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Photon-assisted parity change and Andreev tunneling
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A microscopic theory has been constructed to investigate the tunneling current in a normal-superconductor-
normal single-electron tunneling transistor with an oscillating potential coupled to the grain. The oscillating
potential produces a photon-assisted Andreev tunneling and causes a photon-assisted parity change of the
grain.[S0163-1826)11827-0

When an electron tunnels through a potential barrier irthe barrier between the superconducting grain and a normal-
the presence of an oscillating potentiédost), it may emit  metal lead. Hence, the number of excess electrons on the
or absorbn photons with energynfw. When w>kgT, grain is even. As the dc bias increases to the threshold value
such processes can be detected experimentally as steps in Wg for quasiparticle tunneling, the parity changes from even
current-voltage I-V) characteristics or as peaks in the to odd, and the Andreev current is drastically suppressed.
conductance-voltage curve. The pioneering theory of Tienfhel-V characteristics of an NSN SET transistor under a dc
and Gordoh explains qualitatively the photon-assist@®)  bias have been studied both experimentéily and
electron tunneling observed in superconducting diddesi-  theoretically:® When an additional oscillating potential
lowing the recent advancement of technology to fabricaté/ cosgt) is applied, besides the possible enhancement of
samples of nanometer size, PA tunneling in semiconducting\ndreev current, the most interesting phenomenon is that
or metallic nanostructures of different geometries has beeander proper conditions, one expects the PA quasiparticle
studied both theoretically and experimentdlly?In a quan-  tunneling to occur before the dc bias reaches the threshold
tum dot where single-electron tunneling events are correlategalue Vy,. It then results in a PA parity change of the/
due to Coulomb blockade, the observed PA tunnelingcharacteristics of an NSN SET transistor.
proces$'* has been explained with a combination of the  The purpose of this paper is to investigate these PA pro-
Tien-Gordon theory and the orthodox theoty of single-  cesses, which requires the calculation of not only the second-
electron tunneling SET). order PA quasiparticle tunneling, but also the fourth-order

The normal-superconductor-norm@ISN) SET transis- PA Andreev tunneling. To our knowledge, the present paper
tor, the equivalent circuit of which is shown in Fig. 1, has ais the first attempt to study such higher-order effect. Other
superconducting grain connected to two normal-metal leadgigher-order elastic and inelastic cotunneligill be ne-
through two tunnel junctions, which are characterized by theyjlected because their contributions to the current are unim-
capacitance and tunneling conductanc€,,Gs) and portant. In general, the total current consists of both tunnel-
(Cq4.Gy), respectively. The Coulomb blockade on the graining current and displacement current. Since we will consider
can be controlled by the gate voltagg and the gate capaci- only the time-averaged current, the contribution of displace-
tanceCy. The transport properties of the NSN SET are veryment current is zer® We will show that under the high-
sensitive to whether the number of excess electrons on thigequency conditionA>w>T", where A is the supercon-
grain is even or odd. In the absence of an ac potential, wheducting gap and” the tunneling rate, the PA parity change
the gate charg®=C,V /e is an odd integer, at low dc bias can be observed.
voltage the tunneling current is due to the Andreev process The system we consider is illustrated in Fig. 1, where
where, effectively, two electrons tunnel coherently througheach voltage consists of a dc term and an ac tafy(t) =
V|°+V,cos,wt with | =s, d, andg. The Hamiltoniandd and
Hq for the normal leads can be expressed as

LT o
o o Hi=2 [&ptevih]al,ape; 1=8d, (1)
C, Gy ’ Cq4 Gyg =2 [&pTevi(D]a) pap
T L v Cg Tlg Vy == l where the single-electron enerdy, is measured relative to
S s d d the chemical potential. The Hamiltonian for the supercon-
I T Vg I ducting grain,
Ho=2> €t Voot En(t), 2
FIG. 1. Equivalent circuit of a SET transistor. g % aYarYar " Enlt) &
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contains the electrostatic energy }'li’pq(n,k) =[E/(n,)+ & pt€qt kfhw] ™,
n%e? ne + e -1
En(D)= 5+ ¢ [CVe(D)+ CaVa(D) + CoVg(D)], (3) GpdMO=LE (ND &t gqtkhio] = (7)
the Andreev tunneling rates have the compact analytical ex-
whereC=C,+C4+C, andn is the number of excess elec- pressions

trons on the grain. The quasiparticle operatorg,(, yga) are

2

connected to the single-electron operators Via the Bogoliu- = ()=« ZZG'A D Jk(ﬂ)Jk,(ﬂ>Jm(ﬂ>
bov transformation, with the corresponding quasiparticle en- dre“vivgNiir, "\ fiw hw hw
ergy eq=\/§q2+A2. The tunneling between the grain and the 11
Ith lead is represented by the tunneling Hamiltonian XJHk,m(;_') (EIE_HP)

w [

pap'q
H'=> T @ pedqetH.C; I=s,d. (4) 1.1 .
I ~ 1,pa,paq X Eiz—np,) (€q€qr) OLE (N,2) + &+ &y

In our notation the momenta in the leads are labeleg by ) . )
and the momenta in the grain are labeleddgoy +(k+k )h“)]yl,pqp’w(n’kk m), ®)

To derive thel-V characteristics, we will first calculate _
the transition rates of all relevant tunneling processes, and yl,pqp’q’(n’kk,m):[z(l_nq)nQ’ﬁDq(n’k)
then use the master equation approach to obtain the time- g F (K]
averaged current. In the absence of the additional ac bias, the ara’ Lpatth

detailed derivation has been given earfiéo calculate the X[FF (nk+k'—m)
tunneling rate through th&th junction, we defineN,(t)= hpah
EI,p(r"JllJr,p(ral_i_po-v Al(t):qurrTI,pqalT,p(raI,qa-v and H(t)= +]?,pr,q,(n,k+ k'—m)]
HS+Hd+HS+Hg+Hg, and start from the standard formula
_(1_nq)(1_nq’)ﬂ_,pq(n!k)
dN(t) [ 2 _ ,
gt )= 7 HONOD) = ZAm{(A(1)} (5) XLF pgr (N KK =m)

For the quasiparticle tunneling we only need to solve this +f,_,p,q,(n,k+ k'=m)], ©

equation to the second order in the tunneling Hamiltonian._,

The result will be the Tien-Gordon formdlas expected. yl,pqp’q
However, for the Andreev tunneling, it is necessary to

include up to the fourth-order terms. The derivation is

,(n,kk’m)=[2(1—nq)nq/g[pq,(n,k)
—(1-ny)(1—ny)

lengthy and complicated, and in this paper we will only out- ><g|+ (0K IG (N k+k' —m)
line the mathematical procedure and then present the final pd P
result. We will first calculatéA(t)). In theinteraction rep- +g|fp,q(n,k+ k'—m)]
resentation At;), we need to calculate 12 similar terms, B
each of which is a product of four operators of the typical —NgNgr Gy o (NKLG) pg(nk+K —m)
form
+g,‘yp,q(n,k+ k'—m)], (10

t ty ty . . R R . . . T .
J dtlj dtzJ dt3<A|(t)A|(t1)A|T(t2)A|T(t3)>- (6) wr+'1erer_1q is the quaS|part|cI_e distribution on_the grain. I_—|ere,
—o — — I',"(n) is the rate for tunneling out of the grain, abid (n) is

. _ . . the rate for tunneling into the grain. It is clear frai)—(10)
When applying Wick's theorem to evaluate th|32 q“a”“tg' WEthat the effect of the ac potential is to shift the threshold
have neglected *the 'ierms proportional |mqul Tipral voltage of Andreev tunneling by an integer multiplefab.
and Ty pqTiprgr Ty g T pgr » PECAUSE they will only renor- ¢ \he ac potential is removed, in the limit,<1 our results
malize the quasiparticle tunneling rate. To deal with the timgeduce to those in Ref. 18.
integrals in(6), we have expanded exp€osp) in terms of Knowing the tunneling rates, following the procedure in
the Bessel functiong,(z). Since experiments measure the Ref. 20, the tunneling current can be readily computed. The
time-averaged current, we will first average over the tifre  formulas (7)—(10) are derived under the general situation
(6) and then perform the triple time integrations. After com-that an ac potential is applied to each terminal. Since the
pleting the calculation of these twelve terms, the so-obtaineginneling current is effectively controlled by the gate, in our
(A(1)) is inserted in(5), from which the Andreev tunneling numerical calculation only one ac potential is applied to the
rates are readily derived. . gate Vs=V4=0) of a symmetric NSN SET transistor with
Let »; and vy be the density of states at Fermi energy forCS=Cd=0.25C, G=G4=0.0%%%, and Vo=—V4=V/2.
thelth lead and the grain, respectively. The number of quanThe values of other relevant physical quantities are set within
tum channels through tHéh junction |s~speclfled+asf|. We  the range of usual sample parameters and experimental con-
define a;=e/c[CsVs+CyVy+CqVel-eVy and E;f (n,m)= ditions: kgT=0.008\, E.=0.4A, C,=0.5C, and.\;=200.
meV+ (ES-EC. ), whereE is the electrostatic energy of So far we have not specified the exact form of the quasipar-
(3) in the absence of ac potentials. Then, in terms of ticle distributionn, on the grain, which remains a controver-
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FIG. 2.1-V characteristics for a symmetric SET transistor with £, 4. Transconductances corresponding to the cutvesid
Q=C4Vg/e=1. CurveA is for a pure dc gate voltage, and curve g i, Fig. 3.

B is for a dc-ac gate voltage withV,;=0.2A and w=0.1A/%. For

Al with A=245 ueV, one unit ofl is 596.4 fA. quencies. This model is different from the physical process

. L of PA tunneling as described here in this paper, and therefore
sial point in this field of research. Nevertheless, at such Iov\éannot produce the step structure on thé curve

temperature and in the experimental range of the bias voltage The initial increase of the current in Fig. 2 is due to the

V, ny=0 is a well-justified approximation regardless of the pp angreev tunneling. To analyze this effect, we set the bias

functional form ofng . _ _ ateV/A=0.2 and calculate the current as a function of the
To demonstrate the PA parity change, we first tune the d@ate chargeQ. Since thel-Q curve is symmetric with re-

gate voltage t@Q=C,Vy/e=1 such that there is no Coulomb spect toQ =1, the result is shown in Fig. 3 f@=1. The PA
blockade of the Andreev tunneling at zero bies;0. In the  Andreev tunneling not only increases the current from curve
absence of an ac potential, the/ characteristics are shown A o curve B, but also produces interesting fine structure,
in Fig. 2 as curvéA. The sharp drop of t_he Andreev current \which is clearly seen in Fig. 4, where the corresponding
around the threshold voltageV,,/A=1.1 is due to the onset transconductancél/JdQ is plotted as a function 0. By

of quasiparticle tunneling, indicating the change of ”Umbercomparing curvesA and B, we see that the onset of PA

parity of the grain from even to Qdﬁ.The behavior of curve  Apgreev tunneling generates a sequence of steps, where the
A has been discussed in detail in our previous wSnkhere width of each step i% w/4E.=1/16.

its reasonable agreement with experiments has been demon-

) X Forvg=0, there is a Coulomb blockade of Andreev cur-
strated. When we apply an ac bias to the gate with an aMent if Q# 1. In this case sinc¥, enters the Bessel function
plitude eVy=0.2A and a frequencyw=0.1A/%, the I-V ' ' 9

curve is altered drastically from curn/eto curveB. The ac in (8), a pronounced effect dfy on the PA Andreev current

. ) A is expected. We see this in Fig. 5, where one cug i€
potential causes a slight initial increase of Andreev current _ - . Y
until the bias reachesV,,/A=0.6, where the PA quasipar- p:otteg l;orQ—_C()).885 andéu—_oc,) ?27;1 S_'l_ehnes dIfV cug%s/zzre
ticle tunneling occurs. Consequently, the Andreev current i Ottf] o_rQ— -85 andw =0. - | N€ values okV,
suppressed at a much smaller threshold voltagemarking ~ 1oF the six curves are 04), 0.05 B), 0.07 (), 0.09

: : : : D), 0.12 E), and 0.16 F). AroundeV/A=0.25, the Cou-
the PA parity change. In the PA quasiparticle tunneling re-( . :
gion, thel-V curve has a negative differential resistance ap—Iomb blockade is deStTOVEd by the PA Andreev tunneling.

Although our analytical formula&3)—(10) are general for

pearing in the form of several steps. For the symmetric SET

transistor considered here, the width of the step ian asymmetric NSN SET transistor with an ac potential ap-

2hwCI(Co+Cy+Cg)=2hw=0.2A. The effect of electro- ]l?"ed to eac*t" te,r\lrglr\‘la'séget ”“”.‘et”ca' .trﬁs“'lts are Ca'C”'tated
magnetic environment on theV curve has been studied tprlat?yrrr:mg tncth N Allrans(ljs ct)_r Wi fony?rr:e ac Ipoj?'
earlier using a broadband radiation mddéf with a prob- ~ 1&! attached o the gate. All predictions of our theory lead to

ability for the environmento absorb photons of various fre-

1.8
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FIG. 5. |-V characteristics for a symmetric SET transistor with
FIG. 3. 1-Q curves for a symmetric SET transistor with Q=0.85, and with an ac potential of frequeney=0.1A/% attached
eV/A=0.2. CurveA is for a pure dc gate voltage, and cuBes for to the gate. The ac amplitude &V,/A=0 (A), 0.05 B), 0.07
a dc-ac gate voltage witeV;=0.2A and w=0.1A/%. (C), 0.09 @), 0.12 E), and 0.16 F).
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observably large changes of the tunneling current, and re- We would like to thank R. I. Shekhter for initiating this
main to be confirmed experimentally under the conditionwork, which was supported by the Norwegian Research
A>hw>kgT, which is within the limit of present sample Council Grant No. 100849/432 and the Swedish Research

fabrication technology and experimental technique. Council for Engineering Sciend@ FR).
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