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All-optical electron spin quantum computer with ancilla bits for operations
in each coupled-dot cell
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A cellular quantum computer with a spin qubit and ancilla bits in each cell is proposed. The whole circuit
works only with the help of external optical pulse sequences. In the operation, some of the ancilla bits are
activated, and autonomous single-and two-qubit operations are made. In the sleep mode of a cell, the deco-
herence of the qubit is negligibly small. Since only two cells at most are active at once, the coherence can be
maintained for a sufficiently long time for practical purposes. A device structure using a coupled-quantum-dot
array with possible operation and measurement schemes is also proposed.

PACS numbdps): 03.67.Lx, 73.61-r

Since the formulation of the quantum computer and quangree of freedom is expected to be well isolated from photon
tum circuit [1], theoretical studies on quantum computersand phonon environments. Furthermore, the two-qubit opera-
have clarified their efficiency in highly complex computa- tion is performed by simple spin exchange dynamics instead
tional tasks; factorization and search are two examplesf the usual controlledvoT. This operation is virtually a
[2—4]. Some physical implementations have been proposedwo-electron quantum beat, which is switched on by lower-
Moreover, their operations on a few qubits have been deming the barrier between two quantum dots to allow interdot
onstrated experimentalljp—13]. Although these studies are tunneling. The two spins of the quantum dots are exchanged
impressive, these systerteg., liquid nuclear magnetic reso- continuously in time. This scheme, however, has difficulty in
nance, ion trap, linear optic@re not promising since they the modulation of the barrier. Magnetic gating has a disad-
are limited in their possible integration: 10 qubits or there-vantage in the operational speed, which eventually reduces
abouts. the time ratio. Gating by nanoscale electrodes requires an

Thus, a quantum computer based on conventional semextremely advanced fabrication technology.
conductor technology has been expected. Kane proposed aIn this paper, we propose an all-optical implementation
silicon-based qubit using the nuclear spin of a phosphoruscheme for a quantum-dot-based quantum circuit that has the
donor[14]. Although this idea has the additional advantagecellular structure of a spin qubit and ancilla bits in each
of good isolation of nuclear spins from the environment, itcell. In our scheme, single- and two-bit operations are per-
requires precise position control of individual impurities. Onformed if and only if specific ancilla bits are excitéthe
the other hand, qubits based on the electrons in semiconduactive state of a céll In the ground state of a cell, no opera-
tor nanostructures are more realistic since, nowadays, quagien is performedthe sleeping state of a cgllTherefore, in
zero-dimensional quantum dots can be fabricated with higlsleeping cells, coherence is maintained very faithfully. Since
feasibility using various techniques. Furthermore, the controthe duty ratio of active time to total time scaleshis?, the
of the motion of individual electrons in such structures haseffective time ratio becomes times larger.
also proved to be possible using single-electron effects. Our scheme is not restricted to a particular physical sys-

In 1995, Barencoet al. proposed a quantum-dot-based tem. It may be feasible in molecular quantum computers or
implementatiorf15]. They utilized the quantized energy lev- trapped-ion systems. However, we focus here on the more
els in a quantum dot as two states of a qubit. The Coulomipromising quantum-dot-based implementation. Transitions
interaction between dipole moments of two adjacent dotbetween quantum levels of coupled quantum dots with and
induced by an externally applied electric field was used fowithout external electromagnetic field have been observed in
the controlledNOT operation. Discrete atomlike and mol- the experiments by Fujisawat al. [17] and Oosterkamp
eculelike levels in quantum dots have been observed experét al. [18]. They used high-mobility two-dimensional elec-
mentally[16—18. It should become possible to control the tron systems formed at heterojunctions. By lateral confine-
guantum states coherently from outside. However, in genment using patterned electrodes or inactivation using focused
eral, the decoherence of electron wave functions in excitetbn beam implantation, zero-dimensional quantum dofts
levels is fast since they are strongly coupled to the electrodiskg of about 100 nm in diameter are formed. Without an
magnetic and acoustic environment. Quantum error correexternal electromagnetic field, it has been shown that the
tion and fault-tolerance theories have shown that soméransition rates between levels obey a simple relation that is
amount of decoherence can be overcqa®-27. However, consistent with the usual model of the interaction with the
a sufficiently large time rati®; of coherence time to gating bosonic reservoir. On the other hand, when an external elec-
time is required in order for the correction procedures to beromagnetic fieldmicrowave signalof less than 50 GHz is
effective. The simple quantum dot scheme does not fulfillapplied, a strong transition is possible only when the fre-
this criterion. quency is resonant with the level spacings. The tunnel cou-

In 1998, Loss and DiVincenzo proposed to use the spin oplings between quantum dots can be continuously changed
an electron confined in a quantum d&8,29. The spin de- by an electrode or magnetic field. When the coupling is
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weak, the transition is photon-assisted tunneling between Cella Cellb
guantum states well localized in each dot. Multiphoton pro-

cesses involving up to 11 photons have been observed. When Sleep - -

the coupling is strong, single-photon absorptions between
bonding and antibonding states of two dots have been ob-
served. This indicates that coherent quantum states extending I T-pulse

over two spatially separated dots exit. The decoherence time

of quantum states has been estimated to be about 1 ns. Thus,

in a quantum-dot system, an electron spin qubit is equipped A ctive ; 3

with an ancilla bit only by locating another dot in the prox- == - =
imity of the main dot. Our cell is made ah+1 weakly SW AP

coupled dots. To have the lowest energy level, the main dot
has the largest size. The material with the lowest conductiope
band edge may be used instead. The main dot is surround%ga
by m ancilla dots of different sizes and different energy lev-
elsE,, k=1,...m. Resonant opticatr pulses transfer elec-
trons from the main dot to a specific ancilla dot, and vice {la)=|w,,K) s | b)Y =|wp | )b} (1)
versa. The cell state is denoted [ay K, where the integek

stands for the dot in the cell that contains the electron. That

is, we utilize the ancilla not as a vector in wherek and! are specific numbers for paix and b. We

(m+1)-dimensional Hilbert space but as a classical ( gesigned this such th&(cella)=E(cellb). This selective
+1)-state system. We will explain this idea of Hilbert spacejneraction can be realized by the real space transfer of elec-

contraction later. ron wave functions due to the transition in ancilla bits. In

The whole system Is a one-, two-, or three d'f"_e”S'O”a ther words, two electrons in two cells approach each other
network of these kinds of cell. Each cell has a definite num- : o g
. . ) ) under this specific conditiofFig. 1).
ber of connections to neighboring cells. Let us define the . ; . .
The interaction may be of any kind. However, spin ex-

interaction between two neighboring cells: caland cellb. chanae is thouaht to be useful in this scheme. The unitar
The interaction is switched on if and only if the ancilla states ge ! ug usetut | ! ' uniary
operatorU,,(6) becomes

of these cells ar& andl, respectively:

FIG. 1. The selective interaction between czland cellb by
| space transfers of electrons into Ktk andlth ancillas due to
opticalsr pulse.

10,K)a®[0,1)p—>10,k)2®|0,1)y,
10,K)a® | 1,1 Co] 0,K)a® | 11— iSin] 1K) a® | 0,1},
11,K)a®]0,1) > cos| 1,K)a®] 0,1 — Sinb|0,K)a® | 1.1 )
|11k>a®|1!|>b'_>|1ik>a®|1-|>b-

Uap(6): )

The angled is proportional to the gating time in which both connection problem is influenced by the average number of
cells are in active states. The square root of the exchangennections from a cell. To increase this value, higher-
(6=m/4) is useful in the construction of a controllesbT  dimensional structures are effective since the average dis-
gate[28]. Since the exchange gate has a single continuoutnce between any qubit pair in &hkqubit circuit scales as
parametem, it should be more powerful than a discrete con-N", whered is the dimensionality of the network.

trolled NOT gate. In other words, it is expected that circuit ~ Next, we consider single-qubit operations. As in the stan-
complexity is reduced. For the sake of the universality ofdard scheme, a rotation With an arbitrary angle is facili'gated.
quantum circuits, two-qubit gates for an arbitrary remote paif" Our scheme, the rotation about they, and z axes is

of qubits must be possible. However, in many physicalSW'tChe,d on if a_md only if the ancilla state is 2, 3, or 4,
implementations, this requirement would be very difficult. "eSPectively. Unitary operators are

Although it is possible to arrange multiple controlleT R(0):|W,2)—|Ry( )W, 2)

operations for adjacent qubits and rotations so that they ) ' ) Y

mimic single operations for a pair of remote qubits, it costs a Ry(0):|w,3)—|Ry(O)w,3),

lot in terms of steps of gating. The exchange operation

meansU ,,(7/2) in a narrower sense. This operation is es- R,(6):|w,4)—|R,(6)w,4). (3)

pecially convenient since it exchanges the complex ampli-

tudes of two qubits completely in a single step. Thus, the~or an arbitrary rotation, only two kinds of rotation with
total number of steps necessary for some computational taskixed axesR,(#) andR,(6), are necessary siné,(¢) can
should become much fewer. As easily understood, this interbe synthesized by combining them. However, the full set of
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FIG. 2. Example of two-dimensional square lattice version of i )
proposed scheme. Seven ancilla dots are used in each celR,The ~ FIG. 3. Proposed configuration of nanoscale ferromagnets em-
andR, dots denoted by 2 and 3 are located along the positive angedded in network of Fig. 2. Thg larger circles are the.ce.ntral col-
negativez axes. The measurement dot denoted by 5 is abovthe Umns of cells. The rectangles with the sollitoken lines indicate

dot. The four ancilla dots for the two-bit operation denoted by 6, 7,ferromagnets in the uppétower layer of R; dots R, dots. The
8, and 9 are located toward the neighboring cell. ferromagnets are magnetized by an external magnetic field toward

the positivey direction.

axes of rotation is effective for both the simplicity of circuit ] ) ] )
design and the reduction of circuit complexity. A local mag-1W',0)(0,0) @nd active state$w’,6) o) is designed so that

o ; : _ 1.0)| — | p(00) ; —
netic field can rotate the spin. One possible method is deM§ _ =M% in order to synchronize the activation. The
scribed later. matrix element for the dipole moment can be tuned by de-

The single-bit phase shift is a necessary operation fofigning t.he sizes of dots and the distance between them since
some quantum algorithms. A controlled phase shift, for exM;=(w,i|er|w,0)= [dr ¢;(r)er ¢o(r), wheres, and¢; are
ample, can be constructed simply by using rotation andhe wave functions for electrons confined in the main éhd
phase shift. The phase shili(¢) is switched on if and only ~ancilla dots.

if the ancilla state is 1. The unitary operator is As the energy levels differ, ancilla bits can be distin-
. guished by the frequency of their optical pulse. As the
D(p):|w,1)—~e'?|w,1). (4)  extension of this multiplicity in the wavelength domain, the

different dots have different energies whether they are in the

The qubits must be measured at the end or during theame cell or different cells. However, the differences of ei-
course of computations. We implement an ancilla bit 5 forgen energy in different cells may be much smaller than those
the measurement. First, the qubit is entangled with the ann the same cell since small detuning is sufficient for sup-
cilla bit. Then measurement of the state of the ancilla bepressing Rabi oscillations. This fact will help to save fre-
comes equivalent to that of the qubit. A qubit is measured tquency resources. Furthermore, dots in remote cells that
be 1) if the ancilla state is 5 anf) if the ancilla state is 0. have separations larger than the radius of the laser spot may
This procedure is explained later in detail. Thus, in ourhave identical spectra.
scheme, only the sequence ofpulses is necessary for op- A local magnetic field for theR,, , dot is realized, of
eration, except in the final step of the measurement procezourse, simply by placing a nanometer-sized permanent
dure. magnet next to the dot. However, since it is hard to shield the

Figure 2 shows an example of the proposed scheme withagnetic field completely, spins outside tRg, , dot can
a rather economical cell construction strategy. In this eXalso be influenced by it. To solve this pr0b|em’ we propose
ample, only seven ancilla dots are used in each cell. It adopi® adopt a special configuration of ferromagnets embedded in
the design of a two-dimensional square lattice. Ryeand  our network as shown in Fig. 3. We uBg ,, instead ofR,  ,
Ry dots denoted by 2 and 3 are located along the positive angherex= (¢— 7)/v2,y=(¢+ 7)/v2. Small ferromagnets lie
negativez axes, respectively. The measurement dot denoteghterally such that they connect tiRy ,, dots of diagonally
by 5 is above theR, dot. TheR, and ® dots are omitted. neighboring cells. Thus, local magnetic fields are directed in
Ancilla dots for single-bit operations are away from eachthe positive¢ direction for the uppeR; dot layer and posi-
other and neighboring cells. In contrast, the four ancilla dotgjve 7 direction for the lowerR,, dot layer. The magnetiza-
denoted by 6, 7, 8, and 9 for two-bit operations are locategion of the small ferromagnets is done by applying an exter-
toward the neighboring cells, like chemical bonds in mol-pg| static magnetic field toward the positiyalirection. The
ecules. The distances between ancilla dots responsible f%akage of magnetic flux can be made small by reducing the
this operatione.g., the eighth dot in thel,0) cell and the  gap between poles. This device structure is not hard to fab-
sixth dot in the(0,0) cell] are reduced for the kinetic ex- ricate since we have no semiconductor quantum dots on the
Change interaction to WOI’k. Furthermore, the matriX elemenfop of the ferromagnetic material. We also propose to use
for the dipole momentsM{-? between ground state high-g-factor material for theR,,, dots to reduce the effect
|w,0)(1,0) and active stategw,8)(; and M between of leakage of the magnetic field. In a relatively weak mag-
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netic field, the electron spin in &y , , dot can make a rapid many electrons flowing through tunnel junctions of the
precession without affecting the spin in other dots with asingle-electron transistor since direct transfer between these
small g factor. Diluted magnetic semiconductors such asdots is forbidden. Although the phase memory would be lost
GaMn;_,As are interesting candidates for this purposeyvery quickly in the course of this last step, amplitude
since they can be grown epitaxially on GaAs. Evidence formemory is sustained until we finally observe the output volt-
strongp-d exchange interactions has been suggested the@ge of the single-electron transistor.
retically and experimentally. This may support the usage of Next, we consider the decoherence characteristics of our
holes instead of electrons in our cells. cell. The cell state is the vector in product space for the qubit
As for the measurement of the qubit, the help of Bye  and ancillas. Both freedoms have their specific interaction
dot is needed along with a measurement dot. The measur@ith the environment. In general, ancilla bits are far more
ment dot must have a lower energy level thanRielot. The ~ strongly coupled to the environment than the qubit. We ne-

measurement procedure is as follows; glect the direct coupling of the qubit to its environment and
o investigate indirect decoherence via a single ancilla bit, for
linitial) =c4|T,0) + ¢, | ,0) (5  simplicity. As the Hamiltonian for qubit operation, we as-
sume
1
—— 41,2 +¢[1,0) (6) J-1 2
Hoo=z| 2 1 ®
m2
— ¢ 1,5+¢,[1,0) (7) " in the Hilbert spacé, for a qubit. This is a submatrix of an

exchange Hamiltonian. The creation operaagr, the anni-
®) hilation operatora., and thew pulse operatot) , are

0 1 0 0
0 O 10

measurement

—— [1,5) or |1,0).

First, using asr pulse with a line spectrum tuned to the up- a;fz
spin level in theR, dot, the corresponding component of the

electron wave function is transferred from the main dot toin the Hilbert spacé, for the ancilla with the basis db,)
the R, dot: Eq.(6). Next, using a second pulse, the same

.k and|1,). The operation Hamiltonian acting on the product
component of the electron wave function is transferred fro

the R; dot to the measurement dot: E). Finally, the po- "SpaceHy®Ha, denoted by a tide, is
larization of the cell is detected by capacitively coupling the - I 0
central island of a single-electron transistor to the measure- op:[o H }
ment dot: Eq.(8). The entangled state in Eq7) is very op
stable in the sense that the partition of probability among twavherel is the unit matrix. We examine the following opera-
dots(0 and 3 is not changed by the Coulomb interactions of tion procedure:

, A= , and U _= (10

-1 0

(11)

- Uop -
Unr decoherence Unr damping

~ ~

pi= |Wioa><W!0a| — |W,1a><W,1a| P P 'ﬁf:pf®|oa><0a|a (12

WhereUop is a unitary evolution generated n?yop. We assume ther pulse is accurate. In the final step of Ef2), just by
leaving the cell alone for approximately the same period as the operation, the ancilla bit ré8g}s lio practice, the density
matrix of cells becomes

damping
Pc1=P00® |0a)(0al +p01®[0a)(La| + p102|1a)(0al + p11® | La){1a] —— (oot P11) ®]02){0a|=p1@|02)( 04,

75(,:2_> pP2® |0a11032><0a110a2| )

Pez—P3®1041,052,043)(0a1,042,043, (13

Pen—Pn®0a1,0a2,- -, %n)(0a1,0az. -, Canl
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and|0)+|1), respectively. o
= 0.1

wherep,, are density matrices fon cells, p,, are density
matrices forn qubits, and0,,,0.5,...,0;,) are the kets oh 0 -
ancillas. Thus, we are left only with the Hilbert space for 0 0.1 0.2
qubits disentangled from ancillas. Therefore, we can employ IE)-E,l

the usual quantum error correction algorithm for qubits to .
maintain quantum computation. This also supports the con- F'C: 5. Product of probabilities of occupation in both dots as
traction of the Hilbert space discussed later and keeps thf%nctlong of(a) direct transfers and(b) energy difference of levels
ancilla bit as a classical bit. The second step in the procedurJ 1~ E¢| in both dots.
gifssigéiﬁnzr)m ;Zr;jness:cnbed by a von Neumann equation with W,21,25, ... Zn) = IW)®|20)® |2)® - ® |2,  (15)
. L where|w) denotes the qubit state afm}) (k=1,...m) are the
o = t o~ states of ancilla bits, all of which may correspond to different
p== 7 MHop.P1~ 2—%{[ac,acp]+H.c.}, (14) degrees of freedom. Thus, our cell is &2-level system.
However, by adopting a specific physical design and opera-
where 7, is the coherence time for an ancilla bit. Figure 4 tion scheme, we can ignore most parts of the Hilbert space.
shows the final purityS=T,p;Inps+1after a full spin-flip  This space contraction is made in two steps. First, state vec-
operation as a function of the inverse time rafﬁpl (gating  tors are restricted to
time over coherence timestarting from|0,0,)(0,0;] (the
solid curve. The broken curve and dotted curve are final w,0,0)=|w,0,0....,0,
purities for a simple two-level system starting frdin and
(]0y+11))/v2, respectively. Thus, the indirect spin decoher-
ence rate is on the same order as the ancilla decoherence rate.
The mechanism of indirect decoherence is as follows. In the
course of spin rotation, the orbital relaxation redistributes the
density matrix element in an asymmetrical way into two
submatrice$0,)(0,| and|1,)(1,|. As a result, the final spin |W,z,,m)y=|w,0,0,...2.),
state traced over the orbital degree of freedom becomes no i ) )
longer a pure state. In the case of the present relaxatiofnere z1,z,....zn#0. That is, we ignore states like
model, no entanglement between spin and orbital is genefW:0:---.0%0....,02,0,....0. This means that the cell is re-
ated, since both spin rotation and orbital relaxation are “lo-duced to the product of a qubit and am{ 1)-level system
cal” operations for each single qubit. However, this decohersuch that the possibility of a large amplitude in more than
ence occurs only in a gated period. If the duty ra®g of two e.>§C|ted Ieve_Is is neglec_ted. In order to fln.d the necessary
active time to total time is much smaller than unity, the ef-conditions for this assumption to_hold, asa S|mple model for
fective decoherence time, /Ry becomes very long. In quan- 2 coupled-dot system, we examine a three-site, one-electron
tum circuits, only single- and two-qubit gates are used. If(i-€., three-levelsystem
parallelism is not used, in aN-qubit circuit, the duty ratio
ranges from M to 2N. Thus, the larger the circuit, the more

|w,z;,1)=|w,z4,0,...,0,

lw,z,,2)=|w,02;,...,0, (16)

H=En+En.+En +t(a/a,+ala—ala.,—ala,)

efficient this scheme bec.omes. Thg disadvar)tage. of excess +s(afrar+a;(a|), (17)
decoherence due to the incorporation of ancilla bits should
be largely compensated. where the subscripts ¢, andr mean the left, center, and

Now, we discuss the state space of the ancilla. In the mosight dots. This is because it is neither easy nor revealing to
general case, the Hilbert space of our cell is spanned by thgork on the complex three-dimension@D), three-dot full
kets Hamiltonian. However, the 3D model may be simplified into
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a site model, if we make the appropriate correspondence in |w,0)=]w,0,0....,0,
energies and physical sizes between the two md@eéls In _
i - : , |w,1)=|w,1,0,...0,

the following, we use specific parameter values in the site
model that correspond to diameters of about 50, 35, and 34 lw,2)=|w,0,1,...0, (18
nm for central, left, and right dots and dot spacings of less :
than 10 nm. With these parameter values, the level spacing )
becomes about 0.005 eV, which is 1.2 THz in frequency and lw,m)=[w,0,0,....3.
250 um in wavelength. Figure 5 shows the product of theThus, the cell state is expressed by a qubit siaieand an
probabilities of occupation in two different ancilla dots for integerk running from 0 tom that indicates the ancilla states.
one of the excited levels as functions @j direct transfels  For this condition to hold, ther pulse for the activation of
and (b) the difference of site energies in both dd, the ancilla must be accurate in frequency and duration. Fur-
—E,|. From these results, we are led to simple conditionsthermore, damping is utilized to “refresh” the ancilla state.
(1) direct transfers between different ancilla dots must be This technique has already been explained.
very small;(2) site energies of ancilla dots must have a suf- In conclusion, a spin quantum network structure with an-
ficiently large difference(5—-10% in this examp)e Both  cilla bits in every cell was proposed. The whole circuit works
conditions determine the upper limit of the number of ancillawith the help of only external optical pulse sequences. Ex-
bits in a cell. It should be less than about 10. If the number oternal switchings of electric and magnetic field are not nec-
ancilla bits in a cell is small, the first condition can be ful- essary. In operation, an ancilla bit is activated and autono-
filled easily by the appropriate arrangement of ancilla dotsnous single- and two-bit operations are performed. In the
since the tunneling probability decreases exponentially wittsleep mode of a cell, the decoherence of a qubit is negligibly
the barrier thickness. small. In the active state, indirect decoherence due to the

The second contraction is due to the operation schemeoupling of an ancilla bit to its environment is of the same
where ancilla bits are used not as qubits but as classical bitsrder of magnitude as simple ancilla decoherence. However,
and we always put the cell in either the completely actiye the fact that the duty ratio of each bit scales\as' improves
or completely sleepin{f) state and not in a superposed state the effective decoherence time. A device structure using a
Therefore, allz, take values 0 or 1. As a result, we may quantum-dot array with possible operation and measurement
consider only schemes was also proposed.
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