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Fullerene-based electron-spin quantum computer
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We propose an alternative concept for a scalable spin quantum computer that combines aspects of other
proposals with the advantageous features of endohedral fullerenes. The key advantages are that electron spins
instead of nuclear spins are used and that the manipulation of fullerene molecules is fairly easy. Qubits are set
and read out via pulsed electron-spin resonance. Addressing is provided by local magnetic fields or field
gradients A gate. The qubit-qubit interaction is mediated by magnetic dipolar coupling and can be controlled
via the direction of the magnetic field with respect to the distance vector of the quhi@td. Molecular as
well as solid-state architectures are discussed.
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INTRODUCTION describe a more short-term alternative: a purely molecular
design for an ensemble-type quantum cellular automaton or

The forebear of quantum-information processing, spinrABC computer[7,8], i.e., without local control of the indi-
quantum computing, is presently at the cross roads from avidual qubits.
experimental point of view: single-molecule NMR has
proven to be very successful as a test bed for basic iddas
but is known to be ultimately limited in the number of pos-
sible qubits[2]. Proposals for scalable quantum computers Fullerenes are highly symmetric hollow molecules that
based on nuclear spins embedded in a si@idare techni- can accommodate one or more atoms and even small mol-
Ca”y very Cha”enging, and major realization pr0b|ems haveﬁCU'ES in their interior. For most of these endohedral
not been solved yet. Especially the interaction with spurioudullerenes, a charge transfer of the enclosed atom to the
electronic charges in the solid will be a serious problem forfullerene cage occurs, resulting in a chemical bond and dis-
the spin coherence. torted overall structurémetallofullereneg9]). Noble gases

Making use of a fullerene molecule as a container for thd 10] and group-V atomg5,6] (and recently{11], the mol-
information-carrying spin system provides a bridge over theecule SgN) have been found to reside in the center of the
sketched technological gap: the fullerene is both a shelterinfj/llerene without any charge transfer to the cage. Among
environment for the delicate spin system and a handle for ththem, only the group-V atoms are paramagnetic due to their
arrangement of spins, which is a key issue for solid-state spihalf-filled p orbitals ('S, ground stateand are thus interest-
quantum computing. ing for electron-spin quantum computatipt?,13.

This work is part of the European network listed in Ref. ~ The paramagnetic atoms of group V can be implanted into
[4]. Here, we explore the promise and limitations of usingfullerenes by simultaneous ion bombardment and fullerene
endohedral fullerenes N@g and P@G, as quantum- €vaporation onto a target. The resulting endohedrals are ther-
information carriers. mally [14] and chemically stablgl5] at ambient conditions.

A scheme of the proposed concept is shown in Fig. 1: Thén as-implanted samples only a small fraction of the
qubits are encoded in the electron spins of nitrogen or phodullerenes is actually filled, typically 1 in 10000. It is pos-
phorus atoms encapsulated in fullerenes. These recently disible to enrich and purify the fraction of filled molecules by
covered moleculeg5,6] have exceptional properties for high-pressure liquid chromatograpkiPLC) [16].
quantum computing, viz., long spin lifetimes and sharp reso- Group-V endohedral fullerenes exhibit very sharp ESR
nances. Quantum operations and readouts are performed Bjes even in the solid statéFig. 2 where usually broad
electron-spin resonand&SR). The coupling between qubits Powder spectra occur. The absence of broadening is due to
is mediated by the magnetic dipolar interaction of the encap-
sulated atoms. Addressing is performed by individual tuning
of the qubit resonance frequency.

First, we briefly review the properties of endohedral
group V fullerenes that are important for quantum computa-
tion. Second, we evaluate the general limits of ESR quantum

computing _W'th er_1dohedral fuller_enes including  error FIG. 1. Conceptual figure for a solid-state quantum computer
sources. Third, we discuss the techniques to be developed fQgjng the electron spinarrows of endohedral fullerenes as qubits.
local spin addressing, coupling control, and readout for amypits are set and read out via ESR pulses. Addressing is provided
ultimately scalable solid-state quantum computer. Finally, ey |ocal magnetic fields or field gradienta gate. The qubit-qubit
interaction is mediated by magnetic dipolar coupling and can be
controlled via the direction of the magnetic field with respect to the
*Electronic address: wolfgang.harneit@hmi.de distance vector of the qubitd (gate.

A. Group-V endohedral fullerenes
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N@C L S S spin-lattice relaxation timé&, and spin-spin relaxation time
60 T, of the electron spin have been measufé8-2Q for
magnetically dilute powder samples of N@@nd P@ G.
L...‘L_..‘L T, increases with decreasing temperature from aboutd90
atT=300 K to several seconds below=5 K. T, is prac-
tically independent of temperature and about 26 in the
present casel, is probably foremost due to dipolar interac-
— tion with electron spins of other, randomly distributed, en-
P@Cs, dohedral fullerenes. In a careful quantum computer design
this interaction should be controlled and thus the effective
J coherence time could be much longer than 26.
_.J I Experimental studies on the concentration-dependent line
[ f—— broadening21] as well as theoretical calculatiof22] show
L that the exchange interaction between two endohedrals, ei-
I ther directly by contact or mediated by a substrate is vanish-
3340 3380 3380 3400 ingly small, thus leaving the magnetic-dipole interaction as
the only strong coupling between two endohedrals
fullerenes. For two adjacent endohedrals at a center-to-center
4, G, 2. Room-temperature ESR spectra BN@Gy and  gistance of 1 nmtouching fullerene shellsthe magnetic-
P@ G embedded in a polycrystalline matrix of empty,Cbased  gjngle interaction can be as high as 50 MHz, being compa-

on Ref.[17]. The group-V endohedral fullerenes show a hyperfinerable to the hyperfine splitting of individual molecules.
splitting according to the nuclear-spin multiplicity of the paramag-

netic atom: 3P has nuclear-spih=1/2 leading to two hyperfine
lines, the three lines of*N@ Gy, are due tol=1. In the P@ G
spectrum, a small contamination of N@Gs visible. Due to the very special properties of nuclear spins, NMR
quantum computation has proven very successful so far. Let
the high symmetry of the § molecules, which eliminates all us compare now some important issues arising when using
contributions of anisotropic interactions. So far, nitrogen ancklectron spins instead of nuclear spins.
phosphorus in g, and nitrogen in ¢, have been realized First, electron spins are sensitive to electromagnetic stray
[17]; their properties are summarized in Table I. All ESR fields in their vicinity, leading, in general, to relaxation times
spectra show the typical hyperfine splitting according to themuch shorter than those of nuclear spins. On the other hand,
nuclear-spin multiplicity of the paramagnetic atgtwo lines  using ESR instead of NMR leads to a higher calculation
for 1N and 3P with nuclear spin=1/2, and three lines for speed compensating to some extent the disadvantage of
UN@ Cyo with 1=1). shorter lifetimes. But nevertheless decoherence is the major
The electron spin of endohedral fullerenes has a remarlproblem and in this respect the relatively long lifetimes of
ably long lifetime that makes it a useful embodiment of aendohedral fullerenes are a major advantage of the present
qubit for quantum computation. The temperature-dependerstystem.

ESR intensity (arbitrary units)

B. Quantum computing with endohedral fullerenes

TABLE I. Properties of group-V endohedral fullererld¥—-20Q for quantum computation.

Endohedral Thermal Hyperfine Relaxation Relaxation Relaxation
fullerene stability constant in solution in solidC in solid Gyg?
T1 (ms) T1 (ms) T1 (ms)
Ts(K) aiso (G) To (ms) T2 (ms) Ty (ms)
120 120 =10°
“N@ Geo 500 5.665 50 20 20
Not ~45 =100
BN@ Gy 500 7.944 measured 11 14
5 2.7 =10°
P@Gyo 400 49.4 3 1.3 14
133 Not Not
“N@Cy, 450 5.395 40 measured measured
Not Not Not
BN@ Gy 450 7.565 measured measured measured

8At T=5 K. All other values are given for room temperature.
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Second, electron spins of different molecules often have a
similar resonance frequency and thus show “spectral crowd-
ing” since the chemical shifts are small compared to the base
frequency. Making use of the hyperfine splitting in combined S,
electron-nuclear spin systems as those provided by endohe-
dral fullerenes avoids this problem. Indeed, using only the
Cso endohedrals, three very distinct electron-spin systems
(M*N@Cqp, N@Cyp, and 3P@ Go) can be supplied.

Using electron spins for quantum computation instead of S,
nuclear spins has two additional advantagesthe sensitiv-
ity of ESR is much higher than that of NMR due to the larger FIG. 3. ESR pulse sequence of a controliesir operation[24]
gyromagnetic ratio of electrons artil) thermal spin polar- for two distinguishable spinS; andS,. For N@ G, the length of
ization is much larger for electrons. Both aspects combine@ selectiver pulse ist,~10-100 ns. The time delay between two
give a very large improvement of the signal-to-noise ratio, arpulses isA=(2J) *~10 ns. Thus, aNoT takes about 0.05us
essential requirement for efficient quantum computation. In &nd about 400 of them can be performed before decoherence sets in
solid-state implementation without single-spin readout cafor T2=20 ws. If ultimately T, limits the coherence, 0opera-
pacity, one could use a sufficient number of computer copielons can be performed at low temperatures.
for the readout.

A requirement for quantum computation using error-

correction schemes is that “cold” qubit§.e., qubits in a . NG S .
well-defined statehave to be supplied continuously while SOUrces for this scheme afi¢g mismatched gating timesi)

the computation takes place. With the pres8rt3/2 spin varying coupling strengths, an@i) spin leakage to neigh-

: ring dimers.
system, a recently proposed coherent repopulation schenl?é) ) , . S .
[23] could provide large spin polarization even at room tem-,. (') T::e gatl?glj—tlmle resolu?r?n n;] ESR.C;S about 2 nioand
perature. In this scheme, two phase-shifted ESR pulses a Its the useful pulses on the short side to some ns.
applied simultaneously, which manipulate the spins in th urthermore, tight field-strength control has to be exerted for
sublevels differently. It is interesting that this method is ap-the pulses.

plicable only for systems with a spin of at le&dt1 and (i) The chemical realization of the spin separation leads
therefore can be used here. but not with the usmn/2 © & negligible error, as opposed to mechanically arranged
systems ' spins or qubits. A distributiodd of dipolar angles, e.g., due

We now discuss quantum operations performed on a lint© insufficient a”gnme.”t ".] a quuid—crystal matrbsee .be-
ear arrangement of endohedral fullerenes coupled by the d!QW)’ I_eaqls to a variation '@”0,,23 sindcosd43, which
polar spin-spin interaction. For clarity, we consider two spins' Vanishingly small for the "ON" state [=0 or 7/2) and
only (which could be realized using dimers of endohedrall@'9€r for the “OFF” state {=54.7°£2°,6]=+0.03)o). It
fullerenes, see belowand assume that a large number of 'S thus important not to mak&, too large by adjusting the
them is present in order to allow ESR detection. Single spifffistance of the molecules. _ _
operations on electron spins are very straightforward to (i) Leakage. to neighboring d.|mers scales with the in-
implement using standard ESR pulses. The pulse length is §€'S€ of the third power of the distance between them and
the order of 10 ns so that many operations can be performegf P& made arbitrarily small.
before decoherence sets in evenTif is only 20 us (we
expectT, to be longer in a carefully designed arrangement C. Solid-state approach to quantum computing

For h|gh external field8 and dipOlaI’ interactiond small Kane [3] proposed to use as qub|ts the well-isolated
compared to the hyperfine interactién(B>A>J), the ef-  nyclear spins of phosphorus embedded in a silicon matrix,
fective addltlonal Hamiltonian due to the COUpling of two and the electron-mediated exchange Coup”ng as the qub|t-
electron spins is qubit interaction. The main difficulty lies in producing the

Hor=3(r,9)S ) well-defined geometrical arrangements of the embedded
erf=J(r, 17527 phosphorus atoms and in eliminating decoherence due to
stray charges and spins. Therefore it would be tempting to
use fullerene-shielded phosphorus atoms for this purpose. A
b2 straightforward replacement of the phosphorus atoms of the
J(r,9)= _73’(1_3 co29)=Jo(1—3 cogd) 2) Kane concept l_::y the_ present en_dohedra] fullerenes is, how-
r ever, not possible since the spin coupling has a different
origin in the two cases, as described in Sec. A.
giving J~50 MHz forr=1 nm andd=0°. Herevy is the A solid-state architecture for an ESR quantum computer
gyromagnetic ratio of the electron,is the distance vector based on endohedral fullerenes therefore has to follow a dif-
between the two electron spins, afids the angle between  ferent route(Fig. 1). The main difference from the Kane
andB. concept[3] lies in the addressing and readout of individual

The most straightforward way to implement a controlled-spins and in the coupling mechanism. Let us first examine

NOT (CNOT) operation would be to execute a pulse sequenc¢he latter. Dipolar coupling between next neighbors can be

X NiA

< NIA

such as those known from nuclear magnetic resonance
(NMR) quantum computatiof24], see Fig. 3. Known error

where
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used in ordered chains of fullerenes placed on a surface. We +
now discuss how such arrangements can be realized. -2
Fullerenes can be individually positioned on Si surfaces
with a scanning-tunnel-microscope {ip5]. The problem for
the group-V endohedrals is to get the fullerenes on the sur-
face in a rational manner. The standard technique of evapo-
ration atT=500-600 °C is not feasible due to insufficient
thermal stability of the endohedral atofsee Table )l An-
other issue to be resolved for this direct nanomanipulation is
how to identify individual endohedral fullerenes if more
complex sequences involving different endohedral species
are envisaged.

Cold thin-film-deposition techniques like Langmuir-
Blodgett (LB) have been developgd@6], usually requiring
the use of chemically modified fullerenes for true monolayer
formation. Making use of the chemical stability of the en-
dohedral complexes, one can indeed provide such modified
endohedral fullerenes. The basic LB technique can be com-
bined with more advanced nanopatterning techniques like
selective adhesion on hydrophilic and hydrophobic patches
on a surface. Even scanning-probe-microscopy-based tech-
niques like the atomic force microscope nanoploftar] (b) | |
could be employed.

For a true solid-state quqntum computer, ong would like FIG. 4. Methods to control the dipolar couplidg?), see Eq.
to have local .control Of_ |nd|V|dyaI qublF@ddreSS|ng oA (2). (a) Global control of the dipolar anglé by a tilt of the sample
gatg and their mutual interactioicoupling orJ gatd. A \yith respect to the magnetic field or vice veréa.Local control by

possible addressing gate could be built, in particular, by & gisplacement of individual fullerenes along the magnetic-field di-
variable local magnetic field or field gradient. Changing theyection.

local magnetic field of a qubit leads to a shift in resonance

E?gr%ev\:];\ye_th?\; ;;gr;hegagiesteIteecélr\l/r?gllogicItsriv?getshelalzrjguch methods are developed, much can be learned form tak-
magnetic-field gradients useful for spin-frequency control g Measurements on large mp!gcular ens.em.bles.

For a dysprosium micromagnet, the calculated realizable We now discuss th_e possibility of des!gmng.molecular
field gradient isdB,/dz~14 G/nm atdz=2 um from the arrangements of well-isolated electron spins using endohe-

sample [28]. Similarly, currents through nanometer-sized I(ilr;'sllefug?_reetneosf.f '\:I]gggrr&-fugg:ceﬂ:rg:;n'qutggz]m?llo&’ﬁe?s of
wires could provide the required local fields. The field gra- ge variety of functi lzed 1u : v, di

dient needed to distinguish two adjacent fullerene moleculeg60 with one filled moiety, N@ (&), have been produced
(1 nm apait would be about 6 G/nm fol*N@ Cy,, Corre- emonstrating that the endohedral fullerenes are stable

: : . . enough for this type of reactiof80]. Doubly filled dimer
sponding to the size of the hyperfine splittitgge Table)l :
Using the dipolar interaction offers obvious approachengIeCUIeS and longer all-endohedral fullerene chains are ob-

for controlling the coupling strengthi(gate. First of all, a inable using pure endohedral starting material. In such

spin chain can be oriented at a chosen angle to the extern%‘?ﬂi’r;"egg?:hﬁgﬁéjgge;eneossggilli?e t(())f E:r;gast).gnliat\)i/r?se.of
magnetic field(see Fig. 4 providing for a simple means to ' ap Y

adjust the overall coupling strength. Micromechanical engi_ordered sequences of differently filled fullerenes by using the

; : gy key-keyhole principle. A possible route is depicted in Fig. 5.
neering could be used to control the dipole angléor indi This example shows a minichain NGEX Y-P@ G, where

vidual qubits or frequency-labeled groups. However, decox andY are specially designed molecular bridge grofas.

herence induced by the controls might be a serious Iimitatiorg )
e . : ne can first produce the adducts, N@®& and P@ G-Y,
of the application of nanomechanical actuators. Alternatwely,[hat cannot combine with themselvegaking, e.g., X.

one could reorient the magnetic field with custom pulse se- o, . -
guences. This “continuous-recoupling” scheme is well R-NH,, ¥: R’-COOH). Then, one simply mixes the two_
known from NMR quantum computatiof2]. Combining substances to arrive at the chain molecule. Continuing this

such pulses with the local addressing could also provide grocedure, a quantum ceIIuIar automaton of the_ABC type
local control of the interaction. proposed by Lloyd7] and Benjamir{8] can be realized. In

this approach, no local control of the qubit-qubit interaction
strength is needed. If it turns out that the flexibility of the
molecules shown in Fig. 5 is a serious hindrance for the
Solid-state quantum computing is still some way downinteraction control, stiffer bridge groups could be designed.
the technologically feasible route, the most obvious obstacle A very powerful tool to align these molecules with respect
being the absence of methods to read out a single spin. Untib one another and with respect to an external magnetic field

D. Molecular approach to quantum computing
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0O © solid-state and molecular quantum-computer architectures
MeO%O/\/\“/NHV)n\NH using these building b!ocks have been pre_sented_.
AT 1 Hundreds of operations shou.Id be.po'ssmle using endohe-
NN dral dimer molecules oriented in a liquid crystal as an el-
ementary building block. More sophisticated molecular ar-
rangements can be built using state-of-the-art fullerene
chemistry. When spreading the molecules on a functional
surface to produce a solid-state computer, all knowledge
gained on these macromolecules can be directly transferred.
FIG. 5. Construction of a bimolecule from two different endohe- A preliminary technological road map has been sketched
drals by the key-keyhole principle. A realistic heteroendohedraor a truly scalable solid-state quantum computer with local
dimer N@ Gy XY-P@G, based on realizable addendigd] is  control of qubit stategaddressing and readouand qubit
shown. The addends and Y can be produced using reactions for jnteraction. The most severe drawback at present is the lack
which the endohedral fullerenes are known to be st Before 5t single-spin-detection methods, which are nevertheless be-
the combining reaction, thx ad_dend R-NH,) and theY addend ing developed worldwide. Once developed, single-spin-
(R'-COOH) cannot combine with themselves. readout procedures could be implemented in the present con-
cept.
is to embed them in a liquid crystal. Earlier experiments by
us have shown that the fullerenes are soluble in liquid crys-
tals and that they can be aligned by this proced®®. ACKNOWLEDGMENTS
Thus, the realization of an electron-spin quantum computer
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