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The electron tunneling through an ultrasmall quantum dot in the presence of time-dependent microwave
(MW) fields is studied. In the investigation, two single electronic sta@tesground state and the excited state
and the intradot Coulomb interaction are considered. Assuming the tunneling through the system as a coherent
process, the time-dependent current and the average current are derived using the nonequilibrium Green-
function method. Then we consider two special cases #dh- A e andz w<A e, respectively, where is the
frequency of MW fields and\e is the energy difference between two electronic states. Both the sidebands of
the photon-assisted tunneling originated from the ground state, and, in particular, from the excited state are
obtained, which is in good agreement with the recent experiment by Oosterdaand Phys. Rev. Lett78,
1536(1997]. Moreover, the dependence of the integrated average current on the intensity of MW fields is also
discussed, and attributed to the many-body effect of the quantunjSQit63-18208)01543-4

. INTRODUCTION trawell levels!® and the time-dependent dissipative
transport’ have also been investigated. Very recently, Ped-
The electron tunneling through a mesoscopic system irrsen and Biiker have investigated the PAT using the
the presence of time-varying microwayMW) fields has scattering-matrix approach where the internal potential and
been attracting more and more attention over the past fewhe displacement current are consideted.
years. An essential feature is that the electron tunneling Experimentally, the observations of PAT have been re-
through the system can exchange the energyp/ob with  ported in systems of superlatticEs the quantum dot! and
MW fields (n=*1,+2,..., o is the frequency of MW double quantum dote etc. The photon-electron pump in a
fields), leading to the opening of new inelastic tunneling quantum dot driven by an asymmetric MW field has been
channels. This phenomenon has been well known as thebserved by Kouwenhovest al*>?®
photon-assisted tunnelif@AT). Back in the early 1960s, in Recently, Oosterkampet al?* investigated the PAT
the pioneering work by Tien and Gordon, the PAT throughthrough an ultrasmall quantum dot in which the energy dif-
superconductor-insulator-superconductor films has beeference between the ground state and the first excited state,
studied'? In the last decade, the PAT through various nano-Ae, is larger than both the thermal enerigyZ and the line-
structures were extensively investigated. widths I'. For photon energyi w<<Ae, they found photon
Theoretically, Wingreen and co-workers presented a gensideband resonances originated from the ground state, while
eral formalism for the time-dependent coherent transport byor hw> A e, they observed the photon-induced excited state
the nonequilibrium Green-functiofNEGF method under resonances. By assuming sequential tunneling of a single
the adiabatic approximatictf: [narrea and co-workers dealt electron they also presented a theoretical explanation using
with the external electromagnetic field by the second-the master equation approaéhLater, Brune, Bruder, and
quantization methott® Yakubo, Feng, and Hu investigated Schoeller studied the PAT through a single interacting quan-
the condition for the strong influence of the PABruder  tum dot with arbitrary number of discrete levéfsBy intro-
and Schoeller considered the tunneling as a sequential prolucing a generalized rotating-wave approximation and tak-
cess and used the nonMarkovian master equation to invesiirg into account transitions between discrete levels of the
gate the tunneling through a quantum dot with intradot Coudot, they found satisfactory agreement between their result
lomb interactiorf Oosterkampet al. studied PAT through a and the experiment by Oosterkarapal 24
guantum dot with multiple states and the intradot Coulomb However, there are still two problems puzzling us. First,
interaction by using the master equatfbRurthermore, the the side-band resonanceegt+ 7 w from the ground state has
quenching or lack of quenching of the photon sidebafid¥,  not been found in the experiment by Oosterkaghpl,?* but
the photon-electron pumping effeéct® the tunneling it does emerge according to the existing theébhySecond,
through a quantum well with transitions between the in-we noticed that in all experiments involving tunneling
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through the quantum doét;?~?*the integration/ (I (v,))dv

obviously increases with the intensity of MW fields from Ho:; ex(t)ajat ER ep(t)b;ibp+,201 e(tcle;
experimental data, wherél(vy)) is the average current <t pe =

through the quantum dot ang, is the gate voltage. How- +Uclcoclcy, (1)
ever, it is easy to prove theoretically that the integration

J{l(vy))dv, is a constant, independent of MW fields, as

Io<ng :?\S>theg Coulomb interaction is neglected. Does this de- HF; vijaKC; + 2 vpibic;+H.c., @)
pendency of the integrated average current on the intensity of ! -

MW fields originate from the intradot Coulomb interaction? wherea/(ay), bj(b,), andc/(c;) are the creatiofannihila-

Motivated by the above-mentioned problems, we investition) operators of the electronic states in the left lead, the
gate in this paper the PAT of electron tunneling through arright lead, and the dot, respectively. Here we assume that
ultrasmall quantum dot in the presence of time-dependerthere are only two states in the quantum dot, i.e., the ground
MW fields. To simplify the discussion, we consider only two state ¢, and the first excited state;. We also take into
single-electron states of the dot: the ground s&tand the account the intradot electron-electron Coulomb interaction
first excited state; . The intradot electron-electron Coulomb (theU term). As for the time-varying MW fields, we take the
interaction is also included. adiabatic approximatiorf in which MW fields can be de-

In contrast to the theories by Bruder and Schodller, scribed by an oscillating potential and it only causes the
Oosterkampet al. and Brune, Bruder, and Schoelférhere  single-electron energy spectrum a rigid shit;(t)=e,
we consider the electron tunneling through the quantum dot A 4(t), whereg=0, L, andR denotes the dot, the left lead,
as a coherent process even in the presence of MW fields. It end the right lead, respectively,, is the time-independent
appropriate if the temperature is low enough and MW fieldssingle electron energy without MW field&(t) is the time-
are coherent. We also take the adiabatic approximation fodependent MW field withA 5(t) = A gcoswt. H; denotes
the external MW field as is done in Refs. 3, 4, and 14, i.e.the tunneling part that is time independent.
the external oscillating potential only causes a rigid shift in  In the following, we derive the general formulas of the
the single-electron energy spectrum but no transition betime-dependent particle currehtt) and the average current
tween different electronic states takes place. By using thél) by using the NEGF techniqui:'* The time-dependent
NEGF method, the time-dependent curréft) and the av-  current from the left lead to the quantum dot can be calcu-
erage curren{l) are derived. We are interested in two spe-lated from the evolution of the total number operator of the
cial cases, corresponding to the high-frequentwAe)  electrons in the left leady, = S,afa,, and one finds(in
and the low-frequencyf{w<Ae) MW fields, respectively. units of4=1)

For iw> A€, we investigate three different ways of apply-

ing MW fields: the symmetric, the slightly asymmetric, and : ) . <

the completely asymmetric way. In the symmetric situation, (1) = —&(Ny)=ie{[N. ,H(®)])=2e Re%} vkiGjk(L.D).

all photon sidebands emerge, either originating from the ©)
ground state or from the excited state. However, in slightly i i )
asymmetric MW fields with suitable magnitudes, we find ngeT we define the Green functionG(tt’)
that the PAT peak aty+%w becomes negligibly small. For =i{ax(t)c;(t)). With the help of the Dyson equation, the
the completely asymmetric situation, the photon-electrorf3reen functiorGj,(t,t") can be obtained frors;(t,t') and
pumping effect occurs. In the casefb<Ae, the photon-  GJ;(t,t’), whereGjj(t,t")=i(c/(t')c;(t)) and Gj(t,t")=
induced excited-state resonance and the sidebands of the exi 0(t—t’)<{cj(t),cT(t’)}). Then the time-dependent cur-
cited state can not occur if the intensity of MW fields is rent!(t) becomed™14

weak, which is the case corresponding to the experiment by

Oosterkampet al2* However, if the intensity of MW fields is | (D= —2e | jt dt f de S ety
strong enough, the PAT originated from the excited state will LH=-2eIm e Y] 27 ] ©
emerge. Finally, we study the dependence of the integration
J(I)dvg4 on the intensity of MW fields, and find that this
dependency can be attributed to the intradot electron-electron
Coulomb interaction.

The outline of this paper is as follows. In Sec. II, the +fL(e)Gjj(t,ty)], 4
model is presented and the nonequilibrium Green-functiori1n which f (€)=f(e—eV,) with a=L, Ris the Fermi dis-
method is used to derive the time-dependent cuiretjtand tribution function of electrons in the leadg,, is the dc bias,
the average currenfl). In Sec. Ill, we study the case of and I’ (&) =273 0, 0% 8(e— €) = 27, ()v: (€)v* (€) is
fhw>Ae. The case ohw<Ace is studied in Sec. IV. In Sec. the e]neralized ringwli((thh funétio (’;')- i the delnsit of
V, we investigate the dependency of the integraiohdv g 9 BL Y

. . — s ’
on the intensity of MW fields. A brief summary is presented StAt€s in the left lead. Using the Keldysh eqyat@ﬂ,(t,t )
in Sec. VI. is related to the retarted Green funct@lflj (t,t') as

[ L <
X ex —|ft A (7)d7 Fj(e)[G”(t,tl)

< Iy — r < a !
Il. MODEL AND FORMULATION Gjj(tt )_J J dt;dt;Gj;(t,t1) % j (11, t2) G (to, 1),

The system under consideration is described by the
HamiltonianH=Hy+H: and the self-energy functioﬁfj(tl,tz) is

®
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de wheren(t) is the occupation number of the stq'_teHere,
< _ —ie(ty—ty) a J —
2Ji(tl*tZ)_'f 5o & ang fa(e)T] j=0 or 1 andj=1—j. From Egs.(11) and(12), gj;(t,t")
can be obtained exactly as

ty
xexp( -], A“(T)dT)' O g = ) 1gl () gl (),
It is useful to introduceA’(e,t) (wherea=L,R), (13
t where
Aj“(e,t):f_wdtle}j(t,tl)exp( —ie(ty—t)
t g;j(t,t')s—ia(t—t’)exp( —iftej(T)dT) (14
—if dTAa(T)). ) !
t and

Under the wide bandwidth approximatiéh,.e., the line-

width FL(R)(e) is independent of the energy, the Green func- t
tion G (t t) can be expressed in terms Af(e,t), grej+u(t,t')5—i9(t—t')eXF< =i ft,[éj(T)‘*'U]dT)-
(15
Gﬁ(t,t)=if g—; > f(OTfA (D% (8
acbR Next, we have to solve the Green functiG (t,t'). Us-
and the time-dependent currdnp(t) reduces to ing the equation of motion, one has
3 de Lal P
I ()= —2e |m; f > fL(OTEAN D) { S
—elm >, THG(t,t) =8(t—t")—iat—t")U{ci(t)cit)cy(t),cf(t)})
]
+ 2 vEGL(LE) + ) vE G (L), (16)
> ILJ ‘ 3 ferfIAf e ¢ T > P
J
+2f.(e)im AjL(e,t)]. 9) [| a0 U}[—Iﬁt t){{c;(Detcy(t),¢f (t)1)]
Since(1y=(I_(t))=—(Ig(t)), the average currert) is =o(t—=t)mt)—io(t—t’)
L R
d
<|>__232 '-+FRJ i[fL(G)lmM}"(G’t» X Ek vi{ader(et),cl (1)}
— fr(e)IM(Af(e,1)], (10 +E vE({b(t et e(t),cl(t)})
where the time average is defined as
+ e (tebagt),clt’
Fwy=tm 7 Foa % viliate 3 <)
Toow J—T

+E vi{ei(ei(Dagt),cf(t)})

In the following, we will calculateGj;(t,t") and hence
Aj'(e1). Inorder to calculatejfj (t,t"), we first calculate the

retarted Green function of the isolated dpf(t,t'). By us- _2 vigi{c; (Hal(t c—(t),c H}
ing the equation of motio(EOM), one easily finds

[i %— €(t)|gj(t,t") _Ep vprfe;(t ak(t)C‘(t),C (tHh i, 17
=5(t—t')—iat—t")U({c;(t c{t)c%t),c (tH}, where the two new Green functionQLJ(t,t’) and
(11) Gpi(t,t') in Eq. (16) are defined as Gy(t,t")

=—igt—t"){{a(t).c/(t)}) and Gp(tt)= —|0(t
—t"){{by(1), cT(t - To obtain a closed form of the EOM,

J
[ —€(t)—-U

=6(t—t")ny(1), (12 tion:

[—ed(t—t")({c;(hcHt)c(t),cf(t)})] the higher- order many-particle Green functions need to be
decoupled. We make the following decoupling approxima-
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T Trer ~ Trgr

(fej(Dey(HX(b),¢](t)})~0, (18 X Gl (tp,t"). (23

t Tramy Under the wide bandwidth approximation, the retarted self-
(e X, (tH=0, energyX i (t;,t,) reduces to PP

whereX=ay or b,. In contrast to our previous work, here i
we have to take the decoupling approximation to higher or- r
der, which is necessary forpinvgsti%gting the photon-gi]nduced Hjj(tute)= =5 Tjoti—t), (24
excited-state resonances. To our knowledge, no such higher- X
order cutoff approximation has been givgen for the tir%e-wher?ri:.FJL+FJFe' In the following, we make the further
dependent problem before. In this decoupling approximatiorfimplifications: (1) U is very large U>Ae). (2) ny(t) is
the statq is considered as a superposition of two states: on&ePlaced by its average valug-. By iterating Gj;(t,t') in
state is at energy;(t) with probability 1—n(t) while the ~ Ed. (23), one obtains
state j is empty; the other state is at energy(t)+U
weighted byn;, while the statej is occupied. Under this
decoupling approximation, Eq17) becomes

Gl (t.t") =[1-nyJgl (") (2

Mgy u(tt)e” TR (25)

J : Y : : i
i —— e ()= U|[—i0(t—t" ) {{c(H)ct)c(t),cl(t)HH] Obviously, Gj;(t,t") has two resonances: one is gtwith
ot (iU 0e(.¢ O the linewidth (1-np)T; and the probability (+ 1), while

another state is empty; the other resonance ig-atJ with
= 5(t—t’)n7(t)+n7(t)2 v’k‘jGLj(t,t’) the linewidthn;1"; and weighted by the probability;, while
K another state is occupiéd.Substituting the expression of
G}j (t,ty) into EQ. (7), using €,(t) =€, +Ag(t) and Ax(t)
+m(1) > vEGh(Lt). (19  =Agcoset (a=k,p,i; and=L,R,0), and carrying out the
P integration ovet;, thenAj(e,t) becomes

The new Green function§y;(t,t") andG(t,t") in Egs. i Ag—A, Aa= A0} ey
(16) and(19) can be obtained by the Dyson equation Aj (et)=2 Iy ol O Sl ¢
k,k’
, , 1-n7
Gipj(tit ):f dt10k(p)i Ok p) (1,11 Gjj (11, 1)), (20) X J
(1=
€— ej—k’w-i-l 5
wheregy ) (t,ty) = —ie(t—tl)exp{—iﬁlek(p)(r)dr} is the ex-
act retarted Green function of the electron of the left ;-
(right) lead. Substituting Eq.(20) into Egs. (16) and + Tt (26)
(19), denoting the retarted self-energ® ™ (t ,t,) e——U—K o+i JTJ

=3 (p)Vk(p)iVk(p)i Ik(p)(t1,t2), and St t) =3 (t1,t)
+2ﬁ’(t1,t2), and with the help og;j andgijw, differen-  Substituting A{'(e,t) into Egs. (9) and (10), the time-
tial equations Eqs(11) and (14) can be written as the fol- dependent currerlt (t) and the average currefif) are ob-
lowing integral equations: tained immediately. Notice that these formulas of the current
satisfy the gauge invariance in the following sense: if the
voltages of the left lead, the right lead, and the gate voltage
ij(t,t’)=g’5j(t,t’)+J J dtldtzgrej(t,tl) vy (which controls the intradot electronic energy leve|s
= eJQ+ evg)éage shifted by the same amount, the current does
, not change?’ The currentl(t) can be separated into two
><EJrj(tl'IZ)GJrJ(tZ't )+Uf dtlgrfj(t'tl) parts Io(t) and I,(t), wherel;(t) (j=0,1) is the current
_ " : through the statg. The current formulas obtained in this
X[=i0(ty—t")({cj(ty)c(ty)cyty),cj(t')})],  paper should be applied to an ultrasmall quantum dot with
(21) U>Ae, but no restriction about the bias voltage and the
intensity of MW fields. The average occupation number in
the statg, n;, should be calculated self-consistently:

—i0(t,—t")({c; (e e;(t), ¢ (t)})
- de wlina
—n)gG o)+ [ [ dtdtntogl ity MM Sit= | z7 2 AT Dl
27)

In numerical studies, we take the following approxima-
From Egs.(22), (21), and(15), one easily finds tions: (1) U=« since U~10A€ in the experiment by

X3(t1,12) Gjj(ta,t). (22
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peaks located not only at the ground stageand its side-
FIG. 1. (a) (I) vsv for iw>Aw and the symmetric MW fields.  pandse,+niew (n=1,2,...), butalso at the first excited
The dotted curve corresponds to the case without MW figld)s. statee; and its sidebands,; +nAlw (n=1,2,...).Notice
(lo) and (ly) vs vy, where A, =Ag=0.9, Ag=0, @=1, Ae  hoi the peak at.+7w is rather weak F,i ’ure ) shows
=0.55,I'3=0.006,I';=0.03, the bias voltag&=0.02, and the P oTh® -9 (.)
- the current componentd ;) and(l,) corresponding to the
temperature/=0.1. . .
part through the ground state and the first excited state, re-
spectively. Without MW fields{I ) only has a single reso-
nant peak atey and(l,) is almost zero. However, in the
presence of MW fields{ly) will be split into a series of
peaks, andl ) becomes much larger and exhibits sideband
peaks, too. The sideband peaks of the ground state are
Aog— L) slightly asymmetric, but for the first excited state they are

Oosterkamiet al;** (2) the symmetric barriers{T=TT). In
U= limit, the second term in the bracket 8f'(e,t), Eq.
(26), becomes zero; then the average cur{enénd the self-
consistent equation of the occupation number reduce to

d
<|>=e; riLrij iEk [fL(e)Jﬁ(

heavily asymmetric. For example, the peaket-% w is
much higher than that a¢;+#Aw® [see Fig. 1b)]. This is
AO_AR)] because the height of the sideband peakeatnfio (j

=0,1; n=0,1,2...) is directly proportional to (1
- nﬁJﬁ(A/w). With the increase of the gate voltagg, the
(1—r7)2 occupation numbeng varies significantly, almost changed
T (1—-n)2 (28)  from 0 to 1, leading to heavily asymmetric sideband peaks
J J } for the first excited state. However, the occupation number
2 n, only changes slightly, leading to slightly asymmetric side-

—fR<e>JE(

X

(e—ej-l—kw)z—l—

d A A band peaks for the ground state.
n = J€ E f (e)F“Z JE( 0 a) In the following, we study the behavior of the occupation
! 27 4ETR K w numbern; . In the limit of U=, based on E¢(29) one can
2 prove that the inequalitgy+n,=<1 holds, which is indepen-
% J . (29) dent of the magnitudes of MW fields and the gate voltage
(1-np) vg. It means that electrons cannot occupy the ground state
2 and the first excited state simultaneously. Without MW

fields, the occupation number of the ground stageis al-
most zero when 4<e¢,, increases suddenly like a “step”
aroundv,~¢€,, and then slightly decreases fog> ¢, (see

On the basis of the current formula H8), now we start ~ Fig. 2). The slight reduction of, for vy>¢; is due to the
to study the properties of the average current, for the case d¢ct that the excited state has moved near the Fermi levels of
hw>Ae, in which the photon-induced excited-state reso-the leads, so it has a certain probability to be occupied due to
nance and its sidebands resonances will emerge even in wetlie resonance. As a result, the electron-electron interaction
MW fields, A /o<1 (e=L,R,0). In the following, we dis- between the ground state and the excited state leads to a
cuss three different situations of applied MW fields: the sym-slight reduction ofng. In the presence of MW fields, the
metric, the slightly asymmetric, and the completely asym-behavior of the occupation numbey vs the gate voltage,
metric. changes(1) The “step” in the curve ofny vsu is split into

(@ The symmetricMW fields (A, =Ag=A, Ay=0). In  a series of the sub-"step” a¢y*=nAw due to the sideband
this case, MW fields are symmetrically applied on the leftsplitting of the statee,. (2) When vy pass throughe,
and the right leads. Figurgd shows the average currefh} *nfiw, Ny obviously reduces, because at thisa sideband
vs the gate voltagey at small bias. One can clearly see of the first excited state is pulled down below both of the

Ill. THE CASE OF 7w>Ae€e
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FIG. 3. (a) (I) vs v, for iw> A€ and slightly asymmetric MW 5 =2
fields. The two solid curves correspond th =0.9, A —Ag 3
=0.01, andA, =0.6, A| —Ar=0.007, respectively. Other param- A
eters are the same as in Fig. 1. The dotted curve corresponds to the -\é 4

case without MW fields(b) (lo) and(l;) vsvq for A =0.9, A, B ) o
—Ag=0.01, andhw>Ae. ) -1 0 ] 2

v (arb. units)

Fermi levels of two leads, leading to an increas&pfind a ‘
reduction ofng. FIG. 4. (a) () vsvg for Aw>Ae and completely asymmetric

(b) The slightly asymmetric caskn the completely sym- MW fields. The dotted curve corresponds to the case without MW
metric case, although the sideband peakg@t w is rather  field. (b) d(I)/dvg vsvy, whereA; =0.4, Ag=A=0, w=1, A€
small, it can still be seen. Instead, for slightly asymmetric=0.55,I',=0.01,I';=0.03,V=0.04, and7=0.05.
MW fields with suitable magnitudes, the sideband pegk
+%w will disappear and the average curréht is almost

zero at th_a’vg, while all th_e other peaks still exi$§ee Fig.  worth mentioning that the occupation numbgy is much
3(@)]. This is ng” consistent with the experiment Dy ¢|oser to unity when the MW field is only applied on the left
Oosterkampet al™ The reason of the disappearance of thejg,q than applied on both leads. Therefore, the sideband peak

sidebalmd Fﬁar:( aio”.i dwl:is tZat forkthisélighttl)y taTymr:netric ate; +hw is always weaker for the asymmetric case than for
case(l) still has a sideband peak &+ A w, but({l,) has a the symmetric case.

negative current at the samsg [see Fig. 8)]. These two
opposite trends make the currefl) almost zero ateg
+#w. It should be pointed out that the asymmetry of MW
fields needed for this disappearance is rather small. In fact
for the chosen parametersi(—Ag)/(A +Ag) is about For the case of w<Ace, if the intensity of MW fields are
0.005. Natural_ly, for the slightly asymmetric external f'eldsweak(Aa/w<1, a=L,R,0), the excited state does not par-
and ata certain gate volta@g_, the average curreqt) may . ticipate the PAT process, only the resonances of the ground
also hgve elther_small negative or positive value, dependmgtate and its sideband emerge. This result is similar to the
on Wh'ch trend is stronger. Notice that_ for the completelycase of single-level dd The slight asymmetry of the side-
symmetric case, the negative current will never emerge. band peaks as mentioned in Ref. 24 is due to the fact that the
(c) The completely asymmetric cadae. this case, MW and pe: N )
fields are only applied on the left lead. Figur@4shows the ogcupatlon numben; of the excited state slightly changes
dependence of the currefit) on the gate voltage,. A with the gate voltageq. _ _
shoulder emerges on the left-hand side, and a negative cur- Ffowever, if the intensity of MW fields is strongA(,/w
rent (i.e., photon-electron pumping eff¢atmerges on the _>1), the resonance of the first excited state can still be
right-hand side of the resonant peak. Figufle) #resents the induced. Figure &) shows the currenl) vs v for the case
differential conductancel(1)/dv4 vs the gate voltage,.  With strong fields. One finds not only peaks locatedegt
One can clearly see the PAT peaks from the ground state dtnfow (N=1,2,...) butpeaks located a; + nfiw emerge
€o+hw and from the excited state af+#% w. The sideband as well. Now the multiple-photon processes become impor-
peak ate;—7 w is slightly higher than that aty+#w. How-  tant, leading to many sideband peaks. The sideband peaks
ever, the PAT sideband peak @t+ % o is very weak, since from the ground state are almost symmefsee Fig. )],
the height of the sideband peak is proportion terfy, and  but the sideband peaks of the excited state are significantly
the occupation number, is almost one at y=€; + % w. Itis asymmetridsee Fig. &)].

IV. THE CASE OF fiw<Ae€e
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V. THE DEPENDENCE OF THE INTEGRATION
J{I(vg))dvy ON THE INTENSITY OF MW FIELDS

j(l(vg»dvg:; f<l,-(6;>>d€i
rirR
:elr—jljde[fL(é)—fR(f)]

=e(ML—MR); IR (33)

Obviously, the integratiorf (I (v4))dvg is a constant, in-
dependent of the intensity of MW fieldshe symmetric or
asymmetric cageand the temperaturg as long as the Cou-
lomb interaction is neglected.

However, in many experiments the integratiffl )dv
obviously increases with the intensity of MW fieHL-24
In fact, the electron-electron Coulomb interaction and the
many-body effect play important role. With tleee interac-
tion, although the integratiofi(l )dv4 cannot be performed
analytically due to the fact that; in the expression ofl)
depends orvgy; but from the numerical studies mentioned
above one easily finds that the integratiffi)dv, increases
with the intensity of MW fields due to the patrticipation of the
excited state[See Figs. (a), 3(a), and 4a). For Fig. 5 this
property is also satisfied, although the curve without MW
fields is not shown therg.

VI. CONCLUSIONS

In this paper, we have studied the electron tunneling
through an ultrasmall quantum dot under the influence of
MW fields. Two single electronic states and the intradot
Coulomb interaction are considered. By using the nonequi-

If the electron-electron Coulomb interaction is neglectedlibrium Green function, the time-dependent currept),

(U=0), the integrationf(l)dv4 can be calculated easily.
From Eq.(21), one obtains

T.
G}j(t,t’)=gr5j(t,t’)exp{ - 7’ (t—t’)], (30)
and(Aj(e,t)) reduces to

Ag—A 1
a — 220 e
<AJ(6,t)>—; ‘]k( w ) e—éj—kw+irj/2. (31)

Substituting Eq(31) into Eq.(10), the average curreft) is
obtained immediately,

rtrr de Ap—A
_ it 2( 20 L
<|>—2e; T 2 f > f,_(e)Jk<—w )
Ag—A r./2
_ 2| 20 R j
fR(E)Jk( 1) ) X(e—e,——kw)2+rfl4'
(32)

Then the integratiorf(l)dv4 can be carried out,

and the average currefit) are derived. The excited-state
resonance and its sideband resonances are induced notably
for the cases of w> A € with any intensity of MW fields and
hw<Ae with the strong intensity of MW fields. The side-
band peaks of the ground state are almost symmetric,
whereas the sideband peaks of the excited state are heavily
asymmetric. Under slightly asymmetric MW fields with suit-
able magnitudes the sideband peakgt /i w will disappear.

In addition, we found that the integrated curréiitvg))dv
increases with the intensity of MW fields, which can be at-
tributed to the intradot Coulomb interaction.
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