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Operation of the qubit based on photon-assisted tunneling in a coupled quantum-dot system
and the influence of dephasing
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We derive the generalized rate equation for the coupled quantum-dot~QD! system irradiated by a microwave
field in the presence of a quantum point contact. It is shown that when a microwave field is tuned in resonance
with the energy difference between the ground states of two QD’s, the photon-assisted tunneling occurs and, as
a result, the coupled QD system may be used as the single qubit. Furthermore, we show that the oscillating
current through the detector decays drastically as the dephasing rate increases, indicating clearly the influence
of the dephasing effect induced by the quantum point contact used as a detecting device.
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The phenomena of the coherent tunneling in a coup
quantum-dot~QD! system has received much attention, bo
experimentally1–3 and theoretically.4–7 Recently, Blicket al.8

measured the tunnel splitting of a double QD structure
showed the formation of artificial molecular states. The sp
trum of a two-coupled QD molecule in the presence o
microwave field was experimentally studied by Oosterka
et al.9 They demonstrated that when the frequency of
microwave field is equal to the difference between the t
uncoupled QD levels, the photon-assisted resonances o
for the weak-coupling case and coherent oscillations of
electron in the coupled QD system are observed as well.
the theoretical aspect, Tsukadaet al.10 showed that an elec
tron initially localized in one of the two asymmetric quantu
dots begins to oscillate back and forth between them w
the two ground energy levels of the two isolated dots
tuned in resonance. The coupled QD molecule system in
presence of an electromagnetic field is investigated by
et al.11 It is shown that this coupled system may be used
the qubit for quantum computing and information. Howev
all of these studies did not take the influence of the meas
ment into account.

It is well known that the measurement itself will certain
induce dephasing. This effect was studied by Aleineret al.,12

Levinson,13 and Bukset al.14 Starting from the Schro¨dinger
equation, Gurvitzet al.15 derived modified rate equations an
studied quantum transport in the QD system. Also, Gurvit16

demonstrated the dephasing effects induced by measu
the electron state in a coupled QD system via a quan
point contact. Motivated by these studies, we derive, in
present article, the more generalized rate equation for
coupled QD system irradiated by a microwave field in t
presence of a quantum point contact, which is used a
detecting device. We investigate the quantum dynamics
the coupled QD system, and find that the photon-assi
tunneling in the coupled QD system occurs when the
quency of the microwave field matches the energy differe
between the ground states of the two dots. It is also sho
that measurement enforces the coupled QD system
dephase at the rate ofe(2Gdt/2), whereGd is the dephasing
rate.

The proposed coupled QD system and the detector
0163-1829/2002/65~15!/153308~4!/$20.00 65 1533
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schematically shown in Fig. 1. A ballistic one-dimension
point contact is placed near one of the dots~dot 1! as the
detector. Its resistance is very sensitive to the electrost
potential which may be influenced by the electron filled
the measured quantum dots. The detector is represented
barrier, sandwiched between an emitter~S! and a collector
(D). The chemical potentials of the emitter and the collec
are denoted asmS and mD , respectively.Vd5mS2mD rep-
resents the applied voltage between the emitter and the
lector. SincemS.mD , the current flowing through the poin
contact is given by17 I 5eTVd/2p, wheree is the electron
charge andT is the transmission coefficient of the point co
tact. In fact, the penetrability of the point contact is affect
by the electron tunneling inside the two dots in a very s
sitive way.

The entire system that we consider consists of the coup
QD system, the detecting device, and the microwave fie
The Hamiltonian of this system can be written as10,15

H5HPC1HDD1HI1HFD , ~1!

FIG. 1. Schematic illustration of the coupled quantum-dot s
tem and the quantum point contact detector.E1 and E2 are the
energy levels of the ground statesu1& ~dot 1! and u2& ~dot 2!, and
V0 denotes the coupling between them. The left part is the dete
and its energy levels are shown on right upper.Vd is the applied
voltage between the sourceSand the drainD with chemical poten-
tials mS andmD , respectively.V lr is the coupling between the drai
energy levelEl and the source energyEr .
©2002 The American Physical Society08-1
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with

HDD5E1c1
1c11E2c2

1c21V0~c2
1c11c1

1c2!, ~2!

HPC5(
l

Elal
1al1(

r
Erar

1ar1(
lr

V lr ~al
1ar1ar

1al !

~3!

and

HI52(
lr

V lr8 c1
1c1~al

1ar1ar
1al !, ~4!

HFD52P•E~ t !~c1
1c21c2

1c1!. ~5!

Here, HDD and HPC are the Hamiltonians describing th
isolated QD system and the quantum point contact, res
tively. E1 andE2 denote the ground-state energies of the t
dots andV0 is the coupling between them, whileEl andEr
denote the energy levels in the emitter and collector andV lr
is the coupling between them. Since the presence of an e
tron in dot 1 results in an effective increase of the po
contact barrier, one can model the interaction between
QD system and the point contact asHI , whereV lr8 is the
variation of the coupling.HFD is the interaction between th
coupled QD system and the microwave field, whereP is the
dipole transition moment andE(t)5Evcos(vt1d) denotes
the microwave field having frequencyv and initial phased.

For convenience we assume that the temperature of
reservoirs is zero and the entire system is initially in a p
state. So the wavefunction describing the entire system
be given by15

uC&5Fb1~ t !c1
11(

lr
b1lr c1

1ar
1al

1 (
l , l 8,r ,r 8

b1l l 8rr 8c1
1ar

1ar 8
1alal 8

1b2~ t !c2
11(

lr
b2lr c2

1ar
1al

1 (
l , l 8,r ,r 8

b2l l 8rr 8c2
1ar

1ar 8
1a2al 81•••G u0&. ~6!

Here,b(t) are the amplitudes of the probability finding th
system in the states defined by the corresponding crea
and annihilation operators. The vacuum stateu0& corresponds
to the situation where the states of the emitter and the
lector are filled up to their Fermi levels, respectively. T
quantum evolution of the whole system is described by
time-dependent Schro¨dinger equationi uĊ&5HuC& and the
corresponding density matrix is given bys5uC&^Cu . In the
two-dimensional Fock space composed of the two statesu1&
andu2&, the elements of the density matrix can be expres
as
15330
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ṡ11
(n)52D1s11

(n)1D1s11
(n21)1 iV0~s12

(n)2s21
(n)!

2 iP•E~s12
(n)2s21

(n)!, ~7a!

ṡ22
(n)52D2s22

(n)1D2s22
(n21)2 iV0~s12

(n)2s21
(n)!

1 iP•E~s12
(n)2s21

(n)!, ~7b!

ṡ12
(n)5 i«s12

(n)1 iV0~s11
(n)2s22

(n)!2 iP•E~s11
(n)2s22

(n)!

2~D11D2!s12
(n)/21~D1D2!(1/2)s12

(n) , ~7c!

where «5E22E1 and the indexn denotes the number o
electrons coming to the collector at timet. D1(2)
5T1(2)Vd/2p is the transition rate of an electron hopin
from the emitter to the collector as the electron stays at s
u1& (u2&). From Eqs.~7! we can obtain the current flowing
through the detector

I d~ t !5
dQd~ t !

dt
5D2s11~ t !1D1s22~ t !. ~8!

Without considering the coupling between the coupled Q
system and the point contact, the current through the p
contact should be15 I d

(0)5D2, and the variation of the poin
contact current is

DI d~ t !5~T22T1!Vds22~ t !/2p, ~9!

which measures directly the charge in the dot 2. In orde
determine the influence of the point contact on the QD s
tem, we trace out the point contact states in Eqs.~7! and
obtain

ṡ11~ t !5 iV0~s122s21!2 iP•E~s122s21!, ~10a!

ṡ22~ t !5 iV0~s212s12!2 iP•E~s212s12!, ~10b!

ṡ12~ t !5 i«s121 iV0~s112s22!

2 iP•E~s112s22!2Gds12/2, ~10c!

where Gd5(AD22AD1)2 is the dephasing rate. Equation
~10! involve the reduced density matrixes, which descr
the dynamics of the coupled QD system. The measurem
induced effects on the coupled QD system are included in
last term of Eq. 10~c!. The nondiagonal density matrix ele
ment damps with the ratee(2Gdt/2) and it becomes zero ast
@1/Gd , implying that the pure state of the system now b
comes a statistical mixed one and the coupled QD sys
loses its coherence. The diagonal density matrixess11 and
s22(512s11) denote the electron probabilities in dots 1 a
2.

In order to elucidate the quantum dynamical behavior
the coupled QD system and the dephasing effects induce
the measurement, we solved Eqs.~10! numerically. In our
calculations the frequency of the microwave field is ke
equal to the energy difference between the two ground
ergy levels of the uncoupled QD system with initial pha
d5p/2. The coupling coefficientV0 between two dots for
electrons is taken as, for example,21. First, in order to
8-2
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visualize the dephasing effects induced by the detecting,
plot the time evolution of the probabilitys22 in Fig. 2~a! for
different dephasing rates. In the case ofGd50 the probabil-
ity exhibits sinusoidal oscillations in the curve A of Fig. 2~a!.
For Gd.0, the oscillations decay and become nonsinusoi
Moreover, when the dephasing rate increases, the oscilla
decay more quickly@see curves B and C in Fig. 2~a!#. Also,
it can be seen from the curve C in Fig. 2~a! that the prob-
abilitiess22 approach to 1/2 at sufficiently later time, revea
ing that the coupled QD system lost its coherence. In F
2~b! we show the current through the quantum point-cont
detector. Comparing curves A~B! in Fig. 2~b! with curves B
~C! in Fig. 2~a!, we can see that when the electron probab
ity approaches the maximum~i.e., the electron localizes
mainly in dot 2!, the current also reaches the maximum
phase. This observation implies that by means of measu
the current variation, one can truly extract the information
the coupled QD system. Also, it is clear that the curr
through the detector shows temporal oscillations, and w
increasing the dephasing rate, the amplitude of the cur
increases in the initial stage of the time. WhenGd is large
enough, the current decays quickly to a constant, imply
that the detector is no longer able to resolve any informa
about the coupled QD system ast is much longer than 1/Gd .

We then investigate the quantum dynamics of the elec

FIG. 2. ~a! Evolution of the electron probability in dot 2 fo
dephasing ratesGd50 ~curve A!, 1V0 ~curve B!, and 2V0 ~curve
C!. The curves are offset vertically for clarity.~b! Currents through
the detector for dephasing ratesGd51V0 ~curve A!, 2V0 ~curve
B!, and 3V0 ~curve C!.
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in the coupled QD system irradiated by a series of mic
wave pulses. Figure 3 shows the time evolutions of the
cupation probabilitiess11 and s22 of the electron in states
u1& and u2& with P•Ev510V0 while the dephasing rateGd
takes different values. Among the pulses,T1 andT2 arep/2
pulses, while others (T32T12) arep/4 pulses. It can be see
from Figs. 3~a! and 3~b! (Gd50) that the state of the couple
QD system evolves fromu1&(u2&) to u2&(u1&) due to the
irradiation of the microwave field by the pulseT1(T2). When
a p/4 pulse, such asT3, is applied to the coupled QD system
the stateu1& evolves into (u1&1u2&)/A2, while u2& is trans-
formed to (2u1&1u2&)/A2 as anotherp/4 pulse,T5, comes.
These transformations are just the NOT and Hadamard

FIG. 4. Evolution of the electron probability as a function
time with the dephasing rateGd52V0 for different magnitudes of
the microwave field:~a! and ~b! P•Ev55V0, ~c! and ~d! P•Ev

510V0; ~e! and ~f! P•Ev520V0. The solid ~dotted! line is
the probability of stateu2&(u1&). The lines are offset vertically
forclarity.

FIG. 3. Probabilities of the electron as a function of time wh
the magnitude of the microwave fieldP•Ev510V0 for different
dephasing rates~a! and~b! Gd52V0, ~c! and~d! Gd51V0, ~e! and
~f! Gd50V0. The lines are offset vertically for clarity. The uppe
part shows the microwave field pulse. The curve denoted by s
~dotted! line represents the probability of the stateu2&(u1&).
8-3
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BRIEF REPORTS PHYSICAL REVIEW B 65 153308
erations for the single qubit. Also, we can see that the sys
begins to evolve whenever it is irradiated by the microwa
pulses. Figures 3~e! and 3~f! display the evolutions of the
electron probabilities withGd52V0. It can be seen clearly
that the probability difference (us112s22u) is 0.456 when the
pulseT4 is over, and does not reach the maximum value 1
shown by Figs. 3~a! and 3~b!. When the dephasing rate is s
to 1V0 the probability difference reaches 0.735@see Figs.
3~c! and 3~d!#. As a result, we can draw the conclusion th
the probability difference decreases for the same timet dur-
ing anyp/4 pulse when the dephasing rate becomes larg

Finally, we also study the evolutions of the electron occ
pation probabilities for different magnitudeuEvu of the mi-
crowave field~see Fig. 4!. Here, the dephasing rate is take
to beGd52V0. As shown by the dotted lines in Figs. 4~a!,
4~c!, and 4~e!, they are nonsinusoidal oscillations with per
ods 1.255, 0.62, and 0.314 whenP•Ev are equal to 5V0 ,
10V0, and 20V0, respectively. These demonstrate that wh
the quantityP•Ev increases, the period of the electron tu
neling between the two dots is shortened, in agreement
the formula of the one-qubit logic gates18

U5F cosu 2 ie2 iwsinu

2 ieiwsinu cosu G , ~11!

whereu5(P•Ev•t)/2 andw is the initial phase of the mi-
p

n
tt
e,

d

.

h
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crowave field. This is just what the photon-assisted tunne
should be. It is easy to see that when suitable pulses
applied to the coupled QD system, all one-qubit operati
can be performed. This verifies that the coupled QD syst
studied here, may be used as the single qubit for quan
computing.

In conclusion, we use the modified rate equation to inv
tigate the quantum dynamics of the coupled QD system i
diated by a microwave field in the presence of dephas
induced by measurement. It is shown that the photon-ass
tunneling occurs when the microwave field is tuned in re
nance with the energy difference between the ground st
of the two dots. Our results demonstrate that this coupled
system may perform all the operation of single qubit. Als
we show that when the dephasing rate increases, the osc
ing current through the detector decays drastically. For
application of this coupled QD system in the quantum co
puting and information, keeping an appropriate dephas
rate is necessary so that the measurements should b
strong as possible to resolve the read-out data, and a
same time the required quantum-computing operations
be implemented.

This work was supported by the National Natural Scien
Foundation of China ~Grant No. 10174075 and No
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