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Quantum mechanical approach for photon-associated electron tunneling through a quantum dot
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Photon-associated electron tunneling~PAT! in a quantum dot is studied by a fully quantum-mechanical
approach. An experiment to determine the electron-photon coupling coefficientg and 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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I. INTRODUCTION

Photon-associated electron tunneling~PAT!, and related
applications such as electron pumping1 and single-photon
emission,2 attracted theoretical and experimental research
in the past few years.3–7 Most theoretical investigations use
the semiclassical model to describe a photon field which
been treated as a time dependent ac fieldeVcosvt ~Refs. 4
and 8! ~wherev is the frequency of the semiclassical phot
field!. The semiclassical approach is able to predict
‘‘sideband’’ phenomenon which is due to the influence of
eletromagnetic field, and opens tunneling channels by
changing an energy ofn\v (n561,62,63 . . . ) with a
resonant system.4,7,9 However, phenomena of the full
quantum-mechanical nature,8,9 of the photon field, such a
photon emission in the dark and the creation of a correspo
ing sideband that assists the electronic tunneling curre9

cannot be obtained by semiclassical models.
Recently, a quantum electrodynamic description

photon-assisted tunneling through a single-electron reso
level system was reported by Foden and Whittaker,9 using a
canonical transformation to describe the quantum PAT p
cess. They only considered nontransition processes~i.e., the
processesua,n&→ua,n& and ub,n&→ub,n&), but did not in-
clude transition processes~i.e., the processesua,n&→ub,n
11& andub,n&→ua,n21&) and photon sidebands created
e01n\v2D. The photon sidebands depend on then pho-
tons interacting with the electron, but are independent of
field intensity of the environment. Foden and Whittaker a
pointed out that the classical field approximation is a va
one for the present experiments, not because the field in
sities are high but because the coupling between the e
trons and the field is weak.

An environmental-field-strength-dependent photon si
band was reported by Bruneet al.5 They employed a semi
classical approach, and considered an inner transition~i.e.,
the transition process mentioned above!. They performed a
time-dependent unitary transformation to remove the ti
dependence of the dot Hamiltonian, and obtained pho
sidebands located ate5(ea1eb6\v6V)/2, where V
5A(ea2eb2\v)21uD f u2 is the Rabi frequency andD f is
the coupling strength of the field.

In this paper we derive a relation between the coupl
strength and the number of photons of the fieldD f . The
relation between the sideband shift, which depends on
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electron-photon coupling and the photon number, is also
tained. We propose to measure the photon sideband sh
distinguish whether the electron-photon interacting system
in the semiclassical situation or the quantum situation.

II. MODEL AND FORMULA

In this work, we consider a system which contains a tw
level quantum dot~represented bya for the higher level and
b for the lower level! treated as the electron-photon intera
ing region, and two leads~represented byR andL! coupled
to the dot. The total Hamiltonian for the described syst
can be expressed as

Htot5Hint1Hc1HT , ~1!

where HC5(¸aPR,Le¸ac¸a
1 c¸a is the Hamiltonian for the

electron in the lead,HT5(¸aPR,L; i Pa,bV(t)¸a,idi
†c¸a1H.c.

is the tunneling Hamiltonian, andHint is the Hamiltonian for
the interacting region~central region!:

Hint5He1Hph1He-ph5 (
i 5a,b

e idi
†di1(

k
\vkbk

†bk

1\(
k

gk~da
†dbbk1db

†dabk
†!. ~2!

In the above expression,di
†(di), c¸

†(c¸), and bk
†(bk), are

creation~annihilation! operators for the electron in interac
ing region, the electron in the lead, and the photon. T
subscriptsi ,¸, andk indicate the electron states in the inte
acting region (i Pa,b; a indicates the higher level, andb
indicates the lower level!, the electronic wave vectors in th
lead, and the photonic wave vector. In our model, the Ham
tonian of the photon part is summed independently over
possible wave vectors, hence each can be treated indiv
ally. For simplicity, we will treat a single-mode photon i
this work, and the subscriptk will be ignored in later descrip-
tion. The rotating-wave approximation8 is considered in the
electron-photon interacting HamiltonianHe-ph .

The electron-photon coupling coefficientgk5PW •Ek
W /\ is

an important quantity in this work, wherePW 5e^ i urWu j & is the
electric dipole transition matrix element. Ek

W

5(\vk/2e0V)1/2 e k̂ , wherek is the wave vector of the pho
ton field andV5LA (L is the length of the cavity andA is
©2001 The American Physical Society20-1
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the transverse area of the optical resonator!.8 It can be rec-
ognized that the electron-photon coupling coefficient is o
of the properties of the system, and cannot be modified
modulating the photon intensity. Hence the strength
the electron-photon coupling is independent of the pho
intensity.

In this paper, we treat the electron-photon interacting s
tem as a quasiparticle, and employ a transport formula
interacting resonant tunneling which is evolved from t
Keldysh nonequilibrium Green-function technique3,10 devel-
oped by Wingreenet al.11 to calculate the photon-associate
tunneling dc current. The transport~current! formulas are

J5 (
aPR,L

Ja
in1Ja

out , ~3!

Ja
in52

e

\
Taua~ t !E de

p
f L~e!Im$Aa~e,t !%, ~4!

Ja
out52

e

\
Ta (

aPL,R
TaE de

2p
f L~e!uAa~e,t !u252

e

\
TaN~ t !,

~5!

Aa~e,t !5E dt1ua~t1!Gr~ t,t1!

3expF i e~ t2t1!2 i E
t

t1
dt2DaG , ~6!

whereGr(t,t1) is the retarded Green function for the inte
acting quasiparticle in the interacting region~including the
tunneling effect!. All information about the transport and th
interacting region can be obtained from the retarded Gr
function.

According to Ref. 11, it is obvious that in the time ind
pendent caseAi ,a(e) is just the Fourier transform of th
retarded Green functionGr(e). In many-particle theory, the
spectral function of the described system isa(e)5
22 Im G,14 which is the probability to obtain a particle wit
energye. Hence the input current formula@Eq. ~4!# describes
the electron in the left lead@described byf L(e), the occupa-
tion of the electron in the left lead# entering the central re
gion ~the interacting region! when the central region pro
vides the probability of the electron in the lead bei
occupied. Equation~5! shows that the output current is pro
portional to the occupation in the central regionN(t). Inter-
pretations of the current formula can also be seen obtaine
Refs. 11 and 12. Information about the transport and
interacting region can be obtained from the retarded Gr
function corresponding to the quasiparticle in the central
gion.

In order to employ the conductance formulas, we fi
have to obtain the retarded Green functions correspondin
the interacting quasiparticle in the interacting region. Th
are four possible interacting processesub,n&→ub,n&, ua,n&
→ua,n&, ub,n11&→ua,n&, and ua,n21&→ub,n&; two of
them are nontransition processes~diagonal terms! and the
other two are transition processes~off-diagonal terms!. a is
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the higher level electronic state,b is the lower level state,
andn is the photon number of environment.

The contour-ordered Green function describing the tran
tion processes, for example,ub,n11&→ua,n&, is constructed
as a base on the unperturbed transition quasiparticle G
function which is defined as gan,bn11

o (t,t8)
[2 i n^TCda(t)db

1(t8)@b1(t8)/An11#&n . The S matrix
which describes the electron-photon interaction is

Se-ph[TCHexpF2 i E dt1He-ph~t1!G J . ~7!

We insert theS matrix into the unperturbed transition quas
particle Green function, and employ Dyson’s expansion
expand theSmatrix and the Wick’s theorem to rearrange t
operators; the perturbed transition Green function is then
tained as

Gan,bn11~ t,t8!

[ i
g

An11
E dtgan,an

0 ~ t,t!gbn,bn
0 ~t,t8!Dn~t,t8!

1 ig2E E dt1dt2gan,an
0 ~ t,t1!gbn,bn

0 ~t1 ,t2!Dn

3~t1 ,t2!Gan,bn11~t2 ,t8!, ~8!

where Dn(t1,t2)[2 i n^TCb(t1)b1(t2)&n and
gbn,bn

0 (t1 ,t2)52 i n^TCdb(t)db
1(t8)&n . Using the Langreth

theorem11,13and taking a Fourier transformation, the retard
Green function corresponding to Eq.~8!, with energye, is
obtained as

Gan,bn11
r ~e!

5
gAn11

S e2ea1
D

2
2

VR,n11

2 D S e2ea1
D

2
1

VR,n11

2 D1 id

,

~9!

where Vn[AD214g2n is the Rabi frequency andD[ea
2eb2\v. The retarded Green function for the proce
ua,n21&→ub,n& can be found by the same way asub,n
11&→ua,n&:

Gbn,an21
r ~e!

5
gAn

S e2eb2
D

2
2

VR,n

2 D S e2eb2
D

2
1

VR,n

2 D1 id

. ~10!

The contour Green function corresponding to the nontra
tion processub,n&→ub,n& is

Gbn,bn~ t,t8!52 iu~ t2t8!n^TCSe-phdb~ t !db
1~ t8!&n .

~11!

Using the same method in the treatment of the transit
process, the retarded Green function with energye is given
by
0-2
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Gbn,bn
r ~e!5

e2eb2D

S e2eb2
D

2
2

VR,n

2 D S e2eb2
D

2
1

VR,n

2 D1 id

.

~12!

Similarly, the retarded Green function for the processua,n&
→ua,n& can be expressed as

Gan,an
r ~e!

5
e2ea2D

S e2ea1
D

2
2

VR,n11

2 D S e2ea1
D

2
1

VR,n11

2 D1 id

.

~13!

The time-dependent form of the Green functions can
obtained by taking the Fourier transform of the Green fu
tions of energy, i.e., Eqs.~9!, ~10!, ~12!, and~13!. The forms
of the time representation Green functions are similar to
result obtained by the well-known Jaynes-Cummings mod8

which was successful in describing an atom interacting w
the quantum photon field in the subject of ‘‘cavity QED.’8

This similarity is reasonable, since the quantum dot can
considered as an artificial atom.

Under a consideration of the tunneling effect, the se
energy contains an electron-photon interacting term and
includes the tunneling effect,11 that is,

S tot
r 5Se-ph

r 1SL
T,r1S iR

T,r5S i ,e-ph
r 2 i

GL1GR

2
,

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

i S G i ,¸L1G i ,¸R

2
1d D; i

G i ,¸L1G i ,¸R

2
.

It is convenient to obtain the physical meaning of this arg
ment in the time domain. If a quasiparticle retarded Gre
function that does not include the tunneling effect is given
G0

r (t2t8), then the quasiparticle retarded Green function
cluding the tunneling effect can be expressed byG0

r (t

2t8)e2G(t2t8), which contains the decay rateG of the qua-
siparticle due to the perturbation of tunneling Hamiltonia
~For our system,G522 ImS tot

r 5GL1GR). From Eqs.~9!
and~10!, which correspond to the transition process, it m
be noted that the transition processes always exit when a
occurs, except that the electron-photon coupling coefficieg
is small enough to be ignored.

III. DISCUSSION AND RESULT

The peak positions of spectral functionsa(e)5
22 ImGr(e),14 i.e., photon sidebands corresponding to t
described photon-associated tunneling system in this w
are shown in Fig. 1. The peak positions of the photon si
bands appear ateb,n

↑,↓5eb1(D/2)6(VR,n11/2) andea,n
↑,↓5ea

2(D/2)6(VR,n11/2). The energy shifts of the photon sid
bands splitting from higher resonant level areDb,n

↑,↓5u(D/2)
23532
e
-

e
l
h

e

-
so

f-

-
n
y
-

.

t
AT

e
k,
-

6(VR,n/2)u and the energy shifts of the photon sideban
splitting from the lower resonant level areDa,n

↑,↓5u2(D/2)

6(VR,n11/2)u, where VR,n5AD214g2n. Hence

A(Da,n
↑,↓)22(Db,n

↑,↓)25g, when D!VR,n . Contrasting this
with the result obtained by the semiclassical approach sh
in Ref. 5, the energy shifts of the photon sidebands are
same, i.e.,Db

↑,↓5Da
↑,↓5u6(D/2)6(VR/2)u and Da

↑,↓2Db
↑,↓

50. Hence the quantum situation, which must be descri
by the quantum approach, and the semiclassical reg
which can be explained well by the semiclassical approa
can be distinguished clearly from each other by measu
the photon sideband energy shift. If the quant

A(Da,n
↑,↓)22(Db,n

↑,↓)25g is significant when comparing it to
the energy scale of the system energy, then the pho
associated electron tunneling system is in the quantum s
ation. The physical meaning of this result can be underst
to mean that the weak photon intensity will cause a la
shift of the photon sideband due to the large electron-pho
coupling coefficientg when the PAT system is in a quantu
situation. Conversely, the system is in a semiclassical si
tion when g is small or n is very large, so that

A(Da,n
↑,↓)22(Db,n

↑,↓)25g;0. In order to compare this effec
Figs. 2~a!–2~c! show the current peaks with fixed valu
Db,n

↑,↓51.0,0.5 @the insets Figs. 2~a! and 2~b!# and various
photon numbers; henceg corresponding toDb,n

↑,↓51.0 is
larger thang corresponding toDb,n

↑,↓50.5 for the same photon
number. When the photon number is large, the system is
semiclassical situation and (Da,n

↑,↓)2.(Db,n
↑,↓)2 ~i.e., the system

is in a semiclassical situation!; hence we can setDa,64
↑,↓

.Db,64
↑,↓ ~i.e., in the case of Figs. 2~a!–2~c! the system can be

treated as a semiclassical system whenn564, in which g
50.016 is very small compared to the energy scale of s
tem#, and obtain the quantity (Da,n

↑,↓)22(Db,n
↑,↓)2 by the quality

(Da,n
↑,↓)22(Da,64

↑,↓ )2. This shows that the quantum situation
more prominent @i.e., the quantity (Da,n

↑,↓)22(Da,64
↑,↓ )2 is

FIG. 1. Energy landscape of a two-level quantum dot; the hig
level is Ea and the lower level isEb . The photon sidebands~dash
line! are created atEb1(D/2)6(Vn/2) due to the processesub,n&
→ub,n& andua,n21&→ub,n&. The photon sidebands are created
Ea2(D/2)6(Vn/2) due to the processesua,n&→ua,n& and ub,n
11&→ua,n&. The electron will transport into dot when the chem
cal potentialmL/R matches the photon sidebands~dashed line!.
0-3
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FIG. 2. I dc-Vg curve of PAT in a dot system in whichEa52.5, Eb522.5, GL5GR5G/250.5, D50.5, andT51023. ~a! and~b! show
the current peaks corresponding to a photon sideband splitting from a higher levelEa , for uDb

↑↓u50.5 anduDb
↑↓u51.0, respectively. The inset

~a! and ~b! are the I dc-Vg curves corresponding to the sideband splitting fromEa and Eb , respectively.~c! shows Dab(n)5Da
↑↓(n)

2Db
↑↓(n), with Db

↑↓50.5 andDb
↑↓51.0. ~d! showsDab(n) with g51, 0.5, and 0.1.
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larger# for a larger electron-photon coupling coefficient@Fig.
2~b!# or a lesser photon number@Figs. 2~a!–2~c!#. In Fig.
2~d!, we show thatDab,n[Da,n

↑↓ 2Db,n
↑↓ is more significant

~quantum situation! when the electron-photon coupling coe
ficient is larger and the photon number is much lower, a
vice versa. Another quantum phenomenon is the proc
uan&→uan& under a dark environment, i.e.,n50; the corre-
sponding sidebands appear atea2(D/2)6(VR,1/2) and have
a nonzero amplitude which increases asg is increased. This
result is due to the virtual photon emission and absorp
processes, and can be ignored asg is close to zero which is in
the semiclassical situation.

The PAT current can be estimated by the current formu
@Eqs. ~3!–~6!# developed by Wingreenet al. The PAT cur-
rents are shown in Fig. 3, in which the right lead energy a
gate voltage are set to zero andea52.5 andeb522.5. The
current will be assisted or suppressed by a photon field
to the shift of the photon sideband under electron-pho
interaction. While the photon sidebandea,n

↓ or eb,n
↑ does not

surpass the right lead energy, the corresponding curren
each sideband is assisted—for instance, the currents c
sponding to sidebandsea,n

↓ and eb,n
↑ for n51 and 9 are as-

sisted~i.e., the current is assisted as the photon numbe
23532
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increased!. While the photon sidebandea,n
↓ or eb,n

↑ exceeds
the right lead energy, the corresponding current of each s
band is suppressed—for instance, the currents correspon
to sidebandsea,n

↓ and eb,n
↑ for n525 and 64 are suppresse

~i.e., the current is suppressed as the photon number is

FIG. 3. I dc-Vg curve of PAT under various photon field intens
ties in whichEa52.5, Eb522.5, GL5GR5G/250.5, g51.0, and
T51023.
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creased!. But the currents corresponding toea,n
↑ andeb,n

↓ are
always suppressed. These phenomena are caused b
photon-field-strength-dependent photon sideband positi
i.e., the splitting of the photon sideband is increased du
the increase of the Rabi frequencyVn[AD214g2n as the
photon numbern is made larger. One can note that as the
lead voltage is less than the right lead voltage, the cur
direction is from the right lead to the left lead, i.e., the c
rent is reversed~i.e., negative!.

In many quantum optic experiments, there are some t
niques to count the photon number. According to the ab
discussion, we propose a feasible experiment to determ
the electron-photon coefficientg and the photon numbern,
and thus are able to distinguish whether the system is
quantum situation or not. One can input a photon field wit
frequency equal to the energy spacing between the gro
state and the first excited state of a quantum dot into
PAT system, and modulate the gate voltage to dec
the peak positionsea,n

↑,↓ andeb,n
↑,↓ . Afterwards, one can obtai

the photon sideband peak shiftsDa,n
↑ 5Da,n

↓ 5(ea,n
↑ 2ea,n

↓ )/2
and Db,n

↑ 5Db,n
↓ 5(eb,n

↑ 2eb,n
↓ )/2. Hence the electron-photo

coupling g can be determined by the relatio

g5A(Da,n
↑,↓)22(Db,n

↑,↓)2, and the photon number is obtaine

by n5(Db,n
↑,↓/g)2. Note that the normal electric detectors~ex-

cluding the counting photon number experiment! do not de-
tect the absolute photon intensity~photon number! but only
the relative photon intensity. Using the method propo
above, one can obtain theg factor and the absolute photo
intensity ~photon number! of the PAT system.

Many reports convening on the ‘‘cavity QED’’ studied a
atom interacting with a quantum photon field in a superc
ductor cavity.8,15 Since the properties of a quantum dot a
well known to be similar to those of an atom, it may
.t

v

is
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possible to implement some experiments which study
interaction between an electron in a quantum dot and a q
tum photon field by means of enclosing the quantum dot
superconductor cavity. Some experiments related to the
ity QED, such as the microscopic maser,15 may also be
implemented by the apparatus suggested above.

In summary, the sidebands caused by a single pho
emission areea,n

↑,↓5ea2(D/2)6(VR,n11/2), and the side-
bands created due to a single-photon absorption areeb,n

↑,↓

5eb1(D/2)6(VR,n/2). The sidebands depend on the Ra
frequencyVR,n , which relates to the photon number~the
intensity! of the environment and causes the PAT current
be assisted or suppressed for some appropriate contact
gies. The energy level splitting due to two levels interact
with a photon can be also found in Ref. 5 by the semicla
cal approach. However, in the present paper, we take
step ahead to explain the difference between quantum
semiclassical situations. We also point out that one can
tinguish whether the system is in a quantum situation or
by certain specially arranged experiments. For the prope
of the quantum situation of PAT~the largeg or small photon
number situation!, we suggest a possible way to determi
the electron-photon couplingg and the photon number of th
system. We also point out that the PAT current is not alw
assisted due to the electron-photon interaction, but may
be suppressed. The assistance or suppression of the PAT
rent depends on the shift of the environmental-phot
intensity-dependent photon sideband.

ACKNOWLEDGMENT

This work was supported partially by the Nation
Science Council, Taiwan under Grant No. NSC90-2112-
009-018.
v.

ev.
*Corresponding author: Email address: dschuu@cc.nctu.edu
Fax: 886-3-5725230.

1C.A. Stafford and Ned S. Wingreen, Phys. Rev. Lett.76, 1916
~1996!; Morten Holm Pedersen and Markus Buttiker, Phys. Re
B 58, 12 993~1998!.

2Oliver Benson, Charles Santori, Matthew Pelton, and Yoshih
Yamamoto, Phys. Rev. Lett.84, 2513~2000!.

3Quantum Kinetic in Transport and Optics of Semiconductor, ed-
ited by Hartmut Haug and Antti Pekka Jauho~Springer, New
York, 1996!.

4P.K. Tien and J.P. Gordon, Phys. Rev.129, 647 ~1963!.
5Ph. Brune, C. Bruder, and H. Schoeller, Phys. Rev. B56, 4730

~1997!.
6M. Jonson, Phys. Rev. B39, 5924~1989!.
7Qing-feng Sun, Jian Wang, and Tsung-han Lin, Phys. Rev. B58,

13 007~1998!.
8Quantum Optics, edited by Marlan O. Scullyet al. ~Cambridge

University Press, Cambridge, 1997!; For a review article, see,
w;

.

a

Bruce W. Shoreet al., J. Mod. Opt.40, 1195~1993!.
9C.L. Foden and D.M. Whittaker, Phys. Rev. B58, 12 617~1998!.

10L.P. Keldysh, Zh. E´ksp. Teor. Fiz.47, 1515 ~1964! @Sov. Phys.
JETP20, 1018~1965!#.

11A.P. Jauho, N.S. Wingreen, and Y. Meir, Phys. Rev. B50, 5528
~1994!; N.S. Wingreen, A.P. Jauho, and Y. Meir,ibid. 48, 8487
~1993!.

12R. Landauer, Phys. Scr.T42, 110 ~1992!; R. Lake, G. Klimeck,
M.P. Anantram, and S. Datta, Phys. Rev. B48, 15 132~1993!.

13D.C. Langreth, inLinear and Nonlinear Electron Transport in
Solidsedited by J.T. Devreese and E. Van Doren~Plenum, New
York, 1976!.

14Many Particle Physics, edited by Gerald D. Mahan~Plenum
Press, New York, 1991!; also see Ref. 32 of Ref. 11; Phys. Re
B 50, 5528~1994!.

15D. Meschede, H. Walther, and G. Muller, Phys. Rev. Lett.54, 551
~1985!; P. Filipowicz, J. Javanainen, and P. Meystre, Phys. R
A 34, 3077~1986!.
0-5


