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A quantum computer based on an asymmetric coupled-dot system has been proposed and shown to operate
as a controlledioT gate. The basic ideas are the following) The electron is localized in one of the
asymmetric coupled dot&2) The electron transfer takes place from one dot to the other when the energy levels
of the coupled dots are set to be clo&).The Coulomb interaction between the coupled dots mutually affects
the energy levels of the other coupled dots. The decoherence time of the quantum computation and the
measurement time are estimated. The proposed system can be realized by developing the technology of the
single-electron memory using Si nanocrystals, and a direct combination of the quantum circuit and the con-
ventional circuit is possible.

PACS numbsfs): 03.67.Lx, 03.65-w, 73.23—b

I. INTRODUCTION of the coupled-quantum-dot system. Conclusions are pre-

. o sented in Sec. IV.
Since Shor’s factorization program was proposed, many

studies have been carried out with a view to realizing the
guantum computefl—-7]. Although coherence is necessary II. CONTROLLED- noT GATE BY THE TWO
for a quantum calculation, it is considered to be difficult to COUPLED DOTS

maintain coherence in the entire calculation process through- Coupled-quantum-dot systems with a few electrons have

out the entire circuit. Thus it will be more efficient and more o oy oytensively investigated in regard to many-body effects
realistic to (_:ombme th_e q_ua_mtum computa_tlonal circuit andy; ;o as the Coulomb blockad&1—16. From experiments
the conventional LSI circuit in the same chip. Some proposyy van der Vaaret al.[13], it can be seen that the electron
als regarding the quantum computer based on semiconductgnsfer between dots occurs when the discrete energy level
physics have been made from this viewpdigi-5]. of one of the dots matches that of the other dot of the
Kane [5] proposed a Si-based quantum computer usingoupled dots. Pfannkuche and Ullp24] showed theoreti-
NMR of dopants(phosphorus This idea is very promising cally that, as a result of the correlations between a few elec-
because the qubits are isolated from the external envirortrons in quantum dots, the electrons behave as if they were
ment, which causes decoherence. However, controlling theoninteracting electrons. Crouet al.[15] and Waugket al.
implantation of phosphorus exactly into the definite positionq 16] showed that, if the tunneling barrier is low and the cou-
of the Si substrate will depend on future technology, and theling of the two dots is strong, the coupled dots behave as a
usage of the magnetic field seems to be undesirable in tHarge single dot in a Coulomb blockade phenomenon. This
conventional Si LSI circuit. Here we propose a coupled-means that, if the tunneling barrier between the dots is suf-
quantum-dot quantum computer, which can be operated onfffciently small, it is possible that only one electron exists in
by electrical effects and show that it can operate as &he coupled dots. _ _
controlledNOT gate. It is shown to be realized by developing  Thus, we can consider the electronic state of the two

the technology of a single-electron memory of Si nanocrys€oupled dots in the range of the free-electron approximation
tals[8,9]. [17,18 at the first step of investigation. When two dots of

different size are coupled and one excess electron is inserted,
the system can be treated as a two-state system where the
. ) energy levels of the total coupled-dot system show the local-
and e, shows atarget qubit The value ofe; remains un- . : : :

h 4. wh that ef is ch d onlv ife.=1. Thi ized state of the wave function reflecting the different energy
changed, whereas that e} is changed only ife;=1. This levels of the independent isolated dft¥]. When gate bias

operation is important because it acts as a measurement galgyiaqe is applied and the potential slope is changed, there
and produces the entanglem@8f which plays an important appears a gate bias voltaye,. at which the two energy

role in quantum cryptography gat¢s0]. In this paper we |eyels of the original single dots coincide, and the electron
show the quantum gates of the semiconductor coupled quaansfers to another datesonant tunneling Coupling re-
tum dots, emphasizing their controllebT operation. moves the degeneracy of energy levels in the single-dot
The structure of the paper is as follows. In Sec. Il thequantum states, and produces new states of delocalization
basic idea of this paper is presented, and the static and dguch that the even- and odd-parity wave functions spread
namic properties of the coupled quantum dots operating as @ver the two coupled dots. Thus if we regard the perfect
quantum gate are discussed. In Sec. lll we estimate the déscalization of the charge in one of the coupled dots as the
coherence time in the quantum operation and the measuré-|1)"’ state and that in the other dot as th¢0)” state, we
ment time in the detection process of the proposed coupledsan constitute gubit by the coupled quantum do(Eig. 1).
guantum-dot system. We also discuss the fabrication process The point is, by adjusting the gate bias, we can control the

The controlledNoT operation is given by[3] |e;)|e,)
—|€1)| €1® €,)(modulo2) wheree; shows acontrol qubit
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FIG. 1. Coupled quantum dot as a qubit: a large quantum dot Drain Sisubstrate  Source

and a small quantum dot are coupled such that the larger dot is set
close to the channel from which one excess electron is inserted into FIG. 3. An example of thé\ coupled-dot system of quantum

the coupled dots. The smaller dot is set near the gate electrode VEBmputing. Dots are coupled in the longitudinal direction. The elec-

a thick tunnel barrier which controls the energy levels of they ., yransfer in the lateral direction is assumed to be neglected. The
coupled dots. A localized electron in the larger dot expresseéid}he T channel structure enables the detection of a small signal of the

state and that in the smaller dot expresses @hestate. charge distribution in coupled quantum dots.

electronic state from the localized regiorid) and|0)) to  excess charge is supplied from the inversion layer in the
the intermediate delocalized region only where the electroisubstrate. By setting larger dots near the channel, the struc-
transfers from one dot to the other in the coupled dots in dure shown in Fig. 2 can be realized. The arrangement of the
short time(~1 ps [17,18. As the tunneling barrier structure gate electrodes which control the individual qubits depends
is asymmetric, the leak current through the coupled-dot sysen the individual algorithm. The simplest form is the case
tem is extremely sma(l19] and actually neglected. where there are two gate electrodes and two sets of coupled
When the above coupled daigubit9 are arrayed side by dots (Fig. 2), which works as the controlledoT gate ex-
side, the charge distribution of the electron in a qubitplained in this paper. Themeasurementgrocess is operated
changes the potential profiles and the energy levels of thby the upper gate electrode which controls the overall chan-
neighboring qubits by its electric field. We assume that thenel carrier density. The upper gate also protects the elec-
electron transfer between different qubits can be neglectedronic states in the dots from disturbance by shielding the
Then the electronic state in a qubit is affected by whether thexternal electromagnetic field. The qubits interact mutually
electrons in other qubits stay in the), on|0) state, orinan and the distribution of the charges affects the current flow
arbitrary superposition state tf) and|0). By changing the (channel conductang®etween the source and drain and the
charge distribution of the array of qubits, we can operate théhreshold gate voltage. A1) state shifts the threshold volt-
total charge distribution of the electrons and the quantunage most, and 400) state shifts it least. Because of the
circuit. Figure 2 shows the case of the two-qubit controlled-sloping channel depth from the source to the drain,| 1102
NOT gate, where one set of the coupled dots operates asand |01) states can be distinguished. Thus the quantum-
control qubitand the other as sarget qubit Below, it is  mechanical calculation proceeds as followl: To initialize
shown numerically that this array of the coupled quantunthe charge distributiofinitial quantum states a large volt-
dot operates as the controlledT gate. age is applied on the upper gate over the coupled dots, and
One of the candidates for the coupled dots of the quanturnnifies the charge distribution in the coupled dd®. The
computer is considered to be the Si nanocrystals embeddédput and output signals are added through the gates over
in the gate insulato(Fig. 3). This is based on Si LSI tech- each qubit(3) The final distribution of chargedinal quan-
nology similar to that of Tiwari and co-workers single- tum statesis detected by the current between the source and
electron memory8] (see also Ref9]), which is extensively drain and the threshold voltage shifts of the upper gates over
investigated because it operates at room temperature. Tliee coupled dot system.
When there are many qubits, the controlidr operation
target qubit  Gate 1 of pairs of qubits is affected by the quantum states of the
% surrounding qubits. That is, the applied gate voltage of op-
i // eration changes depending on the quantum states of other
qubits. This is the same situation as the qubits of Baretco
______ 2 al. [3]. Although the decoupling schemes used in NMR ex-
/A periments can be applied to avoid the coupling between qu-
bits, it is considered to be desirable that the general quantum
calculations are designed by considering the arrangement of
FIG. 2. Quantum gate&ontrollednoT gate are constituted by ~ qubits [20]. This structure of the proposed system has the
setting the coupled dots of Fig. 1 close to each other with a commomnerit that the charge distribution in the coupled-dot system,
channel. Solid lines show the path of electron tunneling. Dottedvhich is considered to be a very small signal, is expected to
lines show the electric fields generated between quantum dots, dre detected by the channel conductance with high sensitivity
between quantum dots and gates. like that of the single-electron memof§]. Similar to Tiwari

Channel control qubit Gate 2
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et al’s single-electron memory, the charging effect appears 1 dy, 1 9,
between the coupled dots and the channel region, and the () =dia(X), o= o (©)
probability that two electrons come into the qubits is very ! i+l

small as long as the capacitance of the junction is sufficiently, nich determines the coefficie; andB; :

small.

In principle, qubits due to semico_nductor quantum dots A (1+r,)eki*  (1—r,)e ki A
with discrete energy levels do not directly require that the L ikox ik |1 (4)
quantum dots be asymmetric. Two coupled quantum dots B, |(1-roent (I+rpe ™ ig |

with discrete energy levels can organize the two-state sys-

tem. However, v_vhen the pouple_d dots are embedded in thﬁ/hereriz(ki Im*)/(Ki+1/m¥, ). Here we assume that the
fleld-effect-tran3|stofFET)-msuIatlng_ layer t_hat We Propose, glectron is inserted from the channel layés=Q pard, and
the asymmetry of the coupled dots is required for the follow-neqject the reflection amplitude of the wave function of the

ing two reasons. First, in order to prevent the electron in thegate electrode By,_=0), similar to Ref.[21]. Then the
coupled dots from returning to channel region in the sub- . moo
strate during the quantum operation, a finite voltage is relfansmission coefficient is given by
quired. The second reason is related to the measurement pro- Iy,
cess. For the current to flow, a finite gate voltage that is - (E)EﬁlA 12 ®)
larger than the threshold voltage is required. Because, as dis- Nim [ko| '~ Nm! -
cussed below, a large gate voltage breaks the coherent state
of the coupled dots, much voltage cannot be applied on th®iscrete energy levels of the coupled dots are those when
gate electrode. Thus it is desirable that the two discrete erthis transmission coefficient has a maximum. We can esti-
ergy levels of the quantum dots coincide under the appliednate the effects of the Coulomb interaction of the control
gate voltage, and the quantum calculation and the measurgubit on the target qubit shown in Fig. 2. The Coulomb
ment be carried out near the threshold gate voltage. Thegsteraction on dot, from dota,, and that from the dab,,
are the reasons why the asymmetry of the coupled quantu@re given byUalazzeZ/eralazpaz and Ua1b2=e2/ €T a,b,Pb,»
dots is required. respectively, where; is the density of the wave function of
Below, we show the static properties of the wave functiongoti, andr;; shows the distance between the center of the dot
of the localized electron by using tlig&ematrix theory and the j andj. We setp;=0 or 1 depending on the existence of the
controlledNOT operation of the coupled dots. The periodical |pcalized electron of the neighboring qubits. The Coulomb
motion of the localized electron is shown by solving a time-jnteraction on the dab; is treated similarly. These Coulomb
dependent Schainger equation. The exact theoretical treat-interactions are added to the potential bottom of the target
ment of the coupled-dot system would be to solve the exaciupit. For simplicity, we neglect the self-consistent effects.
three-dimensional Schainger equation. However, since this ~ The |ocalized electron in one of the coupled dots moves
direct method is difficult to apply in practice, we use thejnto the other dot only if the two discrete energy levels are
following approximations. The s_;;atic behavior is studied byset to be closéon resonande The slight change of the rela-
solving the one-dimensional Schiiager equation, and the tive energy level by the electric field generated by the other
dynamiC behaVior, which is more difficult to treat, is studied set of Coup|ed dots makes impossib|e the transfer of the lo-
by regarding the quantum dots as zero-dimensional objectsalized electron from one dot to the other. The basic concept
of this scheme is similar to that of Barena al. [3].
A. Static properties of the qubit of the coupled quantum dots Whereas Barencet al. used the ground and excited states in
: single dot with optical resonant effects, we use only the
ground state of the coupled dots with electrical resonant ef-
fects (ground-state operation The smaller the size of the
dot, the more stable the operation.
Figures 4 and 5 show the calculated results of the

The static properties of the wave function in the couple
dots can be shown by applying tl&ematrix theory[21] to
the one-dimensional case. The one-dimensional ‘Slahger
equation is given by

72 2 controlledNOT operation in Si/SiQ(e=4) material. The
—5— — TVi(2) | #i(2)=E¥i(2), (1)  barrier height of SiQ is assumed to be 3.1 eV, and the
2Mi 5z effective masses of Si and Si@re assumed to be 0rg,

_ _ wherem, is the mass of a free electron. As the tunneling
wherei(=1, ... Ny) show the number of the mesh in the barrier is sufficiently high, the coupled-dot system can
calculation. It is well known that a relatively small number be made smaller in the Si/SjOsystem than in the
of N, is sufficient for the calculatiothereN,,~1000). The GaAs/ALGa,_,As system[22]. The diameter of the larger
electric fields by other coupled dots are considered to bguantum dot is 6 nm, and that of the smaller is 4 nm, where
included in the potentialV;(z). We use the plane-wave ap- the thickness of the tunneling barrier is 1.5 nm. The distance

proximation for the wave functions: between centers of the dots of the same size is assumed to be
_ _ 20 nm (4x 10'? dots/cn?). These values are taken from the
fi(x) = AN+ BeTkix, (2)  experiments by Tiwargt al. [8]. The thinner the tunneling
barrier between the dots in a qubit becontesl nm), the
The boundary conditions are given by weaker the rate of the localization effect is.
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FIG. 4. Relation between the energy levels of electrons of a 0.012 . . . i 6.0
target qubit and the gate bias for the cases in which the control (b)  control qubit:|0>
qubit is in the {1)” state “|0)” states. The structure is ) LH b 1Vres
channdlSi0,(2.5 nm)|Si nanocrystals(6 nm: dot a)|SiO,(1.5 £ co = o )
nm)|Si nanocrystalg4 nm: dotb)|SiOy(7 nm)|gate. A®) and B £ Target qubit é
show the localized regions in the gate bias for a largefdista, in N§ 0.006 | {1 n — 30>
Fig. 2) and a smaller dotdot b, in Fig. 2), respectively, when the 5 i | E 2
control qubit is in the1) state.A(” andB(® show similar regions = | | i =
when the control qubit is in thi) state. Hatched areas show the i i { |
regions of delocalization where the wave functions spread over the | j
two dots. This area shifts depending on whether the control qubit is 0 J L 0.0
in the|1) state or|0) state. At the boundaries of these areas, wave o 5 10 15 2 25
functions are g)eloca:ioz)ed less than 98% in one of the dots, and, at z(nm)
Lhcilr: ;i?fré/res Or Vies . wave functions are equally distributed in FIG. 5. Spatial dependence |af|? of the target qubit when the

gate bias i8/{2): (a) the control qubit is in th¢1) state(the charge

. L . . of the control qubit is localized in a larger dot near the channel, and
Electron in a target qubit 'Sl localized in a larger dot atyhe potential of the dot near the channel in target qubit is raised

lower gate bias regiofregionA' in the case where control and(b) the control qubit is in thé0) state(the charge of the control

qubit is in the|1) state in Fig. 4 As the gate voltage is qubit is localized in a smaller dot, and the potential of the smaller

applied, the energy level of the localization in the larger dotgot in target qubit is raisedWave functions are normalized in the

exceeds that of the smaller dot. xxb:vgg (the center of lateral regions of the figures. The amplitude of the normalized wave

the left hatched region in Fig.)4the wave function of the function refers to the left scale, and the potential profile of the qubit

lowest-energy stat@even parity and that of the excited state refers to the right scale. This shows the controlied-operation, in

(odd parity spread over the two dots with equal weight, which the state of the target qubit is changed in a few picoseconds

when the control qubit is in thél) state. The degenerate (dynamical propertigsonly if the control qubit is in thd1) state.

energy levels of the single dots are split by the coupling of

the dots and show the small energy differedde (~6.28 and,E, andE,, respectively, which are assumed to be far

x10°° eV, which is not distinguishable in the figuordhis  apart from each other. Then the coupled wave function is

resonant gate bias shifts toward the higher-bias region in theonstituted by these wave functions as

case where the control bit is in th@) state. This is because

the electron in the control qubit is localized in a smaller dot Pt =a(t) ga(x) +b(1) ¢n(x). ©®)

and the band bottom of the smaller dot in the target qubit is o L o

raised[Fig. 5(b)]. Thus, when we apply the voltagdl), in The Hamiltonian of the Schdinger equation,izdy/dt

a half-ime of an oscillaton with tme period/S = H¥. is given by
~hl2AE (~5.2 ps), the electron moves between alternate
dots only if the control qubit is in thél) state, and we can h? 92
show the controlledoT operation in the coupled-quantum- H=- m ﬁ +Va(x)+Vp(X) = Vo, @
dot system.
where Vy(=3.1 eV) is a barrier height between quantum
B. Dynamic properties of the qubit of the coupled dotsa andb. This equation is easily solved, and the eigenen-

quantum dots ergies are given as

Note that the wave function shown in Fig. 4 is a static
one, and dynamical properties can be easily discussed by W+ =(wat wp)/2* wg, 8
solving the time-dependent Schiinger equatio18] as fol-
lows. The localized wave functions in quantum datndb,  where w,=E./%, wp=Ey/f, c,=(1|V,—V,|2)/h, cy
and the eigenenergies, are expressed/gx) and i,(x) =(2|Vy—Vo|1)/t and wo=\[(wa— wp)/2]?+Cc,C,. When
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the applied bias sets the energy levels of doendb to be  source and drain is kept at zero, and there is no flow of the
the same, and makes the two dots symmetiig= w, and  detecting channel current. The decoherence in this case is
Ca=Cp), mainly considered to originate from the phonon environ-
ments. SiQ is a polar material, and the optical-phonon mode

a(t) codwot)  —isinwet)|fa(0)) . (~0.153 eV) will be the major dissipation mechanism of
b(t) - sifwgt)  cogwgt) |\ b(0) e = the high-temperature, high-energy region. Here we consider
(9) the low-temperature region, where only acoustic phonons

play a major role in the decoherence mechanism. The effects
When the time-dependent phase is removed by the interaof this dissipative environment on the two-state system is
tion picture, this solution shows that it includes theT op-  treated by the infinite bath of harmonic oscillators of acoustic
eration in quantum computing, one of the basic single qubiphonons (spin-boson Hamiltonian where the interaction
operations. In particular, when the charge is localized in ongerm between the two-state system and the acoustic phonons
of the coupled dots in the initial staf@(0)=1, b(0)=0], is derived from that of amorphous Si(24,25. The spectral

we have function J(w) is given in the Debye approximation as
a(t)=e '“alcoswet, b(t)=—ie "“asinwgt. (10) 1 2 y21?
277_ﬁJ(w)Z 5 5w3 3@ (12
This shows that the localized electron moves completely be- 2w hpc 2mhpcd

tween dotsa and b with a period 7/(2wg). Thus we can
show that the charge transfer is realized when we apply #N€re¢ y~10 eV, ¢=4300 m/s, p~2200 kg/ni, d
voltage at which the energy levels of the initially isolated dot~0-5_nm, andv~10 " are the deformation potential, sound
coincide, which also corresponds to the case where the eN€locity, density, lattice constant, and dimensionless param-
ergy level of the ground state and that of the excited state dfter, respectively. Here we use the value of the deformation
the coupled dots approach one another most clabettched potential of the electrons.m the bulk Si, because in the_ model
area in Fig. 4, in the time periodr/(2w,). Moreover, in the of Refs.[24,25, the particle in the two-state system is as-
case of a different initial condition of the charge distribution, SUmed to be an atom. The first term of E#2) is the super-
(|0)+]1)) /V2 is realized as a static state. Ohmic part and the second is the Ohmic part. From Ref.
Time spent for the transfer of the charge in a coupleo[25]’ the temperature where the Ohmic part appears is esti-

uantum dot is given aghy= m/(2w,), with mated to be less than 1 mK. .
d g 5= (200) First we estimate the decoherence time of the super-

E Ohmic term. Here we treat the case of no bias and denote the
17K e Kla, (1)  bare tunneling frequency as=c,=c,. According to Leg-
w gett et al. [23], the two-state system without bias voltage
shows an underdampedoherent oscillation, where the
damping ratd’s, at T=0 is given as

_4(Vo—E
@057V,

wherel,, is an average width of the quantum det5 nm), 14
(=1.5 nm is the width of the tunneling barrier between the

two dots,K=\2m(V,—E)/%?, andE is the energy of the 2X3
o . ~ . X _ ¥
incident electron. We obtamed; 12 psin the case of Fig. Too=Jof A)/dm= (13)

4, which is longer than the time obtained abov%)(. This is 47rﬁp05'

because this time-dependent approach numerically identifies

the exact results when the two dots are far afiff. Inany  whereA is the renormalized form of the bare tunneling fre-
event, this numerical mismatch never changes the physicajuencyA, defined as

aspects of the coupled-dot system.
Although the speed of the operation becomes faster as the 1 [» ] yzwg
- f do =Aexp ———|.
2mh Jo ) 2mhpc®

tunneling barrier between the coupled dots in a qubit be- A=A ex ((:)
comes thinner, the wave function of the qubit of thin tunnel-

ing barrier does not localize sufficiently. In the case of our (14
calculation of SiQ, the criterion of the minimum thickness Wh take the ab tersae8io, f Ref
of the tunneling barrier is considered to be around 1 nm en we take e a O_V€ parametersae$io, from Ref.
where the switching speed is estimated to be subpicosecon@d']’ and the cutoffwc=kg@p /% with 8p~450 K, (t)l;e
Below, the switching speed is also discussed in relation t(yalue of the factor in the exponential is less thaC’,

the measurement time. which extremely reduces the value &f (AA~10"° eV in
the above case The decoherence time derived from the
lIl. DISCUSSION super-Ohmic dissipation;s,= 1T, increases as th& de-
o ' creases. The direct calculation of the decoherence time be-
A. Estimation of decoherence time comes more than seconds. This will be because the true mi-

Here we rough|y estimate the decoherence time in a quarﬁfOSCOpiC values will be different from those used above,
tum computation of the proposed coupled dots embedded iwhich will be partly the same situation as RE26]. When
the SiQ material based on the results by Leggstal.[23].  we use the bare tunneling frequendyinstead ofA in Eq.
During the quantum computation, the voltage between th€13) in order to estimate the shortest decoherence time at the
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presentrs,~4.8x10™ 7 s, during which thousands of quan- the two dots in a qubit, and found to be of the order of a few
tum calculations can be realized in the proposed systeniens of meV. This magnitude of the shift of the threshold
where the one-step calculation is executed in a few picosedoltage is found to be of a somewhat smaller order than that
onds. Becausd <w., this underdamped behavior persistsreported by Gucet al. [9]. The corresponding |y is given
up to a finite temperaturesee Leggetet al.[23]). However, by Al4=—g,AVy,. This measurement process is considered
in order to show the numerical behavior at a finite temperato be similar to that of a quantum point contd@PQ. The
ture, we need the microscopic material values which appedaneasurement process of the coupled dots by QPC has been
in Eq. (14). Thus we cannot show the maximum temperaturéntensively investigatei31,32. Here we use the results of
of operation limited by the above super-Ohmic term here. Gurvitz [31]. The measurement time;s at the channel cur-

At a low temperature region less than 1 mK, Ohmic dis-rent ofl4, can be described as
sipation should be considered. The dimensionless Ohmic dis-

sipation  coefficient a=y?v?/(27?hpc3d?)~2x 10"’ i:( [latAlg \ﬁ ? (15
shows that in our case tl@herentoscillations survive and Tms e e’

the contribution of the incoherent part vanishes in this small-

a regime(Ref. [23)). The behavior of the detector can be classified depending on

These “long” decoherence times originate from the highwhether 1#,<A or 1/r,&A, whereA is the tunneling
potential barrier (Si¢) between the two coupled quantum frequency of the electron in a qubit. The first caser,d/
dots. By contrast, the short transition time via acoustic<A, is called a “weak damping,” which implies that the
phonons in the two-state model of glasses is estimated to balectron oscillation in the qubit is faster than the detection,
of the order of 10*? s, which is derived from a low barrier and we will not be able to decide the position of the electron
height (~0.2 eV) and a short distance of the two statesin a qubit. The second case,7}&>A, is called a “strong
(~0.1 nm)[27]. These long decoherence times will be re-damping,” which implies that many electrons can flow
lated to the “phonon bottleneck” of Ref28], and effects of  through the channel region during an electron oscillation in a
phonons are different from those in the b{i#9]. qubit. In the latter case, we can induce a “Zeno time;

The promising results of the above estimation of the long~ (1/7,9/(8A?), and observe the position of the electron in
decoherence time might be due to the simple two-state modéhe time interval between,,; and 7, by the continuous mea-
of the ideal quantum dots apart from the question of the trusurements by the Zeno effect.
microscopic values. When we consider transitions to the ex- When we apply these arguments to the experiments
cited energy levels in each quantum dabout 0.018 eV of Guo etal. [9] at AVy=30 meV, we haveg,
(~210 K) above the ground state in the 10-nm Si quantum~1.8x10 °Q~! and 7,~1.7X10 ¢ (>1/A), if AA
dof], which will occur at higher temperature regions =10 ° eV. This shows that the measurement parameters in
(>210 K), it is possible that the desirable quantum operathe results of Ref[9] are not those of a good detection for
tion will be limited. Also, as the temperature rises, the effectsiA=10"° eV. g, can be simply increased by increasing
of optical phonons cannot be neglected, and the decoherentiee bias between the source and dr@h These quantum-
time will be reduced by the energy exchange between thdot memories are considered to be prototypes, and, in the
electron and the optical-phonon modes. In particular, wheffuture, great improvement can be expected, for example, by
the quantum gate is operated in the ac gate voltage mode oféducing the resistive parasitics between the source and
high frequency in a general quantum operation, the dipole oflrain. However, when we would be unable to find a solution
the charge distribution in the coupled quantum dots will becapable of improving the speed of transconductance by three
more strongly affected by the electronic environment, andrders, it would be necessary to reduce the speed of the gate
the decoherence time will be reduced. Although there areperation, which can be controlled by the thickness of the
many problems that need to be investigated in more detaitunneling barrier between the coupled dots, so as to realize
the above results show that quantum computing in the sembetter detection. In any event, the optimal speed of the gate
conductor coupled quantum dots seems to be realizable frowperation will be able to be increased as the developing fab-
the viewpoint of one of the elementary steps of the investitication technology improves the measurement speed.
gation[30]. Finally, we consider whether the single-electron transis-
tors (SET) structure proposed by Shnirman and co-workers
[33] is more suitable for the measurement than the MOSFET
structure. If we adopt the SET structure instead of the MOS-

Next, the measurement process of the metal-oxide semFET structure, the Josephson coupling endtgpf Ref.[33]
conductor field-effect-transistdMOSFET) structure is dis- corresponds to our tunneling matrix elemént, and their
cussed in more detail. We treat the linear region of the chancharging energy term corresponds to our bias teéEm
nel current, Iy, as l4=9,(Ve—Vy), Where g, is a —E,. This is possible because the Hamiltonian of Shnirman
transconductance of the FET, a¥g, is a threshold voltage. and co-worker$33] is described by a two-state system, and
The change of the charge distribution in the coupled dotsheir model is considered to be universal in the measurement
induces a shift of the threshold gate voltaly¥y,, which is  process in quantum computing. In this case we have to re-
measured through the variation of the detecting channel cuduce E, to less than that of Shnirman and co-workers in
rent Al4 by the field effectAVy, of a single qubit is given order to suppress the bias term in the coupled dots, and pre-
approximately byed,,/e whered,, is the distance between vent the breakdown of coherence of the two-state system.

B. Measurement process
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Thus the MOSFET structure seems to be available for the IV. CONCLUSIONS
read-out device of the semiconductor qubit system, although
a strict comparison will be needed. Moreover, problems may
be ameliorated as the process technology of convention
LSI advances.

We have proposed a quantum computer based on a
upled-dot system, which can be realized by developing the
technology of the single-electron memory with Si nanocrys-
tals. The basic ideas are as follows) The electron is local-
ized in one of the asymmetric coupled dotg) Electron
transfer takes place from one dot to the other when the en-
Coupled dots(qubity can be fabricated by applying the ergy levels of the coupled dots are set clo&@.The Cou-
self-limiting oxidation process of a Si nanostruct{®d]. For  |omp interaction between the coupled dots mutually affects
example, the oxidation process after forming Si nanocrystalghe energy levels of the other coupled dots. The estimated
on a thin amorphous Si layer via a Siin film changes the  gecoherence time is found to permit a sufficient number of
amorphous Si layer and leaves Si dots only under the top Sjuantum calculations to be executed. The proposed system,
nanocrystals, which also remain. Thus forming the coupledwhere the direct combination of the quantum circuit and the

dot system is more feasible than controlling donor atoms isonventional circuit is possible, is shown to be a promising
substrates. The small fluctuation of the dot sizes is not sericandidate for the quantum computer.

ous because the on-off gate voltage can be adjusted to be
initialized depending on each energy level of each qubit.

C. Fabrication of the coupled quantum dots

Another concern is that interface traps may be another local- ACKNOWLEDGMENTS
ized state and break the coherence of the quantum calcula-
tion. However, the density of the trap state {0 cm ?) is The author is grateful to K. Sato, N. Gemma, S. Fujita, K.
smaller than the assembly of the nanocrystaldchimura, K. Yamamoto, J. Koga, and R. Ohba for fruitful
(~10"? cm ?). discussions.
[1] A. Ekert and R. Jozsa, Rev. Mod. Phg8 733(1996. [16] F. R. Waugh, M. J. Berry, D. J. Mar, R. M. Westervelt, K. L.
[2] N. A. Gershenfeld and I. L. Chaung, ScierZgs, 350(1997). Campman, and A. C. Gossard, Phys. Rev. L#5.705(1995.
[3] A. Barenco, D. Deutsch, A. Ekert, and R. Jozsa, Phys. Rev[17] A. Yariv, C. Lindsey, and U. Sivan, J. Appl. Phys8, 366
Lett. 74, 4083(1995. (1985.
[4] D. Loss and D. P. Divincenzo, Phys. Rev.5% 120(1999;  [18] N. Tsukada, A. D. Wieck, and K. Ploog, Appl. Phys. Léi,
G. Burkard, D. Loss, and D. P. Divincenzo, Phys. Re\6® 2527(1990.
2070(1999. [19] B. Ricco and M. Y. Azbel, Phys. Rev. B9, 1970(1984.
[5] B. E. Kane, NaturdLondon) 393 133(1998. [20] S. Lloyd, Science61, 1569(1993.
[6] A. Shnirman, G. Schg and Z. Hermon, Phys. Rev. Leto, ~ [21l R. Tsu and L. Esaki, Appl. Phys. Le22, 562 (1973.
2371(1997. [22] R. Tsu, NaturgLondon 364, 19 (1993.

. . [23] A. J. Leggett, S. Chakravarty, A. T. Dorsey, M. P. A. Fisher,
[7] Y. Nakamura, Y. A. Pashkin, and J. S. Tsai, Nat(rendon A Garg, and W. Zwerger, Rev. Mod. Phys9, 1 (1987,

398 786(1999. - >
o ) ) [24] A. J. Garda and J. Fernadez, Phys. Rev. B5, 5546(1997).
[8] S. Tiwari, F. Rana, H. Hanafi, A. Hartstein, E. F. Crabbe, and[zs] A. Wilrger, Europhys. Lett28, 597 (1994).

K. Chan, Appl. Phys. Lett68, 1377(1998; J. J. Welser, S.  [56) 1y B Shore and L. M. Sander, Phys. ReviB 1546(1975.
Tiwari, S. Rishton, K. Y. Lee, and Y. Lee, IEEE Trans. Elec- [27] P. W. Anderson, B. I. Halperin, and C. M. Varma, Philos.

tron Devices Lettl18, 278 (1997) Mag. 25,1 (1972

[9] L. Guo, E. Leobandung, and S. Y. Chou, Scie®¥ 649  [2g] p. Zanardi and F. Rossi, Phys. Rev. L&, 4752 (1998.
(1997. ) [29] R. Tsu, Physica B89 235(1993.

[10] C. H. Bennett, G. Brassard, C. @eau, R. Jozsa, A. Peres, [30] The detailed discussions of the decoherence of this system,
and W. K. Wootters, Phys. Rev. Left0, 1895(1993. e.g., based on the result of L. Viola and S. Lloyd, Phys. Rev. A

[11] C. A. Stafford and S. Das Sarma, Phys. Rev. Lég. 3590 58, 2733(1998, are beyond the scope of this paper and will
(19949. appear elsewhere.

[12] J. Weiss, R. J. Haug, K. v. Klitzing, and K. Ploog, Phys. Rev.[31] S. A. Gurvitz, Phys. Rev. A6, 15215(1997; e-print quant-
Lett. 71, 4019(1993. phys/9806050; e-print quant-phys/9808058.

[13] N.C. van der Vaart, S. F. Godijn, Y. V. Nazarov, C. J. P. M. [32] G. Hackenbroich, B. Rosenow, and H. A. Weidetlien Phys.
Harmans, J. E. Mooij, L. W. Molenkamp, and C. T. Foxon, Rev. Lett.81, 5896(1998.

Phys. Rev. Lett74, 4702(1995. [33] A. Shnirman and G. Scmp Phys. Rev. 57, 15400(1998; G.
[14] D. Pfannkuche and S. E. Ulloa, Phys. Rev. Lé®, 1194 Scha, A. Shnirman, and Y. Makhlin, e-print
(1995. cond-mat/9811029.
[15] C. H. Crouch, C. Livermore, R. M. Westervelt, K. L. Camp- [34] H. I. Liu, D. K. Biegelsen, F. A. Ponce, N. M. Johnson, and R.
man, and A. C. Gossard, Appl. Phys. Leti, 817 (1997). F. W. Pease, Appl. Phys. Leti4, 1383(1994.

022305-7



