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Decoupling-free NMR quantum computer on a quantum spin chain
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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. Qubitsl a&&/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 operatiostation gatg is realized with the rf field tuned to the nuclear
Larmor frequency at the qubit of interest, while a two-qubit operatemmtrollednoT 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 energyS(N 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.
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[. INTRODUCTION guish qubits. A single-qubit operatiofrotation gatg is
achieved with the rf field withw, at each qubit, while a
A quantum computetQC) is a Turing machine that per- two-qubit operatioricontrolledNOT gate is performed using
forms information processing based on the principles ofa nuclear dipole(direct coupling between adjacent qubits
guantum mechanicgl]. Its features such as superposition one lattice constant apart with the pulse sequence shown in
and entanglement of quantum states enable parallel comp#ig. 1(a).
tation for all the possible states simultaneously, which allows We find, however, that the nuclear dipole coupling is in-
us to deal with the problems that are formidable for classicabppropriate for this scheme because of the following reasons.
computers. Recent progress in the quantum algorftha8]  One is that it requires a huge magnetic-field gradient
has spurred the implementation of the QC in actual physicaléH/6x) to distinguish each individual qubit: actually,
systems. Among other systems proposed so far, a nucleafH/é6x=1 T/u m is still marginal for the interqubit distance
spin system is one of the most promising candidates, becaug& of one lattice constantl2]. Since the difference im,
of the good isolation from the environment and good con-between adjacent qubitéw,,, is proportional tosxSH/ X,
trollability with the well-established technique of nuclear one could increaséx to reducesH/x, but this requires a
magnetic resonanceNMR) [4]. The first NMR QC was long-range interqubit coupling. The dipolar coupling is un-
implemented by molecules in solutiofis,6], which shows fortunate because it can reach at most a few lattice spacings
great promise for NMR QCs. [13]. The other is that it requires continuous applications of
The current most crucial concern in the NMR-QCs isdecoupling sequences to remove unwanted couplings, be-
scalability; although a seven-qubit QC has been realized witleause it is always present whenever two qubits are close to
a solution[7], it seems rather difficult for the number of each other. Agj is increased, the number of decoupling se-
qubits(g) to be far beyond ten in this scheme because of thejuences increases aé. Though this dependence is still a
following reasons(1) The number of available nuclei in one polynomial function of g, it actually consumes a huge
molecule is limited.(2) The number of available molecules amount of time and reduces the effective number of steps
in the pseudopure statg8-10 is proportional to possible within the coherence time.
(hw,/2kgT)q/29, so that the signal intensity from these mol-  These facts motivate us to seek a long-range indirect cou-
ecules becomes smaller with increastpgand is eventually pling mediated by electrons. They include J couplings in
smeared out in thermal noises. The QC needs at least 1@®valent bondings, Ruderman-Kiftel-Kasuya-Yosida interac-
qubits to surpass its classical anald; so it is crucial to  tions in metal§ 14], and Suhl-NakamuréSN) interactions in
provide an alternative scheme that enables a systematic imagnets[15,16. Among them, the SN interaction has the
crease ofg. One promising scheme is to utilize a crystal characteristics preferable for the present purpose, such as the
instead of a solutiofil1], which lifts away the limitation on long-range nature and the externally controllable coupling
the number of available nuclei. A magnetic-field gradient ap-strength. In this paper, we present the scheme of the NMR
plied to the crystal produces a distribution of the nuclearQC with the interqubit coupling mediated by the SN interac-
Larmor frequencyw,, which provides a means to distin- tion, which is specifically called the SN gaft#7]. The ad-
vantages of the scheme are that the pulse sequence can be
simpler due to the absence of unnecessary couplings, and
*Electronic address: GOTO.Atsushi@nims.go.jp that ox can be set larger, which relieves the constraints on
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FIG. 1. () Schematic illustration of the controlletsT gate in FIG. 2. Schematic illustration of the SN-gateontrollednoT

the rotating frame of the targéT) qubit. Upper and lower figures gate operation under the magnetic-field gradient shown at the top.
correspond to the cases for the contBofjubit being] (case Jand  Horizontal lines are quantum spin chains, and dots and arrows on
| (case 2, respectively(1) The T-qubit spin is in the up state. The the lines are zero-spin and half-spin nudfee., qubits, respec-
spin is rotated by X(7/2) pulse around the negativé axis. (2)  tvely- The symbolsO represent the qubit in theY plane. Cases 1
The spin starts to turn in th¥Y plane due to the additional field @nd 2 correspond to th@qubit being] and|, respectively. See the
caused by th€ qubit. (3) The spin turns by- 90° to the positive or ~ corresponding figures in Fig. 11) Arf pulse 1 (w/2) is applied to
negativeX direction in theXY plane.(4) The spin is rotated again the T qubit.(2) A microwave is turned on, which excites a magnon
by aY(/2) pulse around the positivé axis. The direction of the ~Packet between the qubitsatched pajt The T qubit is rotated in
spin with respect t& is hereby controlled according to the spin the XY plane due to the additional field§y) caused by the mag-
state of theC qubit. (b) Corresponding sequences for the rf pulses"On packet(3) After the time 7=m/(2y,hsy), the microwave is

and the microwave irradiation in the SN-gate operation. turned off and a pulse 27(/2) is applied to theT qubit. (4) The T
qubit is rotated back td (case 1 or forth to | (case 2. Note that

the applied rf and microwave frequency are the same for both cases

SH/6x. We also present an effective initialization scheme and 2

suitable for the present scheme, called the optical pumping

qubit initializer, which is an effective nuclear polarizer that Nakamura interaction, which is known to remain finite even
makes use of the optical pumping and the polarization transin the singlet ground state due to the exchange of virtual
fer methods. It allows us to separate the initialization schemeénagnong 15,16, is also negligible in the present situation
from the computation, so that the latter can be optimizethecause of the following reasons. Its transverse component

independently of the former. with a form ofl i*lj’ is absent in the field gradient because of
the detuning effect, i.e., a mismatch in the nuclear Zeeman
Il OUTLINE OF THE SN-GATE energies prevents the nuclei from exchanging magnons. On

the other hand, the longitudinal componetft f) is ineffec-
Here, we present the outline of the SN-gate operation. Théive for the pair of qubits 18 apart, because the interaction,
system configuration and the operation procedure are schesich is characterized by an antiferromagnetic spin-spin cor-
matically illustrated in Fig. 2. The system consists of a one~elation function(see Sec. 1Y[19-21, is short-ranged, so
dimensional array of electron spirguantum spin chajn that it does not reach more than a few lattice spacjags
placed in a magnetic-field gradient produced by a magnet |n order for the system to work as a QC, one has to
fabricated outside the systdii8]. Suppose that the electrons provide logic gates. A complete QC should be equipped with
are in the singlet ground statgsé,)=|00)) with a finite gap  arbitrary rotationR and controlledvoT gates[23]. The R
to the lowest triplet excitation stat¢l(—1)) due to some gate is realized by the rf pulse with the corresponding
quantum effects. Examples include spin ladder, Haldaneuclear Larmor frequency, while the controlled-NOT gate is
dimer and spin-Peierls systems. Also suppose that nuklei (realized with an interqubit coupling between the cont@)|
=1/2) serving as qubits are placed periodically, e.g., everyand targetT) qubits. Since the controlled-NOT gate between
ten lattice points (18), each of which has a hyperfine cou- any combination of qubits far apart can be realized by a
pling with the electron spins. In the ground state, the qubitseries of gate operations betwestjacentqubits[24], a cou-
are well isolated from the environment because of the abpling between adjacent qubits is the necessary and sufficient
sence of unpaired electron spifEg. 2(1)]. condition for the gate. This coupling, however, is needed
Here, the qubits are also isolated from each other due tonly between theC and T qubits, and only during the

the absence of interqubit couplings; the nuclear dipole intereontrolled-NOT gate operation. Our strategy to create this
actions between qubits are negligibly small because of théocal and temporary coupling is to use the electron-spin trip-
large spatial separation between qubits. Moreover, the Suhlet states excited only between tBeand T qubits.
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represent zero- and half-spine., qubi) nuclei, respectively.
; 11-1> qubit, which can be determined as follows; under the micro-
{| Transition , wave irradiation, one observes the shift at Thqubit while
i]100>—]1 -1>; saturating theC qubit by applying the corresponding rf field
5 T |0 0> continuously. The saturation of th& qubit results inhgy
— . =0 at theT qubit, so that the observed shift directly corre-
~1T (100 qubits) Magnetic Field (T) sponds tcH, .

FIG. 3. Energy diagrams for the three triplet branches With th,'s IOC"_il SN interaction, the, SN gateontrolled-
(111),]10) and |1—1)) of the k=0 magnon excitation modes NOT gate is achieved as followssee Figs. 1 and)2
against the singlet stat¢00)) as a function of the external field. In (1) In the initial state, thé qubit is assumed to be in the
the field gradient, the horizontal axis also corresponds to the posdp state. The rf pulse IX(7/2), o= wo=y,H(T), where
tion along the chain. The thick line on th&—1) branch shows a H(T) is the magnetic field at th& qubit] is applied.
part of the chain used as a QC, and an open circle is the spot where (2) A microwave is applied to the system. The SN inter-
the transition (00)—|1—1)) occurs. action is switched on, and tHE qubit starts to rotate in the

The transition between singlet and triplet states by micro—xY plane of the rotating frame witin,=y,[H(T) +Hy]

wave irradiation is used to create the electron triplet stateé.Non.a t.hatwl 1S d|ffer_ent _from that befo_re th_e microwave
Although the transition is primarily forbidden for the usual irradiation, wg). The direction of the rotation with respect to

electric dipolar transition, it often becomes possible in theN® rotating frame depends on the state of@hgubit (up or

actual systems because of some higher-order terms in t wr. . .
electron-photon interaction Hamiltoniafi25,2§. The posi- (3 After the time 7=/(2y,hs\), the T qubit reaches
tion of the excited triplet states along the chain is speciﬁeda'ther the positive or nggapv)é. .

by the microwave frequency, which is uniquely given in the _(4) The SN interaction is turned off by Shl.mmg qﬁ the
field gradient. The energy diagrams of the 0 magnon ex- microwave, and the rf pulse Y(w/2),w=wo] is applied,
citations in the magnetic field are shown in Fig.2¥,25. In which rotates the qubit upward or dovv_nward according to
the field gradient, the magnetic field at each part of the chaif'€ € qubit, and the controlledoT gate is completed.

is unique so that the excitation energy to the lowest triplet

state (1—1>) is also unique]y given’ which provides a spa- IIl. SINGLET-TRIPLET EXCITATIONS IN THE QUANTUM

tial resolution of the excitation. The irradiation of the micro- SPIN CHAIN

wave creates a packet of superposition$0df) and|1—1)

[25], corresponding to the magnon excitations with the wave g
numberk~0. The number of the excited triplet states is
determined by the balance between the excitation td the
—1) state and the relaxatiofwith the lifetime of Ty) to the
ground state.

The SN gate is performed with the additional field atThe
qubit caused by the SN interaction with t@equbit (hsy).
The origin ofhgy can be explained intuitively in terms of the
nuclear field The nuclear field is a magnetic field produced
by a nuclear spin, which is superimposed on the external H=Hq+H,, (1)
magnetic field. In the present case, the nuclear field produced
by the C qubit distorts the magnetic-field profile along the
chain, which is felt by the electrons excited by the micro- HOZJLE S1-S2+ g,uBZ H(X) (S1+S2), (2
wave. As a result, the distribution of the triplet state density ! :
along the chain is distorted depending on the spin state of the
C qubit as shown in Fig. 22), so is the spin density at the _ < e
qubit. hgy corresponds to the change in the spin density at s JH% S1 SMFJ”% S2°92: &
the T qubit caused by th€ qubit. Note that the rf and mi-
crowave frequency are determined irrelevantly to the spirHere,J, andJj are the intrapairung and interpair(leg)
states of theC qubit. Besidehgy, the triplet states also make exchange interactions, respectivell(x;) is the external
an additional field H,) associated with the “shift” at th@  field at theith site and ‘nn” means the nearest-neighbor

One of the key phenomena in the SN-gate operation is the
ective excitations of the triplet states shown in FifR5].

Let us see the excitations in detail. We consider the spin-
ladder case shown in Fig. 4 as an example, and follow the
description in Ref.[27]. The effectivespin is introduced
within the subspace consisting of the ground sta@) and

the lowest excited statd —1). This treatment is helpful to
visualize the transition as a rotation of thgin

The Hamiltonians that govern the electron system are
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sites. By introducing the operato&=s,+s, andT;=s n(0)=W,,T,. As the microwave irradiation is shut off, the

—S,, EQgs.(1)—(3) are rewritten as spinsstart to relax to the ground staterf=—1) with the
1 relaxation time given byfg.
We finish this section with a few remarks on the nature of
Ho=59.2 §+gue2 H(X)'S, @)

the excited states. One is about the lifetime of the excited
states Ts); it can be rather long due to the primary forbid-

1 dance for the electric dipolar transitions. Although the for-
H1:§JH% (§-§+Ti-T)), (5 biddance itself is usually lifted by some additional interac-
tions such as the Dzyaloshinsky-Moriya interactj@,26],
where some constant terms have been dropped. the primary forbiddance may cause rather |dngand nar-
We further rewrite these Hamiltonians in terms of therower transition lines. These features are favorable for the
Pauli spin components in the following manner: selective excitation. The other is about the wave number of

the excited magnons; in the present excitation, only the tran-

, « e , 1 sition to thek=0 mode is allowed and that to the staggered
S=1-0f, S=5=0 § =5(0i—1), mode k=a/ ) is forbidden. This fact is favorable for the
long-range internuclear coupling. Note that the magnons ex-
1 1 cited by the microwave are in the nonequilibrium states far
T'=—0¢f, T/=—0Y, T:=0. (6)  from the thermal equilibrium, wherk=a/7 magnons are
V2 V2 primarily excited.

As a consequence of these transformations, the two states
of |00) and |1—1) can be treated as the two spin states 'V- INTERNUCLEAR COUPLINGS MEDIATED BY k=0

represented by the Pauli spin matrices. The total Hamil- MAGNONS
tonian, Eq.(1), is expressed by these spin matrices as We next look into the details of the longitudinal compo-
N 3 nent of the _SN _in_teraction caused by theo magnon
H= JNL QMBE H(x; )) E J + ul | packet. For simplicity, we assume the following on-site an-
2 4 isotropic hyperfine Hamiltonian in thi¢h site,
—gugH(X) [ oyt % % {2(afa]+olo)) + aiof}. Hie={Ajsial{+ AL (s1l; +5i1li)}, (€)

7) which can be rewritten using thepin introduced in Eq(6)
as
This describes the system epins coupled through aniso-
tropic exchange interactions. The microwave rotates these 1
spins and the small-angle rotations of ttepins create a th=ZAH(IiZaiZ—Iiz)+—Ai(cri*|i’+ai’Ii+). (10
packet of triplet statesk(~0 magnonglike a soliton. 22
Here, the key issue is the mobility of the packet, because

a movable packet could not provide a stable SN couplingHence, besides the termz Al 7, which can be incorporated
Actually, the packet is localized on the chain due to theinto the Zeeman term in the nuclear Hamiltonian, the nuclear
magnetic-field gradient; a mismatch in the excitation enerinteraction with the spirr can be expressed by the aniso-
gies between adjacent regions along the chain prohibits thigopic hyperfine interaction. The first term creates the shifts
packet from moving to the lower-field region. On the otherat the nuclear sites correspondingHg and the SN interac-
hand, the continuum excitations near the one-magnon exclions, and the other terms give rise to the spin-lattice relax-
tations akk=0 is absent, so that it is difficult for the packet to ation (T;) [33-39.
move to the higher-field regidi28 —32 unless the process of Since the transverse component of the SN interaction due
the energy release by phonon emissions is considerabltQ o= vanishes in the field gradient, we restrict ourselves to
Consequently, the packet of the triplet statesdsfinedin  the longitudinal component. The longitudinal component of
the region where it is excited, and the stable SN interaction ighe SN interaction is given b}j36]
produced only between the and T qubits.

The population of the magnons witk=0 [=n(0)] is Hsn= W,JIIIJZ, (11
determined by the balance between the excitation and the
relaxation, where,
dn(0) n(0)
—=W..— _, 8 Y A nk_ nkr ,
at Ve T ® W, = ( s 1> cog(k—k")ry}. (12
k,k" k#k" €Exr— €k

whereW,, is the transition probability of00)—|1—1) per
unit time by the microwave irradiation arid, is the lifetime  Here, n, and ¢, are, respectively, the population and the
of the triplet state. At the steady statiy(0)/dt=0, so that energy of the magnon with the wave numbgandr;; is the
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distance between the two nuclei of interest. In the equilib-

rium statesn, is given by the Bose function for the given

temperature. 80
Actually, Eq.(11) is a special case of the general formulas

for the indirect spin-spin interactior87,3§

60
Hina=®(rip 1717, (13 ”
S
with the range function 47 40
P(rij) = VAT X(@exaliary). (14) 20

Here, x(q) is the zero-energy component of the generalized
susceptibility andj=k—k’. For the pair of nuclei far apart,
the most important interaction comes from the uniform part
of the susceptibility, i.e.g~0. In the present case, the elec- N
tronic state is not in the equilibrium state, so thdl) is
different from that in the thermal equilibrium. Note, in par-
ticular, that the magnons witlk| >0 such ak= n/a are not
excited here.

The range to which this interaction reaches depends on lina W b led by th : . .
the range functiorb(r;;), which is determined by the func- coupling W can be controlled by the microwave intensity
. 7 . via n(0); it is determined by the balance between excitation
tional form of y(q) as a function ofj. For thetransverseSN

interactions in three dimensiori8D), ®(r;;) can be calcu- and relaxation, and in the steady stated)=We,Ts-
lated only from the magnon dispersions. Assuming a para-

bolic dispersion, it has the formy a/rexp(—r/3a), which is V. QC INTEGRATION AND NUCLEAR ALIGNMENT
rather short range[d.6]. Unlike this case, howeve®(rj;) is

ted t h ther | dist i th A So far, we have described the model forsiagle QC.
expected to reach a ratner fong distance in the presen Caqﬁﬁfortunately, the sensitivities of the current NMR detection
i.e., the longitudinal SN interaction in 1D, because of the

followi (1) in the longitudinal ¢ both techniques, even with the state-of-the-art ones, are far below
ofiowing reasons{.) in the longitudinal component, Dot ¢ 14| required for the single QC detection. In the case of
the number of excited magnomg and the magnon disper-

: ) 13C, for example, the minimum number of nuclei that can be
sions are responsible fgi(q) and thusb (r;;) [see Eq(12)], o oryeq by these techniques is estimated to be abdfit 10
(2) the system is not in the equilibrium state ang. ./,

: : ? [40]. This means that the integration of many equivalent QCs
~0 in t_he present case, anfe) th? x(a) structure In 1D'Is 5 jneyitable to obtain the results of computations. The inte-
qualitatively different from that in 3D. Sincg(q) is en-

h d 0 inth her | . gration of QCs, however, is traded off against the decoher-
anced ag~0 in the present case, a rather long-range Intergcq by the nuclear dipole couplings between QCs; in order
action is expected.

. . . for a spin chain to work as an independent QC, the chain
Here, we estimate the range funct|on_ forth_e case of FI9: 4hould be isolated from the others by reserving spaces be-
using Eq.(12). Suppose the magnon dispersion of the Spiny een chains to the extent that the decoherence is reasonably
ladder in the form(39] e(k,)=C+J, (j1—]1/4)cosk)t--  small. The reserved spaces, on the other hand, cause lower
-, wherek,=nz/N, j;=J;/J,, andC is the part indepen- pyclear density and makes the detection of the signal more
dent ofk,, . Sincen(k) =0 fork+0, Wj; can be calculated as jfficult. This is a dilemma that always exists in the imple-

FIG. 5. Contour plot of the range functidf(r;; /a,N) in Eq.
(15), wherer;; is the distance between ti@and T qubits andN is
the number of lattice points included in the triplet packet.

202 N mentation of the solid-state NMR QCs.
_27An(0)/N} 1 D cogkqrij) —XF(rJa.N) Suppose that many equivalent 1D QCSQ qubit are
g ) 5| N a=1cogk,)—1 e embedded in a bulk material with their axes parallel to the
Jilia— 21 field gradient(see Fig. 7. Here, one qubit is represented by

(15  many magnetically equivalerif C nuclei on a plane perpen-
dicular to the field gradient. For the given interchain distance

where XEZyﬁAZ{n(O)/N}/JL(j1—j?/4). Assuming A of r, the coherence time caused by the neighboring nucleus
=100 kOefug, yn/(27)=4.3 MHz/kOe (in the case of on the same plane is given Byy~ 2r%3(*3y,) %4, while the
'H), J, =50 K, j;=0.2 andn(0)/N=0.01, one obtainX  area density of the equivalerf C nuclei on the plane is
=17 kHz. On the other hand, the range functefr;; /a,N) given byn=r ~2. Ther dependences df,4 andn are shown
in Eq. (15) can be calculated as shown in Fig. 5, which is inin Fig. 6. Provided the acceptable coherence tig
the range between-30 and 20. In comparison with the ~10 s, the required interchain distancds about 10 nm,
nuclear dipole couplings in solids<10 kHz) [11,12 and  which corresponds to the area density 102 cm™2. Hence,
the J couplings in solution NMR QCs ($6-1¢° Hz) [5,6],  for the typical sample dimension of 1 ¢xd cm, the total
one finds that the SN coupling can be strong enough to serveumber of nucleiN is about 18% This number of nuclei
as quantum gates. It should be noted that the strength of treould be detected by usual NMR detection methotls (
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~10'9) if the nuclei are aligned by the dynamical nuclear
polarization techniqueit1], which could enhance the NMR
signal by up to 18[42].

The nuclear alignment is indispensable also for qubit ini-
tialization, especially for the large number of qubitg (
>10); the number of QCs which happen to be in the pure
state in the thermal equilibrium is proportional to  FIG. 7. A possible configuration of the optical pumping qubit
(hwn/2kgT)q/29, which becomes smaller and smaller as in-initializer, which has a multilayer structure of the quantum spin
creasingy. The nuclear alignment can increase the number ofhains and semiconductotSC) attached to a flat board magnet.
nuclei in the pure state, and the initialization can be achievedhe enlargement shows the interface between the spin chain and SC
with this partially aligned nuclei, using the pseudo-pure stat@ayers. In the spin chain layer, 1D QGballs denote qubitsare
technique [8-10 and the algorithmic cooling method aligned apart from each other by several lattice spacinysThe
[43,44). electrons in the SC layers are optically pumped by laser lights de-

Here, we propose a possible configuration of an opticalivered from the front. The polarizations thus created in the SC
pumping qubit initializer, which partially aligns the qubits in |ayers are transferred to the inner part of the spin chain layers both
the spin chains using semiconductors by the optical pumpinghrough a cross polarizatigf©P) via the heterospin couplings and a
and the polarization transfer techniquetb]. The scheme spin diffusion via the isospin couplings. Typical dimensions of the
enables us to separate the materials responsible for the iriample are also shown.
tialization (semiconductofsand computatior(spin chaing
so that one can optimize the latter independently of theuantum spin chain system with a singlet ground state, con-
former. The schematic illustration is shown in Fig. 7. Quan-taining more than two stable isotopes for one element, one of
tum spin chains and semiconductéesy., Si, GaAsare mul-  \hich hasl =1/2. Moreover, the periodical placements of
tilayered and attached to a flat board micromagnet, whichhe 1/2 nuclear spins may require some appropriate tech-
produces a magnetic-field gradidis]. niques.

The electrons in the semiconducting layers are polarized ope possible candidate is organic materials. Examples in-

by circularly polarized near-infrared laser lights with the en-¢|qe (1) spin-Peierls systems such as (TTF)AGRCFs) 4
ergy corresponding to the semiconducting 446,47, and  (TTE=tetrathiafulvaleng MEM(TCNQ), (MEM=N-

the polarization is transferred to the nuclear spins in the SPithethyl-N-ethylmurpholinuf) ~ Cuy(CsHioNo),Clay, ()
chains at the. interfaces by th.e cross-poIarization/cohereri_tiamane systems such as NGN,),NO,CIO,,
transfer techr.nqu.e[sﬂfs] or hyperflne coupllng§49_—5]]. The Ni(C3H;gN,)NO,CIO,, and(3) spin-ladder systems such as
nuclear polarizations at the interfaces further diffuse into the{BEDT—TTF)Zn(SCN)3 (BEDT-TTF = bis(ethylene-dithio-
inner part of the spin chain layer through the nuclear dip0|e[etrathiafulvalen)a The merits of these materials are that
couplings between isospins on the planes of equivalent quxH(I —1/2) and 3 C (I=1/2) are available as qubits, and
bits. On completion of the initialization, the laser is shut off, that their large unit cells allow us to reserve large épacial

and the semiconducting Ir_:myers return to the silent. enVironaistances between qubits. Moreover, one can utilize the se-
ment. Once the computation starts, Fhe nuclear dipole COYactive isotope replacement technique known as “isotope la-
len.gs on the plane of equivalent qubits are decoupled usmge”ng," such as theD substitution for a hydrogen sit&2]
a high power decoupler. or 13 C for a carbon sit§53]. This method, together with the
V1. PRACTICAL IMPLEMENTATION epitaxial groyvth(molecular-beam epitaxy, MBE54] and/or
the Langmuir-Blodget{LB) methods, may allow us to ar-
In this final section, we discuss practical implementationgange qubit nuclei periodically along a spin chain as follows:
of the scheme. The most critical issue is to find a suitabl@ne prepares two sets of the same kind of molecule, in one of

Field gradient,
Polarized light /
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=86 K [55]. The magnon dispersion deduced from fhe
dependence of the susceptibility is given agk)=A
—4egcosk)+--- with A/kg=340 K and e3/kg=62 K,
while the hyperfine coupling constant in th&C site in the
ET molecule @) is about 2 kOekg [53]. Provided that
n(0)/N=0.05 andF(r;; /a,N) =20, W;; in Eq. (15) is cal-
culated to be about 12 Hz (Mg; ~40 ms). Althoughw;; is
rather small due to the sma, it is still of the same order
as theJ couplings in solution QCs.

{' in this material were reported to b& =996 K and J;
[ @]

. N The number of equivalent nuclei necessary for each qubit

. depends on the efficiencies of the optical pumping and the

. polarization transfer. Tycko estimated the number of equiva-
).i "’ C lent nuclei required to observé® C nuclei in an organic
e N material on a semiconducting substrg4&]. Assuming 10%

OBEDT-TTF BEDT-TTF of the polarization in the substrate and 5% of the transfer

FIG. 8. Crystal structure of (BEDT-TTF)zn(SCNprojected  efficiency, they estimated that the signals frdy= 10 .
onto the long molecular axis. The double chains of the ET mol-€quivalent nuclei can be observed with the signal-to-noise
ecules form a spin ladder. ratio of unity at 9 T and 300 K with 16 scans, which corre-

sponds toN=10"-10"% at 4 K in asingle-shot measure-

s I 13~ _ ment. The number of available nuclei for each quibit,
which isotope labeling is performdé.g., ** C is substituted ~_ 112 (see Sec. VY, falls within this range.

in a BEDT-TTF molecule of (BEDT-TTF)Zn(SCH). The main sources of decoherence in this system are two-
Th.ese two sets of molecules are piled up epitaxially in ordeggq. nyclear dipole couplings and inhomogeneity of the
using either the MBE or the LB method, so that thé's of  magnetic field in the plane of equivalent qubits. The contri-

C's are lined up in one direction periodically. . bution of the dipolar field from nonqubit nuclei can be zero

In order to avoid unnecessary nuclear couplings, it is pref'using zero-spin isotopesi’C, %%zn, 325, etc) and/or the
erable that nuclei other than qubits have no spirs(). In decouplers ¥N and H). The residual dipolar couplings are
this sense, it is fortunate that major abundant isotopes ifhose petweert3c-13 C isospins, which can be of the order

- . 6 . )

organic materials such a&' C and O have no spins. In of 10 s as estimated in the preceding section. On the other
addition, one can use a high power decoupler and/or decoyiang, the effect of the inhomogeneous field depends on the
pling sequences between unlike spins to remove the effecigimension of the sample. According to the simulation for a
of the nonzero-spin nuclei such &9 and *N. The only  magnetic field produced by a Dy micromagri@g], it is
disadvantage of the organic materials is thgt the typical valpossible to generate a field homogeneity of 10 ppm over the
ues of the hyperfine couplings fofH and **C are very  gimension of 2 cr 1 um in the plane perpendicular to the
small, as shown below. _ magnetic-field gradient, which is as small as that in a com-

In the following, we discuss the case of mercial high-resolution NMR magnet. Moreover, the dephas-

(BEDT-TTF)Zn(SCN), as an example, which has a two-leg jng effect due to such inhomogeneity can be eliminated by
ladder consisting of BEDT-TTKET) molecules as shown in - gnnropriate refocusing pulses.

Fig. 8 [55,56. Qubits are ' C (y,/27=1.07 MHz/kOe)
substituted in the ET molecules. TH& C labeling of the
specific site of the ET molecule has been establidia&il
We suppose that the ET molecules with and withdtiC We are indebted to G. Kido and M. Kitagawa for helpful
nuclei can be piled up in order along one of the two legs byadvice. Technical support by S. Eguchi is also acknowl-
the epitaxial growth technique, although this has not yet beeedged. This work was partially supported by the Industrial
confirmed. Technology Research Grant Program in 2002 from the New

The switching time for the SNcontrolledNoT) gate  Energy and Industrial Technology Development Organiza-
(1/2W;) is estimated as follows. The exchange interactiondion (NEDO) of Japan.
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