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Shot noise of spin-polarized electrons
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The shot noise of spin polarized electrons is shown to be generically dependent upon spin—flip processes.
Such a situation represents perhaps the simplest instance where the two-particle character of current fluctua-
tions out of equilibrium is explicit, leading to trinomial statistics of charge transfer in a single channel model.
We calculate the effect of spin—orbit coupling, magnetic impurities, and precession in an external magnetic
field on the noise in the experimentally relevant cases of diffusive wires and lateral semiconductor dots, finding
dramatic enhancements of the Fano factor. The possibility of using the shot noise to measure the spin-
relaxation time in an open mesoscopic system is raised.
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Quantum statistical fluctuations of current and voltage in Consider first the two-particle scattering problem illus-
mesoscopic conductors encode information beyond that okirated in Fig. 1. Spin polarized electrons enter a one-
tainable from averaged measurements. The second mometitnensional channel of length from left and right. The
of current contains two-particle correlations as subtle in prinHamiltonian is given by H= (2k?/2m*)+ (e,/2)b- o,
ciple as the one-particle signatures of phase coherencehere the unit vectob gives the direction of the external
weak localization, universal conductance fluctuations, and sghagnetic field, an; is the Zeeman splitting. In the channel
on—revealed by conductance measurements. The full counfy gistance¢ from one end is a potential scatterer with
ing statisticss FCS*—the probability distribution of charge 5_matrix
transfer through a conductor—similarly depends on the mul-
tiparticle correlations of a many electron system. From a ,

. . . . . r t
theoretical standpoint the simplest conductor is a scatterer in S _( ol
scal t rr S

a one-dimensional channel of noninteracting fermions. Here, LR

the FCS are hinomial with a number of attemjgt§'r/h,

whereV is the voltage bias andthe observation time, and a \jth 1, indicating the identity in the spin sector. The overall

success probability for charge transfér the transmission s-matrix of the structure, linearizing the dispersion near the
coefficient of the scatterer. Thus, although the existence of gymj energy, is thus

finite attempt frequency is a signature of the correlations im-

posed by the exclusion principle, the “elementary events”

are still described by one-particle probabilities. :(
It is the purpose of this paper to describe the simplest

situation in which multiparticle effects enter in a more essen-

tial way, leading to particular signatures in the second mo-

ment and to a novetinomial statistics of charge transfer. We U(x)= ex;{ —j ELXB, 0_)

will first describe the physics in an idealized conductor, be- 2vg ’

fore moving on to the more realistic cases of diffusive wires

and semiconductor quantum dots. wherev is the Fermi velocity. The angle of precession is
We will be concerned with the injection of spin-polarized determined by the length of time the electrons spend in the

currents into a scatterer where spin—flip processes may ochannel. There are three final outcomes for the location of

cur. The basic phenomenon was identified in a recent Cetter

for a particular scattering geometry and spin—orbit interac-

N
tion. In fact, the shot noise of spin-polarized electrons is / b

ru(2¢) t'U(L) )
tU(L)  ruRL-0)

Scatterer
generically dependent on spin—flip processes, as these deter- )
mine the triplet to singlet scattering amplitude involved in ,T\ <-i
scattering electrons from two different channels into the P
same channel. We predict dramatic enhancements of the
noise-to-current ratidgFano factor as the injected spin re- 1
laxes, raising the possibility of using the noise to measure L
spin-relaxation rates. It is remarkable that a charge transport

measurement generically contains information on the dy- F|G. 1. One-dimensional model illustrating the effect of spin-
namics of spin. The effect of spin—flips on shot noise forprecession on two-particle scattering. Spin up electrons enter from
particular spin-valve geometries was also discussed in twieft and right, scattering from a potential scatterer while precessing
recent preprinté'.5 in an external magnetic field.
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the two electrons: both leave to the left, both to the right, or 0.6
one in each direction. Accounting for fermi statistics, and
assuming that the electrons have the same energy, these
probabilities are 0.4 N
; 2 By 0.3 t
Both to left or right: TR|U (L —2¢)] : :1§;;,$»/; G i} %Qg
.2 o (o
One in each direction: T?+R?+2TR/U;,(L—2¢)]?, L
(1) 0.1
where T=[t|?=[t'|?, R=1—T. We see that only through N S B A R
the spin rotation are both electrons allowed to leave to the L/L,

same contact. They must form a singl@®R|U (L —2¢)|?

is the probability for this event. If the scatterer lies precisely FIG. 2. Fano factodefined byS=Fel) for a diffusive wire

in the middle of the channelL(=2¢), reflected and trans- passing a spin-polarized current, as a function of spin-relaxation
mitted electrons precess through the same angle, so the prabnagthLs. Inset: experimental geometry.

ability to form a singlet is zero. Note that assuming that

glec?rons gntering the c_hanneliare polarized in a givep d.irecétry, where the spin rotation was due to spin—orbit coupling.
tion is equivalent to having an inhomogenous magnetic f'eIdGeneraIIy, a nontrivial dependence of the noise on param-

vamshmg outside the_channe_zl. A uqurm field CONSErves to'eters governing spin—flip scattering may be expected when
tal spin so that there is no triplet to singlet amplitude. Scat-here are two or more channels of incoming spin polarized
tering due to band distortions in the inhomogenous field cartl g spin p

be neglected if we assume the scale of variation is muclglectrons, for the noise will contain a contribution corre-
longer than the Fermi wavelength sponding to two electrons in a triplet state and different in-

The implication of this consideration for the statistics of ©0MiNg channels passing to a singlet in the same outgoing
transmitted charge is the following. Evidently no charge ischannel. Spin—flips may be caused by magnetic impurities,
transmitted on average, but fdy (L — 2¢)|2#0, there will  SPin—orbit scatterers, or precession in an external magnetic
be uncertainty in the amount of charge that has passelield if contributing trajectories are of different lengths, as in
through the system, as there is a nonzero probability to tranghe above example. In the remainder of this paper we will
port two charges in either direction. To make this connectiorfliscuss the implications of this observation for noise in dif-
more formal, let us compute the FCS for this problem. Wefusive wires and semiconductor quantum dots, where the
obtain the generating functiop(\,7)==,P(n,7)e'\" of the ~ corresponding measurements in the unpolarized case have

s . . . 8
probabilitiesP(n, ) to passn charges in timer using the been madé: . _
result In such mesoscopic scatterers, an average over scattering

matrices is called for. Note that Lesovik'formula S
=(e?/h)AuZ,T,(1—T,), expressing the noise in terms of
the eigenvalued,, of the transmission matrik't, does not
apply in the present situation: the density matrix is nontrivial

eM2 o e" M2 in the incoming channels, so that a rotation to the block
SA=< 0 e”’z) 5( 0 ei”z) ) diagonal S-matrix is not possible. Thus one route to the cal-
LR LR culation of the averaged noise—averaging over the distribu-
tion of T,, (Ref. 10—is not available.

where n(E)=diag(n, :,n_ | ,Nr,Nr ) iS the distribution o T AR . —
function of the incotnTingLelIecFErz)nsR. l'I'he injection of an ex- Diffusive wires We consider the geometry depicted in the
inset to Fig. 2, a diffusive wire of length. and cross-

cess of spin up electrons into both ends of the channel cot tional A with diffusi tanD. A mi ;
responds ton, g 1 (E)=6(u: —E) at zero temperature, sectional ared, with diffusion constanD. A microscopic

- : calculation of the shot noise of a diffusive wire was pre-
with Au=pu,—u,>0. We find ) .
r=H Ay sented in Ref. 11. Here we pursue a formally equivalent ap-

In[ x(\,7)]= ﬁf dEtrIn(1+A(E)(S~Ls, 1))

X\, 7)=(T?+R?+2TR|U,,(L—2¢)|? proach based on Nazarov’s circuit thebfyCurrent correla-
) Aot tors may be obtained from the Keldysh Green’s function
+2TR|UH(L—2€)| COS 2\)=#™N, satisfying

This is the generating function of a trinomial distribution
with number of attemptd x 7/h and probabilities to transfer

. . . R )R n
;262 and 0 charges given by E(.). The corresponding noise (iat—H— Tssz)Gx(f,f't,t’F S(r—r')s(t—t"),
. 2 2 862 2
S=lim eX(An)/ 7= ——ApTRU ;(L-20)]%, where 7; denote the Pauli matrices in Keldysh space, and

T—®

sz - ie(ﬁx— §X)/2m is thex-component of the one-particle
which displays a dependence on the spin flip probabilitycurrent density operator. With this definition we can write the
|U,;|? that mirrors the result of Ref. 3 in a different geom- generating functioh?
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iN (7 AR whereF ¢4.{ E) =tanh@2kT) corresponds to the Fermi dis-
X(\,7)={ T ex Zjodtf drw'r3d, ¥ tribution. The singlet and triplet parts of the distribution
function satisfy
1/ ~ A 2 —
=ex;{—§f d)\,tr{T3JXG)\r}), DV FEO_Ol
0
. . 2
where the trace is understood to be over the Keldysh and DV2Fg— e;bX Fg— —Fg=0.
spin spaces, as well as space and time indiZgsdenotes Ts

time ordering along the Keldysh contour. In the above werhe solution is simplest when the Zeeman term is absent,
depart slightly from the usual formulation in that we take the

“counting field” \ to be constant throughout the conductor Fy(x)=(1/2—X/L)Fgo(—L/2)+(1/24+Xx/L)Fgo(L/2),
instead of defining a surface at which we measure the cur-

rent. This does not affect the result as the zero-frequency Fe(—L/2)
correlator(l (x)I1(x")) is independent ok andx’ by current Fe(x)=
conservation. Using standard quasiclassical methods in the

diffusion approximation we arrive at the following formula- where L.=D7J2. The zeroth order result is thus
tion of the disorder averaged problertafter Keldysh ° TS

13 tr'{,0ed,ge}©=4F,, and involves only the singlet part:
rotation): 2 ; Lo
the average current is unaffected by spin polarization. Sub-
stituting into Eq.(2) gives the first order correction

- 12)ILg __ A(x—3L/2)/L
(e (x+L s—g S),
1— e—2L/LS

338 e — 2T [ Bt {150 eordre)
(tr{ 735G\ }) dis— — 2 f 1710\ exONE

tr'{710e0,9e} P =4iN(FEp+F2—1). (4)

~ ~ 1 . . . L

- N Ao a7 - oo The constant of integration in Eq4) is fixed by the
DV v iez/2[b- o, i i =0, ! L ) e

(91eV0he) ~1€2/2LD- 7.Gre] ZTS[U'QXEU' One fluctuation-dissipation theorem in equilibrium. We thus ob-

(2 tain IMx(\))/m=iNl—=\?F2+ - - -, wherel=GAu/2e is the
_ 2 - -

whereD is the diffusion constanty is the density of states at average gurrentQ—ZedvI?]A/L is the conductance includ-
the Fermi energyg(r)=iG(r,r)/=v is the quasiclassical MY SP" egeneragyand the noise is

Green'’s function, an& =V —iN/2L[ 75, . ..]. tr' denotes a G (L2 ) 5

trace over the Keldysh and spin spaces only. We have intro- S=30 _ledxf dE[1-Fgo(x) —Fe(x)]. ®)
duced the total spin relaxation raterlflue to spin—orbit and

magnetic impurities. To find the noise we require a solutionPerforming thex and E integrals in Eq(5) gives

of Eq. (2) to first order in\ only. The zeroth order solution

has the usual form 1 Au
S=G| 5|4kT+Au coth ——=
3 2kT

A(O)(r)_( 1 27e(n)

9 0 -1 ) . (L/L)(1—e 4L/ts)—4e2LLs
where F¢ is a 2X 2 matrix in spin space, related to the dis- 2(1—e 2ts)2
tribution function Vg by Fe=1—-2N:. We chose the sim-
plest model for spin injection from the left: a half-metallic x| KT— (A u/2)cot A_,U«
ferromagnet connected to the wire through a perfect inter- ® 2kT/)|/°

face, providing a reservoir of spin up electrons only at
chemical potentiajs,; . At the right we have a normal reser- One may verify that this result satisfies the following limits.
voir with no spin polarization and chemical potentia,.  AS Au=pu;—un—0, the second term vanishéwiginating
Since we will derive a general expression for the noise irffom the triplet pant and we are left wittS=2GKT, as re-
terms of 7, extending the calculations to more realistic quired by the fluctuation-dissipation theorem. lAs— < and
injection scenarios involving incomplete polarization and in-at T=0, the noise isS=(1/3)el. This is the familiar result
terface resistances is a matter of kinetics. With the decompdor unpolarized electron, indicating that without spin re-
sition Fe=Fg ol+ Fg- o, the corresponding boundary con- laxation there is no signature of spin polarization in the
ditions are noise. As L, decreases from infinity to zero, the Fano
factor—defined byS=Fel—changes from 1/3 to 2/8ee
Feo(—L/2)=UZFeql E— 1)+ Fegnd E—n) ], Fig. 2). Note that although we used a microscopic quantum
mechanical approach, the appearance in &j.of only
Feo(L/2)=Feq E— ), quantities from kinetic theory indicates that phase coherence
is not necessary to observe these effétts.
Fe(—L/2) =1 Fequf E— 1) —Feqnl E— un)1s, Quantum dotsSpin-dependent transport phenomena have
recently been the subject of intense investigation in lateral
Fe(L/2)=0, (3)  semiconductor quantum dot%:'® Again, relaxation of in-
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jected spin-polarized current may be due to spin—orbit coupling), and the effect of spin—orbit coupling only. Following
pling or precession in an external field. As in the case of thehe notation of Ref. 15, the two cases correspond to
diffusive wire, we will consider the shot noise in a two ter-

minal set-up where a spin-polarized current is driven through DW=[N+ie;Sb]7?,
one of the terminals. In the spin degenerate case, we have the
. ’ 2)_ SO @2 @2y .SOq27-1
well-known resultF =N, Ng/N?, valid when N=N, +Ng D@=[N+efASi+S)) +e7953] %,
>1, whereN_ andNg are the number of fully open channels | the above 8)Lm=—ie€xLy are spin-1 operatorzfo is

in the left and right lead$®?°Working in the limit of large
channel number allows us to ignore the effects of weak lo
calization and mesoscopic fluctuations.

We will find the noise in this case by a direct average of
the expressidft??

the rate of spin relaxation in the-y plane, whereas°
‘governs the relaxation of thecomponentboth these and;,
now expressed in units ak/277, whereA is the single-
particle level-spacing of the closed gloBtraightforward cal-
culation using the distribution functio(8) gives theT=0

e? Fano factor
S= EJ dEtr{(STAS—A)(1+ Fe)(STAS—A)(1— Fe)},

) FO

A=(N_P_—NgrPr)/N?, whereP,  are projectors onto the
channels in the two terminals. The trace is over the orbitain the first case, wheré is the angle betweesandb. For
channels in the leads, as well as spin. An average of@g. the second case, we have

in the N>1 limit using standard techniques yietés

N.Ng
N2

2

1
+§L

1 1
NCEENTES sin20,
N° N°+e€5

NNg 1 1
G F@= +=N?| = —cof 0, —————
=% 2 fdE(D(ﬂ+fEa))M(D~(1—fEﬁ))M N? 2N “(N+269)2
af,M
& sl |,
+Ef dEtr{A(1+ Fe)A(1— Fe)}. (N+ 70+ €79)2

This is the analog of the resulB) for the diffusive wire. Whered; is the angle to the-axis. A fggture of this two-
Gg=(2e%h)N,Ng/N is the conductance of the dot. Greek dimensional system is that, f'”eéoz e[~ the deviation of
letters index channels in the lead®, , is the zero- the F_ano_ factor froniN; Ng/N“ depends on the dlrect|c_>n of
dimensional diffuson given byDoo:(tf[SaBSI;a]% DLy polar|zat|on. In all cases the Fano factor _of a symmetrical dot
=<tr[aLSaﬁaM8;§a])L,M=1,2,3, where the trace is over ('\.'L:.NR) Increases frpm 1/4 to a maximum value of 3/8
the spin indices. The matricelst 7 are understood to be with increasing spin—Tlip rate.

resolved into the singlet—triplet basis as before prior to mul- This research is supported in part by the David and Luci-
tiplication by the diffuson. We will consider two cases: the lle Packard foundation, and by the National Science Founda-
effect of an external magnetic field onlgo spin—orbit cou- tion under Grant No. PHY99-07949.
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