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Zeeman-split mesoscopic transport through a normal-metalquantum-dot—superconductor system
with ac response
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We have investigated the Zeeman-split mesoscopic transport through the normal-metal—quantum-dot—
superconductor system applied with a microwave field. We employ BCS theory to describe the Hamiltonian of
the superconducting lead. The time-averaged tunneling current formula is derived by using the Keldysh’s
nonequilibrium Green-function technique in the Nambu representation. The multilevel quantum dot is consid-
ered for the noninteraction system in the calculations. The spin split Andreev reflection and photon-electron
pumping behaviors are investigated in the presence of a Zeeman magnetic field. The resonant structure versus
Zeeman energy and gate voltage is revealed. The Zeeman-split photon-assistedracteristics are evalu-
ated for the single-channel quantum-dot system. By adjusting the Zeeman magnetic field, we can obtain a large
resonant tunneling current even if in the Andreev reflection regime. The current appears to have interesting
structures versus Zeeman energy for the multichannel quantum-dot system associated with a different gate
voltage. The negative and positive current appear in the symmetric forms by controlling the Zeeman field.
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[. INTRODUCTION systems, for instance, the investigation of the tunneling
through the normal quantum dot connected with supercon-
Mesoscopic systems with small samples coupled to supegucting leads. The systems as superconductor—quantum-
conducting reservoirs play an important role in our investi-dot—superconductofSDS, superconductor—quantum-dot—
gation. There are two basic types for electrons transportingormal-lead (SDN), and superconducting quantum dot
through a two-terminal structure in the presence of supercorf-onnected with normal leads possess very rich physical phe-
ductivity: the superconductor—normal-metal—superconductofomena. These systems can be used as the models of quan-
(SNS junction with both electrodes being superconductorstum devices (_:oupled with superconducting leads. Since the
and the normal-metal—superconduci®S) junction with superconducting and normal leads are mqqh .Iarger than _the
one electrode a normal layer and one electrode a supercoﬂyamum dots, they are treated as the equilibrium reservoirs.

ductor. Supercurrent can flow through the SNS system Wi'[h:rhe quq3|part|cles and electrons are emitted from one of .the
out any applied voltage, while we must apply a voltage forEServoirs and then are scattered by the central region. Since
: - the sizes of quantum dots are smaller than the phase-

elec_trlc current to flow through the_ NS junction. The quast - oherence lengths, the quasiparticles and electrons keep
par_tlcles and electr_ons mt_eract with one another and kee hase memories in the quantum-dot region. Some interesting
their phase memories during transport through the mesog;,herties arise from the coherent transports. However, for
copic system to produce novel features. For example, thge system with superconductors coupled with the quantum
ultrasmall superconducting sample coupled with normalyot the transport problems are very complicated due to mul-
leads displays parity symmetfythe even-odd parity asym- tiple scatterings of quasiparticles and electrons in the central
metry and the Coulomb blockade of Andreev reflectiare  quantum dot. The nonlinear transport contains many signifi-
found in such systems. For SNS or NS systems, most of theant structures which remain to be discovered. For such hy-
investigations in the literature deal with ballist transport byprid systems, the quantum effects are distinct because the
using scattering theory.® The quasiparticles are scattered atquasiparticles can keep phase memories for a considerable
the NS junctions. If the source-drain voltage between a junceistance, and the electron energy of the quantum dot be-
tion is smaller than the energy gap of the superconductocomes discrete as the quantum dot is sufficiently small.
i.e.,|eV|<|A|, there also exists small current due to AndreevThere may exist resonant structure behaviors in the tunneling
reflection! The noninteracting scattering theory correspondsurrents. Analogous to the normal sample systems, we can
to the usual Landauer-Biker scattering theory in normal impose microwave fields to the hybrid systems. The elec-
samples. For superconducting leads coupled with junctiongrons and quasiparticles absorb and emit photons during
the quasiparticles are dominated either by time-independemtansport to form split resonant structures. Obviously, the
or by time-dependent Bogoliubov-de Gennes equatiotfs. tunneling current possesses compound effects associated
Under the influence of source-drain voltage, a quasiparticlevith superconducting leads and the quantum dot. For the
trajectory in the clean normal region of a SNS junction hasultrasmall quantum dot, the density of st@0S) of quasi-
been described by an accelerated wave packet of thgarticles in the superconducting leads is obtained by measur-
particle®*3 ing thel-V characteristics of the SDS systéfriThe experi-
Recently, there has been great interest to study the sysaental observation of a signature of phase-coherent Andreev
tems of superconducting leads coupled with quantum-doteflection is reported by Lensse al. through studying the
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system of superconducting contacts connected with two- II. HAMILTONIAN AND FORMALISM
dimensional electron gas in  GaAs/Sla _,As

heterostructureX. The corresponding theoretical work con-
tributing to the noninteracting systems has been performe

16 . _ . .
by Claughtoret al.*® by using the Green-function technique. lpliased by the dc voltag¢ which is the drop of chemical

We have investigated the photon-assisted tunneling througpotentials between two leagss— u, =eV. A magnetic field

the SDN system where the Coulomb interaction is not cony, . : .

. . B is applied to the quantum dot through the gate. This mag-

sidered, and the electron-photon pumping effect has been - "*"' = )

. . . : netic field is screened in order not to affect the superconduct-

found. The spin split Andreev reflection ai/ characteris- . . i . .

) . ing and normal leads. A microwave field with frequeneys
tics and the spin nondegenerated dc Josephson current oscil*

lation also have been investigatddThe multiple discrete MPOsed to the system forming a potential dedyk: CoS(t)
level Andreev reflection is discussed in the SDN system, anf€tween the two leads, where we have taken the potential of
different kinds of resonant peaks in the current versus gati'e 1eft lead as a reference for measurement. This ac poten-
voltage are discovered. tial drop is rel_ated to the dlpolt_e approx!matlon. So the_ elec-
As electrons in a system are exposed to an external madfn €nergy in theyth lead is described by the time-
netic field, the energy of an electron is split due to the Zeedependent one, \,(t) =€, + €V, cos@t), where €, i,
man effect. The tunneling current in a lead is certainly af-=E, ,—u,, V,.=V,—V_. The energy of electrons in the
fected by the Zeeman magnetic field, and the magnetiguantum dot is defined bﬁd’lg—o'MB, WhefeEd,w: Edlo
moment of electrons plays an important role in transport. The- evy, Eq,, is the energy level of the quantum dot in the
spin degenerated electron system becomes a spin nondeggnesence of the gate voltagg. The gate voltage and the
erated one. As the magnetic fieRl is small enough, the Zeeman energyuB adjust the quantum-dot energy
electron energy is split by adding the Zeeman energd to  =gug/2 is the magnetic moment of electrons, wherg is
the original energy level, where is the spin value, angt is  the Bohr magneton, andg~0.5788<10"**> meV/G. Theg
the magnetic moment of the electron. In this paper we confactor is equal to 2.003 for a free-electron system. The two
sider the normal-metal—quantum-dot—superconduNerS) leads are in macroscopic sizes, which means that the two
system with a Zeeman magnetic field applying to the quanleads in three dimensions are larger than the coherence
tum dot. Because the quantum dot is a kind of quamun{engths of quasiparticles and tunneling electrons. So the par-
device, we have several methods to control the tunnelinéjiCIeS in leads can be treated by using the grand canonical
current. We can impose a dc source-drain voltage betweeg'S€mble theory in the equilibrium state. We employ the

the leads and apply a voltage through the gate on the quat$—CS theory to deal with the transport of electrons in the
tum dot. The gate voltage adjusts the energy levels of thguperconductlng lead. The Hamiltonian of the superconduct-

quantum dot. On the other hand, in the quantum devices wiha lead is approximated as the usual mean-field theory. The

often encounter the situation in which they are irradiated b piormal metal is described by the free-electron gas system.

. , . . he quantum dot is considered as the noninteracting model.
microwave fields. The tunneling current is modulated by theTherefore the Hamiltonian of the system can be expressed
external signals, and the output current is sensitively relyin !

. ) ) .27 Yy the sum of three separate sub-Hamiltonians and tunneling
on it. We consider the problem with a Zeeman magnetic fieldg ms as
applying to the quantum dot through the gate. The magnetic

field is screened so as not to affect the superconducting and

normal leads. The source and drain of the system are biased

by a dc voltage and an ac microwave field. The quantum dot H= 2 SR,kU(t)aE,kgaR,kg

is applied by a dc gate voltage to control the tunneling cur- 7

rent. We derive the tunneling current formula by employing -

the Keldysh’s nonequilibrium Green-functiofNGF) tech- —; [Aag AR, -« +A*ar —kjar k]

nique, and perform the numerical calculations at zero tem-

perature for the single-channel and multichannel quantum- + ~ +
dot systems. The tunneling resonant structures versus gate +% EkaUaL,kvaLM*’; (Eg1o—ouB)di;di,
voltage and Zeeman magnetic field are obtained, and tunnel-
ing behaviors caused by the Zeeman magnetic field are ob-
served. Thd-V characteristics of the single-channel system
are presented to show the Zeeman-split Andreev tunneling
and photon-electron pumping behaviors. The remainder of
this paper is organized as follows. Section Il is devoted tovhereal, ., (a, ) andd/, (d,,) are the creatiofannihila-
derive the tunneling current by employing the Keldysh'stion) operators of electrons in the two leads and quantum dot,
NGF technique. Section Ill is arranged to perform the nu-respectivelyA is the energy gap of the superconducting lead
merical calculations on the tunneling current for the single-defined byA =VgZ,(ag _x ark;)- Its conjugate is defined
channel and multichannel systems. The concluding remarkisy A* =VR2k<a;’kTa;,_kl>. The energy gap is assumed to
are given in Sec. IV. be known, and it is considered to be the one without cou-

The system is composed of three parts: the left normal-
gwetal lead, the right superconducting lead, and the quantum
ot. We consider the circumstance where the two leads are

+k|§} (T @l ot +H.c), (1)
ay
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pling. T, is the interaction strength of electrons between the ie

yth lead and quantum dot. It is complex and satisfies the L(O==7 2 ([H.al,(Da,(1]), 3
relationT =T, _. We have taken the chemical potential of ko

the left lead as the reference of energy measurement. The

spin o has the values of=+1 and—1 corresponding to Where(- - -) is the notation of the quantum expectation value
the notationg andl, respective|y1 in the Subscripts of equa- and ensemble average. SUbStltUtlng the Hamiltonian of the
tions. We make gauge transformation to change the timeSystem into the current formul8), one can find the time-
dependent energy into a time-independent one. This transfoflependent current formula determined by the correlation
mation is settled by changing the interaction strengths to b&unctions of electrons between the leads and the quantum
time dependent. So the time-independent interaction streng@pt. These correlation functions can be expressed by NGF's
of the yth lead acquires a time-dependent phase factor, i.e9f the quantum dot.

= : In order to perform the calculation analogous to the tech-
T — T.k(t) by the gauge transformation, where . : .
7= Tolt) by gaug nique used by treating the system coupled with normal leads,

_ i we make the Bogoliubov transformation to diagonalize the
Tyk(t):TykeXF{_%(/’L}/_ML)t"—iAyLSin(wt) . (2 superconducting lead. The Hamiltonian of the supercon-
ducting lead is expressed as the diagonal fohiy
andAyLz(eT/yL)/ﬁw. In fact, the gauge transformation only =Ek0§RkaL,koaR,ko, where a;,ka and agy, are the cre-
makes the interaction strength of right lead to be a timeation and annihilation operators of the quasiparticle in the
dependent one. superconducting lead, and they satisfy the Fermi distribution.
The tunneling current in theth lead transporting into the &g is the excitation energy of the quasiparticle. We consider
quantum dot can be formulated by using the continuity equathe case where the energy gap is given/fdy|A|e'®. To
tion and the Heisenberg equation. As a consequence we cg@mnoceed, we define the retard&tlvancetl Green functions
derive the current by in the Nambu representation as

(d(0,d], (EN@, (d (1), (1))@

G@t,t)= , (4
e (I, (0, (D)@, (d,(1),dpy (1))@
|
where the formula. In the wideband limit approximation, the line-
width is energy independent, i.d,,,(E)=I",,. Since the
(A1), BN @ =% (i/h)o(+tFt"){[A(t),B(t)].). energyE,, \, is a spin degenerated one, the linewidth is in-

o __dependent on the spin variabde In what follows, we ne-
The Keldysh Green function in the Nambu representation iglect the spin subscrips in the linewidth by lettingl

defined as I

=I',. The self-energy matricegi/(f)(t,t’) and ij(,(t,t')

) o, , can be expressed by the Green functions of quasiparticles
G= (tt)= r (dy, (1) dig(D)), (dir—o(t")dio(1)) and electrons in the leads. In the wideband limit, these self-
o™ h <dr,0(t’)d|t0(t)), (dyr_,(t"dl_ (1))  energy matrices take the following forms:
)
. . - i
From Eg.(3) we obtain the current formula in theth yw(t,t/):_ﬁg(t_t/)ryz In(Ay0)In(AL)
lead as mn
- —(ilh)e(t—t") 5 (0)Mn 4 11
Iy(t)=2eRe”Z Jdtl[e[,,g(t,tl)zjg(tl,t) ><fdiy(f)e 2o (tth), (7)
+Gy (4t 25, (1, D], (6)

~ [

3 S5t = 11,2 Jn(Ay)In(A )
whereX” (t,t'), Xe{r,a,<} denotes the self-energy ma- mn
trix of the yth lead. This self-energy matrix describes the , ,

free quasiparticles or electrons in theh lead interacting Xf deN,(e)e” Mg ()2 Omn(¢ 1),
with the central quantum dot through the interaction strength

Tyk(t). In the current formula, we have to take the sum over (8)
k. This summation can be changed into an integral by intro-

ducing the linewidt",,(E) =272 T 4|?6(E—E, x,) into  where
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e—i(mt—nt’)w 0
(0)mn Iy —
() 0 el(mt=nt")o |’
ei/h[eV(tft’)7(mtfnt’)hw] Aei/h[eV(H—t’)—(mt+nt')ﬁw]
(0)mn ’ 6|
SRt = A
_efi/h[eV(tth’)f(mtJrnt’)ﬁw] e—i/h[eV(t—t')—(mt—nt')hw]

€l

The advanced self-energy matri@l,(t,t') is taken on the infinite components of oscillating current tunneling through
P Sr / ; D dietrib the quantum dot in the infinite channels. We derive the cur-
similar form asEW(t,t ). f(e) is the Fermi distribution q

function defined by rent formula directly from Eq(9). _

In order to find the Green functions of the quantum dot,
we employ the equation of motiofEOM) method. We de-
fine the Green functiorg(?(t,t') as the diagonal matrix

f(e)= expelkgT) + 1" form in the derivation

andN,(e) is the DOS of theyth lead. For the superconduct-
ing lead we have i
gLt ) =F0(+tFt))
€l f

Ng(€)= ————, -
r(€) (62—|A|2)1/2 e—i/ﬁ,(EdJ—o-,uB)(I—I'), 0
X -
which is a complex in the Andreev reflection regime, and for 0 gl/h(Eq, +ouB)(t—t")
the normal lead, we havl, (e)=1. J,(\) are the Bessel
functions of the first kind. The momentum of a quasiparticle X&) (10

may possess a small imaginary value. This means that the

guasiparticle can penetrate through the barrier of the NS ) ] ] ]
junction even if 0<|eV|<|A| by means of the Andreev re- This Green function describes the local electrons in the iso-

flection. So there exists a small quantity of tunneling currenfatéd quantum dot applied with the Zeeman field. Since the
in the leads caused by the Andreev reflection. system is a coupled one, the self-energy of the quantum dot
The current formuld6) is reduced to the form expressed is associated with leads. For the superconductor connected
by the Green functions of the quantum dot. Since we arguantum-dot system, the coupling becomes very complicated
interested in the time-averaged transport problems whiclesulting from multiple reflections at the NS barriers. To find
may be obtained by experiments, we only need to know th&'(?(t,t"), one has to find the self-energies of electrons in
time-averaged tunneling current in one lead due to the Culthe quantum dot and then solve the equation chain self-
rent conservation +1g=0. We derive the time-dependent consistently. In fact, the self-energies of the quantum dot are

current formula in the left lead by taking=L in Eq. (6) and equal to the ones given in Eqd) and(8). The EOM can be
deduce it to the current formula similar to the normal systemaqced to the following Dyson equation:

presented by Jauho, Wingreen, and Meir in Ref. 20 as

2e t )
IL(t)=—FImZ %dtlJ del’ e (/Me(ta=D) " "
"o Gt ) =gt )+ ffdtldtzgh(j‘)(t,tl)
X[F(€)G),, 14(t.t) + Gy 1(Lt)]. (9) '

Since the system is perturbed by the microwave field, the
tunneling current is characterized with the oscillating fea-
tures of the external microwave field. The current evolves
with time, and the time-reversal symmetry is broken. TheEquation(11) has to be solved self-consistently by iteration.
Green functions of the quantum d@ﬁ,gll(t,t’) cannot be In the presence of the Zeeman field, the occupation number
described by the time-difference form because of the ac pefS Spin nondegenerated. This means that the electrons occupy
turbation. The quantum dot provides multichannels for electhe quantum dot differently for the spin-up and spin-down
trons to transport. The external microwave field splits thestates. In the similar procedure, we can derive the Keldysh
channels to form sidebands, and the Zeeman field splits theéreen functiorG,T,a(t,t’) by employing the EOM and ob-
energy levels further. Therefore, the current is composed dfin the integral equation

X E[P (1, ) G (t2,t). (11)
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Gy y(tt) =2 j f dtydtagy o(t,te) £ (E) =2 (A0 ki0(B) X 1a(E).

|\

_ 5 a - .
IS (4 1)G5, (tot)) +35(t )G (t,.t)]. Substituting the correspo+nd|ng elements of E(@s) and
[2io(t1,82) Gy (12,11 (11, 12)G,, (t2,1)] (14) into the definition ofz-")"(E), we can write them as the
(12)  concrete forms

For the system with a quantum dot coupled to normal leads, i
the integral Eq(12) gives the same result presented in Ref. (" e)=- EAf,i)(G) )(e),
20. However, for the quantum dot coupled with supercon-
ducting and normal leads, this equation provides more inforwhere
mation originating from the scattering procedure of the su-
perconductor. () )

Equationg(11) and(12) determine all the Green functions (a (E)ZFLJFFR% Jn(ArUNR[ e (Mhw—eV)],
of the quantum dot. Each of the matrix equations above con-
tains four equations of the Green function, and the Greemnd Aff)(e)=2|;<,f,(e). As |ex(mho—eV)|>|Al,
functions are connected to each other in the equations. Thig=)(¢) is real, and ase* (mhw—eV)|<|A|, 7*)(e) is a
requires us to solve the equations consistently. Thereforgomplex quantity.
from Eqgs.(11) and(12), we can find the Green functions of e define the Green functioﬁ,é‘alg(E) by taking the
the quantum dot and t_hen arrive at the t_unnelmg current fro”%ummation of the Green functio@fl(, (E) over all the
Eqg. (9). Since we are interested in the time-averaged tunnel—h | fth i dmtw e GX (E
ing current, we only need to calculate the Green functions annexs 0 € guanium : ot i.e.Gy up(E)
related to the Fourier transformed versions in diagonal vari= 211" G4, os(E). From Eq.(11) we find the retarded Green
able forms. We make the Fourier transformation over Eqgsfunction Gy, ;,(E) in the Fourier transformed version as
(11) and (12) versus the two time$ andt’, then obtain

algebraic equations associated with these Green functions. & (E) Af,’)(E) (15
We define the quantity, (E) as o, 11! 1—5577”('5)—1_[[7(5) )
. where
ki (E)=

EiEd,|U+ O'ILLB
_ 2 —
and define the retarded self-energy matrices in the Fourier I, (E)= Z ‘]m(AvL)"Ia(E)Erymylz(E)

transformed version as Wyy'm
><Q(yfl),rmwy,y,ﬁwlyﬂ(E+ 20, —2Mhiw).
[m(E)=——FL( ) (13 i - i )
2 0 1 This Green function describes the resonant structure of elec
trons in the quantum dot. If electron energy in the chahnel
for the left lead and is located in the normal region, the system resonates at

_ ~ _ =~E| 4— ouB. As the electron energy is in the Andreev re-

Nr(Em),  ANR(Ey) flection region, the system resonates at new levels. Equation
A*Ng(E), Ng(Em) (14 (15) is the retarded Green function for the system in a pseu-

doequilibrium state. It can be used to calculate the time-
for the right lead, whereEri:Et(mhw—eV),NR(E) averaged tunneling current. The advanced Green function
—Ng(E)/|E]|. In the self-energy of the right lead, the DOS of G5.11(E) can be derived similarly. For the pseudoequilib-
the superconductor plays an important role. The electrons aféum state, the advanced Green function is the conjugate of
accelerated by the source-drain voltage as well as by thée retarded Green function, i.&7 1,(E)=[G/, 1,(E)]*.
microwave field to form the energy sidebartt- (Mm% w We define the matriijm(E) associated with the Fourier
—eV), which causes a complicated Andreev reflection in theransformed Keldysh self-energy as
tunneling problems. We define the quantt®},;,)* ;(E) to
express Green functions in the derivation as f(E), 0 )
0, f(E)

i
Ir?m(E): - EFR

fm(E)=iFL( (16)
JZ(A ) ki (E)Z % s (E)

1-¢;7'(E)

Qlimes(E) = -
ymal for the left lead, wher& . =E+m# o, and

where NR(E)F(ED), ANR<Em>f<Em>)

< (E)=ilal .
rm(E) =i R(A*NR(E,;)f(Er;)v Nr(Em)f(Eq)

£ (B)= 2 J(A )kl (B) 2 m o B), 17
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for the right lead. The notatioR,, has the same expression ~ We can find the dc current by taking the time average over
shown in Eq.(14). The self-energies given in Eqel6) and  Eq. (9) and then obtain the formula expressed by the Fourier
(17) combine the features of charge carriers in the leads anttansformed normal Green functu@ﬁ «(E) as

the information of the quantum dot. This signifies that the

distribution of electrons in the quantum dot is affected by the _ 2 1 _
two leads. The temperature of the system influences the tun- 't=~ Im del't| ()G 1i(€) + 5Goule) |-
neling behaviors through the Fermi distribution function. In (19)
fact, the tunneling property is quite different for the zero-
and nonzero-temperature systems. Substituting the Green functions given in E¢k5) and (18)

From Eg.(12), one obtains the normal Keldysh Green into the current formula above, one immediately arrives at
function G;; ;4(E) in the pseudoequilibrium state as the time-averaged tunneling current

G, 1(E)=G;, 1(E)ITS(E)G? 1(E), (18) =1+l ), (20

where wherel ), ), (3 are the current components defined as

follows. 14y is the current given by

I5(E)=——— > J2(A,0) ki (E)[3 5mi(E)
AS(E) ym ! ! I(l)— J deT(l)g(e)[f(e—eV)—f(e—mhw)],
+M,(E,E+2u, —2mhio)], (21)
h
WEE) =3 [Hmd EXyyn(E) e
| T® (€)= I2(ArOT A, (e—eV)
yle(E 'I’m+[/L ' /ﬁw Zl(E )] X[Rd\IR(E_ mﬁw)-i—na(e)],

(+)<

Kyyirm(E)=Q ’I'm+[,u.y,y/hw],21(E) nh(€)=—3I2(AR)TRIWr(e— Mhw)|?B,(e+eV
> Q(fl>,<,22 E)Q(+)a (E). —2mhw)Rer{M)(e),

YNmt[ppn o) 21

HIH !

2
This Green function has the similar factorized form as the AE:) (€)

system with a central regime coupled with normal le¥ds. B,(€)= [1-Rer ) (e)]2+[Im ) (e)]?
the two leads are normal metals, the energy gap0, and 7 7
we have normal Green functions by lettiqdf,; )%, ;(E)=0 Al
for (a# B) in Egs.(15) and(18). Up to now, we have found Wi(€)= ——————,
the required Green functions for our system. (?—|A[?)Y2
|
AT %)

A TR (O + T (P (M2 () + T ()]

In the current componeri;) there exists two processes of  The current component,) is determined by the formula
reflection: the normal reflection and the Andreev reflection.
As A—0, we obtain the normal current of the system with-

out the superconducting threshold, and hence there is no An- l(2)= 2 f deT(z) ) (e)[f(e—mhiw)
dreev reflection. The term containing';(e) contributes the
Andreev tunneling current in the formula, E®1). How- —f(e+eV—2mho)] 22)

ever, since the normal tunneling current involves the density
of state R&lg(e), this normal current is zero ageV

i iningWhereT®? (e)=0, ()T, and
+mhw|<|A| at zero temperature, while the term containing mo m,o ,
77’;?1(6) has a contribution in this region, but with different
resonant behaviors. This Andreev tunneling current is non-
zero as|eV+mhiw|>|A|, but it is much smaller than the
normal current in this region for the weakly coupled system. XB,(eteV—2mhw)A (e—eV).

O ol €)= FIm(ArD|TRWr(e—Mfiw)|?
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In the tunneling current, the factois, (e) and B,(e) are 25
involved, and they provide resonant peaks whose positipns
satisfy the equations e(+Eq ,+ouB)?—Reg {7 ()]

=0, and (—Eq o+ ouB)’—Re L () +11(&)]=0.
Equations(21) and (22) become zero as the ac field and
source-drain dc biases are removed. This term is a part of the
Andreev tunneling current induced by the Andreev reflec-
tion. It contributes to the Andreev current in the whole en-
ergy region. In the regiofe V+m#A w|<|A|, the normal tun-

neling is zero, and the Andreev current takes a major effect. VST 30 1 2 3
Equation(22) is zero as the energy gab=0, i.e., for the ev /A
system coupled with two normal leads, there is no current a
term.
The current componerits is determined by FIG. 1. The resonant current versus gate voltagefor the

single-channel system in the absence of the ac field. The parameters

e 3) are chosen a$'=0.2A, E4=0.2A, eV=1.2A, and for the solid
le)=h 2 | deTH) ({f(e-m'Eiw) curve uB=0; for the dotted curvgsB=0.6A.
mm' o
—f[e+(m—2m")fiw]}, (23)  convenience. At zero temperature, the Fermi distribution
function isf(e)=1— 6(e), whered(e) is the step function.

where Therefore, the tunneling curref20) at zero temperature is

3 reduced to

T (=0 (EI5(ARDT Tk

Equation(23) is a compound effect caused by the microwave _© fev’ mhe ) @
field and the Andreev reflection. This part of the Andreev = h % 0 [To(€)+ Tino(—€)]de
current is ascribed to the photon-electron pumping behavior,
and it becomes zero as the ac field is removed from the (m-m"tio_(3)
system. The procedure of transport can be understood as the - ~ Tom o(€)des. (24)

quasiparticles tunnel from the left lead to the right junction

undertaking the Andreev reflection at the right barrier. ThiSwe deal with the special case where the linewidths of the left
Andreev reflection is associated with the photon absorption,q right leads are equal, i.d, =Tr=T". We study the
and emission. Obviously, this part of the current disappear§ingle-channel and multichannel systems separately in the
as the two leads are normal. following two subsections. We consider the microwave field
From the formula(20) one sees that the current is com- g pe |ocated in the frequency regime=27x 101 Hz. The
posed of normal and Andreev tunnelings. As the energyhoton energy of the microwave field is about 0.4 meV. In
gap A—O, the Andreev current disappears, and Wethe numerical calculations, we assume that the energy gap of
obtain the Landauer-Btiker-like formula of the he superconducting lead is comparable with the photon en-
normal system with the transmission probabil{),(€)  ergy. The materials having such energy gaps are Ga, Tl, and
=J2(ArDT . TRAL(€). The normal tunneling possesses In with corresponding energy gaps of 0.165 meV, 0.368 meV,
Breit-Wigner resonance, while for the Andreev tunneling thisand 0.52 meV, for instance.
resonance is broken. The Andreev current can be induced by
the dc as well as ac fields. If the dc source-drain bias is zero,
we still have the Andreev tunneling current caused by the ac ) _ _ )
field. The Andreev reflection can induce additional resonant In this subsection, we consider the single-channel system
peaks in the region where the normal tunneling is zero. Onvhere the energy of electrons in the quantum dot only have
the other hand, the Zeeman field does not drive the chargene levelE,;. We show the tunneling behaviors versus gate
carriers to form a tunneling current. But it splits the resonant/oltage and source-drain bias by solving the current formula
levels to form a nondegenerated system, and the current 0§24 numerically. The diameter of the quantum dot is on the

cillates in the split channels. order of 10 nm. _
We present the resonant structure of the tunneling current

versus gate voltage in Fig. 1 as the microwave field is re-
moved. The solid and dotted curves are associated with the
In this section we perform the numerical calculations onsituations in the absence and presence of the Zeeman mag-
the tunneling current at zero temperature. We take the photometic field, respectively. The Andreev reflection has been
energyfw of the external ac field as the energy scale oftaken into account in the evaluation. As the Zeeman mag-
measurement. So all the energy quantities of the system caretic field is removed from the quantum dot, two resonant
be expressed by using the photon energy as a measuremgeiaks emerge, and the negative current is observed. As the
unit, such agA|=p#w. In the numerical calculations, we magnetic field is applied to the quantum dot, the two peaks
denote the absolute value of the energy fapto beA for  disappear and a large resonant peak appears. The negative

A. The single-channel system

IIl. NUMERICAL RESULTS AND ANALYSES
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014 \/ rent is nonzero by taking the time average. The energy gap of
012} the superconducting lead acts as a barrier for electrons to
01} N transport. As the source-drain voltayelies in the regime
= oost 0<eV<A, the electrons are accelerated by the voltage, and
Py 006 | a small part of them can tunnel through the barrier due to the
8 004 | Andreev reflection. As the ac field is applied, the electrons
- ook absorb photon energy to raise their potentials, and we may
) have the relationeV+miw|>A. So these electrons can
o overcome the threshold to form a normal tunneling cur-

002 — g T rent. This effect is known as the photon-electron pumping
effect in the NDS system. On the other hand, the electrons
uB ; -
may lose their energy by emitting photons and drop to lower

FIG. 2. The tunneling current versus Zeeman engiByfor the  Potential levels. Thus, the electrons cannot transport through
single-channel system. The parameters are chosdn=z&2: , the quantum-dot regime even if their original accelerated en-
A=tho, eV=12hw, E4=0.2%w, and for the dotted curvé\g,  ©€rgy is larger than the energy gap. This procedure can be
=0.3; for the solid curve\ g, =0.8. described as the situation where the source-drain voltage pro-

vides energy for electrons to mdetV|> A, but some of the

valley and lower resonant peak located at®?&8e caused by energy changes into photon energy to neat+ miw|<A.
the Andreev reflection. The Zeeman magnetic field raises thelowever, the Andreev reflection can take place in the regime
negative valley to the heiglit=5.0e/h, and the two resonant 0<|eV+m#w|<A. So the tunneling current for this situa-
peaks are suppressed. The negative valley is also suppress@sh contains the compound effect of photon-assisted An-
and shifted by the Zeeman magnetic field. dreev tunneling(PAAT).!® The solid curve denotes PAAT

Figure 2 displays the resonant behaviors of the tunnelingurrent-voltage behavior in the absence of the Zeeman mag-
current versus Zeeman energyB. The different curves in- netic field. The usual steps in the normal system are modified
dicate the influence of the ac field with different magnitudesby superimposing some Andreev tunneling peaks on the
on the tunneling current. The dotted curve represents thsteps and plateau. The dotted curve represents the PAAT cur-
situation whereAg,=0.3, and the solid curve is fohr,_  rent split by the Zeeman magnetic field. The tunneling cur-
=0.8. The current is sensitive to the magnitude of the acent stretches up and down, and the absolute value of the
field. As the ac field is weak, a negative tunneling current issaturated tunneling current becomes larger. Each step is split
observed arounfiuB|~2.51w. The side steps signify pho- and the Andreev reflection peak is suppressed by the Zeeman
ton absorption and emission of transporting electrons. As thenagnetic field. For the ac field applied system, the photon
magnitude of the ac field becomes large, the current risesnergy forms sidebands of electrons, and the Zeeman field
abruptly, and a resonant structure appears. The negative cugplits each sideband of electrons in the quantum dot to form
rent disappears, and the maximum height of the resonamhultichannel E4+miw+ouB for electrons to tunnel.
peaks is larger than the one applied by the weak ac field. Théherefore, we can obtain a larger current and rich physical
structure is symmetric about the Zeeman energy. features for the tunneling current by applying the Zeeman

We present thé-V characteristics of the system in Fig. 3 magnetic field.
to show the Zeeman splitting of the photon-assisted tunnel-
ing. In the absence of the ac field the tunneling current is B. The multichannel system
zero ageV| <A by neglecting the Andreev current. Asthe ac | this subsection we perform the numerical calculations
field is applied, there exists a tunneling current due to th&n the tunneling current through the multichannel quantum-
charging-discharging effect. This charging-discharging curot system. We assume the quantum dot possesses five levels

with equal energy spacing, i.eEq=IAE,, where AE,

06 s =050, andl=1,... 5.

04t Figure 4 represents the resonant behaviors of the tunnel-

o2l ' ing current versus gate voltage for the multichannel system.
- ] Diagram(a) denotes the situation without applying the Zee-
o 0 man magnetic field. A negative valley is located in the cen-
& 02} tral regime of the resonant peaks. Since the resonant peaks
= o4l rise erectly, the photon-assisted side peaks are not obviously

P visible. The heights of the peaks are not equal, which shows

the asymmetric behavior of the tunneling current with re-

08 o 2 spect to the gate voltage. Diagrah) indicates the Zeeman

eV splitting of the resonant structure in the current. Each of the
resonant peaks is split to form a nondegenerated tunneling

FIG. 3. Thel-V characteristics of the single-channel system incurrent. The negative valley is also split to form four nega-
the presence of a microwave field. The parameters are chosen tige ones. Comparing the two cases, we observe that the
I'=0.2hw, A=%iw, Az =0.8,E4=0.2% w, and for the solid curve magnetic field can suppress the magnitude of the tunneling
uB=0; for the dotted curvetB=0.6% w. current, and it provides split channels for electrons to tunnel.
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FIG. 6. The tunneling current versus Zeeman engrgyfor the

FIG. 4. The tunneling current versus gate voltage for the multi-multichannel system. The parameters are chosen as those in Fig. 5

channel system. The parameters are chose’a8.2hw, Ag_
=0.8,A=hw, | =5, and for diagrama) uB=0; for diagram(b)
uB=0.6hw.

with respect to diagram&) and (b) except in this figureeV=0.

symmetric form aboupB=0. Figure 5 shows the resonant
behavior as the source-drain bids- 1.24 w/e. Diagrams(a)

We display the current versus Zeeman energy in Figs. @nd (b) in this figure are depicted for the cases with gate
and 6. The tunneling current is symmetric with respect to thQ/oItagevg:O andv 4= 0.6 w/e, respectively. The resonant
Zeeman energy for the system without Coulomb interactionstructure is sensitive to gate voltage. Many resonant peaks
Positive resonant peaks and negative valleys emerge in thgpear as the gate voltage is applied to the quantum dot, and

1.2
1k
08|
06 F
0.4 F
02}
0 L
02}
04
06|
-0.8
15
1 L
05
0
0.5
At
15}
ot

-2.5
-8

| (2¢/h)

I 2e/h)

FIG. 5. The tunneling current versus Zeeman engrgyfor the
multichannel system. The parameters are chosei’a$.2h w,
Ar =08, A=fw, eV=1.2hw, and for diagrama) evy,=0; for
diagram(b) ev4=0.6h .

the magnitude of them increases due to the effeet,ofThe
tunneling current structure is quite different from the one as
the source-drain bias is removéig. 6). The fine resonant
structure is observed as the gate voltage is zero, and even
peaks and valleys are restricted in the two side resonant
peaks. As the gate voltage is applied, the two main positive
peaks and negative side valleys increase their magnitudes.
The central resonant peaks are small compared with the main
peaks and valleys. In fact, the diagrams in Fig. 6 are associ-
ated with the photon-electron pumping effect, since the
source-drain bias is zero. The electrons are pumped by a
microwave field to overcome the superconducting barrier
and to form a tunneling current. The electrons are also accel-
erated by the photon energy between the source and drain of
the system. So this current contains a photon-electron pump-
ing current and the Andreev tunneling current.

IV. CONCLUDING REMARKS

We have investigated the tunneling current versus gate
voltage, Zeeman energy, and source-drain bias in the NDS
system applied with the ac microwave field. The main results
are derived from the current formula given by EgQ). The
current formula contains photon-assisted tunneling and An-
dreev reflection effects. The Zeeman effect is also hidden in
Eq. (20). The tunneling current is zero as the source-drain
bias and ac field are removed. This means that for the NDS

094505-9
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system, the current is driven by the dc and ac fields. Th&eeman energy and gate voltage. The Zeemanisylithar-
current formula in this system is dominated by the DOS ofacteristics are presented for the single-channel system, and
the superconductor, and the current has a resonant structure observe that the Zeeman magnetic field may suppress the
deviating from the usual Breit-Wigner form. We have con- Andreev tunneling peaks. It splits and stretches the current to
sidered the Andreev reflection, which provides tunneling curform large saturated values and current steps. From the
rent even if the source-drain bias is zero for the photonabove investigation we conclude that the Zeeman magnetic
assisted tunneling. We have performed the numericalield can provide very interesting tunneling structures. Since
calculation at zero temperature by using Effl). The single- we have several external parameters, such as gate voltage
channel and multichannel tunneling currents are evaluatesource-drain bias, ac microwave field, and Zeeman magnetic
separately, and the Zeeman-splitting current is discussedield, we can obtain the desired tunneling current through the
The Zeeman-split PAAT resonant structures are obtained veNDS system by adjusting the external parameters. These fea-
sus gate voltage and Zeeman energy. The tunneling curretires may provide useful information for designing quantum
resonates in quite different ways with respect to the gatelevices.
voltage and Zeeman energy. The tunneling resonant structure

is symmetric versus Zeeman energy, while it is asymmetric
versus gate voltage. Negative tunneling current is revealed

both versus gate voltage and Zeeman energy. For the multi- This work was supported by a RGC grant from the SAR
channel guantum-dot system we find that the tunneling strucsovernment of Hong Kong under Grant No. HKU 7215/99P,
ture versus Zeeman energy is very sensitive to gate voltagey the National Natural Science Foundation of China under
and source-drain bias. In the Andreev reflection regime, wésrant No. 19875004, and by the Associate Scheme of Abdus
may also obtain a large tunneling current by adjusting theSalam International Center for Theoretical Physics.
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