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The electron tunneling through a mesoscopic hybrid system, a normal-metal—quantum-dot—superconductor
(N-QD-S) system where the intradot Coulomb interaction is neglected, in the presence of the time-varying
external fields, has been investigated. By using the nonequilibrium Green-function method, the time-dependent
currentj, (t) and the average currefit(t)) are derived. The photon-assisted Andreev tunnel®®AT) and
the normal photon-assisted tunnelifl@AT) are studied in detail. In the case btv<A, where w is the
frequency of external fields anklis the energy gap of the superconducting lead, the average c{jjrestthe
gate voltage exhibits a series of equal-interval PAAT peaks, with negative peaks on the left-hand side and
positive peaks on the right-hand side of the original resonant peak in the absence of the external fields. This is
very different from theN-QD-N system. While fori o> A, various PAT processes cause a rather complicated
dependence of the current on the gate voltage. In addition, the current—bias-voltage characteristics become
more complicated: each Andreev reflection peak is split into side-band peaks and each current plateau is split
into substep plateaupS0163-18299)02819-3

[. INTRODUCTION tivity makes this subbranch of the condensed-matter physics
a very fruitful research field®2°Many interesting phenom-
Recently, the subject of time-dependent tunneling througlena have been studied for various mesoscopic “hybrid” sys-
a mesoscopic system has received more and more attentidlems, such as the maximum supercurrent quantization and
The essential feature of mesoscopic physics is the phase cnensinusoidal behavior of the current-phase relation of the
herence of the charge carriers. For time-dependent processssperconducting quantum point contafs>* the subhar-
generally, the external time-dependent perturbation affectsionic gap structure ins-1-S or S-N-S junctions? the
the phase factor of the wave function differently in different Andreev-reflected bound states i8-N-S or N-I-N-S
regions of the systerhjeading to the well-known photon- systems? the even-odd parity asymmetry and the Coulomb
assisted tunnelingPAT), in which the electron can tunnel blockade of the Andreev reflection in superconductor—
through the system by emitting or absorbing multiple pho-superconducting-quantum-dot-superconductos- SQD-S)
tons. Such a PAT process is responsible for the side-banor N-SQD-N system&’ 28 etc.
peaks in the curve of the conductance vs the gate voltage and For mesoscopic “hybrid” systems in the presence of ex-
the substep structure in the current—bias-voltageV)  ternal time-dependent fields, the situation becomes more
characteristicé: complicated. Hergenrotheet al. investigated the photon-
Experimentally, the PAT has been observed in a varietyassisted tunneling through a single-electron tunneling tran-
of systems, including single quantum dof, two-coupled sistor with a superconducting island, and observed that a
quantum dot§,and semiconductor superlatticestc. Theo-  striking secondary peak and a nonzero background current
retically, Tien and Gordon studied the effect of microwaveappear in the curve of the currehtvs the gate-induced
radiation on superconducting tunneling devices back to thehargeQ.?® Antonov and Takayanagi measured the phase-
early 1960’ Since then, different theoretical approachescoherent effect in the resistance of mesoscopic normal-
have been developed, such as the time-dependent’-Schrsuperconductor structures exposed to rf radiatfoHanke,
dinger equatior;!® the transfer Hamiltonialt the Master Gisselfdt, and Chao studied the photon-assisted Andreev
equation* the Wigner function® the nonequilibrium- tunneling(PAAT) through a normal-metal—superconductor—
Green-function(NGF) method™'*!® the Keldysh diagram normal-metal single-electron tunneling transistor with an os-
techniquet® and the scattering matrix approath. cillating potential coupled to the superconductbrZzhao
In recent years, another subject that has been investigated al. investigated the PAT through a normal-metal—normal-
extensively is the mesoscopic “hybrid” normal-metal- quantum-dot—superconductor system without considering
superconductor systems. The interplay between basic feshe PAAT process?
tures originated from both of mesoscopics and superconduc- In this paper, we shall investigate the PAAT through a
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mesoscopic hybrid system, a normal-metal-quantum-dotthe dc biasv are presented in Sec. V. Finally, a brief sum-
superconductor systenN¢QD-S), with time-dependent ex- mary is given in Sec. VI.
ternal fields. In the absence of external fields, this system has
been studied before. Beenakker presented a general multi- Il. MODEL AND FORMULATION
channelS-matrix description and predicted the resonant An-
dreev tunneling for a single-level QD in the zero-bias liffit.
Later, Claughton, Leadbeater, and Lambert extended thi
theory to the finite-bias case and found that d|ﬁgrent|al con- H(t)=H_(t)+Hyoft) + Hr+Hr, 1)
ductance resonances are strongly suppressed in the weakly
coupling limit3* Recently, Fazio and Raimondi investigated Where
how the Kondo effect can influence the two-particle tunnel-
ggD grswough theN-QD-S system with a strongly interacting HL(t):kZ’r Ek(t)aﬁaakm
In this paper, we only consider a single energy leeit
including the spin in the quantum dot for simplicity. By _ t
using the nonequilibrium-Green-functiégNGF) method, the Hdor(t)_; €4o(1)CyCq,
time-dependent current (t), and the average curre(} are 2)
derived. Without the superconducting lead, i.e., for a + . t ot
N-QD-N system, it has been studied experimentally and HR:pEU prpobpa“'% [A*bp b +ADZ by, ],
theoretically. It is found that when the external field is ap- '
plied only on the right lead, the curve of the currghtvs the
gate voltagev has a shoulder on the left-hand side of theHr= > [Liaf,c,+LEcla, ]+ > [Rybl,c,+Richiby,].
original resonant peak, and a negative current on the right- 7 p.a
hand sidé:* When the external field is applied only on the H, (t) describes noninteracting electrons in the left normal-
guantum dot, the original resonant peak will be split into ametal |ead,alg (ay,) are the creatiorfannihilation opera-
series of side-band peaks with equal spadiagdue to the tors of the electron in the left lead.Hy,(t) models the
PAT (Refs. 2, 3, 9, and )5wherew is the frequency of the quantum dot with single level but including spin. For sim-
external time-dependent fields. Now for tNeQD-S system  plicity, the intradot electron-electron Coulomb interaction is
under consideration, in addition to the normal PAT, an inter-not considered, namely, we only consider a big ddt.g
esting process, the PAAT, occurs. Fow<<A, whereA is  describes the right superconducting lead with the energy gap
the energy gap of the superconducting lead, and at the small. Here, we have set the chemical potential of the right lead
dc bias, the PAAT is the dominate process in the tunnelingto be zero due to the gauge invariance in the following sense:
We find the following:(1) A’ series of peaks with the equal if the voltages of the left lead, the right lead, and the gate are
interval 34w will emerge, due to the PAAT in which two all shifted by the same amount, the average current does not
electrons in the dot can tunnel into the right superconductinghange’” We assume that the external time-dependent fields
electrode, form a Cooper pair, at the same time, absorbing @re only applied on the left lead and the quantum dot, but not
emitting n photon.(2) A series of negative peaks appear onon the right superconducting lead, bty is time indepen-
the left-hand side and a series of positive peaks on the rightlent. In fact, we have proved that the case with external
hand side of the original resonant peak, respectively, in théields applied to all three regiorithe left lead, the dot, and
absence of external field§3) Because the existence of the the right superconducting lepds exactly equivalent to the
energy gap in the superconducting lead and its property ofase with the external fields only applied on the left lead and
the density of states, the normal PAT processes becontbe dot, but not on the right leadee Appendix A We also
more complicated, leading to a rather complex pattern of th@ssume that the frequency of the external fields is not too
current(j) vs the gate voltage,. (4) In the current-bias- high so that the adiabatic approximation hotds*8Accord-
voltage characteristics, the original Andreev-reflection peaking to the estimation by Wingreen and co-worketse up-
and the conventional current plateaus will be split into aper limit of the frequency is the plasma frequency, about tens
series of side-band peaks and the substep plateaus, respetTHz for typical doped semiconductor samples, and higher
tively. for metallic materials. Under the adiabatic approximation,
The rest of this paper is organized as follows. In Sec. llthe time-dependent external fields are contained in the
the model is presented and the formulas of the timesingle-electron energies,,(t) (where a=k or d corre-
dependent currerj(t) and the average curreg} are derived sponds to the left lead or the dot, respectiyend the dis-
using NGF technique. In Sec. Ill, we study the properties oftributions of the electrons in the left lead remain unchanged.
the average currery) vs the gate voltage, while the time- ~ We separatee,,(t) into two parts: €,,(t) = €,,+Wg(t),
dependent external fields with equal amplitudes are appliedthere 3=L, d corresponds to the left lead and the dot, re-
on the quantum dot and the left lead, i.e., only the electrorspectively;e,,, is the time-independent single-electron ener-
tunneling through the right barrier can absorb or emit pho-gies without the time-dependent external fields, @yft) is
tons. Specifically, we investigate two caseshaf<A and a time-dependent part from the external field$28H; de-
hw>A in detail. In Sec. IV, we study the the properties of notes the tunneling part, which is time-independent.
() vs vq when the time-dependent external field is applied The current from the left normal-metal lead flowing into
only in the quantum dot. The properties of the currghvs  the quantum dot can be calculated from the evolution of the

We assume that the system under consideration is de-
scribed by the following Hamiltoniaki (t): %>
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total number operator of the electrons in the left lebid, _ t de _
=3y ot Ak, 2 (in units of i=1) jui(t)=—2elm ledt’j EFL(G)EXP( —ie(t'—t)
ju)=—e(N (D)) =ie{[N_ ,H]) —iJ: va(r)dr)[G<(t,t’)+fL(e)Gr(t,t’)hl-
t de
=—2e> Im f_ dtlf S-TU(@[G,(tt) 6)
+ fL(f)GLo(t,tl)]G‘XF{ —ie(ty—t)—i fthL(T)dT) In order to obtain the expression of the currgn(t), we
t have to solve the Green's function&=<(t,t’);; and
G'(t,t") ;. G=(t,t'),; is related toG'(t,t") through the
=j(t)+jL (1), (3)  Keldysh equation
where we define the Green's functions:
Gia(t,tl)Ei<CTZ(t1)cg(t)>, and G, (t,t)=—i6(t G<(t,t’)=f f dt;dt,GT(t,t)3 = (t1,t,)G¥(t,,t'),
—t){{c,(t),co(t)}). fLr)(€) ={exd(e—u r)/ke7] @)
+1}~1 is the Fermi-distribution function of the leftight)

lead whereu, =eV andug=_0. Here,I' (€) is the linewidth
function defined byI' (e€)=2mp (€)L(e)L*(€), where
pL(e) is the density of states in the left lead, ahde)
=Lk'

whereX <(t,,t,) is the self-energy. Here, we take the wide-
bandwidth approximation, under that the linewidih(I'g)
is independent with the energy. Notice that I'g

In the following, we derive the expression of the time- _ * N Ny oy ; ;
: . . . =27R(€)R* (¢)pr(€), wherepr(€) is the density of states
dependent current (). Fromj, (t), the curreng, (1) is ;"0 right IeadRWhen it is ir? normal state. So here, the

qasﬂy obtgmed by exchange the spin 'lndex. Bgcause thv?/ide—bandwidth approximation is generally reasonable as for
right lead is in superconducting state, it is convenient to us

v > . $he normal syster®*8 In a normal mesoscopic system, the
< ! 1
tGhre}t%>’<)2ta||:l:rt‘rk1]téuforr$%2esentat|on in whicts™(t,t") and wide-bandwidth approximationWBA) has been widely
' used. WBA is justified under the following conditions)
the bandwidth of the leads is much larger than the linewidth
I'(e); (ii) the density of state§p,(€¢) (¢=L,R)] and the
), (4) hopping matrix elementsL{ andR;) vary slowly with en-
ergy over a range of sever&l around the resonant level,
€4, (iii ) the energy level of the quantum dgt, is not close
to the band bottom of the leads. Under the wide-bandwidth
approximation, the self-energy=(t,,t,) becomes

o (elne )y (e (te ()
e )='<<c$<t'>c1<t>> (e, (t)el)

G'(t,t)=—i6(t—t")

x(“";(”’ci“')” <{C;(t),cl(t’)}>) )
({ej(v),cit)})  (ej(t).c(t)}h) 3ty t) =S (t ) + S5 (1t ),

In terms of Green's function&=<(t,t’) and G'(t,t"), the
currentj ,(t) is given by where

Ef(tl,t2>=§ Ligi (ty,to)Ly

exF{_if(tl_tz)_ifthL(T)dT)fL(f) 0
)

. de
:lFLJE t, y
0 exy{ie(tl—tz)-l-ij WL(T)dT)[l—fL(G)]
ty

8
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andX 5 (t1,t,) is given by(see Appendix B
2§(t1,t2):% RpQ;(tlltZ)R;
) de . _
:erf 5.8 T o(€)pr(€)

—Al| o
) 9

1
X
—Allo) 1
Ly andR, in Egs.(8) and (9) are the 22 matrix of the
hopping elements
Lk(Rp) 0

) 10
0 —LE(-RY) (19

Lk(Rp):[

In Egs.(8) and(9), g,f(p)(tl,tz) is the Green's function of the

electron in the lefiright) lead.pr(€) in Eq. (9) is the cor-
responding dimensionless BCS density of states,p.€)
is the ratio of the superconducting density of staiése) to
the normal density of statesi(€): Pr(€)=pa(e)/pR(€).
From pa(e) = (1/m)i Im 3, g3(e), one easily finds

Pri€)=0(le|—A)|el/Ve*— A%

Since the currenit, ;(t) only depends ofiR,|? and|L,|?, we
have assumed for simplicity thag andR, are real.

Substituting the expression of the self-ene®yy(t,,t,),
Egs.(8) and(9), into the Keldysh equation, Eq7), we ob-
tain

11

de
G<(tvt)1l:fZ{'FLfL(GNAL(Eat)llF
+il [1-f (—e)]BL(e,1)1]?}

de _ _
"’fﬁ'rRPR(f)fR(f)

X1 |Ar(€,t) 112+ | Ar(€ t)1d?

2A
_HRQAR(fvt)llAE(frt)lﬂ+- (12

Here A (e,t), Ag(e,t), andB, (e,t) are defined as

ty
AL(G,t)=f dthr(t,tl)eX;{—ie(tl—t)—th WL(T)dT>,
AR(e,t)=f dt;G'(t,ty)e €t

BL(e,t):f dtlef(t,tl)ex;l(—ie(tl—t)+ifle(T)dT).
(13

Substituting the Green’s functiog®<(t,t),, into Eq. (6), the
time-dependent current ;(t) can be expressed as
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d
ju (= _eJ 2—;fL(€){FE|AL(€,t)11|2
+2F|_|mA|_(E,t)1]}
d
_eJ2_;[1_fL(_e)]FE|BL(€1t)12|2

de _
—eJ EfR(G)FLFRpR(G)

X1 |Ar(€,t) 11 +|Ar(e,) 122

2A
— 17 RAAR(eD) 11AR(€)12] 1. (14

€l

Next, we need to solve Green’s functio@(t,t"),, and
G'(t,t")1,. From the Dyson’s equation, we have

G'(t,t")11=g(t,t")1q
+j f dt;dt,G(t,t9) 122" (t1,t2) 110" (12,1 ) 1g
+jjdtldtZGr(trtl)lzzr(tl1t2)Zlgr(t21t,)1lv
(15
Gr(tyt,)lzzffdtldtZGr(tvtl)llzr(tlut2)12gr(t2vt,)22

+jjdtldtzGr(t:tl)lzzr(tl,tz)zzgr(tzyt')zz
(16)

where 3'(t,t,) is the self-energy. In the wide-bandwidth
approximation:>*the self-energ® (t,t,) can be obtained
as(see Appendix BX'(tq,t5) =2 (t1,t5) + 2 R(t1,t,), with

ir 1 0
E[(tl,tz)=; Lkgrk(tl,tz)l—i::_7L5(t1_t2)(0 1),
(17)

SR(tytp) = Ep Rpgy(t1,t2)RY

_ Jde O(ti—tye 't [ e  —A
TURl2n T @Az A |d )

(18

In Egs.(15) and(16), ¢'(t1,t,) is the Green'’s function of the
electron in the dot without the coupling between the dot and
two leads, and can be easily obtained as
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0

ex;(iftledl(r)m')
t2

(19

Notice that these Green'’s functions of the dot depend on two time variables, not the time difference; therefore one should

take the Fourier expansion of the Green’s functiorfs as

. de
G(t,tl):z elnwtlf _efle(tftl)Gn(E).
n 27T

(20

Here,w is the frequency of external fields. To simplify the discussion, in the following we only consider the harmonic external
field, i.e., W(t) =W coset (8=L,d)."? Introducing the notatiors ,,(€)=G,_n(e+maw),? [here and in Eq(20), G can

beg", =g, etc] noticing that different componen@,, are related byG,,,(€) = Go,—m(e+mMw), then the Fourier transfor-
mation of the Green'’s functiog'(t,t’) and the self-energ¥.'(t,t’) are easily obtained

E Ji+mlar)djsn(ar)

0

T e—eg—lw+i0”

Onn(€)=
0
) ir, (1 0
L,mn(e):_75mn 0o 1) (22
. il Smn
Rmn(€) =~ 5~ T2 A2
2 J(e+tmw+i0")%—A
le+mw+i0*] —A
-A le+mow+i0*])’ @3

whereag=Wy/w. And g, 2| nn, andg  are defined
in Eq. (20). Notice that the self-energyi(t,t’) depends
only on the time difference, sBg (€) is zero form#n.
After taking the Fourier transformations, Edq45 and(16)
become

r —nl r r r
mn 11~ Imn 11T ; Ginm, 112 mym,;119m;n; 11
1

r r r
+;1 Gmml;lzzmlml;ﬂgmln;ll’ (24)
G:nn;12:; G:nml;llzﬁnlml;lzg:nln;zz
1
r r r
+;1 Grnm, ;122 mym, :29m;n;22» (29

where we have suppressed the argumey iterating Eq.

(25), then substituting its formal solutio®,, into Eq.

(24), one easily finds

Ji-m(ar)di—n(ag) |’ (21

™ eteqtlo+i0”

r _AF r r r
Gmn;ll_ gmn;11+ 2 Gmml;llz’mlml;llgmln;ll
my

E r . r . r : rm :
Ginm, ;112 mym, ;122 mym, > mom, ;219m,n;11+
my My m 1M 1Mz mam, 2

(26)
whereD,,, is defined by

D= hnn 22 2 Ommy ;222 mmy ;29mn;22 - (27)

my
Substituting the Green's functiogl,,,,, Ed. (21), and the
self-energy functionE{nm;zz, Egs. (22) and (23), into Eq.

(27), D,(€) can be obtained as

Dmnzz Ji_m(ar)d—n(ar)

- (28)
' etey tlo—3,

where

S1(0=2 3 m 2 I, (ar).

1

In deriving Eq.(28), we have taken the approximation
s i
L (et eg+lw+i0")(e+eq +1'w+i0")

fII

%2 (eteq Hwtio)? (29

wheref|;, can be any function. This approximation is rea-
sonable for w>I" (I'=I'_ +I'g). Substituting D,(€),
ghn(e), and X, into Eq. (26), the Green's function
Gmna1(€) is obtained
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~ d ~
G:nnll E J|+m(aR)J|+n(aR)G|(E), (30 |1:ef ﬁFLFRZI |G|(€)|2[fL(6)J|2(a|_)

where
X 2 Il ) Br( €+ M)~ fr(€)Pr(€) I (ar) |

Gi(e)= { €~ de"“’_2 ‘]|2+ml(a'R)Err'nlml;11
my

de Gi(e)3 ]2
e _FFRZ IGi(€)2/]
2m L e+ eq+1 0= |2

_2 [Su/(f)]z

1’ €+Edl+|,w_§|/

. X [ fL(e) () I5_ (ar)pr(e+mw)
with m

2II'(E) 2 2m my; 12(E)Jl+m1(0‘R)JI’7m1(a'R)- _fR(f)ﬁR(E)Jﬁ(aR)],

By using the Green’s functior@, .11, On,, the self-energy
S . and the Dyson’s equation, E€5), one obtains the

de
Green’s functionG/,, 1-(€): I3=—2ef—FLFRReZ —
mn; 12! 2 / , %
T L' et eq +1"w—2]

1G],

. ~ Jiim(ar) I _p(ar) Sy
Ghi1z= 2 Gi(e) s - @D xlfL<e>JF(aL>2 e @) ()

I, E+€dl+|’(1)_2|r |6+m(1)|

After taking the reverse Fourier transformation, the Green’s

. - . - A
functionsG'(t,t"),;, andG'(t,t") 4, can be obtained immedi- XPr(€e+Mw)—fr(€)di(@r)dy (ar)Prl€) —1 ,
ately. Then substituting them into E¢L3), A (r)(e,t) and ) REERTRIEMTRIR | €]
B (e,t) are easily solved (39)
W W
Alet) = > Ghnmidm (—L)Jm(—L) here a| =(Wy—W,)/w. The formulas of the average cur-
n,m,m’ @ @ rent, Eqs.(33) and(34), are the central results of this paper.

It can be applied to the nonlinear response regime, i.e., high
bias voltage or high strength of the external fields. In the

case ofA=0, i.e., the right lead is normak,,.(¢) =0, then
Ar(et) =, G, (e)e et the currentsl 5, |,, andl; are zero, and the curregf,)
" reduces to Eq(6) of Ref. 2. By using the relation§,(e)

% e—i(m—n—m')wt

32 ~ ~ = ~ ~
B0 (2 _Byle—1), Si(=So(etl0), and $y.(€)=Sop (e
—lw), the average currerj (t)) can be rewritten as
2 Gr m—n,—m; lZ‘Jm( ) ’(ﬂ) ei(n+mfm’)wt_ ~
n.m,m @ So()2In(a) I (@)

de
_ Bl oV il s 2
Finally, substituting the expressions & (g(e,t) and a eJ ZWFL|G°(6)| HZm |e+edl+l’w—i|r(e)|2

B.(e,t), Eqg.(32), into Eq.(14), the time-dependent current

Lgét) can be obtained. From the definition of the time aver- X(f(etlo)—{1—f [—e—("—mw]}),
1 (T2 de )
(F(t))= lim ff /F(t)dt, I1=eJ2 ' .TRIGo(e)| E Ja(ar) I (a)pr(e+mo)
T—o =T/2

the average currerj (t))=(j;) can be expressed as X{fL(etlw)—fr(etmw)},

(Jpy=latlyiti+lg, (33 d
€ ~ 2
in which |z=ef —T\ TrIGo(e)]2 X
27 Lm
- ej—rz G2 [? [Bar (@) I (e
I e+ eq +1"w— E|'|2 |e+edl+|'w—§|,(e)|2

x{fL(e)If(a)—[1-F (~ 6)]J|/(a|_)}' Xprle+tmo){f (e+lw)—fr(e+mw)},
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de -
l3=—2e ReJ’ — T I'r/Go(e)|? 2 0.003 - (a)
2m I,1",m 0.002 + ,
~x 2 0.001 ,"""
oI @)d n(ar)In(ar) A oo
€+ eq +I 'a)—il*,(e) le+mo| ~0.001
—0.002
Xprle+mw){f (e+lw)—frle+mw)}. (39 . —0.003 |
= ‘
From Eq.(35), various processes of the PAT and the PAAT § 2222 ’
= .

can be seen clearly. The currdntincludes all kinds of the
PAAT processes; for example, an electron from the left lead.a  ©0°1
tunnels into the dot by photon emission, followed by an 0.000
Andreev reflection vid’ photon absorption, and finally an
Andreev-reflected hole absorbsphotons to tunnel back to
the left lead, etc. The currents, I,, andl; include all PAT
processes. It should be pointed out that in the case of zerc
temperature anteV|<A (eV=pu_ — ug is the dc biag the
currentsl 1, 1,, andl 5 are zero in the absence of the external
fields, but they are nonzero in the presence of the externa 0.001
fields due to the PAT processes. 0.000

In the following three sections we shall apply our current —0.001
formulas, Egs(33) and(35), to investigate the dependence
of the average currexj)=(j;)+(j,) on the gate voltage,

—0.001

<j> (arb

-0.002
-0.003

003
0.002

-0.002

v
1
]
L

. —0.003 L
and the dc bia¥. R VR L o
-0.4 =03 0.2 -0.1 G.C 0.1 0.2 0.3 0.4
lll. THE CASE OF &, =0 v (in units of A
In this section we investigate the case®qf=0, i.e., ex- FIG. 1. The average curre(j} vs the gate voltage, at the zero

ternal fields are applied to both the left lead and the dot wittbias; the other parameters ate=0.2, A=1, o =0, I' =T'g
equal amplitudesW, =W,). It is equivalent to the case in =0.01(solid curveg, I' =I'g=0.015 (dotted curvel and e4=0
which the external field is applied only on the right super-whenuvy=0. (a), (b), and(c) correspond to different amplitudes of
conducting lead, and the photon-assisted processes occugxternal fieldsag=0.4, 0.7, and 1.5, respectively.
only around the right barrier region. In the numerical calcu-
lations, we make further simplificationgl) Assume that neighboring peaks i$hw. (3) With increasing the amplitude
€4,(t) be independent ofr (i.e., eq;= €4 =€q), then(j,) of external fields, more and more peaks emerge, but the
=(j;)=3(j). (2) Set the temperatur&to be zero(3) Con-  heights of the peaks increase nonmonotonica#y At zero
sider two symmetric barriers, i.d), =T'r. (4) Let the gate bias, V=0, the original resonant peak disappears. Features
voltage vy control the intradot level aseq(vg)=eq(0) (1) and (2) appear only inN-QD-S system but not in
—evy. In calculation, we take\=1 and the units oe=1.  N-QD-N systen?>*? In fact, they are originated from the
In the following, we shall discuss two casesfob<A and PAAT. If the gate voltagev,=—0.1, the intradot energy
hiw>A in detail. level e4 will be at 0.1 above the left and the right chemical
potential (w, ,ug) [see Fig. 2a)], then a hole in the left lead
A ho<A with the energye about 0.1 can tunnel through the left bar-

We first investigate the case with zero bias<0), and
choose the parametets=0.2 and sete4=0 whenuvy=0. _ _
Figure 1 shows the average currdjjtvs the gate voltage (@) [] ] (b) '
vy, Which controls the electronic level; of the dot. We €
have assumed that the frequeney=0.2) is much smaller Sy
than the gap4 = 1) in this subsection. Then the currehts Mz % e 0 My f oo 0
I,, andl, are small, and the Andreev currdnt dominates, A e | A
leading to the following featureg1) A series of negative /
peaks emerge on the left-hand side of the original resonant Z
peak, which appears originally at the small bias but without
external fields, while a series of positive peaks on its right-
hand side. Notice that the negative peaks are originated from g, 2. A schematic diagram for the photon-assisted Andreev
the electron-photon pump effettj.e., in the presence of the tunneling (PAAT): (@) An incident hole leads to an Andreev-
external field, electrons may transit from the region of highefreflected electron, leading to a negative curréhy. an incident
voltage to the region of lower voltage by absorbing photonselectron leads to an Andreev-reflected hole, leading to a positive
which leads to a negative curreri2) The spacing of the current.

the net flow the net flow
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FIG. 3. The detailed line shape of theA” peak in Fig. 1(b).
The solid, dotted, and dashed curves correspondl'te=1"g 007
=0.01, 0.015, and 0.02, respectively. The other parameters are thi o
same as in Fig. (b). 0.001
0.000

rier into the dot, and reach the right barrier. In the absence of
external fields, this hole cannot experience an Andreev re-  —0.001
flection since no state is available &t —0.1. However, in

-0.002 |-
the presence of external fields, an Andreev reflected electror ‘ ‘ ! ‘ ‘ ! ‘ ‘
with the energye=—0.1 can absorb a photon and jump to -0.4 0.3 ~02 -0 00 01 02 03 04
the stateey [see Fig. 2a)]. So the Andreev reflection can v_ (in units of A)
g

occur with the help of a photon absorption; meanwhile a

COOper pall’ n the I’Ight Iead W|” be destroyed, Ieadlng to a FIG. 4. The average CurreQ'D vs the gate Voltag@g at aL
negative current. If the changg of exceeds a certain va!ue =0 andag=1.5. (@), (b), and(c) correspond to the different bias:
(about several’), the leveley will move out of the range in  v=0.02, 0.15, and 0.25, respectively. The other parameters are
which the condition of the Andreev reflection is satisfied,=0.2,A=1,T =I'3=0.01, andes=0 wheny4=0.

then the PAAT processes mentioned above are forbidden,

and the current, drops to almost zero. This explains why a increase of the bia¥, the curve of(j) vs vy has almost no
negative peak emerges in the curve () VS vg atvg=  change at the beginning, until the bias reachesifio
—0.1. Similarly, wherv=0.1, the leveley will move down  _ g 1" whenv changes from/<0.1 toVV>0.1, the peak at

to —0.1 below bothu, and wg, now an electron from the = —0.1 changes from neaative to posititaee Fi
left lead can tunnel into the dot, followed by an Andreevgae to fhe factgthat fok/<(?1 (V>0.I.?L) tkE?statgvsli)t)rl

reflection via a photon emissidsee Fig. 2)], leadingto a  _( 1 in the left lead is occupied by a holan electroi
positive peak in the curve df) vsvy. With the increase of  1oqiting in a hole-typéan electron-typePAAT. Similarly,
external fields, the multiple photon-assisted Andreev t”n”el\'/vhen V increases fromV<0.2 to V>0.2 (hw=0.2), the

ing may also happen. As for the interval between neighborfwo-photon PAAT peak will change from negative to posi-
ing peaksho, it is easy to understand just by noticing that tive too[see Fig. 40)].

each change offw for the gate voltage 4 corresponds to a
variation from the process with-PAAT to (n+1)-PAAT.

In order to investigate the detailed line shape of the PAAT
peak, in Fig. 3 we present the amplified peak corresponding In this subsection, we investigate the casé af>A. As
to the peak marked with A” in Fig. 1(b). One can clearly mentioned in Sec. Il, although the upper limit of the fre-
see that the top of the peak is fi@e., zero derivativg not  quency of the external field is restricted by the adiabatic
as sharpi.e., undefined derivatiyeand the half width of the approximation, it still can reach up to tens of THz or even
peak is determined by the linewidih . Notice that the po- higher according to the estimatidnf one takes 1 mev as the
sitions of the PAAT peaks are not exactly atZ)iw (n= energy gap\ of the superconductor, then it corresponds to a
+1,£2,...), butslightly shifted from them: towards the photon frequency of 250 GHz, which is still much smaller
right direction for positive peakésee Fig. 3, while the left  than the upper limit of the frequency of the adiabatic ap-
direction for negative peak®ot shown here The reason of proximation. Therefore, the condition @fw>A is reason-
this slight deviation comes from that the real part ofable.

rmn(€) is not exactly zero. In the case ofiw>A, even if|[eV|<A, the part ofl;

Now, let us consider the nonzero bias case. Then the-1,+15 has significant contribution to the average current
original resonant peak will emerge even at very small biagj) due to the PAT processes. Figur@bshows the average
(about severdl’) [see Fig. 4a)], which is originated from the current(j) vs the gate voltage, for Aw=1.5 andvV=0.2. In
Andreev tunneling without the help of photons. With the addition to the Andreev-tunneling peakincluding the

B. Aiw>A
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the net flow the net flow FIG. 6. (a) The average currerf) vs the gate voltage, for the
frequencyw=3, wherea; =0, ag=1.1, V=05 A=1, I' =T

FIG. 5. (a) The average currerff) vs the gate voltage, for the ~ =0.08, andeg=0 whenv,=0. (b) and(c) are the schematic dia-

frequencyw=1.5, wherea; =0, ag=1.1,V=0.2,A=1,T =TIy grams for abruptly increasing of the current whilg varies from
=0.04, ande,=0 whenv,=0. (b) and (c) are the schematic dia- vg>A tovg<A. Only the electron in the left lead can tunnel to the
grams for the PAT processes. The net electron flow is from left tadot in (c), instead, in(b), the electrons both in the left lead and in
right in (b), while from right to left in(c). the right lead can tunnel into the dot.

electron can only tunnel out of the dot through the right
barrier to the right lead via photon absorptigmtice that the

the extra negative current emerges whef.5<v,< —0.2 photon absorption or emission cannot occur in the left barrier
. g 2.

The extra current comes from the normal photon-assistelU€ 1©@L=0), then the electrons in the left and the right

tunneling, which can be explained as follows) When the  16ad with energye=ey can tunnel into the dofsee Fig.
gate voltagey ;= 0.5, the intradot energy levey, will be at 6(b)]. However, whery<A, the leveley moves up above
~0.5. Then the electron at the leve} can just jump to a —A, and only the electron in the left lead can tunnel into the

quasiparticle state above the gap in the right lead via a phdiot[see Fig. €&)], so the net electron flow afg<A is about
ton absorptionsee Fig. )], leading to a large positive tWice the value fowg>A.

current. (2) With the decrease of the gate voltagg, the

level €4 moves up, then an electron must transit to higher V. THE EXTERNAL FIELD APPLIED ONLY TO THE

photon-assisted and nonphoton-assisted, marked Asy),"
the extra positive current emerges fer0.2<vy<0.5, and

guasiparticle’s state where the density of states of the super- DOT
conducting electrodpﬁ(e) is smaller than the value near the
edge of the gap. So the currgjit slowly descendgsee Fig. In this casea = ag, i.e., an electron tunneling through

5(a)]. (3) Whenuv 4 changes from ;> —0.2 tovg<—0.2, the  either the left or the right barrier can absorb or emit photons;
level e4 will change from an occupied state to an unoccupiedtherefore the process becomes more complicated than the
state, and the curref) varies from positive to negatijsee case discussed in Sec. Ill. For theQD-N system, which
Fig. 5@)]. (4) For —0.5<v,<—0.2, the currentj) is nega-  has been investigated extensivély;>'***pasic features of
tive, because the intradot leve} now is empty, and a qua- the current vs the gate voltage at the small bias are a series of
siparticle below—A in the right lead can first absorb a pho- side-band peaks with equal intervab emerges, the height
ton to transit into the intradot level, [see Fig. &c)], then  of the peak is proportional to the square of the Bessel’s func-
tunnel to the left lead, leading to a negative current. tion Jﬁ(a), wherea=W,/w. The negative currerii.e., the
Next we investigate the case with much higher frequencylectron-photon pumping effectioes not emerge if the ex-
of external fields £=3>2A). The average currer{f) vs  ternal field only applied to the dot. In contrast, tNeQD-S
the gate voltageyy is shown in Fig. €a). The following  system is very different. In the following, we discuss two
features can be seen clearljt) The PAAT peak at,= cases withh w<A andiw>A.
+3ho are very small, since the probability of the Andreev  Figure 7 shows the average curréptvs the gate voltage
reflection is much smaller for the energy>A.*° (2) At vg for iw<A. A series of peaks emerges with positive value
vg=hw—A, the currentj) has a rapid increase within the for v,>0, and negative foo4<0, respectively. Notice that
range of severdr, then it slowly descends with the decreasethe interval is3zw, not#w. For the small bias, an extra peak
of vy, due to the PAT processes as shown in Figp)53)  emerges aty=0. These peaks are originated from the
Aroundv,=A, the currentj) abruptly increases about twice PAAT as shown in Fig. 2. In comparison with the case of
as much with the decrease of . This is because whem, a, =0 (the dotted line in Fig. ) the heights of the one-
>A, the level ¢4 is moved down belowu, and —A, an  photon- and the two-photon-PAAT peak are much lower, but
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FIG. 7. The solid curve describes the curréptvs the gate
voltagev in the case oy, = ag=1.5. The dotted curve showjp
vsvg at o =0 for comparison. The other parameters are the sam(%f
as the solid curve in Fig.(&).

FIG. 9. The average currelf) vs the biasV, where o =0,
r=1.1, ®=0.6,A=1,T =I'g=0.04, andeg=—2 whenV=0.
he dotted curve corresponds to the case without external fields
(i.e., @, = ag=0) for comparison.

for the hlgher-_order PAAT peaks with more PhOt_O”S N"flow from the left lead to the right lead. So the current in-
volved, the heights almost do not change, which is eaS"Y:reases abruptly within the energy range of sevéral3)
understood from thg PAT that occurred in the Ieft barrier. While v, varies from—1.7 to —1.0 (=—A), the levele, is
Now .Iet us consider the case k> A, n Wh'Ch.the gradually pulled down, and the corresponding density of
curren.t<J> vs the gate voltage, becomes quite Com_phcated states of the right superconducting lead increases, leading to
see Fig. &)]. Various PAT and PAAT Processes will occur, o larger tunneling probability of the electron from the dot to
and the average currerf) changes alternatively between the right lead. So, the currerip) is increased slowly(4)
positive and negative values. Peaks marked A_}’) are thg Whenu is larger t,han— 1.0, the leveley will be below the
n-photon (n;O,i 1.) PAAT peaks..ln the foI!owmg we dis- gapA; then the electron tunneling from the dot to the right
cuss them in detail but only_ consider the single photon POTead is prohibited, leading to an abrupt drop of the current.
cesses(l) Whenvg<—1.7, i..04<—V—fo, the energy (5) For —1.0<v4<—0.5, the electron in the left lead can
level € is far above b(.)th“L and A, no PAT process can jump to the leveley in the dot via a photon absorption, then
occur, and the currerdf) is almost zero(2) At vg=—1.7, 80 Zhsorhing another photon to transit to the right IEsee Fig.
incident electron at the Fermi surface of the left lead carh(c)] so the current has a small positive value whgiis out
tunnel into the intradot levedy via a photon absorption, then of th’e range of the Andreev-reflection peak.” (6) While
tunnel out of the dot through the Idthe righ} barrier to the v, Crosses-0.5 (i.e., A— i w), the PAT processes as shown
left (the right lead[see Fig. 8)], resulting in an electron ingFig. 5(¢) occur and lead to a very big negative curref.
While v g varies from—0.5 to —0.2 (i.e., —V), the magni-
C.02 [ (@) tude of the negative current gradually decreases due to the
. a A decrease of the density of stajgi(¢). (8) Whenuv across
0.01 1 —0.2, the leveley passes across the Fermi surface of the left
E lead, and will always be occupied by electrons. Then PAT
0.00 A o process mentioned i(6) is prohibited. Instead, another kind
I \’\/ of PAT process as shown in Fig(lB occurs, leading to a
-0.01 | strong variation of the current from negative to positive. For
A vy>0, one can understand the behavior of the current simi-

—0.02 o e . Iarly.
-20 -15 -1.0 ~05 0.0 0.5 1.0 1.5 2.0

<j> (arb. units)

v, (in units of 4) V. THE |-V CHARACTERISTICS

(b) / A (c) . F A In this section, we investigate the dependence of the cur-
€4 4 5 rentl on the biasv. For symmetric barriers, we assume that
By o I 2777770 A i o the intradot leveley varies aseq+V/2. In the absence of
9 external fields, an extra Andreev-tunneling peak superim-
/ / —A poses on a conventional current plateau inlthé character-
4 istics (see the dotted curve in Fig).9However, in the pres-
ence of external fields, each Andreev tunneling peak will be
the net flow the net flow split into a series of side-band peaks due to the PAAT, and
FIG. 8. (a). The average currerf) vs the gate voltage, in each current plateau will also be split into a series of substep
a, = ag=1.1, the other parameters are the same as in ). ®) plateaus due to the PAT. It should be pointed out that the
and (c) are the schematic diagrams for the PAT processes, corrdnterval of the side-band peakgho, is different from the

sponding to the cases 6f1.7<vy<—1.0 and—1.0<v,<-05, interval of the substep plateausy.
respectively. Finally, we should stress that tiéQD-S system in the




13136 QING-FENG SUN, JIAN WANG, AND TSUNG-HAN LIN PRB 59

presence of external fields can be realized experimentally by -

using the existing technique. In fact, in many experiments Hr=2 [€p+WR(t)]b;§gbpa+2 [A%by b

the MW fields have been applied on theQD-N system, P P

either symmetricallyi.e., . = ag, as discussed in Sec. IV +Ab"_b! . (A1)

or asymmetricallyas discussed in Sec. Ji~" Many meso- pT=pl

scopic “hybrid” system, includingS-SQD-S, N-SQD-N,  Notice that in the presence of the external field, not only the
etc., have been investigated extensiél$? In particular, energy of the quasiparticle, but the energy of the Cooper pair
Hergenrotheret al. have succeeded in applying an externalis affected, s\ in Eq. (A1) becomes

field to aN—superconducting islandN-systent® It should be

able to realize to apply external fields oMNaQD-S system. ~ 2i [t -

Since we have already proved that the case with the external A=A exp{ TR JOWR(t )dt } (A2)
fields applied on all three regions is completely equivalent to

the case with the external fields only applied on the left leadvhereA is the complex order parameter without the external
and the dofsee Appendix A so to apply external fields on field. Then we perform a unitary transformation with the
the left lead and the dot is enough to have all the physics. unitary operatot) as

t
VI. CONCLUSIONS U(t)=exp[%j dt' Wi(t)
In this paper, we have investigated the physics of the 0

electron tunneling through a mesoscopic hybNdQD-S "
system. By using the nonequilibrium-Green-function +2 CoCo
method, the time-dependent currgp(t) and the average 7
current(j) are derived. The PAAT processes and the normaUnder this unitary transformation, an operanX repre-
PAT processes are investigated in detail. We find in the pressentsa,,,, b,,, or c,) changes into
ence of external fields, the original resonant peak of the av-
erage currentj) vs the gate voltage will be split into a t i [t -
series of the side-band peaks with the equal inte}%al, on UOXU(t)=Xexp — + fOWR(t at'|, (Ad)
the left-hand side of the original resonant peak are the nega-
tive peaks, while on the right-hand side are the positive it
peaks. This is very different from ti¢-QD-N system in the Ut)xtut(t)=x" exr{— J WR(t’)dt'} , (A5)
presence of the time-dependent external fields. Due to the fiJo
existence of the energy gap the physics of PAT becomes
much richer, depending on the frequensythe gapA, and
the biasV. As a result, the currerj) vs vy becomes more
complicated, and can vary many times between the positive HL(t)=E [ek+WL(t)—WR(t)]aL,ak(,,
and the negative. Moreover, in theV characteristics, the ko
Andreev-reflection peak and the current plateau can be split
into a series of side-band peaks and substep plateaus. Hdot(t):; [6d0+Wd(t)—WR(t)]CZCm

T T
2 akg'ak0'+ 2 bpo-bpa'
k,o p,o

] : (A3)

po s

and the HamiltoniaH becomes
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i ; regions is exactly equivalent to the case with the external
gf'gt_lezsh eQng .?(..a}An.dZ'L.;Il_.avr\]/gu\l(d. lg_ evt\;) e'i[r}?)rrﬂjn%nshvgl?)?ﬁy fields only applied_to thg left lead and the quantunl dot with
discussions. the effective amplitude®V (t) =W, (t) —Wg(t) and Wy(t)
=Wy(t) —Wg(t). It is clear that if the amplitudes of the
external fields are the same in all three regions, no physical
effects will exist by external fields. This result is similar to

In this appendix, we shall prove that the case with exterthe one of the normal system discussed in Ref. 1.
nal fields applied to all three regiorthe left lead, the right
lead, and the dotis exactly equivalent to the case with the APPENDIX B
external fields only applied on the left lead and the dot but
not on the right superconducting lead. While the right lead is In this appendix, we present the derivation of the self-
also applied by an external field, under the adiabatic approxienergy> i(ts,t,) and3 5 (t,t,). First, we solve the Green’s
mation the HamiltoniatHg can be expressed as function Epg[)(tl,tz). From the HamiltoniaHg, we have

APPENDIX A
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1 2
:—ia(tl—tz)pgj de, E(e_'\/ep+A2(t1—t2)
+ei\/sg+A2(tl—t2))

by ()= €pbpi (D +ADT (1),

(B1)

b,m( )=—epb" o (1) + A% by (1).

For the system under consideration, only the right lead is a =—i0(t;— 1)) pR
superconductor, the current will not depend on the phase of

€
de—0
6\/62—A2

the order parameter of the superconducting lead, only depend X (e Te(timt2) 4 gie(ti—t)) (B3)
on its modulus/A|. So we assume that is real. Then the
differential equations can be easily solved
€ 7o =i6(t z)PRJ de——=e '€1 1), (B4)
pT(t) pT(O) ( > P > e it ep+A / 2
\/ep-l—A
6 Notice thatp may have a small imaginary part from the
+ ( 1— —p2 gitVep+a?| L = b’r 0,(0) Blonder-Tinkham-Klapnijk theor§° so the integral ovek
VeptA begin from 0 in Eq(B3). Then3(t1,t,)44 is easily derived

A

s 2 2 A . 2 2
X 5 Ze it ep+A _ 5 2eltx/5p+A )
\/ep+A \/ep+A

(B2)
Substitutingb,,;(t) into the Green’s functiorﬁpg;(tl,tz),

taking the wide-bandwidth approximation, and assuming that

pR(e) is independent with energy® we then havé

% gh(ts,tp)q0=—1 tz)E ({bpi(t1),bl,(t2)})

0ty —ty) >, L 14+ —2P

:—I —_ —_— —

v p |2 \/EF2)+A2
w @ ient At ~tp)

1

+2|1-

T L e \/eerA (t,— tz)]
Veép +A

under the wide-bandwidth approximatidh:

SRty )= Ep RoRy gp(t1,t2) 11
——ir f

By using gz (€)="fgr(e)[gR(€)—gr(e)],
3= (t1,t,) is obtained as

de O(t,— t2)|‘5|

Zr Jeoar ©

—i é(tl—tz) .
(B5)

the self-energy

< : de —ie(ty—ty) ~
2R(ty,tp)1=il'g 5. 172 f(€)pr(e). (B6)

Similarly, one can obtain the other

SK=(ty,ty) 4, Wherea,B=1,2.

self-energy
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