hltii;rzr:(]pseasz)ioay;:qrjtals have seen that at finite temperature, the gpntribution to the
610 wherxhu* 'Q<AV and switches tor when #v; Q decay rate of this state is mflueryced sengltlvely by the sglf-
k=2 ) ) ky energy of the electrons involved in the spin-wave absorption
=AV. There is thus a cutoff in the integral &—0, atQ:  or emission process. The quasiparticle lifetime controls pho-
=AV/fivg . Now if AV—0,Q.—0, and we realize the loga- toemission intensities, the probing depth of the secondary
rithmic divergence. electron microscopy, and related issues.
So if we consider an idealized excited electron with infi-  The transport lifetime of quasiparticles near the Fermi
nite lifetime propagating through our crystal, we set aside theurface controls the electrical resistivity, and is of a funda-
dependence of its energy on spin direction provided by thenentally different nature. Here we have an electric current,
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and this lifetime describes the decay of that current. It is thus

the change in electron momentum parallel to the current di- ' ' ' ' '
rection that enters; there is, in the final expression, a factor of * Pseudo Fe
(1—cog) absent in the quasiparticle lifetime, whetes the 0.50 1 *  x + Spindown
angle between the incident and final-state electron momen- s " o Spinup
tum. In a spin-wave emission or absorption processQas 2 040 * ]
—0, one encounters an additional factor@f in the trans- "o * *
port lifetime that suppresses the infrared “near divergence” ' .. | * 1
present in the quasiparticle lifetime. E * .

We now turn to our numerical studies &0, since we ! * N
see that the finite temperature correction are modest, once it 020 1% * |
is recognized the “near divergence” is suppressed, for the * «
reasons just discussed. 0.10 r ¥y

0.00 pEVOB0 |, 0omno o o0 oo oo
IV. NUMERICAL STUDIES OF THE SPIN-FLIP 0.0 2.0 4.0 6.0 8.0 10.0 12.0
CONTRIBUTION TO THE PROPER SELF-ENERGY Electron energy(eV)
AT T=0

FIG. 4. The imaginary part of contribution to the proper self-
In this section, we present our numerical studies of theenergy from exchange scattering, as a function of electron energy.
contribution to the imaginary part of the self-energy, from The calculation is for zero temperature. The stars provide the quan-
the spin-flip exchange scattering discussed above. While ouity for spin-down electrons and the squares for spin-up electrons.
model clearly contains oversimplifications if we have appli- Electron energy is measured from the Fermi surface. The results are
cations to real materials in mind, as mentioned above it igor our model description of Fe.
our view that with the appropriate choice of parameters, we
can simulate the trends found in real &ansition ferromag- calculations are for the absolute zero of temperatureT At
nets, and obtain results which can be set alongside data: 0, the imaginary part of the self-energy must vanish at the
Note, for example, that the authors of Ref. 10 argue that th&ermi energy. Careful examination of the self-energy near
spin-dependent portion of the electron mean-free path is inthe Fermi energy shows that indeed it vanishesEasis
fluenced only by the relative number of majority and minor-approached. This cannot be appreciated from the energy
ity spin holes found in the bands. If we accept this view for scale used in Fig. 4.
the moment, then we may suppose that the actual details of The imaginary part of the self-energy we calculate here is
the band structure, crystal structure, etc., are of secondafglated to the quasiparticle lifetime, of an electron of spin
importance. We proceed within the framework of this phi-o as follows. Both spin-flip(SH and non-spin-flip(NSPH
losophy for the purpose of the present paper. scatterings contribute to limiting its lifetime. These are addi-
We begin by choosing the value of the nearest-neighbotive if we consider the inverse of the lifetime or, equiva-
hopping integral so that the width of the substrate energyently, the scattering rate. Thus, we may write
band is 4 eV, a value close to that of the ferromagnetic 3
transition metals Fe, Co, and Ni. We must then choose val- i:(i) n
ues for the Fermi energfr and the Coulomb interaction To \TolNsE
strengthU . For this purpose, we employ the information in
Table 1 in Ref. 10. For Fe, Co, and Ni, these authors givéNe have
values forn=(n;+n)/2 andAn=(n;—n)/(n;+n;). We 1 1
choose values fdE: andU, to match these numbers as well (—) =——Im(X,) (31
as we can, and maintain a ferromagnetic state in our model. o/ SF i
Of course, we have only a single band of electrons in oufyhere —Im(3,) is illustrated in Fig. 4 and the subsequent
model substrate; so we must divide the numbers in Ref. 1ﬂgure.
by 5. For Co, we can match the numbers well with We comment on two features evident in the results pre-

=0.825 andAn=0.175 in our model, compared to 0.825 sented in Fig. 4. First, a spin-up quasiparticle engages in very
and 0.17 in Table 1 of Ref. 10. For our simulation of Fe, wefey exchange-induced spin-flip scatterings. We have

have n=0.8 andAn=0.2, compared to 0.7 and 0.22 for
actual Fe. Finally, for Ni, we have in our modet0.9 and ( l) >( 1)
SF SF

To

1
—) : (30
SF

An=0.1, compared ton=0.95 andAn=0.05. As we can — (32)

see, in the case of Ni, with our model we cannot reproduce
both the correct values of andAn. Values forU, required  for all energies shown in this figure. The contrast between
to achieve these number range from 5 eV to 8 eV. We shoulthe two is more than one order of magnitude. We have found
refer to our three cases pseudo Fe, pseudo Co, and pseuitis to be the case in all the calculations we have performed
Ni, respectively. for our model materials. Thus, in what follows, we concen-
With the model parameters chosen as just discussed, imate only on Img ), and ignore the influence of I().
Fig. 4 we show the imaginary part of proper self-energy, for We also see that for energies close to the Fermi energy,
spin-up and -down electrons, for our pseudo Fe. In this fig—Im(ZX ) increases with electron energy, to peak at roughly
ure, the zero of energy is chosen as the Fermi energy. Th& eV above, and then falls off with increasing energy. The

Tl TT
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. ) ) o FIG. 6. For our model of Fe, we show the spin-flip inelastic
FIG. 5. A comparison of the imaginary part of the spin-flip gcattering to the imaginary part of the proper self-energy of excited
contribution to the proper self-energy of spin-down excited elec-gjectrons in Fe for two pictures. In one, only the scattering from
trons for our model descriptions of the three transition metal ferrosioner excitations is includetsquares and in the second, that

magnets. from both Stoner excitations and spin waves is inclutesierisks

data reported in Ref. 5, which probes the energy variation otase. However, the ratio of Ir()/Im(Z,) is in the range of
the quasiparticle lifetime for excitations within an electron 4.5 for the energies we explored, considerably larger than the
volt of the Fermi energy of Co is compatible with these factor of 2.9 expected from the arguments in Ref. 10.
results and those presented below. That is, these authors Thus, we conclude that it is indeed the case, for the cal-
measure a scattering rate which increases, with increasingulations we have carried out, that [By) has a magnitude
quasiparticle energy, in the range they explored. For ithe 3 which varies monotonically with the number of holes in the
transition metal ferromagnets, work functions are roughlyrelevant substratd band. However, the variation is clearly
4.5 eV. Thus, photoelectron spectroscopies and also othatronger than the simple linear relationship suggested in Ref.
probes of the surface with electron beams employ an electron0. This rule thus does not serve as a guide at the quantita-
whose energy lies above the maximum in Fig. 4. Thus, ongive level to judge from our model study.
has for such studies a spin-flip scattering rate which falls off A final question we examine is the role of spin-wave scat-
with increasing electron energy, from Fig. 4. tering, compared to that from Stoner excitations. We have
In Fig. 5, we present calculations of the rate for spin-flipexplored this as follows. If we retain in Egl4) only the
processes for our three model ferromagnetic metals. For aibrmx(ﬁ) on the right hand side, then we have in the analysis
energies, we see that the spin-flip scattering rate falls off agnly scattering from Stoner excitations. Inclusion of inelastic
we move from Fe, to Co, and then to Ni. This behavior is, inscattering from spin waves requires one to retain the term
a qualitative sense, compatible with the empirically basegroportional to ﬁ((LlT))23 as noted above, the spin waves enter
arguments presented in Ref. 10. These authors argue thgrough poles in the functiobl—UoXH]’l. By comparing
scattering rate from the exchange process for spin-dowghe complete calculation discussed above with those based
electrons should scale linearly with the number of minority 5, retaining onlyxﬁ), we may assess the role of spin-wave
spin holes in thel band. For our pseudo Fe, Co, and Ni, we scattering.
have 0.4, 0.35, and 0.2 holes, respectively. At all energ.ies, i \We show such a comparison in Fig. 6 for pseudo Fe.
Fig. 5 we see that Im(Z,) indeed falls off with decreasing apove the peak in the imaginary part of the proper self-
number of minority spin holes. However, the scaling is quali-gnergy, we see little difference between the two results.
tative, rather than quantitative. We would expect, if only theTh s "ot these higher energies, spin waves play a modest
number of holes mattered, that the scattering rate for pseudgyle, and the dominant scattering is from the Stoner excita-
Co would differ from that for pseudo Fe by roughly 12%. yjons. However, as we drop below the peak, we see a dra-
We see a large difference. This is true also for Ni, where oupyatic difference between the two results. The scattering rate
calculated differences are considerably larger than the factqfy|cylated upon including only Stoner excitations falls far
of 2 expected from the empirical rule set forth in Ref. 10. ejqy that of the full calculation, with spin waves included.
As noted above, for our three simulated metals, we find cjeqrly, spin-wave scattering is dominant at low energies.
—Im(%;) to be very small always. This should scale, ac-ye have found very similar results for our pseudo Co and
cording to the arguments in Ref. 10, as the number of Mapse,do Ni. This suggests that the experiments in Ref. 5 ex-

jority spin holes in thed band. For all three of our models, gre the regime where spin-wave scattering dominates.
the majority spin band is very nearly filled. We would thus

expect—Im(Z,) to be very small according to this rule, but
we cannot test it. We thus moved the Fermi level to achieve
a model ferromagnet with 0.164 minority spin holes and 0.06
majority spin holes. We find In¥;) much larger for this

V. RESULTS AND DISCUSSIONS

In this paper, we have presented a series of studies of the
spin-flip inelastic exchange scattering of excited electrons
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from the spin excitations of model itinerant electron ferro-range. The velocity of such an electron is in the range of
magnets. While our picture of the electronic structure of the3x 16 cm/sec. In the energy regime of interest, from Fig. 4,
substrate is a rather simple one, we have seen that the calcyur model of Fe gives-Im(2)=0.1 eV, and as we have
lations account nicely for general trends seen in the experiseen, to an excellent approximation majority spin electrons
mental data, and also allow us to explore the dependence gfjfer little spin-flip scattering. One may argue, possibly
the scattering rate on the number of holes in the rebVafﬁaively, that in real Fe;-Im(S|) may be larger by a factor
energy bands. Spin-wave scattering is seen to be a dominagf 5 in this energy regime, since there are fivéands for
source of inelastic scattering for electrons whose energy liegach spin direction in Fe, and an excited electron in the en-
below 3 eV or so from the Fermi energy. At higher energiesergy range of interest can access the complete spectrum of
above the peak in the imaginary part of the self-energy, scalstoner excitations. This would imply the distance of travel
tering from Stoner excitations is dominant. _ between spin-flip events;(7 ), is in the range of 40 A.
We conclude with remarks on an issue addressed in Seghjs suggests, consistent with the arguments put forth in Ref.
|, now that our results have been discussed. Pappas and cg-that the spin-flip inelastic scattering rate is too weak to
workers measured a spin asymmetry in the electron transmiggecount for the rather large transmission asymmetry reported
sion thrOUgh ultrathin films of Fe depOSited On(ﬂm), and by Pappaget al, in the energy range exp|ored by them.
argued that the spin asymmetry in the inelastic mean free” cajculations based on a realistic electronic structure for
path is responsible for the fact that majority spin electrons=e will be required, of course, for this conclusion to be put
have higher transmissivity than minority spin electré@ur  on a firm footing, but the results here are suggestive, in our
calculations indeed show a very strong spin dependence ifind. We note with interest a recent experiment in which
Im(%,) for our model Fe, consistent with their proposal. poth the elastic and inelastic contributions to the transmissiv-
However, shortly after their paper was published, Gokhalgty of electrons through ultrathin film of Co have been deter-
a.nd I\/“”S3 reported Ca|Cu|ati0nS Wh|Ch illustl’ated that Spin- mined Separate'% The ana|ysis concludes that elastic scat-

dependent elastic scatterings alone account very nicely fQgrings are indeed the dominant source of the total spin
spin asymmetries found in the transmissivity. We concludegsymmetry in the transmission coefficient.

by inquiring if the inelastic scattering rates calculated here
are sufficiently strong to account for the data.

Of interest are electron kinetic energies 5—10 eV above
the vacuum level. If we assume the inner potential is in the
range of 10 eV, then we should use results such as those This research has been supported by the U.S. Department
presented in Fig. 4 for kinetic energies in the 15-20 eVof Energy, through Grant No. DE-FG03-84ER 45083.
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