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Band structure effects in time-dependent electron transport through the quantum dot
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The evolution operator method is used to study the electron tunneling through the quantum dot. The external
microwaves fields are applied to both the dot and leads. Under the adiabatic approximation, the formulas for
the time-dependent quantum dot charge and current flowing through the quantum dot are obtained. The
time-averaged quantum dot charge, tunneling current, and derivatives of the time-averaged tunneling current
with respect to the source drain and gate voltages are calculated beyond the wide band limit for the two-
dimensional tight-binding spectrum of the leads electrons. The influence of the singularities of the lead density
of states on the photon-assisted tunneling peaks is also discussed.
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Electron transport in mesoscopic devices has been intenudesA , and A,,, respectively. Without describing the for-
sively studied recently. Especially interesting are the transmalism, which has already been discussed in dé&tai, e.g.,
port properties of the quantum d@D) under the influence Ref. 3, we recall that the general formula for the current
of external time-dependent fields. The QD was investigateflowing, e.g., from the left lead into the QD is usually ex-
for various configurations of time-dependent parameterspressed in terms of the QD retarded Green fundBb(t,t,).
New effects have been observed, e.g., photon-electron pumpiowever,G'(t,t,) satisfies the Dyson equation with subse-
side band effect, electron turnstile, and oth@rg)., Ref. 1. quent double time integrations and for the time-dependent
The experiments in which the heights of barrier are moduHamiltonian it is a very difficult task to calculate it. For that
lated are now available and the turnstile effect has been olyeason in literature, as a rule, the wide band litWitBL) is
served(e.g., Ref. 2. Other works have addressed the re-used for calculations of the corresponding self-energy
sponse of the QD to an ac bias applied between two leads o' (t,t,). In this approximations'(t,t;) is proportional to
applied simultaneously between two leads and to a QDy(t—t,) and, in consequenc&'(t,t;) can be obtained in a
(time-dependent gate voltageee, e.g., Ref. 3. closed, simple form. WBL has been widely used in calcula-
In the simplest case the Hamiltonian of the QD with mul-tions of the time-independent, as well as the time-dependent
tiple energy levelswithout the electron-electron Coulomb properties of mesoscopic systefiesg., Refs. 2, B This ap-
interaction coupled to two leadgright and left in the pres-  proximation is justified under the condition that the density
ence of external microwaveMW) fields which are applied of states of the leads varies slowly with energy over a range
to both the dot and leads, can be writtenldssH;+V,  of severall' around the QD resonant levél, being the line-
where width of the QD energy level. In addition, the QD resonant
level should be localized not close to the edges or top of the
_ . + ol + energy bands of the leads. In practice, however, a situation
Ha kz Ek (t)akaakaJr; én(t)an . @ can occur when this condition is not satisfied. One should
: remember, that the density of states for some two-
dimensional electron systems possesses a singular structure
V=2 Vi narai tHc, (2)  at the band center. Therefore, the experimental conditions
KN imposed on some mesoscopic devices may lead to the situa-
where a=R,L denotes the rightR) or left (L) lead in the tion ip which th_e QD resonance level will be localized near
system. The operators (a;l-) a (a}) denote annihilation the singular points of the lead energy band structure or near
at kg TN the energy band edges. So the band structure and, in particu-
(creation operators for conduction electrons with the wavelar, van Hove singularities in the leads can influence the tun-
vectork in the leade and for electrons in thath energy  neling current across the QD. Such studies have been carried
level of the QD, described by the functiofis,) and|n), ~ Out for the QD placed between the leads to which a constant
respectively. The hybridization matrix element between the?i@S #L~ r, wi(ug) being the chemical potential of the
conduction electron with energsg; in the leada and the I€ft (right) lead, was appliel.The market structure due to -
. « . the singularities of the lead density of states was observed in
localized electron on thath energy level of the QD is de-

. . . ) the QD density of states and in the nonlinear conductance
noted byVi , andeq(t) is the single particle energy of an voltage curves.

electron on thenth energy level of the QD. In this paper we are going to study the influence of the
Under the adiabatic approximation the single-electron ensjngularities of the leads band structure on the QD charge
ergies of the time-dependent driven system, Efjs.(2), can  anq electron transport through the QD in the case when the
be represented in the formg; (t)=e; +A,coswt, €x(t) MW external fields are applied to this system. Therefore we
=e,t A COSwt, i.e., the energy levels of the leads and QDare forced to go beyond WBL and within the formalism of
are driven by the MW fields with frequenay and ampli- the nonequilibrium Green functions it is extremely difficult
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to calculate, e.g., the time-dependent curijgit) tunneling left lead into the QD, can be calculated from the evolution of
from the left-hand lead to the QD or the QD charge. Therethe total number of electrons in the left lead(t) (see Ref.
fore, in the following, we calculate the QD charge and cur-3): j, (t) = —e(d/dt)n,(t), where
rent flowing in the system using the evolution operator
method. This method was successfully used, e.g., in the
problems of the time-dependent ionization of atoms scattered
on metal surfaces.

The paper is arranged as follows. First we give the for-

nL(t)=2>, ; ni(to)|Ug_,j(t,to)|?
ke

mulas for time-dependent current and QD charge for the QD + Z ndL(t0)|UlzL 'dL(t’tO)|2

connected to leads characterized by some electron band L

structure. Next, the time-dependent QD charge and the cur-

rent flowing through the system vs the gate voltage and the +2 N (to) Ui i(tto)[? - (6)
source-drain voltage are studied assuming the two- KR

dimensional tight-binding spectrum for leads electrons. Wan the following we need only to know the matrix elements

this case the influence of the density of states singularitieg ) and n,(t). For example, the integrodifferential equa-
should be important. We also consider the influence of thggns for the matrix elementdJ;; (t,to)) and U, ¢ (t,to)

lead band structure singularities on the photon-assisted tun- . . ' .
neling (PAT) peaks. Finally, we study the influence of the Egi?]deg 'ZE:;ICEJA[? g?lrés;fetgi (fgo[I)Io(i/Cs‘me) can be obtained
energy band edges on the average current flowing in the 9 Eas49), '

system.

J t .
The dynamical evolution of a QD coupled to two leads Euij(t,to)z—E dt’IC"(t,t’)U”(t’,to),
can be described in terms of the time-evolution operator I Jt
U(t,tp) (in the interaction representatipgiven by the equa- L
tion of motion (e.g., Ref. 5: ij,I=1,...m, (7)
a - J . o
i—U(Ltg) =V(DU (1), (3) tYik(Lto)=—1Vik (1
t .
where = | v g (L), ®)
I to “«
N7 _ +
V() =Uo(t,to) V(D Ug (t,to), where
t
Ustitor=en ] ot @ k)= Vg (0, () =K L) +R L),
0 lza a a
Here we assume that the interaction between the QD and 9

leads is switched on in the distant pasti.e., the hybridiza-
tion matrix elements equal to zero fot, and take the
constant values for>t,. The knowledge of the matrix ele-
ments ofU(t,ty) is sufficient to calculate both the charge
localized on the QD and the electric current flowing through

In order to calculate the tunneling currgni(t) we have
to obtain, in the first stem, (t) and after lengthy algebraic
manipulations the result in formula fgy (t) is as follows:

the system under consideration. JL)=—=2 nj(te) > W(ly,l5,j;t,t)
The total QD charge is given as followsee Ref. & J 112
+21mY, ng (t Vi e (DUT - (tt
=3 n(n-3 (2 (1) Ujj(t.to) 2 M 102 Vi, g (DU g (400
. +> ng (t W(l1,15,0,:t0,1), 10
+EE nIZa(to)|Ui,lZa(t,t0)|2), Lj=1,...m, qE a,(to) 2 Wllalz Guito.) 1o
‘ (5) where

wherem denotes the number of the QD energy levels. Here
Ujj(t,to) and Ui,ga(t,to) denote the matrix elements of

U(t,ty) calculated within the basis functions containing the

t
‘I’(a,b,c;to,t):f dt’ P31t ) U (t,t0)Uac(t’ o)
to

_ ~ i t

single-particle functionsk,), |kg), and [i). nj(t;) and +f dt’ K P3(t HUE(t ,to)Uac(t,to).
n,;a(to) represent the initial filling of the corresponding to

single-particle states. The tunneling current, e.g., from the (11
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The formulas for the QD charge and for the current tun- 1
neling between the left lead and the QD, E(®, (10), to- 0.8
gether with the equations for required matrix elements of the a g
evolution operator, Eq$7)—(9), are the central results of this & 04
paper. In order to use them in numerical calculations we have " 0'2

to specify only the form of the matrix elements ¢ft) and
calculate/C!'(t,t") and K (t,t"). We have —— — 02

A<n(t)>

Vik ()=Vig exd —i(Aj—A,)sin(wt)/ o—i(e—e; )],
(12)

K200 = V) WV, Dalt—t ) exdi (e t—e t') +i(A,

—A)sinwt)/w—i(A,—A)sinwt')/ o],
(13

whereD, (t—t") is the Fourier transform of the density of
states of thexth lead and we have assumed that the matrix 02 | | | | | | 04

elementsVg =V, arek independent. 4 -4 0 4 -8 -4 0 4
We assume the temperatufB=0 K and the time- &g  (nunitsoflg) g4

averaged currentj(t)) is obtained by averaging(t) over
g (1) y ging(t) FIG. 1. The time averaged QD charge(t)), tunneling current

the period 2r/w. The similar procedure is applied to the . I . . i .
caIcEIation of the QD averagepcharge. WithoBFloss of gen-<JL(t)>' and derivatived(j (t))/deq (in arb. unit3 vs €4 obtained

. . for 2D-TB leads DOS(left panel$. In the right panels the corre-
erality we assume that the energy band of the right lead I§ponding differences between the results shown in the left panels

Iocalizg:-d in the energy range-\Wg/2,Wg/2), Wg being the and those obtained within WBL A(n(t)), A(j.(t)), and
bandwidth, and takeV, =Wg=W. We take the chemical (qj y/de,) are given. The thickthin) curves correspond ta,

potential of the right leadur as the energy measurement _g Ag=4, Ag=0 (A =4, Ay=2, Ag=0), andw=2, ug=0,
reference poinjug=0. The potential drop between the left , —4 The dashed curves correspond to the time-independent case.
and right leads is given by, — ug=eVs_4 andVg_g4 is the

measured voltage between source and drain. In experimen}ﬁd A(dj,)/dey) between the results obtained for 2D-TB
the gate \_/ol_tage controls the position of QD's energy leyel leads DOS and obtained within WBL are given. The dashed
fines correspond to the static case=0) and the solid lines
correspond to the time-dependent transport. One can see,

gate voltage we have calculated them aga#yst To study
the effect of the leads band structure on the electron transp

throggh the QD, we have asgumed the two-dimensional tigrﬁD—TB leads DOS is greater than that obtained within WBL
binding (2D-TB) simple cubic crystal spectrum for leads up to ~30% while for e;=1 up to ~150% for the static

conduction electrons, which is known to possess the logarithz;se 4 this difference decreases with increasing amplitude

mic singularity in the middle of the band. Before we start to _ _ S . X
analyze the results, let us discuss the relation between ttﬁL (Ag=A./2, Ag=0). It is interesting that the\(j, (1))

%rves for differentA, exhibit local minima or maxima at
measured experimental linewidth paramdter (I'| +1'g)/2 L . .
. . . the sameey. For example t)) for the static case pos-
(we assume symmetrical barrigrand Vi i entering the d pleA(j (1)) P

s " sesses a local minimum fey=2 (the middle point between
theory. Considering the one-level QD we use the abbreviateghe chemical potentialsu, and wg) but for the time-
form for the hybridization matrix elemenig; ; simply as dependent case we observe local maxima, greater\for

Vi - In the WBL the effective linewidtH", is defined as =4 and lesser for greater amplitudg =8. As for the time
follows: I' , =273 |Vi |?6(E—€i ), and the values of/; averaged QD charge, for positive values egf the relative
does not enter the final expressions for the current or QrilifferencesA(n(t))/(n(t))we. are greater up to-100% for
charge. Contrary to this casej; enters explicitly into our the static caseej=5) and approximately up to 20% for the

. foi . (t dn(t). In thi h i dynamical case. However, for negative valuesegfthese
expressions fof, (t) andn(t). In this paper we have esti- relative differences are small. Note, that for the time-

mated Vi (assuming itsk independenceVi =V,) Using  dependent case fary greater(lessey than the middle point
the relationl” ,= 27|V ,|?/W,,. For calculations we assumed between the leads chemical potentiadg=2) these differ-

W,=100", and takeh =e=1 units and all the energies are ences are positivénegative. The bottom panels show the
in units of I'g unless otherwise specified in this paper. derivatived(j (t))/dey vs €4 and the corresponding differ-

In Fig. 1 in the left panels we show the time-averaged QDences obtained for two considered models of the leads DOS.
charge, tunneling current and the derivative of the tunnelingAs before, the greatest differences are observed for the static
current with respect to the QD energy lewvgl. In the right case(dashed linesfor QD energy levelsey equal to the
panels the corresponding differences((t)), A(j_(t)), chemical potentialg, or ug. For the time-dependent trans-
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0.02

o
o
=

<j(t)>

o

-0.01

{arb. units)

0.04

dej(t)>/deg
o

-0.04
T T T T T ! 1 1 1 1 1 1

1_;:' -3 2 1 0 1 f -2 10 1
° 2 in unit
é0.1 | i é g4 (in units of w) g4
= 7 FIG. 3. Left panels: the average curréit(t)) and derivative
© 3 d{j_(t))/deq vs €4 for external field applied only to the right lead
0 LN 1 L 1 1 1 -0.05 in the case of the 2D-TB leads DOS. The solid curves correspond to
$ 4 0 4 8 4 0 4 Ar/w=0.3(thin lines, 0.5, and 0.7thick lines. The dotted curve
M (nunitsofI'p)  p is the resonant peak without external field. The parameter§ are

) . =I'r=0.1w and u = — ug=0.05». For comparison, on the right
~ FIG. 2. The time averaged QD charg®(t)), tunneling current  ,oh0is the same as on the left but obtained within WBL.
(jL(t)), and derivatived(j, (t))/du, (in arb. unitg vs u, obtained

for 2D-TB leads DOS'the left panels In the right panels the cor-
responding differences between the results showed in the left pan

and those obtained within WBL A(n(t)), A(j_(t)), and . ;
d(j,(t))/du, are given. The thick, thin, and dashed curves corre- In the next step we consider the influence of the lead DOS

spond toA, = 8,4, and 2, respectively, fas=2, e;=1, ug=0and  Structure on the photon-assisted tunneling through a quantum
Ag=A /2, Ag=0. dot. In experiment, in average current vs gate voltage curve,
a “shoulder” is observed on the left side of the main reso-

_ nant peak for the case of a MW field applied on one lead
port these differences are much smaller and hardly depend

on amplitudesA; and Ay, contrary toA(j (t)) which are , , , ,
greater for smaller values df;, andAg.
In Fig. 2 we give the time averaged values of the QD
charge, tunneling current and differential conductance
(n(t)), (jL(t)), andd{j (t)/)du =G, respectively, as func-
tions of the chemical potential, for fixed ug=0. The left
panels show the results obtained for 2D-TB leads DOS and

e?sD'TB DOS is lower and simultaneously its halfwidth is
twice as much as this one obtained within WBL.

o
o

<j(t)>

(=]

right panels shows the corresponding differenaésa(t)), Z oo
A(j_(t)), andAG vs u, of the results obtained for 2D-TB g
DOS and within WBL approximation. Note, that essentially g

no differences are observed for the QD charge calculated for
two considered leads DOS only for a very special set of
parametersu; =2 and QD energy level put in the middle
betweenu, and ug. For other chemical potentiajs, , the
relative differencesA({n(t))/(n(t))wsL, become very large,

up to ~120% for smaller amplitude&, (A =2) and up to
~20% for greaterA; (A, =8). Similar results are also ob-
served for the tunneling current. Now, approximately only at
u = ur=0 there are minor differences but for large positive
wu the relative differences increase up+®0% irrespective FIG. 4. The average current(j () and derivative
of the amplituded, and up to~170, ~100, and~30% for  qj (t))/du, calculated within WBL(dotted line and for rectan-
large negativeu; andA, =2, 4, and 8, respectively. As for gyjar leads DOSsolid lineg with 4, and ug lying near the lower
the differential conductancébottom panelsthe WBL pro-  pand edges. The parametgis T', =T'g units are ug=0, €;=1,
duces, generally, much narrower peaks, although theik =15 andw=1. The thin(thick) lines correspond to the time-
heights are nearly the same for greater amplitublesOnly  independenttime-dependeitcase. The external MW field is ap-
for small amplitudes\ | the conductance peak calculated for plied only to the left lead.

d<j(t)>/dp

Wy, (inunits of I'y)

035315-4



BAND STRUCTURE EFFECTS IN TIME-DEPENDEN. . . PHYSICAL REVIEW B 66, 035315 (2002

only! In Fig. 3 we compare the structure of the main reso-independent cagecorresponds to the situation when the
nant peak in the average currgjjt (t)) and the derivative lower edge of the left lead energy band equalsutp. Be-
d(j_)/deqy plotted vsey4 obtained within WBL(Ref. 3 (right ginning from that point the current decreases with increasing
panel$ and calculated for 2D-TB leads DQ®&ft panelg at . In the time-dependent case the points B and C corre-
half-filled bands. The parameters was taken as in Ref. 2 angpond to such values gf, at which the lower edge of the
the dashedsolid) curves correspond ta=0 (w#0). The left lead energy band attairisluring oscillations ofe (t)]
remarkable differences are visible for negative valuesof  approximately value oftg. These points are clearly visible
The main resonant peaks are broader and lower and thedh the conductance curvéiewer panel of Fig. %
height is almost independent on the amplitude. For small In conclusions, we have studied the electron tunneling
AR the “shoulders” are almost unvisible but with increase of through the QD in the presence of the time-dependent fields.
AR, they getting visible and their values getting larger in The one-level QD without Coulomb interaction was consid-
comparison with WBL results. Nevertheless, in both calculaered. By using the evolution operator method the time-
tions the indications of the photon-assisted tunnelingefpr dependent and time-averaged QD charge, tunneling current,
==*1 are clearly visibldlower panels of Fig. B and derivatives of the time-averaged tunneling currents with
In the last step we have considered the case when the leagdspect to the source drain and gate voltages beyond the wide
enegy bands are nearly empty, i@, and ug are located in  band limit were calculated. To study the effect of the leads
the vicinity of lower band edges. In such cases the WBL iselectron band structure the two-dimensional tight binding
not aplicable. We have performed the calculations for rectspectrum with logarithmic singularity in the middle of the
angular lead DOS for MW field applied only to the left lead. band was assumed. We found that the differences in the QD
In Fig. 4 we show(j (t)) (upper pangl and d{j )/du, charge, tunneling current and differential conductance ob-
(lower panel vs w, . The thick(thin) lines correspond to the tained for 2D-TB leads DOS and for structureless DOS
time-dependentime-independentcase. For comparison, we within WBL are relatively large, especially for half-filled
also show the time-dependent WBL resultiotted lineg, leads energy bands and for QD energy levels lying in the
although we remember that for these parameters this apcinity of the van Hove singularities in leads. We also found
proximation is not reliable. Inapplicability of WBL is clearly that the photon-assisted tunneling peaks are lower and
visible. It should be remarked that there are some interestingroader in comparison with these one obtained for structure-
points on the current curves. The point @&he time- less lead density of states.
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