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Shot noise in a diffusive ferromagnetic-paramagnetic-ferromagnetic spin valve
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Fluctuations of electric current in a spin valve consisting of a diffusive conductor connected to ferromagnetic
leads and operated in the giant magnetoresistance regime are studied. It is shown that fluctuations due to
spin-flip scattering enhance strongly shot noise up to a point where the Fano factor approaches the full
Poissonian value.
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Transport in various spintronic devidescontaining ference in statistic6 ermi instead of Bosehe framework of
ferromagnet-paramagnet interfaces is attracting a lot of atterstochastic diffusion equatiot®s'® can be formulated for the
tion. Considerable experimental and theoretical efforts hav@uctuations in disordered spintronic devices as well.
been directed towards the understanding of magnetoresis- To demonstrate this we discuss the most characteristic
tance, spin injection, spin accumulation, spin-orbit interacexample of a spin valve in the giant magnetoresistance re-
tion, current-induced torque, and other fascinating and chagime, when the transport across the valve is extremely sen-
lenging effectgthe vast and quickly expanding bibliography sitive to the intensity of a spin-flip scattering. Namely, we
is far beyond the scope of this papekdvances in technol- consider a diffusive paramagnetid) conductor sandwiched
ogy and sample fabrication resulting in devices of nanoscal@etween two ideal ferromagneti€) leads, see inset to Fig.
dimensions led the methods and notions of spintronics to bé. “ldeal” means that electron distributions inside the leads
the natural outgrows and further developments of the excitare not affected by the presence of the normal regmn
ing and successful ideas of mesoscopics. typical mesoscopic setup assuming the conduction and

One of the issues outstanding in mesoscopic physics h&reening in the leads to be more efficient than in the con-
been the phenomenon of the shot noise, i.e., current fluctugucto. In addition, we assume that conduction electrons are
tions in nonequilibrium conductofsin particular, an experi- completely polarized inside the ferromagnets, i.e., the popu-
mental confirmatiof of the theoretically predicted 1/3 sup- lation of carriers with a spin direction opposite to that of a
pression(compared to the Poissonan value characteristic fomagnet is fully deplete¢half-metallic ferromagnejs There-
the transmission of independent partiglesthe noise signal fore, when the polarizations of the leads are antiparallel, a
in diffusive conductor’®is one of the milestones in the field. conduction electron cannot be transferred across the valve
Shot noise in ferromagnet-normal metal constrictions is alsdVithout changing its spin direction. As a result the resistance
evolving into a subject of much interest. Current fluctuationsof @ spin filter is very large unless there is a substantial
in a F-quantum dof system in the Coulomb blockade re- @amount of spin-flip scattering inside th¢ region. We as-
gime were considered in Refs. 6-9, noise in a quantum dgtume the=-N interfaces to be Spin Conserving but allow for
in the Kondo regime analyzed in Ref. 10, ballistic beamthe finite contacttunne) resistance®.
splitter with spin-orbit interaction discussed in Ref. 11. De-  Stochastic diffusion equationshe electron motion inside
pendence of the shot noise in a diffusive conductor attached |
to ferromagnetic reservoirs on the relative angle between the 3 ! ! !
magnetizations of reservoirs has been studied in Ref. 12 with F \‘-_‘\
the help of the circuit theor}? However, effects of a spin- 0.8 -1 A l N T l -
flip scattering on the fluctuations of electric current in diffu- I ‘\
sive conductors have been disregarded so far. In the present Y L2 tr X
paper we show them to make a profound effect on the shot- 0.6 -\ ]
noise power. SN

The universal 1/3 shot noise in a conventional diffusive 04k \-\:~_._‘“>_\_ e
conductor is due to the interplay of the random impurity ) Dt n
scattering and restrictions imposed by the Fermi statistics. In
the presence of ferromagnetic contacts, however, the spin
degeneracy is lifted with spin-up and spin-down electrons §

representing two different subsystems. The number of par- pig 1. Fano factoF,; vs the spin-flip intensity for different
ticles in each subsystem is not conservelde to spin-flip  yajyes of the contact resistanaes0 (solid line), r=1 (dashed
scattering leading therefore to an important class of fluctua-r =3 (dotteg, r = 10 (dot dashel Inset shows a spin valve consist-
tions. The situation here resembles closely the fluctuations gfig of a paramagnetic diffusive conductdd) connected to ferro-
radiation in random optical medid.The absence of particle magnetic leads through tunnel contacts. For small amount of spin-
conservation in a gas of photons results in the enhancemefiib scattering the resistance is large when the magnetizations are
of photon flux noise above the Poissonian valakso the antiparallel(the off-state of the valye compared to the usual me-
result of bunching typical for bosonsWith the notable dif- tallic resistance for the parallel configuraticthe on-state
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the N region is diffusive with the mean free path much typical energy change during a spin flip is small compared to
smaller than the size of the valte(but yet much larger than the characteristic scale of the electron distribuiiset by the
the Fermi wavelengih At temperatures low enough the in- temperaturel or external biagV).
elastic(electron-phonon, electron-electjostattering is sup- The above equations must be supplemented with appro-
pressedonce the inelastic-scattering length exceke§isThe  priate boundary conditions. We assume that the interface re-
electron distribution is therefore almost isotropic in momen-sistances at the left and right contacts are the sanfince
tum space and can be described by the spin and energthere is no charge accumulation in the system, the diffusive
dependent distribution functiorfs,(x,€), with a==* being  currents(1) should match the tunneling currents through the
a spin index:+ corresponding to spin-up electrons andto  interfaces. In particular, for the antiparallel valve configura-
spin-down electrons. tion the boundary conditions read

If the system is driven out of equilibriurte.g., by apply-
ing a voltage bias to the leaglshe distribution function be-
comes spatially inhomogeneous resulting in the electric cur-
rent (we assume the cross-sectional area of the valve to be

1 . L
~=gplfi-f-0+ZL, jo=0 atx=—3, (4

equal to unity, 1 L
=—J[f_—fg]+Zgr, j_=0 atx=r2.
o ot (x.€) J+ eR R Ry | 2
JalX €)== = ————+ T (X€1), (o . . _
e X For the parallel configuration one has to interchargand
whereo=e?vD is the conductivity in theN region, » is the ~ — indices in the second line of Ed4). The stochastic

density of states per single spin direction, @ds the dif- sources/; a_ndIR accounting for the randomness of the elec-
fusion constant. The last term in E€L) is the stochastic tron tunneling through the interfaces havet T=0) the
Langevin source. It has zero expectation value and a conariance®

relator that similarly to the spinless case determined by S _

the mean value of the electron distribution function, Ti(e, )T (€' ') =6 d(e—€")S(t—t")ed(e), (5

TG rs r whereJ(e)=2,j (X, €) is the total current independent of

JulXo &) Tp(X', €', 1) =20 0apATo(X, [ 1= TalX, )], the coordinate, as readily seen from E@2). The current at
where we have abbreviatell= §(x—x') 5(e—€")5(t—t") the contacts is due to electrons with a single spin direction
and assumed no summation over the repeated indices. Tloaly.
stochastic sourcg,, is due to the random independene., It is convenient to use the particle-density and spin-
Poissoniahevents of spin-conserving scattering from disor-density distributions as well as the corresponding Langevin
der. sources,

The particle conservation implies a second relation be-
tween the electric current and particle densitgreinafter we ffe=3(f.*f)), JTJ=3(T.+J).

drop the arguments when it could not lead to confugion o o ]
Combining Egs(1) and(2) we obtain(in the stationary re-

ﬁf edj, D gime) the equations for the particle and spin distribution,
0 —+ o _2L§(f_“ f)+al. (2 , ,

ot edg oty fs L e&js

The first term on the right-hand side accounts for the average w2 o X g2 L2 DT ©

particle flow between states with opposite spins due to spin- s

flip scattering(customary in treating spin-dependent diffu- Note that different Langevin term<(7,£) are independent

sion problem¥’). The spin-flip lengthL is assumed to be and have zero cross correlators.

much larger than the mean free path but no restrictions as to Average electric currenfThe mean(averaged over time

its relation to the size of the systeimare imposed. The last solution of Egs.(6) with the boundary conditiong4) is

term in Eq.(2) is the Langevin source for the spin-flip scat- straightforward and yields the distribution function

tering arising from randomness of a spin-flip process. It is

similar to the stochastic terms for the fluctuations of the — fltfr Rg X

number of photons in disordered optical metfidts second faX)=—F—"355 frll -~ aM(X)), )
moment is equal to the mean flow between states with dif- 0 s

ferent spin directions, with Rg= L/ o standing for the characteristic resistance on a

spin-flip lengthLs. The total resistancR, and the function
M(x) depend on the magnetization of the leads. For the an-
3 tiparallel configuration,

L(X,e,t)L(X" €' ,t")

which utilizes the fact that sp|n—fl|p scattering events are in- coshx/Ly)
dependent and obey Poissonian statistics. In writing E3)s. Ro=Ry+2R+Rgcoths, M(x)=—=—, (8
and (3) we suggested that the spin-flip scattering is energy

conserving. This assumption is well justified whenever awhile for the parallel configuration,
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sinh(x/Ly)

=Ry+2R+
Ro=Ryt* 2R+ Rgtanhs, coshs

M(x)= ©)

Heres=L/2L is the dimensionless measure of the amount

of spin-flip scattering in the system, am},=L/2¢0 is the
resistance of the normal region.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 68, 100409R) (2003

sinh(x/Ly) .
———— antiparallel
sinhs
K =1- 16
PO costiaty) arallel o
“coshs | Paratel

The total mean electric current calculated with the help of € Static shot-noise power determined as the zero-

Egs.(1) and(7) is determined by the total resistance,

_ _ 1 v
ng fdeja(e)zaj' de [fL—fR]zR—O, (10)

where the biagV is the difference in the chemical potentials
of the left and right leadd, (e—eV)=fg(¢€). In the absence
of spin-flip scatteringg— 0 the resistance of the parall¢he
valve switched “on”) configuration tends to the R+ 2Ry
value, while for the antiparallel oné&he valve switched
“off” ) it diverges. Fors>1, both resistances tend tdR2
+Ry.-

Shot noiseTo solve Eqgs(6) it is convenient to write the
fluctuating part of the distribution function in the form

e N
of(X)=A+Bx+ —f dx' Go(x,x") —, (11
o ax’
6f(X) =AgcoshX/Lg) + Bgsinh(x/Ly)
’ ’ e ﬁjs
+f dx’ Gg(x,X )(;7 D/ (12

with the help of the Green function vanishing at the inter-
faces,

sinh(x_ /Lg+s)sinh(xX~ /Ls—S)

G(xX")=Ls sinh(2s)

, (13
with x- (x-) standing for the smalleflargep of the two
coordinates,x’. The functionGy(x,x") is determined from
the same expressionil3) with s—0. The coefficients
A,A;,B,Bg are to be determined from the boundary condi-
tions(4). It should be pointed out that the distributions in the
leads do not fluctuatejf = 6fg=0. The fluctuation of the
total current is determined by the coefficidhbnly, accord-
ing to

6J

20 2
- FB‘F Ef dXJ(X). (14

Resolving a set of linear algebraic equatidobtained from

the boundary conditionswith respect toB we find the fluc-
tuation of the total energy-resolved current,

R R
5J(e,t)=R—O[IL+IR]+%L§ fdx Ko (X) To(X)

Ls
+mf dXM(X) L(X), (15

where the kernel functiok ,(x) depends on the valve con-
figuration,

10040

frequency transform of the current-current correlation func-
tion S=[dt (5J(t) 83(0)) can now be calculated from Eg.

(15) with the help of the correlation functions for the Lange-
vin sources,

—2R? Ry SR —
S=el—+ 5 2 fdedx[Ka(x)fa(l—fa)

+M2(xX)F (1= )] (17)

Substituting the mean distribution functio(® into Eq.(17)
and evaluating the spatial integrals we obtain the final ex-
pressions for the dimensionless noise-to-current réaio,

=S/ej, also known as the Fano factor,

i r2s? . s+ coths
S (s[S—cosr(4s)]+23inr(23)
2p}, 8ssint's
S2
— E—scoths , (18
e r2s? . s+tanhs
1 ZDﬂ zpu
S (s[5—cosr(4s)]—25inr(25)
2p}, 8scost's
SZ
— g—stanhs , (19

with p=Ry/Rs being the dimensionless total resistance:
p,;;=s(r+1)+coths for the antiparallel configuration and
p,,=s(r+1)+tanhs for the parallel configuration. We also
introduced the dimensionless tunneling resistance
=2R/Ry.

Figures 1 and 2 illustrate the Fano factor behavior with
respect to the spin-flip intensityfor different values of the
contact resistance for antiparallel and parallel valve con-
figurations, respectively. Let us first discuss the regime of
transparent-N interfacesy =0. For large spin-flip scatter-
ing, s—, the shot noise approaches the universal vilue
=1/3 independent of the relative magnetization of the leads.
This is obvious since an injected electron quickly loses its
polarization. For intermediate values>1, the noise is
slightly increased by spin-flip scattering both for the parallel
and antiparallel spin valve configurations. For small spin-flip
intensity,s<<1, the noise behavior is completely different. In
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04 T T T T small amount of particles that flip sponce (multiple flips
F| et are much less likely Flipped spins propagate independently
038 e ] (since Pauli correlations between them are wWepking rise
) to a full Poissonian noise.
The presence of contacts with the finite resistamce
0.36 - - changes the noise-to-current ratio. For large spin-flip scatter-
ing,
0.34 M 1 r2 1
| I I | F.=F = + - ,
0 1 2 3 4 5 b b 2(r+1) 2(r+1)2 6(r+1)3
S the Fano factor is increased monotonically fréme 1/3 to

FIG. 2. Fano factoiF || vs the spin-flip intensity for different F=1/2 by changing from zero to infinity. Exactly opposite,

values of the contact resistanae=0 (solid line), r=1 (dasheg, hoyvev_er, happfans for antiparallel configuration with low
r=3 (dotted. spin-flip scatteringoff-state of the valvg s<1, where the

presence of contacts actuayppresseghe noise power.
. . . .. The stochastic diffusion equations presented here allow
the parallel configuration the Fano factor is returned to Sor the discussion of the time-dependent problems as well,

universal value 1/3, which is easy to understand by realizin g., frequency dependence of the noise power. Without spin-
that electric current is transferred predominantly by the splnﬂip scattering the noise spectrum is white as a result of the

down states. In the antiparallel configuration, however, th ebye screening.Shot noise in a spin valve is different

S_”?a” amount of spm-fhp scattering Is. responsible for_ thesince fluctuations of spin density do not require fluctuations
finite conductance itself. The spin-flip induced fluctuations

. ) ) ) f charge density. Mathematically it is illustrated by the ex-
contribute to the noise comparably to the d|sorder—|nducei 9 y y y

: . X . tence of thespin-flip) frequency scal@/Lﬁ. The calcula-
quptuanns. The NOISE POwer IS theref@manceqeachlng tions would be similar to those performed for the phononic
ultimately thefull Poissonian valuausually reflective of the

) vl . " noise spectrum’®
independent electron transmission, such as in a tunnel junc-

tion or a Shottky vacuum diode. To realize that this is indeed Fruitful discussions with B. Halperin, D. Davidovic, and
the case whes—0, we note that the spin-down statés  E. Demler are gratefully appreciated. This material was
the energy intervakV) in the diffusive conductor are all based on work supported by the NSF under Grant No. PHY-
occupied(just as in the left leadwhile those with spin up are 01-17795 and by the Defense Advanced Research Programs
empty (as in the right lead The electric current is due to a Agency (DARPA) under Grant No. MDA972-01-1-0024.
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