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Decoupling-free NMR quantum computer on a quantum spin chain

Atsushi Goto,* Tadashi Shimizu, Kenjiro Hashi, Hideaki Kitazawa, and Shinobu Ohki
Nanomaterials Laboratory, National Institute for Materials Science, Sakura, Tsukuba 305-0003, Japan

and CREST, Japan Science and Technology Corporation, Kawaguchi, Saitama 332-0012, Japan
~Received 21 May 2002; published 28 February 2003!

We propose a decoupling-free nuclear-spin quantum computer installed on a quantum electron spin chain
with a singlet ground state and a finite spin gap. Qubits areI 51/2 nuclear spins implanted periodically along
the quantum spin chain. A magnetic field gradient is applied parallel to the chain, which allows individual
access to each qubit. A single-qubit operation~rotation gate! is realized with the rf field tuned to the nuclear
Larmor frequency at the qubit of interest, while a two-qubit operation~controlled-NOT gate! is achieved using
the Suhl-Nakamura interaction through a packet of triplet magnons, which are excited by a microwave tuned
to the spin gap energy (SN gate!. The interaction can be switched off by turning off the microwave, and a
decoupling-free quantum computer is realized. The initialization is achieved with an optical pumping qubit
initializer, which has a multilayered structure of the quantum spin chain and a semiconductor. Spin polariza-
tions created by the optical pumping in the semiconducting layers are transferred to the spin chain layers
through a cross polarization and a spin diffusion. The scheme allows us to separate the initialization process
from the computation, enabling us to optimize the latter independently of the former.

DOI: 10.1103/PhysRevA.67.022312 PACS number~s!: 03.67.Lx, 76.60.2k, 75.45.1j
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I. INTRODUCTION

A quantum computer~QC! is a Turing machine that per
forms information processing based on the principles
quantum mechanics@1#. Its features such as superpositio
and entanglement of quantum states enable parallel com
tation for all the possible states simultaneously, which allo
us to deal with the problems that are formidable for class
computers. Recent progress in the quantum algorithm@1–3#
has spurred the implementation of the QC in actual phys
systems. Among other systems proposed so far, a nuc
spin system is one of the most promising candidates, bec
of the good isolation from the environment and good co
trollability with the well-established technique of nucle
magnetic resonance~NMR! @4#. The first NMR QC was
implemented by molecules in solutions@5,6#, which shows
great promise for NMR QCs.

The current most crucial concern in the NMR-QCs
scalability; although a seven-qubit QC has been realized w
a solution @7#, it seems rather difficult for the number o
qubits~q! to be far beyond ten in this scheme because of
following reasons:~1! The number of available nuclei in on
molecule is limited.~2! The number of available molecule
in the pseudopure state@8–10# is proportional to
(\vn/2kBT)q/2q, so that the signal intensity from these mo
ecules becomes smaller with increasingq, and is eventually
smeared out in thermal noises. The QC needs at least
qubits to surpass its classical analog@2#; so it is crucial to
provide an alternative scheme that enables a systemati
crease ofq. One promising scheme is to utilize a cryst
instead of a solution@11#, which lifts away the limitation on
the number of available nuclei. A magnetic-field gradient a
plied to the crystal produces a distribution of the nucle
Larmor frequencyvn , which provides a means to distin
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guish qubits. A single-qubit operation~rotation gate! is
achieved with the rf field withvn at each qubit, while a
two-qubit operation~controlled-NOT gate! is performed using
a nuclear dipole~direct! coupling between adjacent qubi
one lattice constant apart with the pulse sequence show
Fig. 1~a!.

We find, however, that the nuclear dipole coupling is
appropriate for this scheme because of the following reas
One is that it requires a huge magnetic-field gradi
(dH/dx) to distinguish each individual qubit: actually
dH/dx51 T/m m is still marginal for the interqubit distanc
dx of one lattice constant@12#. Since the difference invn
between adjacent qubits,dvn , is proportional todxdH/dx,
one could increasedx to reducedH/dx, but this requires a
long-range interqubit coupling. The dipolar coupling is u
fortunate because it can reach at most a few lattice spac
@13#. The other is that it requires continuous applications
decoupling sequences to remove unwanted couplings,
cause it is always present whenever two qubits are clos
each other. Asq is increased, the number of decoupling s
quences increases asq2. Though this dependence is still
polynomial function of q, it actually consumes a hug
amount of time and reduces the effective number of st
possible within the coherence time.

These facts motivate us to seek a long-range indirect c
pling mediated by electrons. They include J couplings
covalent bondings, Ruderman-Kiftel-Kasuya-Yosida inter
tions in metals@14#, and Suhl-Nakamura~SN! interactions in
magnets@15,16#. Among them, the SN interaction has th
characteristics preferable for the present purpose, such a
long-range nature and the externally controllable coupl
strength. In this paper, we present the scheme of the N
QC with the interqubit coupling mediated by the SN intera
tion, which is specifically called the SN gate@17#. The ad-
vantages of the scheme are that the pulse sequence ca
simpler due to the absence of unnecessary couplings,
that dx can be set larger, which relieves the constraints
©2003 The American Physical Society12-1
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dH/dx. We also present an effective initialization schem
suitable for the present scheme, called the optical pump
qubit initializer, which is an effective nuclear polarizer th
makes use of the optical pumping and the polarization tra
fer methods. It allows us to separate the initialization sche
from the computation, so that the latter can be optimiz
independently of the former.

II. OUTLINE OF THE SN-GATE

Here, we present the outline of the SN-gate operation.
system configuration and the operation procedure are s
matically illustrated in Fig. 2. The system consists of a o
dimensional array of electron spins~quantum spin chain!
placed in a magnetic-field gradient produced by a mag
fabricated outside the system@18#. Suppose that the electron
are in the singlet ground state (ussz&5u00&) with a finite gap
to the lowest triplet excitation state (u121&) due to some
quantum effects. Examples include spin ladder, Halda
dimer and spin-Peierls systems. Also suppose that nucleI
51/2) serving as qubits are placed periodically, e.g., ev
ten lattice points (10a), each of which has a hyperfine cou
pling with the electron spins. In the ground state, the qu
are well isolated from the environment because of the
sence of unpaired electron spins@Fig. 2,~1!#.

Here, the qubits are also isolated from each other du
the absence of interqubit couplings; the nuclear dipole in
actions between qubits are negligibly small because of
large spatial separation between qubits. Moreover, the S

FIG. 1. ~a! Schematic illustration of the controlled-NOT gate in
the rotating frame of the target~T! qubit. Upper and lower figures
correspond to the cases for the controlC qubit being↑ ~case 1! and
↓ ~case 2!, respectively.~1! The T-qubit spin is in the up state. Th

spin is rotated by aX̄(p/2) pulse around the negativeX axis. ~2!
The spin starts to turn in theXY plane due to the additional field
caused by theC qubit. ~3! The spin turns by690° to the positive or
negativeX direction in theXY plane.~4! The spin is rotated again
by a Y(p/2) pulse around the positiveY axis. The direction of the
spin with respect toZ is hereby controlled according to the sp
state of theC qubit. ~b! Corresponding sequences for the rf puls
and the microwave irradiation in the SN-gate operation.
02231
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Nakamura interaction, which is known to remain finite ev
in the singlet ground state due to the exchange of virt
magnons@15,16#, is also negligible in the present situatio
because of the following reasons. Its transverse compo
with a form of I i

1I j
2 is absent in the field gradient because

the detuning effect, i.e., a mismatch in the nuclear Zeem
energies prevents the nuclei from exchanging magnons.
the other hand, the longitudinal component (I i

zI j
z) is ineffec-

tive for the pair of qubits 10a apart, because the interactio
which is characterized by an antiferromagnetic spin-spin c
relation function~see Sec. IV! @19–21#, is short-ranged, so
that it does not reach more than a few lattice spacings@22#.

In order for the system to work as a QC, one has
provide logic gates. A complete QC should be equipped w
arbitrary rotationR and controlled-NOT gates@23#. The R
gate is realized by the rf pulse with the correspond
nuclear Larmor frequency, while the controlled-NOT gate
realized with an interqubit coupling between the control~C!
and target~T! qubits. Since the controlled-NOT gate betwe
any combination of qubits far apart can be realized by
series of gate operations betweenadjacentqubits@24#, a cou-
pling between adjacent qubits is the necessary and suffic
condition for the gate. This coupling, however, is need
only between theC and T qubits, and only during the
controlled-NOT gate operation. Our strategy to create t
local and temporary coupling is to use the electron-spin t
let states excited only between theC andT qubits.

FIG. 2. Schematic illustration of the SN-gate~controlled-NOT

gate! operation under the magnetic-field gradient shown at the
Horizontal lines are quantum spin chains, and dots and arrow
the lines are zero-spin and half-spin nuclei~i.e., qubits!, respec-
tively. The symbols( represent the qubit in theXY plane. Cases 1
and 2 correspond to theC qubit being↑ and↓, respectively. See the
corresponding figures in Fig. 1.~1! A rf pulse 1 (p/2) is applied to
the T qubit.~2! A microwave is turned on, which excites a magno
packet between the qubits~hatched part!. The T qubit is rotated in
the XY plane due to the additional field (hSN) caused by the mag
non packet.~3! After the timet5p/(2gnhSN), the microwave is
turned off and a pulse 2 (p/2) is applied to theT qubit. ~4! The T
qubit is rotated back to↑ ~case 1! or forth to ↓ ~case 2!. Note that
the applied rf and microwave frequency are the same for both c
1 and 2.
2-2
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The transition between singlet and triplet states by mic
wave irradiation is used to create the electron triplet sta
Although the transition is primarily forbidden for the usu
electric dipolar transition, it often becomes possible in
actual systems because of some higher-order terms in
electron-photon interaction Hamiltonians@25,26#. The posi-
tion of the excited triplet states along the chain is specifi
by the microwave frequency, which is uniquely given in t
field gradient. The energy diagrams of thek50 magnon ex-
citations in the magnetic field are shown in Fig. 3@27,25#. In
the field gradient, the magnetic field at each part of the ch
is unique so that the excitation energy to the lowest trip
state (u121&) is also uniquely given, which provides a sp
tial resolution of the excitation. The irradiation of the micr
wave creates a packet of superpositions ofu00& and u121&
@25#, corresponding to the magnon excitations with the wa
numberk;0. The number of the excited triplet states~n! is
determined by the balance between the excitation to theu1
21& state and the relaxation~with the lifetime ofTs) to the
ground state.

The SN gate is performed with the additional field at theT
qubit caused by the SN interaction with theC qubit (hSN).
The origin ofhSN can be explained intuitively in terms of th
nuclear field. The nuclear field is a magnetic field produc
by a nuclear spin, which is superimposed on the exte
magnetic field. In the present case, the nuclear field produ
by the C qubit distorts the magnetic-field profile along th
chain, which is felt by the electrons excited by the micr
wave. As a result, the distribution of the triplet state dens
along the chain is distorted depending on the spin state o
C qubit as shown in Fig. 2~2!, so is the spin density at theT
qubit. hSN corresponds to the change in the spin density
the T qubit caused by theC qubit. Note that the rf and mi-
crowave frequency are determined irrelevantly to the s
states of theC qubit. BesidehSN, the triplet states also mak
an additional field (H tr) associated with the ‘‘shift’’ at theT

FIG. 3. Energy diagrams for the three triplet branch
(u11&,u10& and u121&) of the k50 magnon excitation mode
against the singlet state (u00&) as a function of the external field. In
the field gradient, the horizontal axis also corresponds to the p
tion along the chain. The thick line on theu121& branch shows a
part of the chain used as a QC, and an open circle is the spot w
the transition (u00&→u121&) occurs.
02231
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qubit, which can be determined as follows; under the mic
wave irradiation, one observes the shift at theT qubit while
saturating theC qubit by applying the corresponding rf fiel
continuously. The saturation of theC qubit results inhSN
50 at theT qubit, so that the observed shift directly corr
sponds toH tr .

With this local SN interaction, the SN gate~controlled-
NOT gate! is achieved as follows~see Figs. 1 and 2!.

~1! In the initial state, theT qubit is assumed to be in th
up state. The rf pulse 1@X̄(p/2), v5v0[gnH(T), where
H(T) is the magnetic field at theT qubit# is applied.

~2! A microwave is applied to the system. The SN inte
action is switched on, and theT qubit starts to rotate in the
XY plane of the rotating frame withv15gn@H(T)1Htr #
~Note thatv1 is different from that before the microwav
irradiation,v0). The direction of the rotation with respect t
the rotating frame depends on the state of theC qubit ~up or
down!.

~3! After the time t5p/(2gnhSN), the T qubit reaches
either the positive or negativeX.

~4! The SN interaction is turned off by shutting off th
microwave, and the rf pulse 2@Y(p/2),v5v0# is applied,
which rotates theT qubit upward or downward according t
the C qubit, and the controlled-NOT gate is completed.

III. SINGLET-TRIPLET EXCITATIONS IN THE QUANTUM
SPIN CHAIN

One of the key phenomena in the SN-gate operation is
selective excitations of the triplet states shown in Fig. 3@25#.
Let us see the excitations in detail. We consider the sp
ladder case shown in Fig. 4 as an example, and follow
description in Ref.@27#. The effectivespin is introduced
within the subspace consisting of the ground stateu00& and
the lowest excited stateu121&. This treatment is helpful to
visualize the transition as a rotation of thespin.

The Hamiltonians that govern the electron system are

H5H01H1 , ~1!

H05J'(
i

si1•si21gmB(
i

H~xi !•~si11si2!, ~2!

H15Ji(
nn

si1•sj 11Ji(
nn

si2•sj 2 . ~3!

Here, J' and Ji are the intrapair~rung! and interpair~leg!
exchange interactions, respectively.H(xi) is the external
field at the i th site and ‘‘nn’’ means the nearest-neighbo

s

i-

re

FIG. 4. A spin-ladder configuration. Closed and open circ
represent zero- and half-spin~i.e., qubit! nuclei, respectively.
2-3
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sites. By introducing the operatorsSi5si11si2 and T i5si1
2si2, Eqs.~1!–~3! are rewritten as

H05
1

2
J'(

i
Si

21gmB(
i

H~xi !•Si , ~4!

H15
1

2
Ji(

nn
~Si•Sj1T i•T j !, ~5!

where some constant terms have been dropped.
We further rewrite these Hamiltonians in terms of t

Pauli spin components in the following manner:

Si
2512s i

z , Si
x5Sj

x50, Si
z5

1

2
~s i

z21!,

Ti
x5

1

A2
s i

x , Ti
y5

1

A2
s i

y , Ti
z50. ~6!

As a consequence of these transformations, the two s
of u00& and u121& can be treated as the two spin sta
represented by the Pauli spin matrices. The total Ham
tonian, Eq.~1!, is expressed by these spin matrices as

H5
N

2 S J'1
Ji

4
2gmB(

i
H~xi ! D 2

1

2 (
i

H J'1
Ji

4

2gmBH~xi !J szi1
Ji

8 (
nn

$2~s i
xs j

x1s i
ys j

y!1s i
zs j

z%.

~7!

This describes the system ofspins coupled through aniso
tropic exchange interactions. The microwave rotates th
spins, and the small-angle rotations of thespins create a
packet of triplet states (k;0 magnons! like a soliton.

Here, the key issue is the mobility of the packet, beca
a movable packet could not provide a stable SN coupli
Actually, the packet is localized on the chain due to t
magnetic-field gradient; a mismatch in the excitation en
gies between adjacent regions along the chain prohibits
packet from moving to the lower-field region. On the oth
hand, the continuum excitations near the one-magnon e
tations atk50 is absent, so that it is difficult for the packet
move to the higher-field region@28–32# unless the process o
the energy release by phonon emissions is considera
Consequently, the packet of the triplet states isconfinedin
the region where it is excited, and the stable SN interactio
produced only between theC andT qubits.

The population of the magnons withk50 @[n(0)# is
determined by the balance between the excitation and
relaxation,

dn~0!

dt
5Wex2

n~0!

Ts
, ~8!

whereWex is the transition probability ofu00&→u121& per
unit time by the microwave irradiation andTs is the lifetime
of the triplet state. At the steady state,dn(0)/dt50, so that
02231
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n(0)5WexTs . As the microwave irradiation is shut off, th
spinsstart to relax to the ground state (sz521) with the
relaxation time given byTs .

We finish this section with a few remarks on the nature
the excited states. One is about the lifetime of the exci
states (Ts); it can be rather long due to the primary forbid
dance for the electric dipolar transitions. Although the fo
biddance itself is usually lifted by some additional intera
tions such as the Dzyaloshinsky-Moriya interaction@25,26#,
the primary forbiddance may cause rather longTs and nar-
rower transition lines. These features are favorable for
selective excitation. The other is about the wave numbe
the excited magnons; in the present excitation, only the tr
sition to thek50 mode is allowed and that to the stagger
mode (k5a/p) is forbidden. This fact is favorable for th
long-range internuclear coupling. Note that the magnons
cited by the microwave are in the nonequilibrium states
from the thermal equilibrium, wherek5a/p magnons are
primarily excited.

IV. INTERNUCLEAR COUPLINGS MEDIATED BY kÄ0
MAGNONS

We next look into the details of the longitudinal comp
nent of the SN interaction caused by thek50 magnon
packet. For simplicity, we assume the following on-site a
isotropic hyperfine Hamiltonian in thei th site,

Hh f5$Aisi1
z I i

z1 1
2 A'~si1

1I i
21si1

2I i
1!%, ~9!

which can be rewritten using thespin introduced in Eq.~6!
as

Hh f5
1

4
Ai~ I i

zs i
z2I i

z!1
1

2A2
A'~s i

1I i
21s i

2I i
1!. ~10!

Hence, besides the term2 1
4 AiI i

z , which can be incorporated
into the Zeeman term in the nuclear Hamiltonian, the nucl
interaction with the spins can be expressed by the anis
tropic hyperfine interaction. The first term creates the sh
at the nuclear sites corresponding toHtr and the SN interac-
tions, and the other terms give rise to the spin-lattice rel
ation (T1) @33–35#.

Since the transverse component of the SN interaction
to s6 vanishes in the field gradient, we restrict ourselves
the longitudinal component. The longitudinal component
the SN interaction is given by@36#

HSN5Wi j I i
zI j

z , ~11!

where,

Wi j 5S gnAi

N D 2

(
k,k8,kÞk8

nk2nk8

ek82ek

cos$~k2k8!r i j %. ~12!

Here, nk and ek are, respectively, the population and th
energy of the magnon with the wave numberk, andr i j is the
2-4
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distance between the two nuclei of interest. In the equi
rium states,nk is given by the Bose function for the give
temperature.

Actually, Eq.~11! is a special case of the general formul
for the indirect spin-spin interaction@37,38#

Hind5F~r i j !I i
zI j

z , ~13!

with the range function

F~r i j !5gn
2Ai

2(
q

x~q!exp~ iqr i j !. ~14!

Here,x(q) is the zero-energy component of the generaliz
susceptibility andq5k2k8. For the pair of nuclei far apart
the most important interaction comes from the uniform p
of the susceptibility, i.e.,q;0. In the present case, the ele
tronic state is not in the equilibrium state, so thatx(q) is
different from that in the thermal equilibrium. Note, in pa
ticular, that the magnons withuku@0 such ask5p/a are not
excited here.

The range to which this interaction reaches depends
the range functionF(r i j ), which is determined by the func
tional form ofx(q) as a function ofq. For thetransverseSN
interactions in three dimensions~3D!, F(r i j ) can be calcu-
lated only from the magnon dispersions. Assuming a pa
bolic dispersion, it has the form;a/rexp(2r/3a), which is
rather short ranged@16#. Unlike this case, however,F(r i j ) is
expected to reach a rather long distance in the present c
i.e., the longitudinal SN interaction in 1D, because of t
following reasons;~1! in the longitudinal component, bot
the number of excited magnonsnk and the magnon disper
sions are responsible forx(q) and thusF(r i j ) @see Eq.~12!#,
~2! the system is not in the equilibrium state andnk5p/a
;0 in the present case, and~3! the x(q) structure in 1D is
qualitatively different from that in 3D. Sincex(q) is en-
hanced atq;0 in the present case, a rather long-range in
action is expected.

Here, we estimate the range function for the case of Fi
using Eq.~12!. Suppose the magnon dispersion of the s
ladder in the form@39# e(kn)5C1J'( j 12 j 1

3/4)cos(kn)1••

•, wherekn5np/N, j 15Ji /J' , andC is the part indepen-
dent ofkn . Sincen(k)50 for kÞ0, Wi j can be calculated a

Wi j 5
2gn

2A2$n~0!/N%

J'S j 12
1

4
j 1
3D

1

N (
n51

N
cos~knr i j !

cos~kn!21
[XF~r i j /a,N!.

~15!

where X[2gn
2A2$n(0)/N%/J'( j 12 j 1

3/4). Assuming A
5100 kOe/mB , gn /(2p)54.3 MHz/kOe ~in the case of
1H), J'550 K, j 150.2 andn(0)/N50.01, one obtainsX
517 kHz. On the other hand, the range functionF(r i j /a,N)
in Eq. ~15! can be calculated as shown in Fig. 5, which is
the range between230 and 20. In comparison with th
nuclear dipole couplings in solids (;10 kHz) @11,12# and
the J couplings in solution NMR QCs (101–103 Hz) @5,6#,
one finds that the SN coupling can be strong enough to s
as quantum gates. It should be noted that the strength o
02231
-

d

t

n

a-

se,

r-

4
n

ve
he

coupling Wi j can be controlled by the microwave intensi
via n(0); it is determined by the balance between excitat
and relaxation, and in the steady state,n(0)5WexTs .

V. QC INTEGRATION AND NUCLEAR ALIGNMENT

So far, we have described the model for asingle QC.
Unfortunately, the sensitivities of the current NMR detecti
techniques, even with the state-of-the-art ones, are far be
the level required for the single QC detection. In the case
13C, for example, the minimum number of nuclei that can
observed by these techniques is estimated to be about16

@40#. This means that the integration of many equivalent Q
is inevitable to obtain the results of computations. The in
gration of QCs, however, is traded off against the decoh
ence by the nuclear dipole couplings between QCs; in or
for a spin chain to work as an independent QC, the ch
should be isolated from the others by reserving spaces
tween chains to the extent that the decoherence is reason
small. The reserved spaces, on the other hand, cause l
nuclear density and makes the detection of the signal m
difficult. This is a dilemma that always exists in the impl
mentation of the solid-state NMR QCs.

Suppose that many equivalent 1D QCs (13C qubit! are
embedded in a bulk material with their axes parallel to
field gradient~see Fig. 7!. Here, one qubit is represented b
many magnetically equivalent13 C nuclei on a plane perpen
dicular to the field gradient. For the given interchain distan
of r, the coherence time caused by the neighboring nuc
on the same plane is given byT2d;2r 3/3(13gn)2\, while the
area density of the equivalent13 C nuclei on the plane is
given byn5r 22. Ther dependences ofT2d andn are shown
in Fig. 6. Provided the acceptable coherence timeT2d
;10 s, the required interchain distancer is about 10 nm,
which corresponds to the area densityn;1012 cm22. Hence,
for the typical sample dimension of 1 cm31 cm, the total
number of nucleiN is about 1012. This number of nuclei
could be detected by usual NMR detection methodsN

FIG. 5. Contour plot of the range functionF(r i j /a,N) in Eq.
~15!, wherer i j is the distance between theC andT qubits andN is
the number of lattice points included in the triplet packet.
2-5
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;1016) if the nuclei are aligned by the dynamical nucle
polarization techniques@41#, which could enhance the NMR
signal by up to 105 @42#.

The nuclear alignment is indispensable also for qubit
tialization, especially for the large number of qubitsq
@10); the number of QCs which happen to be in the p
state in the thermal equilibrium is proportional
(\vn/2kBT)q/2q, which becomes smaller and smaller as
creasingq. The nuclear alignment can increase the numbe
nuclei in the pure state, and the initialization can be achie
with this partially aligned nuclei, using the pseudo-pure st
technique @8–10# and the algorithmic cooling metho
@43,44#.

Here, we propose a possible configuration of an opt
pumping qubit initializer, which partially aligns the qubits
the spin chains using semiconductors by the optical pump
and the polarization transfer techniques@45#. The scheme
enables us to separate the materials responsible for the
tialization ~semiconductors! and computation~spin chains!,
so that one can optimize the latter independently of
former. The schematic illustration is shown in Fig. 7. Qua
tum spin chains and semiconductors~e.g., Si, GaAs! are mul-
tilayered and attached to a flat board micromagnet, wh
produces a magnetic-field gradient@18#.

The electrons in the semiconducting layers are polari
by circularly polarized near-infrared laser lights with the e
ergy corresponding to the semiconducting gap@46,47#, and
the polarization is transferred to the nuclear spins in the s
chains at the interfaces by the cross-polarization/cohe
transfer techniques@48# or hyperfine couplings@49–51#. The
nuclear polarizations at the interfaces further diffuse into
inner part of the spin chain layer through the nuclear dip
couplings between isospins on the planes of equivalent
bits. On completion of the initialization, the laser is shut o
and the semiconducting layers return to the silent envir
ment. Once the computation starts, the nuclear dipole c
plings on the plane of equivalent qubits are decoupled us
a high power decoupler.

VI. PRACTICAL IMPLEMENTATION

In this final section, we discuss practical implementatio
of the scheme. The most critical issue is to find a suita

FIG. 6. Interchain distancer dependences of the area densityn
of 13 C and the coherence timeT2d caused by the dipole coupling
between chains.
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quantum spin chain system with a singlet ground state, c
taining more than two stable isotopes for one element, on
which hasI 51/2. Moreover, the periodical placements
the 1/2 nuclear spins may require some appropriate te
niques.

One possible candidate is organic materials. Examples
clude~1! spin-Peierls systems such as (TTF)AuS4C4(CF3)4
~TTF5tetrathiafulvalene!, MEM(TCNQ)2 ~MEM5N-
methyl-N-ethylmurpholinum!, Cu2(C5H12N2)2Cl4, ~2!
Haldane systems such as Ni(C2H8N2)2NO2ClO4 ,
Ni(C3H10N2)NO2ClO4, and~3! spin-ladder systems such a
~BEDT-TTF!Zn~SCN!3 ~BEDT-TTF 5 bis~ethylene-dithio!-
tetrathiafulvalene!. The merits of these materials are th
1H(I 51/2) and 13 C (I 51/2) are available as qubits, an
that their large unit cells allow us to reserve large spac
distances between qubits. Moreover, one can utilize the
lective isotope replacement technique known as ‘‘isotope
beling,’’ such as the2D substitution for a hydrogen site@52#
or 13 C for a carbon site@53#. This method, together with the
epitaxial growth~molecular-beam epitaxy, MBE! @54# and/or
the Langmuir-Blodgett~LB! methods, may allow us to ar
range qubit nuclei periodically along a spin chain as follow
one prepares two sets of the same kind of molecule, in on

FIG. 7. A possible configuration of the optical pumping qub
initializer, which has a multilayer structure of the quantum sp
chains and semiconductors~SC! attached to a flat board magne
The enlargement shows the interface between the spin chain an
layers. In the spin chain layer, 1D QCs~balls denote qubits! are
aligned apart from each other by several lattice spacings (r ). The
electrons in the SC layers are optically pumped by laser lights
livered from the front. The polarizations thus created in the
layers are transferred to the inner part of the spin chain layers
through a cross polarization~CP! via the heterospin couplings and
spin diffusion via the isospin couplings. Typical dimensions of t
sample are also shown.
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which isotope labeling is performed@e.g., 13 C is substituted
in a BEDT-TTF molecule of (BEDT-TTF)Zn(SCN)3].
These two sets of molecules are piled up epitaxially in or
using either the MBE or the LB method, so that the1H’s or
13C’s are lined up in one direction periodically.

In order to avoid unnecessary nuclear couplings, it is p
erable that nuclei other than qubits have no spins (I 50). In
this sense, it is fortunate that major abundant isotope
organic materials such as12 C and 16O have no spins. In
addition, one can use a high power decoupler and/or de
pling sequences between unlike spins to remove the eff
of the nonzero-spin nuclei such as2D and 14N. The only
disadvantage of the organic materials is that the typical
ues of the hyperfine couplings for1H and 13 C are very
small, as shown below.

In the following, we discuss the case o
(BEDT-TTF)Zn(SCN)3 as an example, which has a two-le
ladder consisting of BEDT-TTF~ET! molecules as shown in
Fig. 8 @55,56#. Qubits are 13 C (gn/2p51.07 MHz/kOe)
substituted in the ET molecules. The13 C labeling of the
specific site of the ET molecule has been established@53#.
We suppose that the ET molecules with and without13 C
nuclei can be piled up in order along one of the two legs
the epitaxial growth technique, although this has not yet b
confirmed.

The switching time for the SN~controlled-NOT! gate
(1/2Wi j ) is estimated as follows. The exchange interactio

FIG. 8. Crystal structure of (BEDT-TTF)Zn(SCN)3 projected
onto the long molecular axis. The double chains of the ET m
ecules form a spin ladder.
et
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in this material were reported to beJ'5996 K and Ji
586 K @55#. The magnon dispersion deduced from theT
dependence of the susceptibility is given ase(k)5D
24e0cos(k)1••• with D/kB5340 K and e0 /kB562 K,
while the hyperfine coupling constant in the13 C site in the
ET molecule (Ai) is about 2 kOe/mB @53#. Provided that
n(0)/N50.05 andF(r i j /a,N)520, Wi j in Eq. ~15! is cal-
culated to be about 12 Hz (1/2Wi j ;40 ms). AlthoughWi j is
rather small due to the smallAi , it is still of the same order
as theJ couplings in solution QCs.

The number of equivalent nuclei necessary for each q
depends on the efficiencies of the optical pumping and
polarization transfer. Tycko estimated the number of equi
lent nuclei required to observe13 C nuclei in an organic
material on a semiconducting substrate@45#. Assuming 10%
of the polarization in the substrate and 5% of the trans
efficiency, they estimated that the signals fromN51014

equivalent nuclei can be observed with the signal-to-no
ratio of unity at 9 T and 300 K with 16 scans, which corr
sponds toN51012–1013 at 4 K in a single-shot measure
ment. The number of available nuclei for each qubit,N
;1012 ~see Sec. V!, falls within this range.

The main sources of decoherence in this system are t
fold; nuclear dipole couplings and inhomogeneity of t
magnetic field in the plane of equivalent qubits. The con
bution of the dipolar field from nonqubit nuclei can be ze
using zero-spin isotopes (12C, 64Zn, 32S, etc.! and/or the
decouplers (14N and 1H). The residual dipolar couplings ar
those between13C-13 C isospins, which can be of the orde
of 10 s as estimated in the preceding section. On the o
hand, the effect of the inhomogeneous field depends on
dimension of the sample. According to the simulation fo
magnetic field produced by a Dy micromagnet@18#, it is
possible to generate a field homogeneity of 10 ppm over
dimension of 2 cm31 mm in the plane perpendicular to th
magnetic-field gradient, which is as small as that in a co
mercial high-resolution NMR magnet. Moreover, the deph
ing effect due to such inhomogeneity can be eliminated
appropriate refocusing pulses.
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