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Abstract. We show how single quantum dots, each hosting a singldetrgubit, can be
placed in arrays to build a spin quantum cellular automatoifast (~ 10 ns) deterministic
coherent singlet-triplet filtering, as opposed to curremoherent tunneling/slow-adiabatic
based quantum gates (operation tin800 ns), can be employed to produce a two-qubit gate
through capacitive (electrostatic) couplings that carrafgeover significant distances. This is
the coherent version of the widely discussed charge and-magmet cellular automata, and
would increase speed, reduce dissipation, and perforntguesomputation while interfacing
smoothly with its classical counterpart. This combinesttést of two worlds — the coherence
of spin pairs known from quantum technologies, and the gtreand range of electrostatic
couplings from the charge-based classical cellular autam&ignificantly our system has
zero electric dipole moment during the whole operation esscthereby increasing its charge
dephasing time.
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1. Introduction

A coherent version of the widely discussed charge and naagnet cellular automatal[1,12, 3]
would offer increased speed, reduced dissipation, anddyperiform quantum computation
while interfacing smoothly with its classical counterpaHowever, maintaining long time
coherence is a challenge [4]. It is appealing to use quantni@D) spins, with coherence
times of ~ 260 us, [8,[6,[7/8/ 0] 10] and in particular singlet-triplet etect pairs, which
are largely decoherence free [9) 10] 11]. Here we show homglsi QDs, each hosting a
singlet-triplet qubit, can be placed in arrays to build axgiantum cellular automaton. Our
proposal combines the best of two worlds — the coherencepsirs known from quantum
technologies, and the strength and range of electrostaijgings from charge-based classical
cellular automata. A fast~ 10 ns) deterministic two-qubit gate is accomplished via non-
equilibrium (non-adiabatic) dynamics and capacitiveriatdons in the course of which no
electric dipole moment ever arises, thereby increasinggeheoherence significantly.

Many double dot proposals for two-qubit gates already existing electrostatic
interactions[[8/ B 10, 11, 12]. Their nonzero dipole momeumting the gate operations,
however, causes rapid charge dephasing [10]. Using morensymc charge configurations,
on the other hand, makes the gate operation stewl{0 ns) [11]. If charge tunneling in
double QDs eventually becomes incoherent due to the longditale and strong dephasing,
then a set time for the gate operation will disappear, rengehe system indeterministic. In
view of the increasing speed of control electronics it igebg worthwhile to consider non-
adiabatic tunnelings that do not create dipole moments p@posal can also be realized in a
ring of four coupled QDs, which is functionally equivaleatthe system we study. This ring
structure has already been used for charge-based duljite{i 8he spin dependent dynamics
has not yet been explored.

Singlet-triplet qubits in double dots face a fundamentatable by seeking to exploit
coherent charge tunneling for two-qubit gate operationgleéd, the very limited and short
charge dephasing time-(1 ns) is comparable with the charge tunneling times. Foairs
the 6 ueV” tunneling rate in Ref.[[10] gives a period 6f7 ns for coherent oscillations.
According to Ref. [[14], the dominant source of dephasing aulde dot systems is the
interaction between the electric dipole of the two eleciravith random electric field
fluctuations. In double dot systems the asymmetric chargégroation (0, 2) has a large
dipole momentp ~ eﬁ, where d is the separation between the dots, which gives rise
to charge decoherence. Motivated by this, we present amystgich benefits from an
extra charge orbital that always keeps the charge disimibitymmetric with zero dipole
moment, resulting in much longer charge dephasing timese €xm call this a singlet-
triplet qubit, which couples to its environment (and indeey distant qubits in a scalable
network with which the couplings are not sought) througlgjii=dr upole moment, as opposed
to the dipole. In addition this extra orbital allows for symimc charge configurations
during gate operations, which enables the simultaneoutemgntation of identical two-
qubit gates between all neighboring pairs in a row, as redquior generating cluster states
for measurement-based quantum computation. Moreoveqgummch dynamics is applicable
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Figure 1. (a) Three dimensional cross-section of the heterostregturction, showing the
gate configuration and location of micro-magnets. As ingidathez andy directions lie in
the plane of the 2D electron gas, whilds perpendicular to it (i.e. the growth direction of
the heterostructure). A large negative voltdgeis applied to the “T” gates to impose high
potential barriers on the 2D electron gas lying between tli@aAs and GaAs layers. These
barriers define the edges of the square QD. The four remaiimggr gates¥,, V4, V., and
V) are used to adjust the local potential in each quadranteofi, shown in (b), and thus
to control the localization of the two electrons. For simjpyi we assume the local potentials
are constant within each quadrant. GdtgsandV, are also micro-magnets, used to rotate the
spins of the electrons (see Sectidn 5). (b) Labeling of the émadrants of the square QD.
The potential in quadramtis controlled by gaté’,, that of quadrant by V;,, and so on. Each
quadrant has approximate dimensiong.¢2 x L /2, whereL is the side-length of the QD. (c)
Charge configuration dfS.,) and|7?,), in which the electron density is strongly peaked in
quadrant$ andd. (d) Charge configuration ¢67) and|T§); in contrast to the previous case
the electron density is now localized in quadrant:ndc. The notation used in the paperpf
and« indicate ther andy directions respectively in these diagrams.

for degenerate qubit (i.e. singlet-triplet) levels so thatrelative phase develops between
them during storage (non-operative) periods of the qulithBhe above features are absent
in double dot singlet-triplet qubits, because of their asyatric charge configurations and the
need for an initial singlet-triplet gap for adiabatic opgera at non-zero speeds.

2. Two electrons in a square quantum dot

We consider a system of two electrons held in a square senictor QD with a hard-
wall boundary, approximately realizable by gating a twoehsional electron gas at a
heterojunction interface as shown in Figlie 1(a). To dbscthis system we take as our
starting point the effective-mass Hamiltonian for the twteracting electrons:

2

h2
H=-—|Vi+Vi]+

o +Ve(r1)+Ve(ra) +Vy(r1)+Vy(r2), (1)

47T€|I‘1 — I'2|
whereV.(r) is the confinement potential arig(r) is the potential energy due to external

gates. The cross-sectional schematic of the heterosteuaterface and the gate configuration
of the square quantum dot is shown in Figure 1(a). For sintphee divide the square QD
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into four quadrants, as shown in Figlide 1(b), and apply ataohgotential to gates and

d giving an electron potential energy, = V' in quadrant$ andd, while V, = 0 when the
electrons are in quadrantsandc . WhenV is positive the electron density is enhanced in
quadrants: andc (and depleted in quadranisandd), and vice versa wheWw is negative.

The time-independent Schrodinger equation for the Hamidin [1) may be solved
numerically. Since total spin is a good quantum number theretates are singlets and
triplets. Furthermore, as the total wave function factot® ithe product of a spatial part
and spin part, we need only solve for the spatial componentietinterchange of electron
coordinates this will be symmetric for singlet states, amisgmmetric for triplets. In Figuiig 2
we show the lowest-lying energy levels for two sizes of QD5 400nm andL = 800 nm, as
a function of the gating potentid. Throughout this work we shall use material parameters
for GaAs, and as the effective Bohr radius for electrons i ittaterial isag ~ 8.8nm, these
two QD sizes correspond th = 45a5 andL = 90ap respectively. We see that in both cases
the energy level structure is similar for smél) consisting of a multiplet of two singlets and
triplets, well separated from the next higher states. The&tion of this isolated multiplet
is a general feature of large QDs for whi¢h>> ap. When this condition is satisfied the
Coulomb interaction dominates the kinetic energy, cauiilegelectronic charge density to
localize near the corners of the QD [15].

We emphasise that although our model and gating schemetlaee sample, our approach
does not require perfect square symmetry, or hard walls, peréectly flat background
potential. In experiment, for example, gating will prodwEt-wall confinement, but this
effect, together with deviations from symmetry, and rouggmin the confining potential
arising from disorder, can be accounted for by renormaiizime tunneling (see Equation
@) between the two charge configurations. The formaticghede low-lying localized states
is a rather robust effect.

We will use the states in the lowest multiplet as our qubitsp#@tl” = 0 the two triplet
states are degenerate, and the two singlet states havergyg spktting of24,. To choose an
optimum size for the QD we must balance two opposing effégsyve can see from Figuié 2,
in larger QDs the ground state multiplet in the larger QD igeneolated from higher states
than for smaller QDs, which will reduce leakage from the tjgpiace. The tradeoff from
using large QDs, however, is that the energy splitingdrops rapidly withZ [15], making
the qubit operation time longer and putting more stringenit$ on the operating temperature
of the device (see Se€. 110). We therefore use the valde-ef400nm in our study, which
provides a reasonable compromise between these effects.

ForV = 0 the charge density of the singlet ground stge), for the square QD is shown
in Figure[3(a). We see that the charge density is distribimtetiarp peaks, located near each
of the four corners. Perhaps surprisingly, the charge tefsi the excited singlet|Ss),
has a practically identical charge distribution. This fesway be understood by constructing
(non-stationary) symmetric and antisymmetric superpmsstof the eigenstates as
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Figure 2. Lowest energy levels of a GaAs QD, obtained by the exact dialjgation of
Equation[(1). (a) For a QD of sizé = 400nm. Singlet states are shown with solid (black)
lines, triplet states with dashed (red) lines. The lowedtipiat consists of the singlet ground
state|S;) and excited statgs,), and twoS, = 0 triplet stateg7;) and|Tz). AtV = 0, the
two triplet states are degenerate, and the singlet statesdmeenergy splitting dfA, which
we use as the unit of energy. In this case the energy splittagythe value\, ~ 20ueV.
The black dash-dotted lines indicate the next highest gnlexgls; neaV = 0 the lowest
multiplet of four levels is well-isolated from the rest ofetlspectrum. (b) As in (a) but for a
QD of sizeL = 800 nm. The lowest multiplet of states has the same form as ira(a,is
even more isolated from the next highest states. The enelifiyrg) reduces ad. increases,
however, and for this QD sizA, = 2.1ueV. This reduction in the energy scale would require
lower operating temperatures, and would also give slowbit@yeration times.

Figure 3. The charge distribution of the two electrons and their contepresentations in a
square QD of sizé = 400 nm. (a) The charge distribution o§; (V' = 0)); the ground state of
the two-electron system is a “Wigner molecule” in which thaige density is strongly peaked
near the vertices of the QD. (b) The charge distributionssf. As shown schematically in
Fig[de, the electrons are localized in quadrangsdc. (c) The charge distribution df., ),
shown schematically in Flg.1d. As shown in Equatidn (2),gteund state charge distribution
(a) is a superposition of (b) and (c). (d) The charge distidlouof |S; (V') for V' = 3A,; for
large values of the gating potential, the ground state @hdisjribution strongly resembles the
state|Sy). In the same waysS;(V)) correspondingly approachgs; ;) asV is increased.
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Note that throughout the paper the statgg and|S.,) are both defined just for = 0 and
so unlike|S;(V)) and|Sy(V)) have noV-dependence. The charge densities of the states
|S1) and|S,) are either localized near cornersaandc or near cornerg andd, as shown in
Figure[3(b) and Figuild 3(c) respectively. These statesniaeethe states shown schematically
in Figure[1(c) and (d) which occur at finifé when gate voltages are applied. The charge
density for the state witl' = 34, is shown in Figuré]3(d) and we see that it indeed looks
very similar to the statgS;). This similarity may be understood and quantified by expagdi
the eigenvectorS;) and|S,) at finite V' as superpositions of states;) and|S..), defined
for V= 0. For a complete set of stateslat= 0 this expansion is of course exact, but since
the lowest two singlets are well separated from higher eg@tates, we can expect truncation
of the basis set to the 2D space of the lowest singlets to bed gpproximation, provided
V' is not too large. Within this 2D subspace the system may beritbes! by the effective
Hamiltonian:

Hg = Es,(V)|Sp)(St] + Es., (V)|Sa) (S| + A5 (Sa| + 156)(S). (3)
in which

ES$(V) = (Sy|H|St) = Eos + QVP%C;

Es,, (V) = (Su|H|Sw) = Eos +2Vpg,, (4)
whereEys = Es, 0) = Es,,(0) and

pgi = /bddrl/dr2|(r1,r2|5$>|2,
P = [ dvy [dval(er, S0
= 1-pl. (5)

The bd on the integrations ovar; signifies restricting the domain to quadrahtandd, and
the last step follows from the square symmetry. One canp'r&lapgi as the probability that
one electron is in quadraator d, while the other electron is in any quadrant. We expect
this probability to be small in the strong correlation (kudot) regime since the amplitudes
(ri,r;|Sy) will all be small whenr, € {b,d}. Explicit calculations for the QD described in

Figure[2 givepgi = 0.109. The tunneling terms\ in the effective Hamiltoniar (3), which
rotate the configuration between vertical and horizontal, also be written as

where,A, = A(0), and again due to the square symmetry
as = /bd drq /dr2(5$\r1,r2><r1,r2|SH> —0. @)

Note that the effective Hamiltonian in Equatidn (3) is a tatate tunneling Hamiltonian
in which both electrons tunnel together with amplitule= A, independent of” in first
order. When is large the lower energy state simply corresponds to thestacirons mainly
occupying quadrants and ¢, with a small probabilitypg‘i of being in quadrant$ and d
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where their potential energy is highér). Similarly, the higher energy state is when the two
electrons mainly occupy quadramtandd, with a small probabilityof’;i of being in quadrants
a andc where their potential energy is zero.

Diagonalizing the effective Hamiltoniahl(3) gives the eigalues

Es, = Eos +V —/[V(1 — 2082 + A3,
Es, = Eos +V +/[V(1 - 2p%)2 + A3, (8)
with the corresponding eigenstates

151(V)) =+ cos(0)[Sy) + sin(6)]Se),
155(V)) = — sin(6)|5y) + cos(6)|5) (9)

where

V(=2 — [V = 2P + AF

Ay '

We may analyze thg, = 0 triplets in a similar fashion though this is somewhat simple
since the stated) and|T?,) are not coupled by the Hamiltonian

Hy = En,(V)|T)NTY| + Er, (V)|TL (T (11)
The eigenenergies are then
Er,(V) =(T}|H|T}) = Eor +2VpT,

tan(0) = (10)

Ep (V)= (Tg‘H|T£>> = Eor +2V(1 — pl}i) (12)
where

EOT - ETi (0) = ET<—> (0)

and gl = [ dri [ dvo|(erl ) (13)

For the QD referred to in Figufé 2 one obtam% = 0.142.

To illustrate the accuracy of the simple effective Hamiltarwe compare it with the full
numerical solutions of the 2-electron problem. The eneiggrealues vd/ for the lowest
two singlets and triplets are plotted in Figlide 4(a) and we esecellent agreement between
the effective model and the real one. The advantage of th@gippate model is that we have
precise analytic solutions which can be used to derive éinaypressions for all quantities
of interest.

3. Singlet-triplet filtering

The analytic expressions for the energies of the singléest®B) and the triplet statds {12)
give us a complete picture for the system’s time dependemcparticular they produce the
phenomenon of “singlet-triplet filtering”, studied in ditia Ref. [20] for the case of = 0.
This is a consequence of the very different dynamics digaldoy the singlet and triplet states
under free evolution. For example, if the system is iniiadl in the singlet states), it will
subsequently evolve coherently in time as

e~ 1HY| G,y = milEos V)t (sjn(29) sin(wt)]Se) + (cos(wt) + i cos(20) sin(wt))|5$)) ,(14)
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Figure 4. (a) Comparison of the first-order perturbation theory (Equa(8) and Equation
(12)) with the exact results. Perturbative results are shaith solid (black) / red (dashed)
lines for singlet/ triplet states, while the exact resuttsgiven as black circles / red diamonds.
The agreement is excellent fir| < 2A,, while outside this range higher-order corrections
must be included. (b) The QD is approximately prepared instage|S;) by applying
V = 3Ay. This gate potential is then released and the singlet cyala$forizontal orientation
and back again, as seen by the occupation of the quadsar(@ashed line). If the gate
potential is reapplied during the cycle, the evolution @& #inglet is frozen until the potential
is released again (solid line). The vertical (blue) dotiedd indicate the times at which the
gating potential is first applied and then removed. The @pph the time-evolution result
from the excitation of energy levels outside the lowest ipldt. (c) Exchange coupling
J/Ag versusV/Ay. Black circles show the exact results, the dashed line tedigtion from
perturbation theory.

wherew = \/Ag + [V(1 - 2p))]*. The horizontal and vertical components of the state thus
cycle periodically in time, and for the specific caselof = 0 there will be a complete
conversion of|.Sy) to [S.,) after a timety = ;%-. In contrast, if the system is initialized
in the triplet statg7?), its time dependence simply consists of a trivial phasehadrtplet
Hamiltonian [(11) does not contain tunneling terms betwéertriplet states. The spin of the
initial state can thus be detected, or filtered, by a singlgd measurement ator d; the
singlet component oscillates periodically with time, vehtihe triplet component stays frozen
in position.

We now examine how the presence of the gate poteritiat4 0) alters this picture.
When V(1 — 2pgi) > Ay, § — 0 and|S;) becomes effectively the eigenvector of the
system and does not evolve. Applying a large gate potefhiied has the effect of shutting
off the oscillation of the singlet states between the valtnd horizontal configurations. We
show this effect in Figurgl4(b), by plotting the time-evadut of the system prepared in the
state|.S;) under the full two-electron Hamiltoniahl(1). In the absenta gate potential, the
singlet periodically cycles between its vertical and honial orientations as expected from
our effective model. However, reapplying the gate potéfriezes the time evolution of the
system, which remains halted until the potential is agdeased.

4. Qubits

We define the two levels of our qubit as vertical singleti&tstates, i.e.|0) = [S;) and
1) = |T,f> (both S, = 0 states). In the regime of strorig this qubit is well-defined, and
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is highly localized in its vertical configuration. For finit, the eigenvectorS;) has a small
contribution of|S..), as|(S.,|S1)]* ~ |V(1_Ai;pbs?|2, but this can be arbitrarily suppressed by
controlling V. Furthermore, as shown in Figure 2, in the regime of strrigoth |.S;) and
|'T?) become almost degenerate, and so there will be no relatasegetween them.

5. Single qubit manipulations

An arbitrary unitary operation on a single qubit can be el by sequential rotations
around two different axes, such asand z. Rotations around the-axis may be simply
achieved by the energy splitting = FEor — Eys between|S;) and |Tf> in the regime
of V(1 — 2pg§) > A, where the electrons are still strongly localized in theirtical
configurations (i.e|S,) ~ |Sy)), but.J does not vanish. This exchange couplihgenerates
a relative phase between the logical qubitsand|1) and thus performs a-rotation. In
Figurel4(c) the exchange couplitgs plotted versud’/A,. From this figure one can select
the appropriaté” to give theJ that will perform the desired rotation in a given time intalrv
during which the electrons remain in the vertical configiorat

Rotation around the axis demands switching betwegn and|1). To do that a gradient
of magnetic fieldd B, is required between the vertical cornexs There are two different
proposals for generating this gradient magnetic field: dipzing the spin of the nuclei in the
bulk [16]; (ii) using permanent micro-magnets [17] 18]. elewe propose to use permanent
micro-magnets near the the cornersas shown in Figurel1(a). To perform amotation, one
has to push the electrons close to the micro-magnets to 88y applying a strong positive
bias to the gate&, andG., which may be the micro-magnets themselves. The gradignt
rotates a single electron around thaxis and consequently switches between a singlet and a
triplet state.

6. Initialization

An initial qubit state may be created by injecting a spin-lgcton into corneta and a
down-spin electron into cornet while holdingV large enough to ensure that the electrons
remain well-localized in these corners. The electrons lans treated in the state-) =

(10) + [1))/+/2. Other initial states may then be generated with singlétdqramsformations,
described earlier.

7. Two-qubit entangling gate

Apart from single qubit unitary operations, the more chadieg two-qubit quantum gates
are also essential for universal quantum computatioh [MWg consider two square QDs,
each containing two electrons encoding a singlet-triplétitas described above. Interaction
between the left and right qubits is mediated through thetstatic Coulomb repulsion, as
shown in Figuré&b(a), which is independent of the spin stddeg to symmetry there are three
independent electrostatic energies for the four possiiéia configurations of electrons in
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Figure 5. (a) Capacitive interaction of different charge configurasi between two square
guantum dots of sizé and distancel. (b) A two dimensional array of QDs for producing
cluster states. Different horizontal and vertical intéiats results in different two-qubit gates
which can be compensated by local rotations.

two QDs (i.e. I, <, <+ and<«»<), where one of them can also set to be zero (overall
energy shift). Therefore, as schematically shown in Fii{eg, we can write the interaction
between the two QDs as

Hyp = Z (UO‘kHv Z<—>><k<—>7 l<—>| + ul‘k@ li) <k$7 li‘) ) (15)

kl=ST

whereug, u; > 0 account for the electrostatic Coulomb energies in the cordigpns« <«
and]] respectively while the interactions of configuratigjys and <+ are chosen as the
offset. By treating the electrons as classical point cleigealized in the corners of the
square confining potential, one can estimatandu; as functions of the dot size and their
distanced (see Figurél5(a)). In fact, the leading terms in Coulombgiesti., andu, are
second order ir./d giving

{3+ O(L/)

L 2 3
1= e G + 0L/} (16)

whereg, is the vacuum permittivity and. = 10.8 is the dielectric constant of GaAs.

The Hamiltonian of the whole system then becomies = H; + Hr + H;, whereH |,
and Hy are given by Equatiori[3) for the left and right QDs. The etise of H; changes
the eigenstates of the system, and therefore the dynamiguaition [14). To preserve the
picture in which triplets do not evolve and singlet stateste according to Equation (114),

Uy =
4mepe,d
o2
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we should keepiy, u; < Ay by fabricating the QDs relatively far apart. As discussed in
Appendix A the choice ofiy, u; ~ 0.14 is sufficient to retain this picture.

To have a two-qubit quantum gate, we first assume thé large and both qubits are
initialized in an arbitrary superposition ¢f;) and |T,f>. To operate the two-qubit gat#,
is set to zero. Asiy, u; < A the interaction Hamiltonian does not play an important role
during this evolution, and so the dynamics is mainly goveimneH, = H;+ Hp, in which the
triplets do not evolve and singlets rotate according to BEqong14) with1 = 0. After time
t =t the evolution is again frozen by settifgto a negative value which keeps the electrons
in the horizontal configuration for an interaction time périof ¢;, during which the system
evolves under the action &f; alone. The potential barriers are then again removed\(iis.
set to zero) for another period of= ¢ to return the electrons to their initial positions. One
can write the total evolution operator as

U(t[) — 6_iH0tR6_iHIt16_iHOtR. (17)

Over the interaction timez < t < ti + t;, each spatial configuration determined by the spin
state of electrons has its own electrostatic energy, arslttieitime evolution gives different
phases to every state. One may easily verify that

U(t1)|Sy, Sy) = e ™08, Sy)

Utn)|S, Ty) = — |54, 1)
U(tr)|Ty, Sy) = — |1y, Sy)
U(tl)|Tiv T$> = e tuils |T$, T$>. (18)

Fort; = - this evolution realizes an entangling two-qubit gate sihet its application
to the stateé + +) maximally entangles the two qubits. Moreover, this gatelmmoonverted
to the standard controlled(C'Z) gate by two local rotations around thexis with the angle

T
2(uptu1) "

8. Readout

In our mechanism, single qubit measurement in the comjouiatt basis is the singlet-triplet
measurement of the electron pair in the QD. This can be aetiiey setting’ to zero, thereby
allowing tunneling from vertical to horizontal configumatis for the singlet (triplet states
are unable to tunnel from vertical to horizontal as thereraréunneling elements between
these states). A single charge detection then fulfills thglst-triplet measuremerit [20], as
explained in Sectionl 3. Single qubit measurement in anyrdtagis can be simply reduced to
az measurement by applying proper local rotations.

9. Applications

Universal quantum computation can be achieved in two dileasnetwork of qubits, which
can be prepared in a highly entangled state termed a cluater[1]. To prepare a cluster
state we need a two-dimensional array of qubits all initiplepared in+) states. Then a
homogeneous action 6fZ gates between all neighboring qubits generates a cluster; sin
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which measurement-based quantum computation can beagdlyzlocal rotations and single
gubit measurement5s [21]. Such an array of QDs is shown inr€[g(b). Note that when
electrons are frozen in their locations, the electrostat&ractions only give a global phase.
In this structure when the system is released for a global ga¢ration, the type of the gate
that acts on rows is different from the one acting on colurantessu, = u;. However, these
gates can be locally transformed@¥ gates, and thus the outcome is still a cluster state and
can be used for measurement-based quantum computatioe.tixtin an array of double
dots used to realize a two-qubit gate, one has to change #rgeckonfigurations t@, 2),
which makes the left and right neighbor qubits experiengenasetric interactions, thereby
prohibiting simultaneous identical gates.

10. Practicality and time scales

In this section we estimate the parameters of the system mpidre the experimental
feasibility of our proposal. For QDs of side-length= 400 nm, we haved, ~ 20ueV.
Separating the QDs so that + u; ~ 2ueV guarantees the validity of Equatidn{14) to
very high precision, ag\,/(uo + u1) ~ 10. The operation time of our two-qubit gate is
2 +17 = Z—z + uo’fm. Using the above values yields an operation timetgf+¢; = 12 ns.

The spacing between the QD§ corresponding to this choice of physical parameters can be
calculated from Equatiof (16), giving a valuedf: 3.6um.

To determine the temperatures in which the system can @peret has to estimate the
energy gap of the system. From Figlie 2 one can see that thggyegep between the singlet
and triplet subspace KE ~ A,. For the system to operate safely the temperature should be
below the energy gap. Using the above parameters for a sqoaud size, = 400 nm in
which Ay ~ 20u€V, one can evaluate the energy gap\ds ~ 200 mK which is larger than
the typical temperatures«( 100 mK) achievable with current dilution fridges. This clearly

shows that the proposed mechanism can be realized withingxisthnology.

11. Decoherence and robustness

A major obstacle for realizing two qubit gates through capacinteraction in double dot
systems is the very short charge dephasing timel(ns). Such a short time scale is
due to the interaction between the electric dippleof the two electrons with the random
fluctuating electric fielﬁ(t) (namelyU = —ﬁ.ﬁ(t)). To realize a two-qubit quantum gate
in double dot systems one can use the electrostatic coup&hgeen the two neighboring
double dots which give different phases to singlets andetspaccording to their different
charge configurations. Since the charge configurationseositiglets and triplets are quite
similar for the(1, 1) configuration the time scale of the two qubit gate becomeddng
(for instance it is~ 150 ns in the realization of Refl [11]). One can speed up this gssc
significantly, even up te- 20 ns [10], by giving more offset energy to one of the dots in orde
to convert the singlet charge configuration(£00), leaving one of the dots empty, to make
the capacitive interaction stronger. However, this predusignificant charge dephasing, as
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singlets and triplets have different electric dipole motsgaue to the asymmetric charge
configuration(0, 2) of the singlets) and interact differently with electric fidluctuations. In
contrast, in our square QD proposal the charge configuratisays remains symmetric with
zero electric dipole moment. Hence, the leading term forgdhaephasing is quadrupolar,
giving a much longer charge dephasing time.

The hyperfine interaction between the electrons and nuctei bulk is the main source
of decoherence in QDs. To compensate this effect we may @seetiently-implemented
idea of multiple-pulse echo sequence [6]. In this technitiigequantum states of the two
electrons are swapped through exchange interaction mjg@howing decoherence times of
T, ~ 260us. As mentioned in the previous section, for dots with the iz= 400 nm, we have
Ag ~ 20peV and fabricating the dots with a spacingdof 3.5um givesAg/ (ug + uy) ~ 10.
These parameters imply that the two-qubit operation timebei 2tz + t; ~ 12 ns which
allows for of the order ofl0° operations within the coherence time of the system. Even
in the absence of regular exchange of quantum states, thefmgointeraction between the
electrons and nuclei in the bulk is at least two orders of ritada smaller thar\ [20], and
one order of magnitude less thag-+ ;. This guarantees that it has no significant effect over
the proposed fast dynamics (12 ns) although the coherence time is then limited 1o J9]
and thus the number of operation reduces tb0?.

Another major of imperfection in singlet-triplet double Gystems is due to the gate
voltage fluctuations [22]. This makes the tunneling betwisentwo dots noisy which then
results in fluctuations in spin exchange coupling whiclvisv /U (for tunnelingt and
on-site energy/). As tunneling in double dot systems is directly controlbgdgate voltages
while the on-site energy is independently determined byGbelomb interaction, the spin
exchange coupling fluctuates in time with the tunneling [22) our square QD system,
however, the exchange couplidg= Er, (V) — Es, (V) is determined by/ ~ Aj/V. So,
in the largeV limit, which we use for the single qubit gate operations,fthetuations of the
gate voltagd” appear only in the denominator ang is independent of’ to first order. Thus
we expect less sensitivity to gate voltages in our scheme.

So far we have assumed thHadtcan be instantaneously switched on and off at desired
times. In reality gate voltages cannot jump instantly, and/svaries gradually. One can
estimate the gradual switching error by assuming that switched off (or on) linearly over a
period ofr. For instance, in Equatioh (IL4) a linear switchingobver the time period = ¢
tot = tr + 7 produces an error equal mﬁ(%) ~ Agj. In particular, for QDs of size
L = 400 nm, (i.e. A, = 20ueV) a gradual switching with duration = 10 ps induces less
than2% error in our desired state.

12. Alternative realization

Apart from GaAs technology, one can also realize our quardeinlar automata using the
silicon atom dangling bonds on hydrogen terminated silicorstal surface[[23, 24]. The
four coupled QDs located in a ring, hosting two highly intgnag electrons (fully capable
for achieving our spin filtering dynamics) have been redliexperimentally([24]. The
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isotopically purified silicon provides very long decoheaseriime ([; exceeding 20Q:s) as
the nuclear spin interaction is practically eliminatedj archarge dephasing time ©f200ns
has been measured for charge qubits in Si double QDs [25].

13. Conclusions

We have shown that the singlet and triplet states of a paiectr®ns held in a square QD can
be used as arapid and deterministically-controlled quinitoducing electrostatic interactions
between neighboring qubits allows two-qubit entanglingg#o be constructed, thus enabling
universal quantum computation, with particular suitapilo its measurement-based version.
The extra charge orbital in our system enables the fundaatisstie of short charge dephasing
time of singlet-triple qubits in double dots to be tacklediaying zero dipole moment. Hence
the leading interaction with the environment is quadrupaksulting in much longer charge
coherence. The architecture was inspired by classicallaelautomata implementations
[1, 2] thereby linking them to the quantum realm and prowydanpath for quantum-classical
integrability in computer technology. While singlet-tep qubits have already been realized
in double dots, our proposal makes a number of advances,lytafijeno electric dipoles
at any stage (potentially much longer coherence); (ii) sytnim gate operations; (iii) no
relative phases during the storage; and (iv) non-adialfegic fast) operation which could
become preferable in view of the continually improving gpeécontrol electronics; (v) less
sensitivity to gate voltage fluctuations. We should empeathat as well as the single QD
geometry we have presented here, our results are also @plpliwith minor modifications to
the four-dot structure studied experimentally in Ref.| [26]
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Appendix A. Two neighboring QDs

In the paper we have introduced the interaction between eaghboring QDs which interact
through capacitive Coulomb repulsion. The form of the iat&ion Hamiltonian is given by
H;in Equation[(15). The existence &, changes the eigenvectors of the system and therefore
may affect the system’s dynamics. To quantify the effechdd interaction on the spectrum

of Hy = H; + Hg, we compute the modified eigenstates of the whole sysfgwhen H;

is treated perturbatively. Within this regime the new ral@unnormalized eigenvectors are
given to first order by

|51,Sl> — |51,Sl> +CL|51,SQ> +CL|SQ,51> — b|52,52>
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|S1, Sa) + |Sa, S1)

V2
|517 SZ> - |527 Sl)

|51, S9) — — av/2(|S1, S1) — [ S, Sa))

|S2751> \/5

|Sg, 2> |SQ,SQ> + b|51,51> — CL|51,SQ> — CL|SQ,51>

151, T) — |51,T$) —c|52,Ti>

|To, S1) —= | T}, S1) — | T, Sa)
) ) )
) ) )

U

|52, T —>|52,T¢ +C|51,T¢

|To, Sa) = |17, Sa) + |17, S (A1)
where,
Uy — Uy Ug + Uy Uy
— b= = . A.2
“TTRA, 168, 7 A, (A-2)

Tuninguo, u; ~ 0.1A, guarantees that the oscillation betwegsh) and|S.,) remains
valid up to a very high fidelity £ 0.9).
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