#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Controlled coherent dynamics of [VO(TPP)],
a prototype molecular nuclear qudit with an
electronic ancillat

i ") Check for updates ‘

Cite this: Chem. Sci., 2021, 12, 12046

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Simone Chicco,?® Alessandro Chiesa, 2° Giuseppe Allodi, 22 Elena Garlatti,?®
Matteo Atzori,°® Lorenzo Sorace, ¢ Roberto De Renzi, (22 Roberta Sessoli 2 ©

and Stefano Carretta (& *a®

We show that [VO(TPP)] (vanadyl tetraphenylporphyrinate) is a promising system to implement quantum
computation algorithms based on encoding information in multi-level (qudit) units. Indeed, it embeds
a nuclear spin 7/2 coupled to an electronic spin 1/2 by hyperfine interaction. This qubit—qudit unit can
be exploited to implement quantum error correction and quantum simulation algorithms. Through
a combined theoretical and broadband nuclear magnetic resonance study, we demonstrate that the
elementary operations of such algorithms can be efficiently implemented on the nuclear spin qudit.
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remarkably long coherence times and the effective quadrupolar coupling induced by the strong
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1 Introduction

Molecular Nanomagnets (MNMs) have been proposed for a long
time as promising units of a future quantum computing
architecture. Indeed, many molecules consisting of a ground
spin 1/2 doublet were synthesized, thus providing the two-level
elementary unit of the established quantum-computing para-
digm."” Great efforts have been devoted to improve the coher-
ence times of these systems, by following tailored synthetic
strategies,>™ and to link complexes together in order to fit
specific requirements of quantum computation schemes.">*
However, the peculiar feature which makes MNMs different and
potentially preferable over any other established quantum-
computing platform is represented by their intrinsic multi-
level structure.”*** Indeed, the presence of many low-energy
levels, with long coherence and easily accessible through
microwave or radio-frequency pulses opens a range of new
possibilities. By encoding information in multi-level (qudit)
systems, the number of units and operations required to
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implement an algorithm®?® could be significantly reduced,
compared to the conventional, two-level encoding. For instance,
the extra levels of the qudit can be used to encode qubits with
embedded quantum-error correction, a fundamental step to
make the quantum hardware resistant to environmental
noise** and still far from being realized even by the most
advanced technologies.**™** Other examples are provided by the
Toffoli gate,** the Deutsch,*” Grover,* Quantum Fourier Trans-
form, or Quantum Phase Estimation algorithms, which can be
implemented much faster and using fewer operations on
a qudit than on multiple qubits.”® Moreover, quantum simula-
tion schemes have recently been put forward, exploiting the
qudit multi-level structure to represent bosonic fields.**

In many cases, the coupling of the qudit with a spin 1/2
ancilla can provide an additional tool, e.g. to detect errors
occurring on the qudit,* or to simulate photons interacting
with matter.**

The simplest chemical realization of such a platform is
provided by a single magnetic-ion complex, embedding
a nuclear®**** spin I coupled by hyperfine interaction to an
electronic spin doublet. A good candidate should fulfill the
following requirements: (i) an electronic and nuclear energy
level structure yielding well distinguished transitions; (ii)
nuclear and electronic coherence times much longer than the
time required to manipulate the system; (iii) the capability to
coherently control the qudit dynamics, thus implementing the
elementary operations which can then be combined into rele-
vant algorithms.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Here we show that the [VO(TPP)] (TPP = tetraphenylporphyri-
nate) molecular complex (1) meets the aforementioned require-
ments and hence is a prototypical qubit-qudit system to realize
such quantum computing platform. Indeed, it provides a large spin
(I = 7/2, eight levels) nuclear qudit, coupled by hyperfine interaction
to an electronic spin 1/2. Recent studies on the same**® and very
similar compounds” have reported remarkable electron spin
coherence times, thus suggesting this system also as a very prom-
ising candidate qudit. However, to actually demonstrate this, we
now need to focus on nuclear spin degrees of freedom. Detecting
the magnetic resonance signal of a nuclear spin of a paramagnetic
ion is challenging and typically beyond the instrumental limits of
the nuclear magnetic resonance (NMR) technique. In this system,
however, performing pulsed NMR sequences is permitted by both
the favorable physical properties of this diluted spin system,
detailed below, and the employment of custom NMR hardware
optimized for study of magnetic materials.* By measuring single-
crystal NMR spectra on a targeted frequency and magnetic field
range, we characterize in detail the nuclear spin Hamiltonian of 1,
including small quadrupolar interactions, and the hyperfine
coupling with the electronic qubit.

The small quadrupolar coupling could make it very hard to
individually manipulate each nuclear spin transition using fast
resonant radio-frequency pulses. We overcome this limitation
by taking advantage of the slight mixing between the electronic
and nuclear spin wave-function, arising from the strong
hyperfine coupling with the electronic ancilla. The effectiveness
of our approach in controlling the nuclear spin state by radio-
frequency pulses is demonstrated by numerical simulations
and experimental coherent manipulation of the involved pair of
targeted levels. This paves the way to a proof-of-principle
implementation of qudit algorithms. In particular, we show
by numerical simulations how to implement the elementary
steps of quantum error correction (QEC) algorithms.

By removing the strict requirements on the nuclear quadrupole
interaction, our approach largely extends the class of electro-nuclear
spin systems suitable to implement quantum-error correction,*
quantum simulation* and in general qudit-based algorithms.”® In
particular, vanadium-based complexes,>***** characterized by very
long nuclear and electronic coherence but with small nuclear
quadrupole coupling, become extremely promising.

2 Results

In the following subsections we combine NMR measurements
with theoretical arguments and simulations, to illustrate step-
by-step why [VO(TPP)] complex is a very promising qubit—
qudit system, suitable, e.g., to implement QEC and quantum
simulation algorithms. The steps are the following:

(1) Synthesize a molecular complex embedding a transitions
metal ion characterized by an electronic spin 1/2 coupled to
a large nuclear spin.

(2) Characterize the system by broadband NMR to derive the
spin Hamiltonian parameters and

(2.1) Identify an operating regime in which nuclear transi-
tions required to implement algorithms are well resolved and
individually addressable.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(3) Measure nuclear spin coherence times, to check they are
sufficiently longer than operating times.

(4) Simulate the actual implementation of qudit algorithms,
showing they can be decomposed into elementary operations
we can easily access.

(5) Demonstrate we can actually implement each of these
elementary operations by resonant radio-frequency pulses, i.e.
measure Rabi oscillations between targeted transitions involved
in the algorithm.

2.1 Synthesis: a multi-level nuclear spin and a spin 1/2
ancilla

The first step is represented by synthesizing the suitable system.
Vanadyl is a promising core unit of our quantum computing
platform, since it provides a nuclear spin with 8 levels (thanks to
the large value of I = 7/2 for 'V, with natural abundance of
99.85%) and an electronic spin doublet to be used as ancilla.

The complex [VO(TPP)] (Fig. 1) has been prepared as re-
ported in ref. 45 and 50 and it has been magnetically diluted
(2%) in its diamagnetic analogue [TiO(TPP)], prepared with the
same method, by cocrystallization. Slow solvent evaporation
(CH3;COCH3;) of the mixture of isostructural starting materials
provides single crystals of [Ti 9gVo.0oO(TPP)], hereafter 1, that
assume the shape of a square pyramid with well developed
(#1,41,£1) faces and dimensions of ca. 0.4 x 0.4 x 0.2 mm’
(see Fig. S11). The system crystallizes in the tetragonal 14 space
group, as [Ti(OTPP)], with the four-fold symmetry axis ¢ corre-
sponding to the direction of the V=0 (Ti=0) bond (see Fig. 1).
A description of the molecular and crystal structure of [VO(TPP)]
and [TiO(TPP)] is reported in ref. 45.

2.2 Characterization by broadband NMR

The second step is a thorough experimental characterization,
which is needed first to get a precise determination of the spin
Hamiltonian parameters (in particular those involving the
nuclear spin and its interaction with the electronic one); and
second, to understand if different nuclear transitions can be
resolved in the spectra, possibly by choosing proper experi-
mental conditions. This is mandatory to implement any qudit-
based algorithm, whose elementary operations can be decom-
posed in terms of Am; = %1 transitions between nuclear spin
states.

Fig. 1 Molecular structure of [VO(TPP)] viewed along c axis (left) and
ab plane (right). Hydrogen atoms are omitted for clarity.

Chem. Sci., 2021, 12, 12046-12055 | 12047
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>y NMR spectra are measured by a broadband home-built
NMR spectrometer (see ESI and ref. 48) at fixed temperature
T = 1.4 K on a single crystal of 1, where dilution of VO in
diamagnetic TiO reduces inter-molecular dipole-dipole inter-
actions. We collect spectra by measuring Hahn-echoes as
a function of frequency, for different applied static fields B, in
the range 0.05-0.3 T, along the two orthogonal crystal direc-
tions, corresponding to the two inequivalent symmetry direc-
tions of the [VO(TPP)] molecule: ab plane and c axis (see Fig. 2
and ESI} for further details). NMR spectra are collected at
discrete equally spaced frequency points and reconstructed by
merging frequency shifted fast Fourier transform of spin
echoes, according to a variant of the method described in ref.
51.

The usual condensed matter paramagnetic regime corre-
sponds to hyperfine field fluctuations faster than the nuclear
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Fig. 2 Examples of spectra collected for different directions of the
applied field Bo: in the ab plane (a), or along the c axis (b). The weakest
nuclear resonances are discerned from spurious peaks based on the
shape of the corresponding time-domain spin signals, as shown in the
inset for two representative examples. Blue line corresponds to the
quadrature echo signal of a measured nuclear spin excitation (dis-
playing the expected time dependent echo-peak, dashed line),
whereas the persistent oscillations in the red curve are due to noise/
spurious signals.
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Larmor frequency, resulting in exceedingly large nuclear relax-
ation rates. This sets the detection of their NMR signal outside
the time window of the standard pulsed NMR technique. Here,
in contrast, this is possible thanks to the synergy between the
characteristics of our home-made spectrometer and the phys-
ical properties of 1. Indeed, on the one hand our broadband
spectrometer allows us to apply short pulses and to detect short-
living signals.”® On the other hand, the measured electronic
spin-lattice relaxation of 1 (ref. 45) are much longer than the
duration of the spin-echo sequence, which thus provides
a snapshot of the electronic environment of *'V. Examples of
spectra measured for different applied fields are reported in
Fig. 2, as a function of frequency. The inset shows how nuclear
spin excitations (indicated by arrows) can be distinguished from
noise, by examining the time dependence of the detected echo
signal.
The system is described by the spin Hamiltonian:

Hy=1-A-S + pL.> + upS-gs By + ungnl By 1)

where the first term represents the hyperfine interaction
between the nuclear spin 7/2 and the electronic spin 1/2, the

(@) 180

160 1

—~~

N
L 140 -

Yy
N
N
o

L

Frequenc
[} 01} 5\
o o o

40
(b)
260
N 250
T
%240 1
>
(&)
C 230 A
]
>
o 220 A
| .
- 210 1 [ Blindzone ||
@ Data
* Model
200 A . . - - : —
0 0.05 0.1 0.15 0.2 0.25 0.3
B, (T)

Fig. 3 Measured (red dots, T = 1.4 K) and calculated (black lines)
transition frequencies as a function of the applied field, applied along
different directions: Bg € ab-plane (a) and Bg||c (b), with corresponding
transitions labelled by "AB#" and "C#", respectively. Shaded grey areas
are experimentally non-accessible or not explored.
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second is the nuclear quadrupolar coupling, and the last two
terms model the electronic and nuclear Zeeman interaction. In
the orthogonal reference frame defined by the crystallographic
axes (abc = xyz) all tensors are diagonal, collinear, and show
axial symmetry. The electronic g5 tensor was already charac-
terized in previous EPR studies,* with g, , = 1.9865, g, = 1.963
and was thus kept fixed in the following refinement. Analo-
gously, we fix ungy to the known value of —11.213 MHz T~ " for
51v.52

Conversely, hyperfine tensor (A) and quadrupolar coupling
(p) are fitted to reach the best agreement between simulated and
measured spectra, as a function of the applied magnetic field
(Fig. 3). We find A,,, = —170 + 1 MHz, 4, = —480 + 1 MHz, and
a tiny quadrupolar coupling p = —0.35 £ 0.07 MHz.

The full set of observed NMR peaks as a function of the static
field B, is reported in Fig. 3, in both measured directions. It is
worth noting that experimental transition frequencies are in
excellent agreement with simulations using spin Hamiltonian
(1) and best fit parameters listed above.

The resulting energy levels diagram, obtained from diagonal-
ization of spin Hamiltonian (1) with magnetic field applied in the
xy plane (e.g. along x), is shown in Fig. 4. Despite the mixing
between electronic and nuclear spins induced by the significant
transverse components of the hyperfine interaction (4, and 4,)
with respect to the static field direction, for B, = 0.25 T, gxusBo >
|4,| and the eigenstates are at least 98% factorized. In these
conditions, the eigenstates can be labeled by the components of S
and I parallel to the external field, i.e. |mg, m;). We now need to
answer the question: are the differences between the nuclear
energy gaps (0(m;) = (Enp1 — Em,) — (Em, — Em,—1)) sufficiently large
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Fig. 4 Energy level diagram as a function of the static field, applied in
the ab plane. In the left panel (a), green and light blue shaded areas
highlight the ms = 1/2 and —1/2 spin multiplets, respectively, while in
the right panels (b and c), the nuclear levels of the lowest electronic
spin manifold are labelled by the corresponding nuclear spin
component along the field m,. Vertical coloured marks indicate
nuclear transitions for which the nuclear spin phase-memory time T5 is
measured.
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Fig. 5 (a) Schematic representation of the energy-levels splitting of an
| =7/2 spinin presence of an effective field B¢ and with the addition of
a quadrupole coupling, making the gaps inequivalent (note that the
effect of quadrupole is here exaggerated for clarity). (b) Difference
between the energy gap of consecutive nuclear transitions é(m)) =
(Emq41— Em) — (Em, — Em,—1) inthe ms = —1/2 subspace, as a function of
static field, applied along x. Results from diagonalization of the
effective rank-2 pseudo-quadrupolar Hamiltonian (2) are shown in
black, in very good agreement with results from exact diagonalization
of the full Hamiltonian (1) (colored crosses), especially at large Bo.

to fulfill point 2.1 above, ie. to be resolved and individually
addressed by resonant radio-frequency pulses? This question is
crucial to exploit the nuclear spin as an actually working qudit,
because any quantum computing operation on the nuclear spin
qudit can be decomposed in terms of rotations between pairs of
consecutive my; levels. For large B, or small transverse hyperfine
couplings, this difference is directly given by the nuclear quad-
rupolar interaction (4,, = 2p for B, parallel to z). The effect of the
quadrupolar coupling on the energy level diagram of an I = 7/2
qudit is shown in Fig. 5(a). It can be clearly understood by
making an analogy with the zero-field splitting of an electronic
spin S. In the case of an electronic spin S, the Zeeman interaction
with the external field splits the state in equally spaced levels,
while the zero-field splitting term makes all energy gaps different.
Conversely, in the here-examined case of a nuclear spin I coupled
to a polarized electronic spin, the effective field is mainly given by
the longitudinal component of the hyperfine interaction, A,/2,
while the quadrupolar coupling introduces the anisotropy dis-
tinguishing the gaps. The resulting effect on the NMR spectrum is
analogous to that observed in electron paramagnetic resonance
(EPR): a single peak for isotropic systems, seven distinct peaks if
the electronic/nuclear spin is subject to anisotropy.

Unfortunately, the quadrupole moment of >'V nuclei is one
of the smallest among metals (~1/4 of that of Cu and 1/50 of
that of Yb). We show below that such a small quadrupolar term
(also occurring in other 3d-ion based molecular nanomagnets)
is not a limiting factor in terms of addressability of nuclear
transitions.

2.2.1 Effective quadrupole coupling

We overcome the small p hurdle by properly tuning the applied
field. In this way, we meet a condition in which the strong
transverse hyperfine interaction effectively splits the different
nuclear energy gaps, thus acting as an effective sizable pseudo-

Chem. Sci., 2021, 12, 12046-12055 | 12049
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quadrupolar contribution. In order to explore the best condi-
tions for our aims, it is very useful to start from Hamiltonian (1)
and build a simpler approximate model, although our analysis
is then based on the exact diagonalization. With the effective
quadrupole coupling concept, we provide a simple and intuitive
picture of the resulting effect on the NMR spectrum, for a fixed
orientation of the electronic spin. Formally, the effective
quadrupole is derived by restricting to the ms = —1/2 subspace
and considering the effect of hyperfine interaction up to second-
order perturbation theory with respect to the Zeeman term. In
this regime, the resulting Hamiltonian is perfectly analogous to
that of a single electronic spin S, whose energy levels are split by
zero-field splitting (and by the magnetic field). Here, the effec-
tive quadrupole plays the same role of the zero-field splitting in
EPR and distinguishes the peaks in the NMR spectrum. By
making all the gaps significantly different, this solves the small-
quadrupole issue and enables manipulation of the nuclear
qudit.

The effect is maximized by applying the static field B, in the
xy plane. Indeed, with this choice, the largest component of A is
perpendicular to B,. We thus fix B, along x in the following
experiments and simulations. The resulting low-energy effective
Hamiltonian includes a pseudo-Zeeman term Begl, (with

Ax (42 +Ay2)gNFLN + 2A)A;8epip

Begr = and an effective
. 2 8By (ge?up® — gn?in?) )
quadrupole interaction of the form
Hy = piodl® — I + D3] + pid 122 — 1,7) 2)
where
= (A= + 4)%)gept + 24, Azgnpn
eff 8By(ge2up? — N’ un?) @)
r (Ay2 - Azz)ge:uB
Pefr =

8By (g.2up® — gn*un?)

where we have kept x (the direction of the external field polar-
izing the electron) as the principal quantization axis. The
effective Hamiltonian H, has clearly the form of a quadrupolar
interaction, with effective quadrupole couplings pz much
larger than the intrinsic one (which has therefore been
neglected in this derivation). This allows us to resolve all
different transitions and is particularly effective at low B,, where
peit are larger. The average difference (2{) between the energy
gaps obtained from diagonalization of Hy is reported in Fig. 5,
in good agreement with the result obtained from diagonaliza-
tion of the full Hamiltonian (1) for the different gaps (6(m)).

2.3 Phase memory time

Besides being well resolved, nuclear spin transitions must also
be characterized by coherence times longer than the time
required to manipulate the qudit. To demonstrate this, we
investigate nuclear spin dephasing rates 1/T5""™*" for different
m; — my; £ 1 transitions (vertical colored lines in Fig. 4(b) and
(¢)), as a function of the applied field. Analogous results with B,
parallel to ¢ are reported in the ESI (Fig. S4f). The phase
memory time is extracted from the decay of the spin-echo

12050 | Chem. Sci, 2021, 12, 12046-12055
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Fig.6 Nuclear spin dephasing times T;""'"’, measured at T=1.4 K, with
the Hahn-echo sequence depicted, as a function of the applied field
By in the ab plane. The label of the transitions is the same reported in
Fig. 4(b) and (c). Inset: Hahn echo sequence and examples of the echo
decay amplitude for transition AB3 at different applied fields, fitted by

an exponential function « 2772,

amplitude M(t) after application of the Hahn echo sequence
21t/3-1-27t/3 (see ESIt), as a function of the delay = between the
exciting and refocusing pulses.”® These decays are accurately
fitted by a single exponential function (Fig. 6 and ESIT). We note
that this sequence (originally proposed by Hahn®*) is shorter
than the standard 7/2-7-7 one (thus more favorable in case of
short T,) and more tolerant to imperfect pulse calibrations. The
effect of the echo sequence is to compensate inhomogeneous
broadening effects, as well as static contribution to the effective
field induced on the central spin by its interaction with the
surrounding spin bath. Further enhancement of the system
phase memory time could be achieved by using more complex
refocusing sequences, such as Carr-Purcell-Meiboom-Gill
(CPMG), as shown in ref. 32 in a similar setup. The extracted
phase memory times 7,""" are reported in Fig. 6, as a function
of the applied field. We find T,"™ increasing from 10 to 60 us
with increasing By, for all transitions. These values are much
longer than the time required to implement elementary oper-
ations (see below), thus suggesting 1 as a very promising qudit.

Concerning the behavior of T,"™ as function of By, we first
note that since the dilution of [VO(TPP)] in the diamagnetic
[TiO(TPP)] matrix strongly suppresses the electron-electron
spin dipolar coupling, the decoherence of the central *'V
nuclear spin is primarily ruled by the interaction with neigh-
bouring magnetic nuclei. For the low magnetic fields examined
here, this interaction is mediated by virtual excitations of the
electronic spin component of the system wave-function,
whereas direct coupling between nuclear spins is much
smaller. As a consequence, the reduction of electron-nuclear
mixing with increasing B, is responsible of the observed
increase of T, with magnetic field, as already reported in similar
experiments®* and in a theoretical work on Si:Bi quantum
dots.”* A secondary source of decoherence (limited by dilution)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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is represented by the interaction of the probed nuclei with
surrounding electronic spins. This effect is also reduced by
increasing By, due to the consequent increment in electronic
polarization and suppression of electronic spins fluctuations, as
shown in related works on molecular spin systems.>*~’

2.4 Application: quantum error correction using the nuclear
qudit

Having demonstrated both the individual addressability of
nuclear spin transitions (based on the effective quadrupole
concept) and their remarkable coherence, we now move to
investigate the feasibility of qudit-based algorithms.

As an example, we consider quantum-error correction,
whose implementation represents a mandatory step for any
quantum computing platform, in order to overcome unavoid-
able errors and to scale above the capabilities of classical
devices. Spin qudits allow one to embed error-correction within
single objects, a crucial simplification compared to standard
platforms which require many units to be linked together.*

Here we show how to implement the encoding operation of
the qudit QEC algorithm proposed in ref. 33 and we demon-
strate by realistic numerical simulations and measurements
that this can be achieved on 1. Encoding means replacing logical
units |0;) and |1.) represented by individual m; components
(e.g |0) — [1/2) and |1;) — |—1/2)) with superposition of m;
states, such as

-3/2) + V3|1/2)
0) = ————— “
4

1) - V3[-1/2) +13/2)

— o=

These superpositions enable one to correct the harmful
effect of pure dephasing on the spin qudit, with the help of the
electronic ancilla (see ref. 33). The larger the number of levels in
the superposition, the larger the number of dephasing errors
which can be corrected by the algorithm. We start from the four

3 1 1
levelsm; = ——, — =, —,
2 22
transitions are labelled AB1,2,3 in the energy levels diagram of
Fig. 4), which are already sufficient to correct the leading (first
order) dephasing error,*»* by means of the encoding shown in
eqn (4). Coherence within these four levels has also been fully
probed by Hahn-echo measurements. To simulate the time
evolution of the system subject to the sequence of pulses
needed for the encoding, we start from the sound Hamiltonian
extracted in Section 2.2, and we numerically solve the Lindblad
equation for the system density matrix p:

3 1
> of the mg = ) multiplet (whose

dp

T —=i[Ho + Hi(?), p]

D YOy Ime) (malplme) (i | — (Imr) (il + plmr) (i) /2]

m,,m’l
(5)

Here the first term represents the coherent evolution of the
system according to the static Hamiltonian H, and the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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excitation pulse H;(t), while the second models nuclear spin

dephasing mechanisms,* with dephasing rates
1/T,"™ = (Y, + 7,7 )/2. Given the very close values of the

measured T;"™*' (Fig. 6), we assume in our simulations an
average T), for all m;, m; + 1 pairs. Decoherence between Am; > 1

/
mym,

states is ruled by the rates 1/T, ' = (m; — m})Z/TZ.”"’" Note
that our simulations are a perfect reproduction of the experi-
mental scenario, because they employ the Hamiltonian
parameters fitted in Section 2.2 and the measured dephasing
times.

Starting from a generic superposition of m; = +1/2, the
encoding operation on the four considered levels corresponds
to the transformation:

|-3/2) + v/3]1/2) 6\/§|—1/2> +13/2)
* 2 + 2

all/2) + 6]-1/2)—
(6)

This can be decomposed into the sequence of transitions
between adjacent levels reported in Fig. 7(a), ie. a m pulse
between the central m; = +1/2 and —1/2 levels, followed by two 7t/
3 pulses between +1/2 and +3/2 (which are performed in parallel)
and a final 7 pulse again between the +1/2 and —1/2 levels.

Simulations reported in Fig. 7(b) are performed with B, = 0.3
T x. This constitutes a good trade-off, between a limited
entanglement of electronic and nuclear spin (yielding long T, ~
50-60 ps), and spectral separation of the different transitions
(thanks to the sizable effective quadrupole). The system is
controlled by using Gaussian-shaped pulses of amplitude B, =1

/3

/3

=i

m;=3/2

3

~~
i----F o
A

m;=1/2

¢

m1:-3/2

0 0.5 1 15 2 25 3 3.5 4
time (us)

Fig. 7 (a) Sketch of the sequence of Gaussian-shaped pulses imple-
menting the encoding operation on the four nuclear spin levels m; =
—3/2, —1/2, 1/2, 3/2 (horizontal lines, in order of increasing energy
from bottom to top). The sequence is decomposed into rotations
about y axis of the angle ¢ indicated. (b) Corresponding time evolution
of the diagonal elements of p, using an oscillating field amplitude B; =1
mT, with the system initialized in a generic superposition 0.83|—1/2) +
0.55i[1/2). Off-resonant secondary oscillations do not significantly
affect the final encoded state, whose expected squared absolute
components are indicated by crosses.
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mT.} The resulting time evolution of the calculated squared
absolute value of the components of the system state is reported
in Fig. 7(b). This produces an encoded superposition which is
essentially coincident with the exact value (see crosses) and
hence demonstrates that 1 is suitable to implement the QEC
algorithm. We note that small residual errors on the encoded
state (of the order of a few %) could be further reduced by using
quantum control techniques to speed-up transitions,**> while
keeping a small leakage to neighboring levels.

2.5 Coherent NMR manipulation of the nuclear qudit

As a last step, we show by targeted pulse NMR measurements
that we can actually coherently manipulate all the nuclear spin
transitions involved in the sequence reported in Section 2.4. To
this end, we perform Rabi experiments on each of the three Am;
= +1 transitions, namely |-3/2) — |-1/2) (AB1), |— 1/2) — |1/
2) (AB2) and |1/2) — |3/2) (AB3). Measurements reported in
Fig. 8 are performed on our home-built pulse-NMR spectrom-
eter, by a first 4 exciting pulse of increasing length, followed by
a fixed w refocusing pulse of proper amplitude B, to excite
a single transition at a time (as discussed in detail in the ESI¥).
The resulting oscillations are modelled by an exponentially
damped sinusoidal function flf) o« e “ sin(27wgt). For each
excited transition, the measured Rabi frequency vy increases
linearly with oscillating field amplitude B; in agreement with
expectations for an rf field induced nutation (see ESIf). The
damping rate (1) of the measured Rabi oscillations shows
a strong dependence on B, indicating that this decay is domi-
nated by inhomogeneities of the applied radio-frequency ﬁfld.
However, for achievable pulse intensities the decay time — is
always remarkably longer that the duration of a m rotation, in
the range 0.3-1 ps, as shown in Fig. 8 and also in Fig. S5.1 The
long decay times allow many successive operations of nuclear
spin state manipulation before the coherence is lost.

We finally note that the inclusion of the additional available
levels m; = +5/2 and m; = £7/2 would allow us to improve the
encoding of Section 2.4 and thus to correct further dephasing
errors (i.e. not only first but also second and third order errors).

3 Discussion and conclusions

Summarizing, we have studied [VO(TPP)] as an important
representative of a class of vanadyl-based molecular qudits.
These are characterized by an 8-level nuclear spin coupled to an
electronic qubit, particularly promising for quantum
computing applications,” such as quantum-error correction®
or quantum simulation.** In this respect, the 8 levels of the spin
qudit could be used to encode a system characterized by several
degrees of freedom, such as a photon or a phonon mode
interacting with an atom.* In this scheme, the qudit levels m; =
7/2, 5/2, ..., —7/2 would represent states with n = 0, 1, ..., 7
photons, thus enabling the simulation of the interaction
between matter and a quantized field even in the ultra-strong
coupling regime. Such a simulation could be implemented by
a sequence of pulses resonant with nuclear or electronic spin
transitions, along the lines of ref. 44. Remarkably, the 8
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Fig. 8 (a) Nuclear Rabi oscillations induced on transitions AB1, 2, 3 at
fixed static field Bo = 0.3 T, approximately parallel to x (~2° uncer-
tainty) by the linearly polarized (z) rf pulse sequence depicted in the
inset (with variable first pulse length 6(t)) and fixed radio frequency
attenuation 7.7 dB. (b) Nuclear Rabi oscillations induced on transition
AB1 (f = 72.25 MHZz) at fixed field (Bo = 0.3 T) for different applied pulse
intensities, showing the expected scaling of Rabi frequency with B,
(Fig. S5 and S6%). Experiments are performed at T = 1.4 K.

available nuclear levels (instead of 4 or 6 as in ref. 44) enlarge
the range of models to be simulated.

In general, operations involved in quantum computing
algorithms on the qudit can be decomposed into elementary
transitions between pairs of Am; = £1 nuclear spin levels. Each
of these transitions must then be individually addressable and
characterized by long coherence times.

We have demonstrated that these conditions are fulfilled by
the investigated system through an extensive NMR study on
single crystals. In particular, we characterize the nuclear spin
Hamiltonian, its interaction with the electronic ancilla and its

© 2021 The Author(s). Published by the Royal Society of Chemistry
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coherence properties. Starting from this in-depth characteriza-
tion, we show that nuclear transitions involved in the encoding
step of a qudit-based QEC code* can be individually addressed
by resonant radio-frequency pulses. This is made possible by
the remarkably long coherence times and by the robust hyper-
fine interaction with the electronic spin, which acts as an
effective quadrupole coupling distinguishing the various tran-
sitions, even in the absence of a real quadrupole coupling. This
scheme enables coherent manipulation of the qudit and hence
the implementation of sequences of transitions, such as those
required by QEC codes.

By removing the strict requirements on the quadrupole
interaction, our work will significantly enlarge the list of suitable
qubit-qudit systems for quantum computing applications. In
these conditions, not only rare-earth,* but also transition metal
complexes could be very promising, thanks to their remarkable
coherence times, despite their smaller intrinsic quadrupole
interaction. In particular, V-based compounds, usually not
considered due to their small quadrupole coupling, become very
attractive, by combining two great advantages. First, among all
transition-metal and rare-earth MNMs, they possess the largest
nuclear spin (7/2), thus providing a sizable number of levels for
the implementation of qudit algorithms. Second, the record
electronic coherence for a MNM was reported on a vanadium(v)
complex,® which is only an example of a large family of highly
coherent compounds.®*** The [VO(TPP)] case examined here
shows indeed values of nuclear T, significantly longer than those
reported in ref. 32 for [Yb(trensal]), whose nuclear spin was
characterized by a much stronger value of p. The generality of this
conclusion is further confirmed by the subsequent observation of
a detectable effective quadrupole also in another coordination
geometry of vanadium complex.*”

It is finally worth noting that the examined compound
presents some additional appealing features. [VO(TPP)], though
seldom investigated, belongs to a class of molecules that can be
evaporated and organized in ordered arrays on different
substrates.®* The V=0 group is readily accessible in these flat
molecules,® with the potential to perform single spin EPR by
using a Scanning Probe Microscopy, as recently reported for
a phthalocyanine complex.®® Equally relevant is the possibility
to couple more porphyrin rings to induce interactions between
the coordinated metal ions,* as required for the implementa-
tion of quantum gates. Last but not least, chemical function-
alization of the porphyrin allowed to arrange the [VO(TPP)]
units into a metal-organic framework without affecting its
magnetic properties.* This, together with its remarkable
coherence times, makes it a good candidate for a magnetic field
sensor. To this aim, the hyperfine coupling with a spin 7/2
nucleus could be a useful resource to enhance sensitivity of
a [VO(TPP)]-based quantum meter close to level anti-cross-

ings,*®7° such as those occurring below 0.05 T.
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