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One- and two-dimensionalN-qubit systems in capacitively coupled quantum dots
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Coulomb blockade effects in capacitively coupled quantum dots can be utilized for constructigudnit
system with antiferromagnetic Ising interactions. Starting from the tunneling Hamiltonian, we theoretically
show that the Hamiltonian for a weakly coupled quantum-dot array is reduced to that for nuclear-magnetic-
resonancg NMR) spectroscopy. Quantum operations are carried out by applying only electrical pulse se-
guences. Thus various error-correction methods developed in NMR spectroscopy and NMR quantum comput-
ers are applicable without using magnetic fields. A possible measurement schemé&iquait system is
quantitatively discussed.
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Quantum computers have been widely investigated frongqubits is derived from the Coulomb interaction between the
many perspectivelsl—12]. A quantum-dot array is a promis- excess electrons in the quantum dots. We also numerically
ing candidate for the basic element of a quantum computeHustrate the measurement process using the field effect,
from the viewpoint of technological feasibilifyi3,14). Itis ~ Which is considered to be a sensitive measurement method
noteworthy that controlling of lateral and vertical order in for electronic statef18]. We sete=1 andkg=1.
self-organized quantum-dot superlattices has been realized The fundamental idea of the quantum-dot qubits based on
[15]. Although a spin-based quantum-dot computer has beegharged states is as follows. A qubit is composed of two
intensively discussef5,6], it seems that the quantum-dot quantum dots coupled via a thin tunneling barrier and a gate
system using charged states is more accessible because gigctrode that is attached on a thick insulating material. This
latter will be constructed of various materials other thanis a bistable well structurl9] where the electronic quantum
-V group materials, such as GaAs. From this perspectivestate of the coupled dots is controlled by the gate bias. First,
several authors investigated the quantum computer based #¢€ consider the one-dimensional arrayed quifitg. 1). The
the charged statgd0-17. In Ref.[12], we discussed the Qquantum dots are, e.g., Si nanocrysf@8—22 or GaAs dots
quantum-dot computer in the limit of a free-electron approxi-[13,14. The quantum dots are assumed to be sufficiently
mation. The free-electron approximation will be valid only small for charging effects to be observed,; and N are
when the interdot tunneling is strong and Coulomb blockaddhe numbers of excess electrons from the neutral states in
is suppressed, or the size of the quantum dots is as small &0 quantum dots. One excess charge is assumed to be in-
that of artificial atoms. Generally speaking, however, giverserted from a substrate first and to stay in the two-coupled
the current state of technology, it seems that it will not be
possible to make quantum dots as small as atomic order ir
the near future. Moreover, controlledT (CNOT) operation
for a quantum computer based on charged states has be¢
discussed only in the two neighboring qubits so far; a
scheme for constructing more than two qubits on a device
remains unclear.

In this paper we advance the analysis of the quantum
computer based on charged states and show a gener
N-qubit scheme. Starting from tunneling Hamiltonian in the
Coulomb blockade regime, we demonstrate that the Hamil-
tonians for one- and two-dimensional arrays of weakly
coupled quantum dots are reduced to those for standar
nuclear-magnetic-resonan@&dMR) spectroscopy16]. This
enables any quantum computation to be described by electri =
pulse sequences. We assume that interdot tunneling is not SSource
strong that the capacitance between two quantum dots is de o
fined and we can use the Hamiltonian that allows the elec- == L
trostatic energy of the quantum-dot structure to be describeu Substrate
in terms of the capacitances of individual dots and gate volt- G, 1. Schematic of the capacitance network of a one-
ages. This type of quantum-dot system was discussed expeHmmensionally coupled quantum-dot array. The capacita@gs
mentally by Livermoreet al. [17]. The interaction between ¢, andCq;, the gateV,; and the two quantum dots constitute the

ith qubit. The excess electron moves between the two quantum dots
in a qubit via the tunneling barrier, and electron transfer between
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dots (Cgi>C¢j). When the excess charge exists in the upper N Cy, C.. _ 2

dot and lower dot, we call therh0)=|1) state and|1) Ho= D 2—' n;+ C—C'Ni+ 1+ C—C') Qv

=||) state, respectively. The quantum logic gates are as- =124 bi bi

sumed to be operated in the region where | and |1) N 5

states are near degenerate, then the system becomes a two- +2 (CpiCpi—1Cei_1

state systen}7,8,23. The qubits are arranged one dimen- =2 DiDi1

sionally and are capacitively coupled. +CyiCei 1Cqi_ NN 1, 3)

Here we show the Hamiltonian of the one-dimensionally
arrayed coupled quantum dots for quantum computation b}fwth Ci=Cai+Coi+4Cg+2(Cpi+Ce)+ Cryi+Cyi» Cy

starting from the tunneling Hamiltonian —Cp+Coi+2(Cp+Ce)+2(Cp_1+Cei_1)+Chi
+CI| ’ CCI_CCI CA|+CHi+CIi ’ Cdl CDI+CEI1 Cei
N o o o o EC2D| Cei (Cpi=Cgi, Cgi=Cg), and D= C.alcbi
=2 (ta'bi+t*blai+ e alai+ ezb/b) +Hen, (1) —CG and Qu=CaVgi+Cpi—1Vgi-1+CiiVgisg. It is as-
=1 sumed that the coupling between qubits is smaller than that
within a qubit and we neglect higher-order terms than
(C /Dj)%(<1). This assumption is valid when the distance
wherea; (b)) describes the annihilation operator when thep,ciicen the quantum dots in different qubits is larger than
excess electron exists in the upglewer) dot, ande,; (€g) that between quantum dots in a qubit. From E8), we
shows the electronic energy of the upjlenver) dot. There  yofine the characteristic charging energy of the system as

s no restriction on the number Qf coupled quantum FN’tS Ec=C,/(2D). We consider the gate voltage region, where
H.p is the charging energy that includes the interaction befhe ni=—1 state anch;=1 state are near degenerate as in

tween qubits. Because we consider the Coulomb blockade iRefs. [7,8,23, and we obtam the Hamiltonian of the coupled
the weak coupling region, the resistance of the interdot tunquantum dot system

neling barrier should be larger thay(=h/e?~25.8 kQ)
and the operational temperature be less than the charging N N-1
energies. Thus, the operational speed should be less than the H = E [taTb +t* bTa +Q1,]+ E J.
CR constant of the capacitance network so that the double- i=

well potential profile generated by the charging energy is 4
effective (adiabatic region The criterion of the operation is ~ L
discussed below in detail. As for the interaction between quwhere [T))=|nj=1) and ||))=|ni=-1), I,=(a/g
bits, the distribution of the excess charge is considered to be bfb )/2, and

antiferromagnetic due to the repulsive Coulomb interaction.

We can show that this interaction between qubits is an Ising 4Cc.

interaction by minimizing the general formulation of the
charging energy

i, |+1|iz|i+1zr

[Qv Qv ®)

Jiit1=5==1[CpiCpiz1Ceir11T C¢iCci+ 1Cqit+ 1]-
! :% qii N qui N q%i B y ii+1 2DiDi+1[ bi~bi+1%vei+1 civ~ci+1 d|+1] ]
"2 |2C, " 2Cq ' 2Ce WV ©
N-1 [ 2 2 2 2 Qy*includese,; and eg and shows the gate voltage when
N [ Upi Qi QF;i N Ui ] the |0) and|1) degeneratdon resonance We control the
=1 [2Cpi 2Cgi 2Cg 2Cg time-dependent quantum states of the qubits in the vicinity of
N 2 on resonant gate bias by applying a gate voltage, such as
+> ﬂ_q AV ] Vi(7)=V[®+v;(7) whereV*®is the gate bias of on reso-
b [2Cy et nance. In this on-resonant region, a transformation of the
N-1( 2 coordinate
. i —qV ] @)
2 |2c, WV (gyﬂ) U(ai) ; 1(1 1) :
&_i 0 Bi ’ 0 \/E 1 -1 ’ ()
with constraints  —N_i=0ai—9si T 9pi —Ypi—1+ A&
—Qri_1+0ni-1+a;  and —Ng=0g—dci+0ai—doi - is convenient(we neglect the phase df for simplicity).

1 . . .
—Qgi_1+0qg (i=1,...N). The last line of Eq(2) shows Then the Hamiltonian Eq4) can be described as

the effects of other gate electrodes on tle qubit (cross
talk). By using Lagrange multiplier constants, the energy of B
the system is obtained as a function of the relative excess H(")_i; [2tT5= A+ 2 Jijsalxiliien ©
chargen;=N, —Ng and the total excess charge of the two

guantum dots\IiENaiJrNBi(:l), where

N—-1
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’l\),(iE(a:,ia,i"_&ti&Jri)/z, ’l\),/iEi(ai»i&*i_&ti&Jri)/z’

i Jiy:DiDHy(Cbiway‘FCcicci+y)c>|5i- (13
=@y —alia 2, 9
with Di=C4Cpi—C%, Ca=Cp+Cqit4Cq, Cy
=CpitCci, Ci=Cci—Cx. oi(=Cg) and Ci;
4CACei (=C%,) are capacitances between qubitxidirection andy
Ai(n)=—pg—[vi(n)+ v (7)]. (100 direction, respectively.
: Here we summarize the criterion for realizing the above-
50 ) =[Cryi_101_1(7)+Cyv;+1(n)]/Cps is a cross-talk Mmentioned scheme. First of all, the Coulomb blockade
term and is an effect of other gate electrodes. Hamiltoniaghould be effective at the operational temperafliend we
(8) is an NMR Hamiltonian when we regard, =2t; as a have T<Ec. _In view of time-dependent operation, the ex-
Zeeman energy and;(7) as a transverse magnetic field, if C€SS charge is assumed to be affected by the electronic po-
w>Ay>J. Thus, whem\;(7) = A; cos;7+8) and we take tential generated by the capacitance network. Therefore, all

a rotating wave approximation by the unitary transformationduantities concerning time evolution should be smaller than
U e 7) = eXxp(izN w-ﬂA’) we have the CR constant of the network. Here we také€R
rwa i=1%i"tiz)»

=CinRint WwhereC,(=D/C,) andR;,; are respectively, ca-

and

N oA pacitance and resistance of the interdot tunneling barrier in a
Hrwa=—_2 T'O[T;i cosﬁﬁl}i siné; | qubit. By incIuding the condition for using the.pulse se-
= quence as mentioned above, we have a condition for the
N-1 g operation
4> g T (12)
S 2 PRl vivied T<J<A,<t<(CR). (14)

The pulse process is carried out when the oscillating electri

field is applied Ay#0) where the interaction term is ues. r-=25 nm (radius of a quantum dot d
considered to be able to be neglected becaugeJ. For  _g’ nnE: del.S (nm de=25 nrr? and the zistaﬁce

example, 7, pulse in the &;,b;) basis corresponds to petween qubitsly is 12 nm[e,=4 (Si0,) and eg=12],
m-pulse representation in thisa(;,«_;) basis and is reflecting several experimental dafa0—24. Using rela-
carried out whens=0 andA,7/2= . In general, rotation tions, CA,c:27T€oxr§/[dA,c+(fox/GSi)fo] and Cg
R,(0)=e "y (y=x,y,2) inthe @ b;) basis is interpreted =2 o, 5/[dg+2(€ox/ €5)T o], we obtain  E¢
by R/(6)=Uy'R(6)Uy in the (ay;,a_;) basis. The ~13 meV (150 K),t~0.4 mevV, and~0.1 meV. IfRy
evolution process is carried out when the oscillatingis Of the order of M), we obtain CiyRin) ~*~3.1 THz and

voltage is not applied X,=0). A two-qubit cnoT  greater thart~100 GHz. Thus, the conditiofl4) is satis-
gate is described by a pulse sequence of thdied if the operational temperature should be much less than

form UENOT“U6lRi'x(W/Z)Rj'y(W/Z)Rj'x(W/Z)Rij(—W)Rj'y 1 K. If we could preparery=0.5 nm, dg=1.2 nm, and

o . J A7 dp=2 nm, we obtait~120 K andJ~90 K and quantum
x( 7/g)U0 [24,29. The two-body interactiorR;(— ) calculations can be expected to be carried out at around

=e "1 is obtained by using an aVer""ge"H""m'Iton'"’mquuid-nitrogen temperature. The effects of cross talk are of
theory [16]. Here we apply the “Carr-Purcell” sequence the order of C,y, /Ca~d, /dp; and cannot be neglected
7—my—27—m,— 7 to the Hamiltonian Eq(8) in order 0 gyen when gate electrodes are set closer to the corresponding
average the effect of Zeeman term to zero. Thus, we cafyantum dots. However, we can control the cross-talk effects
show that the Hamiltonian of the coupled quantum-dot SYSpy adjustingu;(7) to obtain the required ().
tem can be reduced to that of the weakly coupled system in” p; the near-degeneracy point, the system becomes a two-
NMR and quantum operations can be carried out in a mannefi;ie system and the estimation of the decoheréncerder
simiI_ar_to that of operations in NMR guantum computers. ¢ wsec) discussed in Ref12] may be applicable. Until
_ Similarly, we can show that the Hamiltonian of the two- 1\ e have not known of any corresponding experimental
dimensionally arrayed coupled dots is reduced to that of aR5t4 for the decoherence tirfi26]. The point is that various
artificial Ising system controllable by electric fields. Here we athods developed in NMR spectroscopy, such as
con;ider the case where there are only neargst-neighbor Cie composite-pulse methddé], can be utilized to reduce
pacitive couplings € and Cr are neglected in the above he imperfections of the pulse and coherence transfer, that
formulation. If we express the .COUD“DQ strength betweenis errors that are brought about in the operations. In addition,
the sitesi=(i,j) andi+x=(i+1,j) asJi and that between it the speed of quantum computations can be increased
the sitesi and i+y=(i,j+1) asJ (1<i<=N,, 1<j to much more than the shortest decoherence time,
<N,: N=N,N,), we have a Hamiltonian similar to Eq. Tc~wgl (~10"* s), group-theoretic approach¢g7,2§
(4) where for decreasing the decoherence will be effective. In this case,
we have to reduce the correspond®R of the junction such
Xe — —  (C.Ch: C. X that Eq.(14) holds and the cycle time of operations should
% DiDi+x(Cb'Cb'+X+CC'CC'+X)CD" (12 be much less tham,. Thus, the errors and the effects of

e can roughly estimate this criterion by taking typical val-
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decoherence of a coupled quantum-dot system will be re- 1.2 T T T
duced by developing many contrivances. (a)
Hereafter we consider the one-dimensionally arrayed qu- 1F Ve-Vin=2.0 [V]

bits for simplicity. Next, we quantitatively illustrate tmead-
ing outprocess based on a field-effect transigteET) struc-

M ;
ture (Fig. 1. Measurement is carried out, after quantum gy, Sth qubit
calculation;, by applying a finite bidg bgtwegn the source - ]
and the drai12]. The detection mechanism is such that the 3 0.6 ]
change of the charge distribution in a qubit induces a thresh- s

old voltage shiftAVy, of the gate voltage-above which the Soal .

channel current flows in the substrateVy, is of the order of

i 4th qubit |
edy/ e (dg is a distance between the centers of two quan- 02k Tst:qubie (_li.]_-_
tum dots in a qubjt[21]. The effect ofAVy, differs depend- —_ ‘:_______;‘

ing on the position of the qubit, because the width of the
depletion region in the substrate changes gradually from 0 0.5 1 1.5 2
source to drain. A simplified model of a metal-oxide semi-
conductor field-effect-transistor including velocity saturation
effects[ ® in Eq. (15)] [29] is used for the current that flows

under theith qubit 0.7
2_\2
10 A [Vgi_Vthi](Viljr\gf\ll)—ill/z) 7(Vi=Vi_1) , _ 0.6 VWbo=1.5[V]
VimVied) (15) S osf Ve-Vin=2.0 [V]

<
where A=Zu,Co/Ly (Z is the channel widthu, is the E_ 04 F
mobility, L is the channel length of one qubit, a@q is the ._'F
capacitance of the gate insulgtof; =1+ ¢; where(; is de- - 03 F
termined by the charge of the surface depletion region, and =
V; is the voltage ofith qubit to be determined fronv, 02 ¢
=Vp and IP=1@=... =10 The detection should be o1k
carried out before the change of the quantum states of the ) SRS
qubits. For this purpose\ should be as large as possible 0 =
[12]. The threshold voltage oith qubit Vy; is given by 8 16 32 64
Vini =Vin(&) +AVy, . Figure Za) shows the ratio of the cur- No. of qubits
rent changel-1o|/1, as a function ol in eight qubits with
£;=0, wherel, is the initial current and; is the current FIG. 2. 1; represents the current where only filtle qubit shifts

when V;-Vy, of ith qubit changes by 10%. This ratio is its threshold voltag®,(0)+ AVy, . I, represents the current where
largest for a qubit near the drain=f8) because it has the all qubits have the same threshold voltagg(0). (a) The ratio of
narrowest inversion layer. To show how to distinguish qubitsgcurrent changel;—1o|/l, as a function ofV in an eight-qubit
we compare the current where only thé qubit shifts its  quantum computeriE 1, i=4, andi=8). (b) The ratio of change
threshold voltage with that where only theH1)th qubit  [li—li+1l/lo as a function of the number of qubits, in the case
shifts its threshold voltage. Figurél2 shows the results for =1 (near sourcg i=N/2 (middie) andi=N-1 (near draip at
()i=1, (i) i=N/2, and(iii) i=N—1, with the same voltage .VD=.1.5 V. The efﬂmengy of detecting the guantum SFate of qubits
shift as in Fig. 2a). The maximum allowable number of is highest when the qubits near the (Elgal_n change t_helr statéa) In
arrayed qubits depends on the sensitivity of the external cir2d (), Vg-Vin=2 \0/ and ®=0.3 V"= in Eq. (7) in text. The
cuit to the channel current. When the density of acceptor irffreshold shift is 10% oVg-Vy,.
the substrate is of the order of ¥Ocm™3, the number of
acceptors below one qubit is less than one. If this effect is
represented by; as a random number, the above ratios mayto the quantum-dot system that is considered to be the most
increase or decrease and the overall features are similar feasible system in view of the present technology. The diffi-
those in Fig. 2. To construct a large qubit array, additionalculty of scalability in the NMR computer, namely, that the
dummy qubits are needed over the source and drain so thaverlap of pulses restricts the number of qubi§ is over-
separated qubits on different FETs are connected. come in the operations by individual gate electrodes. The
In conclusion, we have theoretically shown that thedisadvantage of the short decoherence time is also compen-
Hamiltonian for a weakly coupled quantum-dot array in thesated for by another advantage, namely, that the measure-
Coulomb blockade regime is reduced to that for NMR speciment procedure is compatible with classical circuits. It is
troscopy. The flexible quantum information processing deexpected that a transmitting loss of signals to classical cir-
veloped in the NMR quantum computer and a variety ofcuits will decrease due to this compatibility. Recently, nano-
error-correction methods in conventional NMR is applicablefabrication of two-dimensionally distributed self-aligned Si
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doubly stacked dots has been successfully realized in théeveloped as a result of further advances in fabrication tech-
form of a nonvolatile memory devicg22] and the detailed nologies.

analysis of the behavior of electrons, such as, an artificial

antiferromagnet, is expected to be performed. Nagubit The author thanks S. Saito, R. Katoh, K. Ichimura, J.
system composed of arrayed quantum dots is expected to loga, R. Ohba, and M. Ueda for useful discussion.
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