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Positive cross-correlations due to dynamical channel blockade in a three-terminal quantum dot
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We investigate current fluctuations in a three-terminal quantum dot in the sequential tunneling regime. In the
voltage-bias configuration chosen here, the circuit is operated as a beam splitter, i.e., one lead is used as an
input and the other two as outputs. In the limit where a double occupancy of the dot is not possible, a
super-Poissonian Fano factor of the current in the input lead and positive cross correlations between the current
fluctuations in the two output leads can be obtained, due to dynamical channel blockade. When a single orbital
of the dot transports current, these effects can be obtained by lifting the spin degeneracy of the circuit with
ferromagnetic leads or with a magnetic field. When several orbitals participate in the electronic conduction,
lifting spin degeneracy is not necessary. In all cases, we show that a super-Poissonian Fano factor for the input
current is not equivalent to positive cross correlations between the outputs. We identify the conditions for
obtaining these two effects and discuss possible experimental realizations.
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I. INTRODUCTION tions of the chiral Luttinger liquid take a bosonic character.

The study of current noise in mesoscopic circuits has bel NiS leaves open the question whether interactions localized
come a central subfield of mesoscopic physics because iftside the beam splitter can lead to zero-frequency positive
allows us to access information not available through meaCross correlations even for a normal fermionic circuit.
surements of the average curreffisr reviews, see Refs. 1 Current correlations in a single quantum dot have been
and 2. Current fluctuations can first be probed through thestudied in the sequential tunneling lim;*in the cotunnel-
autocorrelations of the current fluctuations in one branch ofng regime31:32 and in the Kondo regim& In the (spin-
the circuit. For noninteracting conductors with open chan-degenerate sequential tunneling limit, a sub-Poissonian
nels, the fermionic statistics of electrons result in a suppresFano factor has been found for some two-terminal ¢as&s
sion of these autocorrelations below the Poisson fmiiln a  and, for the three-terminal case, cross correlations are ex-
multiterminal circuit, current fluctuations can also be probedpected to be always negative when the intrinsic level spacing
through the cross correlations between two differentAE of the dot is much smaller than temperatéftéiowever,
branches. Blttiker has shown that in a noninteracting eleca super-Poissonian Fano factor has been predicted for a two-
tronic circuit, the zero-frequency current cross correlationgerminal quantum dot witAE>kgT connected to ferromag-
are always negative provided the leads of the circuit are themetic leads? In the cotunneling regime, a super-Poissonian
mal reservoirs maintained at constant voltage poterfti@ls. ~ Fano factor can be obtained in the two-terminal c&sehe
the experimental side, negative cross correlations have be@xtent to which this would lead to positive cross-correlations
measured very recently by Heneyal” and Oliveret al®in  for a three-terminal quantum dot was not clear.
mesoscopic beam splitters. Oberholzdral. have shown This led us to consider, in Refs. 34 and 35, the case of a
how the cross correlations vanish in the classical Ifnit. three-terminal quantum dot witAE>kgT, operated as a

Up to now, positive cross correlations have never beeream splitter: one contact acts as source and the other two as
measured in electronic circuits. However, nothing forbids todrains. We have assumed that only one orbital of the dot, i.e.,
reverse the sign of cross correlations if a hypothesis of Biitone single-particle level, transports current, and that Cou-
tiker’s proof is not fulfilled(see Ref. 10 for a recent revigw lomb interactions prevent a double occupancy of this orbital.
First, it has been shown theoretically that positive cross corWe have considered both the Fano fadtgin the input lead,
relations can be obtained in an electronic circuit by relaxingcalled the input Fano factor, and the cross correlati®gso)
the hypotheses of Buttiker regarding the leads, for instancéjetween the two output leads, called output cross correla-
by taking one of the leads superconductinég? or by using tions. We have proposed two different methods to obtain a
leads with an imperfeét or time-dependeft voltage bias. super-Poissoniaf, or S;3(w=0)>0 in this system, in the
Positive cross correlations are also expected at finite frequesequential tunneling limit. Both methods rely on lifting spin
cies, due to the plasmonic screening currents existing in cadegeneracy, either by using ferromagnetic 1éadsby using
pacitive circuitst®?°It follows from Buttiker’s work that ob-  paramagnetic leads and applying a magnetic field to the
taining positive cross correlations at zero frequency withoutlot3® Note that in these works, the leads are biased with
modifying the assumptions on the leads requires to have inconstant voltages and modeled as noninteracting Fermi
teractionsinside the device. Safiet al. have considered a gases. Then, with respect to Bittiker’s proof, only the hy-
two-dimensional electron gas in the fractional quantum Hallpothesis of the absence of interactions inside the device itself
regime, described by a chiral Luttinger liquid thedtyZero- s relaxed. Moreover, in contrast to the system studied in Ref.
frequency positive cross correlations can be obtained in thi&6, excitations inside the device remain purely fermionic.
system in the limit of small filling factors, where the excita- Our works*3°give a positive answer to the question whether
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TABLE |. Summary of the different cases of quantum dot cir-
cuits treated in this article. All these circuits have the geometry
shown in Fig. 1. They differ in the number of dot orbitals implied in
the current transport, the magnetic fi@@pplied to the dot, and the 7
magnetic polarization®; of the leads. In the cases marked by a
cross, a super-Poissoni&a or a positiveS; 3(w=0) can be obtained
for appropriate values of the bias voltaye the polarizations;,
and the tunnel rates;. In the one-orbital paramagnetic case, the
position Ey of the dot orbital level with respect to the zero-bias
Fermi level is also critical. Note that a super-Poissorfars not FIG. 1. Electrical diagram of a quantum dot connected to three
automatically associated withy3(w=0)>0. leadsi € {1,2,3 with collinear magnetic polarizatiorg;, through
tunnel junctions with net tunneling rateg and capacitances;. A
\Y bias voltageV is applied to leads 1 and 3; lead 2 is connected to
ground. A magnetic fieldB collinear to the lead polarizations is
Number of dot orbitals 11 1 1 1 2 applied to the dot.
0
0

Case treated in section I v IV IV

Lead polarizations; 0O #0 O 0 +#0
Magnetic fieldB 06 0 #0 #0 #0 This paper supplements the study of the one orbital case with
Orbital level positionE, >0 <0 an analysis of the effect of the position of the dot orbital
Possibility of S3(w=0)>0 level with respect to the zero-bias Fermi level. In the para-
or super-Poissoniah, magnetic case, this parameters turns out to be critical to get a
Below the high-voltage limit: % X X X positive S;3(w=0). An analysis of the frequency dependence

of Si5(w) is provided. We also show th& ;(w=0)>0 can
persist in the one orbital case when the leads are magneti-
cally polarizedand a magnetic field applied. Eventually, we
Show that there is a direct mapping between this last case and
that of a spin-degenerate quantum dot with two orbital levels
g;{ansporting current. This mapping suggests a new way to get
positive cross correlations. In this spin-degenerate two-
orbital case, positive cross correlations stem from the partial
blockade of an electronic channel by another one, thus we
propose to call this effect “dynamical channel blockade.”
This result demonstrates that lifting spin degeneracy is not
cessary for obtaining zero-frequency positive cross corre-
ations due to interactions inside a beam splitter device, even

In the high-voltage limit: X X X

zero-frequency positive cross correlations can occur in a pe
fectly voltage-biased normal fermionic circuit. They never-
theless leave open the question whether lifting spin dege
eracy is necessary to do so. Eventually, it appears in Refs.
and 35 that for certain cases, a super-PoissoRianan be
obtained without a positiv&,;5(w=0). This calls for a thor-
ough analysis of the relation betweEn and S;5(w=0).

To this end, in this article, we investigate in detail the
physical origin of the positive cross correlations found in
Refs. 34 and 35. The essential ingredient is the existence
Coulomb interactions on the daiNote that in a spin valve Lo :
connected to ferromagnetic leads, in which there are rl(gor a normal fermionic circuit with a perfect voltage bias.

charging effects, the cross correlations where found to b(\a/el-ghg &rgsrﬁg:hzgr;ﬁclzl%rgsgrlizig r?f/;clzgo:c\)/?.thseegﬂzr-]olrlb(ijt(:\]
negative)®® In the limit where only onesingly occupiedl P P

orbital level of the dot transports current, positive cross Cor_problem. This one-orbital problem is analyzed for two dif-

relations are caused by a mechanism of dynamical SpiF}erent configurations. First, the case of ferromagnetic leads

blockade which can occur when spin degeneracy is Ii1‘ted‘.'Jlrld zero magnetic fielq i.s treated in Sec. lll. Secqnd!y, thg
Simply speaking, up and down spins tunnel through the dofase of a Zeeman splitting created by a magnetic field is

with different rates. Due to the Coulomb interaction, thetreated in Sec. IV. In Sec. V, we show how to map the two-

spins which tunnel with a lower rate modulate the transporf;rb'tal spin-degenerate problem onto the one-orbital prob-

through the opposite spin channel, leading to a bunching o m.

tunneling events. We show how this bunching can lead to a Il. MODEL AND GENERAL DESCRIPTION
super-PoissoniaR, or a positiveS;5(w=0). (Table | gives a FOR THE ONE-ORBITAL CASE
summary of the conditions for which these properties can be
obtained) In the limit of equal polarization of the output A. Model

leadsand high bias voltage, the electronic transport is unidi- We consider a quantum dot connected to three ldads
rectional and the division of current between the two outputse {1,2, 3, through tunnel junctions with capacitan&@sand

is the same for the two spin directions. This leads in thenet spin-independent tunneling ratgs(Fig. 1). The leads
one-orbital case to a simple relatipgpee Eq(25)] between are magnetically polarized in collinear directions. We also
F, andS;5(w=0): a super-PoissoniaR, is automatically as- assume that the dot is subject to a magnetic fietbllinear
sociated with a positivé, ;(w=0). However, in general, this to the lead polarizations. A voltage bissis applied to leads
relation is not fulfilled even for a one-orbital dot. In particu- 1 and 3 whereas lead 2 is connected to ground. The voltage
lar, in the case where the leads of the one-orbital dot ar® is considered as positive, such that it is energetically more
paramagnetic and where spin degeneracy is lifted by a madavorable for electrons to go from the input electrode 2 to the
netic field, a positiveS;5(w=0) can only be obtained in an output electrodes 1 or 3 than in the opposite direction. In this
intermediary voltage range where relati(#b) is not valid.  section, we also assume that
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kBT,/.LBB,eV< Ec,AE, (1)

where the charging enerds-=€?/2C of the dot depends on
C=3,;C;, and whereAE is the intrinsic level spacing of the
dot. According to Eq(1), only one orbital level of the dot,
with energyEg, needs to be taken into account to describ

pied. In this situation, there are three possible stétés the
dot: either empty, i.e.iy=0, or occupied with one electron
with spinoe{1, | }, i.e., y=0c. The magnetic field® induces
a Zeeman splitting of the level according B )=Eq+(
-)gugB/2, whereug=€fi/2m is the Bohr magneton. In this
article, we will assumé=0, i.e., the up-spin level is ener-

getically lower than the down-spin level in the presence of a

magnetic field. The collinear magnetic polarizatidhof the

e
the current transport, and this level cannot be doubly occu-
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— T, +T, _(IT+T7)
Po= P " RN
it R4 MEIDSACOES i) P
with 7,=27j,, for e {1, 1}, and
Po=1-p;-p;. (6)

These probabilities can be used to calculate the average
value(l;) of the tunneling currenk;(t) through junctionj as

{1N=Z 1.0, where(lj,(,):Ee(If’(,) is the average current of
electrons with sping, and

<| je,(r> = eerje(rHA(U',—e) . (7)

Here,A(o, ¢) is the state of the dot after the tunneling of an

leads are taken into account by using spin-dependent tunnedectron with spino in the directione, i.e., A(o,-1)=0 and

ing rates y;;=v(1+P;) and y;;=v(1-Pj). In a simple

Alo,+1)=0.

model, the spin dependence is a consequence of the different The frequency spectrum of the noise correlations can be

densities of states for electrons with up and down spins in th
leads3” The rate for an electron to tunnel on/off the det
=+/-1) through junctionj is then given by

I, = 7,/{1 + exd e(E, — eV))/kgT1}, (2

where V,;=V3;=-C,V/C and V,=(C;+C3)V/C. Here, we
took the Fermi energiz-=0 for lead 2 as a reference. On the

Blefined as

Sj(w) = J_ dtC;;(expliwt), (8)

where

Cij(t) = (ALi(DAI;(0)) + (AL(0)Al(1)) 9

dot, there can be spin-flip scattering, due for instance to spin-

orbit coupling or to magnetic impurities. According to the
detailed balance rule, we write the spin-flip rates as

FTl: ’)/SfeX%'F )

for the | — 1 transition and

L= yet exp(—
B. Master equation treatment

gugB
2kgT

gueB
2kgT

for the T — | transition.

In the sequential-tunneling limitiy;,<kgT, electronic

transport through the dot can be described by the master

equatior’

p;(t) A ()
dt p () [=M|p(1) [, (3
Po(t) Po(t)

where p,(t), #e{1,],0}, is the instantaneous occupation
probability of stateys at timet, and where

o "hife Iy I
_ - +

- - + +

I N Rt

depends on the total ratd =%;I';,. This master equation
treatment relies on a Markovian approximation valid for fre-
quencies w lower than malgT,min,;(|E,—eVi|)]/#.38
From Eq.(3), the stationary occupation probabilitipg are

and Al;(t)=1,(t)=(I;). Following the method developed in
Ref. 27, we can write this spectrum as

Si(@) =85+ S (w), (10
with §ch=20 och andscj(w)zzw,acmjg,(w). Here,
Seh=2e> (I )] (12)

is the Schottky noise associated to the tunneling of electrons
with spin o through junctionj and, from Eq(3),

Sca,j o’ (w)

ez - 2 €€ [T5,Gn0-) Ao @)L, Paor o

+ Ff;r@Aw',—e'),A(me)(‘ o)f Paw-gl, (12)
with
G(w) = - Rd(iwl +M)™] (13

and| the identity matrix. We also define, for later use, the
spin components of;(w):

S(r,j(r’(w) = 5” 5(rrr’§u(':h+ sca,ja"(w) '

Due to the existence of the stationary solutiﬁlrﬁ):o, the
matrix M has only two nonzero eigenvalugs and\_, i.e.,
Muv.=N\.vs, given by

(14)

1 —
==(-A+JA’-40)<0,

E

with
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A=T +T +y + BC
nwrtpTnTy, V?<L)=V6—(+) Qg ’
and 2e(C,+Cy)
0= +T. (T +v) +T +TH =TT associated to theé(]) levels, respectively, because we con-
m “A( L) Ty + I =T A siderB>0 only. We expecF, andF 5 to show strong varia-
Then, the matrixM can be written in the formM tions forV=\59"E0

~ N ~ A ~ (D)
=R I(\.E,+\_E_)R, whereR is a reversible %X 3 matrix,
and E, ) is a 3x3 matrix with the element 1 at the first C. Time-domain analysis
(secongi row and first(secongl column. Accordingly,G(w) The correlation functior€;;(t) can be obtained from the
can be written as inverse Fourier transform of EqgL0), (11), and(16):
. A A o S
= + 1 Cij(t) = &;8)S"+ >, ——exp(-|t/]\g). 17
G0)= 2t e (15) i(0= 8,005+ 2 oexa-[tad). (A7
with A*=-\,R'E,R. Therefore, we have In the sequential tunneling limit, tunneling events occur one
N h s by one, thus
Sw)=2 51, (16) lim C;(t) = - 2(1,)(1;) < 0. (18)
s=+ W + )\S t0*

where§; follows from Eqgs.(12) and(15). The total Schottky [et us first focus on the spin-degenerate case, thalff ,

noise S through junctionj is a white noise due to the =If, for j € {1,2,3. In this case, the eigenvectars. of M

hypothesis of instantaneous tunneling. For a single j“nCtio%or]respond to the spin/charge excitations of the system

biased by a voltage source, one would get only this termva[1 ~1,0, v_~[1,1,-7), and\,,_ to their relaxation
However, in the spectrurty;(w), interactions do not come rates. This is directly connected to the fact that in the spin-
into pIa_y only through the frequency-dependent tetif). degenerate cas§’ =0, thusS;(w)- 4, his a Lorentzian
In_te_ractlons also mod|fy the values of the_ter(h]%) dete_r- function and¢; (t)J—5.j 5(t)s19ch:$ exp—[t|\_)/2]x_|. This
anlng thehSchottky f(;'se'chNﬁcte thfat it high frequenaé;es last equation implies that, for aély timé,,(t) - 8(t)S;°" and
|)‘S§|;(E\f)\;e f,:/es‘i(w)_ 'J'Sis - It we furt ermor.e ass.um , C15(t) keep the same sign, which is negative according to Eq.
>Vl §=2e[(1))] thusS(w) becomes Poissonian, i.e., (18). Thus, in the spin-degenerate one-orbital céses al-

Sj(“’):29|<|i>|5ii- ways sub-Poissonian arfél; always negative. When spin
In the three-terminal case studied here, we will be interdegeneracy is liftedy.,- both become a linear combination
ested in the input Fano factor of the charge and spin excitations. Thus, ha\fig: 0 is not
S w=0) forbidden anymore. Equationid7) and (18) altogether with
Fo= =, I\ <I\_| imply that if Sj(w=0)>5;S, one hasS; <0
2&(l2) andS} >0. Therefore, in the one-orbital case, a positive sign
and in the output cross-Fano factor for F,~S3? 2e(1,) andFy3 can only be due to terms ix,.
: The results obtained fag;;(t) can be put in perspective
Fia= M with some fundamental quantities such as the average dwell
2¢(1) time t, of spinso on the dot and the average delgybe-

tween the occupancy of the dot by two consecutive electrons.

We also define the resonance voltages .
9 These quantities can be calculated §/=0 as

C
Vo = |Eol— 4
0=1Eq| eC, = Aep, (19
S
and i
C
Vo=lBdgcacy and
1+C3 4,
Since we considey >0 only, atB=0, for E, positive(nega- o= —E . (20
tive), the dot orbital arrives at resonance with the Fermi level j SS

of the input(the output® wheanvg("). If a magnetic field .
is applied, each of these voltage resonances is split into twdhe noiser(ée>aches its high-voltage limit onV@Vﬁ?;( 0
_ S| . _ _ . . .
resonances =max,(V3I"=0) with V;?X—Vj'a.nd Vinax=V7- In this limit,
the current transport is unidirectional, i.gl; )=0 and

BC
\fm):va+(—)g§B (I}"U):O and for anyj X o e{1,3}X{1,|}. Thus, Eqs(19)
eC and(20) lead toty=1/2vy, andt,=1/(y,,+ vs,). The average
and number
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Sl right to left in Fig. ) even in the highv limit. When prop-
Nb = <Sch (21)  erty (25) is verified, a super-Poissonigsub-PoissonianF,
L is automatically associated with positiy@egative zero-
of up spins crossing the input junction between two consecuffequency cross correlations. However, Secs. Il and 1V,

tive down spins forys=0, which becomes,=1,/1, for ~ which also treat this one-orbital case, illustrate that when
V>Vf;?arf<E°), is also of importance. It can be used to calculateP; # Pz or stﬁqgarf(EO), property(25) is not valid anymore,

the average duration and in particular a super-Poissonigncan be obtained with-
B out a positiveF,3. In Sec. IV B,F, andF,5 even show varia-
ty =Nty + (Np + Do (22)  tions which arequalitativelydifferent: F, displays a voltage

between the occupation of the dot by two consecutive dowfieSonance not present . Thus, even for the one-orbital
spins for y4=0. In Sec. Ill C, the analysis af;;(t) will be gu.antum dot C|rcu_|t_stud|ed here, the three—termmgl problem
supplemented by simulating numerically the time evolution!S IN general not trivially connected to the two-terminal prob-
of the spinoy,; Of the dot. As expected, these simulations arelem. o ) o o

in agreement with the results obtained from the master equa- 1€ main ingredients for deriving EG5) are the unidi-

tion approach, but their interest is to allow a visualization off€ctionality of current transport and a division of current be-
Taold)- tween the two outputs identical for the two spin directions.

One can wonder whether any tunnel-junction circuit with a
geometry analogous to that of Fig. 1 satisfies prop€2by
D. Relation betweenF; and Fy3 for V> V395 and P, =P;. Indeed, it is sometimes the case.
The average input currefit,) and the input Fano factor For instance, Borliret al. have studied af=0 a normal-
F, in a three-terminal device correspond to the average cumetal island too large to have charging effects, connected,
rent and the Fano factor in a two-terminal device where thdhrough tunnel junctions, to one superconducting or normal
output leads 1 and 3 are replaced by an effective output witHPut lead and to two normal output leads with=P;=0
a net spin-independent tunneling rate y,+ y; and with an ~ Placed at the same output potentiaFor this system, in both
effective polarizatiorP,=(y;P1+ vsP3)/ %. Then, one fun- _the hybrid and the normal cases, a relation analog tqZ5).
damental question to answer is whether there is a simplt fulfilled, provided y,/y; is replaced byg,/gs, whereg,
relation betweerF, and Fy5 in the three-terminal circuit. andgs are the conductances of the output junctions. In spite

Charge conservation and the finite dispersiofogf(t)| lead ~ ©f this, Eq.(25) is not universal even for spin-degenerate
t0?7 tunnel-junction circuits. This can be shown by considering

the circuit of Fig. 1, withB=0, P,=P,=P;=0 and a two-
Sy (w=0)=S;1(w=0) + S33(w=0) + 2S;5(w=0). orbital dot (Sec. V). In this case, the division of currents
(23) between the two outputs will generally depend on the orbital
considered, because of the different spatial extensions of the
At high voltagesv>vfng£f°), the unidirectionality of current orbitals and of the asymmetric positions of the output leads
transport and the average-currents conservation Ie@% with respect to them¥ One has to assume that the division of

=S+ S5 In this limit, Egs.(10) and(23) imply that currents between leads 1 and 3 is independent of the orbital
considered in order to recover prope at Vs> 9o
SHw=0)=S (= 0) + Syw=0) + 254w =0). prope(Bo)

max

(24) E. Influence of screening currents at non-zero frequencies

Since the voltage bias is the same for leads 1 and 3, we have The total instantaneous currem}f"(t) passing through
I'54/T'5 o= 716! 73, fOr €=%1. Then, in our singly-occupied branchj includes the tunneling currer(t) but also the

one-orbital case, Eq$12) and(24) lead to screening currents needed to guarantee the electrostatic equi-
librium of the capacitors after a tunneling event through any
Y16+ Y30) Vi + V367) . . : .
SAw=0)= >, Lo~ P07 Mo - T30 S o (0=0). junctioni € {1,2,3. However, screening currents contribute
o Y10 Y30 73T neither to the average valyé®) of the total current{*(t),

i.e., (1I1°)=(Ij), nor to the low frequency part of the total
current correlations§™(w), i.e., §(w)=S;(w=0) for ||
<|\,|, because, in average, the screening currents due to
Y173 tunneling through the different junctions compensate each
V (25) other at zero frequenaigee, for instance, Ref).1Screening

t currents contribute t&(w) only onceS;(w) deviates from

In summary, for the one-orbital circuit studied here, thereits zero-frequency limit. In the following, we will assume
exists a simple relation betweén andF,;;whenP;=P3zand  that the cutoff frequenci\,| is much larger than the inverse
V> Vﬁ?arf(EO). Note that the derivation of proper{25) requires  of the collective response times associated to the charging of
neither y4=0, nor B=0. On the contrary, the voltage-bias the capacitors. This is equivalent to assuming that, on the
configuration used is crucial. Indeed, if the three leads 1, 2ime scale on whicloy.(t) varies, any charge variation of the

3, were for instance biased at voltagésv/2 and 0, respec- dot triggers instantaneously the screening currents needed for
tively, the current transport would not be unidirectioia.  its compensation:

If we furthermore assum@,=P5, the ratio y,,/ va,=y1/ v3
is independent ofr and

Fiz=(F,-1)
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I ~4—P=P-P-0 0.06
e P —a—P=PP.-06
100 [OTESD  menenon)adivhurinrine o b P05
—8—P=-P=P =06 0.04
1,=7,/50 = 1,/10
E>0, 7,0 0.02
a
& Fia
i leads13  lead2 | e 4 L R LT T oy oy 0.00
N 05f
v
-0.02
¥,= 1,50 = 1,/10, v,=0 ‘
——P=P=P=0 00 05 10 15 0 1 2
—8—P =P =P =0.6 . N
1 2 3
—A—-P-P-P-06 . VIV, VIV,
[ V>>V
—e—P=-P=P =06 0
09 o5 15 T TN FIG. 3. Input Fano factoF,=S,5(w=0)/2el, (left pane} and
VIV * T hr output cross-Fano factét; 3= S, 3(w=0)/2el, between leads 1 and 3

(right pane) as a function of the bias voltagé for y4=0. The

FIG. 2. Left panel: Current-voltage characteristic of the circuit curves are shown for the same circuit parameters as in Fig. 2. When
of Fig. 1, for E;>0, C;=C,=C3, y;=7,/50=y5/10, kgT/|E| P,=P,=P3 (squarey F, is different from that of the paramagnetic
=0.1,B=0, and different values of lead polarizations. The averagecase (diamond$ in contrast to what happens fdi,). At high
current{l,) through lead 2 is plotted in units of its paramagnetic enough voltages, the cross correlations are positive in the cases
high voltage limitey,=2ey, %/ (% +2y2) with %=7,+vs; the volt- ~ P;=-P,=P3=0.6 (circles andP,;=P,=P3=0.6. Note that the sign
age in units of the resonance voltayg (see Sec. Il B For Py of the cross correlations can be reversed by changing the sign of
=P,=P; (square} (l,) coincides with the paramagnetic caska- The case P;=P,=P3=0.6 (triangleg illustrates that having a
monds. In the other cases, the high-voltage limit @) can be  super-Poissoniak, is not sufficient to obtain a positivig; 3.
larger or smaller than the paramagnetic value, depending on the
lead pola_lrization_s. The inset shows the (_alectro_chemical potentials ifthe typical voltage dependence of the average input current
the circuit. NotatiorEg refers to the Fermi level in lead @n all the (1) is shown in the left panel of Fig. 2. This current is

pl.OtS’ potentials are shown f.or t.he case yvhere the d(.)t Is eT'npty'exponentially suppressed at low voltages, increases around
Right panel: Influence of spin-flip scattering in the high-voltage . .
o - L r . . “““the voltageVy and saturates at higher voltages. The width on
limit V>V;. Here, the spin-flip scatterring ratg; is expressed in hich (1.) . . f th d AV~ 10k TC/(C
units of y. Spin-flip scattering makes tH&,)(V) curve tend to the whic 2 \_/a”es IS 0_ 'e order o B e 1
paramagnetic one. ".'Cs)- The high-voltage limit ofl,) depend; on the polariza-
tions P; and ratesy, but not on the capacitanc€s because
the tunneling rates saturate at high voltafgese Eq(2)]. For

I}ot(t) =15(t) - Eiz 1(t). (26) the paramagnetic case, this limit is
I
. . o __ 2y
According to this approximation, the total current correla- e?’p—e%+ 27, (28)

tions Sj"t(cu), including screening currents, can be written as
In this last expressiony, is weighted by a factor 2 to ac-

S%Mw) =, <5m - g)(gjm - El>snm(w)- (27)  count for both the populations of up and down spins arriving
. nm C C from the input lead. The ratg,=v;+ 75 is not weighted by

. . . such a factor because there can be only one electron at a time
The sign of these total current cross-correlations is not

trivial. This problem is addressed in Sec. Il E.

E~0,1=1/50=1/10, 1,50 V>sV,'
IIl. ONE-ORBITAL QUANTUM DOT CONNECTED TO i SO
FERROMAGNETIC LEADS, IN THE ABSENCE - —A—-P 2P P06
OF A MAGNETIC FIELD “p 005p ~Pi=PP06
Here, we focus on the one-orbital case introduced in Sec. E
II, for B=0 and magnetically polarized leads. In the absence ¢ 000fs—s—s—s—s <
of a magnetic field, one single resonance is expected in the — \
voltage characteristics, fov=V:9"%. Figures 2-7 show oosk . . NS S
curves for a constant value of the polarization amplitudes 0.0 05 1.0 15 0 1 2
|P1|=|P,|=|P4|=0.6. This corresponds, for instance, to hav- VIV T/
ing the different leads made out of the same ferromagnetic
material. FIG. 4. Zero-frequency cross correlatioSg(w=0) between

leads 1 and 3 as a function of the bias voltagéor y,=0 (left

pane) and as a function o, for V>V (right pane). The curves

are shown for the same circuit parameters as in Fig. 2. In the para-
We first consider the case in which the orbital lefzglis magnetic casédiamonds, spin-flip scattering has no effect. In the

above the Fermi level of the leads at equilibri&,>0). limit of large y4;, cross correlations tend to the paramagnetic value.

A. Zero-frequency results for Eq>0
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j E<0,1,=0 & P=PzP-0
1.0 ¥,=1,/50 =v,/10 —%—P=P=P,=06
20 —A—.P=P,=P 06
nee ey & P=-PPo06
| \-\.\Hi—-—.—
F, |l
> 15 a
(] Y
\AN 0.5+ Ao saaal
vV leads 1,3 lead 2 \\‘_H_“* 00 000000
%= 1/50 = 1/10, 4,0 T S 3
o =P,=P,=0 .
—8—P=P-P_-06 . Lt e . . .
—A—-P =P,=P =06 0.0 05 1.0 15 0.0 0.5 1.0 15 2.0
® P=-P-P-06 . N
0.0 Limaima . ot VIV, A
0.0 0.5 1.0 1.5 2.0
VNo FIG. 6. Input Fano factoF, and cross-Fano factdf,; as a

o o ) function of the bias voltag¥. The curves are shown for the same
FIG. 5. Current-voltage characteristic of the circuit of Fig. 1 for qjrcit parameters as in Fig. 5.

Eo<0. The polarizations, tunnel rates, capacitances, and reduced
temperaturekgT/|Eg| used are the same as in Fig. 2, plotted for

Ey>0. The results differ from the cagg> 0 only for V=V, paramagnetic case, the high-voltage limitFef lies in the

interval [1/2,1], and that ofF,5in [-1/8,0]. In the ferro-

on the dot, which can tunnel to the output leads with the totamagnetic case, the high-voltage limitlf can be either sub-
rate y%. For a sample with magnetic contacts, the high-or super-Poissonian, as already pointed out in the two-
voltage limit of(I,) can be higher or lower thagy,, depend-  terminal cas_é? Spin accumulation is not a necessary condi-
ing on the parameters considered. Indeed, \ferV;, we  tion for having a super-Poissonidfy, as can be seen for
have [5(Py,P;,P3)=15(0,0,0=e%,Pou{0uo), Where Py P1=P,=P3, where(oy,y =0. Negative differential resistance
=(Pyy1+P3y3)/ v is the net output lead polarization, and iS Not necessary eithgsee casd>;=P,=P;=0.6 in Figs. 2
where (o) =1(P,—P,,) is the average spin of the dot. @nd 3. Cross correlations can be either positive or negative
Here, v is a positive function of the polarizations, tunneling d€Pending on the parameters considered, as shown by Figs. 3
and scattering rates, which tends to 0 at lasge For P, anq 4. Interestmgly, the sign of cross correlations can be
=P,=P,, the current is the same as in the paramagnetic casitched by reversing th_e magnetization of one contact. The
because the populations of spin are matched between tf&S€P1=P2=Ps=0.6 of Figs. 3 and 4 corresponds to a super-
input and the output, thur,,)=0. Having a saturation cur- fmssonlaan and a posmve_ Fia Th(_e case P1:P2; P

rent different from the paramagnetic case requibeg# 0 =0.6 shows that a super-Poissonigpis not automatically

and (a4 # 0. When Pyl >|Ps|, the high-voltage limit of associated with positive output cross correlations. In this
do ' ou 20 case, the cross correlations are even more negative than in

(1) is lower than that of the paramagnetic case because tl}ﬁe paramagnetic case. This will be explained physically in

spins in minority at the output block the dot, which leads togee |11 .

a (ogop With the same sign asPq,. In this case(l,) can The effect of spin-flip scattering 0B,5(w=0) is shown in
show negative differential resistance abov§; due to the  ine right panel of Fig. 4. In the paramagnetic case, spin-flip
deblockade of the dot by thermal fluctuations which can Sen@cattering has no effect 0Bi5(w=0). In the ferromagnetic
back the blocking spins to electrode 2 fér=Vg (Ref. 30 ;g0 wheny, is of the order of the tunneling rateS;s(w

(see the casB,=-P,=P;=0.6 in Fig. 3. Spin-flip scattering =0) i dified. In the hi limit lati tend
modifies the(l,) (V) curve onceyg; is of the order of the ) is modified. In the highys limit, cross correlations ten

tunneling rates. It suppresses spin accumulation and makes : ; ;
the(l,) (V) curve tend to the paramagnetic one. 010k Eﬂgﬁ_gz/fg jg3/1045.=0

Figure 3 shows=, andF,3 as a function oV for y4=0. ' PP
We also show in Fig. 4 the zero-frequency cross correlations
S,3(w=0) because it is the signal measured in practice. Well
below Vg, S;3(w=0) is exponentially suppressed similar to
(l,) because there are very few tunneling events. In this re-
gime, the dot is empty most of the time, and when an elec-
tron arrives on the dot, it leaves it with a much higher rate:
the electronic transport is limited only by thermally activated -0.05
tunneling through junction 2. Tunneling events are thus un-
correlated and-, is Poissonian, with a unitary plateau fol- 0.0 0.5 1.0 1.5 20
lowing the thermal divergencekgT/eV occurring atV=0. VIV
For the same reasonk; 3 displays a zero plateau after a
polarization-dependent thermal peak ¥t0. Around V FIG. 7. Zero-frequency current cross correlati®s(w=0) be-
=V, Fy, F13, andS;5(w=0) strongly vary. The high-voltage tween leads 1 and 3 as a function of the bias voltdg&he curves
limit depends on tunneling rates and polarizations. In theare shown for the same circuit parameters as in Fig. 5.
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TABLE Il. Top: Zero-frequency output cross correlatioBs(w=0) and its spin contribution§,; 3, (@
=0), division|,/13, of spin currents between leads 1 and 3, and average numgloéiup spins crossing the
input junction between two consecutive down spins, for the high-voltage Wrﬁit\/é”gE") of the cases
studied in Secs. lll A and Ill BFigs. 2—7. Bottom: Probabilitiep,, and comparison of the different times-
cales of the system, for the same paramef@iise summation rulegs) and(10) are not exactly verified by

the values given in this table because of the limitation in the number of digits.

case S;z/€yp, Sua/€vp Sua/€¥ Sus/€v Sus/€w lully luylls ™

* -0.030 -0.007 -0.007 -0.007 -0.007 0.1 0.1 1

| 0.121 0.149 -0.013 -0.007 -0.007 0.1 0.1 4

A -0.048 0.026 -0.029 -0.003 -0.042 0.025 0.4 4

[ J 0.011 0.005 -0.001 0.008 0.008 0.1 0.1 0.25

case Py Py Po Vbt Yot Yolo  to¥p W/ vl [N

] 0.450 0.450 0.100 0.90 0.90 0.10 1.10 0.09 0.90
| 0.450 0.450 0.099 0.56 2.25 0.10 2.75 0.09 1.46
A 0.516 0.378 0.106 0.60 1.77 0.10 2.91 0.09 1.31
[ J 0.056 0.895 0.049 0.563 2.25 0.10 0.26 0.09 0.68

C. Interpretation of these zero-frequency results:
Dynamical spin blockade

to the paramagnetic case for any value of the polarizations.
Thus, strong spin-flip scattering suppresses positive cross
correlations. However, in practice, it is possible to make
quantum dots connected to ferromagnetic leads with spin-ﬂirr)e
rates much smaller than the tunneling rai®se for instance
Ref. 40. Hence, spin-flip scattering should not be an ob-
stacle for observing positive cross correlations
quantum-dot circuit studied here.

In this section, we provide a physical explanation for the
sults of Secs. Ill A and Il B, in the high-voltage limit
>\V9"€0 | where the sign o, does not matter. This analysis
in therelies on the evaluation of _quan_tities Qefined in Secs. Il A
and Il B (Table Il), on numerical simulations of the temporal

evolution of the spinyy,; of the dot(Fig. 8) and on plots of

7-

B. Zero-frequency results for Eq<0

7,= 1,/50 = 1/10, 1,20, V>>V "
We now discuss the case in which the orbital lekglis " e P=PP0
below the Fermi level of the leads at equilibriuii, < 0).
First, in the low voltage limit in which very few electrons
can flow through the devicél,) andS;5(w=0) exponentially
tend to zero as in the cagg >0 (Figs. 5 and Y. However,
for F, andF 3, the results diffe(Fig. 6). Above the XzT/eV
thermal peak, the low voltage plateaufef is always super-
Poissonian foP,;# 0. Above a polarization-dependent ther-
mal peak,F;3 displays a low voltage plateau which is either
negative or positive. This features indicate a correlated trans-
fer of charges in spite of the thermally activated limit. In
fact, for V<V,, the dot is occupied most of the time and the
electronic transport is limited by thermally activated tunnel-

¢ P=P=P=0

ing through the output junctions 1 and 3. In these conditions, i e

| U T U N N
contrarily to what happens fd,> 0, the polarization of the I ® P=-P=P=06
. 05|
output leads comes into play even fér— 0. Indeed, when

Poui# 0, the spins in minority at the output have less chances

(o3

to leave the dot under the effect of thermal fluctuations. In
the intermediate voltage ranye=\,, the quantitiesl,), F,
F13 andS;5(w=0) differ from the caseE,>0. However, at

-0.5

dot 0.0 H

N 1 .
10

——
1 " 1 " 1
20 30 40 50
t
o

V>V, they take the same values as &y>0 andV> V.

In this high-voltage limit, the effect of spin flip scattering is
identical to that of the casEy>0. In particular, the right
panels of Figs. 2 and 4 are also valid f85<0.

FIG. 8. Numerical simulation of the spiny, of the dot as a
function of time in the IimitV>V§"gE°), for the different cases

considered in Figs. 2—-7.
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caused by dynamical spin-blockade lead again to a super-
PoissoniarfF,. However, less up electrons flow through lead

o
=)

1 than in the previous case because the polariz&®iphas
A, I been reversedseel,;/l3 in Table ). Hence, the positive
7\( r term S;; 3;(w=0) is not large enough to lead to a positive
v ] Sis(w=0).
8 osf Y1=_gz/\5/° =V73f,‘_°' ] In the caseP;=-P,=P;=0.6(circles in Table I}, there is
=3 e poptpo ] still dynamical spin blockade, as shown fhy>t, in Table II.
o +p:=p:=pz=0.6 ] This dynamical spin blockade induces again a bunching of
—4—-P=P,=P =06 | the tunneling of up spingseeS;; 3;(w=0)>0 in Table II.
8~ Py=-P=P;=06 However, the up-up correlations are much weaker than in the
Y Y T v —— P,=P,=P;=0.6 case due to the minority of up spins at the
ty input. Another positive contribution to the cross correlations
P stems from the up-down termgsee S, 3_,(w=0)>0 in

FIG. 9. Time dependence @,(t) in the IimitV»\/(s)nLLiEo), for Ta_ble 1. Ir_] fact, since lthe average numbay;O.ZS of up
the different cases considered in Figs. 2—7. Note@att) is given  SPINS passing consecutively through the dot is very fowe

in units of -C;5(t=0)=2(1,)(13), which depends on the polarization Navet,<t,. Then, each up spin is positively correlated to the
values. first down spin preceding hirtsee Fig. 9. As a result, dy-

namical spin-blockade now produces a bunching of tunnel-
ing events responsible for up-up and up-down correlations.
The correlation functiorC,4(t) differs from that of the case
£1=P>=P3=0.6 in the sense that it decreases more quickly
after its maximum, due to the smaller valuetgf However,
contrarily to the caseé?;=P,=P3;=0.6, the decay time of
C,4(t) is much larger that,, due to large fluctuations in the

the correlation function€,5(t) (Fig. 9.

Let us first focus on the cad® =P,=P;=0.6 (squares in
Table Il). For these values of lead polarization, up spins ar
in the majority at the output. Thus, the dwell times of down
spins on the dot is longer than that of up spibs>t; in

Table Il). However, one hap =p; thus (o4,»=0. This is ber of sni bunch with ;

because, =1, is perfectly compensated by the fact that, duelr]nucljz)nirluosiosr? Ir\];epk?;veuggenvﬁlfgatr?nsgﬁcthe cg.szess(tFrgétz)d here

to P,>0, electrons are in the majority Ig(t). Propert N . e : '
2 up I jority 150 perty tthe super-Poissonian value Bf and the positive sign df 3

t,>t, suggests that the up spins can flow through the do . . .
I~ 4 - -
only in short time windows where the current transport is nott 2" be explained from the dynamical spin-blockade mecha

blocked by a down spin. This situation of “dynamical spin nism which induces a bunching of the tunneling events.
blockade” is responsible for a bunching of the tunneling D. Effect of tunneling asymmetry

events associated to the up spins, as confirmed by the nu-
merical simulations ofryy(t) (Fig. 8). The average number
of up spins grouped in a “bunch” corresponds to the quantit
n, given in Table Il (see Ref. 41 On the one hand, the
phenomenon of up spins bunching is very strong since, her
n,=4. On the other hand, one can see that the positive sig
of Sj3(w=0) stems from the up-up correlationfsee
Si1,31(w=0)>0 in Table Il|. Therefore, one question to an-
swer is whether the positive sign 8f;(w=0) can be attrib-

We now address the problem of how to choose parameters
hat favor the observation of positive cross correlations in the
erromagnetic case treated here. First, from Sec. Il C, finite

éead polarizations are necessary. However, it is possible to

Qet positive cross correlations evenRf=0, provided the

output of the device is sufficiently polarized. For instance, in

the high-voltage limitvs\V39"® " choosingP,=P;, P,=0,

and y,=0 leads to

uted to this bunching of up-spin tunneling events. For that 16€?y1Y5y5(1 = PA[PI(2y, + 1) — Wl
purpose, we have plotted the correlation functg(t) (Fig. Sis(w=0)= 2+ (1= Py ]

9) and compared it to the characteristic time scales of the 2y, pd

electronic transport. The correlation functi@qs(t) is nega- (29

tive for times shorter thatapproximately the average delay |, this limit, the current(l,) is not spin polarized, i.e.,

ty between the occupancy of thg_dot by two consecutivr—_z elec ,)=(l, ), because up and down spins have the same prob-
trons. ThenC,5(t) becomes positive and reaches a maximum ik A
at a time comparable to the average de between the ability to enter the dot, regardless of what happens at the

: P : verag ket ; output. The case where the three electrodes are polarized in
passage of two up spins on the dot. Eventualys(t) is

) the same direction leads to a higher positfyg(w=0) be-
s_trongly decr?ased ?t times of the order of _the average dur%éuse spin accumulation is suppresgec.)=0). Indeed, in
tion t, of the “bunch” of spins. Hence, the time dependenceth high-volt limit. chooSiNB. = P-=P. and vo=0 lead
of Ci4(t) allows us to attribute the positive value 8fy(w e high-voltage limit, choosing,=P,=P; and y,=0 leads
=0) to the bunching of tunneling events caused by dynamicaﬁ
spin blockade. The same reasoning can be made to explain 16e2'y1'y§'y3[P§(2y2+ ) — %l
the super-Poissonian value B (data not shown Sixw=0) = 2v,+ 731-P9) (30)

In the case P;=P,=P,;=0.6 (triangles in Table I\, the Wer2m % !
temporal evolution ofryy; (see Fig. 8is qualitatively similar  The asymmetry between the tunneling raje$as a strong
to that of the casd,=P,=P;=0.6, thus up-up correlations influence on the cross correlations. From E2)), the case
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0.2F y /4 =1, 5, 20, Infinity

from bottom to top
0.1
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FIG. 10. Influence of the asymmetry betweepn and y; on
Si3(w=0), forV>V§gr(E°), P1=P3=P3, y;=73, andys=0. Accord-
ing to Eq.(30), for these parameter§;z(w=0) is always positive
for high enough values d?;. Large ratiosy,/7y favor positive cross

correlations by extending the positivity domain to lower polariza-

tion values. In the limity,>y, the curve tends tdS3(w=0)
=4y,73Pi€? n(1-PY).

of symmetric output junctions, i.ey; =3, is the most favor-
able configuration for getting a larg8;5(w=0)>0 when
P,=P,=P3.*2In addition, choosing large values @/ y, de-
creases,, which allows to extend the domain of positive
cross correlations to smaller values of polarizatigfig. 10).
This is important because ferromagnetic materials are us
ally not fully polarized(see, for instance, Ref. 43

E. Finite frequency results

Equation(16) gives the frequency dependenceSp(w).
The spectrunB;;(w) deviates from its zero frequency limit
for o=|\,|. In the caseS 5(w=0) >0, propertieg\,|<|\_|,
C14(t=0)<0, S;3>0 andS;<0 (see Sec. Il Cimply that
cross correlations always turn to negative wheimcreases.
Then, for frequencies larger than_|, S;5(w) tends to zero
(see Fig. 11

Equation (27) gives the expression of the total current
cross correlation§%(w) measured in practice, including the

Y= 1,/50 =1,/10 010
0.10 1,20, V>»V, " o
—€—P=P=P=0 NQ 0.05
—8—P=PP-06 3
>.°' -P=P,=P =06 2 0.00 R
NCD 0.05 —8—P =-P=P=06
- -
’§ 00% 0 20 30 40
= ofy,
¢y 0.00

FIG. 11. Frequency dependence $f(w) in the high-voltage
limit V>V39“E°), for the different cases considered in Figs. 2—7.
The inset shows the same data for a larger frequency scale.
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contribution of screening currents. The spectr8ff{w) dif-

fers from S5(w) only for w=|\,|. At large frequencieso
>|\_|, S3(w) become a linear mixture of the Schottky
noises through the three junctions. If we furthermore assume
VsV current conservation leads to

%w) 1,C 1,C
%:?(Cl—CZ—C3)+3C—21(C3—C1—C2).
This limit depends on the values 6f considered, in contrast
to what happens fo§j(w). It can be positive as well as
negative depending on the values of parameters. H5or
:PZ:P3:O.6, 71:72/50:’)/3/10, C1:C2:C3, and V
>V§9"EO), one has a crossover from positive to negative
cross-correlations as increaseg S%(w=0)/e’y,=+0.121
and S%(w>|\_|)/€?y,~=-0.222. But the opposite situation
is also possible. For instance, witR,=P,=P;=0,
=,/50=y5/10, C;=C,=C4/5, and V>V9"¥ one has
S%(w=0)/€?y,=-0.030<0 and Sw>\_|)/ey,
=+0.019>0. For other positive cross correlations due to
screening currents, see Ref. 25. We recall that the results
shown in this section are valid if the Markovian approxima-
tion holds, i.e., herdiw<min(|E;—eVi|).3 The results for
the correlations of°(t) are furthermore valid only fo
larger than the characteristic frequencies associated to the
uc_harging of the capacitorsee Sec. Il k

F. Comments

In spite of the large variety of proposals for getting posi-
tive cross correlations in mesoscopic systems, this effect has
not been observed experimentally yet. We believe that the
mechanism proposed in Sec. lll can be implemented with
present techniques. Far=vy,/10=1y3, the polarizations,
=P,=P5;=0.4 typical for Co(Ref. 43 lead to positive cross
correlations of the order ofS3/€y,,=0.08. With Yo
=5 GHz, this corresponds to a current noise level of
102° A?s. The maximum differential conductance of the
sample depends on temperaturek(l,)/dV~e?y,(C,
+C;)/5kgTC. Assuming thaff=20 mK andC;=C,=Cg, one
obtains (d(l,)/dV)"*~h/€?. This leads to a voltage noise
level measurable with existing voltage noise-amplification
techniqueg®#4

One difficulty of this experiment is connecting three leads
to a very small structure. We believe that a multiwall carbon
nanotube(MWNT) contacted by ferromagnetic leads could
be an interesting candidate for implementing a three-terminal
device. The question of whether a MWNT splits into two
quantum dots when three contacts are evaporated on top it is
still open. However, given that the intrinsic level spacing of
a MWNT connected to two leads seems to be determined by
its total length rather than by the separation between the
leads?® a three-terminal quantum dot structure seems fea-
sible. In addition, it has been demonstrated experimentally
that contacting ferromagnetic leads to a MWNT is possible.

Interestingly, a different mechanism, proposed by Sauret
and Feinberg, can also lead to positive current cross correla-
tions in a quantum-dot circuit connected to ferromagnetic
leads?” This work also considers current transport through
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one single orbital of the dot. For certain bias voltages larggion of whether it is possible to obtain positive cross corre-
enough to allow a double occupation of this orbital, the Pauliations without using ferromagnetic leads is of great interest.
principle induces positive correlations between up and dowiWe thus consider in Secs. IV A and IV B the one-orbital case
spins. This so-called mechanism of “opposite-spin bunchingintroduced in Sec. II, wittP;=P,=P;=0 andB + 0.

is antagonist to our mechanism of dynamical spin blockade At B0, two resonances are expectadpriori in the
which requires that the orbital can be only singly occupiedvonage characteristics, for=\V391E and V:Vfg“EO). The

However, with both mechanisms, positive cross correlationg, . Sgn(Eg) —n : _
) i ) X > f =
can be obtained only when the two spin channels do noEmIt V= Vg, © and y=0 is the same as in the=0 case

; . : ecause the tunneling rates saturate at high voltages. In par-
transport current mt_:iependently, i.e., when cha(glng eﬁeCtﬁcular from Egs.(25) 9(28) and(30), we ha?/e in thi% limit P
are relevant® We point out that in the three-terminal geom- ' e ’ '

etry of Fig. 1, the opposite-spin bunching proposed by Sauret 4y§ + %2

et al. allows us to get positive output cross correlations in 2= T,

spite of a sub-Poissonian input Fano factor. This feature, (7 +272)

added to our findings, shows that positive output cross cor-

relations and a super-Poissonian input Fano factor can be Fia= - 4y17273 (31)

obtainedseparatelyfor a quantum dot connected to ferro-
magnetic leads. Nevertheless, the opposite-spin bunchi
proposed by Sauredt al. can lead to positive cross correla-
tions between the total currents through leads 1 and 3 onl
when the output leads astrongly polarized in opposite di-

rections, in order to filter the weak up-down positive cros
correlations induced by this effect. In practice, this is very

Nn+2y)?

n'Phis means that here, a super-Poissorftighand positive
ross correlations can appear only at lower voltages, for
hich the case&,>0 andE,< 0 differ significantly. Note
that due toP,=P,=P5;=0, one obtains from Eqg4) and
(12):

difficult to achieve with usual ferromagnetic materiés. yvivs { > v, vi1 Eo V B
Note that the dynamical spin blockade studied in this ar- Si3= —f<——u‘—ﬁ???> (32
ticle is unrelated with another mechanism called “spin block- N LA

ade,” observed in many semiconductor quantum dots experaccording to Eq.(32), for a constant value ofy, ;=73
ments(see Ref. 49, and references theyeifhis other spin-  allows to maximizeS,4|. Therefore, in this section, we will
blockade refers to the suppression of peaks expected in thgtot curves fory,=ys.

| -V characteristics of a quantum dot for independent single
electron states, but not observed due to quantum mechanical

: . A. Zero-frequency results for Eq>0
spin selection rules.

We first briefly comment the case in which the two Zee-

IV. ONE-ORBITAL QUANTUM DOT IN A MAGNETIC man sublevels are above the Fermi energy at equilibrium
FIELD, CONNECTED TO THREE (i.e., E;(;)>0). The current and noise voltage characteristics
PARAMAGNETIC LEADS obtained in this situation were already discussed in Ref. 51

In view of the experimental difficulties for connecting fer- for the two-terminal case. As in Sec. Ill A, far<V7, (1)
romagnetic leads to semiconductor quantum &otise ques-

1.0

0.0 L
0.0

FIG. 13. Zero-frequency current cross correlatiSpgw=0) be-
FIG. 12. Average currefi,) as a function of the bias voltagé  tween leads 1 and 3 as a function of the bias volédder the same
for Eq>0, P;=P,=P3=0, C;=C,=Cs, ;=73 kgT/|Ey=0.05, circuit parameters as in Fig. 12. Inset: Fano faétarThese curves
gugB/|Egl=1, and different values of,/y. These curves display display two steps, foV:V}' andV:VI. Above the thermal peak,
two steps, foN:V’{ andV:V’I. The inset shows electrochemical for y4=0, one haf,<1 andS;5(w=0)<0 for any values of the
potentials in the circuit. parameters.
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. leads13 lead2 || |
- e
H U
00 > 1 |> 1
) 1 2

FIG. 14. Current-voltage characteristic of the circuit of Fig. 1
for E0<O, P1:P2:P3:0, Cl:C2:C3, Y1= VY3 kBT/|Eo|:005,
gugB/|Eg|=1, and different values of the asymmetpy y;, between

the input and the output. These curves display only one step, for
V=V,. The inset shows the electrochemical potentials in the

circuit.

and S;5(w=0) are exponentially small anB, is Poissonian
with a thermal peak a¥ — 0, followed by a unitary plateau
(Figs. 12 and 18 Then, the curvesl,), F, and S;5(w=0)
show two steps correspondingVe=V: and therV=V|. We
have verified analytically that, above the thermal peak, fo
=0, one has,<1 andF;3<0 for any values of the pa-
rameters. FOIV<VI, the curreni(l,) is spin polarized, an
effect which allows to do spin filtering with a nearly 100%
efficiency??53

B. Zero-frequency results for Eq<0

sublevels are below the Fermi energy at equilibrigre.,
E;()<0). To our knowledge, the current noise in this con-

r

PHYSICAL REVIEW B70, 115315(2004)

tion does not take into account the symmetries that the prob-
lem takes for certain particular cases. Here, from @8),
P,=P,=P5;=0 implies that property25) is also valid at any

V above the thermal peak when> v,.

The inequalityt, =1/yy; # t;=1/xy for x#y suggests the
possibility of obtaining again dynamical spin blockade. To
study the situation accurately, we will consider the simple
limit kgT<gugB, i.e., the up-spins channel starts to conduct
for voltages such that down spin can flow only from the right
to the left. This means that for the first voltage transition
=V (i.e.,y=1/2), we havex<1 and it is enough to con-
sider low order developments dF,), F,, and F;3 with re-
spect tox:

(1) = 222, 2, (34)
Yt
Fp= 253% 4 g, (35)
Nt e
and
F e WHA@L= O W@P] g

N+ ) 9%

for v4=0. Transport through the upper level is energetically
allowed fory>1/2. However, since we have assumed
<1, from Eq.(34), (l,) remains very small throughout the
V=V transition: the dot is blocked by up spins, thus down
spins cannot cross the dot. Even if the current is very low,
this leads to dynamical spin blockade and thus to a super-
Poissoniarf,, except in the limity,> y, [see Eq(35)]. Ac-
cordingly, F13 can be positive for certain tunneling rate
asymmetrie§Eq. (36)]. The factorF,; shows a step around

r\/zVI, due to they dependence in Eq36), wheread~ is

constant throughout thé=V/ transition. This implies a re-
distribution of the zero-frequency noise betwegn(w=0),

figuration has never been studied before, even for a tW0333(a)_0) and S(w=0) when the thresholdv=V_ is
=0), = =V

terminal device. We will first study analytically what hap-
pens above the thermal peak, i&V>kgT. In this limit, one
can write the tunneling rates aB;,=v,, I',=0, I'j3,
=x713,  13=(1X7n@, g =yne, and Ty,
=(1-y)y13, wherex=1/{1+exg—(E;-eVy)/kgT]} andy
=1/{1+exg—(E,—eVy)/kgT]}. The hypothesi®>0 implies
thatx<y. First, forV< Vi, we havex— 0 andy— 0. Then,
the parameters andy go from 0 to 1 while the voltage

crossed[see EQ.(23)]. The absence of step fdf, can be
attributed to the unidirectionality of tunneling through junc-
tion 2. Indeedx— 0 means thaF, depends only o, and
Go,j()) [see Eqgs(7) and(12)]. Now, for V=V, the contri-
bution of these terms is independentyofand thus orV) at
first order inx, becausep, and G ;(|, are already forced to
very low values due to the— 0 hypothesis. On the contrary,
Fi3 also depends op; | andG, o with e {7, | ,0}. Forx

increases. Fov=V| i.e.,y=1/2, theupper Zeeman sublevel _,Q, these last terms depend stronglyyon

is at resonance with the Fermi level of the output leads 1 and For k;T<gugB, the second possible voltage transition
3. Then, forv=V, i.e.x=1/2, thelower Zeeman sublevel is V=V; (i.e.,x=1/2) can be described by taking the linyit
at resonance with the outputs, as represented by the levely where

diagram in Fig. 14.

The assumptions made on the rates lead to 2exXy, v

(p=—""""7, (37
Y173 27t ya(14%)
Fi3= ﬁ[?’z(Fz -1+ nx+y-2)]. (33
- £ gy N1+ (1-%%y,] a8
In Sec. Il, we have shown that relatio25) betweenF, and 2~ (38)

+ (1 +%)]?
F.3is always valid at high voltagege, x,y~ 1 herg for the Lyx vl a

single-orbital problem witiP;=P,=P3. But this demonstra- and
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# 105 « /=5 '
E/<0, guB=IE| 2 . L
1=y V=0 ? 0.1 “‘: i
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FIG. 15. Input Fano factdf, (left pane) and output cross-Fano 0.0 0.5 1.0 ) 15 20
factor F3 (right panej as a function of the bias voltagé for the V/VD
same circuit parameters as in Fig. 14. In all curygs 0. The Fano
factor F, shows only one step fov=V; whereasF;3 shows two FIG. 16. Zero-frequency current cross-correlatidhs(w=0)
steps, forV=V| andV=V,. F, can be super-Poissonian afgh between leads 1 and 3 as a function of the bias voli#ager the
positive for certain values of,/ v andV (see text same circuit parameters as in Fig. 14 and different values of junc-
tion asymmetry. The inset shows the effect of a magnetic Beflor
ol ;=5 andy,=0.
_ Y1Y3 1 5 3 2I'N sf
13= 2[2(1 -X) Y2 .
V2 vl v+ (L+X)ys] negative because andt, tend to the same value. Note that

3 the casey,/ %,=1/2 andV; <V <V; is one more illustration
(1= T o= 21 -y~ (10 %] that it is possible to havéz superIPoissonian arfel ;< 0.
(39 It is also interesting to look a®;5(w=0) which is the
signal measured in practiogig. 16). Similar to (l,), the
for y4=0. Around V=V, the blockade of the dot by up Cross correlationsS;5(w=0) are exponentially small foV
spins is partially lifted and transport through both levels is=V/, thus the first voltage step &3 is not visible on the
allowed. The average input currefit) thus increases with scale of Fig. 16. Cross correlations have a significant varia-
voltage(i.e., with x) [see Eq(37)]. On the opposite of what tion around the voltag¥'=V/, for which the blockade of the
happens in Sec. IV A, the average curréhb is not spin  dot by up spins is partially lifted. Whep, > », this variation
polarized because up and down spin have the same probabfonsists of a positive peak consistent with the positive pla-
ity to enter the dot. The factoiS, andF,; both show a step t€au found forFy; The maximum positiveS,3(w=0) ob-
through theV=V/; transition(as indicated by theix depen-  tained at this peak is of the same order as the maximum
dency and tend at high voltages to the usual sub-Poissoniafis(@=0) predicted in the ferromagnetic case for comparable
values. junction asymmetrieésee Sec. Ill . Note that the height of
We now turn to the discussion of the general results disthe peak is independent of temperature as long agBds
played in Figs. 14-17, obtained from an exact treatment ofulfilled, whereas its width, which is approximateV, de-
the full Master equation. Figure 14 shows the full voltagePends on temperature. At high voltagds(w=0) is always
dependence di,). As expected from Eq$34) and(37), this
current shows a single step ®t=V., an effect observed
experimentally*-56The width on which(l,) varies is of the
order of AV~ 10kgTC/eC,, whereas the position of the step
varies only slightly with the asymmetry of the junctiofibe e
maximal variation is abouAV’ ~0.7kgTC/eC,). "
The left panel of Fig. 15 shows the voltage dependence of £ 4
F,. The low-voltage divergence &%, is again a result of the 3 -
dominating thermal noise in the limisT=eV. As expected ) st/yt_jo’ 5_'310 ’
from Egs. (35) and (38), F, shows one single step at o 5.107, 10
=V, surrounded by two plateaus, and the low voltage pla-
teau of F, is super-Poissonian because>t; induces dy-

0.1

{E,<0, guB=IE |
Y= B/ =S

namical spin blockadéxcept in the limity,> v,). The right 0.1 >

panel of Fig. 15 shows the voltage dependencé @f As 1.0 1.5

expected from Eqs(36) and (39), F,3 shows two steps at VN

V=V| and thenV=V,, andF3 can be positive at low volt- 0

ages, due again to>t;. The first plateau displayed %3 is FIG. 17. Effect of spin flip scattering on the current cross cor-

. [r=
positive for y,> y(1+y5)/2 and the second foy,> ¥, as  relations between leads 1 and 3 for the same circuit parameters as in
can be seen from E@36). The high-voltage plateau &f3iS  Fig. 16 andy,/ %=5.
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negative, in agreement with the behaviorkqg. 027 T g —T
Since the positive cross correlations found in this work r E<0, guB=IEl . .

are due to dynamical spin blockade, we expect a strong de- L v,=7, v,/ %=5, 1,=0 E

pendence on the magnetic field. The inset of Fig. 16 shows [

the voltage dependence 8fy(w=0) around the stepy/;, for 0.1 - : B

pe
a fixed temperature, a tunneling asymmetry/ =5, and NQ
various magnetic fields. The amplitude of the positive peak &
first increases wittB and then saturates once the Zeeman 4
splitting of the levels is much larger than the thermal smear- =
S
o

ing of the resonancedse., gugB=8kgT). The peak then sim- ;

ply shifts to larger bias voltagesé while B increases. Figure PP-P=

17 shows the effect of spin-flip scattering on the cross cor- L 0,041 0_5 0?3 05

relations. Spin flips modify the positive peak Bfzw=0) S RN —

when I’y =y expgusB/ 2kgT) ~ %, see Eq.(4). As ex- 0.4 b i . R

pected, a strong spin-flip scattering suppresses all spin ef- 1.2 .

fects and turns the positive cros correlations to negative. It is V/V

thus preferable to useBnot larger than BT when spin flip

scattering is critical. FIG. 18. Zero-frequency current cross correlations between

leads 1 and 3 as a function of the bias voltage for the same circuit

parameters as in Fig. 16,/ y%,=5 andy4=0. The full line corre-

. o . sponds to the case;=P,=P3;=0 shown in Fig. 16 and the dashed
There is a strong qualitative difference between the ferrogines to finite values 0P,=P,=Ps.

magnetic case of Sec. Ill and tiB# 0 case of Sec. IV: in

Sec. IV we have obtained positive cross correlations in th . o .

form of a peak around a resonance voltage whereas in Se € correspond_lng polarizations. Note_ that for semlcondugtor

lll, positive cross correlations reach their maximum abovequantum dots in the few electron regime, the time eVO'!“'O“

the resonance voltage. of |ogof can be measured by coupling the dotsto a single
In practice, we can imagine to tune the bias voltage e!ectron transistor or a quantum point cqnﬁ?cﬁ _In the

such that different orbital levels will transport current Suc_hlgh-\_/oltage I'm'F V\_/here current transport is gn|d|rect|onal,

tudying the statistics dbry.(t)| would give a direct access

cessively while the gate voltage of the dot is swept, leadin ; ts 100 low 1o b d with standard
to an effectivek, oscillating between positive and negative 0 Spy{w) for currents too low to be measured with standar

values. In this situation, the results of Secs. IV A and Vv glechniques.
indicate the possibility of having the sign 8f;(w=0) which
oscillates with the gate voltage. V. TWO-ORBITAL SPIN-DEGENERATE QUANTUM
MWNT's could be possible candidates for observing this DOT CIRCUIT
effect. However, lateral semiconductor quantum dots seem
even more attractive. The fabrication technology of lateral A- Mapping onto the one-orbital non-spin-degenerate case
semiconductor quantum dots allows to engineer more than \we now consider the quantum dot circuit of Fig. 1 with
two leads just by adjusting a lithography pattesee, for >0, connected to paramagnetic led&s=P,=P;=0) and
instance, Ref. 3P Another advantage of these structures isyith no magnetic fieldB=0). We assume that two different
that the asymmetry of the tunnel junctions, which is verygpjtals levelsa and b of the dot are accessible for current
critical for getting dynamical spin blockade, can be con-yansport(see Fig. 1§ but we still consider that the dot
trolled just by changing the voltage of the gates delimiting.gnnot pe doubly occupied. We defing,, as the net tun-
them. In addition, it has been shown that the spin-flip rateneling rate between leadand the orbital orle {a,b}. This
can be very low in semiconductor quantum cR$t8’ How-
ever, implementing the model of Sec. IV requires that the E 0
leads can be considered as unpolarized, which is not obvious =10 oo b S
in these systems if the magnetic field is not applied locally to S
the dot but to the whole circuit. In certain cases, the magnetic orb a
field can induce a significant spin polarization at the edges of
the two-dimensional electron gas, leading to different net
tunneling ratesy; ; and y; | for up and down sping¥°8%In
an extremely simplified approach, we have taken this effect
into account with finite polarization®,;=P,=P5 with the leads 1.3 load 2
same sign a8 (see Fig. 18 The positive peak 05;5(w ’
=0) is suppressed whil®, increases because the tunneling  FiG. 19. Electrochemical potentials for a quantum dot con-
rates of spins which blocked the dot f85=P,=P3=0 in-  nected to three paramagnetic leads and subject to no magnetic field,
crease. However, this positive peak is replaced by a highwith two different orbitals levelsa and b accessible for current
voltage positive limit simply identical to that of Sec. Il for transport.

.............

C. Comments
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problem is spin degenerate and can thus be treated withodiynamical channel blockade. This effect should be observ-
the spin degree of freedom, which is replaced by the orbitahble in semiconductor quantum dots. The advantage of tak-
degree of freedom. The rate for an electron to tunnel betweeimg B=0 is that the problem of spurious lead polarization
lead j and the orbital level “orb” in directiore is I'f,;,  evoked in Sec. IV is suppressed. Whense)E,+E¢| and

=% ot/ (L +exd e(Eqp—eVj)/KgT]), whereE,y, is the intrin- =0, the two channels conduct current independently, thus
sic energy of the orbital level “orb.” This problem can be dynamical channel blockade is suppressed and the positive
treated in the sequential tunneling limit with a Master equa<ross correlations disappe@see, Eq.(40) and Ref. 48

tion analog to Eq.3). There is in fact a direct mapping WhenAE<KkgT, cross correlations are always negative in a
between this problem and that described in Sec. Il. We willspin-degenerate three-terminal quantum dot placed in the se-
assume thaE, < E,, so that the orbitala andb will play the ~ quential tunneling limi€® Therefore, our hypothesidE
roles of the Zeeman sublevelsand | of Sec. Il, where >kgT is also necessary to obtain positive cross correlations
B>0. One has to replace the parameters of the previous this device. In fact, whelAE<KkgT, the electron leaving

problem by the dot at a given time is not necessarily the one which
entered the dot just before, in spite of &E.: channel ef-
Ei) — Baw» fects are suppressed.
Note that a super-Poissonian Fano factor can also be ob-
Yiat Yib tained in a spin-degenerate circuit based on two biterminal
Yi— 2 (40) quantum dotgor localized impurity stateglaced in parallel
and coupled electrostatically to each otffef®If one of the
o dots is charged, the other cannot transport current because of
P, _fﬁzM'—b, the Coulomb repulsion. The dot which changes its occu-
Yiat Yib pancy with a lower rate modulates the current through the
other one, which leads to a dynamical channel-blockade
Y11(11) — Yabiba)- analogous to what we found. The possibility to get positive

. ) i cross correlations in these systems was not investigated, but
This mapping shows that one can obtain a SUpPergec v of the present article suggests it.
PoissonianF, or a positiveF,3 in this two-orbital system.

This result demonstrates that interactions can lead to zero-
frequency positive cross correlations in a normal quantum VI. CONCLUSION

dot circuit even without lifting spin degeneracy. Note that in  \yie have considered noise in a three-terminal quantum dot
practice, ,,= 7, IS not obvious because of the different gperated as a beam splitter. In this system, a super-
spatial extensions of thg orbitaﬂsee,_ for instance, Refs. 39 Poissonian input Fano factor is not equivalent to zero-
and 53. This problem is thus equivalent to a one-orbital frequency positive output cross correlations. We have studied
BroEIem withB#0 and with finite effective polarizations nree different ways to get these two effects, due to the
P.,P»,P3 which can be close to £1. Positive cross correla-mechanism of dynamical channel blockade. The first two
tions can be expected either at the resonance associateddwategies consist in involving only one orbital of the dot in
level b (for E,<0) or in the plateau following this reso- the electronic transport and lifting spin degeneracy, either by
nance, depending on the paramet@ese, for instance, Figs. using ferromagnetic leads or by applying a magnetic field to
18). the dot. We have furthermore shown that lifting spin degen-
eracy is not necessary anymore when two orbitals of the dot
B. Comments are involved in the current transport. These results show that

. . ne can get zero-frequency positive cross correlations due to
In the one-orbital ferromagnetic case, we have shown tha 9 q yp

. ) . S Interactions inside a beam splitter circuit even if this is a
the simple relation25) betweenF, and Fy3 is valid in the o S, )
high-voltage limit only wherP, = P,. Therefore, according to spin-degenerate normal fermionic circuit with a perfect volt

the mapping indicated in Sec. V A, in the two-orbital case,au‘:]e bias.

relation (25) is valid in the high-voltage limit only ifP,

=P3, i.e., v1a/ v32= v1p! ¥3p- HENCE, the conditions of valid-

ity of property (25) found in Sec. Il D for the one-orbital We thank H. A. Engel, K. Ensslin, M. Governale, H.

system(i.e., same polarization for the two output leads andGrabert, R. Hanson, T. Kontos, R. Leturcq, B. Reulet, |. Safi,

high-voltage limi) cannot be generalized to the two-orbital P. Samuelsson, and B. Trauzettel for interesting discussions.

case. We are particularly indebted to M. Buttiker for raising the
In the spin-degenerate case treated here, positive crosgiestion which led us to consider the case treated in Sec. V.

correlations stem from the partial blockade of an electronicThis work was financially supported by the RTN Spintronics,

channel by another one, thus we suggest to call this effedty the Swiss NSF and the NCCR Nanoscience.
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