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Spin-flip noise in a multiterminal spin valve
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We study shot noise and cross-correlations in a four terminal spin-valve geometry using a Boltzmann-
Langevin approach. The Fano factshot noise to current rati@epends on the magnetic configuration of the
leads and the spin-flip processes in the normal metal. In a four-terminal geometry, spin-flip processes are
particularly prominent in the cross-correlations between terminals with opposite magnetization.
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The discovery of the giant magnetoresistance effect in To this end we will study a four-terminal structure, in
magnetic multilayers has boosted the interest in spinwhich the currents can be measured in all four terminals
dependent transport in recent yedisr a review see, e.g., independently. The layout is shown in Fig. 1, in which the
Ref. 1). Recently spin-dependent transport in metallic multi-various currents are defined. For simplicity, we assume that
terminal  structures has also been demonstrateg|| four terminals are coupled by tunnel junctions to one
experimentally’ In combination with quantum transport ef- node. The node is assumed to have negligible resistance, but
fects the field is termed spintronié©ne important aspect of provides spin-flip scattering. The ferromagnetic character of
quantum transport s the generation of shot noise in Mesogne terminals is modeled by spin-dependent conductances of
copic conductor§? e.g., the suppression of the shot NOIS€{he tunnel junctions. The two leftright) terminals have

chemical potentiaV| (Vg). In most of the final results we

from its classical value due to Fermionic statisficg.
A particularly interesting phenomenon is the nonlocal COwill assume zero temperature, but this is not crucial. Further-
more, we will assume fully polarized tunnel contacts, char-

relation between currents in different terminals of a multiter-

minal structure. For a noninteracting fermionic system the

cross-correlations are generally negafiie. a one-channel acterl_zed by a conductangg,,, wherea=L,R d_eno_tes I_eft
beam spliter the negative sign was confirmed@nd right terminals, and =T, | stands for the spin directions

experimentally*1If the electrons are injected from a super- (in equations we také¢=+1 and|=—1). _
conductor, the cross-correlations may change sign and be- The current fluctuations in our structure can be described

come positivé In these studies, however, the spin was onlyin & Boltzmann-Langevin formalisit. The time-dependent
implicitly present due to the singlet pairing in the supercon-Spin-polarized currents at ener@ythrough contactio- are
ductor. written as

Current noise in ferromagnetic-normal metal structures, in
which the spin degree of freedom plays an essential role, hadaos(t,E) = Jaol fag(E) = feo(E) = 6f o (t, E) ]+ 61 54(,E).
so far attracted only little attention. In two-terminal spin 1)

valves It was shown tha} the noise depends on the rEIatIV‘I:'he averaged occupations of the terminals are denoted by
magnetization angle in a different way than the

conductanck and spin-flip scatterindft =1 Thus, the noise fao(E), the one of the central node ty,(E). The occupa-
reveals additional information on the internal spin dynamics.

Noise has been exploited to study the properties of Iocalizec(a) (b) g1t grt
spins’ or probe quantum entanglement of itinerant spths. Lot

In this work we propose an instrument for the study of =~ —
spin-dependent transport: the use of cross-correlations in Tur

magnetic multiterminal structure. The basic idea is to use a I,
four-terminal structure like that sketched in Fig. 1. An elec- .=~
tron current flows from the left terminals to the right termi- L
nals and is passing a scattering region. In the absence c. gLl 9B

spin-flip scattering the currents of spin-up electrons and SPIN" 515 1. Four-terminal setup to measure spin-flip correlati¢es.
down elect_rons are I_ndependent, an_d the Cross'corre_Iat'(_)%possible experimental realization with a normal diffusive metal
between different spin-currents vanish. However, spin-flingyi on which four ferromagnetic strips are depositefidifferent
scattering can convert spin-up into spin-down electrons angiqins to facilitate different magnetization orientatiprighe total
vice versa. The resulting equilibration of the spin populationiength of the diffusive metal underneath the ferromagnetic contacts

leads to a weakened magnetoresistance effect. More impoghould be less than the spin-diffusion length in the normal metal.
tantly, howevercurrent cross-correlationdetween the dif- () A theoretical model of the device. The spi{]) current is

ferently polarized terminals are induced by the spin flips andlowing in the upper(lower branch. Spin-flip scattering connects
now contain additional information about the scattering re-the two spin branches and is modeled as a resistor which also in-
gion. duces additional fluctuation.
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tion of the central node is fluctuating a¥.,(t,E). The 1
Langevin sourcel ,,(t,E) induces fluctuations due to the  AlLs=7[(9re9- o+ (90T Ire)Is) Ol Ly
probabilistic scattering in contaco. We assume elastic

transport in the following, so all equations are understood to —0Ls(9_ 51T 09s) Ol ReT 091 o0 56l st— 91 o Ost
be at the same enerdy. Since we assume tunnel contacts,
the fluctuations are Poissonian and giveff by X8l Lot 8lR-0)]- ©)
) , Now we can calculate all possible current correlators in the
(0l ag(t) a1/ (1)) = GagOaor Faa H(t—1") left terminals, defined by

><[falr_FfC(r_Zfa(rfC(r:l' (2)

ol = dr(Al ,(t+7)Al . (D)). (10
The bracketg - - -) denote averaging over the fluctuations. . wa (Aot DAl (M)

The conservation of the total current at all tinidsads to the

; The total current noise in the left terminals is
conservation laf?

lao(t)=0. (3)  Of course the same quantities can be calculated for the right
terminals. From particle conservation it follows th&t

The equation presented so far describes the transport of twg Sr» but in the presence of spin-flip scattering the indi-

unconnected circuits for spin-up and spin-down electrongvidual correlators can differ. For convenience we also define

i.e., the spin current is conserved in addition to the tota® Fano factorF =S, /e|l|, wherel=1,;+1 is the total

current. Spin-flip scattering on the dot leads to a nonconfurrent. _ _
served spin current, which we write as Let us now turn to the four-terminal structure, displayed

in Fig. 1(b), and study the effect of spin-flip scattering on the

current noise and cross-correlation. We will restrict ourselves
> lag(t) =20 for+ 6F ¢ (1) — o — 8¢ (1)]+2816(1).  to zero temperature from now on. Assuming a bias voltdge
& 4 is applied between the right and the left terminals, the occu-

) pations aref,=1 and fg=0 in the energy range 9E

Here we introduced a phenomenological spin-flip conduc<€V. We will in particular focus on cross-correlations be-
tancegs;, which connects the two spin occupations on thetween terminals with opposite magnetization directions. For
node?! Correspondingly, we added an additional Langevinthe cross-correlations at the left side we find
sourcedl 4¢(t), which is related to the probabilistic spin scat-

a,o

tering and has a correlation functfén _ 919,
St == 0sleV = zﬂ [9-0Oro+ (9 o+ ORre)Tsr]
(Slsi(t) Sl (1)) =gsro(t—t")[ Fer (1—Fe )+ e (1—=Fep)].
(5) X(gsng‘FgfogRa)
Equations(1)—(5) form a complete set and determine the —Ore(9-6+09s)(9-»9Lot 9siTL)
average currents and the current noise of our system. Solving
for the average occupations of the node we obtain + %(g OLo+9s19)(9u0r- o+ JsidR) (12)
Z -0 g a -0 *
feo=[(9-00Lo+ 9siGL) L+ (9 oOrs+ OsiOR) fRI/Z. It can be shown, that the cross-correlations are always nega-

tive, as it should bé The full current noise can be written as

Here we introduced), =g, ,+ 9dre» 9L (r)=9L(rR)1 T IL(R)! » leV]
andZ=g,9,+(9;+9,)gst- The average currents are then _ = ZH [ng(gsng+g_ggRU)3+gRU(gngL

OLo
lLe=">"[9re9- o IrIst](fL — FR), () Osf

z ) +9-0900)°+ 5 (9,001~ 61901) (G5 Or+ GoTr-0)
and the currents through the right terminals are obtained by
interchangingR<L in Eq. (7). The fluctuating occupations

. (13
on the node are

X(gsfgL+ g*(rger)

This generalizes the result of Refs. 14 and 15 to arbitrary
Of co(1) =[(9- 5+ 0s1) Ol (1) + gs56l (1) polarization, since the full noisél3) is the same as for a
+g_,00l(1)]/Z, (8)  two-terminal contact.

We now discuss analytical results in several simple cases.
where we introducedl ,(t) =6l 1,(t) + ol _1,(t). The total  In lowest order ings¢/(g;+9,) the zero-frequency cross-
fluctuations of the current in a terminal are obtained fromcorrelations(12) between the currents in the left terminals
Al 4, (1) = 6l 3 (1) — 9ar6f (1) @and we find reduce to
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E: 919 0 +(9L¢9RT_9L19R1)2
|e\/| sf %gf RTYR| ngl .

(14

The first term is also present in a spin-symmetric situation,

and is caused by the additional current path opened by the
spin-flip scattering. The second term in E#4) depends on

the amount of spin accumulation on the central metal, i.e., it

is proportional to {;—f¢)?

Now let us consider the symmetric “ferromagnetic” con-
figuration g, ;=ggr; =0y/2 and g, | =gg,=9,/2. Note that
also g, =gr follows in this configuration. The cross-
correlations in the “ferromagnetic” configuration are

S 11
LIt 8 019, +9s(9;+9))

leVl. (15
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FIG. 2. Cross-correlations, Fano factor, and average currents

Thus, in the limit of strong spin-flip scattering the cross-(symmetric case We assume symmetric contagfs=gg and pa-

correlations become independent @g3. Next we consider
the symmetric “antiferromagnetic” configuratiog, ; =gg,
=g, andg, | =ggr;=J,. For the cross-correlations we obtain

rametrize the magnetic properties with the spin polarizafipg,

=(9L(r)1 —9L(r)1)/(OL(r); T OL(r)))- The upper part shows the
Fano factor of the current fluctuations in the left contacts for differ-

ent polarization configurations. Inset: average current. The lower

Sty 9519102 , ,
=- +20s0)°+ (91—
eV 2gz(g+291504[91(91 9s1)°+(91792)
X (39%+69dsit4gsp) ], (16)

where we introduced the abbreviatigsr g, +g,. Again, the
second term in the brackets in E46) is proportional to the
spin accumulation of the island, which enhances the spin-flip
induced cross-correlations.

It is also interesting to study the shot noise of the total
current in our setup. Evidently, the corresponding Fano fac-
tor is equivalent to a two-terminal structure with arbitrarily
polarized contacts. In the simplified case of a two-termina
geometry with fully polarized contacts two different configu-
rations are possible. Either both terminals have the same spin
direction or the opposite configuration.
can takeg, =0. There is no effect of the spin-flip scattering
and we obtain for the Fano factér=(g?+g3)/(g,. + gr)>,
in agreement with the known resuftdf the two terminals
have different spin orientation§'antiferromagnetic” con-
figuration, the situation is completely different, since trans-
port is allowed only by spin-flip scattering. We takg
=ggr;=0. The Fano factor is

In the first case we

1
=21

29Z;

part shows the spin-flip-induced cross-correlations betweand |
currents in the left terminals.

for a symmetric double barrier structure. On the other hand,
the Fano factor for the symmetric antiferromagnetic configu-
ration is

_ (91_92)2 (
(9+29sp)?

9 )
00si+20919> 9+ 20ss

(18)

The second term in the square brackets in @) can be
Fither positive or negative. In the latter cesalrops below
the symmetric double barrier value of 1/2.

The transport properties for symmetric junctions are sum-
marized in Fig. 2. For equal polarizations of both sides there
is no effect of spin-flip scattering on the Fano factor and
average currents. However, the cross-correlations do depend
on the polarizations even in this case. For snml| the
cross-correlations rapidly increase in magnitude. Eor
>(.+gr the cross-correlations become independent of the
relative polarizations. Their absolute value, however, de-
pends strongly on the absolute value of the polarization. For
antiparallel polarizations the Fano factor differs strongly

from its value 1/2 in the unpolarized case, see #8§). With

(9L +9r)(9L+0s0)(grtTss)
(9L9r+ (9L +0R)Ts)®

F=1-290.0r . 1D

always lower that 1/2.

where we have used the result for the mean curient

=0s19.9r/[ 9.9+ (9L + 9r)9s:]. The Fano factor given in
Eq. (17) interpolates between the Poisson linki=1 for

an increasing spin-flip scattering rate, the Fano factor goes
from a value larger than 1/2 through a minimum, which is

Let us now turn to the general case of asymmetric junc-
tions. The noise correlations are plotted in Fig. 3 fqr
=4gr and various configurations of the polarizations 0.3 and

0s<g, +0gr and the result for the double barrier junction 0.7. The cross-correlations, in particular for weak spin-flip

F=(gf+03)/(g.+9gr)? for gs>g.+0gr, coinciding with
two-terminal “ferromagnetic” configuratior® For the sym-

scattering, differ now drastically for the different configura-
tions. In particular, the cross-correlations in the antiferro-

metric ferromagnetic configuration the Fano factor of the fullmagnetic configurations are strongly enhanced as a result of
current noise is 1/2 for arbitrary polarizations, i.e., we re-the larger spin accumulation in comparison to the ferromag-
cover the usual suppression of the shot noise, characteristieetic configuration. The Fano factors and the average cur-
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polarizations are taken over from Fig. 2.

rents are also different for all parameter combinations. How-
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realization. For the determination of the cross-correlations it
is crucial that the two spin currents are extracted at different
terminals. The injection can also be done with one terminal,
which can even be unpolarized. A more flexible four-
terminal design is favorable, since different polarization con-
figurations can then be obtained by exchanging the potentials
at the different terminals. No change of the magnetization is
necessary in that case. A structure like the one we have pro-
posed in the left panel of Fig. 1 has recently been realized
experimentally’® although noise correlations have not been

measured yet.

In conclusion we have suggested using shot noise and
cross-correlations as a tool to study magnetotransport in me-
soscopic spin valves. Measuring cross-correlations between
currents in terminals with opposite spin orientations gives
direct access to the spin-flip scattering rate. In the present
FIG. 3. Cross-correlations, Fano factor, and average currenté’0rk we have assumed fully polarized terminals, but a gen-
eralization to arbitrary polarizations is straightforward.

Note addedAfter submission of this paper a related work
appeared, in which a similar model was studiggf. 24.
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are always close to the unpolarized case.
Finally, we would like to comment on the experimental hospitality.
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