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W e study an electron trans port throu gh a quantu m dot in the pres-
ence of time- dependent Ùelds. The dot is describ ed by a single level and
the intra- dot C oulomb interaction is intro duced w ithin the H artree { Fock
appro ximation. T he external Ùelds cause a time- dependent shif t of the en-
ergy spectrum of the leads and quantum dot. We take into account the
spin- p olari zed solutio ns for the quantum dot charge. W e calcula ted the time
dep endence of the current and charge accumulated on the dot, the average
current and charge vs. the source{drain and gate voltages in dependence on
the C oulomb interaction strength and the frequencies and amplitude of the

external Ùelds.

PACS numb ers: 85.30.V w , 85.30.Wx

1. I n t rod uct io n

T he advance of exper imenta l techni ques on a nanom eter scale has m ade i t
possible to inv estigate the electronic tra nsport thro ugh quantum dots | small
structures form ed in two -dim ensional electro n gas by appl yi ng appro pri ate gate
vo l tage. Especial ly interesti ng are the tra nsp ort pro perti es of a quantum dot (QD )
under the inÛuence of externa l ti me-dependent Ùelds. The hi gh- frequency signals
m ay be appl ied to the QD and the ti me-dependent Ùelds wi ll modi fy the tunnel -
ing current. We should mentio n such phenomena as a photo n-assisted tunnel ing
(e.g. [1]) or photo n{ electron pum p ẽ ect , turnsti les and others (e.g. [2]). One can
inv estigate the current Ûowi ng thro ugh the QD under the periodic modul atio n of
the QD electronic structure [3] or periodic m odul atio n of the tunnel ing barri ers
[2] and electro n energy levels in both (l eft and ri ght) reservo i rs [4] (see also [5{ 8]).
The e˜ect of the ti me-dependent potenti al on the conducta nce and current Ûow-
ing thro ugh the QD and superlatti ces has been m easured and som e interesti ng
features, e.g. negati ve conducta nce, have been observed [1, 3, 9].
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The Coulom b intra -dot electron{ electron intera cti ons play very importa nt
ro le in som e phenom ena, such as the Coul omb blockade oscil lati ons, resonant tun-
nel ing, and m any others. It is wel l kno wn tha t the Co ulom b intera cti ons m ake the
tunnel ing coe£ cient very smal l in the blockade regim e in opp osite to the tunnel -
ing regim e where the current Ûowi ng thro ugh the quantum dot is m easured. The
conducta nce exhi bi ts oscil lati ons as a functi on of the externa l potenti al whi ch can
be expl ained by the m echanism of sing le-electro n tunnel ing and Coulom b bl ockade
phenom enon due to intra -dot electron{ electron intera cti on.

In the l i tera ture there are num erous theoreti cal works concerni ng the in-
Ûuence of the intra -dot electro n{ electron intera cti on in ti m e-indep endent electron
tra nsport thro ugh the quantum dot (e.g. [10{ 14]). On the other hand, the l i tera ture
on ti m e-dependent nonequi l ibri um tra nsport trea ted to gether wi th the Coulom b
intera cti ons is m uch more restri cted in compari son wi th the stati onary case. In
R efs. [8, 10] the tra nsport thro ugh a QD in the presence of ti me-dependent m i-
cro waves wa s studi ed. The QD was characteri zed by two sing le electroni c levels
and the intra -dot Coulom b intera cti on. The QD reta rded Green functi on for Ùnite
values of the Coulomb intera cti ons wa s calculated using the equati on of m oti on
m etho d and the ti m e-dependent and avera ge current was obta ined. On the other
hand, the nonl inear tunnel ing current thro ugh the QD in the Ko ndo regime as-
suming the inÙnite U value was calcul ated in R ef. [10].

The Co ulomb intera cti on in m any smal l quantum structures is small com -
pared wi th the energy di ˜erence between non- intera cti ng eigenstates of the QD
structure. For thi s reason, a mean-Ùeld m odel should give, for many purp oses, a
relati vel y good descripti on of the system. Sun and Li n [7] used the Ha rtree{ Fock
appro xi m atio n in descripti on of the electron tunnel ing thro ugh the QD and cal-
cul ated the ti m e-dependent current and the average current as a functi on of gate
vo l tage. The corresp ondi ng equati ons needed to be solved are very compl icated and
the autho rs m ake the addi ti onal appro xi m atio ns (described later) in thei r num er-
ical appro ach. It seems, however, tha t such ki nd of appro xi m atio ns can inÛuence
the results, especial ly, i f one considers the ti me-dependent characteri stics. In thi s
paper we calcul ate the ti m e-dependent current Ûowi ng thro ugh the QD , the charge
accum ul ated on the dot, the average current vs. the gate vol ta ge or source{ dra in
vo l tage and the conducta nce for the model in whi ch the Coul omb intera cti on is
ta ken in a mean-Ùeld m anner wi tho ut any addi ti onal appro xi ma ti ons as i t was
m ade in R ef. [7]. W e present a sim ple metho d accordi ng to whi ch we are able to
solve the self-consistent ti m e-dependent equati ons for the charge accum ulated on
the QD wi tho ut doing any appro xi ma ti ons.

The outl ine of thi s paper is as fol lows. In Sec. 2 the m odel is given and
the basic ideas underl yi ng the metho d are presented. In Sec. 3 we give the nu-
m erical results for currents, QD charge, and conducta nces obta ined for di ˜erent
electronic characteri sti cs of the system and di ˜erent ti me-dependent microwave
Ùelds. Section 3 conta ins also concl usions and a bri ef summary .
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2. H am i l t on ian an d f or m al ism

Our m esoscopi c system is composed of three parts : the left meta l lead, the
centra l quantum dot, and the ri ght lead. The three separate parts are coupl ed
to gether thro ugh the tunnel ing barri ers. The chemical potenti als ñ ˜ ( ˜ = L, R)
of the two m etal leads m ay be not equal , and thei r di ˜erence is not necessari ly
smal l . The Ham i lto ni an of the system can be wri tten as fol lows:

H =
X

kk ¥ ; ˜

" kk ˜ ( t ) a +
kk ˜ ¥

a kk ˜ ¥ +
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kk ¥; ˜
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where ˜ denotes the left (L) or right (R ) lead. The operato rs a kk ˜ ¥ ( a +
kk ˜ ¥

) ; a d¥ ( a +
d¥

)

are the anni hi lati on (crea ti on) operato rs of the electron in the leads (ri ght and left)
and in the dot, respectively. For sim pl ici ty the dot is characteri zed onl y by a sing le
level " d and the intra -dot Coul omb electron{ electron intera cti on U and " kk ˜ denotes
the single-electro n energies of the left or ri ght lead. The tra nsferÀ m atri x elements
between the leads and the dot are denoted by V kk ˜ .

W e consider the case in whi ch there exi st microwave Ùelds appl ied to the
leads and to the quantum dot. W e have taken the adi abati c appro xi matio n in
our ti me-dependent dri ven system so tha t the Ùelds can be reÛected in the single-
-electron energies as fol lows:

" kk ˜ ( t ) = " kk ˜ + Â ˜ cos ! t; " d ( t ) = " d + Â d cos! t; (2)

i .e. the energy levels of the leads and QD are dri ven by the ac Ùeld wi th frequency
! and am pl itudes Â ˜ and Â d , respectivel y. However, the ti m e-dependent externa l
Ùeld causes only a rigid shift of the energy levels and does not change the distri -
buti on of occupati on of electrons [5, 7]. The am pl itudes, phases, and frequenci es
of the externa l Ùelds can be ta ken arbi tra ri ly in di ˜erent regions of our system .

The general form ulas for the ti me-dependent current Ûowi ng thro ugh the QD
and for the charge accum ulated on the QD can be obta ined using the non-equi l ib-
ri um Green functi on techni que [5, 7, 12]. These general form ula s conta in, am ong
others, the reta rded, two -ti me Green functi on of the dot connected wi th left and
ri ght leads. The exact results f or it is not kno wn even in the ti me-independent
case, then the appro xi mati ons are needed. One can use, for exam ple, the equa-
ti on of m oti on metho d whi ch wi th som e decoupl ing pro cedures can lead to Ùnal
appro xi m ate resul ts (e.g. [7]). If these decoupl ings are used on the earl y stage of
the equati on of moti on scheme then one recovers the mean Ùeld resul t, nam ely,
the Ha rtree{ Fock appro xi ma ti on. On the other hand, one can use from the very
beginni ng the mean-Ùeld Ha mi lto nian, in whi ch, in com pari son wi th Eq. (1), the
last two term s are repl aced wi th

P
¥

[ " d ( t ) + U N d À ¥ ( t ) ]a +
d¥

a d¥ , where N d¥ ( t ) i s the
ti m e-dependent charge local ized on the dot. Now, the calculati ons of the requi red
characteri sti cs of the system under investigatio ns can be obta ined simi larl y as in
the non- intera cti ng (wi tho ut electron correl ati ons) case. W i tho ut describing the
form al ism, whi ch has al ready been discussedin deta i l (see, e.g. [5{ 8, 12]), we recal l
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tha t the current Ûowi ng from the left lead into the QD and the charge accum ulated
on the QD , N d¥ ( t ) , can be expressed as
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À = À R + À L , f ˜ ( " ) denotes the Ferm i di stri buti on functi on of the ˜ -th lead and
À ˜ (" ) = À ˜ = 2 ¤

P
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The form ulas (3){ (5) were obta ined wi thi n, so-cal led, wi de-band appro xi m a-

ti on consisti ng of neglecting the level shift Ê ( " ) and assuming the energy indepen-
dent l ine wi dth À (" ) = À , where Ê ( " ) À iÀ ( " ) =

P
kk ; ˜

j V kk ˜ j
2 =( " +

À " kk ˜ ).
For calcul ati ons we take e = ñh = 1 uni ts, the ti m e is m easured in uni ts of

ñh= À , the current and conducta nce in uni ts of eÀ =ñh and e2 À =ñh respectivel y, the
m odul ati on frequency ! in uni ts of À = ñh , the QD charge in uni ts of e, and al l the
energies in uni ts of À . In the fol lowing we assume À L = À R = À = 2 (sym metri cal
barri ers).

No te tha t in order to obta in the current I L ( t ) or charge accum ulated on
the dot one has to solve in a self-consistent manner Eqs. (4) and (5). If we ne-
glect the Coul omb electron{ electro n intera cti on, then the functi on A ¥

L ( "; t ) can be
tra nsform ed to the sim ple expression consi sting of the sum of the Bessel functi ons
m ulti pl ied by some energy and ti m e dependent f actors [5]. As a resul t, the cur-
rent I L ( t ) and QD charge can be obta ined by sim ple (num erical ) integ rati on as
indi cated in Eqs. (3), (4).

Ho wever, for non-vanishing Coulomb intera cti on, one has to solve the set of
self-consistent Eqs. (4), (5). Note tha t the num ber of these nonl inear equati ons is
qui te large and depends on the num erical integrati on m etho d used in com puta ti on
of N d¥ ( t ) . Theref ore, in the l itera ture thi s probl em was solved in an appro xi mate
m anner, nam ely, the functi on N d À ¥ ( t ) in the right- hand side of Eq. (5) was re-
pl aced wi th a som e consta nt m ean value h N d À ¥ ( t ) i [7]. Note, however, tha t for
ti m e-dependent externa l perturba ti ons the dot charge has to be obta ined in a dy-
nam ical m anner as i ts value at som e ti me, say t 1 , shoul d depend on i ts values
at the ti me earl ier tha n t 1 . Then, the appro xi ma ti on consisti ng of repl acement
of the ful l ti m e-dependent dot charge in Eq. (5) by i ts m ean value can change
the ti me-dependent characteri sti cs of the electron tunnel ing pro cessesthro ugh the
QD . Our resul ts presented in the next section supp ort these assumpti ons.

T o solve the set of Eqs. (4), (5) wi tho ut any addi ti onal appro xi mati ons we
pro pose the fol lowing procedure: Eq. (5) shoul d be replaced wi th the di ˜erenti al
equati on

@A ¥
˜

( "; t )

@t
= iA ¥

˜ ( "; t )[ (Â ˜ À Â d ) cos ! t + " À " d + iÀ =2 À U N d À ¥ ( t )] À i : (6)
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Equati on (6) is equivalent to Eq. (5) as one can check wri ti ng i ts f orm al soluti on.
Inserti ng N d¥ ( t ) , Eq. (4), to Eq. (6) one obta ins the set of di ˜erenti al equati ons
whi ch can be solved by num erical integrati on. The num ber of Eqs. (6) we have
to solve sim ul ta neously depends on the num erical integ rati on m etho d used for
calculati ons of the dot charge, Eq. (4), and is of order 1000{ 2000. No te tha t in
order to calcul ate the dot charge at ti m e t we need the inf orm ati on about the dot
charge for al l ti me points earl ier tha n t .

From num erical point of vi ew, the set of di ˜erenti al Eqs. (6) is very simpl e
to solve in com pari son wi th the tro ubl esom e set of Eqs. (4), (5). As our metho d
of calcul ati ons is relati vely sim ple (and fast, from num erical calcul ati ons point
of vi ew) then we are abl e to consider the tunnel ing current, the dot charge (the
ti m e-dependent values and avera ge values), as well as other characteri sti cs, e.g.
the di ˜erenti al conducta nce vs. source{ dra in vo l ta ge, for broad class of param eters
of the considered system. The results of such calculati ons are presented in the next
secti on.

3. R esul t s an d d iscu ssio n

W e present the resul ts for the current Ûowi ng between the left lead and the
QD and the charge accum ulated on the QD vs. ti m e for vari ous values of the
correl ati on strength U; the m odul ati on frequenci es ! , and am pl itudes Â L = R , Â d

of the energy levels m odul ati on. W e present also results for the current, avera ged
current, and for di ˜erenti al conducta nce vs. source{ dra in vol ta geand gate vol ta ge.

W e assume the tem perature T = 0 K and the am pl i tude of oscillati ons Â d

to be one hal f of Â L and Â R = 0. The ti me-average of a ti m e-dependent current
is deÙned by

h I ( t ) i = l im
2 § !1

1

2 §

Z
§

À §

dt 0 I ( t 0 ) (7)

and because I ( t ) i s aperiodi c functi on of ti m e, we avera ge i t over the period 2 ¤ = ! .
W itho ut lossof general i ty we ta ke the chemical potenti al of the right lead ñ R

as the energy m easurem ent reference point, ñ R = 0. The potenti al drop between
the left and ri ght leads is given by ñ L À ñ R = eV and V is the m easured vol tag e
between source and dra in. Our calculati ons are perform ed wi th param eters in the
range of the experim ents al ready av ailabl e, e.g. [15{ 17].

T o Ùnd the soluti ons of Eqs. (4) and (6) we must Ùrst consi der the fol low-
ing probl em. Solvi ng Eqs. (4), (6) as they stand, we obta in only param agneti c
soluti ons, N d¥ ( t ) = N d À ¥ ( t ) and the ferromagneti c soluti ons (i f any) are missing.
The sim i lar probl em is kno wn in the theo ry of the charge tra nsfer in ato m { surface
col lisions [18]. The soluti ons N d¥ of the ti me-dependent Anderso n m odel never go
to the spin-polari zed ones, even for parameters whi ch corresp ond, in a stati c case,
to a stro ng m agneti c case. As the spin-polari zed soluti ons of the Anderso n m odel
(i f only exist) are energeti cal ly m ore stabl e (e.g. the chemisorpti on case [18]) tha n
for correct descripti on of the QD one should ta ke into considerati on the ferro-
m agneti c occupati on numb ers N " ( t ) and N # ( t ), ra ther tha n paramagneti c ones.
Theref ore, in order to obta in the spin-polarized soluti ons we intro duce an asym me-
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try in spi n space assuming tha t the quantum dot' s energy level is spin-dependent
" d ! " d À ¥ h , where h i s a smal l consta nt value and ¥ = Ï 1 (cf . [19, 20]). As a
resul t, the spi n-polari zed soluti ons can be obta ined. In Fi g. 1 we show the ti m e
dependence of the dot charge for three param eters h equal to 0.0001, 0.005, and
0.05 in uni ts of À , respecti vely. The results cl earl y indi cate tha t for su£ cientl y
long ti m e the spi n-polari zed soluti ons are independent of h . As we are interested
onl y in asym pto ti c behavi or of the system and i t is assumed tha t the externa l
perturba ti on was adi abati cal ly added at t = À 1 , then the exp ounded procedure
of the arti Ùcial spi n sym metry breaki ng works su£ ci entl y good. In addi ti on, the
positi ons of peaks of the average current curve vs. gate vol ta ge nearl y do not
depend on the spin sym metry breaki ng parameter h (not shown here).

Fig. 1. T he time dependence of the quantum dot charge for di˜erent values of the
spin symmetry breaking parameter h . The thick, thin, and broken lines corresp ond to

h = 0 :000 1 , 0.005, and 0.05, resp ectively . T he unit for the time axis is ñh =À , and all other

energies are in units of À : ñ 2, Â 2, Â , and .

In Fi g. 2 we show the ti me dependence of the current for electron correlati ons
U = 5 ; 1 0 , and 15 for di ˜erent frequenci es ! = 0 :3 ; 0 : 5 , and 1.0 (pa rts from up to
down). The current and also the electri c charge accum ulated on the QD (Fi g. 3)
are periodi c f uncti ons of ti me wi th the period 2 ¤ = ! . For increasing correla ti on
streng th U (wi th other parameters being constant) we observe tha t the am pl i tude
of the current oscil lati ons are smal ler and smal ler independentl y of the frequency
! . The Ùll ing of the e˜ecti ve QD energy levels is di ˜erent for di ˜erent correla ti on
streng ths U (Fi g. 3). For large U the soluti ons for N ¥ ( t ) are stro ngly ferrom agneti c
but as U decreases the di ˜erence between spin-up and spin-down QD charge is
smal ler and smaller and tends to a paramagneti c case.

In Fi g. 4 we present results f or the QD charge, the average current, and
the di ˜erenti a l conducta nce vs. the source{ dra in vol ta ge, ñ À ñ , for two values
of the correl ati on streng th U = 8 (thi n l ines) and U = 1 2 (thi ck l ines). The left
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Fig. 2. T he time- dep endent current for U = 5 , 10, and 15 (see inset in part (a)) for
di˜erent modulatio n frequencies ! = 0 :3 , 0.5, and ! = 1 | parts (a), (b), and (c),

resp ectively . Â L = 5, Â , 5, and .

parts corresp ond to the stati onary case ( ! = 0 ) and the ri ght parts correspond
to the case in whi ch the left lead is characteri zed by the oscil lati ng energy levels
wi th am pl itude Â = 2 and frequency ! = 0 :5 . The QD energy level " = 2 also
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Fig. 3. T he quantum dot charge for the parameters used in Fig. 2a for U = 5 (thin
lines) and U = 10 (thick lines).

oscil lates wi th am pl i tude Â d = 1 . W e observe the spin-polari zed soluti ons onl y for
one region of the source{ dra in vol ta ge values f or the stati onary case ( ! = 0 ), as
wel l as f or ti m e-dependent case ( ! 6= 0 ). The ferrom agneti c soluti ons exi st for the
case in whi ch one of the e˜ecti ve QD levels, " d + U h N " i or " d + U h N # i is local ized
between ñ L and ñ R . In al l other situa ti ons there are only param agneti c soluti ons.

The region of ferromagneti c soluti ons increaseswi th increasing U and is lim -
i ted by the values of the vol ta ge for whi ch both e˜ecti ve QD levels are local ized
below min( ñ L ; ñ R ) or above m ax( ñ L ; ñ R ). The average current vs. source{ dra in
vo l tage possessestwo steps whi ch app ear when the e˜ecti ve QD levels enter into the
energy region between ñ L and ñ R . Note, however, tha t in the ti m e-dependent case
these steps are lessclear and are characteri zed by the addi ti onal smal l structures.
From com pari son of the avera ge charge wi th the avera ge current we can observe
tha t the positi ons (on the vo l tage axi s) of the abrupt changing of the current coin-
ci des wi th the corresp ondi ng points on the charge curves. The spi n-polari zed QD
charge results in conducta nce showi ng two peaks instead one peak as i t wo uld be
for a paramagneti c case. The peaks of the conducta nce app ear in the points where
the current is changed. The structure of the conducta nce curve conta ins m ore
deta i ls in the ti m e-dependent case and corresponds to much more com pl icated
structure of the current curve.

In general , the current is a com pl icated f uncti on of many parameters, am ong
others, of the am pl i tude of energy levels oscil lati ons Â L and Â d . In order to give
som e overal l insight into thi s dependence we present in Fi g. 5 the current as a
functi on of the am pl i tude of oscil lati ons and ti me. The other parameters were
Ùxed, ie. U = 8 ; ! = 0 : 5 ; " d = À 4 ; ñ L = 2. One can concl ude tha t the am pl i tude
of the current oscil lati ons increaseswi th increasing Â L and Â d . For Â L = Â d = 0

(absence of the energy level oscillati ons) the current does not Ûow because the QD
levels are outsi de the energy range (ñ L ; ñ R ).
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Fig. 4. T he average quantum dot charge, current, and conductance vs. source{drai n

voltage (in À units) for the static case (parts (a), (b), (c)) and for harmonic mo dulatio n

case ! = 0 :5 (parts (d), (e), (f )), Â L = 2, Â d = 1 . The thin (thick) curves corresp ond

to U = 8 ( ).

In Fi g. 6 we show the ti me- and U -dependence of the current I for the
parameters: Â = 2, Â = 1 ; ñ = 2, " = 4 , and ! = 0 : 5 . The greatest
vari ati ons of the current are observed for 4 < U < 7 for whi ch one of the e˜ecti ve
QD levels l ies between the chemical potenti als ñ and ñ :

The interesti ng results are obta ined for the so-cal led Coul omb blockade e˜ect.
It is kno wn tha t in the ti me-independent case for smal l source{ dra in vol ta ges the
curve current vs. gate vol ta ge curve possesses the characteri sti c peaks. Onl y for
som e values of the gate vol ta ge the current Ûows thro ugh the QD (see Fi g. 7a).
W hen the externa l ti me-dependent Ùelds are appl ied to the system the Coulom b
bl ockade e˜ect is not so di stinct (see Fi g. 7b for ! = 0 : 1 and Fi g. 7c for ! = 0 : 5 ).
The right panels of Fi g. 7 show the avera ge charge vs. gate vol ta ge corresp ondi ng
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Fig. 5. T he current as a function of time and Â L for harmonic modulati on w ith

! = 0: 5 ; " d = À 4; Â Â 2 2, and .

Fig. 6. T he current as a function of time and correlation strength for harmonic
mo dulati on w ith Â 2, Â 2, and .

to the current curves given on left panels, respect ively. In order to give som e insi ght
into very com pl icated structure of the I t we show in Fi g. 8, as an exam ple, the
ti m e-dependent current vs. gate vol ta gefor U ; ! : ; Â 2, and Â :

As we m entio n in the intro ducti on, our calcul ati ons of the current Ûowi ng
thro ugh the QD and the charge accumul ated on it is based on the theory given by
Sun and Li n [7] but wi th one importa nt excepti on. W e were abl e to calculate in
a ful ly self-consistent manner the QD spin-dependent charge and current Ûowi ng
in the system . On the contra ry , in Ref. [7], thi s self-consi stency was missed and
A "; t was calculated replacing the ti m e-dependent QD charge on the ri ght- hand
side of Eq. (5) by a constant value. W e repeated the calcul ati ons (f or som e pa-
ram eters) along thi s way and repl aced the QD charge by a constant value (ob-
ta ined exactl y wi thi n our appro ach). The compari son of results of the avera ged
current vs. gate vol ta ge obta ined wi thi n our ful ly self-consistent appro ach (solid
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Fig. 7. T he average current (lef t parts) and the quantum dot charge (right parts) as

functions of the gate voltage (in À units) for correlation strength U = 15 (thick lines)

and U = 7: 5 (thin lines). Parts (a) and (d) corresp ond to a static case and parts (b), (e)

and (c), (f ) corresp ond to harmonic mo dulati on frequency ! = 0 :1 and 0.5, resp ectively .

Â 4, Â , and 2.

curves) and accordi ng to Ref. [7] is given in Fi g. 9. These resul ts were obta ined for
U = 1 0 ; ! = 0 : 5 and f or two oscillati on ampl itudes Â = 2 and 4 (Â = 1 and 2,
respect ively), parts (a) and (b), respectivel y. The sam e discrepanci es are observed
for other values of the param eters.

In summ ary, we have calcul ated the current Ûowi ng thro ugh the QD and the
charge accumul ated on i t in the presence of the ti m e-dependent externa l Ùelds.
The Co ulomb intra -dot intera cti on wa s ta ken into account wi thi n a m ean-Ùeld ap-
pro ach. By using the nonequi libri um Green f uncti on techni que the ti me-dependent
and avera ged current and QD charge wa s calculated in a ful ly self-consistent way.
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Fig. 8. T he current as a function of time and gate voltage (in À units) for U = 10 ;

Â L = 2, Â d = 1 ; ! = 0 :5 , and 2.

Fig. 9. The average current vs. gate voltage (in À units) calculated according to Ref . [7]
| broken lines and in a fully self-consisten t w ay | solid lines. Parts (a) and (b) corre-

spond to ( Â , Â ) equal to (2, 1) and (4, 2), respectively . 2.
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The m ain concl usions can be summarized as fo llows:

¯ W ith increasing correl ati on strength U the am pl itude of the ti m ecurrent os-
cil lati ons are damped irresp ective of the frequency of externa l Ùelds (Fi g. 2).

¯ The Ùlling of the spi n-polari zed QD e˜ecti ve levels is m uch m ore asymm etri c
for greater U (Fi g. 3).

¯ The existence of the spi n-polari zed soluti ons for the QD charge results in
conducta nce showi ng two peaks.

¯ The spli tti ng of peaks of the di ˜erenti al conducta nce vs. source{ dra in vol tag e
curve is observed.

¯ The average current vs. gate vol ta ge curve has a clear peaked structure
for non-oscil lati ng case (Fi g. 7a) but thi s picture is destro yed for nonzero
frequenci es of the externa l Ùelds especial ly for smaller U (Fi g. 7c).
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