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Shot noise of spin current
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We report a theoretical investigation of shot noise of spin current without an accompanying charge current.
For a two-probe spin pump, both cross- and autocorrelations are needed to characterize the noise. The corre-
sponding Fano factors measure the spin unit of the quasiparticles in the spin current. The shot noise also detects
open channels for spin transport, and can have qualitatively different behavior compared with the shot noise of
charge current.
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Due to the particle nature of carriers, the fluctuation ofdetermine “open” spin transport channels of a device. Fur-
charge current gives rise to the notion of shot ndidée  thermore, because spin current may not be conserved, its
correlation properties of current are important because theghot noise has a more complicated behavior than that of
provide further information for transport in addition to that charge current.
contained in theaveragecurrent’ An example is the deter-  To investigate shot noise of spin current, we need a device
mination of quasiparticle charge in the fractional quantumwhich generates it. We adopt the spin pump device analyzed
Hall effect by measuring both the power of shot noie I Ref. 10 for this purpose. The operation princiflef the
=2Ql, and the average electric curreht, deducing Q Spin pump 1S summanzgd n Fig(@. Bneﬂy, it consists of a
=e/3. Similarly, for charge-current correlation in normal- quantum scattering region in contact with two leads having

superconductor tunnel junctiofismeasurementsof shot the same electrochemical potential For simplicity, we
P . J m ) consider a single spin-degenerate leweh the device and
noise determine® = 2e, the charge of Cooper pairs. A use-

ful o i h ise is th ‘ neglect electron-electron interaction. An extermatating
ul quantity in analyzing shot noise is the Fano factér magnetic field, say counterclockwise, B(t)

=S/(2elg), which detects open quantum channels in a=p [sin#coswti+sin#sinetj+cosék], is applied, and
device! For a normal system, the current correlation be-jts 7 component provides a Zeeman splitting so that e
tween different probeécross correlationis negative for fer-  +B_cosé and €,=e€—B,cos6. Here the spin index==*1
mions and positive for bosoris. =1| (ando=—- o). By adjusting a gate voltage, to tune

So far all theoretical and experimental attention has beethe energy levek, the energy diagram of Fig(d) is estab-
devoted to correlations of charge current. In this paper, wéished: e, <u<e, . A spin-down electron can now flow into
theoretically study the correlation spin currentin the ab-  the scattering region because<pu. It then absorbs a pho-
sence of charge current. Experimentally, the flow of a purdon, flips its spin due to the time-dependent counterclockwise
spin-current without an accompanying charge current hasotating field, and makes a transition to tlee level from
been realized very recenfljn a semiconductor heterostruc- which it flows out of the scattering region because> u.
ture, by pushing spin-up electrons to move in one directiornTherefore, spin-down electrons flow toward the device while
and an equal number of spin-down electrons to move in thepin-up electrons flow away from it, hence in the leads we
opposite direction. Thereby the net charge current vanishdsave opposite motion of the spin-up/down electrons. This
becausd.=e(l;+1,)=0, and a finite spin current results way, a pure spin current is flowing away from the device in
becausés=s(l,—1)#0. Here (,,l|) are the electron cur- the absence of charge current. More details of the spin pump
rent for spin-up and spin-down channels, respectively,sand are found in Ref. 10, but here we investigate the shot noise
is the spin of carriers. The possibility of flowing pure spin of the spin current.
current without charge current has also been investigated The spin pump is described by the following
theoretically? ! In this work we show that the shot noise of Hamiltonian®
spin current contains additional physics to that of the average
spin current itself. In particular, we found that by measuring
the Fano factor of a spin current, it is possible to determine
the spin unit that is transported. This is useful not only from

H= 2 Ekclaackaa—i_z [€+UBOCOS‘9]d3do
K,o,a o
a spintronics practical point of view, but also from a funda-

mental science perspective: determining the granularity of +y[exp(—iwt)d}rdl+H.c.]

the spin unit in quantum transport is important in strongly

correlated phenomena and quantum information + T.cl d +Hc 1
processind? We also found that the Fano factor helps to k;a[ kaCkag do+ H.C]. @)
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@ |© 7 145 the NEGFG=(t,,t;)=i(C| . (t,)d,(t})) is calculated via
= — VR os the Keldysh equationrG==G'X~G?, where G"? is the
| {04 retarded/advanced Green’s functionThe self-energy3.~
<' F o2 =3,if I, , wheref , is the Fermi distribution of lead and
F i q ' 1o I',, is the linewidth of the coupling between the device and
le:  lead @.*® In other words,SJ can be written in a general
form in terms of the Green’s functions of a problem.
R e T = b - 7152 For the spin-pump Hamiltoniafi), the Green’s functions
_osp ’ o Jos were already derive@xactlybefore’® G HE,E")=2m8(E
% 04 | o4 —E'+00)GAE) with
E oz F, F, 402
GIHE)= : , 5 4
o : ‘ : ; ‘ 5 (E—€+il'12)(E— e+ ogw+il'[2)—y
-0.4 -0.2 0 0.2 -0.2 0.2 0.4

Vg wherel'=I" +T'y.
For shot noise of spin current, we need to distinguish

FIG. 1. (8 A schematic illustration of the operation principle of . 0o cross correlatidibetween left and right leagisind
the spin pump which generates a spin current without an accompa-

nying charge current inside the two leags.c,d are Fano factors of autocorrelation(between the same ledrhe reason is be-

adiabatic limit vs gate voltage, for different coupling strengti’, cause a spin _current may nqt b_e Cpnserved due to spin-flip
(symmetric systej with parametery=0.02. (b) T',=0.16: (c) mechanisms in a device. This is different from that of the

I',=0.05, and(d) ', =0.017. charge current of a two-probe system where these two cor-
relations only differ by a sign due to charge conservation.

The first term stands for noninteracting electrons in lead The cross correlation of spin current is found to be
=L,R andC{,, is the creation operator. The same chemical dE
potential is set for both leads. The second term describes Sspmyl(w)zszf Zfl(l—fT)FLFR[|G’N|2+|G’“|2
the scattering region of the spin pump, which is character-
ize_d by energy levet and spino. T_he t_erm p_roportional to _2F2(|G?1|4+ |G1T|4)] (5)
v is the applied rotating magnetic field discussed above, o
which provides the driving force for the spin curréfiffhe  and the autocorrelation is found to be
last term gives tunneling between the leads and the scattering dE
region with tunneling matrixt,, - _ _ Sspm(w)zszj —f,(1-1))
To analyze the noise spectrum of spin current, we define a ' 2m
spin-dependent particle current operatbr(1),
pi-dependent p peradrd) X{2[~T2P2(|G] [4+]G], |9+ T T (|G} |
t
3,,=3 w: S [TCl d,—Hel, +|G],[AI-T TG P+ 2 ©
K K @ Here G:m, is given by Eg.(4), and f,=f,(E) and f,
o _ . =f,(E—w) are the Fermi distribution functions.
where the second equal sign is obtained by applying the Expressiong5), (6) are valid for arbitrary frequency.
Heisenberg equation of motion using Hamiltonidn. Then At low temperature and in the adiabatic limit—0, using
the charge-current operator is obtained from &).asl, ¢ Eq. (4), Egs.(5), (6) are reduced to
=e2;J,,, and the spin-current operator Ig s=s(J,,; ) ’
—J,,1). We define the following correlation between spin- , =£ 1-A) T.— ﬁ 7
R . . . Sspm,l ( ) o ’ ( )
dependent particle currents in leadsB: ™ A

2

S79 =(Ad (1) Ad gy (1)), ©) Sspmzzﬁ[(l—l—A)To—ZTg], ®)
! a

where AJw(t)E[jw(t)—J_w] and J_MECJM). Here
(---) denotes both statistical and quantum averages on t
nonequilibrium state. The noise spectra of spin current ca

be obtained from the quanti@‘;g' . For example, the cross INR%
correlation is given bySspin,l(w)ESQ(AJLT—AJLl)(AJRT To= T2
—AJr,)))=s%(S|k+Stk—S[k—SiR), and the autocorrela- 4+ ——2
tion IS  Send@)=S¥(AJ;—AJ)(AI—AdL)) 4
=sX(s||+sli—Sl{—Si]). We calculateSS5 using the In fact, T, is the transmission coefficient of the spin pump
standard Keldysh nonequilibrium Green’s functi®EGF  for a single spin chann®l at Fermi levelE=u=0. These
formalism?®® Briefly, after substituting Eq(2) into Eq.(3),  results are exact for the rotating angle~0. If §#0, the

\ghereAEFL/F<1 gives a measure of the device symme-
y, and the quantityl, is defined as

(€)

2 .
+ 721’*2
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same expression is true except tleatin Eq. (9) is replaced 04
by €€, . Hence, the cross correlati®y, ; can be positive,
negative, and even zero, depending on a number of paran
eters, namely the gate voltage which controls the energy oo¢
level positione, the linewidth functionl”, the symmetry of
the device(parameterA), and the external magnetic-field
strengthy. Of course, the autocorrelation is always positive
definite becaus@,<A [from Eq. (9)]. When the cross cor-
relation is zero, the autocorrelation has a value
s?wl’ /(27T). We now discuss the properties of the shot
noise of spin current.

First, we discuss the Fano factors of shot noise which

shot noise
|
o
»

0.8

reveal the transported spin unit. For spin current, two Fana -2, -——— @ S5 oo S S0
factors must be definedt; = S, /215 and F = S, /21 .. v,

The spin current generated by the spin pump is given by the ) ) S
transmission coefficienT,, |,=2(ws/2m)T,, where the FIG. 2. The cross correlatioBg, ; (adiabatic limi} vs v for

factor 2 is due to the two spin channels. Therefore, the Fangifferent coupling strengths. Solid lind;=0.05; dotted line,l
factors are =0.017; dashed linel’=0.004. Inset,Syyn, VS vg When T

=0.16. Here field strengty=0.02,I" =T'g, and the unit oSy, ;
) is w/(16).

Flzg(l—A)(l— 2To (10)

A wiched between a double peak structfiresolid line in Fig.
S 2); (iii) asI' is decreased furthery>T/2>(2—3)y, a

Fo==(1+A-2T,). (12) third peak emerges at=0 (dotted ling; (iv) finally, in the

2 weak-coupling regimé&'/2< (2— /3)y, the third peak splits
This gives a very interesting prediction for devices having(dashed line in Fig. 2 Despite this rather complicated line
small transparency to transporf<1): F;~(s/2)(1—A) shape, the main conclusion is that cross correlation of spin
andF,~(s/2)(1+A). For symmetric devicd=1/2, hence current has large reductions at resonance transmission, hence
F,~s/4 while F,~3s/4. In other words, there is a “univer- it can be useful in detecting open channels of spin-current
sal” regime where botlf; andF, give the transferred spim  transport. This is similar to the sub-Poissonian shot noise of
but their ratio is a universal number 3. This is a useful resulfharge current, which is useful in detecting open transmis-
because it provides a practical way to measure the quasipa¥lon channelé. _ _
ticle spin of the spin current. For asymmetric devices, the Equations(5) and(6) together with Eq(4) allow the in-
ratio F, /F,~(1—A)/(1+A) which depends on, and there- Vestigation of spin-current correlation in the nonadiabatic re-
fore can be used to measure, the relative coupling streng@me (w#0), plotted in Fig. 3. As a function of frequency, -
[ /T. For the spin pump, the small transparency linfit, ( the shot noise shows an oscillatory behavior between posi-
<1 limit) can be achieved by tuning the gate voltagesuch tive and negative values due to photon-assisted processes.
that the energy levek|~|ev | is much greater that the line- Interestingly, foro#0, the noise becomes asymmetric with
width T'. Figures 1b)—1(d) plot the Fano factors in unit of FeéSPect to the gate voltage, as shown in the inset of Fig. 3 for
transferred spils versus gate voltage, . The two dips in the ~three different frequencies. By increasingfrom »=0.01
Fano factors are due to resonance transmiséiut away ~ (Solid ling) to w=0.02 (dotted ling and finally tow=0.03,
from the resonance is the universal regime. the cross correlation changes from largely negative values to
Next, we found that the shot noise itself has interesting"ompletely positive definite ones.

and complicated behavior, as shown in Fig. 2 for the cross Although the net charge current is identically zero, there
correlationS,, ; of Eq. (7). Because of the spin-flip mecha- S still a shot noise of charge current due to the opposite flow
nism, both spin-up and spin-down electrons contribute tf SPin-up and spin-down electrons. This shot ndisess
spin current. The cross correlation between spin-up electrorOrTelation can be easily calculated,
is found to be negative definite, and the same is true for
spin—down electrons, but it is positive definite betvv_gen the se:<A|LA|R>=qZZ ‘Lfg'
spin-up and the spin-down electrons. The competition be- oo’
tween these contributions gives rise to either a positive or a

negative overall cross correlation. Such a complicated be- =—qT d_E[|Gr |2+|G".|21f (1)
S L . A 'R o L) Aty 1
havior is qualitatively different from the correlation in charge
current. Interestingly, as one varies the rdfi{2y), differ- Pw
ent line shapes are possible for the cross correlatior(&n. =——2(1-A)T,, (12

(i) strong couplingT'/2>(2+ \/3)y, the cross correlation is 2m

positive definite with a broad peak at=0 (inset of Fig. 2; where the last equality is true for the adiabatic limit at low
(i) asT is decreased such that<I'/2<(2+/3)y, this temperatures anidl, is given by Eq.(9). As expecteds; is
positive peak ate=0 changes to a local minimum sand- always negative. The autocorrelation is obtained by setting
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FIG. 3. Sgyin 1/ @ [unit 1/(4m)] vs frequencyo. Other param-
eters are;=0.007,I'=0.016, y=0.02. Inset:Sy,n, VS vg at dif-
ferent frequencies with’=0.017: »=0.01 (solid line); w=0.02
(dotted ling; w=0.03 (dashed ling the unit of Sgyn 1 is w/(4)
with »=0.005.

a=B=L in sgg’, and it is straightforward to show
(AI Al )=—(Al_Alg). This is the expected result for

charge current which is a conserved quantity, ile+41g

=0. Experimentally® the quantum partition noise of a point
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the spin pump, electrons in the left lead are not correlated to
those in the right lead with the same spin polarizafiery.,
(1/15)=0), and one obtainS/ =S} k= —T2. Finally, elec-
trons in the left lead do correlate with those in the right lead
having opposite spin—due to the spin flips of the spin
pump—hence we need to calculate a quaniigyS/ +Si|
=38/L+5!k, where the second equality is true for a symmet-
ric device. The quantity can be derived from the shot noise
of charge current: autocorrelation iS,;=S/|+S!{+u
=2T,(1-T,)+u and cross correlation i§,,=S s+ S'k
+u=— 2T§+ u. BecauseS, ;= — S, for charge currenty
=2T3-T,. We therefore obtain, for spin currenBgy,
=52(S/ L+ Slk—u)=s*(T,—4T2) in units of w/27, which
agrees with Eq. (7). Also, Sgn=s*(S[{+Si|—u)
=52(3To—4T§), in agreement with Eq(8). This simple
analysis, of course, cannot be applied to finite frequency.

In summary, we have analyzed the shot noise of spin cur-
rent without an accompanying charge current. We apply the
theory to a spin pump device and derived exact expressions
for the shot-noise spectra. Both cross and autocorrelations
are necessary in order to characterize spin-current noise. The
corresponding Fano factois, and F, have an interesting
universal limit away from resonance transmissién=~s/4
and F,~3s/4, so that by measuring the shot noise one can
determine the spin unit of the quasiparticle that is trans-

contact has already been observed in the absence of biggrted. It is also found that shot noise detects open transport

voltage so that the average charge current is identically zer§'
Finally, we show that the adiabatic limit shot noise of spin
current can also be obtained from a scattering matrix

approach for symmetric devicesA=3). Settingw/27=1

annels by having a resonance behavior.
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