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Quantum mechanical approach for photon-associated electron tunneling through a quantum dot
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Photon-associated electron tunneli(RAT) in a quantum dot is studied by a fully quantum-mechanical
approach. An experiment to determine the electron-photon coupling coefficéerdt the photon number of the
system is proposed to distinguish whether the system is in the quantum situation or the semiclassical situation.
It is also found that the PAT current is assisted or suppressed depending on the shift of the environment
photon-intensity-dependent photon sidebands.
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[. INTRODUCTION electron-photon coupling and the photon number, is also ob-
tained. We propose to measure the photon sideband shift to
Photon-associated electron tunnelitRAT), and related distinguish whether the electron-photon interacting system is
applications such as electron pumpingnd single-photon in the semiclassical situation or the quantum situation.
emissior? attracted theoretical and experimental researchers

in the past few years.” Most theoretical investigations used Il. MODEL AND FORMULA
the semiclassical model to describe a photon field which has ) ) ) )
been treated as a time dependent ac fltoset (Refs. 4 In this work, we consider a system which contains a two-

and 9 (wherew is the frequency of the semiclassical photon €vel quantum dotrepresented bg for the higher level and

field). The semiclassical approach is able to predict thé_) for th_e lower level treated as the electron-photon interact-

“sideband” phenomenon which is due to the influence of anind region, and two leadgepresented bir andL) coupled

eletromagnetic field, and opens tunneling channels by ex© the dot. The total Hamiltonian for the described system

changing an energy ofiiw (n=+1,+2+3...) with a Can be expressed as

resonant systeth”® However, phenomena of the fully B

quantum-mechanical natu?é,of the photon field, such as Hior=HinetHet+Hr, @)

photqn emission in the.dark and the crez_‘;\tion of a.corresponq,vhere Hc==,0cR L €xaCraCre IS the Hamiltonian for the

ing sideband that assists t_he elgctronlc tunneling CU?remeIectron in the |eadT|T=EmeR,L;iEa,bV(t)m,idiTCme H.c.

cannot be obtained by semiclassical models. o is the tunneling Hamiltonian, and;,, is the Hamiltonian for
Recently_, a quantum electrodyn_amlc description  ofiq interacting regioricentral regiojt

photon-assisted tunneling through a single-electron resonant

level system was reported by Foden and Whittdkesing a

canonical transformation to describe the quantum PAT pro- Hini=He+HpntHepn= 2 €didi+ > hwgbiby

cess. They only considered nontransition procegises the '=a.b K

processesa,n)—|a,n) and|b,n)—|b,n)), but did not in-

clude transition processese., the processefa,n)—|b,n +ﬁ; gi(didpby +dfdaby). 2
+1) and|b,n)—|a,n—1)) and photon sidebands created at
eptNhw—A. The photon sidebands depend on thpho— In the above expressiomr(di)’ CL(Cx)r and bl(bk)a are

tons interacting with the electron, but are independent of thgreation(annihilation operators for the electron in interact-
field intensity of the environment. Foden and Whittaker alsqng region, the electron in the lead, and the photon. The
pointed out that the classical field approximation is a validsypscripts , », andk indicate the electron states in the inter-
one for the present experiments, not because the field intet&umg region {ca,b; a indicates the higher level, anl
sities are high but because the coupling between the elegygicates the lower levilthe electronic wave vectors in the
trons and the field is weak. ~lead, and the photonic wave vector. In our model, the Hamil-
An enV|ronmental-ﬂeld-strengSth-dependent photon sidetonjan of the photon part is summed independently over all
band was reported by Brured al> They employed a semi- possible wave vectors, hence each can be treated individu-
classical approach, and considered an inner transitien gy, For simplicity, we will treat a single-mode photon in
the transition process mentioned abpvehey performed a  thjs work, and the subscriftwill be ignored in later descrip-

time-dependent unitary transformation to remove the timgjon, The rotating-wave approximatidis considered in the
dependence of the dot Hamiltonian, and obtained photogjectron-photon interacting Hamiltonid,

sidebands located at=(e,+ep,+hw*=Q)/2, where Q . T e
. . ) The electron-phot [ ff =P-EJ/h
=(e,— ep—hw)?+]A¢]? is the Rabi frequency and; is e electron-photon coupling coeflicieg K 1S

the coupling strength of the field an important quantity in this work, wheRe=e(i|r|j) is the
In this paper we derive a relation between the couplingelectric  dipole  transiton — matrix  element. Ey

strength and the number of photons of the fidld. The I(hwk/260V)l’2a, wherek is the wave vector of the pho-
relation between the sideband shift, which depends on thton field andvV=LA (L is the length of the cavity and is
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the transverse area of the optical resondtdt can be rec- the higher level electronic statb, is the lower level state,
ognized that the electron-photon coupling coefficient is oneandn is the photon number of environment.
of the properties of the system, and cannot be modified by The contour-ordered Green function describing the transi-
modulating the photon intensity. Hence the strength oftion processes, for exampld,n+1)—|a,n), is constructed
the electron-photon coupling is independent of the photoras a base on the unperturbed transition quasiparticle Green
intensity. function  which is  defined as gg,pn.a(tit))

In this paper, we treat the electron-photon interacting sys= _in<TCda(t)d;(t,)[b+(tl)/mpn- The S matrix

tem as a quasiparticle, and employ a transport formula fojyhich describes the electron-photon interaction is
interacting resonant tunneling which is evolved from the

Keldysh nonequilibrium Green-function technigd@devel- _ ,
oped by Wingreeret al!! to calculate the photon-associated Seph=Tc| €xp —i | dmHepn(71)
tunneling dc current. The transpddurren) formulas are

] . (7)

We insert theS matrix into the unperturbed transition quasi-
particle Green function, and employ Dyson’s expansion to

J= E J‘Q+J2‘“, 3 expand thes matrix and the Wick’s theorem to rearrange the
aeRL operators; the perturbed transition Green function is then ob-
tained as
. e de
‘ch?:_gTaua(t)J' ?fL(E)lm{Aa(E,t)}, (4) Gan,bn+l(t!t,)
out e de 2 e EiLJ dngnan(t:T)ggnbn(Tvt’)Dn(Trt,)
=7 Ta 2 Ta| 5ofu@lALe D= FTN(), Jn+1 ’ ’
(5) N2 0 0
+19 f f dTldegan,an(tvTl)gbn,bn(leTz)Dn
Adden= [ dnu (it X (71,7) Ganpne 1( 72,1, ®

where Din(71.72)=—i(Tcb(7)b" (72))n and
, (6)  Oonon(T1,72)=—in{Tcdp(t)dg (t')),. Using the Langreth
theorem'*3and taking a Fourier transformation, the retarded
whereG'(t,r,) is the retarded Green function for the inter- Green function corresponding to E(®), with energye, is
acting quasiparticle in the interacting regi¢including the  obtained as
tunneling effect All information about the transport and the _,
interacting region can be obtained from the retarded Greeffanpbn+1(€)

function. g \/m

According to Ref. 11, it is obvious that in the time inde- = '
A QR,nJrl)( A OQppia)
————|| e— €4+

Xex;{ie(t—rl)—ij A,
t

pendent casé\ ,(e) is just the Fourier transform of the — et — 24 tis
retarded Green functio®'(€). In many-particle theory, the a2 2 2 2

spectral function of the described system &e€)= 9
—2 Im G,*which is the probability to obtain a particle with

energye. Hence the input current formul&g. (4)] describes  where Q.= JAZ+4g?n is the Rabi frequency and=e,
the electron in the left leaftlescribed byf, (¢), the occupa- —ep,—fiw. The retarded Green function for the process
tion of the electron in the left legcentering the central re- |a,n—1)—|b,n) can be found by the same way #sn
gion (the interacting regionwhen the central region pro- +1)—|a,n):

vides the probability of the electron in the lead being

occupied. Equatiot5) shows that the output current is pro- GLn,anfl(e)

portional to the occupation in the central regid(t). Inter- Jn

pretations of the current formula can also be seen obtained in  _— gyn (10)
Refs. 11 and 12. Information about the transport and the A Qgp A Qgnl
interacting region can be obtained from the retarded Green e 5 ||eTem 5T [T

function corresponding to the quasiparticle in the central re- _ _ .
gion. The contour Green funct!on corresponding to the nontransi-
In order to employ the conductance formulas, we firstlion procesgb,n)—{b,n) is

have to obtain the retarded Green functions corresponding to N e o
the interacting quasiparticle in the interacting region. There Gonpn(t,t') = =10t =) n(TcSepndp(D)dy (1))

A . (11
are four possible interacting procesgbs)— |b,n), |a,n)
—la,n), |b,n+1)—a,n), and |a,n—1)—|b,n); two of  Using the same method in the treatment of the transition
them are nontransition process@hiagonal termsand the process, the retarded Green function with energyg given
other two are transition processgsf-diagonal terms ais by

235320-2



QUANTUM MECHANICAL APPROACH FOR PHOTON. .. PHYSICAL REVIEW B 64 235320

; e—€,— A o
Gbn,bn(E): A QR,n A QR,n . . . A o
€E~e 5" )(e—eb—§+ > +id TS 5
(12 M Qi
Similarly, the retarded Green function for the procéss) 7 Lok 2 R
—la,n) can be expressed as

M
G, € 2y
an,an( ) 5 %
e—e,— A A Qa
2

A QR,n-%—l)( A QR,n+1
€— €51

€_€a+§_ 2 §+ 2 +id

(13) FIG. 1. Energy landscape of a two-level quantum dot; the higher
level isE, and the lower level i€, . The photon sidebandslash
The time-dependent form of the Green functions can bdine) are created a,+ (A/2)= (Q,/2) due to the processéis,n)
obtained by taking the Fourier transform of the Green func-—|b,n) and|a,n—1)—|b,n). The photon sidebands are created at
tions of energy, i.e., Eq$9), (10), (12), and(13). The forms  E,—(A/2)%(Q,/2) due to the processdsa,n)—|a,n) and|b,n
of the time representation Green functions are similar to thet 1)—|a,n). The electron will transport into dot when the chemi-
result obtained by the well-known Jaynes-Cummings nfodelcal potentialu ,z matches the photon sideban@mshed ling
which was successful in describing an atom interacting with

the quantum photon field in the subject of “cavity QEB.” +(Qgrn/2)| and the energy shifts of the photon sidebands

This .S|m|lar|ty is rea§9nable, since the quantum dot can b@plitting from the lower resonant level am;'#=|—(A/2)
considered as an artificial atom. \/ﬁ
Under a consideration of the tunneling effect, the self-*(Qrn+1/2)[,  where  Qg,=VA®+4g®n.  Hence

energy contains an electron-photon interacting term and als (Al Dh2—(All)?=g, when A<Qg,. Contrasting this

includes the tunneling effect,that is, with the result obtained by the semiclassical approach shown
4T in Ref. 5, the energy shifts of the photon sidebands are the

=St S ISR = {e_ph_ig, same, i.e. Al =Alt=]+(A/2)* (Qr/2)] and AL =AY
’ 2 =0. Hence the quantum situation, which must be described

by the quantum approach, and the semiclassical region,
which can be explained well by the semiclassical approach,
can be distinguished clearly from each other by measuring
T +T .k the photon sideband energy shift. If the quantity
~l 2 : V(ALD?=(Al)?=g is significant when comparing it to

) ) ) ) ) ) the energy scale of the system energy, then the photon-
It is convenient to obtain the physical meaning of this argu-3sgociated electron tunneling system is in the quantum situ-

ment in the time domain. If a quasiparticle retarded Greenyion The physical meaning of this result can be understood
function that does not include the tunneling effect is given by;; mean that the weak photon intensity will cause a large

Go(t—t'), then the quasiparticle retarded Green function in-hit of the photon sideband due to the large electron-photon
cluding the tunneling effect can be expressed ®j(t  coupling coefficieng when the PAT system is in a quantum
—t)e =) which contains the decay rafe of the qua-  situation. Conversely, the system is in a semiclassical situa-
siparticle due to the perturbation of tunneling Hamiltonian.tion when g is small or n is very large, so that
(For our system['=—2Im3o =T +I'r). From Eqs.(9)  \/(al:})2—(A[})2=g~0. In order to compare this effect,
and(10), which correspond to the transition process, it mustrigs. ' 2a)-2(c) show the current peaks with fixed value
be noted that the transition processes always exit when a Pﬁgg,#: 1.0,0.5[the insets Figs. @) and 2b)] and various
occurs, except that the electron-photon coupling coeffigent phbton numbers; hencg corresponding toAgjﬁzl.O is

is small enough to be ignored. larger tharg corresponding t@&;#zO.S for the same photon
number. When the photon number is large, the system is in a
semiclassical situation and{';)?=(A['})? (i.e., the system
The peak positions of spectral functiona(e)= IS in a semiclassical situatignhence we can set\ ),
~21ImG'(e),* i.e., photon sidebands corresponding to the=A} ¢, (i.e., in the case of Figs(8-2(c) the system can be
described photon-associated tunneling system in this workreated as a semiclassical system wimen64, in whichg
are shown in Fig. 1. The peak positions of the photon side=0.016 is very small compared to the energy scale of sys-
bands appear at)’\=ep+ (A/2)= (Qgns1/2) andell=€,  tem], and obtain the quantity(;';)*— (A}:4)? by the quality
—(A2)=(Qgn+1/2). The energy shifts of the photon side- (AL})2—(AL§)?. This shows that the quantum situation is
bands splitting from higher resonant level axg.=[(A/2) ~ more prominent[i.e., the quantity 41})?—(AL§)? is

and the retarded Green function including the tunneling e
fect can be obtained by replacing by

. 1-‘i,xL_l—l—‘i,xR
[Lusrtin

Ill. DISCUSSION AND RESULT
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FIG. 2. 14-Vq curve of PAT in a dot system in whidg,=2.5, E,= —2.5, I' =T'g=I'/2=0.5, A=0.5, andT = 103, (a) and(b) show
the current peaks corresponding to a photon sideband splitting from a highek levielr |AM =0.5 and|A[)1| =1.0, respectively. The insets
(@ and (b) are thely-Vy curves corresponding to the sideband splitting fr&m and E,,, respectively.(c) showsA,,(n)= Agi(n)
—A[Y(n), with A['=0.5 andA|'=1.0. (d) showsA ,,(n) with g=1, 0.5, and 0.1.

larger for a larger electron-photon coupling coeffici¢Rig. increased While the photon sideband;n or q}n exceeds
2(b)] or a lesser photon numbé¢Figs. 2a)—2(c)]. In Fig.  the right lead energy, the corresponding current of each side-
2(d), we show thatA,,,=Al',— Al is more significant band is suppressed—for instance, the currents corresponding
(quantum situationwhen the electron-photon coupling coef- to sidebands , and €}, , for n=25 and 64 are suppressed
ficient is larger and the photon number is much lower, andi.e., the current is suppressed as the photon number is in-
vice versa. Another quantum phenomenon is the process
|an)—|an) under a dark environment, i.en=0; the corre- [
sponding sidebands appearegt- (A/2)* (g 1/2) and have 015! | —e—n=0 g ]
a nonzero amplitude which increasesgas increased. This " S
result is due to the virtual photon emission and absorption
processes, and can be ignoredjas close to zero which is in
the semiclassical situation.

The PAT current can be estimated by the current formulas
[Egs. (3)—(6)] developed by Wingreeet al. The PAT cur-
rents are shown in Fig. 3, in which the right lead energy and
gate voltage are set to zero aag=2.5 ande,= —2.5. The
current will be assisted or suppressed by a photon field due
to the shift of the photon sideband under electron-photon
interaction. While the photon sidebawg , or €] , does not -10 5 0 5 10
surpass the right lead energy, the corresponding current of bais voltage (arb. unit)
each sideband is assisted—for instance, the currents corre- F|G. 3. 4"V, curve of PAT under various photon field intensi-
sponding to sidebandé‘;i’n and eg,n forn=1 and 9 are as- ties in whichE,=2.5,E,=—2.5,T =I'g=I/2=0.5,g=1.0, and
sisted(i.e., the current is assisted as the photon number i§=10"3.

020

current (arb. unit)
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creasefl But the currents corresponding t@yn and eg,n are  possible to implement some experiments which study the
always suppressed. These phenomena are caused by thteraction between an electron in a quantum dot and a quan-
photon-field-strength-dependent photon sideband positiongm photon field by means of enclosing the quantum dot in a
i.e., the splitting of the photon sideband is increased due tséuperconductor cavity. Some experiments related to the cav-
the increase of the Rabi frequen€y,=AZ+4g?n as the ity QED, such as the microscopic masemay also be
photon numben is made larger. One can note that as the lefimplemented by the apparatus suggested above.

lead voltage is less than the right lead voltage, the current In summary, the sidebands caused by a single photon
direction is from the right lead to the left lead, i.e., the cur-emission aree;j#=ea—(A/Z)i(QR,nH/Z), and the side-
rent is reversedi.e., negative bands created due to a single-photon absorption e@rﬁe

In many quantum optic experiments, there are some tech= e, +(A/2)* (Qg ,/2). The sidebands depend on the Rabi
nigues to count the photon number. According to the abovérequency(y ,, which relates to the photon numbéhe
discussion, we propose a feasible experiment to determiniatensity) of the environment and causes the PAT current to
the electron-photon coefficiert and the photon number,  be assisted or suppressed for some appropriate contact ener-
and thus are able to distinguish whether the system is in gies. The energy level splitting due to two levels interacting
guantum situation or not. One can input a photon field with awith a photon can be also found in Ref. 5 by the semiclassi-
frequency equal to the energy spacing between the grounchl approach. However, in the present paper, we take one
state and the first excited state of a quantum dot into thgtep ahead to explain the difference between quantum and
PAT system, and modulate the gate voltage to decidgemiclassical situations. We also point out that one can dis-
the peak positions}; and e/} . Afterwards, one can obtain tinguish whether the system is in a quantum situation or not
the photon sideband peak shifis ,= A = (el ,—€.)/2 by certain specially arranged experiments. For the properties
and A] ,=A} =(€l ,— €t ,)/2. Hence the electron-photon ©f the quantum situation of PATthe largeg or small photon
coupling g can be determined by the relation humber situatiop we suggest a possible way to determine

_ The ATz ) _ the electron-photon couplinggand the photon number of the
9=V(Azn)"~(Apn)7, and the photon number is obtained gystem. We also point out that the PAT current is not always
by n= (Ag;g/g)? Note that the normal electric detectdex-  assisted due to the electron-photon interaction, but may also
cluding the counting photon number experimenh not de-  be suppressed. The assistance or suppression of the PAT cur-
tect the absolute photon intensifghoton numberbut only  rent depends on the shift of the environmental-photon-
the relative photon intensity. Using the method proposedntensity-dependent photon sideband.
above, one can obtain thlefactor and the absolute photon
intensity (photon numberof the PAT system.

Many reports convening on the “cavity QED” studied an
atom interacting with a quantum photon field in a supercon- This work was supported partially by the National
ductor cavity®!® Since the properties of a quantum dot areScience Council, Taiwan under Grant No. NSC90-2112-M-
well known to be similar to those of an atom, it may be 009-018.
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