
Appl. Phys. Lett. 118, 240501 (2021); https://doi.org/10.1063/5.0053378 118, 240501

© 2021 Author(s).

A perspective on scaling up quantum
computation with molecular spins 
Cite as: Appl. Phys. Lett. 118, 240501 (2021); https://doi.org/10.1063/5.0053378
Submitted: 07 April 2021 • Accepted: 07 May 2021 • Published Online: 14 June 2021

 S. Carretta,  D. Zueco,  A. Chiesa, et al.

COLLECTIONS

 This paper was selected as Featured

ARTICLES YOU MAY BE INTERESTED IN

Prospects and challenges of quantum emitters in 2D materials
Applied Physics Letters 118, 240502 (2021); https://doi.org/10.1063/5.0054116

Hybrid quantum devices: Guest editorial
Applied Physics Letters 118, 240401 (2021); https://doi.org/10.1063/5.0057740

Perspective on the future of silicon photonics and electronics
Applied Physics Letters 118, 220501 (2021); https://doi.org/10.1063/5.0050117

https://images.scitation.org/redirect.spark?MID=176720&plid=1401546&setID=378288&channelID=0&CID=496964&banID=520310243&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=4ec9de953ebb6c8f5e14b657e190e62d12f83d34&location=
https://doi.org/10.1063/5.0053378
https://aip.scitation.org/topic/collections/featured?SeriesKey=apl
https://doi.org/10.1063/5.0053378
https://orcid.org/0000-0002-2536-1326
https://aip.scitation.org/author/Carretta%2C+S
https://orcid.org/0000-0003-4478-1948
https://aip.scitation.org/author/Zueco%2C+D
https://orcid.org/0000-0003-2955-3998
https://aip.scitation.org/author/Chiesa%2C+A
https://aip.scitation.org/topic/collections/featured?SeriesKey=apl
https://doi.org/10.1063/5.0053378
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0053378
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0053378&domain=aip.scitation.org&date_stamp=2021-06-14
https://aip.scitation.org/doi/10.1063/5.0054116
https://doi.org/10.1063/5.0054116
https://aip.scitation.org/doi/10.1063/5.0057740
https://doi.org/10.1063/5.0057740
https://aip.scitation.org/doi/10.1063/5.0050117
https://doi.org/10.1063/5.0050117


A perspective on scaling up quantum computation
with molecular spins

Cite as: Appl. Phys. Lett. 118, 240501 (2021); doi: 10.1063/5.0053378
Submitted: 7 April 2021 . Accepted: 7 May 2021 .
Published Online: 14 June 2021

S. Carretta,1,2 D. Zueco,3 A. Chiesa,1,2 �A. G�omez-Le�on,4 and F. Luis3,a)

AFFILIATIONS
1Department of Mathematical, Physical and Computer Sciences, University of Parma, I-43124 Parma, Italy
2UdR Parma, INSTM, I-43124 Parma, Italy
3Instituto de Nanociencia y Materiales de Arag�on (INMA), CSIC-Universidad de Zaragoza, 50009 Zaragoza, Spain
4Instituto de F�ısica Fundamental, CSIC, 28006 Madrid, Spain

a)Author to whom correspondence should be addressed: fluis@unizar.es

ABSTRACT

Artificial magnetic molecules can contribute to progressing toward large scale quantum computation by (a) integrating multiple quantum
resources and (b) reducing the computational costs of some applications. Chemical design, guided by theoretical proposals, allows
embedding nontrivial quantum functionalities in each molecular unit, which then acts as a microscopic quantum processor able to encode
error protected logical qubits or to implement quantum simulations. Scaling up even further requires “wiring-up” multiple molecules. We
discuss how to achieve this goal by the coupling to on-chip superconducting resonators. The potential advantages of this hybrid approach
and the challenges that still lay ahead are critically reviewed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0053378

I. INTRODUCTION

A crucial challenge for the development of quantum technologies
is to reach a computational power able to tackle problems of social and
economic value.1,2 Estimating what is necessary depends on the details
of the problem itself and of the platform chosen to solve it. Yet, it
appears that performing quantum simulations or prime-number fac-
torization of relevance to applications will demand operating over
many thousands or even millions of qubits.3 This daunting prediction
arises not only from the complexity of such problems, but also from
the need of protecting quantum operations from noise and the fact that
quantum error correction (QEC) is based on increasing the number of
physical qubits encoding each logical (error-protected) qubit.4,5

Although there is hope that the already available Noisy
Intermediate-Size Quantum devices (NISQs) will be useful for some
specific tasks,6–8 it makes sense to consider alternatives. Electron spins
in semiconductor quantum dots9 or atomic impurities10 represent nat-
ural candidates to attain high levels of integration. Progress along this
direction, although encouraging,11–13 faces problems of qubit repro-
ducibility similar to those encountered with other circuits fabricated
by top-down lithography or of qubit tunability.

Here, we focus on a different class of spin systems, based on artifi-
cial magnetic molecules.17,18 They combine a microscopic, thus close to
perfectly reproducible, nature with the ability of chemically designing

their properties. Each of them consists of one to a few magnetic ions,
stabilized and protected by a shell of organic ligand molecules (Fig. 1).
Molecules with an effective S¼ 1/2 ground state provide the simplest
qubit realizations, but, as discussed below, there exist many other
appealing possibilities.

Our aim is to discuss the potential that such molecular building
blocks have to progress toward large-scale quantum computation and
the advantages they offer for the implementation of some specific appli-
cations. We consider two alternatives for scaling-up, which are schemati-
cally illustrated by Fig. 1. The first is based on the asymmetry between
different qubits in the array (e.g., each having a different frequency) and
on the interactions between them. The ensuing energy level anharmonic-
ity then allows one to address each operation by simply choosing the ade-
quate frequency (or “color”) of a resonant electromagnetic pulse acting
on the whole array. This strategy allows scaling up by “Chemistry,” i.e.,
within each molecule. The second option involves a local control over
each qubit and over its interactions with the rest. It relies on the very
challenging goal of controlling and wiring up individual molecular spins.

II. SCALING UP WITHIN EACH MOLECULE: MOLECULAR
QUANTUM PROCESSORS

A characteristic trait of molecular systems is the nearly boundless
opportunities to tune their physical properties via changes in
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composition and structure. The molecular design allows, for instance,
suppressing decoherence by either removing “magnetic noise” sour-
ces14,15,19–23 (e.g., replacing some of the molecules in the crystal by
non-magnetic derivatives, dissolving them in adequate solvents or
reducing the number of nuclear spins) or by encoding the qubit states
in “decoherence-free” subspaces formed near level anticross-
ings.16,24–26 The application of these methods has led to very signifi-
cant improvements in spin coherence times T2 which, for some
examples, are near one ms.15

Chemical design can also be exploited to expand the available
computational space from single qubits to d-dimensional qudits at the
level of a microscopic physical object. An option is to create molecular
structures hosting several magnetic centers.27 Examples include molec-
ular dimers and trimers of lanthanide ions,28–30 as well as supramolec-
ular structures able to bind several well-known molecular qubits, such
as [Cr7Ni], and combine them with other S¼ 1/2 complexes.31–33

An alternative is to exploit internal spin degrees of freedom. For
instance, the electronic spin S¼ 7/2 of a Gd3þ ion defines 23 ¼ 8 dis-
crete levels. In a well-chosen molecular coordination (see Fig. 2), lead-
ing to a sufficiently weak magnetic anisotropy and correspondingly
small level splittings, these states can encode a d¼ 8 qudit or 3
qubits.34 It is also possible to make use of the metal ions’ nuclear spin

states.35,36 The hyperfine coupling to the electronic spin splits these
levels and considerably speeds up the rates at which such states can be
coherently manipulated by electromagnetic pulses.37–39 The different
strategies can also be combined to further increase the qudit dimen-
sion. For instance, molecular structures with several magnetic ions,
each acting as a qudit, can be synthesized. An illustrative example of a
Gd dimer (26 ¼ 64 levels or 6 qubits) is shown in Fig. 2.40

The crucial question is then whether one of these molecular
qudits is able to implement any quantum algorithm.6,41 Even though
the physical operation principles are quite similar, magnetic molecules
have a crucial advantage over NMR quantum computing with organic
molecules.42 The sizeable energy splitting between the ground and
excited levels, larger than 400MHz even for hyperfine split levels at

FIG. 1. (a) Molecular structures of three molecular spin qubits. The first two have a
spin S¼ 1/2 and T2 ’ 15 and 700 ls, respectively.14,15 For HoW10, the qubit is
defined by tunnel split states arising from m ¼ 64 total angular momentum projec-
tions, leading to a maximum T2 ’ 8:4 ls.16 (b) Illustration of scaling up by global
frequency addressing and by local addressing with switchable qubit–qubit
interactions.

FIG. 2. Universality conditions for molecular spin qudits. (a) and (b) Energy levels
of two molecular spin qudits based on the S¼ 7/2 states of Gd3þ ions: GdW30 with
dimension 23 ¼ 8 and [Gd2] with dimension 26 ¼ 64. Their structures are shown
as insets. (c) and (d) Rates Wn;m of quantum operations, performed by sequences
of resonant electromagnetic pulses, linking basis states n and m of GdW30 at two
different magnetic fields. The yellow crosses mark the direct resonant transitions
that have a Rabi frequency XR > 1=T2, with T2 ’ 1 ls the spin coherence time.
The red dots mark the trivial identity operation. (e) Universality parameter WminT2
for GdW30 as a function of magnetic field, where Wmin is the smallest operation rate
between any pair of basis states. The red traces signal magnetic fields where the
system becomes non-universal as a result of accidental degeneracies between two
non-forbidden resonant transitions.
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low magnetic fields, allows initialization of the spin state by cooling to
experimentally attainable temperatures �10 mK. Checking universal-
ity then reduces itself to showing that any gate operation connecting
any two arbitrary states can be realized within the spin coherence time
T2.

34,40,43–45 The situation is illustrated in Figs. 2(c) and 2(d) for a
d¼ 8 GdW30 qudit. The plots show the ratesWn;m of operations link-
ing basis states n andm, implemented by sequences of resonant transi-
tions. The Rabi frequency XR sets the frequency uncertainty of a finite
duration (�1=XR) pulse. Addressability can then be enforced by
choosing only those transitions whose resonant frequencies fulfill
xj � xi > XR for any i and j. This level anharmonicity also allows
reading out the spin states.46–48 A molecular spin qudit is universal
when all Wn;mT2 > 1. The lowest Wn;mT2 [Fig. 2(e)] allows bench-
marking the performances of different molecules or those of molecules
with respect to other schemes.39

For a given molecular qudit, Wn;m depends on the relative
strengths of the Zeeman interaction, magnetic anisotropy, and hyper-
fine couplings. Under carefully chosen conditions, it is possible to
combine universal operation with a large number of direct and fast
links between pairs of states [compare panels (c) and (d) in Fig. 2].
This possibility can reduce the number of operations required to
implement certain gates and algorithms and thus help molecular
NISQs to reach higher “quantum volumes”8 than platforms based on
linking nearest neighbor qubits. However, as discussed in Sec. IV, the
number of levels within a molecular processor cannot be increased at
will. At some point, actual scalability of the proposed platform requires
to wire up different molecular units by coupling them to resonant
cavities.

III. QUANTUM ERROR CORRECTION AND QUANTUM
SIMULATIONS WITH MOLECULAR SPIN QUDITS

The fundamental point behind QEC algorithms is to exploit a
Hilbert space with dimension larger than 2 to encode a logical qubit.
This extra space can make errors detectable and correctable.4,5

Furthermore, when considering a specific physical implementation of
qubits in the NISQ era,6 another important issue is to design QEC
schemes correcting the most important errors occurring in the real
hardware. Here, the interaction with neighboring nuclear spins leads
to the decay of out-of-diagonal elements of the density matrix of the
central spins, thus destroying the quantum computation. Hence, we
focus on QEC codes designed to counteract dephasing, and we discuss
how molecular nanomagnets can be exploited to define qubits with
embedded QEC.30,38,49

Two routes have been put forward to embed QEC in single mag-
netic molecules. On the one hand, standard block codes can be efficiently
implemented in molecules made of weakly interacting spins 1/2.30 On
the other, effective qudit QEC codes can be implemented, exploiting the
d ¼ 2Sþ 1 levels of a spin S system.49,51,52

The first approach was investigated in Ref. 30, where it was shown
that an [ErCeEr] trimer is a promising molecule to encode a logical
qubit protected against dephasing by the three-qubit phase-flip code.
This implementation requires three weakly interacting (effective) spins
1/2 in order to avoid the occurrence of correlated errors which are not
handled by this code. However, the interaction between the qubits
must be sufficient to enable excitations of one of the spins conditioned
to the state of the others. Moreover, significantly different g values
enable the use of fast manipulation pulses, which are crucial because

dephasing also acts during the implementation of QEC. Rare-earth
Kramers ions such as Er and Ce perfectly fit these requirements.30

The second approach was proposed in Ref. 49. It exploits a single
electronic or nuclear spin qudit S to encode an error-protected qubit.
This is done by designing code words (consisting of superpositions of
qudit states) which are robust against error-operators characterizing
the incoherent dynamics of the central spin. Specialization to real
errors gives a substantially better performance compared to abstract
generic error models.53 In the simplest modeling of the bath, error
operators are derived from a perturbative expansion of the solution of
the Lindblad equation,49 but the derivation of optimized code words
can be extended to more realistic nuclear bath dynamics.52

Once the code words have been determined, a proper sequence of
electromagnetic pulses can be designed to implement the QEC code on
a given molecular hardware [see Figs. 3(a) and 3(b)]. The simplest phys-
ical realization is represented by a nuclear spin S qudit coupled to a
spin 1/2 electronic ancilla, which is used to detect errors. The gain is
remarkable already for a minimal S¼ 3/2 qudit, realized, e.g., in a
(PPh4)2[Cu(mnt)2] complex21 [Fig. 3(a)]. It is maximum at intermediate
memory times T=T2 [Fig. 3(c)] due to the finite duration of the QEC
procedure included in the simulation, which bounds the error for small
T=T2. Being effective also for long memory times, the scheme allows
many gates to be implemented before error correction is needed, which
could constitute a very important advantage in the NISQ era.

Both approaches outlined above are able to defeat pure dephasing
already in the two minimal implementations, represented by 3 spins 1/
2 or by a spin 3/2 qudit.30,49 The latter, however, appears simpler (a
single spin) and even easier to scale up. Indeed, the performance of the
code can be improved by increasing the number of qudit levels, thus
making it possible to correct higher-order dephasing errors. This can
be done by considering larger nuclear spins, such as 173Yb in
Yb(trensal)38 (S¼ 5/2) or 51V in VOTPP (S¼ 7/2),50 shown in Figs.
3(d) and 3(e). Some remarks are necessary here: although chemically
easy, the extension of the Hilbert space must be combined with the
design of suitable code words, showing a large gain even at intermedi-
ate times52 or of shorter pulse sequences whose duration does not
strongly increase with the number of levels. This requires that all
addressed energy gaps are well separated in the spectrum (i.e.,
jxi � xjj > XR for significantly large XR). This condition translates
into significant real or effective quadrupole interactions39,50 (in the
case of a nuclear spin qudit) or zero-field splitting (for electronic spin
systems).34,40 Increasing the frequency separations allows decreasing
the duration of the control pulses, which is fundamental to reduce the
harmful effect of decoherence during the correction protocol.

A digital quantum simulator is a device able to efficiently mimic
the dynamics of a quantum system different from the hardware.54

This can be done by first mapping the target Hamiltonian onto the
hardware and then decomposing the corresponding dynamics into a
sequence of elementary one- and two-qubit gates, controlled by the
experimenter, via the Suzuki–Trotter decomposition.55

The simplest quantum simulator based on molecular nanomagnets
consists of a molecular chain of alternating spin 1/2 qubits and different
magnetic units acting as a switch for the qubit–qubit interaction.32,56–58

The latter is effectively turned on by a conditional excitation of the
switch, depending on the state of neighboring qubits via the qubit-switch
coupling. This implements an entangling two-qubit controlled-phase
gate, which, combined with single-qubit rotations, forms a universal set
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of gates and hence enables digital quantum simulation of a wide class of
models, such as spin� 1=2 chains and fermionic systems.56,59,60

Very recently, this idea has been extended to include units
with S> 1=2.61 The multiple levels available within each qudit can
simplify quantum simulation of models involving several degrees
of freedom, such as bosonic fields interacting with matter.61 The
description of photon modes (including in principle an infinite
number of levels) is a difficult task for qubit-based approaches,
yielding an exponentially large Hilbert space or non-local interac-
tions and thus deep quantum circuits.62–64 Both the number of
objects and the complexity of operations can be greatly simplified
by pursuing a qudit-based approach, in which the photon space is
truncated to the number of qudit levels.

The elementary unit of a molecular quantum simulator was real-
ized in the following years,32,57,58 based on Cr7Ni molecular qubits
with an interposed magnetic ion, in different geometries. This
approach has, however, a possible limitation: scaling up this platform
by simply extending the two-qubit units proposed in Refs. 32, 57, 58,
and 65 can only be done up to about ten qubits due to residual qubit–
qubit couplings which are not completely suppressed by the scheme
and become effective when elongating the register. Nevertheless, this
idea can be combined with photon-induced coupling between differ-
ent molecular processors to scale up (see Sec. IV).

A nuclear spin implementation of a molecule-based digital quan-
tum simulator was also proposed, with the electronic spins mediating
the coupling between qubits encoded in the nuclear spins of 51V
ions.59 This approach shows some remarkable advantages: first,
nuclear spins are characterized by remarkably longer coherence, com-
pared to their electronic counterpart. This benefit is usually canceled
by slow nuclear qubit operations. In the scheme proposed in Ref. 59,
the use of fast electronic excitations makes two-qubit operations
between nuclear spin qubits much faster than in standard NMR
approaches, thus exploiting the long nuclear coherence. Second, large
nuclear spins (7/2 in the case of 51V) pave the way to the use of qudits,
embedding quantum error correction. A scheme for implementing
two-qubit gates on such error protected nuclear spins has been
recently put forward,51 and it could be extended in the near future to a
more general class of gates and to quantum simulations.

IV. WIRING-UP MOLECULAR SPIN QUDITS

While one could continue to increase the dimension of the
molecular qudits, the progress in computational power will eventually
be limited by serious technical difficulties. A major problem is associ-
ated with the “frequency crowding” of the required set of resonant
transitions. This effect increasingly hinders addressing them spectro-
scopically as it can already be seen in Fig. 2(b) for d¼ 64. There are

FIG. 3. Molecular spin qubits with embedded QEC. (a) Level diagram of (PPh4)2[Cu(mnt)2] (inset), embedding an S¼ 3/2 nuclear spin21 hyperfine-coupled to an electronic
spin 1/2, as a function of the external field, applied along the z axis. Energy levels are split by the electronic Zeeman interaction into a low-lying electronic + subspace, in which
the protected qubit is defined, and an excited electronic * manifold, with auxiliary levels needed for error detection. (b) Zoom on the electronic + subspace and corresponding
sequence of radio frequency/micro-wave pulses needed to correct an Sz error on the qudit. Occurrence of this error brings each code word to an orthogonal state, thus making
it possible to detect errors by a conditional excitation of the electronic ancilla.49 (c) Simulated final error E (blue) as a function of the memory time T in units of the qudit T2 and
relative gain R ¼ E1=2=E (red) with respect to an isolated spin 1/2 (characterized by error E1=2) with no correction. Thus, R measures the reduction of error obtained by
QEC. (d) and (e) Other possible implementations using larger nuclear spin systems: Yb(trensal)38 (S¼ 5/2) and VOTTP (S¼ 7/2),50 both coupled to (effective) electronic spin
doublets. Reproduced Chiesa et al., with permission from J. Phys. Chem. Lett. 11, 8610–8615 (2020). Copyright 2020 ACS.
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proposals for introducing switchable couplers within molecular or
supramolecular structures, formed by either ancillary spin qubits58 or
by molecular linkers that can modify its electronic structure under
some external stimulus.66 Yet, at some point, this path must be com-
plemented with the ability to locally control and, specifically, wire up
in a tunable manner different individual molecular spins.

An advantage of molecular nanomagnets in connection with this
idea is that most of them are stable as individual units, e.g., in solution,
and therefore can be transferred onto a solid substrate or a device.67–69

This has enabled the realization of spin-dependent electron transport
experiments on single molecules. These experiments allow reading out
and coherently controlling their nuclear37,47 and electronic spin
states.48

Here, we consider scaling up via the coupling of molecular spins
to superconducting on-chip resonators.46 The basic idea is to adapt to
the realm of molecules techniques of circuit quantum electrodynamics,
which was originally introduced as a platform for reading out and
coherently communicating superconducting qubits.70 The scheme is
shown in Fig. 4. A number N of magnetic molecules couple to the cav-
ity mode of a resonator. Their spin states and energy levels can be con-
trolled by a combination of global and local magnetic fields. When the
coupling energy G of each spin to a single photon is larger than the
decoherence rates of the spin 1=T2 (typically>104 Hz) and of the cav-
ity j (typically<104 Hz), the shifts it induces on the resonance fre-
quency X can be determined from the transmission through the
device, and it allows reading out the spin state. More importantly for
our purpose here, it also introduces effective interactions between the
spins.71 We have generalized this effective photon-mediated interac-
tions to the case of spin qudits having multiple levels. The effective
interaction Hamiltonian between two spin qudits is

HJ ¼ X
X2Sþ1
~a;~b¼1

k~a1k
~b
2

1

E2
~b
� X2 þ

1

E2
~a � X2

 !
X~a1X

~b
2 ; (1)

where~a � ða1; a2Þ denotes two eigenstates of one spin, separated by
an energy gap E~a � Ea1 � Ea2 and connected by the Hubbard opera-

tor Xa1;a2
1 � ja1iha2j (and similarly for~b in the other spin). Constants

k~a1 and k
~b
2 depend on the wave functions of these states and are

proportional to the spin-photon coupling G. Equation (1) is derived in
the dispersive regime, i.e., the spins’ frequencies are non-resonant with
the cavity. Several architectures use such photon mediated couplings
to generate two-qubit entangling gates.72,73 In particular, it allows to
swap states of two qudits, as illustrated in Fig. 4. Together with single-
qudit operations reported in Fig. 2, the coupling (1) ensures complete
control of the two-qudit system, thus forming a universal set.

This scheme works if a sufficiently strong coupling G is
attained. For conventional coplanar superconducting resonators,74

the typical couplings amount to a few Hz, way below even the best
decoherence rates for molecular spins. In order to overcome this lim-
itation, one needs to bridge the gap that separates the sizes of the cir-
cuit and the molecule in order to locally enhance G. A direct method
is decreasing the width of the inductor down to a few nm.75,76 It was
predicted theoretically,46,75 and recently confirmed by experiments,77

that squeezing in this manner the photon magnetic field can increase
G by several orders of magnitude (see Fig. 4). A complementary
approach is to work with very low inductance LC lumped-element
resonators, which show large current densities at resonance.78 It is
expected77 that the combination of both approaches can take G close
to tenths of MHz. This would suffice to reach the coherent coupling
regime for single molecular spin qudits provided that T2 > 10ls,
which seems feasible.

V. OUTLOOK AND CONCLUSIONS

Sections II and III show that artificial magnetic molecules can
contribute to reach higher levels of computational power along two
complementary directions: reducing the computational costs of some
algorithms and providing methods for integrating additional quantum
resources. A paradigmatic example is QEC. Encoding a protected
qubit in a single physical object can greatly simplify the practical
implementation of both error correction and the quantum logic on the
protected subspace.51,79 In addition, the codes are specifically adapted
to the energy level schemes of the molecular spin qudits and to their
dominant error sources. Even more, they can be optimized in several
ways: first, by carefully evaluating the interactions with nuclear spins
in the molecules and their effect on the qudit states; and second, by
optimizing the pulse sequences used in the protocols. Similar consider-
ations apply to the implementation of some quantum simulations,

FIG. 4. (a) Scheme for wiring up molecular spin qudits through their coupling to a common cavity mode in a superconducting resonator. The photon mediated interaction
between suitably tuned qudits allows the implementation of two-qudit gates and ensures universal operation. This scheme allows different levels of scalability: using multiple
levels inside each qudit, wiring up several of them in a resonator, and coupling different resonators on a chip. (b) Atomic Force Microscopy (AFM) image of a nanoconstriction
fabricated in the central line of a superconducting resonator and of nanodrops of DPPH S¼ 1/2 free radical molecules deposited onto it by the same AFM tip. (c) Dependence
of the single spin (for S¼ 1/2) to single photon coupling as a function of the central linewidth w and of the distance z between the molecule and the constriction.
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which benefit from the multiple level structure that is inherent to the
qudit and from the simplification associated with the avoidance of
non-local operations.

This approach has already led to a proof-of-concept implementa-
tion of Grover’s search algorithm on a d¼ 3 spin qudit.80 We foresee
that more will follow in the next few years, increasing the complexity
of the computational Hilbert space to 3� 4 qubits (or d ¼ 8� 16),
enough to realize the simplest QEC codes and quantum simulations.
An advantage of several quantum simulation and computation algo-
rithms realized on a molecular architecture is that they do not neces-
sarily require measuring the response of single molecules. Depending
on the spin states involved, they can be performed by using broad-
band ESR or NMR experiments on magnetically diluted crystals.
For this reason, probably the best suited candidates are qudits based
on internal spin states of individual ions (either electronic, nuclear or
a combination of both). The main technical requisite is to attain
sufficiently long T2 > 10� 20 ls in these crystals, which is still
quite demanding but seems within reach for sufficiently low
spin concentrations and adequately designed ligands. A promising
alternative is the use of on-chip resonators coupled to transmission
lines,39,81–84 which can help to widen the frequency ranges for the exci-
tation and readout as well as to attain stronger microwave magnetic
fields, thus faster operation rates.

Reaching the next level in scalability necessarily involves a modu-
lar approach and the ability of coherently exchanging information
between different spins. Progress along these lines will probably rely
on a combination of bottom-up strategies with solid-state circuits fab-
ricated by top-down lithography. We have shown in Sec. IV that the
coherent coupling to on-chip superconducting resonators provides a
scalable path to wire up and perform universal operations with several
molecular spin qudits. In principle, this route can give rise to process-
ors hosting several tens of qudits, each of them acting as a qubit with
embedded error protection. Besides, different resonators can be inte-
grated in a chip using technologies developed for superconducting
circuits. Achieving the strong coupling of individual molecular pro-
cessors with a resonator would also enable projective measurements of
the molecular state. In contrast to NMR approaches, this makes it pos-
sible to initialize the register also by measuring. Moreover, it greatly
enlarges the range of possible algorithms.

Yet, attaining GT2 > 1 for single spins is still very challenging,
even though it appears feasible in a medium term. Enhancing the
spin-photon coupling will probably require the combination of opti-
mally designed resonators and a local confinement of photons near
superconducting nano-structures. Electric fields can be confined much
more easily than magnetic fields. Therefore, a way to improve on the
latter aspect is to use molecules showing a large spin-electric cou-
pling.85,86 A different alternative is to exploit a resonant spin-photon
coupling to exchange information between spins.87 Yet another one is
to use the spin-magnon coupling. The latter would play the role of
microwave photons in the superconducting resonators or cavities.
Strong coupling between spins and the Kittel mode in a YIG nano-
sphere has been proposed.88 The formalism advocated here can easily
be exported to these architectures. Work on the devices must be
accompanied by progress in the deposition of few molecules with an
exquisite control over the position and the proper interface with the
circuit surface. An option is to profit from either self-organization or
synthesis of molecular arrays at the surface.89 From the molecular

design, it is important to maximize the transition matrix elements that
determine the value of G, e.g., by using low-lying levels of high-spin
molecules to define the qudit states.75

We finally note that work along this direction has also a signifi-
cant impact on very important applications beyond the realm of quan-
tum computing. Increasing the coupling of superconducting
resonators to spins contributes to the development of on-chip mag-
netic resonance with a sensitivity capable of detecting samples of
�10�2 pico-L or even magnetic excitations of individual magnetic
nanostructures.77,81–83 The molecular approach has the added value of
serving as a suitable vehicle to deliver diverse samples, as well as to
improve their interface with the circuit. Finally, these systems are also
ideal for exploring the quantum electrodynamical control of matter90

and, in particular, for modifying and controlling long-range magneti-
cally ordered phases.91

In summary, even though unleashing the full potential of this
hybrid technology, i.e., creating large-scale molecular spin-based pro-
cessors, will likely require further developments across different disci-
plines, the demonstration of its key ingredients, namely, the operation
over molecular scale NISQs and the ability to coherently couple two of
them, seems well within the reach of current technologies.
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