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Quantum computation with coupled quantum dots embedded in optical microcavities
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Based on an idea that spatial separation of charge states can enhance quantum coherence, we propose a
scheme for a quantum computation with the quantunichibit) constructed from two coupled quantum dots.
Quantum information is stored in the electron-hole pair state with the electron and hole located in different
dots, which enables the qubit state to be very long-lived. Universal quantum gates involving any pair of qubits
are realized by coupling the quantum dots through the cavity photon which is a hopeful candidate for the
transfer of long-range information. The operation analysis is carried out by estimating the gate time versus the
decoherence time.
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To build a practical quantum computer is a challengingCoulomb interactions, which makes it very difficult to per-
task, since the computational quantum objgthte qubit3  form conditional gate operation between any pair of qubits.
must be suffficiently isolated from the dissipative environ- In this paper, still based on the idea by constructing a
ment, precisely and conditionally manipulated, efficientlysingle qubit from two coupled QD'’s to reduce decoherence,
read-out and initialized, and most importantly, scaldbfe. we propose an alternative scheme to remove all of these
To date, a variety of quantum computati0QC) schemes shortcomings. In this newly proposed scheme, no excess
based on some unique systems have been profo&tal- electron is required in the qubit, and quantum information is
though in a number of systems the proof-of-principle hasstored in electron-hole pair state. An all-optical approach is
been convincingly demonstrated, great challenges exist isuggested for transition between valence and conduction
achieving a useful quantum computer. No single system hasand states that only require the well-known available laser
emerged as a clear leading candidate, each having its mergsurces. Viewing the advantages of the cavity QED effect,
and drawbacks with respect to the requirement of scalabilitghe cavity photon is believed to be an ideal candidate for the
and fault tolerance. In regard to the scalability, the solid-statéransfer of information, with which conditional quantum gate
implementations should represent one of the most promisingperation can be performed between any pair of qubits. In
directions. the proposed structure the quantum measurement of the qubit

A representative possibility for solid-state QC is the statestates can be achieved also optically through the quantum
in-art technology based on quantum d@@D’s). In quantum  state holography. Specifically, the amplitude and phase infor-
dots, the discrete electronic charge states or spin states camation of the qubit staté.e., the electron-hole pair state
be exploited to encode quantum information, and the transfezan be extracted through mixing it with a reference state
of information between qubits can be mediated, for examplegenerated in the same system by an additional delayed laser
by electron-electron Coulomb interactibhi?! or by optical ~ pulse and detecting the total time- and frequency-integrated
cavity photon or vibrational phonon as a data B€®In  fluorescence as a function of the delay tifft€?
particular, impressive experimental progress on coherently The physical system we are concerned with for quantum
operating and entangling charge and spin states in QD’s ha/@mputation is similar as that proposed by Imamoglu
been reported very recenf§; 2 et al,?*?%j.e., many QD’s are located in an optical microcav-

The main drawback to encode quantum information inity: Both the QD’s and cavity are three-dimensional8D)

charge states of quantum dots is the severe decoherence. ei%nfinled; hovlveverr,] the Cr?‘l’ity hasha Sizﬁ a_ntilj_th_gs tlhe funda-
overcome it, a possible way is to apply relatively strong Iasef“er‘t:‘l V\;ave engt mucttargertt ant eklm VI lfad QDD; "t]
pulses to perfornultrafast operationg>19.2026-28p gy re. ~ OUr structure, we suggest to use two weakly coupled QD's to

cent work!® a scheme to reduce the decoherence of charg onstruct a qubit as showni in Fig_. 1. We assume a relatively
states in quantum dots was proposed to build up a singl rge distance between neighboring qubits such that the qu-

its can be selectively addressed by lasers, and the Coulomb

qubit from two coupled QD’s. We showed that the spatial .
separation of the logic states can efficiently reduce the qubﬁorrelanons between them can be neglected. As have men-

decoherence. Nevertheless, several shortcomings exist thqune_d apove, In our structure no excess smgle elect_ron_|s
and in some of the aforementioned QC schemes based (mquwed in the conduction band. The quantum mformgtlon is
QDrs. (i) In each qubittwo coupled QD’, one and only one storefi in electron-hole pair state: the qubit logic std@s
excess electron is required in the conduction band. This is and|1) correspond to the ground state and an electron-hole
challenging task within current technolodjii) The intersub- pair state, respectivelyHere the tilde is used to distinguish
band transition with THz lasers is currently not a maturethe notation of logic states from the cavity statéskey idea
technologydJiii) The coupling between qubits is mediated by of this work is to create the electron-hole pair state with
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the two-qubit state evolution. Switching on a laser action

with frequencyw,=E.— E,— w., @ resonant transition from

|v) to|e) takes place by involving two photons, namely, the

e atee - HO |e> w-, laser photon and the. cavity photon. A simple pertur-
bation theory gives rise to

|e> ............ H@ =0 |e)(v]ae®+H.c], 2)

with Q=0,0./5. Here Q, is the optical coupling
strength betweefe) and|v) associating with the laser field,

and Q) is the coupling strength betweée) and|e) due to
|V> =@ TTITTIL TYRTY the cavity field.s is the detuning between the laser frequency
............. LO— and the transition energy fronfv) and |e), i.e., §=w,
—(Ez—E,). Note that this second-order process is mediated

o . via the intermediate statée). However, due to the off-
FIG. 1. Schematic diagram for a qubit constructed from tworesonance of the laser frequency with the transitjoh
coupled quantum dots with different sizes. The plotted states are |~e> there is no real occupation on Sti&) accordingly

resuited from the HOMO and LUMO of the individual guantum ;. relatively strong decoherence resulting from its radiative
dots. The ground state denoted fay is used for the qubit logic Lo . - . .

~ _ e~ recombination with the intradot hole) is avoided. In the
state|0), and the excited stafe) for the logic|1). [€) playsarole |5yer nart of this paper, we will show that owing to the

of intermediate state with virtual occupation in the qubit operation . . .
with two photon participation. The optical coupling between statess'patIal separation g&) from the states in the larger dot, the

are due to the classical lasers with frequencigsand w,, and Cof_:_erenclt_a Oftﬂublt S:;.‘j@ C?:Nbebﬁssimlallyhlmprt?]ved' trol
cavity photon with frequency, . o realize the conditional two-bit gate such as the contro

NOT (CNOT), typical methods include the Cirac-Zoll622)

electron and hole locating largely in different dots of theprOtOCSI:5 or the pulse technique developed in the spin QC
qubit, which is expected to have much longer lifetime than™de€l- In the proposals based on QD's in cavity, both of
its counterpart in a single dot. In the following, we detail two the€S€ two gating techniques have been empl8yéd°Very
means of qubit transition as shown in Fig. 1: one involves€Cently, an improved gating technique for the ion-trap QC
the cavity-photon participation; another does not. As will peWas developed where only two electronic states are required,

shown later, the cavity-photon can play a data-bus role t&"d thel third auxiliary state in the CZ protocol is not
couple any pair of qubits. needed In the following, we employ this technique in our

The relevant electronic states for optical transition are>cNe€me with certain modification due to the only red-band
shown in Fig. 1 byle) |E> and|v), respectively, which are pulge in our case. To n_1ake the_descrlptlon more transparent,
resulted by aiccountiﬁg fc;r weak ’coupling fro}rlryl the HOMowe introduce the following notations: the states of the control

and LUMO states of the two individual QD’s with different qubit (the jth ong and the target qubithe kth one together

sizes. Due to the confinement, we assume no intermediatéth the cavity photon are denoted a$la;by)[p)
levels between the two lowest conduction band states ang|a;)|by;p):a,b,p=0,1}, where 0 and 1 correspond to ei-
between the highest valence band states. In general, in theer the qubit staté.e., logic|0)=|v) and|1)=|e)), or the
absence of magnetic field, both the HOMO and LUMO lev-cavity field state with zero and one photon. Below we outline
els are spin degenerate. However, in the present proposal, i@w to realize the CNOT gate.

exploit the charge states rather than the spin states to store (i) First, swap the control qubit state to the cavity photon
guantum information, thus the superposition and even thetate

decoherence of spin states are irrelevant to the logic states.

For this reason, the spin index is omitted in the state nota- 5,8,)10) G4;0)

tions. We first consider the qubit operation involving no cav- Ak _ _i¢~"’

ity photon participation. In this case, by turning on a R () |1j0k>|0> :|~. ie”'?|0y;1) 3)
travelling-wave laser field with frequenay,; on resonance B 0,10]0) : 1;0) |

with the energy difference betweer) and |v), the Rabi 11/0) ie 191, ;1)

transition takes place under the interaction
Hereafter the evolution operatétrsk)(ﬁ,qb) is determined by

(H— id

Hi™=Qy[|e)(v|e'?+H.cl]. @ the interaction HamiltonianHl(& in terms of R(6,)
Here(), is the Rabi frequency, and is the laser phase. With =exdié/2(|e)(v|a€?+H.c.)], whered=2Q T with T the
the use of this interaction, arbitrary single-qubit operationgduration time of the laser pulse.
can be performed. (i) Now, the cavity photon can play a role of control

Next, consider the cavity-photon involved transition. Thisqubit, which controls the evolution of the target qubit. A
is an essential ingredient to realize the two-qubit gate, irseries of pulse operations on tk#éh qubit by involving the
which the cavity photon plays a role of data-bus to controlparticipation of the cavity photon yield
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6,:0) 5(0,;0) where y=t2/(A?+1?). With this state nature in mind, we
_ _ below estimate various decohence time and operation time in
0:1) | | =0 [1:1) order.

k |1k'0> B 5|1k.0> ' (4) The decoherence time of the qubit state is characterized
Y Y by the relaxation time ofe). In our structure, the main in-
[1;1) —&%|0y;1) trinsic decoherence mechanisms come from the radiative re-

laxation and electron-phonon scattering. For both mecha-

it _ i e ; .
where=e'%, and o= m/2y2. We see that the cavity pho nisms, the relaxation rate can be expressed on the basis of

ton has played a control role in the conditional evolution of - () — () )12
: : ; _— Fermi golden rule asV'V=(27/7)2 MY (q)|*6(E.—E;
thekth qubit. In Eq.(4), G, constitutes a series of operations —fiwg), wherew, is the emitted phototphonon frequency,

on the kth qubit, G =H[ PiZi(¢o) JH,. Here Hy and M) is the perturbative matrix elemeni{)(q)

Z the single-qubit H h t f - ! . . .
ti(';(n(é(’) are the single-qubit Hadamard and phase trans 0rma=<f|Hgg(q)|e>. Here the inde) =1, 2 and 3, together with

the final statgdf), denote three relaxation channels, namely,
the spontaneous radiation frofa) to |v) and[e), and the
Hy= . (5  phonon-scattering induced relaxation fro@) to [€). Due to
V2 the spatial separate nature of the electronic states shown in
~ ~ ~ ~ Eq. (8), we roughly estimate that the relaxation rate of each
In the subspacf Oy ;0),|0x;1),|1k;0),[1x; 1)}, the operator  channel would be reduced by a factgrin comparison with
Py has a diagonal form the relaxation rate in a single dot. As a consequence, the
decoherence time can be considerably enhancedrpy
Py=R(~ m/2,0R(\2m, — ml2)R(/2.0) =74/, Wherezy is the intradot decoherence time.
:diaquefiw/&,eiw/&,_ 1). (6) The operation time is limited by the optical coupling be-
tween|e) and|v) via the external laser field, and between
(iii) Finally, the cavity photon state is swapped back to thele) and|e) via the cavity photon. For both cases, the cou-
qubit state by performing operatiorR;(m,¢)[0;;1)  Ppling strengths can be expressed in terms @f,

e 0
0 e %o

-1

1 1
L 1 Z(d0=

=ie'%[1;;0), on thejth qubit. After a phase ga;(— ) =(e|lH*|y(e)). Similarly as above, due to the spatial
on thejth qubit, the standard CNOT gate is realized separation of satge) from |v) and|e) as shown in Eq(8),

Q, and Q. will be reduced approximately by a factqry in
|6j6k>|o> |6j6k>|o> comparison with the corresponding intradot coupling
~~ ~~ strengths. From Eq1) and (2), the logic state flipping time

_ 11;0,)(0) _ 11;1,)]0) @ [between|0)) and|1))] is m/Q; or w/Q, corresponding

Ik |6ﬁ_k>|o> |6ﬁ_k>|o> ’ to the cavity photon involved or noninvolved transition. As a
~~ ~~ consequence, the gate ratie= 74/ 7¢ will be enhanced by a
[11010) [1,00(0) factor~ 1/y/y due to the spatial separation of the qubit states.

o _ _ Note thaty=t%/(A2+t?), which can be a considerably small
whereUj=Z;(~ ¢o)R;(, $) CR; (. ). factor by reducing and increasing the energy-level separa-

In the remainder part of this paper, we present an analysi ion A. A similar conclusion has been quantitatively demon-
for the QC operation. In Ref. 18, based on a model GaA i . A 4 y
strated by numerical calculation in Ref. 18.

system and disk geometry for the QD's, we have demons We now parametrize the gate operation and decoherence

strated by detailed numerical calculations that the ratio . . . o
- . times. Generally, consider each qubit consisting of two
=74/ 7¢ can be enhanced remarkably by the spatial separa-

tion of the qubit states, wherg, and 7o are the qubit deco- weekly coupled (luantum d‘?ts with coupling strength be-
herence and gating time, respectively. In what follows weWeen [e) and [e) (see Fig. 1 as, for ~examp|e,t
provide an alternative way to understand this issue in gen=0-01 meV, and energy differenck=E.—Ez=10 meV
eral, not specifying the concrete QD material and geometrydu€ to the distinct dot sizes, With these parameterssiiae
L ~ tial separation factory=10"". Concerning the optical cou-
In the approximation of two-level mode|e) and |e)

. ) — pling with the electronic states, for the intradot interband
come from the coupling of two isolated dot statégsand|d)  ransition due to the laser pulse, we assume a coupling

with coupling strengtht and energy separatiod=E;  strength(),—0.1 meV; and for the intradot state coupling
—Ejg. (For the highest two valence band state, similar treat- . . . =~ .

) ~ with the cavity photon, a typical value é1,=300 MHz is
ment can be doneAs a result, the eigenstatgs) and |e)

. . o SO T adopted heré?23To avoid a real occupation on the st#é®,
\r/]vaa\\//ee flfrziﬁgﬁgerg'eSEi_2[(Ed+Ed)i AT+ar], and detuningd=1 meV is assumed between the laser fre-

quency and the energy difference betwé@nand|v). As an
_ ~ approximate estimate, for the cavity-photon involved transi-
€)= 1=yld)+[d), tion from |v) to |e), the effective Rabi frequency)eq
=0,0./6=30 KHz; and for the same transition in the ab-

[e)=1—v|d)—y|d), (8) sence of cavity photon, the Rabi frequen€y,~yQ,
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=10"* meV. As a consequence, for single qubit operations, Static Electric Field

the operation time is of the order of hundreds nanosecond,

whereas for two-qubit conditional operations, the character- S~ >

istic time is determined by the Rabi frequenQyy in terms ~—

of rg=m/Q=10* sec.
For the decoherence time, we note that with current tech- T~

nology the quantum dot is available with energy level spac- |~>

ing larger than 10 meV, thus we assume no other electronic

states betweefe) and|[e) in our structure. As a result, the
intrinsic decoherence channels would be the radiative relax-

ation and electron-phonon scattering frgeh to [€) and|v).

For the spontaneous emission, if the quantum dot has certain W,
geometric symmetry, it has been shown that the so called

dark states can have radiative lifetime longer than

microsecond? Moreover, due to the CQED effect resulting

from three dimensional cavity with high finesse, the sponta- |V>
neous emission lifetime can be further suppressed. With ~Jdree
these considerations, the radiative lifetime of the intradot

conduction band stat.g., radiative transition frorﬁa) and
|v)) can be longer than tens to hundreds of microsecénd.
For the decoherence due to interaction with phonons, the

energy level spacing of 10 meV betwele and|e) can be FIG. 2. An alternative configuration for qubit construction from
much different from the LO phonon energy, thus the phonortwo coupled identical QD’s in the presence of external electric field.
induced relaxation frome) to |§> is determined by the This structure is expected to be able to suppress phonon scattering
acoustic phonon scattering. Following Bockelmannfrom [e) to [e) in the low-temperature regime. The price paid here
et al,*>%* the electron acoustic-phonon scattering rate willis the use of external electric field which might cause additional
decrease rapidly with increasing the electronic level spacingféphasing.
For example, in Ref. 23, acoustic phonon scattering time of . ) ) )
~150 us has been carried out for a similar energy levelto the spatial separation of qubit states, it can be sﬁﬁmat
spacing(i.e., for 12.25 meV. Therefore, as an order of mag- the LQ phonc_)n induced r_elaxatlon time is proportional to
: : . : L~ g~ 2, with g being the coupling strength between electron and
nitude estimate, if we adopt an intradot relaxation timg) ( O oh Sj his effect is still ic in debate in th
of tens of microsecond, the qubit decoherence time can be A‘s phonons. Since this effect is still a topic in debate in the

~ ~ context of phonon bottleneck in quantum dots, we are not
long as tens of seconghote thatry=74/y~10P°X 74), ow-

' _ ! ) i _quite sure whether it is a severe decoherence resource in the
ing to the spatial separation of the qubit states. Within this;pye proposed QC scheme.

time §cale, the single bit rqtation can be performed as high as 14 further improve the phonon scattering induced deco-
10° times, and the two-bit CNOT gate can be performednerence, a slightly modified qubit structure can be designed
about 10 times. _ _ as follows. Similar as shown in Fig. 1, each qubit still con-
Other sources to decoherence include, e.g., the inhomoggitytes two quantum dots. We suggest here to use two iden-
neity of quantum dots and loss of cavity photons. Since thgjca| quantum dots, and to apply constantly a static electric
qubit is selectively addressed by lasers, the former might bge|q that results in an energy level structure as depicted in
overcome Dby individually tuning the laser frequency with thegig 2. |n this qubit structure, the information is also stored
qubit states. The central challenge to realize the proposed Ql(ﬁ‘ the statedv) and|e), and |»é> plays a role of mediating

scheme is the development of few-mode THz cavities wit - ; . ; )
: . . : . transition with only virtual occupation on it. The gate opera-
extremely low loss. An attractive candidate is the dielectric,. . S .
tions based on this structure can be performed similarly as in

cavities, which is currently an intensive research field. the previous one, only noticing that the cavity-photon in-
In the above discussion for decoherence, we have foly . e ineraction Hamiltonian is now in the form 6f(®)
lowed the conventional approach to neglect the effect of LO™ teld+ H instead of Eq(2). A : It
phonon scattering due to the large energy difference between el |€)(v]a € -C.], instead of Eq( ).' S a resut,
the LO phonon and the electronic level spacing. This treat! 1€ Swap opgr.atlon corresponds to gener_at!ng_a cavity photon
ment is reasonable if the LO phonon has infinite long life-V'a the transition fromlv) to |€), and annlhllatlng a cavity
time. It seems, however, questionable if one takes into acr_)hoton vice versa. The main advantage of this scheme is that
count the finite lifetime of the LO phonons. Our calculationsthe phonon scattering frorfe) to |e) can be almost com-
showed that the confined LO phonons in quantum dots haveletely suppressed in the low-temperature limit. In particular,
similar lifetime as in bulk materials, with the order of mag- there would be no LO phonon excitations. Another merit is
nitude of picosecontf As a consequence, the LO phonon that the electric field can be conveniently used to tune the
can induce electron relaxation even under the off-resonandevel spacing betweee) and|e) in near resonance with the

condition® In the weak coupling limit as discussed here duecavity photon energy. The price paid here is the constant

r
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presence of an external electric field, whose thermal fluctuakUMO and HOMO states. From the consideration on the
tions (the Johnson noigemay cause additional dephasing. tradeoff between phonon scattering and fluctuations of elec-
Fortunately, in our scheme the electric field is not varied totrostatic field, we suggested two possible qubit configura-
perform the logic operations. Thus the electrodes which gentions for practical choice. The most challenging aspect in the
erate the electric field can be connected to a superconductigfoposed QC scheme is to locate QD’s in optical cawiith
ground, which can remove the thermal fluctuations sincéyigh finesseModification to the proposed gating scheme is
there is no dissipation. possible by using the cavity state only as a virtual state,

In summary, we proposed a scheme based on couplgghich can in certain sense relax the requirement to the cavity
QD’s embedded in optical microcavity to implement quan-finesse.

tum computation. The proposed qubit constructed from two

weakly coupled QD’s is expected to have long decoherence

time due to the spatlgl separgtlon _of_ the logic states. The ACKNOWLEDGMENTS
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