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Thermokinetic approach of the generalized Landau-Lifshitz-Gilbert equation
with spin-polarized current
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In order to describe the recently observed effect of current induced magnetization reversal in magnetic
nanostructures, the thermokinetic theory is applied to a metallic ferromagnet in contact with a reservoir of
spin-polarized conduction electrons. The spin-flip relaxation of the conduction electrons is described thermo-
dynamically as a chemical reaction. In the two-current approximation, the diffusion equation of the chemical
potential, the giant magnetoresistance at the interface, and the usual Landau-Lifshitz{Gil@grequation is
obtained from the entropy variation in the absence of current. The description of the conservation laws,
including spin dependent scattering and spin injection, leads to the derivation of a generalized LLG equation.
The equation is applied to the measurements obtained on single magnetic Ni nanowires.

An unexpected and spectacular effect due to spin polarservation laws of the spin polarized conduction electrons and
ization of conduction electrons in metallic ferromagnets, thethe ferromagnetic order parameter to be trea&et. ). This
giant magnetoresistancéGMR), appeared with transport phenomenological approach models the different effects able
studies on magnetic nanostructute§he spin-diffusion to take place in the system by a set of coupled transport
length of conduction electrons being of some few tens of nmequationgSec. I). The differential equation of the chemical
the relaxation of the conduction electron spins becomes olpotential is derived leading to the known formula of the
servable when the magnetization can be controlled over thiEMR (Sec. Il)). For a closed ferromagnetic system without
typical length. Some predictions about the inverse effectelectric current, the common Landau-Lifshitz-Gilbert equa-
namely the influence of spin-polarized current on the dynamtion is derived(Sec. IV). The open system with both ferro-
ics of the magnetization, were also proposed. Berger premagnetization and spin polarized conduction electrons leads
dicted the existence of some surprising phenomena due to the description of the generalized Landau-Lifshitz-Gilbert
the action of spin-polarized conduction electrons on domairequation with polarized curreri§ec. \j. The consequences
walls? or spin wave® in magnetic thin films. Slonczewski in terms of current induced magnetization reversal are de-
predicted the rotation of the magnetization due to polarizeadluced. The model is applied on the data obtained on Ni
current in multilayered systenfsand Bazaliy, Jones, and nanowires.

Zhang derived from microscopic considerations a general-

ized Landau-Lifshitz-Gilbert equatich.All the above-

mentioned approaches are microscopic and based on the bal- I. CONSERVATION LAWS
listic approximation.

From an experimental point of view, Freitas and Berger, Spin dependent transport processes in layered structures
Hung and Berget,and Salhi and Bergéshow the action of are described on the basis of the following simple picture.
a high current density on domain walls in thin films. RecentAfter entering in thekth layerS¥, the incident currenfwhich
experiments on nanostructured samples bring interesting ewvas spin polarized along the axis described by the unit vec-
dence for the interpretation in termssof the action of the spingy +,_, in the layerSk1) first alignd® along the axis
ﬁ{g&?i;ﬁgﬁfgggiteyl%C;rggisr{_v-l\—;steaé'e:ngéoiniﬁfée;tccj r?wl-ﬂ.: Uy (see _Fig. 1 Inside the f-erromagneticl layer, the popula-
tilayers, Sun reported on current-driven magnetic switchin fion of spin up N*.) and Spin dpwn W) is then not con-

) P %Lerved due to spin-flip scattering, and some of the down

in manganit€, and Myerset al. reported an effect of current . lax to th directi

induced switching in magnetic multilayer deviteln a re- Spins rhe.ax ro the UE rection. f1h b sifh d

cent work, we have evidenced an effect of current induced I.n this picture, the states of the subsysterh are de-
L . . : scribed by the variables

magnetization reversal in magnetic nanowite¥where the

reversal of the magnetization is induced by a high current at

an applied field 20% smaller than the normal reversal field.

The ballistic approximation is, however, difficult to justify in

all these experiments.

A phenomenological approach based on the thermokineti
theory>1% of a metallic ferromagnet in contact with a reser-
voir of spin-polarized conduction electrons is proposed. In , -
contrast to the pioneering works of Johnson and Siftbee {0 the unit vector+uy.
spin-polarized current, the spin-flip scattering is introduced If M¥ andNX are independent variables, the conservation
here as a chemical reaction. This formulation allows the conef the magnetic momentum reads

(S, NKNKNK MK), &

fhereSk is the entropyM“= MU, is the magnetization, and
N'§ are the number of conduction electrons with spin parallel
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lei k—1—k_ k—k+1 k—1—k | Aok
WZI‘ — 17 +[7(k—1;k)lp +P ] (5

with y(k—1;k)=1— a(k—1;k) =sirf 36(k—1;K)].
Inserting Eq.(5) into Eq.(2) the conservation of the mag-
netization reads

ok
_nak - k—1—k k—k+1
50 = Mot guet-a{ly =157
1 K15k A
FIG. 1. Modelization of the system with the two-channel ap- —2[y(k=1;K)1§~ "+ wk]}, (6)
proximation. After entering in thith layer3¥, the incident current ) )
(which was spin polarized along the axisM, , in the layer The problem of the spin transfer between the polarized

$5-1) first aligns along the axis M, . The population of spin up current and the magnetic layer is hence solved if the polar-

(N.) and spin down il_) are then not conserved due to spin-flip ized currentl , and the reaction rate¥ can be described as
scattering, and some of the down spins relax to the up direction ifiunctions of the experimentally accessible parameters, the

the layer. currently, the electric fieldgy, and the kinetic coefficients.
This task is typically performed by the application of the first
Nk - N and second laws of the thermodynamics.
T:Mo“‘gMB(NJf_N—)Uk—la 2

II. KINETIC EQUATIONS

where ug is the Bohr magneton arglis the Landefactor. K .
In order to write the conservation laws, the spin-flip scat- The systenk" is open to heat transfer, to chemical trans-

tering mechanism is described as a chemical reaction tranggr' and_ o mechanical Wo_rk due 1o the magnetization and
, . , i - magnetic fields. Let us define the heat and chemical power
forming a spin down into a spin up along the axisl,. In

) by P, and the mechanical power I8, . The first law of the
this context, the reaction rat* is introduced as the number thermodynamics applied to the layEf gives

of chemical events per unit of timé® Let 1X~**1 and

Ik=k*1 pe the current of particles flowing from the lay®¥ dEX
to the layerS*** due, respectively, to the electrons with spin dt
in the directionﬁk and to the electrons with spin in the di- .
rection —Uy. The conservation of the particles is then de-wherePy""*=—H®. M. Furthermore, with using the ca-

:Plt(bflﬂk_ PI((z)HkJrl_'_ P\el\;(t*)k, (7)

scribed by nonical definitions T*=gEX/9S’, X =0EXoNK, HX
) = 9EX/aMX the energy variation is
+ k—1—k k—1—k
=a(k—1;k)l +H[1-a(k—1;k)JIT . -
dt ' OEf 08t NN dwe GEX aNg
ekt Lk dt o dt Hrdt THdt dt o, dt
+ Mg
()
N
wTa [1—a(k—1;K) 1+ ak—1;k) 1K1k In the present work we limit our analysis to the isothermal
case, T*=T. The entropy variation of the sublayer is de-
_ | k=kt 1y apk ) duced from the two last equations, after introducing the con-
- ’ servation laws:
where « is the spin-flip probability of the alignment
process? In the case of ballistic alignment(k—1:k) E_ k—1-k_ pkok+1, f3k_ fjext pik
. N ’ T—=P5 PG +(HX=H®*YM§
=cog[20(k—1:k)] with 6 the angle between,_, and u. dt
Introducing the polarized curreihf, and the normal current 1
Iy defined by - E[Ak—ngB(Hk—l—Hextkﬂ)]

k—1—-k_ k=1—-k_ jk—1—k .
Ip —|+ |* y X[ll':()—l—»k_IIl()—>k+l_Zy(k_l;k)ll’;—l—ﬂ(_z\yk]

k—1—k_ k—1—k k—1—k o

I =l 1o @ 1 -1k koken, 9B dMs
. kol I ) T €)

Eq. (3) can be put into the form NI t
dNk = Kk R L (= 1k 1Rk where the total chemical potential iagz,uﬁnﬂu'i. We
dt — * * Y e have furthermore definedH* *=HX.u,_; and H®*k
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=Heu,. The chemical affinity of the reaction, defined by The indicesN andp stand, respectively, for the normal and

AK=0EX/ oW = uX — u¥ | has also been introduced. polarized transport processe¢see Sec. I), the indicesc
The entropy being an extensive variable, the total entropyptands for the spin-flip scattering chemical reaction and the

variation of the system is obtained by summation over théndicesM and M account for the dynamics of the magneti-

layers 1 to) where the layer 1 is in contact to the left zation(see Sec. IV.

reservoirR' and the laye) is in contact to the right reser- The kinetic coefficients are state functiond;;

voir R'. Lettin - - . .
9 =1;(S5, M5 N¥, N*, M§) and the symmetrized matrix is

Ak— pK k— k » A
AX=A =2gug(H " t=H®), (10 positive: 3{l;i+1;}4;,=0. Furthermore, according to On-
the total entropy variation is sager relations, the kinetic coefficients are symmetric or an-
ds Q tisymmetric,lj;=£1;; .
Td_:[. LR R Y (Ff— HoMK We assume in the following that cross effects between
t k=1 electronic transport and ferromagnetic transport are negli-
a JEK dIVIk gible, SO that;;=0 if iz{N,p,c} andj={M,M}. Note that
+3 | - 0 a polarized current is directly produced by a nonuniform
k=1 aﬁlk dt magnetization state, through the coefficiefik— 1 k) in Eq.
0

(13). The physical meaning of the kinetic coefficients is de-
o scribed in the two following sections.

+ 2 S[AI-AKL 2y (k—1;k) Ak
=22 Ill. GIANT MAGNETORESISTANCE

We focus in this section on the first three equations of Eq.
(13) which describes the electric transport with spin polar-

i . ) . ization. After performing the continuum limit, we have
where the two first terms in the right-hand side of the equal-

Q Q
1 L o
+ 2 5o mroIN T 2 A ()
k=2 k=1

ity stand for the heat and chemical transfer from the reser- Ao
voirs to the systenx.. In L L L o7
The variation of entropy takes the form ] NN Np =Ne
ds .. pl=| “Len “Lpp Lpc|| A _~ |, (19
— i ext - ——27A
T Z FiX + PeX{(t), (12) ¥ e —Lpe Lecd| 72
A

whereF; are generalized forces antl are the conjugated 5
generalized fluxes. The variation of entropy is composed bwhere y=Ilimy,_.o(dy/dz) and the choice of symmetric co-
an external entropy variatioR®*(t)/T and by an internal efficientsL ,y=Lyp and Ly.=Ly is motivated by the fact

entropy variationd S"'/dt. _ that we neglect in this work the direct effects of the magnetic
By applying the second law of thermodynamiS"'/dt  field on the charge carriefS.
=0 we are leading to introduce the kinetic coefficiehfg In the framework of the two-channel approximatfdrihe
such tha’dS”t/dtZZiFi(EjlijFJ). By identification with the  coupling between the two conduction bands is neglected
expression(11), the kinetic equations are obtained: (i.e., there is no cross efféétbetween the currentd, ,J_,
k1K andV¥):
N
=R e Ine Ine | NV 20
p NN Inp INne 'NM Inm A _ _40p
. K | | | | | . LNC—LpC—O, LNN_LPP_T’ (15)
N4 PN lpp 'pc fpm  IpMm
- = len Tep lee lem lem wherea,>0 is the mean conductivity of the two spin chan-
Mo | | | | . nels. The conductivity asymmeti§ of the two channels is
MN Mp Mc MM MM .
. given by
dM§ VIR I PR VIS VIVIRR VIV
T 20’0
| dt ] Lnp=""5 B (16)
[ 1( k—1_ k) ] . )
oMo T Ho Equation(14) leads then to the set of equations
E[’A'<*1—7xk+2«y(|<—1-|<)'Ak] 1 -8 0 _ ko
2 JIN 0z
X A .3 3| A 1 0 A
R N . e e ——+ 2yA
Hk— Hqext W 0 0 —Lg Jz
g0
A
JEX
[ ) a7
L Mg | with 1= 2 andL..=0.
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In the stationary statelJy/dz=0, and assuming th&,  where the kinetic coefficient, ; are the coefficients of the
0, andy are approximately independent nthe diffusion  jhyverse matrix{laﬁ}{afg}.

equation of the chemical affinity is deduceske the Appen- _ . . ~
dix): Note that in adiabatically closed systems; dE/dM),

H, anddl\7|0/dt are state functionfi.e., depend only of the

1 dA

Ak (19  State variables§, My, My), and not onH®*Y. Since the
gz’ kinetic coefficients are also state functions, the first equation

in Eq. (24) shows hence thatM,/dt depends orH®*%. We

are then leading to imposk;;;=0 in order to satisfy the

[oo(1— %) second equation in Eq24), which gives the magnetic ki-

2el.. | 19 hetic energy’® The coefficientl ), can be identified to the

magnetic mass, and the first equation in E2f) gives the

total magnetic forcd="29 acting on the system:

_Ja-s gy Mo o o dM
low= 452 (20) FMa%=1yy O:("""'w)_'“"“"d_to' 29

A . 1
972

12,2
sf DW

where the spin diffusion length; is given by

Isf

the “domain-wall” diffusion lengthlyy, is given by

dt?
and the parametdeis given by Equation(25) rewrites
~ 2p? J dM
k=~ . (21 “mag__ 0 E_ gext. \i ) _ 0

0

Note that the chemical affiniti is equal to the difference where we have identified the Gilbert friction coefficighf®
of the chemical potentials of the two conduction baids to =T,,,, .

=py—p-. If we assume no rotation of the spin-  The theorem of the kinetic momentum gives the equation
polarization axis,;y=0 (which implies antiparallel magnetic of the dynamics:

configuration at the interfagethen Eq.(18) is the well- R R

known diffusion equation describing the so-called “spin ac- dM, - L ema N oV dMg
cumulation” or “spin depletion” effect responsible for the T:F(MOXF 9=I'Mox§ = EYREA T
giant magnetoresistanég?~2° A straightforward calcula- 0

tion (see the Appendjxleads to the giant magnetoresistance @7
of the interface: whereI" is the gyromagnetic ratio and the magnetic Gibbs
potentiaf® is defined byV=E+ M- H®*' Equation(27) is
GMR_ B (22 the well-known Gilbert equatioff,*?and can be put into the

following Landau-Lifshitz form. In the case of uniform mag-

netization we haveh7|0= MSJO, where Mg is the saturation
magnetization. Equatio(27) rewrites

s
oo(1-p2)

IV. LANDAU-LIFSHITZ-GILBERT (LLG) EQUATION

In this section we focus on the magnetic transport equa- Up=—9' (UpgX VV) —h'UgX (UgX VV), (28
tion without electric currentdy=J,=0. From Eq.(9) the . ]
entropy variation reduces to whereV is here the gradient operator on the surface of a
unite sphere. The phenomenological parametérand g’
ds _ _ o dl\7|o are linked to the gyromagnetic ratiband the Gilbert damp-
-|-a = p‘;xtﬂ'”— P'(;Hexhr (H— Hex’)w ing coefficients by the relation®
5 lNa
JE |\ dMy h'=—
+ - - T (23) (1+ az)MS
Mg
so that the application of the second law of thermodynamics g’ = ;
yields (1+a®)Mg
..~ dMy -~  dM, a=nl'Ms.
(H=H®) =Ty at +lvm at
V. LLG EQUATION WITH SPIN-POLARIZED CURRENT
JE -~ dM, - dﬁ'o Let us assume an interface composed by an incident cur-
| =g Flwm g (24) rentl,, of conductivity asymmetry- 3, polarized in the di-
Mg rection ép which enters in a ferromagnetic layéf) polar-
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FIG. 2. Uniform magnetization and the magnetic field in the
case of uniaxial anisotropy. FIG. 3. Circle: measured position of the switching fiéld,, for
different angle of the applied field. Line: one-parameter fit with the

ized in the directiorﬁo with conductivity asymmetry3. The curling formula £q.(35).

transfer of magnetic moments is described by the termma netostatic terimvery close to that of an infinite cylinder
dNp/dt=N% —NF . Equation(5) rewrites 9 y y '

The anisotropy field is calculated to hgH,~0.3 T.

The effect of the spin-polarized current was evidenced
= —1F—291F =By, (29) experimentally by injecting a strong current of about 2

PP poe x 10" Alcm? at a fixed value of the external fiell=hg,,
—Ah smaller than the fieldh,, where the switching occurs

i L _ without current. The magnetization switch occurs at the

andl,, are derived in the Appendix. angle¢°(6). The maximum distancAh where the jump of

The change of the magnetic moment of the layer due tqne magnetization can still be observed corresponds then to
the polarized current is given by Ed$) and (28): the variation of the anglé o= ¢°— ¢, needed to shift the
magnetization up to the unstable state.

F

i

dt

where Be=2B[1—2y(1— )] and the expressions d»ﬁ

U~—g’(UgX VV)—h'UgX (UgX VV) + %Bem Nép 7 For steady states, insertihg=hg,—Ah, ¢=¢., Eq.(30)
Mo leads to
(30
where the first, second, and third term in the right-hand side Ah=hey(6)— ZCIe(ép'J)_Sin(Z(PC), 32

are, respectively, the precession tefam transverse relax-
ation), the longitudinal relaxation term, and the spin transfer
due to spin-polarized conduction electrons.

In order to estimate the effect of the injection of spin-
polarized current, Eq(30) is applied to the case of mon-
odomain ferromagnet with applied field oriented at the angle

6 from a single anisotropy axisee Fig. 2 If the vectoru
makes an angle from the anisotropy axis, the Gibbs energy

density can be written in the following forit:
_ 2 estimated to bey,~10 % m°, K=10° J/n?,*? and Bes
V(ey)=KS{~cos'e—2h[cog #)cos¢) ~B~0.3%% ¢~0.15% We obtainc~200 AL,

+sin(d)sin(¢)cog )1}, (31) All parameters in Eq(32) are known if the magnetization
reversal mode, which describes the irreversible jump, is
whereh=H®*/H, is the reduced applied field defined with known. In a few theoretical models of magnetization
the anisotropy fieldH,, K=H Mg is the anisotropy con- reversaf! the functionsH,( ) and¢.(6) are analytical. In
stant,Sis the section, ang is the out-of-plane coordinate of the framework of the present empirical approach, the experi-
the vectoru. Before injecting the current, the anglg, is ~ mental data are fitted by the relation deduced from a curling

_) . . .. . '32
given by the equilibrium conditioR V=0. The precessional reversal mode in an infinite cylindé?:
term can be neglected in E¢B1) (low-frequency response

sSin(¢°—6)

wherev is the polar vector perpendicular tbandle is the
electric current. The parameteiis defined by the relation

o Betilt
eKv,a’

(33

where the activation volume, of magnetizationM¢ was

and/or high damping limif), andM~ M. a(a+1)
Experiments and samples are described in Refs. 12, 32, hsw(6) = = : (34)
and 33. Ni nanowires are obtained by the method of elec- va?+(2a+1)cog(6)

trodeposition in track etched membrane templates. A micro-

contact is realized, and the magnetoresistance of a single The single adjustable parameter —k(R,/r)? is defined
nanowire is measured. The wires are about 80 nm diametday the geometrical parametér®* by the exchange length
and 6000 nm length and the magnetic energy is dominateB,=20 nm! and by the radius of the wire The experi-
by the Zeeman energy term and the shape anisotfopy mental pointsH¢,(6) are fitted in Fig. 3.
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Thsw

« 03

FIG. 4. ParametedAh=AH,,.(l.)/H, as a

- function of the pulsed current amplitudgyH,

=300 mT is the anisotropy field. The linear fit

(continuous ling gives c~190 [see EQ.(32)].

- The dashed line is the maximum magnetic field
induced by the pulsed current.

06

0%

02

R

QL0002

I(h)

0.000¢% 0.0008 0.0008 0.001 g.0012

We obtaineda= —0.15 (which corresponds to of about
60 nm. The relation between the angle of the applied fi¢ld
and the angle of the magnetizatigfi is

has been performed. At constant temperature, assuming the
two current approximation and neglecting direct action of the
magnetic field on charge carriers, five coupled transport
equations account for the complexity of the system. The ap-
proximation of the explicit uncoupling of the transport pro-
cesses leads to the known results about GMR and Landau-
. Lifshitz-Gilbert equations for magnetization dynamics.
The curveAh, evaluated from Eq(32) by numerical \within this approximation and on the basis of the conserva-
[esqlutlon with a polarization in the direction of the wire axis o equation of the magnetic moment, the description of
ep v =sin(¢y), is plotted in Figs. 4 and 5, together with the hoth polarized current and magnetization dynamics leads to a
experimental data. A strong discrepancy from the lineageneralized Landau-Lifshitz-Gilbert equation. The applica-
curve of Ah(ly) at small current pulses can be observed.tion of this model to experimental data about current induced
Above a critical current corresponding to about ®cm®  magnetization reversal is performed. The existence of a criti-
the linear fit gives a parameter=190, which is in accor- cal current indicates that the kinetics of magnetization inho-
dance with the rough evaluation of E(3). This critical mogeneity also plays an important role. However, the com-
current below which the linear regime failed in Fig. 5 could parison with experimental data shows that the derived
be interpreted following Refs. 4 and 5 as the current needethermokinetic generalized Landau-Lifshitz-Gilbert equation
in order to excite spin waves or other magnetizationprovides a description of the basic mechanism responsible

inhomogeneities! The curve given by Eq:32) can then be  for the effect of polarized current induced magnetization re-
plotted without adjustable parameté&ig. 5). The divergence versal.

at 90° is due to the numerical resolution of E8Q) (numera-
tor and denominator tend to zero @t 90° angle.

a+1
tan(9)= T tan( (,DC) . (35)
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0.175
0.15 ¢
t 0.125 APPENDIX
t 4 0.1 The appendix is structured in three parts. In the first part
0.075 (Sec. 1, the equation of the difference of chemical potentials
b/ oo0s ++ { A=Ap is derived from Eq(17) in the case of steady states.
+ + In Sec. 2 the equation is applied to the simplified case of
__,// + 0gs 4 GMR or spin accumulation, where the polarization axis is
assumed constant through the interface. The GMR of the

=3 -2 -1

FIG. 5. Angular

with c=190 A L.

2

dependence of

angle¢rad)

the parameterh
=AH,.{(#)/H,. The curve is given by the Eq33) of the text,

interface is deduced. In Sec. 3, the equation is applied in the
framework of the experimental study of polarized current
induced magnetization reversal, where an abrupt change of
the polarization axis occurs at the interface.
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1.

Assuming that the kinetic coefficients which coupled the
dynamics of the magnetization and the electric currents van-

ish, we obtained the following set of kinetic Eq47):

dio
I 0 _2Fe
IN P 0z
3|_%| £ L 0 oA
. e ——+29A
r 0 0 O'_LCC Jz
0 A

(A1)

In the stationary stated(dz) Jy(z) =0, and assuming that
B, 0o, andy are approximately independent nfthe diffu-
sion equation of the chemical affinity is deduced:

7 A (YA
,U;o e (yA) (A2)

9z 9z Iz

Inserting Eq.(A2) into Eq. (A1) yields
ady oo . PA (YA
E—:(W D2ty (A3)
and by integration,

322 (g2 1) L 4 23A A4

where we assumed thag(«)=0.
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1
2
Isf

where the spin-diffusion length; is given by

| [oo(1—B7)
st 2ely |

the domain-wall diffusion lengthpy is given by

SN (C S
Dw 4:}-/2 )

and the parametdeis given by

1

PPA B

« JA
972

A+
0z’

(A9)

|2
DW

(A10)

(A11)

23?
1-p%)°

k=" (A12)

(
2. Application to GMR

Assuming that the polarization axis is the same for all
sublayers, we havé, =0 and the last term in EqA9)
vanishes. The chemical affinity obeys the diffusion equation

PA 1 (AL3)
0z 1%

The chemical affinity and the total chemical potential are
then

On the other hand, from the conservation equations we

have

d .
a(N';— N = 1K K 2wk — 2y (k=1 k)1 .
(A5)

At the continuum limit, we obtain the following relation:

AN

0z

dny, _

T 2L A—273,,

(A6)
wheren,, is the density of spin-polarized conduction elec-
trons.

Equation(A6) rewrites

an,
dt’

FAR -
=21 A-2%3,- (A7)

0z

wheredn,/dt is constant for steady states. Furthermore, in-

side the ferromagnet and far away from the interfakeis
constant, whence

dnp_

§p = 2LiAL=0,

(A8)
where we assumed for simplicity thiaf.=0. Together with

Egs. (A7), (A4), and(A3) the differential equation foA(z)
is obtained:

A(z)=ad+ ber, (A14)
no(z)=d+cz+ BA(z), (A15)

wherea, b, ¢, andd are constants. The electric fiel{z) is
defined by —eE(2)=dug/dz so that c=—eE(x»)=
—eJy/og. Under the condition of continuity of the currents
of the two spin channels at the interfa@g® surface scatter-
ing), J.(07)=J.(0%), we have a=[elyBlos(1—?)]

X Jy . The spin-polarized current on the left side of a single
interface p=0) is deduced:

IA d
Ip(2)= %(E—B%) =JnB(e [As—1).

(A16)
The electric fielddug/edz=—E(2z) is
eJ 2
E(z)= —| 1+ B olang, (A17)
0o 1-p2

and the supplementary potential due to the spin-polarized
current is

+ oo
- |

from which the GMR resistanc@?) is deduced.

eJ 2 el
(E(z)——N>dz=2'B—lsf—N
o) 1-82 7 09

(A18)
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3. Application to spin transfer rent of the two spin channels.(07)=J.(0")=* ¥J,. The
In the case of an interface composed by an incident curlntégration constant now reads

rent of conductivity asymmetrg, polarized in the direction

ép, entering in a ferromagnetic layer polarized in the direc- a= elSLlZ) N (A19)
tion u with conductivity asymmetry— g, Egs. (A14) and oo(1-57)

(A15) still hold in the left- and right-hand sides of the inter- and the expression of the po|arized current is

face. However, the change of the polarization axis at the

interface leads to modify the continuity equation of the cur- Jp(2)=InB(1- y)(e*‘ZV'sf—l). (A20)
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