PHYSICAL REVIEW B VOLUME 61, NUMBER 10 1 MARCH 2000-II

Spin-flip transition rate due to electron-magnon scattering in ferromagnetic thin films
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In a free-electron model of very thin ferromagnetic films, an electron occupies a “Fermi disk,” which is
reduced from one of the two bulk Fermi spheres, corresponding to spin-up and spin-down electrons. The
spin-flip transition rate due to electron-magnon scattering in such ferromagnetic thin films is due to electron
scattering between two of these “Fermi disks.” We study how electron confinement affects this rate. Normally
the spin-flip scattering rate decreases as the film thickness increases. But when the film thickness increases to
a point such that electrons of opposite spin start occupying a higher subband, the scattering increases abruptly.
This abrupt increase is more prominent at higher temperatures. As the film thickness increases toward infinity,
the spin-flip scattering rate in the film decreases to the value for the bulk magnetic material.

[. INTRODUCTION alternate ferromagnetic thin-film layers are parallel to one
another, rather than antiparallel.
The recent discovery of giant magnetoresista(@MR) The traditional two-fluid model can be improved by in-

of magnetic multilayers—a decrease of resistance when agluding the spin-flip scattering in ferromagnetic materials,
external magnetic field aligns the magnetization vectors irwhich has the tendency to equalize the contributions of two
several adjacent layéré—has renewed interest in develop- spin-currents especially at moderate temperatures. In cases in
ing a new generation of high-speed electronic devices using/hich the spin-flip scattering cannot be neglected, the total
this phenomenon. Such devices will feature spin-polarizedbserved resistivity in ferromagnetic materials generally can
electronic transport,and will involve ferromagnetic materi- be written a3
als.

The first model of electronic transport in ferromagnetic _pipctenpitey) 3)
materials is a two-fluid model, assuming conduction in par- P pytp ta4p
allel by spin-up and spin-down electrohglhis model is One can writ&
widely employed because spin-conserving scattering in fer-
romagnets normally is much stronger than spin-flip scatter-

m* m* m*
ing, and so the two-fluid model provides a sound basis for = = =—"—
o P o i PImner Pimnér Pl nésr ) @
exploring a broad range of transport properties in ferromag- T l T

netic materials. In this two-fluid model, the total observed wherem* is the effective mass of the electron andandr,
resistivity can be written as are the corresponding separate relaxation times, ands
the spin-flip scattering relaxation time.
PPy 1 There are several spin-flip mechanisms in ferromagnetic
P prtp)’ @ materials. Direct scattering between the spin-up and spin-
down electrons is known to be negligitfe Electron-spin-
wherep? (|) is the resistivity of the majorityminority) spin  wave scattering, viz., electron-magnon scattering, is the prin-
electrons. A spin-asymmetry ratie can be defined cipal mechanism of spin-flip in ferromagnetic materiats.
There are some other “residual” spin-flip mechanisms, such
_ as(i) spin-flip scattering by impurities due to spin-orbit cou-
a= P_T’ 2 pling and(ii) spin-flip from the combined action of internal
magnetic induction and spin-orbit coupling, but these appear
such that fora>1(a<1), transport by spin-ugspin-down  to be far less important than electron-magnon scattering for
electrons dominates. determining the spin-flip relaxation time , .%*°[Such spin-
Recently an inverse magnetoresistance effect has been oftip scattering could play an important role in the physics of
served in multilayers of the type A/IC/B/C/)y, whereA  direct or inverse giant magnetoresistan€d&MR) in
and B are different ferromagnetic materials which have op-multilayer ferromagnetic materials Although there have
posite spin asymmetrigeamely, one hag>1 and the other been many theoretical investigations of the effects of elec-
hasa<1) andC is a nonferromagnetic metal such as Cu ortron confinement on electron transport in superlattices or het-
Au.’78 This inverse magnetoresistance effect has the resigrojunctions of semiconductdfs*®and in thin films of or-
tance being higher when the magnetization vectors in thelinary metald®!’ we are unaware of any corresponding
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treatment of electron-magnon scattering in confined ferrowhere we use a subscriptto label various bulk material
magnetic thin films or multilayers. Here we present such arguantities,S is the spin of the magnetic ion, antis the
investigation. electron-magnetic-ion interaction parameter. In this work we
use the same parameters as in Ref. 10 for the Fermi energy in
Il. GENERAL ANALYSIS the bulkEg ,,, the spin of the magnetic ior§ and the in-
teraction parametexJ.

In a ferromagnetic thin film, both electrons and magnons  The total electronic density in the magnetic bulk material
are confined. In a free-electron model, for electrons confinegs

in the region of G=z=<L, the states become

1
explik-r)  expliky-x) Ne=g 2 (KE b, +KEp, )- ®
2ah)? " 2k

In thin magnetic metallic films we have twsetsof “Fermi
. . disks” corresponding to two Fermi spheres in the bulk, one
% \/Eexp(|12w/L)—§xp(—|12w/L) (5) set for the spin-up electrons and the other set for the spin-
L 2i ' down electrons. Each Fermi disk corresponds to a specific
subband of electrons with either spin-up or spin-down. Be-
cause the total electronic density of a thin film is the same as
in the bulk, in a thin film of thicknest we have

where we usd to label three-dimensional wave vectors and
k, for two-dimensional wave vectors. Tireecomponent of
the wave function is a standing wave with wave vector
jmIL. The energies become 1 (IR ir L
mkE + 2 wkE | == (kR kS, ).
hzkzéﬁzkf+h_2j27r2 © 477.2(]21 F.inl 121 F,J,i) 6772( F.b,1 F,b,i)
2m 2m ' 2m L% ©)
When the thicknesk of the thin magnetic film is very small,

Here we consider the quantum confinement of the elecy| glectrons are in the first spin-up subband, so that the con-
trons but neglect any confinement of the magnons and simyition on L is

ply use a bulklike magnon spectruifT.his kind of approxi-

mation has been used successfully for many electron-phonon K2 5 w2 2 g2

scattering calculations in semiconductor thin filthdd m ( Ke 1+ 1z NISs5 -1z +NJIS (10)
In general, the most significant effects of confinement of

electron states on the electron-magnon scattering in ferra@r

magnetic thin films are the followingi) The quantization of

electronic states changes the density of states and therefore L< 6mm NJS (11)

the final-state distributior(ii) Confinement affects the enve- TR Ko tKEe,

lope functions of electrons, with the major consequence be- - . .
ing that crystal momentum in the confinement direction is2Y cOMpining Eqs(9) and(10). As the thickness. increases,

not strictly conserved. The parameter that quantifies this ef{—ﬂe (%[Ir(]actrons sdtart.to occutp))g/ thde tfri:St fhpin-down q supbznd,
fectisG(k; ,j',k;.j,q), which is a complicated function of en the second spin-up subband, then the second spin-down

the wave vectors involveH:! (jii) The quantum size effect subband, and so on. In general the order in which electrons
on the Fermi energy aIteré the scattering occupy thejth subband can be determined by the following

The first two of these effects exist in semiconductor thinequatlons:
films and have been analyzed befdfe!® The Fermi-energy L
effect only exists in metallic thin films. Here we extend the E(jmké,ip,I+jF,ka2:,jF,L): ﬁ(kg,b,ﬁkg,b,i)
treatment of the effect from ordinary metallic thin filtfiso
ferromagnetic thin films, where the effect is complicated by

7T . .
the existence of two inequivalent electron-spin polarizations. - P[F(] e FFEGE DT
I1l. QUANTUM SIZE EFFECT ON THE FERMI ENERGY (12
OF A FERROMAGNETIC THIN FILM where we have
Following Fert!®

_ _ _ we assume that the ele(_:trons have an i+
isotropic effective massn and can be described by plane F(j)=j———71——.
waves if not confined. The thin film has the same crystal 6
structure as the bulk but is only confined to a certain regiorqere j r.1(ir,|) is the index of the highest occupied spin-up

O<z=<L in the z direction. _ (spin-down subband anét ;_ ;(kg,;_.,) is the Fermi wave-
In magnetic materials, we have two Fermi spheres, ONe . ctor of that subband Wthave F

for each spin polarization. The Fermi energy of the bulk
magnetic material is 72 (k2 J'%,TWZ) 72 (kz j%ﬂz)

(13

) ) am | Keie T Tz | TNISS o ket T

. . 2m
- K2 — —— k2
Er b= 5 ke b ~NIS= ki p | +NIS () +NJS (14)
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FIG. 1. Highest occupied subband indiges namely,jg , and
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FIG. 3. Fermi wave vectors of the highest occupied spin-up and

jr, . for electrons of two different spin directions as functions of spin-down subbands as functions of the reduced thickness of the

reduced thickness of the magnetic thin fika ,L/7. Solid lines:
jr,; dashed linesjg | .

In Fig. 1 we showjg for electrons of two different spin
directions as function okg ,L/, determined by Eq912)
and (14) with parametersEg ,=7.1eV, S=1.06, andNJ
=0.4eV. The reduced thickneks ,L/ 7 for the electrons to
occupy the first 20 subbands arg207), 0.090(1 |), 1.621
(21),1.713(2 ]), 2.637(3 1), 2.783(3 |), 3.620(4 1), 3.830
(41),4.600(51), 4.870(5 |), 5.576(6 1), 5.906(6 |), 6.551
(71),6.940(7 |), 7.524(8 1), 7.794(8 | ), 8.497(9 1), 9.006
(91),9.470(107), and 10.03810 |). In Fig. 2 we show the

Fermi wave vectors in different subbands as functions of the
reduced thickness of the thin film. In Fig. 3 we show the
Fermi wave vectors of the highest occupied spin-up an
spin-down subbands as functions of the reduced thickne
The physical picture in which electrons of two different spins
sequentially occupy the “Fermi disks,” first of one spin and

then of another, is the starting point of this investigation.

16

FIG. 2. Fermi wave vectors in different subbarigs; s, where
s=1or |, namely kg ; ;, andkg ; |, as functions of reduced thick-
ness of the magnetic thin filke ,L/7. Solid lines:kg ; ;; dashed
lines:Ke ;.

magnetic thin filmkg yL/7r. Solid lines: kF’jFT; chained lines:

kF'ijl-

IV. THE BOLTZMANN EQUATION AND THE
RELAXATION TIME APPROXIMATION

In magnetic thin films, spin-flip scattering occurs between
two sets of “Fermi disks,” and each set corresponds to a
specific spin direction. Following Fel?,we begin from the
Boltzmann electron transport equation for the distribution
functionf. We consider in-plane electronic transport for elec-
trons in a ferromagnetic thin filif

af (k. J)

+T(—”,J)
(9t

=0.
at Leld

(15

scatt

qun the thin film plane, the field term for the transport is

ot (Ky,j enk-E of 1 (ky,j
1 (ki) _ [ 1Ky J), (16
ot " m JE
ield
and the scattering term is
af (k. j) C .
| = 2 AL Tk D)]
scatt s,k ,j’
XP(kH,,j,,S,k”,j,T)
—fi(k DIL—Fs(ky L]
XP(kH,j,T,k”/,j,,S)}. (17)

Here s labels different spin states, eithéror |, andP is a
transition rate. The perturbed distribution function is ex-
pressed in terms OrbkH s

It Eg(k; )]

fs(ku:J):fo[Es(ku’J—)]—%H s E (18
Here we can choose the form
P, i s= sk E, (19

wherea ; is a proportionality constarif.
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Treating the Boltzmann equation in the relaxation timebulk expression, although the dependence on scattering angle

approximation, we have for spin up could be affected by restrictions on the wave vectors.
_eh o ofLE (k)T fi(ky, ) — FLE Ky )] V. THE OVERLAP INTEGRAL IN TWO DIMENSIONS
m I JE 71 .
' We need to calculate the overlap intedfal
fr(ky, i) —f (kL))
+ ) ’ * l
Tiky 11 G(k .k,q)=f g (k) e(a,r)g(k,rdr.  (27)
(20)

Due to the(assumef electron confinement in the region
For spin-down electrons, we have a similar equation to Eq0<z<L, we have

(20). _
_ In thi_s work we are m_ainly interested in spin-fli_p scatter- w(k,r) = [ 2 Z okixgip J_Z 28)
ings which change the direction of the electron spin. Accord- AL L

ing to Fert! the transition probability from state | to state
(k+q)], with absorption of a magnoq in the bulk, is

PIkT.(k+a)l]

47wSNF(q)
= h eeq/kBT_l

X {1~ [ E;(K) + eq]} O E, (K+q) — E; (k) — €g].

Integration of Eq.(27) over the plane gives
G(k’vkvq):G(jrijqu)gk”' Kyap (29)

where we have

FOLE, (k)] L
GUULQJ=J;¢VQW¢KDdZ 30

(21) The crystal momentum in the plane is conserved, but in the

confinement direction we hate
Similarly, in a ferromagnetic thin film, for the transition from

the state k;,j,1) to the state K/ ,j’,|) with absorption of 1isinf(gztk,—k)L/Z} | oo
one magnon, the equilibrium transition rate is G(i".a)=75 2| (gt ki —kyL/2 e
47SNF 1 - ot
Pl .1k 7= Si(Ge— ke tK)LI2 g, ki
ecd (9,—k;+k,)L/2
0 H _£0 [ . ’
xf [ET(kIIxJ)]{l f [El(ku Il N sin{(g,+k; +k,)L/2} K kL2
X OLE (ki ,J") —Eq(Kk,j) (At k;+ky)L/2
—eql| (ki k. j.a)% (22) sin{(a,—k; —k,)L/2} i~k —ky)L12
Here g is the energy of the magnon and we hdve (9~ kz—ky)L/2

(31)

wherek,=ja/L and k,=j’w/L. Equation(31) shows no
where, withu,(r) the cell-periodic part of the electron wave restriction ong, for given initial wave-vector inde} and
function, we have final indexj’, although maxima irfG(j’,j,q,) occur for the
four momentum-conserving values

I(kH, vj,iKII !J!Q):I(k,!k)G(kH, 1j ,!kH !j !q)! (23)

0= [t unr, (24 _
_ , | , d==("=) (32
and the integral is over the unit ceth(k’,k,q) is an overlap
integral, ¢=exp(iq-r) and¢ is an envelope wave function: Regarding the magnon energy as negligible in the energy
conservation allows us to decouple the sum oggrfrom
G(K' K, :J (K r Yk, rdr. 25 energy conseryat|on for a given mtrai or mtersubpand tran-
( @ yrKLnéla.nykr) @9 sition. Converting the sum ovey, to an integral, we fintf1#

The major difference between the scattering of an electron too L 1
by a magnon in a bulk metal and in a thin film is the function 2 IG(j",j.a,)|?= f IG(j’,j,a,)|%dq, 5o =1t Eaj,,j .
G(k’,k,q). In the bulk metal we have - 4 33

G(k',k,q =68(k'—k—q), (26)

. L . . VI. SPIN-FLIP SCATTERING TIME IN A MAGNETIC
but in the thin filmG(k’,k,q) is more complicated. THIN FILM

It is usually a good approximation to take the cell-
periodic parts of the electron wave function as unaffected by For a spin up electron in thg,k, 1) state in a thin film of
confinement. Thereford,(k’,k) can be obtained from the thicknessL, the spin-flip scattering rate is
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1

Tjky 1l

a i 2
=% |<f1|Hint||T>| O(Ef, | —E;j 1)dN;
AL 47SNJF A
:_87T3TJ dQMQHJ daJ d%m

< [ kS e ki)
J

X{1-fLE (k[ i)}
X 8(k{ =k Fa)|G(j".j,a)|?

1 1
X n(q)+§I§ 5(Ejr’k|i ,l_Ej,kH,TIEq)

(34)

By integrating ovelk’ and using Eq(33), we find that

1 A 4w3Nf
- qumufdﬂ
1,k..,m

x>

i’
X{1—-fE (k;=q,j )]}

1 0 )
1+ §5j,j' FLE (K J)]

1 1
X ﬂ(q>+§+§ 5(Ej’,k”iq”,1_Ej,k”,T+Eq)'

(35

By neglecting the energi, of the magnon in the energy-

conservingd function, we obtain

1 A 4WSNf
qumufdﬁ

Tj,k”,m
1 . ,
xZ 1456 | TLE (ki )]
]
1
X{1-f[E (k;=qy,j" )]} n(Q)+ }
72 72

2

ﬁZ (j/2_j2)ﬂ_2

sm 12 | (36)

By introducing t=cosf, we have #=cos 't and dg=
—1/J1—1t2dt. Therefore,

1 A 4wSNf
f aQ

Tj,k”,n
X2
]'/

X{1-fE (kjxa,,j )]}

1 . _
1+ 55]’]/ f [ET(kH ,])]
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X n(q)+§+§ —W t
h2 2
X3 2NJStEkF'j'Tth+ﬁqf
ﬁZ (j!2_j2),n,2
smT 12 ) (37)

Finishing the integral ovet and noticing the role of the
factorfo[ET(kH ,j)]{l—fo[El(kHqu ,i")1}, we obtain

1 A 47SNF >
ijkaTl_47TZ h i’
d
J' YE F]] (qH)

1 1

where we have
qlzlkF,j,T_kF,j’,iL
Q2= K i1 = Ke o, [+ 2Ke g g 0 Kej<Kgjr
= ket —Ke g+ 2Ke 0 ke =ke e
and
Fii(a)

\/1 (ZNJS+(ﬁ2/2m>[q2+(wz/szjzﬂ"2>] ?
B (h2Im)ke ;1

(39

Then we can obtain the averaged spin-flip rate ~ 1 by
taking an average of,,k 11 L overj,k,, weighted by the

two-dimensional density of states.

VIl. RESULTS AND DISCUSSION

In Fig. 4 we show the major results of our calculations:
the ratio of the spin-flip scattering raﬁelfl in the ferro-
magnetic thin film of thicknesk to the corresponding spin-
flip scatterlng rate in the bulk ferromagnetic material,
Ti0 . for different temperatures and for different reduced
thlcknesses*._ of the magnetic thin film. The parameters we
used were those Fert used for ¥eS=1.06. NJ=0.4eV,
m=mg, u=12m,, and Er ,=7.1eV. From these param-
eters, the largest value &f L/ in Fig. 4 corresponds to a
film thickness of about 23 A.

From this figure, there are several points which are note-
worthy: (i) In general, as the thickness increases, the ratio of
spin-flip scattering rates decreases. Thus, for very thin films,
the scattering is considerably enhanced. This is very similar
to the enhancement with the reduced thickness of the phonon
scattering rate in semiconductor thin filfs(ii) Whenever
the film thickness increases to the point that the spin-down
electrons can start occupying a higher subband, the spin-flip
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perature is higher, because at low temperature there are not
enough magnons to support this scattering to a new Fermi
“disk.” (iv) For the same film thickness, the lower the tem-
perature is, the larger the ratio is,) As the reduced thick-
nesskg pL/ 7 increases, the ratio goes to unity.

The spin-flip scattering effect discussed here is expected
to play a role in the physics of spin-polarized electron trans-
port. However, due to the fact that spin-conserving scattering
invariably dominates over spin-flip scattering, we do not ex-
pect that the spin-flip scattering discussed here will normally
have a dominant effect on the conductivity of thin films.

In recently investigated spin-polarized devices, such as
those involving giant magnetic resistance or spin-polarized
transistors, the interface scattering between the normal-metal

P 8 10 films and the ferromagnetic films, and the spin-flip scattering

0 2 4 . - . S
k. L/m in the normal metal films, will probably play more signifi-
’ cant roles than the spin-flip effects discussed here. Nonethe-
FIG. 4. Ratio of scattering times, &/ | /1/7;| ,= 74| p/ 711, less, especially for very thin films, the spin-flip scattering

for different temperatures versus the reduced thickness of the magate is considerably larger than in bulk material, and this
netic thin film kg ,L/7, for the caseS=1.06, NJ=0.4eV, m  enhancement of the scattering rate should be incorporated
=me, u=12m,, Eg=7.1eV. Dotted lineT=10K; short dashed into any analysis of the transport of electrons in ferromag-
line, T=30K; long dashed line, T=100K; chained line, T netic thin films.

=300K; solid line,T=1000 K.
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