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Three-terminal transport through a quantum dot in the Kondo regime:
Conductance, dephasing, and current-current correlations
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We investigate the nonequilibrium transport properties of a three-terminal quantum dot in the strongly
interacting limit. At low temperatures, a Kondo resonance arises from the antiferromagnetic coupling between
the localized electron in the quantum dot and the conduction electrons in source and drain leads. It is known
that the local density of states is accessible through the differential conductance measure@watakie
coupled third lead. Here, we consider the multiterminal current-current correlatisimst noise and cross
correlations measured at two different termifal¥/e discuss the dependence of the current correlations on a
number of external parameters: bias voltage, magnetic field, and magnetization of the leads. When the Kondo
resonance is split by fixing the voltage bias between two leads, the shot noise shows a nontrivial dependence
on the voltage applied to the third lead. We show that the cross correlations of the current are more sensitive
than the conductance to the appearance of an external magnetic field. When the leads are ferromagnetic and
their magnetizations point along opposite directions, we find a reduction of the cross correlations. Moreover,
we report on the effect of dephasing in the Kondo state for a two-terminal geometry when the third lead plays
the role of a fictitious voltage probe.
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I. INTRODUCTION In this work, we mimic, in a phenomenological way, the
effect of dephasing on the transport properties of a two-

The Kondo effect represents a distinguished example oferminal quantum dot in the Kondo regime by introducing a
strong many-body correlations in condensed matter physicsfictitious voltage probe.

Over the last 15 years, much effort has been made in under- Now, in the absence of dephasing, the building block of
standing the implications of the Kondo effect on the scatterthe Kondo resonance is a narrow pe@i width ~kgTy)
ing properties of phase-coherent conductors. Indeed, thgroundEx in the local density of stated DOS) of the dot.
electric transport through a quantum dot connected to twgjowever, full quantum-dot spectroscopy of the LD©&h-
terminals becomes highly correlated when the temperature not be accomplished with a two-terminal transport setup. In
is lowered below a characteristic energy scale given bysarticular, one cannot gain experimental access to the pre-
ks Tk.” At equilibrium, the Kondo temperatuf depends on  dicted large voltage induced splitting of the LDOS when
the parameters of the system, i.e., the coupling of the dot te\_,> k;T,.”1°A way to circumvent this problem is by at-
the external leads due to tunneling, the dot onsite repulsiogaching a third lead, as demonstrated independently by Sun
(charging energyand the position of the resonant level rela- and Gud! and Lebanon and Schillé?.In subsequent labo-
tive to the Fermi energ¥e. All of them can be tuned in & ratory work, De Francescht all3 observed a split Kondo
controlled way? resonance by employing a slightly modified technique—one
In a quantum dot with a sufficiently large charging energyof the leads was replaced by a narrow wire driven out of
(U>kgT) and a single energy level well beloi, the dy-  equilibrium where left and right moving carriers have differ-
namics of the quasilocalized electron becomes almost frozegnt electrochemical potentials.
Therefore, a quantum dot can be viewed as an artificial real- Motivated in part by the works cited in the preceding
ization (at the nanoscaleof a magnetic impurity with spin  paragraph, we are concerned in this paper as well with the
S=1/2. At very low temperature$T <Ty), charge fluctua- nonequilibrium Kondo physics and the fluctuations of the
tions in the dot are suppressed and there arises an effectiv@rrent through a quantum dot attached to three leads. As is
antiferromagnetic interaction between the electrons of thevell known, the investigation of the current-current correla-
reservoir and th&=1/2 localized moment. Remarkably, the tions in mesoscopic conductors has been a fruitful area of
measured conductance reaches the maximum value for research? Nevertheless, there are still very scarce applica-
quantum channee?/h) and the dot appears to be perfectly tions to strongly correlated systems as the shot noise is a
transparent when a small voltag¥,, is applied between the purely nonequilibriumproperty, and thus more difficult to
source and the drain contacts. Nevertheless, the coherent careat. HershfieltP calculates the zero-frequency shot noise
related motion of the delocalized electrons forming theusing perturbation theory in the charging enefgalid when
Kondo cloud can be disturbed when either the bias voltage athe Kondo correlations are not large; e.g., Bt Ty).
the temperature are of the order Bf. In such a case, the Yamaguchi and Kawamutachoose the tunneling part of the
many-body wave function of the Kondo state is expected tdHamiltonian as the perturbing parameter. Ding andNg
suffer fromdephasingleading to a decrease in the conduc- study the frequency dependence of the noise by means of the
tance. This issue has recently attracted a lot of attefitidn. equation-of-motion methodalso reliable forT>Ty). Meir
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scattering theory applied to a Breit-Wigner resonance with
renormalized parameters. Section Il is devoted to the results.
First, we assume that the third lead is a fictitious voltage
probe and investigate the effect of dephasing with increasing
coupling to the probe. Then, we consider that lead as a real
electrode and relate the differential conductance measured at
one electrode with the local density of state®OS) of the
artificial Kondo impurity. We show next that the sign of the
cross correlations of the current is negative, as expected from
FIG. 1. The system under consideration. The central island is &€ fermionic character of the Kondo correlations at very low

resonant level coupled to three leads. The level may be shifte(emperature. Moreover, we discuss the effect of bias voltage,
through a capacitative coupling to a gate. In the limit of a vanish-€xternal magnetic fields, and spin-polarized tunneling in the
ingly small capacitance, double occupancy in the dot is forbidderross correlations. We finish this section with an investiga-
and Kondo effect can arise. The current-current cross correlationdon of the effect of spin polarized transport in the shot noise.
are measured between leads 2 and 3. Finally, Sec. IV contains our conclusions.

and GoluB® perform an exhaustive study of the influence of Il. MODEL
bias voltage in the shot noise of a quantum dot in the Kondo
regime. Dong and Lé&¥ discuss the effect on the shot noise
of both external magnetic fields and particle-hole symmetr
breaking. Avishaket al?° calculate the Fano factor when the
leads ares-wave superconductors whereas the case o
p-wave superconductivity is treated by Aomat al?! The
authorg? examine the behavior of the Fano factor at zero,, _ + t Tt
temperature when the formation of the Kondo resonanceH = 2 SrarChaoCiar + 2 forlufs + 2 Valaob' o+ He)
competes with the presence of ferromagnetic leads and spin-
flip processes. L6peet al2® make use of the two-impurity + )\<bTb+ >, - 1>, (1)
Anderson Hamiltonian to address the shot noise in double o

quantum dot systems. To the best of our knowledge, a studyherec! (c,,) is the creatior(annihilation operator de-
of the current fluctuations in a multiprobe Kondo impurity is scribing an electronic statewith spino={, | } and energy
still missing. Thl_s is the gap we yvgnt to fill here. _ dispersione,,, in the lead a={1,2,3, sq, is the (spin-
In mesoscopic conductor_s, Biittikésshows that the sign pendentenergy level in the dot an¥,, is the coupling
of the current cross correlations depends on the statistics ﬁf]eatrix element. The original dot seconduiquantization opera-

the carriers. It is positivénegative for bosons(fermiong tors have been re ; o
. . ) . ) . placed in Ed) by a combination of the
due to statistical bunchin@antibunching. This statement is pseudofermion operatd, and the boson field. Hopping

based on a series_ O.f assumptidesy., zero-impedance ex- ff the dot is described by the procaig b'f,: whenever an
ternal circuits, spin-independent transport, normal therm T

- : : g lectron is annihilated by,, an empty state in the dot is

leads. Positive correlations can be found if these conditions + 7 . .
: ! created byb', and thenc enerates an electron with spin

are not metsee Ref. 25 for references on this subjeklere, ¥ ke P

. ) ) . .o in the conduction band of contaat The boson operatdy
we just mention a few studies based on structures involvin

2 . g?b’f) may be regarded as a projection operator onto the
a quantum dot. Bagrets and Nazarogonsider a COUIme acuum(empty) state of the quantum dot. To make sure that
blockaded quantum dot attached to paramagnetic leads . . .
, . a state with double occupancy is never created, a constraint
whereas the ferromagnetic case and the spin-blockade cas

are treated by Cottedt al?’ Borlin et al.,?® and Samuelsson Wi Lagrange multiplien is adde_d to the Ham|lton|_an.
and Biittike?® examine the cross correlations of a chaotic dot  The current operatot, that yields the electronic flow
in the presence of a superconducting lead. In the spinffom leada is given by
dependent case, Sancherz al® find that the sign of the T
cross correlations is affected by Andreev cross reflections. In l,=—[NLH], (2
the context of quantum computation, measuring current cross h
correlations have been shotrto yield a indirect identifica- WhefeNfEkUCIMCkw- The general form of the power spec-
tion of the existence of'streams of entangled pa_lrtlcles. Therqmm of the current fluctuations reads
fore, the cross correlations are a valuable tool in characteriz-
ing the electron transport in phase-coherent conductors. . A -
In this work, we consider electron transport through a Saﬁ(‘*’)zzf dre“({dl (1), 3l 5(0)})
strongly interacting quantum dot attached to three ldade
Fig. 1). Section Il explains the theoretical framewdgtave- _ (o - ~
boson mean-field theoryve use to compute the conductance B Zf dre“T{la(n.150h ~ (Xl (3)
and the current-current correlations. We show that the ex-_
pressions for the cross correlations may be inferred fromdl ,=1,-1, describing the fluctuations of the current away

We model the electric transport through the quantum dot
using the Anderson Hamiltonian in the limit of large onsite
YCoulomb interactior — c. This way we neglect double oc-
upancy in the dot and the Hamiltonian is written in terms of
he slave-boson languatje

kao o kao
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from its average valuk,=(1,). We are interested in the zero- ~ From the precedent arguments and E2).we can easily
frequency limit of S,4(w). Since the energy scaleT in establish an expression for the expectation value of the elec-
5(@).

typical experiments is of the order of 100 mK, the frequen-If'c current

cies should bev=2.4 GHz. Moreover, we shall work at e -

=0 (see belowso that the current will fluctuate due to quan- l,= HE deTgB(e)[fa(e) - fgle], (7)
tum fluctuations only(we disregard thermal fluctuations Bo

which has exactly the same transparent form as the
A. Mean-field approximation Landauer-Biittiker formuf® in the two channel(one per

The mean-field solution of the Hamiltonigh) consists of tS:rlr?) case applied to a double-barrier resonant-iunneling sys-

considering the effect of the boson in an averaged way, re-

placing the true operatdi(t) by its expectation valuéb(t)). T

e . . . . . . . To _ ao é’o’
Within this approximation the Hamiltonian describes nonin- Taﬁ(e) = — = (8)
teracting quasiparticles with renormalized couplings: (€=Zo,)?+T%

ViaV|b| = V. The theory is then suitable for studying the which has a simple Breit-Wigner line shape. For the same
Fermi-liquid fixed point of the Kondo problerfi.e., atT  reason, the quasiparticle density of states is a Lorentzian
<Ty) in which the averaged occupation in the dot is alwaysfynction centered around the Fermi levghe Abrikosov-

1. The dominant fluctuations in the system are those assocyn| resonandeThis result is expected since we are dealing

ated to spin. with a Fermi liquid, but we stress that the physics it contains

the t— oo limit of its equation of motion using the Keldysh pecause:

- ilibrighss p
technique for systems out of equilibridfr? (i) T depends implicitly onb|? and\, and it must then be

~ o self-consistently calculated for each set of parameters: con-
g}r VkaGfa'ktw(t’t) = —ixbf%, (4 tact voltagegV,}, magne_tic fieIdAZ:soT—sol, gate voltage
go(Vy), and lead magnetization.

where Gf’kw(t,t):i<clw(t)f,,(t)> is the lead-dot lesser (i) T is renormalized by Kondo correlatiorias the bare
Green function. Next, we take into account the constraint I' and €9 are.
(i) T has a nontrivial dependence on the bias voltage.
> G (LY =i(1-1]bP), (5) All these features give rise to a number of effects that are
o 77 not seen in a noninteracting resonant-tunneling diode. There
_ et ] ] are many instances: regions of negative differential conduc-
Gy 1 (t,0)=i(f5(D)f,(1)) being the dot lesser Green function. 5nce in the current-voltage characteristics of a double quan-
It yields the nonequilibrium distribution function in the dot. tum dot3” a crossover from Kondo physics to an antiferro-
In evaluating the above Green functions we need the coumagnetic singlet in the two-impurity probletd, an
pling strength given by, (€)= 7=y|Vy,|*8(e—&y40). In the  anomalous sign of the zero-bias magnetoresist&hess.
wide band limit, one neglects the energy dependencE of Below, we discuss another example without counterpart in a
and the hybridization width is taken d3,,=I",,(Ef) for  noninteracting Breit-Wigner resonance: When the Kondo
-D=¢e=<D (D is the high-energy cutoff We note that in the peak splits due to a large bias voltage.
presence of Kondo correlations the lifetime broadening be-

i T = v |2
comes  renormalized’,, — T 4= T2 Vie| O €~ £ar) and B. Current-current correlations
the bare levek,, is shifted togq,=¢q,+\. We can now give

the full expression of the Fourier-transformed lesser Green Ve consider now the current fluctuations given by £3).
at zero frequencyg,;(0). To simplify the notation we intro-

function .
duce Go(w)=Gs ¢ (w) as the dot Green function. After
> T f (6) lengthy algebra, we have
CE 2ia~—2~2, (6) 462 .
(e=Fo,)?+T2 Supl0)= - f del’ oI5| G5 Gg = GiGq fo+ Gy Go(L = fp)
wherel' =% I, is the total hybridization width per spin - G5 Gi(1-f,) +G{)G§fﬁ— GIG3f (1 ~fy)

and f(e)=6(u,—€) is the Fermi function at zero tempera-
ture of leada with electrochemical potentigk,=Eg+eV,.

On the other handG; ,,.(w) can be cast in terms of
G; ¢ (w) with the helpa of the equation of motion of the 9
opcér(étors and then applying the analytical continuation rules ©)

in a complex time contouw Therefore, we obtain a closed This formula (or variations of if has been already em-
system of two nonlinear equatiofi§qgs. (4) and (5)] with  ployed in the literature. West al 38 prove it using the Fisher-
unknowns|b|? and\ to be found self-consistently. Lee-Baranger-Stone relati$hto write the scattering matrix

5
— GLGhf g1 = f,) i1 —L(G5 (1 - ) - Gg f,) |-

=T,
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elements in terms of the retarded Green function of the dot, ==

Gg. Dong and Lef® and Lépezet al? find it in Kondo sye) = 5aﬂ_Mﬁi' (12
problems within a slave-boson mean-field framework. Actu- €="éy, +iT,

ally, in Ref. 23 it is shown that the shot noise in a two-

terminal geometry readS~T(1-T), i.e., the well-known

result for the partition noise, but wittetnormalizedransmis-

sions. Souzat al*° calculate the noise of an ultrasmall mag-

netic tunnel junction by means of E) within a Hartree- 2¢? ~ oo ” e 5

Fock framework. In general, we can say that E) is Sza(O)Z—TE f de{T{,T7d f1 = f3]°+ R3,Tg ] fo = f2]

consistent within mean-field theories. However, some cau- 7

tion is needed if one wishes to go beyond a mean-field level. + 2TO TS 1 — fal[fo— f3l1, (13)

In deriving Eq.(9), one needs to apply Wick theorem, which

is valid only for noninteracting(quasjparticles. More spe- Where R3; is the reflection probabilityin generalR,,=1

cifically, one finds terms that read —-24T,p). Notice that, generally, one cannot write the multi-
lead current-current correlations only in terms of transmis-
sion probabilities as in Eq(13). This was pointed out by

In Eq. (11) the trace T¢...) is over spin indices. The Fermi
functions f, and f, are arbitrary’* Choosingf,=f,=f;, we
obtain

<Clag(t)f0(t)clﬁ(r/(o)fU,(0)> Buttiker;** suggesting the appearance of exchange effects in
noise measurements. Here, because we are dealing with a
= (clw(t)fa(t)XCEBU,(O)f,,,(O)> + (cﬂzw(t)f,,,(O)) (renormalizedl Breit-Wigner resonance, exchange correc-
" tions due to phase differences do not play any role.
X(f4(t)Cyg,(0)). (10) For completeness, we give now the formula for et

noise i.e., the current-current correlations measured at the
same leade.g., lead L Following the way of reasoning that

The first term in the left-hand side corresponds to disconied to Eq.(13) we obtain
nected diagrams that cancel out the teitg)(l 5 of Eq. (3) e o o
whereas the second term contributes to E«I} Therefore,  $,,(0) :TE de{T(er 1= fo12 + TRRY[ - f5]2
the particular Hamiltonian has to be cast first in a quadratic o
form. Zhu and BalatsKy} incorrectly state that Eq9) takes oo 5
into account the many-body effects. Also, it is not clear how +T1oT1d fa = f3]F (14
this formula is inferred within the equation-of-motion
method employed by Lii and Lit3.

In our case, the mean-field approximation is known to be . RESULTS
the leading term in a N expansiorf3 where N=2 is the
spin degeneracy. Therefore, we neglect the fluctuations Oéo
both the boson fleldﬁgzg)) a_nd the renormalization (_)f the The rest of the parameters is changed in Sec. Ill Al E.
resonant leve{ 5\ =0),>**which could be calculated in the 1,6,,ghout this work, we have checked that current conser-
next order. This is valid as long as we restrict ourselves WQation (1,+1,+15=0) is fulfilled.45
the Fermi-liquid fixed point of the Kondo problem. We are
not aware of real IN correction calculations of shot noise.
Although Meir and Golul perform a noncrossing approxi-
mation(NCA), they just substitute the NCA propagators into ke TS = I' =D exp(- mley/2D), (15)
Eg. (9), with the limitations exposed above.

The current-current correlations can be deduced either ugvhich is clearly a nonperturbative result. In E@LS) I
ing Eq.(9) or using the scattering approach for the mu|titer_22i:lra is the total hybridization broadening. The reference
minal case(see Ref. 24 The latter formalism amounts to €nergy will be always set &-=0 and the energy cutoff is
replacing the bare parameters by the renormalized $nes.D=100". The bare level ig,=-6I", deep belowE¢ to en-
We consider the illustrative case of having different electro-sure a pure Kondo regime.
chemical potentials in two leadg,, # uz (€.9.,=2 andg
=3) at zero temperature. We find

In the following, we present results obtained by self-
nsistently solving Eqs4) and (5) for each bias voltage.

Tunneling effects are incorporated at all orders since at
equilibrium the Kondo temperature is found to be

A. Dephasing

Before turning to the determination of current cross corr-
262 elators, we briefly discuss with an application the capabilities
S3(0) =- TE déTr(SzTVSz,sS;&y)(fy— fa)(fs—fp), of three-terminalsetups to illustrate some difficult aspects of
%d the physics of thewo-terminalKondo effect. As mentioned
(11 in the Introduction, we investigate the action of a fictitious
voltage prob#® (say, lead Bin order tosimulatedecoherence
effects on the formation of the Kondo resonance between
where s,; is the renormalized scattering amplitude of aleads 1 and 2/ These contacts play the role of source and
Breit-Wigner resonance drain, respectively. The voltage probe mdfelescribes de-
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FIG. 3. (a) Differential conductanc&, vs bias voltage/; for
go=—6I" (T&=8>< 10°°I"). (b) Dependence of the Kondo tempera-

FIG. 2. (a) Diff tial t i It
G. 2. (a) Differential conductanc&;; vs bias voltage/; as a ture onVy.

function of the bare coupling; to the voltage probéreservoir 3
for I'1=TI", and gg=-6I". (b) Linear conductanc&;,(0) showing
the reduction of the peak i@) vs the coupling to the voltage probe. zero bias we can find from EL7) an analytical expression
The dots are numerical results where the line corresponds to &for the reduction of the peak

analytical formula(see text 2e? 5

coherence because an electron that is absorbed into the probe h 2+I'gl'y

looses its _coherence. The exiting_electron is replaced by aft is shown in Fig. 2b) (full line). In the limit of ['5/T; <1 a
electron(with an unrelated phagénjected by the probe. similar expression for the reduction of the peak was found by

At low temperatures the principal source of dephasing is<aminskiet al,* the source of decoherence being an ac volt-
due to quasielastic scatterify\We consider then a voltage age applied to the dot level.

probe that preserves eneftfyThe current through the volt-
age probe is zero at every energyThus, from Eq.7) the
distribution function at the probe reads

(18

B. Multiterminal conductance

From now on, we consider lead 3 as a real electrode with
_ Taa()fa(e) + Tos(€)fa(e) _ (16)  tunable voltage/s. We setV3=V,=0 and vary the tunneling
Tig(€) + Tage) coupling I's. The self-consistent results of Edg) and (5)

. . . are inserted in Eq(7) to calculate the differential conduc-
We have_to insert this result |_nFo E_o(ﬂ.) and(_5)~and solve tance through lead B,,=dl,/dVy. Figure 3a) showsG,, as
self-consistently fpr the hybridization coqpllngS. and the. a function ofV,. At T'3=0 the conductance &, =0 achieves
resonance levél, in the presence of quasi-elastic scatteringine ynitary limit as in the two-terminal case. With increasing

for eaqh value of _the applied bias voltage. Then we computg,q coupling to third lead3,;(0) decreases. For equal tunnel
numerically the differential conductan€g=dl/dVyy, where couplings (T, =T,=T'5=T"/3), G4,(0) does not reach Iin

1=11=-15 andVs=V,~Va. units of 22/h) but insteadGy;(0)= i i
: . . 11(0)=8/9, in agreement with
Figure 22 showsG for different values of the coupling Ref. 51. This is an immediate consequence of having three

L%éwnpgg?gmzssg;%;;g' vI\:/ﬁircl;lazr(i)s\gse f?g:r?l?hteh’?o\:vn?g:cionleads with identical couplings. Interestingly, the Kondo tem-
of the Kondo resonance évtsd:O. As I'; increases we ob- perature of Fig. @) doesnotvanish abruptly fONl:ZTOK’ as

serve a quenching of the Kondo peak. The dearee of thIénown in the two-terminal cas@ee the casE;=0). This is
d g oft peax. gr an important result as it implies that Kondo correlations sur-
conductance suppression depends on the coupling to the

probe. At each biasy, (which has to be self-consistently vive at large voltages. The effect is reminiscent of the situa-
. 3 = . . _
calculatedl adjusts itself to fulfill the condition of zero net tion found by Aguado and Langréthin tunnel-coupled

current at each energs. Hence,I's is a phenomenological double quantum dots, though the physical origin is clearly

parameter that includes dephasing processes present in t 'é‘:’tht'

quantum dot. To see this, we can write down the current

through, say, lead 1, using Eqg) and (16) C. Sign of current cross correlations: Comparison with a
noninteracting quantum dot

fs(f)

| = €A, f deAg(e)[f1(e) - fo()], (17) We now focus on the current-current correlations of the
AT, +T, current forV;=V,=0 and equal couplings,=I",=I'3=T"/3.

] ] . Later, we shall allow for nonzero voltage differences be-
whereAg(e)=~Im Gy(e)/ m is the LDOS in the dot. Equation tyeen leads 2 and 3. In Fig(a, we show the cross cor-
(17) has the form of~a fo~rmu~la for a two-terminal currght  gjator S,5(0) obtained from Eq(13). As expected Sy is
with Gj(e)=[e=2o+i(I';+T,+T'5)]. Itis straightforward to  zero forV;=0 and negative elsewhere. This reflects the fer-
show that a nonzerb; leads to deviations of Eq17) from  mionic nature of the quasiparticles. For comparison, we plot
the unitary limit. in Fig. 4(b) the corresponding,s for a noninteracting reso-

In Fig. 2(b) we plot the linear conductancg=G(V4=0) nant double-barrier structure with the levelit (of course,

as a function of"'3/T"; from the results found numerically. At for eg=—6I" the spectrunt,; is always very small, as is the
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FIG. 4. (a) Current-current cross correlation measured in leads 2 FIG. 5. Differential conductanc€,; vs bias voltage/; for dif-
and 3,5,5(0), as a function of the bias voltage in the injecting lead ferent values of the voltage differended/= |V2—V3|22T°K.
V;. Kondo correlations involve an increase $f(0) for voltages

larger than Iy. (b) Same aga) for a noninteracting quantum dot tanceGy; as a function ol,. The casé/,=-V;=0 has been
with a resonant level exactly &g. (c) and (d) correspond to the treated before. However, due to the fact that the boson field
Fano factory,; as a function of voltage for the interacting and never vanishes, we can study the situat'tmdz|V2—V3|
noninteracting case respectively. =2T%. As remarked in the Introduction, it has been
argued™*?and experimentally observEtthat in a three-lead
transmissioh In this case, the physics is governed by thegeometry the splitting of the Kondo resonance due to voltage
bare couplingl’ (Ref. 52. On the contrary, in the Kondo is visible, unlike the two-terminal case. Moreover, in Refs.
problem the dominating energy scale Tg. Qualitatively, 12 and 51 it has been noted that the conductabges not
Figs. 4a) and 4b) look the same untiV; ~2T,. The cross sensitive to the strength of the coupling to the third lead,
correlator in the Kondo case increases with voltage while irshowing always a two-peak structure. Of course, only when
the noninteracting cass,; saturates at large voltages. It is the third lead is weakly coupled to the d8t, is a measure
easy to show that the saturation value is given byr/~&l of the LDOS. But since we are interested in the transport
~-0.31(in units of 48°T'/h). The reason for the increase of properties of the system, our choice of equal coupling con-
S,5(0) in Fig. 4(a) is that Ty is voltage dependent unlike the Stants does not affect the results for the conductances and the
barel’, even in the wideband limit. In particular, the current- current-current correlations.
voltage characteristics shows a region of negative differential In Fig. 5 we plot the behavior of the differential conduc-
conductance in the Kondo cagsee Fig. 8a)] whereas it tanceGi;. At AV=0 we obtain the zero-bias anomaly of Fig.
reaches a constant value at large voltages for an nonintera@@. As AV increases,; is split atV,~Tg. Both splitting
ing quantum dot. peaks lie av; ~V; andV;~V,, i.e., when a pair of electro-

To avoid effects due to moderate biases, in what followschemical potentials are aligned. It is also at those points
we shall concentrate on a normaliz8d. We define the Fano Where the Kondo temperature is larger. We emphasize that
factor of S,3 as this effect hasno similitude in the electronic transport

through a noninteracting quantum dot. Still, a mean-field

S3 (19) theory of the Kondo effect as presented here is able to cap-
2e\ﬂ||2|||3|' ture this physics. At the same time that the splittingGpy,

_ _ ) _ ~ develops, the height of the peaks decreases, suppressing the
If the scattering region were a simple barrier of transmissioryero-hias anomaly, although not so strongly as in the

T, 723 would be simply —1. This number changes when thegxperimeni due to the absence of inelastic scattering in this
system under consideration is a quantum dot. In Figa). 4 :ase.

and 4b), we plot Sy; for the Kondo and the noninteracting e now use Eq(13) to calculate the cross correlations
case, respectively. Their corresponding Fano factors argetween leads 2 and 3. The results are presented in @g. 6
shown in Figs. 4c) and 4d). We see that,; has a minimum  The dependence &,; on voltage is rather asymmetric, hin-
atV;=0. Analytically, we findy,3(0)=-4/9=-0.44, which  gering the observation of a clear indication due to the voltage
is in excellent agreement with the numerical result. Like-induced splitting. The asymmetry is caused by the third term
wise, we can assess the limit g; at very high voltages of the right-hand side of Eq13), which is not symmetric
(Vi>Tg). We get y,3=—-2/9=-0.22. As observed, both ynder the operatiol; -V, whenAV>0. That is the rea-
curves tend to this value, though for a noninteracting quanson why we next consider the shot noise in leg® ;] which
tum dot it is more quickly due to the independencd’adn  is an even function of the applied,.
the bias voltage. In Fig. 6(b) we plot the results of Eqi14). We observe
thatS;; atV;=0 is nonvanishing with increasinV, causing
a divergenceof the Fano factor. This is not related to the
Kondo physics but the lead 1 9§ =0 acts as a voltage probe
with zeroimpedance since the net current flowing through it
Now we turn to an exciting case. Consider the bias conis zero. Including the fluctuations of the potentials would
figurationV,=-V3# 0 and determine the differential conduc- probably cancel out the divergence. A consequence of Kondo

Y23=

D. Effect of nonequilibrium splitting
on current-current correlations
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FIG. 6. (a) Cross correlations of the current measured between FIG. 8. Fano factor of the cross correlatgps vs V1/_T& for
leads 2 and 3 for the case treated in Fig(t§.Same aga) for the  different lead magnetization whafy=V;=0. (a) Parallel alignment
shot noise in lead 1. between the magnetizations of the leads with spin polarizations:

p1=p,=p3=p. (b) Antiparallel case wittp;=-p,=-p3=p.

physics is that the minimum &; =0 turns into a maximum. )

This occurs when the splitting i6,; is sharply formedsee  the Kondo effect. However, this change occiefore the

Fig. 5). splitting of the conductanc&,;. Therefore, measuring the
shot noise provideadditional information in this case. The
presence of the splitting would be detected in an experiment
more precisely by means of the shot noise. The underlying
So far we have assumed spin-independent transport. L&gason is that the form of Eq13) differs from that of the

us go back to the bias configuration of Secs. Il B and Ill Ccurrent, which is basically proportional ?ﬁ_z alone, see Eq.
(V,=V3=0) and focus on the spin-dependent transport prop(7). As a result, the width of th&,, resonance is a bit larger
erties. It is customary in the theoretical studies of spin-than they,; antiresonance and the former is then more robust
tronic transport to take into account the influence of externathan the latter against the application of magnetic fields.
magnetic fields and ferromagnetic electrodes, among other _
parameter§? First, we shall change the external Zeeman 2. Ferromagnetic leads
field and then enable the presence of spin-polarized tunnel- There has recently been considerable debate about the in-
ing. fluence of ferromagnetic leads in the Kondo physics of a
quantum doP*-57In Sec.lll E 1, it was clear that an external
1. Magnetic field magnetic field alters the real part of the quantum-dot self-
We assume that the leads are paramagnetic and that tf&€9Y: breaklng the Spin de_ger!eracy. In the case of spin
magnetic field is applied only to the dot, resulting in a Zee-Polarized tunneling, the situation is more sutstiéhen the
man gap of the bare resonant levak=zq —zo,. It is well magnetic moments.of the contacts are ahgn_ed along the same
known that, as a consequence, the Kondo resonance is Spﬂgectlon, the .dgns!ty of states of the Iocallz_ed electron un-
ergoes a splitting if particle-hole symmetry is brok&Re-

whenA,~T27 , ,
2 K cent transport experiments withg&molecules and carbon

Figure Ha) shows the differential conductance,;; for . :
different values of the Zeeman field. The conductance is splifanotubes have addressed this regifrfé.However, in our
case the dot is in the strong coupling limit and the Kondo

and quenched with increasinky, as expected. In Fig.(3), . > .
d iy ; 9.(®) effect is pure in the sense that no charge fluctuations are

we depict the Fano factor of the cross correlajgy. It ex- AN . . )
hibits a very interesting feature. Due to the splitting of thedllowed. Thus, no splitting is expected in the differential con-
ductance.

Kondo peak, the minimum of the cross correlatoVat0 _ :
b 1 ¢ InFig. 8a), we show the cross correlatggs for different

becomes a local maximum, resulting from the suppression o SR .
values of the lead magnetization in the parallel case. This

means thap,=p,=ps;=p, wherep,, is the spin polarization

of lead a. Ferromagnetism in the leads arises through spin-

dependent densities of stateg,(e)=2,8(e—gy,,). Hence,

the linewidths become spin dependent;, =(1+p I,

where +(—) corresponds to up- andlownspins. We prefer

to restrictp, to small values as strong magnetizations would

require a proper treatment of the reduction of the bandwidth

D. We observe thajy; is rather insensitive to changesyrin

the same fashion &3, is in the Fermi-liquid fixed point?

Only at moderate polarizatiorip=0.6) we see that the dip in

v,3 gets narrower because the Kondo temperature decreases
FIG. 7. (a) Differential conductanc&,; vs Vi as a function of ~ as p increase$®%” In addition, y,3 is always negative in

the Zeeman termd, for V,=V3=0. (b) Same aga) for the Fano  contrast to the results obtained in the Coulomb blockade re-

factor of the cross correlatoy,s. gime, wherey,; can take positive valuég.When the spin-

E. Spin-dependent transport and current cross correlations
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flip scattering rate is smaller than the tunneling raig,can  for the decoherence still need to be derived from a micro-

be positive. However, in the Kondo regime this condition isscopic model.

never met because the rate of spin-flip scatteririy Ty is We have not exhausted all the possibilities that the model
always much larger than the tunneling ratel /T. Figure offers and more complicated geometries with appealing re-
8(b) is devoted to the antiparallel cagg=-p,=-ps=p. Ac- sults can be envisaged. One could address the situation with
cordingly, y,3 is lifted with increasing lead polarization be- two injecting and two receiving leads, which could give rise

cause the conductance peak decreases with incregsingto Hanbury Brown-Twiss-like effects. We expect that
(roughly, with a factor 1¢?).22 phase related exchange terms will arise especially at higher

temperaturegT>Ty), when the singlet state between the
localized spin and the conduction electrons is not yet well
IV. CONCLUSION formed. We believe that in the presence of spin-polarized
couplings due to ferromagnetic leads, bunching effects will
In summary, we have investigated the Kondo temperatureye enhanceéf
the differential conductance, and cross correlations of the Improvements of the model should go in the direction of
current when three leads are coupled to an artificial Kondancluding fluctuations of the boson field and of the renormal-
impurity in the Fermi-liquid fixed point of the infinite}  ized level. However, we do not expect large deviations from
Anderson Hamiltonia T<Ty). We have performed a sys- the results reported here wh&r< Tx. These fluctuations will
tematic study of the properties of the cross correlators whervidently become important as temperature approaches
dc bias, Zeeman splittings, and ferromagnetic leads influenceéxperimentally, our predictions can be tested with present
the nonequilibrium transport through the quantum dot. Outechnology, such as GaAs quantum ddtor carbon-
most relevant result is the behavior of the shot noise whemanotube nanostructurés.
there arises a voltage-induced splitting in the quantum dot.
In addition, we have studied the current of a two-terminal ACKNOWLEDGMENTS
guantum dot attached to a voltage probe. We have shown that We gratefully acknowledge R. Aguado, M. Bittiker, S.
increasing the coupling with the probe induces a quenching@ilgram, and P. Samuelsson for helpful comments. This work
of the Kondo peak. Despite the simplicity of this approach, itwas supported by the EU RTN under Contract No. HPRN-
gives rise to results that are in agreement with more sophis=T-2000-00144, Nanoscale Dynamics and by the Spanish
ticated model$;%! though the precise processes responsibléECD.

*Present address: Departament de Fisica, Universitat de les 1ll€$S. De Franceschi, R. Hanson, W. G. van der Wiel, J. M. Elzer-

Balears, E-07122 Palma de Mallorca, Spain. man, J. J. Wijpkema, T. Fujisawa, S. Tarucha, and L. P. Kou-
1A. C. Hewson,The Kondo Problem to Heavy FermiofGam- wenhoven, Phys. Rev. Let89, 156801(2002.
bridge University Press, Cambridge, UK, 1993 14For a complete review, see Ya. M. Blanter and M. Biittiker, Phys.
2T. K. Ng and P. A. Lee, Phys. Rev. Let61, 1768(1988; L. I. Rep. 336, 1 (2000.
Glazman and M. E. Raikh, JETP Le#.7, 452 (1988. 153, Hershfield, Phys. Rev. B6, 7061(1992.
3D. Goldhaber-Gordon, H. Shtrikman, D. Mahalu, D. Abusch-F. Yamaguchi and K. Kawamura, J. Phys. Soc. JB8. 1258
Magder, U. Meirav, and M. A. Kastner, Natuteondon 391, (1994.

156 (1998; S. M. Cronenwett, T. H. Oosterkamp, and L. P. 7G.-H. Ding and T.-K. Ng, Phys. Rev. B6, R15 521(1997.
Kouwenhoven, Sciencg81, 540(1998; J. Schmid, J. Weis, K.  18Y. Meir and A. Golub, Phys. Rev. Let88, 116802(2002.

Eberl, and K. v. Klitzing, Physica B256—258 182(1998. 198. Dong and X. L. Lei, J. Phys.: Condens. Mattés, 4963
4A. Kaminski, Yu. V. Nazarov, and L. |. Glazman, Phys. Rev. Lett. (2002.
83, 384(1999; Phys. Rev. B62, 8154(2000. 20y, Avishai, A. Golub, and A. D. Zaikin, Phys. Rev. B7, 041301
5P. Coleman, C. Hooley, and O. Parcollet, Phys. Rev. L8, (2003.
4088(2001). 21T, Aono, A. Golub, and Y. Avishai, Phys. Rev. B8, 045312
6A. Rosch, J. Paaske, J. Kroha, and P. Wélfle, Phys. Rev. 6t. (2003.
076804(2003. 22R. Lépez and D. Sanchez, Phys. Rev. L&®, 116602(2003.
Y. Meir, N. S. Wingreen, and P. A. Lee, Phys. Rev. L&, 2601  23R. Lépez, R. Aguado, and G. Platero, Phys. Rev6® 235305
(1993; N. S. Wingreen and Y. Meir, Phys. Rev. B9, 11 040 (2004.
(1994. 24\, Biittiker, Phys. Rev. B46, 12 485(1992).
8], Konig, J. Schmid, H. Schoeller, and G. Schén, Phys. Rev. BSFor a review, see M. Biittiker, iQuantum Noiseedited by Yu. V.
54, 16 820(1996. Nazarov and Ya. M. BlanteiKluwer, Dordrecht, 2008
9A. Rosch, J. Kroha, and P. Wélfle, Phys. Rev. L&¥, 156802  26D. A. Bagrets and Yu. V. Nazarov, Phys. Rev. &, 085316
(2001). (2003.
10T, Fujii and K. Ueda, Phys. Rev. B8, 155310(2003. 2TA. Cottet, W. Belzig, and C. Bruder, Phys. Rev. Le3®, 206801
11Q.-f. Sun and H. Guo, Phys. Rev. 84, 153306(2001). (2004); A. Cottet and W. Belzig, Europhys. Lett66, 405
12E. Lebanon and A. Schiller, Phys. Rev. &, 035308(2001). (2004.

035315-8



THREE-TERMINAL TRANSPORT THROUGH A QUANTUM.. PHYSICAL REVIEW B 71, 035315(2005

283, Borlin, W. Belzig, and C. Bruder, Phys. Rev. Le88, 197001 point contact has been treated theoretically in A. Silva and S.
(2002. Levit, Europhys. Lett.62, 103(2003; and experimentally in M.

29p, samuelsson and M. Bittiker, Phys. Rev. Le89, 046601 Avinun-Kalish, M. Heiblum, A. Silva, D. Mahalu, and V. Uman-
(2002; Phys. Rev. B66, 201306(2002. sky, Phys. Rev. Lett92, 156801(2004.

30D, Sanchez, R. Lopez, P. Samuelsson, and M. Biittiker, Phys'8The inelastic case for a Breit-Wigner resonance is treated by M.
Rev. B 68, 214501(2003. Buttiker, IBM J. Res. Dev.32, 63 (1988.

81G. Burkard, D. Loss, and E. V. Sukhorukov, Phys. Rev6B  “°M. J. M. de Jong and C. W. J. Beenakker, Physic220, 219
R16 303(2000. (1996.

32p, Coleman, Phys. Rev. B9, 3035(1984). 50y, Meir and N. S. Wingreen, Phys. Rev. Le@8, 2512(1992.

33There are other expressions in the literature to deal with asymme?S. Y. Cho, H.-Q. Zhou, and R. H. McKenzie, Phys. Rev6B,

tries in the frequency dependenceS®fHere we investigate the 125327(2003.

zero-frequency limit ofS, for which all of them are equivalent. L. Y. Chen and C. S. Ting, Phys. Rev. 83, R4534(1991).

For recent works on symmetrized noise versus nonsymetrize#Semiconductor Spintronics and Quantum Computatafited by

noise, see R. Aguado and L. P. Kouwenhoven, Phys. Rev. Lett. D. D. Awschalom, D. Loss, and N. Samait8pringer, Berlin,

84, 1986 (2000; H.-A. Engel and D. Lossibid. 93, 136602 2002.

(2004. 54N. Sergueev, Q.-f. Sun, H. Guo, B. G. Wang, and J. Wang, Phys.
34D. C. Langreth, inLinear and Nonlinear Electron Transport in Rev. B 65, 165303(2002.

Solids edited by J. T. Devreese and V. E. Van Dof&benum, 55p, zhang, Q.-K. Xue, Y. Wang, and X. C. Xie, Phys. Rev. Lett.

New York, 1976, NATO ASI, Ser. B Vol. 17. 89, 286803(2002.
35For a textbook treatment, see H. Haug and A. P. JaQuantum  %6J. Martinek, M. Sindel, L. Borda, J. Barfjal. Kénig, G. Schon,
Kinetics in Transport and Optics of Semiconductdgpringer and J. von Delft, Phys. Rev. Letf1, 247202(2003.
Series in Solid-State Scienceé§pringer-Verlag, Berlin, 1998 5’M.-S. Choi, D. Sanchez and R. Lépez, Phys. Rev. LéR,
36M. Buttiker, Phys. Rev. Lett57, 1761(1986. 056601(2004.

37R. Aguado and D. C. Langreth, Phys. Rev. L&5, 1946(2000. %8This is associated with the asymmetric Anderson model.
38y, D. Wei, B. G. Wang, J. Wang, and H. Guo, Phys. Rev68  %°A. N. Pasupathy, R. C. Bialczak, J. Martinek, J. E. Grose, L. A.

16 900(1999. K. Donev, P. L. MacEuen, and D. C. Ralph, Scienge6, 86
39D, S. Fisher and P. A. Lee, Phys. Rev.2, 6851(1981); H. U. (2004).

Baranger and A. D. Stonéhid. 40, 8169(1989. 60J. Nygard, W. F. Koehl, N. Mason, L. DiCarlo, and C. M. Marcus,
40F M. Souza, J. C. Egues, and A. P. Jauho, cond-mat/0209263 cond-mat/0410467unpublishegl

(unpublished 61R. Lopez, R. Aguado, G. Platero, and C. Tejedor, Phys. Rev. B
41J.-X. Zhu and A. V. Balatsky, Phys. Rev. 87, 165326(2003. 64, 075319(2001).
42R. LU and Z.-R. Liu, cond-mat/0210350npublishedl 62M. Henny, S. Oberholzer, C. Strunk, T. Heinzel, K. Ensslin, M.
“3For a review, see D. M. Newns and N. Read, Adv. P36,.799 Holland, and C. Schénenberger, Scier8s, 296(1999; W. D.

(1987). Oliver, J. Kim, R. C. Liu, and Y. Yamamotdbid. 284 299
44M. Biittiker, Phys. Rev. Lett65, 2901 (1990. (1999.

45Since we take the limit) — o, we can safely neglect screening %3D. Sanchezt al. (unpublished
effects(the charge is fixed However, in a realistic situation one ®4J. Park, A. N. Pasupathy, J. I. Goldsmith, C. Chang, VY. Yaish, J.
should take into account a screening potential, which may be- R. Petta, M. Rinkoski, J. P. Sethna, H. D. Abrufia, P. L. McEuen,
come important in the nonlinear regime. D. C. Ralph, NaturéLondon 417, 722(2002; W. Liang, M. P.
46\, Bittiker, Phys. Rev. B33, 3020(1986. Shores, M. Bockrath, J. R. Lond, and H. Paitkd. 417, 725
4’Dephasing in a quantum dot in the Kondo regime by a quantum (2002.

035315-9



