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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 quantuli@@ytsystem 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 coupledchematically shown in Fig. 1. A ballistic one-dimensional
qguantum-do{QD) system has received much attention, bothpoint contact is placed near one of the d@dst 1) as the
experimentally—3 and theoretically~’ Recently, Blicket al®  detector. Its resistance is very sensitive to the electrostatic
measured the tunnel splitting of a double QD structure angbotential which may be influenced by the electron filled in
showed the formation of artificial molecular states. The specthe measured quantum dots. The detector is represented by a
trum of a two-coupled QD molecule in the presence of abarrier, sandwiched between an emitt€ and a collector
microwave field was experimentally studied by OosterkampD). The chemical potentials of the emitter and the collector
et al® They demonstrated that when the frequency of theare denoted ag.s and up, respectivelyVy= us— up rep-
microwave field is equal to the difference between the twaresents the applied voltage between the emitter and the col-
uncoupled QD levels, the photon-assisted resonances occlgctor. Sinceus™> up, the current flowing through the point
for the weak-coupling case and coherent oscillations of theontact is given by | =eTV,/2w, wheree is the electron
electron in the coupled QD system are observed as well. Fatharge and is the transmission coefficient of the point con-
the theoretical aspect, Tsukadnal® showed that an elec- tact. In fact, the penetrability of the point contact is affected
tron initially localized in one of the two asymmetric quantum by the electron tunneling inside the two dots in a very sen-
dots begins to oscillate back and forth between them whesitive way.
the two ground energy levels of the two isolated dots are The entire system that we consider consists of the coupled
tuned in resonance. The coupled QD molecule system in th@D system, the detecting device, and the microwave field.
presence of an electromagnetic field is investigated by WThe Hamiltonian of this system can be writtert%s
et al!! It is shown that this coupled system may be used as
the qubit for qua_ntum computing an_d information. However, H=Hpc+Hpp+H,+Hep, (1)
all of these studies did not take the influence of the measure-
ment into account.

It is well known that the measurement itself will certainly pd
induce dephasing. This effect was studied by Aleieteal 2 l
Levinson®® and Bukset al!* Starting from the Schidinger =
equation, Gurvitzt al!® derived modified rate equations and
studied quantum transport in the QD system. Also, Gul¥itz _D D
demonstrated the dephasing effects induced by measuring
the electron state in a coupled QD system via a quantum
point contact. Motivated by these studies, we derive, in the D S

present article, the more generalized rate equation for the
coupled QD system irradiated by a microwave field in the =5 11> Q
| e

presence of a quantum point contact, which is used as a 0

detecting device. We investigate the quantum dynamics of

the coupled QD system, and find that the photon-assisted £ 1. schematic illustration of the coupled quantum-dot sys-
tunneling in the coupled QD system occurs when the freem and the quantum point contact detecty. and E, are the
quency of the microwave field matches the energy differenc@nergy levels of the ground stately (dot 1) and|2) (dot 2), and
between the ground states of the two dots. It is also showi, denotes the coupling between them. The left part is the detector
that measurement enforces the coupled QD system tgnd its energy levels are shown on right uppéy.is the applied
dephase at the rate ef !4/ wherel'y is the dephasing voltage between the sour&and the drairD with chemical poten-
rate. tials ugandup , respectively(},, is the coupling between the drain
The proposed coupled QD system and the detector arenergy levelE, and the source enerdy, .
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wih A=D1 D, Vi o o)
Hpp=E1Cy C1+ExC; Co+Qo(cyci+C1Co),  (2) —iP-E(a3 - o), (73

3=~ Dol + Doty V=100 o)

Hpoe=2, Ejafa+2, E,a'a,+2, Q,(a a,+a’a .
PC EI: 1< < Z rr Ar %: Ir ( I “r r I) +IP'E(O'$)—0'(2T), (7b)
3 _
- oY =ieol)+i00(ol) ~ o) ~iP-E(ol) ~ o)
—(D1+Dy)a{P/2+(DD,) MY (70)
H=-> Q/cici(aa+a'a), (4 Wheree=E,—E; and the indexn denotes the number of
Ir electrons coming to the collector at timé Dy
=Ty)Val2m is the transition rate of an electron hoping
Hep=—P- E(t)(cfcz+c;cl). (5) from the emitter to the collector as the electron stays at state

|1) (|2)). From Egs.(7) we can obtain the current flowing

Here, Hpp and Hpc are the Hamiltonians describing the through the detector

isolated QD system and the quantum point contact, respec- dQy(t)

tively. E; andE, denote the ground-state energies of the two lq(t)= o= Dooq4(t) + Dyopy(t). (8)

dots and(), is the coupling between them, whilg andE, dt

denote the energy levels in the emitter and collector@pd  without considering the coupling between the coupled QD
is the coupling between them. Since the presence of an elegystem and the point contact, the current through the point
tron in dot 1 results in an effective increase of the pointcontact should B8 1(=D., and the variation of the point
contact barrier, one can model the interaction between thggniact current is

QD system and the point contact Bis, whereQ/, is the

variation of the couplingHg, is the interaction between the Al4(t)=(T,—T1)Vqo(t)/ 27, 9

coupled QD system and the microwave field, wheris the which measures directly the charge in the dot 2. In order to

Srlzorlr?ictrr:vr\]/zl\tlg?ierl?jor?; ?/?rt] afr; S(L)e?E“’;ﬁZ@?:{ig dﬁ:;;fs determine the influence of the point contact on the QD sys-
g requenay P " . .tem, we trace out the point contact states in E@$.and

For convenience we assume that the temperature of theb .
g X o E : obtain

reservoirs is zero and the entire system is initially in a pure

state. So the wavefunction describing the entire system can

be given by® 011(1)=i1Qo(015= 09) —iP-E(015— 057, (109

02(1)=1Qo(0p— 019) —iP-E(0py— 012,  (10b)
[W)=|by(t)e] + 2 byciaa . _ .
Ir o1 t)=ieo+iQo(011—02))

—iP-E — -T 2, 100
S buciatataan (011~ 029 —L'go1dd (109

1<1’r<r’ whereI'y=(/D,— D;)? is the dephasing rate. Equations
(10) involve the reduced density matrixes, which describe
+b2(t)c5’+2 b, C; &, a the dynamics of the coupled QD system. The measurement-
Ir

induced effects on the coupled QD system are included in the
last term of Eq. 1&). The nondiagonal density matrix ele-
+ X bygiCia‘aaa +---|[0). (6)  ment damps with the ratel""¢? and it becomes zero as
I<1’r<r’ >1/T"4, implying that the pure state of the system now be-
comes a statistical mixed one and the coupled QD system
Here, b(t) are the amplitudes of the probability finding the |oses its coherence. The diagonal density matrixgsand

system in the states defined by the corresponding creatiop, (=1- ;) denote the electron probabilities in dots 1 and
and annihilation operators. The vacuum st@lecorresponds 2.

to the situation where the states of the emitter and the col- |n order to elucidate the quantum dynamical behavior of
lector are filled up to their Fermi levels, respectively. Thethe coupled QD system and the dephasing effects induced by
quantum evolution of the whole system is described by thghe measurement, we solved E0) numerically. In our
time-dependent Schadinger equatiori|¥)=H|¥) and the calculations the frequency of the microwave field is kept
corresponding density matrix is given by=|W){(W¥| . Inthe  equal to the energy difference between the two ground en-
two-dimensional Fock space composed of the two stdtes ergy levels of the uncoupled QD system with initial phase
and|2), the elements of the density matrix can be expressed= 7/2. The coupling coefficienf), between two dots for

as electrons is taken as, for example,1. First, in order to
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FIG. 3. Probabilities of the electron as a function of time when
the magnitude of the microwave field- E, =100, for different
~ 2 dephasing rate®) and(b) I'y=2Q, (c) and(d) I'y=1Q,, (e) and
E C (f) T'4y=0Q4. The lines are offset vertically for clarity. The upper
2 part shows the microwave field pulse. The curve denoted by solid
f 1 1 B (dotted line represents the probability of the sta@(|1)).
<
A . . . . .
' in the coupled QD system irradiated by a series of micro-
. wave pulses. Figure 3 shows the time evolutions of the oc-
°0 5 10 cupation probabilitiesr;; and o, of the electron in states
t 1/1Q,) |1) and|2) with P-E,=10Q, while the dephasing ratE

takes different values. Among the puls&s,andT, are 77/2
FIG. 2. (a) Evolution of the electron probability in dot 2 for pulses, while othersTi;— T,,) are/4 pulses. It can be seen
dephasing ratek 4=0 (curve A), 1€, (curve B, and 2}, (curve  from Figs. 3a) and 3b) (I'y=0) that the state of the coupled
C). The curves are offse_t vertically for clarit§p) Currents through QD system evolves froni1)(|2)) to [2)(|1)) due to the
the detector for dephasing rat€g= 1€, (curve A), 2Q, (curve  jradiation of the microwave field by the pul3g(T,). When
B), and J, (curve Q. a /4 pulse, such a$s, is applied to the coupled QD system,
the statg1) evolves into (1)+]2))/\2, while |2) is trans-
visualize the dephasing effects induced by the detecting, Wgyrmed to 1)+ |2>)/\/§ as anotherr/4 pulse,Ts, comes.
plot the time evolution of the probability,, in Fig. 2@) for  These transformations are just the NOT and Hadamard op-
different dephasing rates. In the casdgf=0 the probabil-
ity exhibits sinusoidal oscillations in the curve A of Figap
ForI'4>0, the oscillations decay and become nonsinusoidal.
Moreover, when the dephasing rate increases, the oscillations
decay more quicklysee curves B and C in Fig(a]. Also,
it can be seen from the curve C in Figia@that the prob-
abilities o5, approach to 1/2 at sufficiently later time, reveal- «
ing that the coupled QD system lost its coherence. In Fig. ©
2(b) we show the current through the quantum point-contact .=
detector. Comparing curves (@) in Fig. 2(b) with curves B
(C) in Fig. 2(@), we can see that when the electron probabil-
ity approaches the maximurfi.e., the electron localizes FRYER VA I \
mainly in dot 2, the current also reaches the maximum in hA A A A AN ASASANS
phase. This observation implies that by means of measuring “\,." SV A ’ @
the current variation, one can truly extract the information of Y0 o5 10 13 20 25
the coupled QD system. Also, it is clear that the current t (1/|Q.|)
through the detector shows temporal oscillations, and with ¢
increasing the dephasing rate, the amplitude of the current g1, 4. Evolution of the electron probability as a function of
increases in the initial stage of the time. WhEp is large  time with the dephasing raté,= 20, for different magnitudes of
enough, the current decays quickly to a constant, implyinghe microwave fieldi(a and (b) P-E,=5Q,, (c) and (d) P-E,,
that the detector is no longer able to resolve any information=100,; (e) and (f) P-E,=20Q,. The solid (dotted line is
about the coupled QD system fais much longer than 1J;. the probability of state2)(]1)). The lines are offset vertically
We then investigate the quantum dynamics of the electrofforclarity.

2
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erations for the single qubit. Also, we can see that the systerorowave field. This is just what the photon-assisted tunneling
begins to evolve whenever it is irradiated by the microwaveshould be. It is easy to see that when suitable pulses are
pulses. Figures (8) and 3f) display the evolutions of the applied to the coupled QD system, all one-qubit operations
electron probabilities witl3=2(,. It can be seen clearly can be performed. This verifies that the coupled QD system,
that the probability difference 11— o)) is 0.456 when the  studied here, may be used as the single qubit for quantum
pulseT, is over, and does not reach the maximum value 1 asomputing.
shown by Figs. @) and 3b). When the dephasing rate is set  In conclusion, we use the modified rate equation to inves-
to 1Q, the probability difference reaches 0.78fee Figs. tigate the quantum dynamics of the coupled QD system irra-
3(c) and 3d)]. As a result, we can draw the conclusion thatdiated by a microwave field in the presence of dephasing
the probability difference decreases for the same tider-  induced by measurement. It is shown that the photon-assisted
ing any 7/4 pulse when the dephasing rate becomes large.tunneling occurs when the microwave field is tuned in reso-
Finally, we also study the evolutions of the electron occu-nance with the energy difference between the ground states
pation probabilities for different magnitud&,| of the mi-  of the two dots. Our results demonstrate that this coupled QD
crowave field(see Fig. 4. Here, the dephasing rate is taken system may perform all the operation of single qubit. Also,
to bel'y=2Q,. As shown by the dotted lines in Figs(a, ~ we show that when the dephasing rate increases, the oscillat-
4(c), and 4e), they are nonsinusoidal oscillations with peri- ing current through the detector decays drastically. For the
ods 1.255, 0.62, and 0.314 whénhE, are equal to 5, application of this coupled QD system in the quantum com-
10Q,, and 2@, respectively. These demonstrate that whenputing and information, keeping an appropriate dephasing
the quantityP- E_ increases, the period of the electron tun-rate is necessary so that the measurements should be as
neling between the two dots is shortened, in agreement withtrong as possible to resolve the read-out data, and at the
the formula of the one-qubit logic gatés same time the required quantum-computing operations can
be implemented.
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where 6=(P-E_-t)/2 and ¢ is the initial phase of the mi-

*Email: ztiang@red.semi.ac.cn, jiangzhaotan@hotmail.com
IER. Waugh, M.J. Berry, D.J. Mar, R.M. Westervelt, K.L. Camp-
man, and A.C. Gossard, Phys. Rev. L&8, 705 (1995.

2N.C. van der Vaart, S.F. Gadijn, Y.V. Nazarov, C.J.P.M. Harmans,

J.E. Mooij, L.W. Molenkamp, and C.T. Foxon, Phys. Rev. Lett.
74, 4702(1995; R.H. Blick, R.J. Haug, J. Weis, D. Pfannkuche,

R.V. Hijman, S. Tarucha, and L.P. Kouwenhoven, Natiiren-
don) 395 873(1998.

10N, Tsukada, M. Gotoda, T. Isu, M. Nunoshita, and T. Nishino,
Phys. Rev. B56, 9231(1997.

1N.J. Wu, M. Kamada, A. Natori, and H. Yasunaga, Jpn. J. Appl.
Phys.39, 4642(2000.

K.v. Klitzing, and K. Eberl, Phys. Rev. B3, 7899(1996.

3C.A. Stafford and N.S. Wingreen, Phys. Rev. Letg, 1916
(1996.

4T.H. Stoof and Y.V. Nazarov, Phys. Rev.33, 1050(1996.

5G. Klimeck, G. Chen, and S. Datta, Phys. Rev.5B, 2316
(1994); G. Chen, G. Klimeck, S. Datta, G. Chen, and W.A. God- 15
dard,ibid. 50, 8035(1994.

6F. Ramirez, E. Cota, and S.E. Ulloa, Phys. Rev5® 5717
(1999; C. Niu, L.-J. Liu, and T.-H. Lin,ibid. 51, 5130(1995.

7J.Q. You and H.Z. Zheng, Phys. Rev.6B, 13 314(1999.

8R.H. Blick, D. Pfannkuche, R.J. Haug, K.v. Klitzing, and K.
Eberl, Phys. Rev. Let80, 4032(1998.

ST.H. Oosterkamp, T. Fujisawa, W.G. vander Wiel, K. Ishibashi,

2| L. Aleiner, N.S. Wingreen, and Y. Meir, Phys. Rev. Lefo,
3740(1997).
13y, Levinson, Europhys. LetB9, 299 (1997.
14E. Buks, R. Schuster, M. Heiblum, D. Mahalu, and V. Umansky,
Nature(London 391, 871(1998.
S.A. Gurvitz and V.S. Prager, Phys. Rev.5B, 15 932(1996);
S.A. Gurvitz,ibid. 57, 6602(1998.
165 A, Gurvitz, Phys. Rev. B6, 15 215(1997.
R. Landauer, J. Phys.: Condens. MatteB8099(1989.
18This formula is derived for the coupled quantum-dot system in
the presence of a microwave field and the resonant condition is
taken.

153308-4



