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Photon-assisted electron transport through a three-terminal quantum dot system with
nonresonant tunneling channels
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We have studied the electron transport through a quantum dot coupled to three leads in the presence of
external microwave fields supplied to different parts of the considered mesoscopic system. Additionally, we
introduced a possible nonresonant tunneling channel between leads. The quantum dot charge and currents were
determined in terms of the appropriate evolution operator matrix elements and under the wide-band limit the
analytical formulas for time-averaged currents and differential conductance were obtained. We have also

examined the response of the considered system on the rectangular-pulse modulation imposed on different
quantum dot-lead barriers as well as the time dependence of currents flowing in response to suddenly removed
(or included) connection of a quantum dot with one of the leads.
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I. INTRODUCTION

The electron transport via resonant tunneling in mesos-
copic systems has been the subject of extensive theoretical
research due to recent development in fabrication of small
electronic devices and their potential applications. Some in-
terest has been focused on the transport properties of a quan-
tum dot (QD) under the influence of external time-dependent
fields. Interesting effects have been observed and theoreti-
cally described, e.g., photon-assisted tunneling through small
quantum dots,"? photon-electron pumps?® and others. In most
theoretical investigations a QD placed between two leads
was considered (e.g., Refs. 2 and 4-9) and the current flow-
ing through a QD under periodic modulation of the QD elec-
tronic structure or periodic (nonperiodic) modulation of the
tunneling barriers and electron energy levels of both (left and
right) leads was calculated.

One of the important problems of the mesoscopic physics
is the interference of the charge carries. This interference
appears when two (or more) transmission channels for elec-
tron tunneling exist. Such possibility exists, e.g., in the elec-
tron transport through a QD embedded in a ring in the
Aharonov-Bohm geometry and much theoretical interest has
been paid to description of the phase coherence in this and
related systems, e.g., Refs. 10-12. Another experimental
situation in which the interference may occur can be realized
with the scanning tunneling microscope (STM). The recent
experimental and theoretical studies with a low-temperature
STM of a single atom deposited on a metallic surface
showed the asymmetric Fano resonances in the tunneling
spectra, e.g., Refs. 13 and 14. In the STM measurements the
tip probes the transmission of electrons either through the
adsorbed atom or directly from the surface. The transport of
electrons through both channels leads to an asymmetric
shape of the conductance curves which is typical behavior
for the Fano resonance resulting from constructive and de-
structive interference processes. The quantum interference
can be also observed in the mesoscopic system with multiple
energy levels.”> A model which incorporates a weak direct

1098-0121/2005/72(12)/125312(16)/$23.00

125312-1

PACS number(s): 73.23.—b, 73.63.Kv

nonresonant transmission through a QD as well as the reso-
nant tunneling channel was also considered in Ref. 16 in the
context of the large value of the transmission phase found in
the experiment for the Kondo regime of a QD.!”

A number of works have been devoted to the problem of
the electron transport in the multiterminal QD systems and
here we mention only a few of them. In Ref. 18 the conduc-
tance of the N-lead system was considered showing that the
Kondo resonance at equilibrium is split into N—1 peaks. In
Ref. 19 an explicit form for the transmission coefficient in
the electron transport through a QD connected with three
leads was found. The electron transport and shot noise in a
multiterminal coupled QD system in which each lead was
disturbed by classical microwave fields were studied in Ref.
20. Multiterminal QD systems or magnetic junctions were
also intensively investigated in context of the spin-dependent
transport, e.g., Refs. 21 and 22. The general formulation of
the time-dependent spin-polarized transport in a system con-
sisting of the resonant tunneling structure coupled with sev-
eral magnetic terminals was considered by Zhu et al.?? and
as an application of this formalism the electron transport in a
system with two terminals under an ac external field was
investigated. A three-terminal QD system was studied in
Refs. 23 and 24 to measure the nonequilibrium QD density
of states (splitting of the Kondo resonance peak). The cross
correlations of the currents and the differential conductance
of the QD coupled with three leads described by the infinite-
U Anderson Hamiltonian were considered in Ref. 25; see
also Ref. 26. A mesoscopic sample connected to many res-
ervoirs via single channel leads was considered in Ref. 27 in
the context of the quantum pump effect. The transport prop-
erties of molecule wires or coupled quantum dots placed be-
tween three leads and irradiated by the infrared light quanta
were studied in Ref. 28 and the possibility of controlling the
currents flowing in the system was discussed.

In all papers mentioned above and relating to the studies
of the electron transport through a two-terminal QD with the
additional (bridge) nonresonant transmission channel, the
time-dependent external fields were not applied and the con-
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FIG. 1. Schematic picture of the QD coupled with three leads. It
can serve as a possible STM experimental setup when the L lead
corresponds to the STM tip.

sidered systems were driven out of the equilibrium only by
means of a dc voltage bias (see, however, Ref. 29). On the
other hand, in papers considering the multiterminal QD sys-
tems in the presence of the external microwave fields, the
nonresonant tunneling channels between different leads were
not considered.

In this paper, we address the issue of a QD coupled with
three leads with additional, nonresonant coupling between
leads driven out of equilibrium by means of a dc voltage bias
and time-dependent external fields. The QD is connected
with three metal leads and one of these leads, say the left (L)
lead, is coupled with the two remaining leads, say the first
(R;) and the second (R,) right leads. The one possible ex-
perimental setup (e.g., in the STM measurement) corre-
sponding to our model system is presented in Fig. 1. We have
decided to denote the three leads by the subscripts L, R, and
R, in order to have the simplified comparison with the two-
terminal QD systems described in literature (usually pre-
sented as left lead—-QD-right lead). In literature, different
theoretical approaches have been developed to treat the time-
dependent electron transport in the mesoscopic systems. The
most popular nonequilibrium Green’s-function method de-
pends on the two time arguments and for time-dependent
problems it is a rather difficult task to calculate them without
any approximations (e.g., beyond the wide-band limit).
Therefore in our treatment of the time-dependent problems
we use the evolution operator which, as a rule, essentially
depends on one time argument (e.g., Refs. 30-32). Such an
approach is especially well suited for the problem with time-
dependent coupling between the QD and leads, see also Ref.
33 where the evolution operator method was used in a de-
tailed investigation of the zero-frequency noise and time-
dependent current in a mesoscopic system irradiated by the
laser radiation or microwave field.

The outline of the paper is as follows. In Secs. II and III
we start with the model and method for the derivation of the
QD charge and currents. In Sec. IV we present the results for
the time-averaged currents and their derivatives with respect
to the QD energy level position (or equivalently, with respect
to the gate voltage) obtained for different time dependence of
the parameters characterizing the considered system. We
consider also the transient current characteristics in the case
of the rectangular-pulse modulations imposed on the QD-
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lead barriers. The last section presents the conclusions and in
the Appendix we give the short derivation of the evolution
operator matrix elements needed in the QD charge and cur-
rent calculations.

II. MODEL AND GENERAL FORMULATION

We consider a QD coupled through the tunneling barriers
Via (i=1,2,3) to three metal leads. One of these leads, say
the left lead (L) is coupled additionally with the remaining
two leads, say the first and second right leads (R,,R,) by the
tunneling barriers Vi i, In the following we will denote the

wave vectors associated with the left lead by the letter k and
the wave vectors corresponding to the first and second right
leads by the letters ¢ and 7, respectively. The chemical po-
tentials u; of the three metal leads may not be equal, and
their difference is not necessarily small. We write the Hamil-
tonian of the considered system in the form H=H,+V, where

Hy= > ep(ata; + e (Najay, (1)
p=k.7.G

V= > [Vl;d(t)a;}ad+H.c.]+E[V,;;(t)aga;+H.c.]

p=kiq kP

+ 2 [Vis(Data;+H.c.]. (2)
kq

The operators a[;(a;;), aq(a}) are the annihilation (creation)
operators of the electrons in the corresponding leads and the
dot, respectively. For simplicity the dot is characterized only
by a single level g, and the intradot electron-electron Cou-
lomb interaction is neglected. The neglect of Coulomb inter-
action is quite reasonable in some situations and, as we are
going to concentrate on the investigations of the influence of
the third lead (in comparison with the QD-two leads system)
and the additional tunneling channels between the leads on
the time-dependent transport, then in the first step we ignore
the Coulomb interaction. We obtain, for example, as the one
of the consequences of neglecting of intradot Coulomb inter-
action, the average current vs the QD energy level in the
form of a single peak instead of a series of oscillation peaks.
However, as the experiment indicates, e.g., Ref. 3, each of
these peaks is modified in a similar manner by the external
time-dependent field, so our analysis of one of these peaks
should be justified. We consider our mesoscopic system in
the presence of external microwave fields which are applied
to the dot and three leads. In most theoretical treatments of
photon-assisted electron tunneling it is assumed that the driv-
ing field equals the applied external field. However, the situ-
ation is more complicated and the internal potential can be
different from the applied potential. One of the consequences
will be, e.g., the asymmetry between the corresponding left
and right sidebands.* The main feature of the time-
dependent transport remains, however, unchanged and in our
treatment as usual we assume that in the adiabatic approxi-
mation the energy levels of the leads and QD are driven with
the frequency o and the amplitudes A;(i=L,R;,R,), A, and
read sgi(t)=£;i+ Acos wt, g,4(t) =g+ A co8 wt, respectively.
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The time evolution of the QD charge and the current
flowing in the system can be described in terms of the time-
evolution operator U(t,t,) given by the equation of motion
(in the interaction representation)

aU(t, ~
i% =V()U(1.19), A3)

with V(t)=U,(t, 1) V() Ut to) and Uy(t,10)
=Texplif :OdtlHO(tl)] where T denotes the time ordering and
the units such that #=1 have been chosen. Here we have
assumed that the interactions between the QD and leads, as
well as between the left and right leads, are switched on in
the distant past t.

The QD charge (in units of e) is calculated according to
the formula (cf. Refs. 30 and 31)

(1) = n(to)|Uga(t.10)|* + > nﬁ(fo)|Udﬁ(f,f0)|2~ (4)

p=k,i\q
Here Uy,(t,ty) and U,;(t,1y) denote the matrix elements of
the evolution operator calculated within the basis functions
containing the single-particle functions |k), |g), |7, and |d)
corresponding to three leads and QD, respectively. n,(t,) and
n;(to) represent the initial filling of the corresponding single-
particle states.

The tunneling current flowing, e.g., from the left lead
Ji(f), can be obtained using the time derivative of the total
number of electrons in the left lead, j,(r)=—edn;(r)/dt,
where

ny (1) = 2 ni(6) = 25 ny(t)|Ugd(tt0)* + 2 ng, (1) Ui (1.20)
k k

ok

+ 2 (i) | Ugg 1)) + 2 nilt) | Ugidr.10) (5)
kq kP

In the following only the matrix elements of the evolution
operator present in Egs. (4) and (5) are required and they can
be obtained solving the corresponding sets of coupled differ-
ential equations constructed according to Eq. (3) with V,,,(¢)
written as follows:

Vub(t) = Vab(t)exp(i(ga - 8b)(t - tO)

.Aa_Ah
+1

(sin wt —sin wt0)>, (6)

where a and b correspond to |k), ¢), |7), or |d), respectively.

As the example, the matrix element U,,(z,t,) required for
the calculation of the first term of the QD charge, Eq. (4),
can be obtained solving the following set of coupled differ-
ential equations:

IUga(t 1)

ot —i 2 Vdﬁ(t)Up‘d(l‘,to), (7)

p=k.q.r
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AU (,10) ~ . -
— == iV (O Uyt,t) =i 2 Vis(OUs(t,10),
ot ped.7
(®)
&U*d(t, to) T~ A ~
== Va0 Uadt.10) = 1 2 Vi) Ut o),
k
P=q.r. ©)

The total number of coupled equations in this case is
equal to (3N+1), N being the number of discrete wave vec-
tors k, ¢, and 7 taken to perform the corresponding summa-
tion over the wave vectors. In the calculations the summa-
tions over wave vectors were replaced, as usual, with
integrations over energy weighted with a given lead density
of states (taken as a constant value). Usually, N=100-200
wave vectors, or equivalently 100-200 energy points uni-
formly distributed along the lead energy band, is sufficient to
achieve the desired accuracy of the calculations. We have
solved numerically this and other similar sets of the coupled
differential equations needed in calculations of all matrix el-
ements of the evolution operator present in Egs. (4) and (5).
We have used this method for the special case of time-
dependent couplings of the QD with leads and the couplings
of the left lead with two right leads. The set of Egs. (7)—(9)
in the case of vanishing overdot couplings between the left
and right leads is greatly simplified and gives, e.g., for

Uadt, 1),

IUqq(t,10)

t
—f dt K(t,1)Ugy(t,10) (10)
ot ,

0

where

Ktt)= 2 ViOVslt)

=k.G.F

= 2 Vi ui0ut,)Dy(t - t)explisy(t - 1,)]
i=L.R|.R,

Xexpli(A,;— A))(sin wt - sin wt)/w] (11)

and D,(t—t,) is the Fourier transform of the ith lead density
of states and V,(r)=Vu;(r). Similar simplifications occur in
the calculations of other matrix elements of U(z,t,) required
in the formulas for n,(r) and n;(r). However, for the nonva-
nishing couplings Vi; and V; (overdot bridge between the
left and right leads) one has to solve the starting set of Egs.

(1)-09).

III. ELECTRON TRANSPORT IN THE WIDE-BAND LIMIT

Much more analytical calculations can be done in the case
of constant values of the tunneling matrix elements present
in our model. In this case the general equation satisfied by
U,4(t, 1) is derived in the Appendix [see Eq. (A5)] and under
the wide-band limit (WBL) approximation, e.g., Refs. 2, 4,
and 5, this equation takes the simple form
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AU 4,(t,1)

=—C U (t,10), 12
p Wadlt.to) (12)

here Cl—[é—(3x +2ix)/(1 +2x2)]F x=mVg, /D, D being
the bandwidth of the lead energy band (DR =D =D, = D)
and I'=27V?/D. In the Appendix we give the derlvatlons of
all functions needed for calculation of the QD charge and
currents. We assumed the simplified assumption that all tun-
neling matrix elements are independent of the wave vectors.
The interactions between the QD and leads are assumed to be
equal between themselves and denoted by V and the interac-
tions between the left and two rights leads (i.e., Vi; and V)
corresponding to the overdot tunneling channels are also
equal with one another and denoted by V.

It is easy to show that the first term of the general formula
for the QD charge, Eq. (4), together with the solution of Eq.
(12), Uyu(t,19)=exp[-C,(t—1y)], tends to zero for r—1y,— o0
as Re C,=3I'/2-3x’T'/(1+2x%) >0. The next terms of the
QD charge formula can be calculated using the functions
Uait 1), Ugg(t,t), and Uyit, 1), Eqs. (A13) and (A17) be-
ing the solutions of the corresponding differential equations,
Egs. (A12) and (A16). Finally, the time-averaged QD charge
(in units of e) is given by

(ng)= 2 a | defle)|Ade.n), (13)
i=L,R|.R,
where
a; =(1+4x)/(1 +2x5)T 27, (14)
ag, = ag,= (1 +x)/(1 + 2x%)°T 2, (15)

Ai(S,t)=—if dtlexp[— i(Sd—S)(t—tl)—i(Ad—Ai)
X (sin wt — sin wtl)/w]exp(%( - 1)).

(16)

Here (---) denotes the time averaging and fi(¢) denotes the
Fermi function of the ith (i=L,R;,R,) lead. Noticing that
Im(A;(e,1))=—[31"/2/(1+2x
expression for the time-averaged QD charge can be written
as

1+4x
<nd(t)>=—1m<mjﬁ (e){A,(e,1)de
IR S I
+37T(1+2x2)l.=L2 fr(e)Ag(e,0)de |.
(17)

In order to calculate the current j, () the functions Ug,(t,1,),
U i,(t.10), Ug;(t,19), and Ugi{t,1,) are required and they are
given in the Appendix in Egs. (A7), (A14), and (A19). After
lengthly but straightforward calculations we obtain for the
time-averaged current leaving the left lead the following for-
mula:
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2 2
Gy =+ A —ERz Re{ (1 +2x 2)2(ML i)
+G< f fi(e){AL(e,1))de ~ f fi(8)<Ai(8’t)>d8>:|,
(18)
where

= m[@c(l =223 +i(1 = 13x% + 4xY)],

(19)
<A,j<s,z>>=21i(ﬂ)
k w

X( . 2x 3T2 )-1

Er BT O e T )
(20)

and J(y) denotes the Bessel function. The corresponding
formula for the time-averaged current (jg (#)) leaving the R;
lead, i=1,2, cannot be written in such symmetrical form as in
Eq. (18), because the R; lead is coupled with the L lead only.
For (jg (1)) we have

2x?

Ur @) = %Re{ m[ﬂkl = s+ (g, = g )]

' m(ﬂ?z [ suteas emae

-G, ffL(8)<AL(8st)>d8_G3fij(8)

X(ARj(s,t)>d8)}, (21)

where G=6x(1-2x%)+i(1-13x>+4x"), G,=3x-(i/2)(-2
+5x2+x%), Gy=12x°+i(1+8x*=5x*) and j=1(2) for I=2(1).
Note that the integrals present in the formula for the QD
charge and currents, Egs. (17), (18), and (21) can be easily
performed analytically and final algebraic expressions can be
obtained. Especially simple and transparent form can be
given for the conductance (d/du;){(j(t)), i,j=L,R,,R,. For
example, &, (1))/du, reads as (for the temperature T=0)

-AL
OL(» [(sz)z Ejk( w )
<F2(1—13x +4xY)

1

(1 +2x%)*
4Tx(1 = 2x?)
(1 + 2x%)° >:| ’ (22)

where
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. ( PR >2+( 3172 )2 !
I AU 1+ 247 '

(23)

2I'x
1+2x%)° (24)

F2=(/.LL—8d—wk+

Analyzing Eq. (22) one can find the origin of the asymmetric
line shapes in differential conductance resulting from the in-
terference of resonant and nonresonant tunneling paths. For
the case of V,z=0 we observe the Lorentzian resonances
localized at ;= u; + wk. The amplitudes of these resonances
are determined by the kth-order Bessel functions calculated
for the argument (A,—A;)/w. For the case of nonvanishing
V&, the resulting curve is a superposition of the Lorentzian-
like resonances and asymmetric parts weighed by the factors
[2(1-13x%+4x*) /r(1+2x%)* and 4Tx(1-2x%)/m(1+2x?)?,
respectively. The Lorentzian-like resonance is centered
at e,=pu; + wk+2Tx/(1+2x%) with the full width at half
maximum (FWHM) equal to 3I'/(1+2x%) and the maximum
value equal to (4/9m)[(1-13x%+4x%)/(1+2x%)27[(A,
—A;)/w]. The asymmetric part of the differential conduc-
tance corresponding to the kth sideband is also centered in
the same point with the distance between its maximum and
minimum equal to 3I'/(1+2x?) and the absolute values
of these extrema are equal to (4/3m)[x(1-2x%)/(1
+2x2)217;[(Ay~A,)/ ®]. For comparison, in the case of the
QD coupled with two leads the corresponding Lorentzian-
like part of the differential conductance corresponding to the
kth sideband is centered at e,=pu; +wk+Ix/(1+x%), with
FWHM equal to 2I'/(1 +x?) and the maximum value equal to
(1/277)[(1—6x2+x4)/(1+2x2)2]Ji[(Ad—AL)/w]. Knowing
the explicit expressions for the currents one can check the
following relations between different elements of the con-
ductance matrix —e d{j,(¢))/ Iy, €.g., Refs. 18 and 26. Cur-
rent conservation implies 2,3, (¢))/du,,=0 where n,m
=L,R;,R,. On the other hand, ¥,,d¢j,(¢))/du,,=0 only for
Ad—AL=Ad—AR1=Ad—AR2- For other relations between the
amplitudes A, and AL,ARI ,AR2 we have

S e OVom=2 i Oam=—5 S G
k k k

(25)
for Ad—AR1=Ad—AR2¢Ad—AL, and
2 9, OV # 2 3 r OV # 20 9GOy
k k k

(26)
for Ad_ARl * Ad_ARz * Ad_AL'

IV. RESULTS AND DISCUSSION

We consider the QD coupled with three, say the left, the
first right, and the second right, metal leads with the addi-
tional overdot (bridge) couplings between the left and right
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leads. First, in the Sec. IV A and IV B, we present the results
for the time-averaged currents and derivatives of the average
current with respect to the QD energy level in the presence
of external microwave fields which are applied to the dot and
three leads, respectively. Assuming the harmonic time modu-
lation of the external fields, here we give the explicit formula
for the averaged current, {j;()), performing the correspond-
ing integrals in the general formula given in Eq. (18), and
compare it with the current (j(Lz)(t» flowing in the system of
the QD coupled with two leads only (for the zero-
temperature case):

T 1—13x% +4x*

2 2
)= ‘ERz { 1+ 2)2('“L Ha) + 3 (1+24%)°
X > {Ji(Ad_ AL)arctan(h(Lk))
k

- _]i( Ba= A")arctan(hgk))]

I x(1-2x%) (k)
L2022 g
~ J,%( Ay- Ai)ln(g,(k))] } i (27)

where  A\¥=[w—g - wk+20x/ (1+227)]/[37/2(1+22%)],
e =[u—e,- wk+2Fx/(1+2x2)]2+[3F/2(1+2x2)]2 and i
—L ,R|,R,, whereas for {/L (1)) we have

R0 = {W(f%;)zw - )+ “(I"f#;f
X % []ﬁ( A= AL)arctan(h(LZk))
- Jﬁ( Ay ;AR ) arctan(hgk))}
AR e
—Ji(%)ln(gﬁf"))”, (28)
where  h\*Y=[u,— & — wk+Tx/(1+23)]/[T/(14+2x%)] and

g =[ =g = wk+Tx/ (1433 2+T%/(14x%)?2,i=L,R. Note
that (j,(¢)) consists of the two terms and each term is similar
in its structure to the current flowing in the QD-two leads
(QD-21) system, (](2)(t)>. However, due to the interference of
the charge carriers propagating along the different ways, the
arguments of the inverse tangent and logarithmic functions
are different and the individual terms in {j;(r)) and (](2)(t)>
are weighted by different x-dependent factors. Second, in
Sec. IV C, the time-dependent currents are also calculated in
the case when the periodic or nonperiodic rectangular-pulse
external fields are applied to each QD-lead barrier.
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FIG. 2. The averaged current (j; (¢)) against the QD energy level
g4 in the system of a QD coupled with three (solid line) or two
(broken line) leads. The microwave field is applied to the QD with
the amplitude A,;=6 and frequency w=5. The lead chemical poten-
tials ug, Mg,» and pg, are equal 0.2, 0.0, and 0.0, respectively, and
the coupling between L and R;, R, leads is absent, V;z=0. All
energies are in I" units and the current in el'/# units.

We have taken for V;x the values comparable with Vi ;4
and estimated Via (assuming its k independence, Vii=Va
=V) using the relation I',=27|V,|?/D,, where D, is the
a-lead bandwidth and D,=100I", (I',=I'x=I", D,=Dx=D
was assumed). We also assumed the zero-temperature case,
as the temperature in the experiment is usually low. For cal-
culations, we have chosen e=7%=1 units and all energies are
given in the I" units.

A. Microwave field applied to the QD only

In Fig. 2 we compare the averaged values of the current
flowing from the left lead in the systems in which the QD is
coupled with three or two leads, the solid and broken curves,
respectively. The external microwave field is applied only to
the QD and dc bias between the left and right leads is small
in comparison with @, Ay, and I'. The coupling V, is as-
sumed to be zero. In such a case the sidebands on the current
curve are clearly visible. The width of the corresponding
peaks is smaller for the case of the QD coupled with two
leads. Analyzing the expression for (j;(f)) one can obtain
(for p; <I" and g =pg,=0) the subsequent peaks in Gr@)
(as functions of &;) in the form (4/977)],%(Ad/w)ﬂL{l+[(ed
+wk)/3T/2]?}~" with the FWHM equal to 3I". For compari-
son, in the case of the QD coupled with two leads the corre-
sponding peaks are described by the functions
(172m) T (A @) {1+ [(g4+ wk) /T} with the FWHM
equal to 2I.

Next, we consider the case of a QD coupled with two
leads with varying value of uy and compare it with the QD
coupled with three leads (with the chemical potential of the
third lead /.LR2=—/.LL).

In Fig. 3 we present the results obtained for (j;(¢)) for the
QD coupled with three (thick lines) or two (thin lines) leads.
The upper (lower) panel corresponds to x=0(x=0.28). For
the case ,uL=—,uRl=—,uR2=O.1 and x=0 the sidebands are
very clearly visible and the corresponding peaks are lower
and broader for the QD-three leads (QD-31) system as we
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FIG. 3. The averaged current (j; (1)) against g, in the system of
a QD coupled with three (thick lines) or two (thin lines) leads. The
upper (lower) panel corresponds to x=0 (x=0.28), x being the mea-
sure of the coupling between leads, x=7V;/D. In a QD-three
leads system p;=0.1, ug,=—0.1, and pg =-0.1, 4, and 10 (solid,
broken, and dotted curves, respectively). In a QD coupled with two
leads wu;=0.1, ug=-0.1,4, and 10 (solid, broken, and dotted
curves, respectively). =5, A;=8, Ag,=Ag,=A;=0. The values of
solid curves have been multiplied by a factor of 10 for the illustrat-
ing purposes.

discussed before (the upper panel, the solid lines). For the
nonzero overdot coupling between the left and right leads the
sideband peaks get asymmetric forms and for x=0.28 they
become fully asymmetric (lower panel, solid lines). The cur-
rent for the QD-21 system is also composed of a number of
asymmetric components (thin solid lines) although now these
forms are fully asymmetric for x=0.41 as we know from the
earlier discussion. For greater values of Mg, > the correspond-
ing current flowing in the QD-21 system achieves (for van-
ishing, as well as for nonzero coupling between leads)
greater negative values and its dependence on the QD
energy-level position is well marked in comparison to the
results characterizing the QD-31 system.

Next, in Fig. 4 we analyze the influence of the overdot
coupling between the left and right leads for broad range of
this coupling. The thin (thick) lines correspond to the QD
coupled with two (three) leads. We show (j; (7)) for three
values of the interleads coupling strength represented by the
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FIG. 4. The averaged current (j; (1)) against &, in the system of
a QD coupled with three (thick lines) or two (thin lines) leads. The
solid, broken, and dotted curves correspond to x=0, 0.28, and 0.7,
respectively. Ay=8, AR1=AR2=AL=0, pp=—pg,==Hg,=0.1,
w=5.

parameter x=7V;/D. For x=0 we have well defined side-
band peaks as previously shown in Fig. 2. Next, we show the
results for x=4/(13-153)/8~0.28 and x= V2/2~0.7. Note
that the expression for {j,(¢)) [and (j(Lz)(t»] consists of three
terms. The first term depends on the difference u;—u; and
does not depend on the QD energy level &,. The second term
corresponds to the Loretzian-type contribution to a given
sideband (it disappears for x~0.28) and the last term corre-
sponds to an asymmetric contribution (it disappears for x
~(.7), respectively. This last term influences the sideband
shape only for nonvanishing overdot coupling between leads
and is the most prominent sign of the interference effects.
For x=12/2 this term disappears and the resulting sidebands
have a form of symmetric dips due to the negative value of
the coefficient I'(1-13x?+x*)/[37(1+2x?)*] in Eq. (27). In
this case the nonresonant tunneling channels modify the
dip’s center position and its FWHM in comparison with the
position and FWHM of sidebands presented for x=0. Note
that for a QD coupled with two leads, the corresponding
sidebands (the thin dotted line) are not fully symmetric
curves as in this case the last term of Eq. (28) disappears for
x=1 and not for x=0.7 (cf. Ref. 29). For x=0.28 the corre-
sponding sidebands are fully asymmetric curves as in this
case the second term in Eq. (27) (which introduces asymme-
try) disappears. Again, for a QD coupled with two leads the
corresponding sidebands (the thin broken curve) are de-
scribed by not fully asymmetric curves as the second term of
Eq. (28), which gives a symmetric contribution to sidebands,
disappears for x=13-212~0.41 and not for x=0.28.

In order to emphasize the influence of the additional lead
on the currents and find the possible interference effects, we
show in Fig. 5 the current {j;(r)) for QD-21 and QD-31 sys-
tems calculated for the parameters for which the correspond

PHYSICAL REVIEW B 72, 125312 (2005)

-01 \'\\ ,’/ =
\ /
A N
= 02 -
2
-03 |- -
04 | -

] i X I i
-10 -5 0 5 10
&y

FIG. 5. The averaged current {j;()) against &, for the QD-21
systems: . =—pmgr=0.1—thin solid lines and
mr=0.1, up=4—thick solid lines and the QD-3l system: wu;=
—,uR]=O.1, ,uR2=4—broken lines. The upper (lower) part corre-
sponds to x=0 (x=0.28) and w=5, A;=1, Ag =Ag =A;=0. The
dotted lines correspond to the sum of the currents flowing in two
QD-21 systems.

ing curves are relatively simple. We assumed the small am-
plitude of the QD energy level oscillations, Ay=1, and @
=5, for which (for x=0) only the central peak corresponding
to elastic tunneling is visible on the {j;(¢)) curves. We show
(j.(1)) obtained for two different QD-21 systems which can
be viewed as components of the considered more compli-
cated QD-3I system. We observe that due to the interference
effects, the current {j,(¢)) flowing in the QD-31 system (the
broken lines) is not simply a sum of currents (dotted lines)
flowing in the corresponding QD-21 systems. The difference
between this sum and the current corresponding to the QD-31
system is relatively large and exists independently of the
coupling between leads.

In the next Fig. 6 we show all currents, (j,(¢)), (le(t)>,
and (ij(t)>, flowing in the QD-31 system for x=0 and x
=0.28. For vanishing values of the overdot coupling the cur-
rent {j; (7)) is characterized by a sequence of the symmetric
peaks, but the current (jg (7)) is a superposition of the asym-
metric structures placed in the points where the symmetric
sidebands occur on {j;(¢)) curve. Analyzing the current
(jr,(1)) according to Eq. (21) we have for the parameters in
Fig. 6.
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FIG. 6. The averaged currents (j.(1)), (jg, (1)), and (jg,(1))
(solid, broken, and dotted lines, respectively) against €, in the sys-
tem of a QD coupled with three leads. The upper (lower) panel
corresponds to x=0(x=0.28). A;,=8 and other parameters are as in
Fig. 4. The values of (jkz(t)> for x=0 (upper panel) have been
multiplied by a factor of 20 for illustrating purposes.

(g, (1) = ;[;E Jf( Ad)[arctan(h%‘)) — arctan(h{)
T 0} 2

+ arctan(h%‘z) ) — arctan(h%‘l))]] , (29)

where hgk):(ui—sd—wk)/(?aF/Z). One can see that each
sideband is the sum of the peak [two first terms in Eq. (29)]
and the dip [the last two terms in Eq. (29)] resulting in the
asymmetric structure shown in Fig. 6

To learn more about the influence of the third electrode
and additional overdot coupling between leads we present in
Fig. 7 the currents (j,(¢)) for x=0 and x=0.28 and (jg (7)) for
x=0 as functions of the QD level position &, and the fre-
quency w of the microwave field applied to the QD. For
vanishing coupling between leads (x=0) the current (j, (1))
exhibits a well-known sideband structure for w>T" and for
small frequencies, w<I', the two broad maxima at g,
==/, are present. At the same time, the current (jr (¢)) ex-
hibits the asymmetric structures centered on the (g, w) plane
at the points where photon sidebands occur on the (j,(¢))
curves. These asymmetric structures on the (jg, (1)) curve ex-
ist also at @ <I'. On the other hand, a similar structure of the
(j.(2)) (the lower panel of Fig. 7) is obtained for x=0.28, i.e.,
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FIG. 7. The averaged currents against g; and . The upper
(middle) panel shows (. (t))[{jg,()}] for x=0 and the lower panel
gives (jo(1) for x=0.28. A,=8, Ap =Ap =A;=0, py=—pp =
—,LLR2=0.2.

we observe a number of asymmetric resonances separated by
the photon energy for w>T". Notice the similarity of both
pictures, i.e., (j (¢)) calculated for x=0.28 and (iRz(t)> for x
=0, respectively. Note, however, the different scale for these
currents.

B. Microwave field applied to different parts of the system

In Fig. 8 we present (j; (7)) for different overdot coupling
assuming a strong asymmetry of the applied microwave field
(ac potential is applied only to the R; lead in the QD-31
system). The additional R, lead is characterized by the
chemical potential g = (. + pg,)/2=0. For better demon-
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FIG. 8. The averaged current (j; (1)) against e, for different
values of the overdot coupling strength between the left and right
leads. The thick solid, solid, dotted, and broken lines correspond to
x=0, 0.14, 0.28, and 0.7, respectively. A=(e/ﬁ)2x2(2,u,L—,u,R1
—,4/,R2)/(1+2x2)2 and Ag, =3, Ap=Ag,=A,=0, p=-pg,
=0.2, ug,=0, w=5.

stration of the influence of the ac potential on {j, (¢)) we
moved down each curve by the constant value A
=(e/h)2x* (241~ pg, — pir,)/ (1+2x%)% see Eq. (27). This
constant value does not depend on the ac field and is equal to
the current obtained for the static case in the limit of large
values of g, (the current between leads is practically induced
by the overdot tunneling, only). For x=0 we observe a shoul-
der on the left side of the main peak and a small negative
current for the positive values of g,. This picture is similar to
the known results (for x=0) obtained experimentally and
theoretically in the QD-21 systems, e.g., Refs. 3 and 35. With
the increasing overdot coupling V;p the height of the main
resonant peak decreases and disappears for x=0.28. At the
same time, for all values of x we observe a negative current
for the small values of ¢, with a greater absolute value for
stronger coupling between leads. For greater values of x the
shape of the (j;(¢)) curve is changed dramatically and for x
=0.7, (j.(t)) becomes nearly reversed in comparison with
that calculated for x=0.

In Fig. 9 we analyze the influence of the third lead (here
named as R,) on the current {j, (7)) when the external micro-
wave field is applied to this lead and to the QD with A,
=2A ®,- For comparison, we add in the upper panel the results
for (j,(¢)) obtained for the case when this additional third
lead is not irradiated by the microwave field. In this case, as
before, see, e.g., Fig. 2, we observe typical sidebands on the
current curves (the difference between the lead chemical po-
tentials is small in comparison with the amplitude A,). How-
ever, after including the third lead irradiated by the external
microwave field the dependence of the current (j;(¢))=j, on
the gate voltage (or equivalently on the QD energy level
position) is quite different—compare the thin or thick solid
lines of the upper and lower panels. For smaller values of A,
and ARz’ the averaged current j; is very similar to the corre-
sponding current J; obtained by applying the external micro-
wave field only to one lead (see the thick solid line in Fig. 8).
These curves are, however, related between themselves by a
relation J;(g,) =j; (—&,). Now we can observe a small nega-
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FIG. 9. The averaged current (j;(r)) against &, for the case of
the microwave field applied only to the QD with A,=3 (thin line) or
A ;=6 (thick line)—upper panel. The lower panel corresponds to the
case of the microwave field applied to the QD and R, lead with
A;=2Ag, and Ag =1.5 or 3 (thin or thick lines, respectively). The
broken lines show the results when the microwave field applied to
the QD and R, lead are out of phase (with the phase difference of
), ur=—pg,=0.2, ug,=0, w=5.

tive current at small negative values of £, and some enhance-
ment of the current on the right side of the main peak. Simi-
larly, the significant differences between the corresponding
currents are observed also for greater values of the ampli-
tudes A, and ARz (compare the thick solid lines in the upper
and lower panels of Fig. 9). Note that very similar behavior
of the current {j;(r)) as the function of the gate voltage is
observed if we compare the case when the microwave field is
applied only to one lead and the case when the microwave
field is applied simultaneously to the QD and R, lead but
with the phase difference of 7m—compare the thin broken
curve in Fig. 9 with the thick solid curve in Fig. 8.

In order to present more information about the differences
between the electron transport in the QD-31 and QD-21 sys-
tems we display in Fig. 10 the derivative d{j,(r))/de, as a
function of e; and w. The lowest panel corresponds to the
QD-3I system and two other panels correspond to the QD-21
systems. These QD-2I systems are characterized by such pa-
rameters that combined together give us the considered
QD-31 system. One can see that the considered characteris-
tics of the electron transport in the QD-31 system are not
simply the algebraic sum of the corresponding curves of both
QD-2I systems. In all three cases shown in Fig. 10, the po-
sition of the corresponding minima and maxima (along the
g4 axis) can be identified with the values of the leads chemi-
cal potentials. However, the corresponding structures are less
clear in the case of the QD-31 system in comparison with
those for the QD-21 models.
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FIG. 10. The averaged current derivatives d(j;(1))/de, against
g, and o for x=0. We compare the results obtained for the QD
coupled with two leads—the upper (middle) panel—for wu;
=5, ug=-8, A;=8, A;=4, Ag=0 (u;=5,uz=0,A;=8,A,=4,Ax
=2) with the results obtained for the QD coupled with three leads—
the lower  panel—A;=8, A;=4, AR]=2, AR2=O, ML=5, MR,
=0, pg,=-8, w=5.

C. Rectangular-pulse modulation of the couplings between QD
and leads

In the next step of our investigations of the electron trans-
port in the QD-31 systems we consider the time-dependent
currents flowing in response to the time-dependent barriers
between the QD and leads or in response to suddenly re-
moved (or inserted) connection of the QD with one of the
leads. First we assume a rectangular-pulse modulation ap-
plied to the QD-R; lead and QD-R, lead barriers. We assume

PHYSICAL REVIEW B 72, 125312 (2005)

0.4
0.2

-0.2
-0.4

04
0.2

-0.2
-0.4

iL®. jr, ), Jr (O

0.4
0.2

-0.2
-0.4

time time

FIG. 11. The time-dependent current flowing in the system of a
QD coupled with the three leads: L, R;, and R,. The L lead is
coupled with the QD only—the left panels, and with the QD and
two other leads, Vir,=Vir,=4—the right panels. The couplings
between the QD and R;, R, leads are changed periodically. The
upper, middle, and lower panels correspond to u;=3, 0, and -3,
respectively. —/.LR]=/.LR2=3, &g4=0. The thin, thick, and broken
curves correspond to j;, JR,> and Jr, currents, respectively. The time
is in A/1" units and currents are in el’/# units.

that these modulations are with a phase difference of 7. In
the first (second) half cycle, Vg =0(V4z,=0) and the QD is
coupled only to the R, lead (R, lead). In addition, the QD is
coupled to the next, say L lead, with a constant value V;. In
the following we consider the time-dependent currents j;(z),
Jr, (1), and jg (1) for the three specific conditions: u;=pug,,
,LLL:(,uRl+,uR2)/2, and p;=pg . In addition, we assume
,LLR2=—/.LR|=3, 84= IR > and take for the period of the con-
sidered barrier modulation 7=5. In a such case we integrate
numerically the corresponding set of the differential equa-
tions for the matrix elements of the evolution operator and in
the next step calculate the currents according to the formula
Ja(t)=—edn,(t)/dt, where a=L, R, or R, and n,(¢) is given
in Eq. (5) (or similar to it). We checked that the QD charge
hardly depends on the additional V;; couplings. Although
the QD charge is almost insensitive to the additional overdot
couplings the currents demonstrate such dependence. Espe-
cially visible are the differences for the case when the chemi-
cal potential u; of the third electrode L lies between the
chemical potentials of two other leads; see Figs. 11(B) and
11(E). For other values of u;, the influence of the overdot
tunneling channels for the parameters considered here is
smaller. Note that after abrupt changing of the coupling be-
tween the QD and R, or R, leads the currents j,, JRp> and jg,
rapidly change too, and after a short time reach the steady
values. The QD coupled with three leads could be considered
as the three-state system. We observe that for some values of
the lead chemical potentials the currents change their values
periodically, e.g., from zero to the positive value [see Jr, in
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FIG. 12. (Color online) The time-dependent currents flowing
from the L, Ry, and R, leads in the system shown in Fig. 1. The thin
solid, thick solid, and broken curves correspond to different cou-
plings of the L lead to the other elements of the system: (VLRl
=4,V4=Vig,=0), (Vig,=4.V4=4,Vig,=0), and (Vig =Vi4
=Vig,=4), respectively.

Fig. 11(B)], from zero to the negative value [see J, in Fig.
11(B)] or from the negative to the positive value [see j; in
Fig. 11(B)].The additional couplings between leads modify
the values of the currents but the qualitative picture remains
the same. Note that in the first moment after abrupt changing
of the coupling between the QD and R; or R, lead we have
0] +le(t) +jR2(t) #0 as in this case dny(t)/dt#0 (not
shown here). After some delay time the QD charge stabilizes
around its equilibrium value, the currents tend to constant
values and their sum is equal to zero.

In the last step we consider the response of the currents to
the abrupt inclusion into the QD-2I system of the third elec-
trode (in our case, L lead). The results are presented in Fig.
12 together with the schematic view of the subsequent tunnel
connections between the QD and the three leads. We show
the time-dependent currents j; (1), jg,(¢), and jg (#) corre-
sponding to the three different ways of inclusion of the L
lead. We assumed the chemical potentials MR =—MR, ML
:(,LLR1+/.LR2)/2, and 4= JAR,- Consider the current ij flow-
ing from the R, lead characterized by the highest chemical
potential MR, Before adding to the system of the L lead (see
case A in Fig. 12) the current Jr, has a constant value and
flows from the R, lead through the QD energy level to the R,
lead. When the L lead is included into the system (the tun-
neling coupling Vig, changes abruptly at =8 from the zero
to nonzero value) the current Jr, is almost unchanged—its
value decreases slightly without any transients at short times
after the time r=8 (thin solid line). Next, we consider the
case when the L lead is abruptly connected simultaneously
with the QD and R, lead (case B in Fig. 12). Now the current
Jr, (thick solid line) decreases significantly during the short
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time after the moment of inclusion of the L lead and settles
to its constant value. Note that JR, decreases despite the ad-
ditional charge transfer channel between R, and L leads
(through the QD energy level). The destructive interference
appears in this case as we have two transmission channels for
tunneling electrons between R, and R, leads. However, the
constructive interference is visible if we consider the next
case when the L lead is abruptly coupled with the QD-21
system assuming nonzero values of Vir Vir, and V;, (bro-
ken line). Now, we have one additional charge-transfer chan-
nel (from the R, lead) in comparison with the former case.
The current Jr, rapidly increases with some fluctuations and
after the time ~7%/I" decreases to the constant value. A simi-
lar analysis can be made considering the currents j; and Jr,
although the transient current changes are more visible now
at short times after the abrupt inclusion of additional electron
tunneling channels. The above discussion concerns the spe-
cific values of the lead chemical potentials and the position
of the QD energy level. Nevertheless, similar qualitative con-
clusions can be made also for other values characterizing the
considered system.

V. CONCLUSIONS

We have studied the time-dependent tunneling transport
through the QD coupled with three metal leads using the
evolution operator technique. The time-dependent QD charge
and currents were determined in terms of the appropriate
evolution operator matrix elements. Applying the wide-band
limit to the integrodifferential equations satisfied by the evo-
Iution operator matrix elements we were able to give the
analytical expressions for the time-averaged currents and dif-
ferential conductance. We considered the external harmonic
microwave fields applied to different parts of the considered
system, as well as the rectangular-pulse modulation imposed
on different QD-lead barriers. In addition, we have studied
also the time dependence of the currents due to abrupt inclu-
sion into the QD-two leads system of the third electrode. We
have considered also the effect of the additional couplings
between leads (we coupled one of the leads with the other
two leads) on the conductance and current flowing in the
system. Our main results can be summarized as follows:

(i) For the vanishing nonresonant tunneling path, V,z=0,
and for the parameters for which the photon-assisted side-
bands are clearly visible on the {j;(¢)) curve the subsequent
sideband peaks have the Lorentz-type form with the FWHM
equal to 3I' in comparison with 2I" for the QD-two leads
system. For the increasing value of V;p the form of the side-
bands transforms from the Lorentz type to the fully asym-
metric form for x=+/(13-1153)/8=0.28. For greater x the
form of the sidebands changes and gains again the Lorentz-
type shape for x=12/2. For the QD coupled with two leads
the corresponding values of x are equal to y3—-2v2=0.41
and 1, respectively.

(ii) For the vanishing V;j the differential conductance
curve, e.g., d{j (t))/du;, possesses the sidebands of the Lor-
entz type localized at u;=¢,;+wk. For V;p#0 these side-
bands are described by the superposition of two parts, the
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Lorentz-type and the asymmetric one centered at g,
=y + wk+2Tx/(1+2x%) weighed by the factors [I'(1-13x>
+4xh) /(1423 (A=A /w]  and  [4Tx(1-2x%)/(1
+2x2)317:[(Ay,~A,)/ ], respectively. For the QD—two leads
system the corresponding kth sidebands are centered at g,
=pu; +wk+Tx/(1+x%) and their symmetric and asymmetric
parts are weighted by the factors [I*(1-6x>+x*)/m(1
+x2)4]J§[(Ad—AL)/w] and [2Tx(1-x%)/m(1 +x2)3]Ji[(Ad
—-A;)/ w], respectively.

(iii) The symmetry properties of the sidebands corre-
sponding to the current flowing from the given lead depend
on the position of the chemical potential of this lead in com-
parison with the chemical potentials of the other two leads.
Taking, for example, V; =0 and up_localized in the middle
between 1, and g, one can observe on the (j(#)) curve the
sidebands of nearly regular (Lorentz-type) forms while the
sidebands on the (ij(t)) curve have asymmetric structures.
However, in the presence of the nonresonant tunneling path
the sidebands on the (j;(r)) curve change their form and for
x=0.28 they have a fully asymmetric shape. On the other
hand, the sidebands on the (ij(t)) curve have for x=0.28 a
nearly Lorentz-like shape.

(iv) Especially large interference effects can be observed
if we compare the current flowing in the QD-31 system with
the sum of currents flowing in the two QD-2I systems which
can be viewed as the components of the considered more
complicated QD-31 system. The difference between them is
relatively large independently of the overdot coupling be-
tween leads (see Fig. 5).

(v) In the case of strong asymmetry of the applied exter-
nal field (Ag #0,A;,=A;=Ag =0) we observe for x=0 a
shoulder on the left side of the main resonant peak on the
(j.(1)) curve vs the gate voltage. With the increasing overdot
coupling between L and R, R, leads the main resonant peak
disappears and transforms in a dip for strong coupling V.

(vi) Let us consider the time dependence of currents
flowing in response to the time-dependent barriers between
the QD and two leads (we assume a constant coupling of the
QD with the third lead). For the assumed rectangular-pulse
modulation applied to the QD-R; and QD-R, lead barriers
one can consider the QD-31 system as a three-state one. For
example, the currents j;(¢), jg (1), and jg (¢) change their
values periodically between zero and positive, positive and
zero, and negative and positive values, respectively [see Fig.
11(B)]. The additional couplings between the leads introduce
only small quantitative changes.
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APPENDIX

In this section we present the derivations of the general
equations satisfied by the required functions Ul(¢,1),

Ud];(t, t0)7 Ud,;/(i(t7 tO) and U/;d(t7 tO) > Ulgl,/;z(t7 t()) > UE,;/é(t7 tO)
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needed for the calculations of the QD charge n,(¢) and the
currents flowing in the considered system. In the next step,
using the WBL approximation we simplify these equations
and give the analytical solutions for them. Let us begin from
the derivation of the integrodifferential equation satisfied by
U,4(t,t,). Writing down the formal solution of Eq. (9),

t

Ugia(t,tg) == lf df1‘7§/74(f1)Udd(f1,to)

I

1
—if dnE Vi) Ug(ty. 1) (A1)
1o k
and inserting them to the formal solution of Eq. (8),
! —~
Uia(t,tg) == ij dt Vig(t) Ugq(ty,10)
)
! ~
—i f dt, 2 Vig(t)Usgtyt),  (A2)
t  p=q.r

one can obtain after straightforward calculations the function
Ui,(t, 1) expressed in the terms of Uy,(z,1,), only,

t
Uit 1p) = (- i)f dt Vig(t) Uga(ty,10)
To

t oy
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- (" (h Dj-1
+E(_i)2] ces df]"‘dl‘Qi
j=2 1o ¥ 1y 0 ‘

XE-

ky ey,

REj_ld(fj—btj) Uad(t),to)

*© torn 1

N\ 2j+1 )
+2(_l)j+f f f dtl.“dt2j+l

J=1 1o ¥ 1o 0

X 2 R ()R (t,0) -+
b

Rig (11,12 Ry  (13,14) -+

VEjd(fsz)Udd(lszJo), (A3)

where

R;(t1,1) = > ‘75501)‘7,;,‘(12) + Z Vif(fl)f/r‘j(tz)~ (A4)

q

We remember that the wave vectors &, g, and 7 correspond to
the left lead and the first and second right leads, respectively.
Inserting into Eq. (7) the expressions for the functions
Uidt.ty), Usy(t.tg), and Ug,(t,1)), Eqs. (A1)-(A3), we can
write the integrodifferential equation for U,,(t,t,) in the
form
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Wadlt-to) =- J dt {2 Vi) Vi) + Rdd(f,lo)] Ua(ty,10)
To k

o0
) rorn Bj-1
+E (- l')2./—1 d
j=1 o Y 19 ty

e dty > [Rag, (1)Rg f(1,13) -+

Ky k... k;

+ Vdil (DR i, (t1,10) - R/Ejd(fzj—l ) U g2, 1)

* [t (h 1
+2(_i)21ff f dr, -
j=1 o Y 1y toy

Rl;j_llzj(th—Zv lzj—l)REjd(lzj, 1)

+ z Vae, ORg i, (11,1) - Ri (01,00 Vi alt2j1) JUaa(t241510) -

kj+1

This rather untractable general equation can be greatly sim-
plified using the WBL approximation. Assuming V;:=V,;
=V4=V, Vi=Vz;= Vg, the multidimensional time integra-
tions and summations over the wave vectors can be per-

formed giving in result Eq. (12) with the solution

U4(t,19) = exp[— Cy(1 = 1)]. (A6)

Here C;=3T-T[(3x*+2ix)/(1+2x%)] and x=mVg, /D, D
being the bandwidth of the lead energy band (DR,=DR2
=D;=D). The function Uj,(t,t,) given in Eq. (A3) can be
reduced within the WBL approximation to the form

t
Uidt,t9) =— CzJ dt, Vi(t) Uyy(ty,10) (A7)
To
where
i+ 2x
= . A8
2T+ 242 (A8)

In order to calculate U(t,t,) we write down accordingly
with Eq. (3) the corresponding set of coupled differential
equations for the functions U (t,1,), U,;],gz(t,to), Uzt 1),

aUd/;(t’ tO)
ot

q

=—iV(t) + (i) f dtl[

I 1

wdbjg > [Rag, (1 1)R g (1,13) -

kyky...k;

(AS)

and Uy(t,t,). The subsequent steps of the calculations are
similar to those performed in the derivation of Eq. (A5).
Inserting the formal solutions for Uy ,(t.10), Ugzilt,to),

t
Ui i,(t.t0) = 8 i, — lf dfl[V/E,d(ﬁ)Ud/Zz(fl’fo)
I

0

+ 3 %;;(n)v,;,;z(n,ro)], (A9)

p=qr

1

1
Uﬁ]Z(t’tO) = - lf dt] [Vﬁd(tl)Udg(tl’to)
0

+2 V,;k](rl)Ua,;(n,ro)] : (A10)
ky

into the differential equation satisfied by U(z,t,) one ob-
tains the derivative U (t,1))/dt expressed in terms of
Uai(t,1) and Uy j (2,10). On the other hand, on the basis of
Egs. (A9) and (A10) the function U,;llgz(t,to) can be repre-
sented in the form containing only Uz,,). Finally, one
obtains

qu] ‘712112(1‘1) + 2 ‘711;1(1‘)‘7?1/2([1)]
1 r

+(- iﬁf fldfldfz[ > ‘7[1121(1)‘712151([1)‘7511202)+ > }
1o % 1o k kLA

kp.q

t 3] %) _ _ _ _
+(= l')4f j J dtldfzdt3[ > Vag, (Vi i, (1) Vi g, (02) Vg ilt3) + >
fo <t < 1 k

q1-k1.42

S

71.k145 qiki7s rikiry

1

+ (=) J dry [2 Vi, 0V a(t) + 2 Vg (V5 4(11) + 2 Vd;l(r)f/;ld(m)] Ugilty,to)
lo ky q
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+ (- i)af fldfldtz[z ‘751121(5)‘712151(11)‘741(102)+ D D ] Ugiltastg) + =+ .

k1.,

In the WBL approximation this equation reduces to the form

AU 4, 1)

Py CoVilt) + C3U i1, 1),

(A12)

with the solution

t

Ugt.t) == CzJ dt, Vi(t))exp[- C3(t—1))], (A13)

I

where C;=I"(4ix—3)/2(1+2x%). Next, taking into account
Eqgs. (A9) and (A10) the function U, i ,;z(t,to) can be written in
terms of Uy, (7,1):

ot 0 ky

t 151 %) _ _ _ _
+(= i)4f f f dt1df2dt3[ > VdIEI(1‘)Vlélql(f1)V§11€2(l‘2)V1€2q‘(f3) + >
fo~ 1o 1o

AU 4:(t,1) - ! - - rrh - - -
— V(1) + (= i)2J dn >, Vai, OV 4(1) + (= l')Sf f dtldfz[ 2 Vg, (OV5 &, (1) Vi 4(12) + > ]

PHYSICAL REVIEW B 72, 125312 (2005)

(A1)
]zl’;l ‘;1];] ;II;I
[
t —_~
Ui i, (t.10) = 01 5, = Ca f dt\ Vi a(t) Ui (11,10)
I
t
_ 2Virx f di R o)) (A14)
1+2:° ),

In order to calculate Uy(t,t,) we first write down the
coupled set of equations [on the basis of Eq. (3)] satisfied by
the functions U,;(t, 1), Ucilciz(f’to)’ Us;(t.15), and Ugs(t.1).
Inserting the formal solutions for the functions Uy ; (7,1),
U;;(t,t0), and Ug;(t,1,) into the differential equation for the
function U,;(t,y) one obtains the derivative dU,;(t,t)/dt
expressed in terms of Ug,(t,t)), Ug(t,t), Uzi.éz(t’t())’ and
U;;(t,t). Inserting again into this equation the formal solu-
tions for the functions U,;lqz(t,to), U;(;(t,to), and Ug;(t,19),
and repeating this process again and again, one obtains

g1k riky

k11K ki1
[ ~ —~
+(= i)zf d, > V(O Via(t) Ugy(ty, 1)
‘o ﬁzlgl";l*;l
torh _ _ _
+(— l)3f f d[ldt2|: 2 Vd‘j](t)v‘illgl(tl)vl‘jld(tz)+ 2 e+ E R o E :| Udé(tQ,t())"' trt (A15)
17 1o a1k, 1k k14 k7

In the WBL approximation this equation is reduced to the
following form:

8Ud§(t, to)

Y =— C4‘7d§(t) + C3 Ud(f(t’ tO) 5

(Al6)

where C,=(1-x)/(1+2x%) and has the solution as

follows:

t

Ugi(t,to) = — C4f dt Vyi(t)exp[- C5(t = 1))]. (A17)

)

The function Uyt,1) is identical with Uy(t,1).

To calculate, e.g., the current j,(z), we still need
the functions Ugt,t)) and Ugt,4). The function
Ui;(t.t)) can be obtained solving the set of the
coupled differential equations for the functions Uy(t,t),
Ui (t.t0),  Ugglt.tg), and  Uggt,ty). Writing  down
the formal solution for Ugi(t,y) and inserting
into it, in the first step, the formal solutions for
Uqlqz(f,fo) and U;,;(t,to) and, in the second step,
the formal solutions for Ut,ty)) and  Ugs(t,t),
and so on, one obtains
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t

Uii(t.tg) == iJ dtlvéd(fl)udq(fhfo)

)

PHYSICAL REVIEW B 72, 125312 (2005)

+(=i)? f dndrz[Z Vig(t0)Vi () + 2 V;;xt)%ld(tz)} Uait1:10)

0 q1 1

t 151 %) _ _ _
+(- i)3f f f dtldfzdt3[ > Vig, () Vi i (1) Vi alt3) + > ] Ugiltzsto) + =+
fo 1 “1o 3

q1-ky

t _ t n %) _ _ _
+(- i)f diy Vigltyto) + (= i)3J f J dfldtzds[ 2 Vi () Vi g () Vit + 2o |+ o
1o 119 Jip a1k,

7k

(A18)

Pk

Under the WBL approximation this equation reduces to the form

1

Uist.tg) == C, f

T

~ i ~
dt Vi) U g4ty 10) = mft an Vi (t)),

(A19)

0

where Uy,(t,1y) is given in Eq. (A17). The function Ujit,1,) has the identical form as Ug;(t, ).
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