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We propose a new scalable quantum computer architecture based on endohedral fullerene molecules.
Qubits are encoded in the nuclear spins of the endohedral atoms, which posses even longer coherence
times than the electron spins which are used as the qubits in previous proposals. To address the
individual qubits, we use the hyperfine interaction, which distinguishes two modes (active and passive)
of the nuclear spin. Two-qubit quantum gates are effectively implemented by employing the electronic
dipolar interaction between adjacent molecules. The electron spins also assist in the qubit initialization
and readout. Our architecture should be significantly easier to implement than earlier proposals for spin-
based quantum computers, such as the concept of Kane [B.E. Kane, Nature 393 (1998) 133].

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Solid-state quantum computation is thought to hold the prom-
ise of building a large-scale quantum computer, which would be
qualitatively more powerful than conventional computers for some
specific problems [1-3]. Among the designs using solid-state mate-
rials, Kane’s proposal [4], which uses donor nuclear spins in silicon,
appears very attractive if the technical challenges can be overcome.
Specifically, it requires donor atoms placed with nanometer preci-
sion inside a silicon crystal, which is rather difficult with today’s
technology.

This difficulty is avoided in the proposals based on endohedral
fullerenes [5-9], in which the qubits are placed on the surface
rather than inside the crystal. The Cgp molecule can serve as a
handle for the arrangement of the qubits on the surface, which
is possible with state of the art scanning tunneling microscopy
(STM) techniques [10,11]. Its highly symmetric structure also pro-
vides a sheltering environment for the enclosed spin. The nitrogen
and phosphorus atoms inside these cages are virtually free atoms,
with very long relaxation times [5,7]. These properties make the
endohedral fullerenes very promising for storing quantum infor-
mation.

While the previous endohedral fullerene proposals mainly use
the electron spins as qubits, here we propose a scalable quantum
computer scheme based on the nuclear spins. The main advan-
tage of using the nuclear spins is their even longer spin coherence
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times, compared to the electron spins. The electron spins are used
here as auxiliaries which help for addressing individual nuclear
spin qubits, providing effective couplings between them, as well
as for initialization and readout of the nuclear spin qubits. In this
respect, our approach is similar to that of Kane, but it may incur
fewer technical challenges.

2. Qubit implementation

We consider a chain of endohedral fullerene molecules
(15N@Cgg or 31P@Cgp) placed in an external magnetic field ori-
ented along the z-direction. Each molecule contains a nuclear spin
1= % and an electron spin S = % whose Hamiltonian is in first
order given by (h=1)

Ho=gupBoSz — ynBol; + AS;I, (1)

where the first two terms are the electron and nuclear Zeeman
interactions and the last term is the hyperfine interaction. g is
the electron g-factor, up is the Bohr magneton and y;, the gy-
romagnetic ratio of the nucleus. In an external field of Bp =1 T,
the electron Larmor frequency is ve ~ 28 GHz and the nuclear
Larmor frequency is v, ~ 3.1 MHz for >N and v, ~ 17.3 MHz
for 3P, while the hyperfine interaction is 21.2 MHz for >N and
138.4 MHz for 3'P [7]. Fig. 1 shows the related energy level dia-
gram with the arrows indicating the magnetic-dipole allowed tran-
sitions. The hyperfine interaction splits the ESR spectrum into two
lines (Fig. 2), each corresponding to three degenerate ESR transi-
tions. The NMR spectrum consists of four nuclear spin transitions,
corresponding to the four electron spin states [12]. Both spins can
be manipulated by resonant radio-frequency (rf) and microwave
pulses respectively.
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The Hamiltonian of the linear chain of N endohedral fullerenes
(with the same molecules) is

N
Henain = Y (2585 — @115 + ASLIL) + > Dysis?,

i=1 i<j

(2)

where the first term is the Hamiltonian for each molecule, and the
second term contains the truncated dipolar interactions between
the electron spins. 2% = gugB! is the Larmor frequency of the
ith electron spin, which experiences the field B! = By + BG, where
B'G describes the position-dependent component used to address
the electron spins. Similarly, .Q} =y, B is the nuclear Larmor fre-
quency of the same molecule. The magnetic dipole-dipole coupling
between the electron spins is the only strong coupling between the
molecules [13], with the coupling strength Djj oc (1 — 3 cos? 6*)/rl],
where rjj = |fj;| is the distance between the electron spins and 6 is

the angle between 7;; and B. To have specific numbers, we will in
the following assume that r = 3.5 nm is the spacing between near-
est neighbors and 6 =90°. This corresponds to a coupling strength
of Dijj=Do/(j — i)3 between the jth and ith electron spins, with
Do ~ 0.92 MHz. As discussed below, under the conditions assumed
here, the corresponding frequency difference between the jth and
ith electron spins is ~ 39(j — i) MHz >> D;j. The truncation of the
dipole-dipole coupling is therefore very well justified.

Qubits are encoded in the nuclear spins. To address a spe-
cific qubit, we need a way to distinguish between them. In Kane’s
proposal [4], electrodes that access individual molecules (the A-
gates) are used to control the resonance frequencies of the donor
31p nuclear spins. However, this method still remains technically
very challenging and has not been implemented so far. Magnetic
field gradients were proposed as an alternative addressing mecha-
nism [6]. If currents of | =1 A flow through 2 parallel wires at

A

m, =1/2 =-1/2
— 1 mg=3/2
—_—
— m=1/2
o —F— 5
S
[8a)]
%hv\‘qh mg=—-1/2
—
;'\ mg=-3/2

Fig. 1. The energy level diagram of endohedral fullerene (>N@Cgq or 3!'P@Cgp). The
vertical arrows indicate the allowed electronic transitions (Ams = £1) and horizon-
tal arrows indicate the allowed nuclear transitions (Am; = +1).
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a distance of 1 pm, they generate a magnetic field gradient of
~ 4 G/nm. This yields a frequency difference between the electron
spins of adjacent molecules (which are 3.5 nm apart) of ~ 39 MHz.

The corresponding frequency differences for adjacent nuclear
spins are much smaller: 4.3 kHz for >N and 24.2 kHz for 3'P. Ap-
plying selective pulses at such small frequency differences would
result in very slow gate operations lasting several hundred mi-
croseconds.

Here we propose a method to effectively address the nuclear
spins with the assistance of the electron spins. Due to the electron-
nuclear hyperfine interaction (Eq. (1)), the different electron spin
states would yield different local magnetic fields on its correspond-
ing nuclear spin, resulting in different transition frequencies. For
example, the frequencies of the N nuclear spin corresponding
to the two electron spin states |—%> and |%) differ by ~ 2v, =~
6.2 MHz when Bg =1 T. For 3'P it is even larger. In our scheme
we utilize this effect to achieve the nuclear spin addressing. Specif-
ically, we distinguish two modes of an individual nuclear spin: the
passive mode, which corresponds to the electron spin state |—%)
and the active mode, which corresponds to the electron spin state
|%). These two modes of the nuclear spin have very distinct res-
onance frequencies (see Fig. 2) and we can switch between them
by flipping the electron spin with selective microwave 7 pulses.
When the quantum computer is idle all the electron spins stay in
its ground state |f%), and hence all the nuclear spins are in their
passive modes. If one needs to operate on a specific nuclear spin,
it is first switched to the active mode by flipping its correspond-
ing electron spin to the state |%). The nuclear spin in the active
state can be individually manipulated by resonant rf pulses (with
a speed ~ 1 ps), without affecting the passive qubits. Afterwards
the nuclear spin is switched back to its passive mode by flipping
the corresponding electron spin back to the state |—%). The above
procedure achieves the addressing of the nuclear spins.

The nuclear spin addressing method presented here requires no
additional apparatus as long as the electron spins are addressed. As
mentioned above the latter may be realized by the magnetic field
gradients method with existing technology. The requirement that
the electron spins are fully polarized to its ground state is a natu-
ral consequence of the initialization step of the quantum computer
and can be achieved within reasonable experimental conditions, as
discussed below. This initialization ability is a basic requirement
for all physical implementations of quantum computation [14]. Be-
sides, since the electron spin states |—%) and |%) are the eigen-
states of the static Hamiltonian (Eq. (2)), and the electron spins in
fullerenes possess a very long spin-lattice relaxation time (> 1 s at
a temperature of 5 K [5] and much larger in the mK region), the
two electron spin states can be well preserved during the compu-
tation.

The magnetic field gradient used for addressing the electron
spins also results in a frequency distribution of the nuclear spins.
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Fig. 2. Allowed magnetic resonance transitions of '>’N@Cgo (Bg = 1 T). The transition frequencies of the nuclear spin (low-frequency range) are labeled with the corresponding
states of the electron spin and vice versa. The amplitudes of the electron- and nuclear transitions correspond to the high-temperature limit and the nuclear spin transitions

are in reality much weaker than the electron spin transitions.
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