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An explanation for the asymmetries in the current-voltage characteristics in mesoscopic quantum systems
weakly coupled to reservoirs is proposed. Thus, it is suggested that inelastic scattering between the states in the
interacting region dynamically redistributes the tunneling rate through the system. This redistribution functions
non-uniformly for negative and positive bias voltages. Based on a diagrammatic technique for non-equilibrium
many-body operator Green functions, an expression is presented that accounts for these scattering effects
between the states. The theory is consistent with recent experimental data on mesoscopic systems.
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Current-voltage J-V) characteristics of mesoscopic strength TY'R between the left/right L(/R) contact and
guantum systems often display a degree of asymmetry, wit@D,g. The system is illustrated in Fig. 2. In QR there is
respect to the bias voltade® This feature becomes particu- a Coulomb repulsiord 5g>Ug. First consider the DQD
larly apparent in systems where the interacting region ideing detached from the contacts. The energy of the DQD is
asymmetrically coupled to the left and the right leads. Ofterimodeled in Ref. 10, from which one easily finds the empty
the asymmetry is being referred to be an effect of impuritiesand the one-, two-, three-, and four-particles state. For the
introduced during the growth process or differences in interpresent purpose it is sufficient to work with transitions be-
face roughness between the oxide layers and the interactifgseen the empty stat®)=|0),|0)g, at the energyE,=0,
region*° Another source that may introduce asymmetries inand the two spin-degenerate one-particle stdtgs,), n
the J-V characteristics is unintentional background charges=1,2, given in Table I. The other states are omitted since
which additionally contribute charging energy to the interact-they lie out of range of conduction for the parameters used
ing region® A third argument is that a higher collector barrier here. This is further discussed in the following.
enhances the charge storage in the well substantially, thus Now that the exact one-particle states are known, it is
being responsible for different current amplitudes for theadvantageous to write the system in diagonal form by intro-
back and forward biased deviéé Theoretically, it has been ducing the many-body operatoX?=|p)(q|,** describing
suggested that inelastic scattering, especially for asymmetricansitions between the statep and|p). Hence, the effec-
structures, gives different contributions in the back and fortive Hamiltonian for the isolated DQD is given b pqop
ward bias directiof:® However, a full understanding of the zEn(,EyMXVMer. This description of the DQD is conve-

mechanisms responsible for the observed asymmetries in thgent when the contacts are attached to the system. However,
J-V characteristics has not yet been put forward. it is important to note that the transition matrix elements
In this paper, a theoretical many-body model that explaingf the DQD in general are different for the transitions
the asymmetry of thd-V characteristics for mesoscopic sys- |y1,)—|0) and |y,,)—|0). These matrix elements are
tems with two or more conducting levels weakly coupled togiven by (@, )°"=(0|a,|yn,)= Sye'us; and ®,)°%ne
reservoirs is proposed. Before stepping into the details of the
theoretical modeling, the main result of this paper is pre-
sented, given in Fig.(®) (solid line). The plot displays the
J-V characteristics of a double quantum dbQD) coupled
to external contacts, illustrating the asymmetry of the current
with respect the bias voltage. | suggest that this asymmetry

dJ/dv (nS) current (nA)

arises due to a dynamical process, caused by a reduced prob- 09r b) = :
ability of the tunneling between the states in the DQD. This 0.6
prevents the electrons from flowing in the most favorable 0.3

paths, which leads to a redistribution of the current probabili- - :

ties, see Fig. (b) (solid line). -30 20 10 0 10 20 30
Although the suggested effect generally appears in meso- bias voltage (mV)

scopic quantum systems with two or more conducting levels, G, 1. (a) The current through the DQD calculated wigolid)

its presence is presented in one of the simplest systems, tha{d without(dotted the dressed end-factord) The corresponding

is, two QDs electrostatically coupled in series and attachedifferential conductances. For the computations the left/right cou-

to external contacts. The QDs are interacting via an inter-dogling strengthI'“/R=0.375 meV and conduction electron band

Coulomb repulsiord oz and hopping. The DQD is coupled  width 2 eV symmetrically around the equilibrium chemical poten-

to external contacts through tunnel barriers, with couplingial x=0 atT=10 K were used.
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FIG. 2. (a) Schematic drawing of the DQD coupled to external fur(w)=f(o—puR)
contacts. The QDs interact via the inter-dot Coulomb repulsion
Uag~50 meV and the hopping~2.25 meV. Each QD is attached
to a contact with the coupling strengl®'R. (b) Sketch of the
system in the diagonal representation. The arrows signify th
strengths of the transition probabilities between the one-particl
states in the DQD and the contacts.

is the Fermi function, ang , is the chemical potential for

the left/right contact. In Eq(2) the lesser, retarded and ad-

Sanced forms of the Fourier transformed Green function

TGP Gpo(t.t")=(—i)(TXOMe()X70(t")), appeals—°

The subscript indicates thaG,,,(t,t") is a non-equilibrium

GF subjected to a set of time-dependent source figlgs)

(not to be confused with the inter- and intra-dot Coulomb
Oy 12 O 12 oo repulsionsU 5g andU 55, respectively. These source fields

#[(by)*727]% and | (a,)"7n[*#|(b,)*7]*, n=1,2, when- are introduced in order to generate a diagrammatic expansion

gvgrSA"_ﬁﬁg"s'ith;t%ﬁ?&’g‘sf ;futeh?o?%g(liﬁzgllicslﬁclesvesltclal:nsin terms of functional derivatives of the DQD GF with re-
AB y spect toU(t). See Ref. 15 for further reference.

since the sizes of the two QDs in general are different. Thé The DQD GF is analyzed by means of equations of mo-
difference of the transition matrix elements influences thetion and a diagrammatic technique for Hubbard operator
resulting current. Furthermore, through the transition matri F15 The exact equations of motion for a single level spin-
elements one can control whether an electron escapes/ent%{ébendem system are given in Ref. 13. In this context,

theTﬁggtglgogetmhetLiféuor;wh?é%htthzogfﬁght flows. is nOWwith two spin-degenerate states, the resulting equations of
Y ' 9 ’ motion are analogous. The first diagram correction,

=(0|b,| Yne) = 85U, Wherea, /b, annihilates an electron
in QDyg. Hence, |(a,)°717%#|(a,) 2|2, |(b,)°720|?

modeled by the loop correction®® re-normalizes the energy for the
transition |0)—|yn,) according to An,=AS +8A.;
H= E SKUCEUCko_‘—E Ey X"ne¥no +20.I=T L'm#néAma-’v where
koel,R no no s
+ ) (Vio(dy)07oc] XOMo+H.c.), 1 (o)~ F(Amyr)
r%( k( ) ko ) () 5Am(r’: 2 |Uk(r’(d(r')oym”’|2 . - . (3)
kelL,R

Eka! Amo"
Wherecla (cy,) creategannihilate$ an electron in the left/
right contact at the ener wher O%ng . L
:g(a(r)gyfi(r g‘f(df‘)%f(bi)gyfygé‘},gndmg gﬁswhdeat%er the Here Ap, is the bare transition energy and,m=1,2,
tunneling between the DQD and the contacts occurs to th&hereaso is the opposite spin of. The transition energy
left or the right, respectively. The current through the systenfns is renormalized by the other three possible transitions in
is calculated by the formut&!? the DQD. This renormalization arises due to kinematic inter-
actions in the DQD induced by the presence of the contacts.

e . g The renormalization of the transition energy is an impor-

J=- %Im% f {[Tre=Te1G, (@) tant fact, although, it does not explain the degree of asym-
metry of theJ-V characteristics. This information, however,

+[fL(w)Fha—fR(w)FrFfo][GLg(w)—Gﬁg(w)]}dw, is contained in the corresponding non-equilibrium spectral

weights. The DQD GF is constituted by the product
2 G, (t,t")=D,,(t,t') Py, (t'), whereD,, is the locator and

where P, is the end-factor, which carry the details of the poles and
the spectral weights, respectively. The end-fad®y,(t')
TABLE |I. The wave functions and energies of =(T{X%0,X"s}(t")) is interpreted as the sum of the
the two  spin-degenerate  one-particle  states.  Hergoopulation numberbl, andN,,, for the states involved in the
u?,=(E, —egy)/K1n, [u%,|2=1-ug,|?, ki,  transition, e.g.|0) and|y,,), respectively. When using the
= (E, —eg,)?+[t]% n=1,2, wheree,,g, is a single-particle diagrammatic methods in Ref. 15, one has to expand both
level in 6DA/B- the locator, which leads to the transition energy shift given
by Eg. (3), and the corresponding end-factor. The first
| Vo) = UR1| o)Al 0)g+ U7, 0) Al o) diagram correction ofP,, generates theFourier trans-
Eymr:%(SAUJFSBUJF(_1)n\/(8A0_£BU)2+4|t|2) formed dressed end-factorP,,(iw)=P,,+ SPnoo(i ®)

+2 5/ m2nOPmnero(i @), Where
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P_,—P d.)07me’|2 particle states in the DQD. For instance, consider negative
. mao’ no |vko"( o") | . . ) h
SPmnero(iw)=— 5 —_— biases and the correctiatP,,,, to I’;,,, cf. Eq.(4). In equi-
m keL.R Ekg' T @ librium, the most favorable current path ifght contact
p g

—|¥24)—|v14)— left contact The first term ofSP,,,,, is

— r 4
X[=2ImDp, ()] peaked around\;, and logarithmically diverging around

F(eyr)—[Ng(A )+1] A4o,0t - However, the importance of this correctipn be-
( 7 B T nmoo comes significant for bias voltages such that=A ., since
10— Apmgor = Ekor then both the transitions corresponding to the energigs
, andA,,, are resonant’ This results in that the population
_ f(o’)~[Ne(Anmgor +1] do’ 4) numberN,;=% N,, decreases as an effect of the scattering
i0—Anmger — ' processes between the two one-particle states included into

6P, hence, the transitiofD){ y;,| becomes less avail-
and P, is the bare end-factor. Herafm,(w’) is the re- able for conduction of electrons through the DQD. Thus, for
tarded locator for the transitiof®)—|ym,), Ng(X) is the  negative bias voltages the current through the pattt con-
Bose function, wheread myo' =Any—Amgr IS the energy  tact—|vy,,)—|y1,)— left contactis decreased, leading to a
for the tunneling between the stateg,, ) and|y,,). The flattening of the current step as the stage,) becomes reso-
dressed end-factor clearly is frequency and bias voltage déant, see Fig. (B (solid). The same argument holds for the
pendent and with a finite imaginary part. More important,correction 6P,,,, to I>;,. However, since only the state
though, this function exhibits attributes from inelastic scat-|v»,) is resonant for voltages such that~A,,,, the effects

tering processes between the two one-particle states. from the redistribution of the transition probabilities become
In the present approximation, the equation for the DQDnegligible.
GF, G, (iw), can be written asl,(t)—0) For positive voltages, the current patleft contact

—|y14)—|7v24)— right contactis the most favorable. This
(iw=Any—Pro(i0)Vh, (i) Gp(iw)=P,,(iw), (5  fact leads to the current being small unfti,,) becomes
resonant. At voltages such that,,) becomes resonant, the
where Vi, (i0)=2c rlo,(d,)??/(io—er,). Al current increases in a small step, see Figsdlid), which is
though there is no simple definition of the localf,(i®)  related to a decreased tunneling probability through the DQD
in terms of the Hubbard operatdispne may note that its via this state due to the scattering effects between the one-
inverse,D rj(,l(i ), is identified with the expression in brack- particle states.
ets on the left-hand side of E¢f) in the given approxima- The above arguments hold both for symmetrically- (
tion. Thus, in order to accurately account for the voltage-=T"R) and asymmetricallyI{*#I'?) coupled systems. How-
dependent effects introduced in the dressed transitioaver, depending on whether the coupling to the left is stron-
energies and end-factors, one has to perform self-consistegér or weaker than that to the right, the asymmetry in the
calculations of Eq.(3) for each bias voltage. The result resultingJ-V characteristics becomes either amplified or re-
is then inserted into a self-consistent loop constitutecjuced, respectively.
of Egs. (4), (5 and the population numbéfs Ny, It remains to discuss the influence of transitions to the
=Im [G,,(w)dw/(2m) subject to the boundary condition states with two or more electrons in the DQD. The two-
1=Ny+Z,,N,,. Hence, the obtained result goes far be-particle states in the system consist of a triplet at the energy
yond any mean field theory or master equation approach. Eyipe=ea,+ €5, Uag and three non-degenerate states of
In order to understand the asymmetry of the output curwhich the lowest lies around E(,ip—|t|2/10)/2, sincet
rent one first needs to study the behavior of the system with<|U,g—U,|,|Uag—Ug|. The energy required for an addi-
out the dressing of the end-factors. Then, the current cational electron to enter the DQD is, thus, in the order of
only flow directly through each state, that lisft contact  E,.;. Therefore, by restricting the bias voltage applied to
—|yney— right contact Therefore, for symmetrically the system to be less than this energy in the present example,
coupled systemsI{-=TF) the current increases in equal states with two or more electrons can safely be omitted.
steps as more and more states become resonant, seédrig. 1 It should be noted that no discussion about Kondo physics
(dotted, since thesumof the transition probabilities to the has been included into the present case. However, as was
left and the right contacts is equal for both states. Hence, thdiscussed by Lacroif such effects are of main importance
J-V characteristics become totally symmetric, which is re-for temperatures below the Kondo temperature, which is not
flected in the corresponding differential conductaddédV, the case here. Second, possifdenal) contributions from
Fig. 1(b) (dotted. An asymmetric couplingI{*#I'R) will the Kondo effect cannot by themselves introduce the large
slightly modify this picture, resulting in a non-uniform in- degree of asymmetry often observed in experiments, since
crease of the current for each state that becomes resonaany Kondo resonance is suppressed by the application of a
However, the effects from this asymmetry are only marginabias voltage”® Nevertheless, for low fields such contribu-
and cannot explain the large degree of asymmetry observetbns may slightly amplify the asymmetry introduced by the
in experimental-V data. mechanism proposed in this paper.
The dynamical(voltage-dependentdressing of the end- In conclusion, a theoretical explanation is proposed for
factors ruins this scenario quite substantially, since it conthe often observed asymmetries in mesoscopic quantum sys-
tains information of inelastic scattering between the two onetems with two or more conducting levels weakly coupled to
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