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Scalable architecture for spin-based quantum computers with a single type of gate
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We propose a scalable design for a solid-state spin-based quantum computer. It uses endohedral fullerenes
like N@ Gsg or P@ Gy, Which can be positioned on Si surfaces with a scanning tunneling microscope. Each
logical qubit is stored in two physical qubits, corresponding to the nuclear and electronic spins. We discuss the
addressing of individual qubits by a magnetic field gradient, and the implementation of one- and two-qubit
guantum gates by sequences of radio-frequency and microwave pulses.
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[. INTRODUCTION It is therefore the purpose of this paper to introduce an
alternative architecture that uses only the Zeeman and
Computers based on quantum mechanical systglhs dipole-dipole interactions, both of which are well character-
may be able to successfully tackle numerical problems thazed. Addressing of qubits can be performed with magnetic
are exponentially difficult on classical comput¢p3. While  field gradients generated by micropatterned wires and selec-
spin 3 particles form an obvious choice for implementing a tive microwave pulses. In this respect this concept resembles
qubit, it was not until 1997 that it was shown that nucleara proposal by Goldmart al. [18], who suggested using
magnetic resonand®MR) can actually implement a quan- static field gradients for addressing qubits through their Lar-
tum computer in an ensemble of molecul8s4]. These re- mor frequencies. Since we use electronic spins here, rather
sults and the subsequent work on NMR quantum computinghan nuclear spins, the frequency difference between adja-
in liquids opened the first possibility of studying quantum cent qubits is some three orders of magnitude larger, with
algorithms in an actual experiment. It appears unlikely, how<orrespondingly faster switching times. Furthermore, genera-
ever, that such a scheme will be scalable to the number dgfon of the magnetic field gradient with electrical currents
qubits required for increasing the speed of a quantum comrather than with permanent magnets allows one to change the
puter over that of a classical computd]. It is therefore addressing by changing the gradient field during the experi-
generally believed that scalable spin-based quantum computent.
ers will have to rely on solid-state systefis-9]. In particu-
lar Kane’s proposdl6], which uses single donor spins in Si,
appears very attractive if the engineering problems can be
overcome. For current technology, the placement of the im- The degrees of freedom relevant for us are the electronic
purity spins inside the silicon crystal is probably the mostspin, which isS=32 for the ground state nitrogen atom, and
demanding part of the scheme. the nuclear spin=3 for N and **P orl1=1 for *N. For
This difficulty is avoided in the approach suggested bythe present purpose, the size of the spin is not relevant, so we
Twamley[10] and by Harneitet al. [11-13, where the qu-  simplify the discussion by considering a chain%f § elec-
bits are placed on the surface rather than inside the crystakonic spins, each coupled to a singke 3 nuclear spin.
These authors show that the long decoherence time of the Each logical qubit in our system is represented by two
electronic spin in N@ g makes it an ideal candidate for the physical qubits, an electron and a nuclear spin. The relevant
implementation of a qubit. Theggcage represents a nanom- spin Hamiltonian for a single logical qubit is thegetting
eter sized trap for the nitrogen atdit¥], which can be pre- 7 =1)
cisely positioned on a Si surface using state of the art scan-
ning tunneling microscopySTM) techniqueg15,16. The
nitrogen and phosphorus atoms inside these cages are virtu-
ally free atoms, with very long relaxation tim¢$7]. The
electronic spin isS=2, and the nuclear spin eithdr=3  where the first two terms are the electron and nuclear Zee-
CGP.N), or I=1(¥N). man Hamiltonians and the last term is the hyperfine interac-
While N@ G, appears as a very promising candidate fortion Hamiltonian.ug is the Bohr magnetorgg the g factor,
storing quantum information, Refl11l] contains only vague and vy, the gyromagnetic ratio of the nucleusand| are the
suggestions for addressing individual qubits by shifting elecelectron and nuclear spin operators.
tron density onto the cages. No experimental evidence exists Equation(1) can be simplified if the electron Zeeman in-
to date that indicates whether interactions due to electrostatieraction is significantly stronger than the other interactions.
gates can be used for addressing such qubits. In an external field oBy=1 T, the resonance frequency of
the electronic spin iz,=28 GHz and the nuclear Larmor
frequency isv,=4.3 MHz for >N, while the isotropic hy-
*Electronic address: Dieter.Suter@physik.uni-dortmund.de perfine interaction is 22.35 MHz fo°N [19]. We may then
TElectronic address: lim@e3.physik.uni-dortmund.de disregard those terms in the Hamiltonian that do not com-

II. QUBIT IMPLEMENTATION

Hs=0susBo" S—ynBo I +AS-, (1)
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FIG. 2. (@) Relevant energy level scheme for electron and

. . | in(b) NMR and EPR t ition f iesina 1T field.
FIG. 1. () Arrangement of wires that generate the magne’[lcnuc ear spin(b) an ransition frequencies in a ¢

field gradient. The currentsin the two wires are equal and parallel.

(b) Field distribution along the chain of the qubits for a separationmolecules must be separated by at least 1.14 nm, this implies
of A=1 um andl=1 A. (c) Corresponding field gradient. The a frequency difference of more than 12.7 MHz between
vertical axis also indicates the frequency separation between neiglearest-neighbor electronic spins. Increasing the separation
boring electron spins, for a separation of 1.14 nm. between molecules, which is possible in increments of 0.38

) ) ) ) nm for G, on Si100), increases the frequency separation
mute with the electron Zeeman interaction. With the convens,

. . : O 2 Y = roughly linearly with the distance.
tional choice of the axis system, the Hamiltonian simplifies 1} o logical qubits that we consider here allow us to store
to

the information in the nuclear or in the electronic spin. Fig-
_ _ ure 2 summarizes the relevant energy level scheme and
Hs=9ueB0S;~ YnBol ;F Al2S; @ shows the allowed magnetic dipole transitions, which can be
Logical gates can be applied to these qubits by microwav@ssigned to NMR and electron paramagnetic resonance
pulses that rotate the spin through a specific angle around dFPR transitions. Generally the nuclear spins have longer
axis determined by the frequency and phase of the microdecoherence times, while the electronic spins interact more
wave. To address a specific qubit, we need a way to distinstrongly with the applied magnetic fields, thus providing
guish between them. Rather than relying on electrodes thahorter gate times. As we show below, using both degrees of
access individual molecules, we propose to use magnetiteedom allows one to optimize the number of gate opera-
field gradients, which can shift the resonance frequency ofions before decoherence becomes relevant. Furthermore, it
neighboring electron spins by several megahertz. Using integrovides a possible way to effectively switch the interaction
grated circuits, it is possible to apply currents of 1 A throughpbetween neighboring qubits on and off, as is required for the
a 1um diameter wird20]. Two parallel wires with radius implementation of two-qubit gates.
separated by a distance generate an additional magnetic  To optimize the number of logical operations during the
field in the space between the wires of decoherence time of the system, we distinguish a passive
state of the logical qubit, during which the information is
_ oy, 1 n 1 3) stored in the nuclear spin, and an active state, where the
4 \X+AR2+r  x—A2—r)’ information is stored in the electron spin. The passive state
serves to preserve the information while it is not accessed. To
wherel is the current in the wires andthe position, mea- perform logical operations, the qubit is activated by switch-
sured from the center between the wires. Figue ¢hows a  ing it from the passive to the active state.
schematic representation of the arrangement and Fly. 1 This conversion between the two states, corresponding to
the resulting magnetic field for a current bf 1 A flowing  an exchange of quantum information between two physical
parallel through the two wires. qubits, can be achieved tswapP operations. This operation
As shown in Fig. {c), the resulting field gradient between has already been implemented in liquid-state Nj2R,22,
the wires would be more thanx410° T/m. Since N@G, using pulse sequences of the type

BG=
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Uswap= L1+ S[21,S [ =1y =S/ 1[21,S,][1x+SJ[21,S,] nuclear spin. We will denote UySWApi a SWAP operation that

acts selectively on the logical qubitlts effect can be sum-
X[y +Sy]. 4) marized as g s

Here we use the notatia(™?'r=[1,]. The operators appear
in time-reversed order, i.e., the sequence starts with the non- Uswar ! XU swap =SS0+ 15(1— 63,
selective ¢7/2), pulse represented Ky, +S,]. | andSrep- : '
resent the two spins that contribute to the logical qubit. Here,
we write | for the nuclear spin an8 for the electronic spin. Uswap U swap = 158+ SS(1— 8),

This implementation requires ideal=(‘hard”) radio-
frequency and microwave pulses. In the system we are con-
sidering here, it would be experimentally very difficult to UswapUswap =1. (6)
implement such hard radio-frequency pulses on the nuclear
spins, whose transition frequencies are split by 8 MHz. A
better approach is to use two-frequency pulses at the two
satellite transitions, which can be implemented in any doubld
resonance NMR spectrometer. The electron spin system can
also be manipulated with selective pulses, which act on only . '
one of the two hyperfine-split transitions. Using such selec- hi=[1"1=Usnar[ S}’ 1U swap- 7)
tive pulses, theswap operation can be implementédp to an
overall phasg by sequences of three pulses applied to

As a specific example, we consider the pseudo-Hadamard
perationh; [24] (a[ 7/2], rotation) applied to logical qubit
It can be implemented as

adjacent transitions, e.g., To keep pulse sequences short, the radio-frequency pulses
should not be selective with respect to the nuclear spins.
Uswap :[25§12)][2|§(13)][_25512)][_0_5:2], Accordingly, all nuclear spins will be affected by this pulse
1

sequence, not only the nuclei of the target qubit. However,
for the passive qubits, the electronic spin is not affected. This
can be used to construct sequendegsd S;]U swap that do
B (13) (12) (13) not affect the passive qubits. As an example, the combination
Uswap,=[ —21;71[25771[21,][0.5F,]. ) Uswap,Uswar, defined in Eq.(5), evaluates to a unity op-
) ) . erator for the passive qubits.
The upper index refers to a single transition of the corre-
sponding spirf23]. Aterm[28§(12)] thus represents a rotation
by 7 around thex axis of transition|1)«|2). The operator IV. TWO-QUBIT GATES

F2=1,+S, corresponds to arotation of both spins around the Universal quantum computation requires, in addition to

z axis, which can be w_nplem_ented either by compogite the single qubit gates, a two-qubit gate, such asag or
pulses or as a phase shift during the overall pulse sequence. ;
controlledNOT (c-NOT) gate, that can be applied to any two

nearest neighbors. In magnetic resonance,NeT-gate to

Uswap,=[21§1[2S821[ - 21{¥[ - 0.5F,],

IIl. ONE-QUBIT GATES spinsA,B can be implemented by the pulse sequeis
Universal quantum computation requires arbitrary rota-
tions of single qubits. As is well known, these rotations can Uc—NOTAB:[_ B,I[—A,~B,][2A,B,][ +By]. 8

be implemented for spins with radio-frequency or microwave

pulses. Addressing individual qubits can in our case be

implemented by the magnetic field gradient and frequencyThe notation for the evolution is the same as above. The

selective pulses. For the geometry described above, the ele®rms[2A,B,] represent free precession under the coupling

tronic and the nuclear spins are both shifted by the magnetitlamiltonian, while the terniB,] represents ar/2 rotation

field gradient. For the numbers considered above, the sepaf spin B around they axis.

ration between the nuclear Larmor frequencies of adjacent As in this example, two-qubit gates always use a preces-

molecules is a few kilohertz. The duration of selective radio-sion under a coupling Hamiltonian for a duratian To

frequency pulses would therefore be of the order of 1 msimplement such an operation, the coupling has to be turned

Considerably faster gate operations are possible if the fresn for the appropriate duration. While dipolar couplings be-

guency separation between neighboring electron spins isveen nearest-neighbor N@g{molecules are of a suitable

used. Since the frequency separation is more than 10 MHzjze, they can only be turned off by moving the molecules

selective gate operations can be shorter thansl apart, which is difficult to achieve within the time windows
As we discussed above, the quantum information is usuavailable.

ally stored in the nuclear spin. Applying a one-qubit gate to a Kane’s proposal6] for a scalable spin-based quantum

specific qubit therefore involves three steps: first, the inforcomputer usesJ gates,” which shift electrons that mediate

mation is activated bywapr-ing it from the nuclear to the an exchange interaction between the nuclear spin qubits. In

electronic spin. There, the selective rotation is applied and the case of endohedral fullerenes, this scheme appears not to

secondswAP operation brings the information back into the be feasible, since the exchange of electrons between the cen-
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tral N atom and the cage is very weak. We therefore suggesteighboring electron spins. Alternatively, it would be pos-
an alternative possibility, agagwapr-ing the quantum infor-  sible to simultaneously invert bot8 spins in the middle of
mation between the nuclear and the electronic spin. Whethe cNOT sequence. The critical part is the free precession
the information is stored in the electron spin, the interactiorperiod[2AZBZ]=[ZS'ZS‘§], which then becomeBS'ZS‘é][ZSL
between neighboring molecules becomes effective, correlats 235][325‘;]_ The decoupled aoT sequence becomes, e.g.,
ing neighboring qubits. When the information $svap-ed

into the nuclear spins, the interaction is effectively switched udee - =[-B, ][ ~A,~B,I[A,B,][ - 2A,~ 2B, ]

off, since the nuclear dipole-dipole interaction is more than e las Y Y Y

six orders of magnitude smaller than that between two elec- X[A,B,][—2A,~B,]. (12)

tron spins(of the order of a few hertz at a separation of 1

nm). On the time scales relevant to us, it can be safely nethjs sequence refocuses not only the couplings to the passive
glected. Sspins, but also the hyperfine interaction, thus avoiding the

For a formal analysis of this scheme, we start with thenecessity of nuclear spin decoupling during w@-NOTssk

spin Hamiltonian for two logical qubits operation.
Hix=0;S,+ o S5+ wp(15+15)

+A(S)L+ S5 +dS sy, 9

V. DISCUSSION AND CONCLUSION

We have presented an architecture for a scalable spin-
based quantum computer. Addressing of the qubits is
g T ) achieved with a magnetic field gradient and selective micro-
quency of the electron spin at position and w, is the  \yaye pulses. A central aspect of our architecture is that each
nuclear Larmor frequency. For the nuclear spins, we negleqhgical qubit uses electronic as well as nuclear spin degrees
the difference in the Larmor frequency, and we assume thaif freedom.swar-ing the information between the nucleus
the difference between the Zeeman frequencies of neighbok,g the electron allows one to optimize the number of gate
ing electron spins is large compared to their dipole-dipolegperations that can be completed before decoherence be-
coupling, thus allowing us to truncate the dipolar interaction..omes relevant. Furthermore, it allows one to effectively
This condition can always be fulfilled by increasing the dis-g\yitch the dipole-dipole interaction on for a well defined
tance between the molecules, which is possible in .increr.nenﬁeriod_ As a consequence, only one type of addressing capa-
of 0.38 nm for o on Si(100). At the smallest possible dis- pjity for the individual spins is required, which corresponds
tance of 1.14 nm, the dipolar interaction would be as large ag, the A gates in Kane’s design.

50 MHz [26], thus exceeding the d!fference of the Lqrmor While it is motivated by a specific type of moleculen-
frequencies. Increasing the separatiplecreases the dipo- gohedral fullerengs it uses only the fact that nuclear and
lar interaction ¢-A %) while increasing the difference of the glectronic spins have vastly different gyromagnetic ratios.

where o;=ggug[Bo+Bg(r;)] represents the Larmor fre-

Larmor frequenciesA). _ Applications to similar systems should therefore be straight-
To implement a two-qubit operation, such as Ba@r be-  forward.
tween the neighboring logical qubitsandk, the two target A major difficulty in any spin-based quantum computer is

logical qubits are first activated using the single qubit ad+he readout problem. While single spin magnetic resonance
dressing scheme discussed above. Then theTceperation  py optical detection has been demonstrated in several sys-
(8) is applied to the electron spins and the resulting informatems[27,28, these experiments are possible only in a rela-
tion SWAP'ed baCk intO the nuclear SpinS. The Sequence O{ive'y narrow parameter range’ Wh|Ch may not inc|ude

operations is then N@ Cso. Another technique that may allow single spin de-
_ tection is magnetic force detecti¢i,29,30. This approach
Uenor, = UC-NOka has the advantage that it requires less specific parameters, but

present implementations are still far from single spin sensi-
:USWAPiUSWAPkUC-NOTslskUSWAPkUSWAPi- (10 tivity. Single spin detection has also been reported with a
STM [31], but the experiment is not well understood so far
After the operation, the information is again in the nuclearand no other group has reproduced the results. Another pos-
spin and remains unaffected by the coupling between thsible approach could combine spin-dependent tunneling with
electron spins. The doubEwAp operation has therefore the single electron detectiof82].
effect of switching the dipole interaction on for a limited  The SwAP operation, which was used in this architecture,
time. As in the single qubit gates discussed above, the pulsesay also be useful for the readout problem. It may be pos-
should be nonselective with respect to the nuclear spinsible, e.g., to swap the information from the qubits where
Again, an overall effect on the nuclear spins can be avoidethey are processed to a readout qubit, such as a single elec-
by proper combinations cdwapP sequences. tron device. Such elements tend to have shorter decoherence
In the Hamiltonian of Eq(9), we did not take into ac- times, making them less suitable for the processor part of the
count the couplings to the passive qubits, which are alsguantum computer, but the stronger coupling to the environ-
present, but should not affect the evolution of the quibéisd  ment facilitates the readout, where the decoherence will be
k. Since we assume only nearest-neighbor interactions in thigss critical.
context, this can be achieved by selective irradiation of the Another problem, which is shared by most spin-based ar-
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chitectures, is the initialization: quantum error correction re-state at a high rate, andsavap operation could transfer this
quires a supply of qubits in a well defined state, such as thetate to the qubits of the quantum register.

ground state. While thermal relaxation may bring most spins

into their ground state if the field is sufficiently high and the

temperature low, this process cannot be faster than the deco- ACKNOWLEDGMENTS
herence for the same spin, and is therefore not useful for . . o
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