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Single qubit from two coupled quantum dots: An approach to semiconductor
guantum computations
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A scheme to possibly implement the quantum computer is proposed based on the idea to build up the single
qubit from two coupled quantum dots. The spatial separation of the two logic states of the qubit can greatly
reduce the decoherence time, which allows one to perform the coherent quantum logic operations at a fairly
high ratio. Together with the realization of the universal quantum logic gates, and the proper scheme of
guantum measurement, the present proposal can satisfy all the essential criteria for quantum computing.
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Quantum computerQCs have generated broad interest  Specifically, consider a coupled-quantum-disk geometry
in the past year§1—-3|. The existing QC proposals include shown in Fig. 1a), and assume a parabolic potential for the
utilizing electrodynamic cavitief4], ion traps[5], nuclear lateral confinementfor more detailed descriptions, see the
and electron sping6-8|, and superconductor Josephsoncaption of Fig. 1. Our quantitative estimate will rely on a
junctions[9-11]. To the end of large-scale integration, the model systen{GaAs based structurevith effective electron
solid-state implementations, especially those based on semiassm* =0.067n, (m, is the bare electron massand the
conductor nanostructures by regarding the rapid progress imaterial relative dielectric constaate,=12.9 wheree (&)
this field, would be extremely desirable. In this paper, weis the materialvacuum dielectric constant. We assume the
propose a scheme to reduce the decoherence of the chargiective well depthV,=600 meV, and the quantum disk
degrees of freedom in quantum d¢@Ds), and implement sizes are designed so as to obtain a large logic level spacing;
the universal quantum gates for a QC. We suggest building
up a single qubit from two coupled QDs, and operating the
qubit rotations by the quantum cascade lag&g3. It will be
demonstrated that the spatial separation of the logic states
can largely reduce the decoherence, and the decoherence
time can exceed the gate switching time by a ratio, for ex-
ample, higher than 5000, which sensitively depends on the
coupling strength between the two logic states.

Qubits (highly coherent two-level systemsand the uni-
versal quantum gates based on thé¢me., the two-qubit b
controlledNOT gate in combination with the single qubit ro-
tationsg, set up the physical foundation for a QC. Based on 1) 1)
semiconductor QDs, in Fig. 1 we show the central idea of

a

our proposal for constructing the qubits. Instead of making a Vo
qubit from a single quantum dot, we build upsingle qubit l0) l0)

from two coupled quantum dotsith different sizes, which L | ||
contains one electron in it. Each qubit is isolated from the d Wi Wo W2
other by a wide barrier and by the Coulomb blockade effect. €= ————
Under this construction, it is expected that the spatial sepa- control qubit target qubit

ration between the qubit logic stat@® and|1) is able to

remarkably reduce the decoherence. We noted that a similat FIG. 1. Qubits ba;ed on COUpleq Q8 Schematic geometry
oé the coupled QDs, i.e., quantum disks, where the parabolic poten-

idea of this spatial separation h_as begn successfully exploitetlall for the lateral confinement is assumad(x,y) = (M* /2)w(x2
by Capasso and co-worker$2] in their famous cascade la- +y?), which results in a lateral level structure ,—(n,+n,

ser structures, where the spatial separation of the twa)hwo and the corresponding stamxny(x,y).(b) Band offset of

coupled quantum wells greatly reduced the relaxation of CalGifferent materials in the direction results in an effective one-

rers fro_m the hlgher _state t_o the lower one, thus realizing th%imensional quantum wells. We employ two coupled QDs to build
population inversion in their cascade laser structures. BelovMp a single qubit, and each qubit, containing one electron in i, is
we analyze the qubit decoherence and demonstrate the URiy|ated from the other by a wide barrier and by the Coulomb block-
versal quantum gate operations. ade effect. For a single qubit, the two logic stdfsand|1) localize

mainly in each different dot. The component of the one-particle

eigenstate is denoted by,(z), and the logic states art0)

*Present address: Department of Chemistry, Hong Kong Univer=|#.(x,y))| xo(2)) and |1)=|deo(X,¥))|x1(2)), respectively.

sity of Science and Technology, Clear Water Bay, Kowloon, HongThe Coulomb coupled two qubits shown in this figure enable us to
Kong, China. Email address: xqli@chsg4.ust.hk realize the controlledioT quantum gate.
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e.g., AE=225meV if we chooseW;=5.3nm, W, change between the electron and the LO phonons if the elec-
=2.8nm, and a barrier widtkV,=3 nm. The lateral para- tron level spacing is not far, but can be quite different from
bolic confinement is assumed to result in a lateral level spadhe LO-phonon energy. Owing to the decay of LO phonons
ing % wy=25 meV, which is achievable in the updated labo-into acoustic phononisl6], the electron’s energy will be dis-
ratory. Before demonstrating the gate operations, the mosipated away eventually. In the present case, to estimate the
significant procedure is to investigate the qubit decoherencélephasing time of the logic staf&) subjected to the LO-
which in our case intrinsically originates from the spontane-Phonon scattering, we consider the lower electronic state be-
ous light emission, and the nonradiative electron-phonon ining separated fronjl) by an energy that is closest to the
teractions. We estimate them in order in the following: LO-phonon energy, which makes the dominant contribution

(i) Spontaneous emissiotunder the dipole approxima- to the dephasing time. Neglecting the dispersion of the LO-
tion, based on the Fermi golden rule, we are able to deriv@honon energy, a Wigner-Weisskopf treatment leads to an
the following expression for the spontaneous emission rateanalytical expression for the dephasing time 5]

SN I P rio=2mhI (T =2p;), €
N Vi iy [0z 1)[%, (1)

wherel’=0.6 meV, associated with the LO-phonon lifetime
~7 ps[16], and B, is the absolute value of the imaginary

wheree is the electron charge, the light speed, and E the part of 3. 4 is obtained fron{15]

level spacing betwee|®) and|1). We also assume that the
surrounding medium of the quantum dots has the same di- B2=[y*+(A2—T2)/4]+iT A/2. %)
electric constant as the quantum dots. Note that the dipole
operator only couples the logic stdf¢ to |0), and does not A is the detuning energy between the electronic two-level
couple|1) to other lateral quantum states resulting frfh  spacing and the LO-phonon energy. In our estimate we set
Further, in Eq.(1) only the z-polarization component has a A=10 meV. vy is the coupling strength between the reduced
contribution. The laterak- and y-polarization components electronic two-level system and the LO phonons, and can be
vanish because of the factorized feature of the wave funcealculated fron]15]
tions (see caption of Fig. )1

(i) Electron-LA-phonon scatterindDue to the extremely i,
fast decrease of the LA-phonon scattering rate with the in- 7’2:% |Vq|2|<N'O|qu TP, (5)
crease of the electronic state energy difference, we consider
the dominant contribution of scattering from the logic statewhere |Vq|2:477a‘/ﬁ/2m* wLO(ﬁwLO)Z/qZ\/, characteriz-
|1)=[boo(x,¥))|x1(2)) to the nearest-neighbor lower state jng the Fidilich interaction strength. For GaAs material, the
[N;0)=[bnm(x,¥))[x0(2)), whereN=n+m, n, andm are  gimensionless polaron constant0.07, and the LO-phonon
the corresponding lateral quantum numbers. At zero teMgnergy# w =36 meV. V is the system volume as above.
perature, the LA-phonon scattering rate is given by the |y"the following, we analyze the gate operations in the

golden rule as presence of the above decoherence sources. First, for the
1 2 single qubit rotation, we propose an optically driven ap-
— = IMg|28(AE n— P wg), (2)  Pproach. Under the rotation-wave approximation, the action of
L the laser on the qubit is described by the Hamiltonian

with M,=DAq/2pv V(N;0[e'9"[1). For GaAs material, H,=hg(a'o™+ao™), (6)

the deformation potential constabt=6.8 eV, the density

p=5.36g/cni, and the sound velocity vs=5.15 Wherea (a") annihilatescreate a photon, and Pauli matri-

% 10° cm/sec.V is the system volume and will be canceled ces o~ and o describe the quantum transition between

by the wave-vectoq summation. In Eq(2) AE;y is the [1) and [0). The interaction  strength g

energy difference between the stat@sand|N;0), and is  =e|(0[z|1)[/2h Jhw(/eV, if the laser field is polarized

assumed to be the lateral level spacidgE;y=7%w, along thezdirection, whereiw; is the photon energy and

=25 meV. the volume occupied by the laser mode. Under the action of
(iii) Electron-LO-phonon scatteringn quantum dots, due the laser, the coupled electron-photon system undergoes the

to the discrete nature of the energy levels together with thavell-known Rabi oscillations. At zero detuningf ¢

very weak energy dispersion of the LO phonons, a simple= AE), the Rabi frequency i§)=2g+\n+1, wheren is the

consideration on the basis of energy conservation predictedghoton number of the laser field. Accordingly, the gate op-

vanished LO-phonon scattering rate, unless the electron levefration speed is determined by the time segle 7/}, with

spacing almost equals the LO-phonon energy. This is re-

ferred to as the phonon bottlene¢k3,14. Recently, we e\/;f

showed that due to the finite lifetime of the LO phonons this Q= h ?|<O|Z|1>|’

conclusion should be modifiefl5]. The basic idea is as

follows: For the coupled electron-LO-phonon system, similanwheree;=(n+1)Aw;/V is approximately the field energy

to the coupled atom-photon system in an optical microcavitydensity if n>1. In our estimate, we adopt the well-known

the quantum transition would result in a repeated energy exguantum cascade laser paraméti], i.e., the laser action

)
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TABLE I. Qubit decoherence and switching times. The qubit 5
decoherence, characterized here by the spontaneous emission life
time 7z, and the LA(LO) -phonon scattering lifetime , (7o), is .
reduced remarkably by increasing the spatial separation bet@een ar Contr0|'qu|t state
and |1). This significant observation enables us to achieve a high
gate operation ratio due to the fact that the decoherence rate and th&& gt
optical-driving Rabi transition speed are reduced in different scales ®

with increasingW,, . é
w’ 2f
W, (nm) 7z (msed 7, (S€Q 70 (used  7g (useq <
3.0 1.6x10°4 1.0x107% 9.6x10°4 1.1x10°* Uy
5.0 1.7x10°% 36x10° 12x10°2 2.8x10* .
7.0 2.1x 1072 0.13 0.16 9.6610°4 ob—
10.0 0.93 23 8.0 60102 10 11 12 13 14 15 16 17
12.0 11.8 44.8 106.5 28102 d (nm)

FIG. 2. Change of energy-level spacing of the target qubit,
with an output peak power 6£8 mW, which can provide a which depends on the control-qubit sta{és and |1), due to the
laser intensitys;=10">mJ/cnt if the laser is focused onto different Coulomb interaction strengths, where we assuMg
an area of~100 Mm2_ =12nm, i.e., the spatial separation between the two dots in a single

To carry out the quantitative result, we approximately cal-qubit.
culate the wave functions by isolating the concerned qubit
from other qubits, and assuming infinitely high barriers ontween the two qubits is suppressed by the middle-standing
the two sides, while keeping the middle-standing barrietthick barrier and the Coulomb blockade effect. Due to the
height asV,. This procedure simplifies the numerical calcu- long-range Coulomb interaction between the control qubit
lations, but does not affect the physical conclusions. In Tabl@nd the target qubit, the charge states should, in principle, be
|, we present the estimated results for the various relaxatiofolved self-consistently. For simplicity, but not losing the
times of statel), and the gating time of the qubit. In the central physics, we treat this problem on the level of the
presence of multiple relaxation channels, the decoherendewest perturbation theory, namely, regarding the Coulomb
time 74 is obtained simply by the inverse summation law, interaction as perturbation, and using the zeroth-order wave
1/Td:2jl/7j , WhereTj stands for the Spontaneous emissionfunction to estimate the first-order e_nergy shifts. In the con-
lifetime 75, and the LA (LO) phonon scattering lifetime text of the controlledvoT gate, consider the energy shift of
7ua (TL0), respectively. We observe that the spatial separathe target qubit in statg), due to the Coulomb perturbation
tion of the two logic states can efficiently reduce the decoJrom the control qubit in statg)
herence. Interestingly and importantly, we find that the spa- T .
tial separation would increase the ratig/ 7, owing to the Ed=(i[H[(n]i), ®
fact that each relaxation time becomes longer more rapidly
than the gating time, a8/, increases. The ratioy/7g is the ~ Where the Coulomb perturbation Hamiltoniahi] (r)
key quantity for quantum computing, since it characterizes=Jd%r'e?(r’|j)|*/4me|r—r’|. Depending on the control-
how many gate operations can be performed during the cajubit state in|0) or |1), the Coulomb interaction induced
herent time. We have noted that the ion trap QC can reach ehange of the level spacing of the target qubinig?=EX
gate operation ratio of-10* [5], and the Josephson junction —EZ°, or AEL=E2'—EL’. Figure 2 shows the calculated
QC can reach~4000[9]. In our case, we can achieve a result. To implement the controlledsT gate, let us choose a
similar gate operation ratio; for example,/ 75>5000 when laser frequency in resonance with the target-qubit level spac-
W, is larger than 12 nm. In principle, we can achieve aning corresponding to the control qubit in stafe. Accord-
even higher ratiory/ 7 (by several orders of magnitugef ingly, the target qubit flips betweej®) and |1) under the
we increasaV, further. We suggest that in practice this tech-laser action, if the control qubit is ifl); otherwise, the
nique should be utilized thoroughly to improve the gatingtarget-qubit state remains unchanged, if the control qubit is
ratio. Other approaches to improvg/rg include, for ex- in |0). To avoid the control qubit responding to the laser
ample, enhancing the laser strength, and increasing the Igbulse, in practice one may design the QD sizes of the control
eral confinementi.e., fabricating smaller QDs For ultra-  qubit being slightly different from the ones of the target
small QDs with considerably large lateral level spacing, thequbit, which would result in a different level spacing for the
phonon dephasing mechanism will be largely suppressedontrol qubit, thus being in off-resonance with the laser fre-
and the dominant dephasing comes from the spontaneowgiency. In this way, we can implement the quantum
emission. In this regime, the gating ratio can be as high asontrolledNoT gate. Combining it with the single qubit ro-
~5x10° from Table . tations, the universal quantum gates for a QC are thus real-
Next, consider the two-qubit operation schematicallyized.
shown in Fig. 1b). The charge states in the two qubits are in  We emphasize here that the conditional transition tuning
a fairly spatial separation, since the quantum tunneling beenergy differencé CTTED) of the target qubit is as large as
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1 sured qubit. The detailed dynamics for this kind of quantum
T, measurement has been carried out recdfi-19.

W, E‘ So far, our analysis is based on a certain ideal situation,
where we have shown that the proposed semiconductor QC
has nointrinsic difficulties. In practice, the major challenge

-1 1 comes from the capacity of fabricating high-quality quantum
1) o |1) dots. The moderate irregularity of the QD sizes or shapes due
to the imperfect fabrications seems endurable, since it simply
o) [-e ) modifies the effective _confining potential, and will not in-
duce additional relaxations. However, strongly localized sur-
face traps should be avoided, since the nearby trap states
(a) (b) locating pgtweedO) and |1) would easily induce nonradia-
tive transitions between the trap states and the logic states

FIG. 3. Quantum measurement on the qubit state, performed bdue {0 the lattice relaxatlo_n mechani$@0], thus breaking

LU - S Yhe coherence of the qubit states. We are pleased that the
a quantum pOII"I'[ contact or smgle-electron transistor. The transmiss

sion coefficient through the measuring device depends on the elec_urrent technology seem% able to (':ont'rol the density of trap
tron occupation in the left da@ or in the right dot(b) %tate_s at the value of 10'%cn?, which is smaller than the
P g ' density of QD numbers of-10'%Ycn?. Thus the problem

might not be so severe as we imagine. Another concern may
about 1 meV(see Fig. 2 which is much larger than the come from the tuning when implementing the controlled-
qubit-laser field coupling strength, thus implying a precisenoT gate. Though we have demonstrated that the conditional
conditional transition control. Note that in the well-known detuning energy of-1 meV is large enough for the selective
trapped-ion quantum computgs], the center-of-mas&.m) optical driving, in practice the environment may cause a cer-
vibration frequency is about 50 KHz, corresponding to atain complexity on this issue. However, provided that the
phonon energy of about I8 meV, which plays the role of environment or its reaction on qubits does not sensitively
conditional transition control. Though this CTTED is ex- depend on the qubit states, the conditional detuning energy
tremely small, the conditional transition control can be per-on the target qubit will not be washed out by the environ-
formed with high accuracy, since the ratio of the controlment, since its effect can be included by an overall renormal-
detuning energy and the system-optical field couplingization on the logic state levels.
strength is large(Note that the weak coupling of the system  We optimistically believe that the practicaktrinsic dif-
with the driving laser field only results in a slow Rabi oscil- ficulties can be eventually resolved with time, and the
lation with period about 35 ms, corresponding to an energyresent proposal seems to be a hopeful candidate for quan-
scale of 10° meV.) tum computing. At this stage, we suggest the experimental

To complete the proposal for a QC, we need to identifyimplementation of a single qubit based on a couple of QDs
the quantum measurement; namely, after computation, was proposed above. Without doubt, this minor progress will
must be able to read out the qubit stafies., the resujt For  be extremely exciting, since so far, to our knowledge, there
our structure, this can be accomplished by coupling the meéias been no experimental qubit realization based on QDs,
sured qubit to a quantum point contd@QPQO or a single- and this might be an important step toward semiconductor
electron transisto{SET), the latter playing the role of a mea- quantum computing.
suring device, see Fig. 3. During quantum computing, the In summary, the central idea of our proposal is to build up
QPC (SET) is kept in a zero-current state, which has ana single qubit from two coupled quantum dots, and utilize the
unimportant but overall capacitance effect on the qubit. Taquantum cascade laser to perform the gate operations. We
perform a readout measurement, the transport voltage isave demonstrated that the spatial separation of the two logic
turned on across the QRSET). Consequently, the quantum states can reduce the decoherence and improve the gating
coherence of the measured qubit is destroyed, and the qubtio remarkably; meanwhile it also plays a key role in
state collapses into one of the two logic stat€s,or |1). implementing the universal quantum logic gates. For com-
Since a different qubit logic state would induce a distinctpleteness, a scheme of quantum measurement has also been
electro potential on the QPGET), i.e., affect the transmis- suggested. A more thorough analysis for many issues in
sion coefficient, the dissipative current through the QPCpractice is beyond the scope of this paper, and will be done
(SET) carries the information of the charge state of the meain the future.
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