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troscopy of a vanadyl porphyrin:
a model electronuclear spin qudit†

Ignacio Gimeno, a Ainhoa Urtizberea, ab Juan Román-Roche, a

David Zueco, a Agust́ın Camón, a Pablo J. Alonso, a Olivier Roubeau *a

and Fernando Luis *a

We explore how to encode more than a qubit in vanadyl porphyrin molecules hosting a S ¼ 1/2 electronic

spin coupled to a I¼ 7/2 nuclear spin. The spin Hamiltonian and its parameters, as well as the spin dynamics,

have been determined via a combination of electron paramagnetic resonance, heat capacity, magnetization

and on-chip magnetic spectroscopy experiments performed on single crystals. We find low temperature

spin coherence times of micro-seconds and spin relaxation times longer than a second. For sufficiently

strong magnetic fields (B > 0.1 T, corresponding to resonance frequencies of 9–10 GHz) these

properties make vanadyl porphyrin molecules suitable qubit realizations. The presence of multiple

equispaced nuclear spin levels then merely provides 8 alternatives to define the ‘1’ and ‘0’ basis states.

For lower magnetic fields (B < 0.1 T), and lower frequencies (<2 GHz), we find spectroscopic signatures

of a sizeable electronuclear entanglement. This effect generates a larger set of allowed transitions

between different electronuclear spin states and removes their degeneracies. Under these conditions,

we show that each molecule fulfills the conditions to act as a universal 4-qubit processor or,

equivalently, as a d ¼ 16 qudit. These findings widen the catalogue of chemically designed systems able

to implement non-trivial quantum functionalities, such as quantum simulations and, especially, quantum

error correction at the molecular level.
Introduction

Magnetic molecules are appealing candidates to form the
building blocks of future quantum technologies.1 One of their
characteristic traits is the ability to tune their properties by
chemical design, e.g. to enhance the spin coherence times2–4 or
to gain a sufficiently fast control of their quantum states by
means of external stimuli, such as microwave magnetic5 or
electric6 elds and even visible light.7 Another remarkable
feature is the possibility of hosting multiple qubits, or d-
dimensional qudits, in a single molecule.8 This possibility
allows integrating at the molecular level non-trivial functional-
ities, like quantum error correction9 or simple quantum codes
and simulations,10 and constitutes a potential competitive
advantage over other solid-state quantum platforms.
agón, CSIC and Universidad de Zaragoza,

nizar.es; uis@unizar.es

Zaragoza, Spain

n (ESI) available: Synthesis and
tails and views of the structure, heat
EPR data, micro-Hall data, additional
, calculated energy levels and Rabi

2058759–2058761. For ESI and
ther electronic format see DOI:

the Royal Society of Chemistry
A relatively straightforward strategy to embody multiple
qubits is to synthesize molecules having several, weakly
coupled, magnetic metal centres.8a,11 As a somewhat simpler
alternative, one can also use internal degrees of freedom,
arising from electronic spin projections of S > 1/2metal ions12 or
from nuclear spin states.8b,9b,13 One advantage of this second
approach is that it facilitates the synthesis of magnetically
diluted single crystals, which can combine sufficiently long
coherence times with the ability of addressing specic quantum
operations. In addition, thesemononuclear complexes are oen
more robust, thus easier to interface with solid state devices and
circuits.6a,10a,14 The choice of suitable candidates is however
quite limited by the need of ensuring a proper addressability of
the relevant transitions linking different levels of each qudit.
Among electronic spins, the magnetic anisotropy then needs to
be very weak, in order to keep resonant frequencies accessible
(typically meaning within 1 to 10 GHz). In practice, this has
restricted the search to Gd based qudits.12 In the case of nuclear
spin qudits, the same condition imposes a sufficiently strong
quadrupolar interaction. The latter criterion then seems to
exclude several a priori promising systems, such as the family of
vanadyl based molecules that includes among its members
some of the rare examples of quantum spin coherence surviving
up to room temperature15 and record spin coherence times
close to milliseconds.16
Chem. Sci., 2021, 12, 5621–5630 | 5621
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Fig. 1 (a) Top and (b) side views of the [VOTCPPEt] molecule in the
structure of 1VO. Colour code: plum, V; red, O; light blue, N; grey, C.
Hydrogens are omitted for clarity. (c) View along the 101 plane of one
unit cell of 1VO, showing the two types of molecules and the disorder in
the V]O moiety orientation. The average V]O orientation corre-
sponds to the normal to the 101 plane, shown as a red arrow. Only the
VON4 coordination spheres are shown for clarity.
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In this work, we show that the sought level anharmonicity
required to dene multiple qubits, or a qudit, using electro-
nuclear spin states can be achieved even when the quadrupolar
interaction is negligible. A broad-band spectroscopy study of
vanadyl porphyrin crystals provides direct and detailed infor-
mation on the magnetic energy level structure. Extending these
measurements to very low temperatures allows exploring low
frequencies and magnetic elds. The entanglement of the
vanadyl S ¼ 1/2 electronic spin with its I ¼ 7/2 nuclear spin
results then in a series of unequally spaced levels. In this
regime, transition rates between different nuclear spin states
become also comparable to those of electronic transitions. On
basis of this study, we discuss the possibility of using vanadyl
molecules to perform universal quantum operations, either as
4-qubit processors or as qudits with dimension d ¼ 16.

Results and discussion
Synthesis, structure and spin Hamiltonian of [VOTCPPEt]

For the present study, we focus on the vanadyl porphyrin
[VO(TCPPEt)] (1VO, H2TCPPEt ¼ 5,10,15,20-tetrakis(4-
carboxyphenyl)porphine tetraethyl ester), a molecule we previ-
ously used as precursor to form a 2D framework.17 Although the
structure and spin dynamics of 1VO were not determined, the
vanadyl porphyrin node in the 2D framework did show some
reasonably long quantum coherence. Besides, 1VO is readily
obtained by a simple reaction of vanadyl sulphate and the free-
base H6TCPP in ethanol under solvothermal conditions, and
most importantly in the form of robust large single-crystals.
Interestingly, crystals of the titanyl analogue [TiO(TCPPEt)]
(1TiO) can be obtained under similar synthetic conditions, albeit
only with partial metallation, even using a large excess of the
titanyl starting salt. The free-base ligand H2TCPPEt, obtained
under the same conditions, and both vanadyl and titanyl
complexes were found by single-crystal diffraction to be iso-
structural, which in turn allowed to isolate crystals containing
the vanadyl porphyrin diluted in a diamagnetic host, 13%

VO (see
ESI† for details).

All three materials H2TCPPEt, 1VO and 1TiO crystallize
unsolvated in the monoclinic space group P21/n, the asym-
metric unit coinciding with half the neutral MTCPPEt molecule
(M ¼ H2, VO, TiO). In 1VO, the V4+ ion is coordinated equato-
rially by the four pyrrole N (M–N bond length in the range
1.994(4)–2.172(4) Å), but lies slightly out of the N4 porphyrin
plane, at 0.491 Å (Fig. 1a and b). The axial V]O bond (1.556(9)
Å) is thus disordered over two equivalent orientations by
symmetry, due to the inversion center close to the center of the
porphyrin N4 square. The porphyrin ring is basically at with no
signicant distortion (Fig. 1b), the largest deviation being for
the external pyrrole carbons, in all cases at less than 0.102 Å
from the N4 porphyrin plane. One of the two unique ethyl
groups is also disordered over two positions. The molecules
have two orientations in the cell as a result of the 2-fold screw
axis. The average VO vector is however normal to the 101 plane,
since this plane is the bisector of the N4 porphyrin plane
(Fig. 1c). The molecules with identical orientation form supra-
molecular 1D chains through C–H/p interactions involving
5622 | Chem. Sci., 2021, 12, 5621–5630
the four pyrrole rings, these chains being connected into planes
through p/p interactions between pyrrole ring and COO ester
moieties of molecules with different orientations (Fig. S1 and
S2†). The shortest V/V separation corresponds to the trans-
lation along the a axis, at 9.394 Å, while those within the
supramolecular chains and between molecules with different
orientations are respectively 10.856 Å and 12.853 Å.

The continuous wave (CW) X-band EPR spectra of a frozen
solution of 1VO in toluene:CDCl3 (1 : 1, 0.46 mmol L�1), 1sol

VO,
and of polycrystalline 1VO are shown in Fig. 2 (top traces). We
have also studied the rotational CW EPR spectra of single
crystals of 1VO and of 13%

VO (Fig. 2 bottom and Fig. S4, S8 and
S9†). All are characteristic of an axial vanadyl spin, in agreement
with the local symmetry at the porphyrin site. In particular, it
appears that the two orientations of the molecules in a single-
crystal are magnetically equivalent when the magnetic eld is
applied perpendicular to the long crystal axis, labelled here as
the laboratory Z axis (see Fig. S3†). From the indexing of the
crystal, this corresponds to the situation where the magnetic
eld is applied in the 101 crystal plane, perpendicular to the
average V]O vector (see Fig. 1c). Moreover, there are two
perpendicular orientations of the eld within the laboratory XY
plane, xC and yC, for which the splitting of the EPR is respec-
tively minimal and maximal. This allows dening the magnetic
axes for each molecule, taking advantage of the fact the
symmetry of the rotational diagrams is solely reecting the local
molecular symmetry. Taking into account the structural infor-
mation to dene the angle between the two local gyromagnetic z
axes, the rotational data is reproduced very satisfactorily using
an axial spin-Hamiltonian for each molecule

H ¼ gtmB

�
SxBx þ SyBy

�þ gkmBSzBz þ At

�
IxSx þ IySy

�

þ AkIzSz (1)

that includes the electronic Zeeman interaction and the
hyperne interaction with the I ¼ 7/2 51V nucleus (natural
abundance 99.75%), both referred to themolecular axes x, y and
z, and provides a robust denition of the parameters gk ¼ 1.963,
gt ¼ 1.99, Ak ¼ 475 MHz and At ¼ 172 MHz. The same model
also reproduces the spectra of 1sol

VO, and polycrystalline 1VO
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Top: X-band CW-EPR spectra of 1VO at RT (top trace) and the
frozen solution 1sol

VO at 30 K (middle trace), and 2p-ESE-detected EPR
spectrum of 1sol

VO (s ¼ 200 ns, 30 K, bottom trace). The thin red lines
are simulations using an axial SH (eqn (1)) with gII ¼ 1.963, gt¼ 1.99, AII

¼ 475 MHz and At ¼ 172 MHz. Bottom: Rotational diagrams for
a single crystal of 1VO at RT. The empty circles represent the positions
of the center of the lines in the CW-EPR spectra upon rotating the
crystal around the Z (left) and X (middle) laboratory axes (see also ESI†).
Full lines are the corresponding positions calculated with the spin
Hamiltonian. The contribution from the two magnetically inequivalent
orientations of the molecules is represented in different colours
(orange and green).

Fig. 3 Left: Temperature dependence of the mean longitudinal
relaxation time T1 and of the coherence time T2 for 1sol

VO at 346.6 mT.
The red line is a fit of the data to 1/T1¼ aT+ cTm, with a¼ 2.2(2) s�1 K�1,
c ¼ 0.029(3) s�1 K�3 and m ¼ 3. Right: Comparison of the relaxation
times T1 determined by different techniques either on 1VO or its frozen
solution 1sol

VO as indicated. The red line is the expression 1/T1¼ a0(T/B)
+ c0(T/B)3 with a0 ¼ 0.324(9) s�1 T K�1 and c0 ¼ 0.0145 s�1 T3 K�3 and
allows to describe most data at intermediate fields.
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View Article Online
shown in Fig. 2. The similarity of the CW-EPR spectra for the
pure material and its frozen and solid solutions (Fig. 2 and
S10†) points at the absence of signicant intermolecular
magnetic interactions. This is also supported by the equilib-
rium magnetic susceptibility c of polycrystalline 1VO that
follows the Curie law down to 2 K with C ¼ 0.367 cm3 mol�1,
while the magnetization vs. eld data is well described by the S
¼ 1/2 Brillouin function for g ¼ 1.98 (Fig. S18†). Both sets of
data are also in excellent agreement with the g tensor derived
from CW-EPR.

The specic heat cP/R is also sensitive to the structure of
magnetic energy levels. Its temperature dependence for a single-
crystal of 1VO in zero-eld shows a low temperature tail, which
can be associated with the hyperne splitting of the vanadyl
nuclear spin levels (Fig. S24†). Under a magnetic eld,
a Schottky anomaly associated with the Zeeman splitting
between electronic spin-up and spin down states is observed, its
maximum becoming detectable in the experimental tempera-
ture range (T > 0.35 K) for elds above 2 T. At higher tempera-
tures, the specic heat cP/R becomes dominated by excitations
of vibrational modes. The Schottky broad maxima are well
© 2021 The Author(s). Published by the Royal Society of Chemistry
accounted for by numerical calculations based on the parame-
ters of the spin Hamiltonian derived above, thus fully sup-
porting these. An exception is observed for intermediate elds
of 0.25, 0.5 and 1 T, for which the expected rise in cP/R associ-
ated with the Schottky anomaly is either not detected or reduced
with respect to the simulation. As discussed below, this is due to
the slow magnetization dynamics of the vanadyl spins (see also
Fig. S25†).
[VO(TCPPEt)] as a spin qubit: spin coherence and spin
relaxation time scales

Knowledge of the temperature dependence of the spin relaxa-
tion timescales, described through the spin-lattice relaxation
time T1, is important for various reasons. First, because it
represents the ultimate limitation of T2 when all other sources
of decoherence are suppressed, i.e. T2 # T1. At higher temper-
atures, T2 is indeed oen limited by the decreasing T1. On the
other hand, 1/T1 sets the speed at which the spins decay towards
the ground state at very low T, thus also the initialization
process rate in quantum information applications.

We have rst studied the spin-lattice relaxation of the
VOTCPPEt molecule in the frozen solution 1sol

VO through TD
EPR at X-band frequencies. Inversion recovery experiments were
performed between 6 K and 120 K at B ¼ 346.6 mT, which
corresponds to the most intense resonance line in the CW and
ESE-detected spectra (see Fig. 2). The experimental dependence
on td, the delay time aer the initial inversion pulse, is repro-
duced by a stretched exponential, written as exp{-(td/bT1)

b},18

thus allowing to derive a mean T1 value (Fig. S11 and Table S3†).
From about 50 ms at 6 K, T1 decreases continuously with
increasing temperature, to reach about 20 ms at 120 K (Fig. 3).
The temperature dependence can be reproduced considering
direct and Raman relaxation processes through the expression
Chem. Sci., 2021, 12, 5621–5630 | 5623
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Fig. 4 Top: X-band CW (RT, black lines) and 2p-ESE-detected (6 K, s¼
200 ns, red lines) EPR spectra of 13%

VO with the field along the x (top)
and y (middle) crystal axes. Bottom: coherence time T2 for 13%

VO with
the field along the xC (black symbol) and yC (red symbols) axes of the
crystal. Stars indicate an isotropic signal at g ¼ 2.01 adscribed to a Ti(III)
impurity. A broad signal covering the 290–350 mT field range arises
from Cu(II) ions on the surface of the cavity.
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1/T1¼ aT + cTm, and with a¼ 2.2(2) s�1 K�1, c¼ 0.029(3) s�1 K�3

and m ¼ 3. Although the direct process is dominant at the
lowest temperature of 6 K, Raman processes are already effec-
tive and then dominate the temperature dependence of T1 at
increasing temperatures.

In the solid-state, the magnetization dynamics was studied
through ac magnetic susceptibility measurements on poly-
crystalline 1VO (Fig. S19–S21†). Upon the application of a dc
eld, an out-of-phase component of the susceptibility c00 shows
up, corresponding to a decrease in the real susceptibility c0. For
spin 1/2 systems, the characteristic relaxation time is a direct
measure of T1. It was determined, both at 5 K for increasing dc
elds and at 500 Oe for T ranging from 2 to 20 K, by tting the
isothermal frequency dependence of c0 and c00 with a general-
ized Debye model. The spin-lattice relaxation time was also
estimated from heat capacity measurements on a single-crystal
of 1VO. As mentioned above, a sharp drop is observed in the
magnetic component cm measured at certain eld values (see
e.g. the data measured at B ¼ 1 T in Fig. S25†). This deviation
from equilibrium occurs when phonon-induced relaxation
processes become too slow as compared with the time-scale of
the relaxation measurement.19 By comparing measurements
done with short (out of equilibrium) and long (equilibrium)
experimental times, the characteristic time of the spin ther-
malization, which is equivalent to T1, can be derived. Finally, m-
Hall magnetization measurements performed on a single-
crystal of 1VO provide yet another evidence of the slow spin
dynamics. For T # 1 K, T1 becomes long enough with respect to
the eld sweep rate of 1 T min�1, so that the system shows
magnetic hysteresis (Fig. S27†) despite the absence of an acti-
vation barrier for the spin reversal. Dc relaxation measurements
performed at xed temperatures and magnetic elds indeed
allow extracting T1 values in the range of seconds.

Values of T1 derived from all measurements are plotted
together vs. T/B in Fig. 3 right. Overall, there is good agreement
among data obtained by different methods, except for those
extracted from ac susceptibility at low elds. This is under-
standable as the direct relaxation process becomes then less
signicant, while it is likely the dominant process at low
temperatures and under intermediate to high elds. In fact, and
quite remarkably, most data can be described considering
direct and Raman processes through the expression 1/T1 ¼ a0(T/
B) + c0(T/B)3 with a0 ¼ 0.324(9) s�1 T K�1 and c0 ¼ 0.0145 s�1 T3

K�3, conrming that the spin relaxation is dominated by direct
processes at low temperatures, at least for moderate elds in the
range 0.1–1.5 T.

The relaxation times for the [VO(TCPPEt)] molecule are
remarkably long, for example about two times longer than those
reported recently for dicatechol vanadyl complexes as the
highest for vanadyl-based compounds.20 As discussed previ-
ously, this is likely the consequence of the square pyramidal
environment of the V(IV) ion and the overall rigidity of its
coordination sphere. Both reduce the probability that the elec-
tronic spin couples signicantly with low-lying vibrational
modes. The longer T1 in 1VO with respect to other vanadyl bis-
chelates (see Table S4†) can probably be ascribed to the
higher rigidity of the macrocyclic tetra-chelating porphyrin. It is
5624 | Chem. Sci., 2021, 12, 5621–5630
in this respect relevant that the phthalocyanine analogue VOPc
has similarly long spin-relaxation times.15,21 Combined
experimental/theoretical studies of vibrational properties are
nevertheless necessary to identify the origin of differences in T1,
as done so far on few occasions.22–24 Importantly, such long
spin-lattice relaxation times ensure that T1 will not be limiting
the coherence time-scale. On the other hand, they can represent
a drawback for an efficient qubit initialization.

To evaluate the spin coherence times T2 of the [VOTCPPEt]
molecule, we again turn to TD EPR measurements at X-band on
both the frozen solution 1sol

VO and a diluted single crystal
13%

VO. The latter were done for two orientations of the crystal,
namely along the two perpendicular orientations xC and yC for
which the splitting of the EPR spectrum is, respectively,
minimal and maximal (see Fig. 2). Using a Hahn sequence,
consisting of a p/2 pulse and a p pulse separated by a varying
interval s, an intense electron spin echo (ESE) is detected at any
magnetic eld in the CW-EPR spectrum, indicative of
a measurable quantum coherence. The echo-induced EPR
spectra are shown in Fig. 2 and 4. They are in excellent agree-
ment with the CW-EPR spectra, being reproduced with the same
Hamiltonian parameters given above (see also ESI†).

Measurements of the ESE decay as a function of s were then
applied to determine the temperature dependence of the phase
© 2021 The Author(s). Published by the Royal Society of Chemistry
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memory time T2 in 1sol
VO. The decay (Fig. S12†) shows a signif-

icant modulation which likely arises from the interaction of the
vanadyl electronic spin with deuterons from the solvent, in line
with recent observations on frozen solutions of Gd complex-
es.12b A low frequency modulation is also present that makes the
correct estimation of T2 difficult (see ESI† for details). The
values of T2 given in Fig. 3, le panel, were derived by tting
a conventional stretched exponential expression, y(s) ¼ A0 +
A1exp{�(2s/T2)

b}, to the ESE decays.
The coherence time of [VOTCPPEt] in 1sol

VO increases from
3.8(2) ms at 6 K to a plateau at ca. 7 ms in the range 25–60 K, and
then smoothly decreases down to 1.9(2) ms at 120 K. This
decrease is likely due to a parallel decrease of T1, which is only
about 1 order of magnitude higher than T2 over the corre-
sponding temperature range. The origin of the increase of T2
observed at low temperature is less clear, and could be an effect
of the low frequency modulation, although a similar behavior
has been reported for a vanadyl dicathechol complex.20 In any
case, the observed quantum coherence compares well with
those found for other VIV molecular spin qubits in frozen
solution, such as [V(C8S8)3]

2� (7 ms at 10 K)25 or [VO(naph-cat2]
2�

(6.5 ms at 25 K, see Table S4†).20 The [VOTCPPEt] molecule is
therefore a valid spin-qubit candidate, especially considering
that the solvent mixture used here is only partly deuterated.

In the solid-state, the ESE decay observed for a single crystal
of 13%

VO at 6 K is also strongly modulated, with an unassigned
set of modulation frequencies (Fig. S16 and S17†). The quantum
coherence of the different electronuclear transitions are very
similar, with only a slight increase of T2 with the applied eld,
from 0.62(2) ms for the centralmI¼�1/2 tomI¼ 1/2 transition at
343.6 mT to 0.74(4) ms for the external mI ¼ 5/2 to mI ¼ 7/2
transition at 408.9 mT, all for the magnetic eld oriented
along yc (maximum splitting of the EPR spectrum). When the
eld is applied along xc, i.e. for the minimal splitting of the EPR
spectrum, the mI ¼ 5/2 to mI ¼ 7/2 transition sees its coherence
increase by almost 50% to 1.1(1) ms. While this is signicantly
lower than in 1sol

VO, this is likely due to the still relatively high
magnetic concentration of 13%

VO. Indeed, the energy scale of
vanadyl–vanadyl dipolar interaction in 13%

VO can be roughly
estimated to be ca. 0.02 mK (or 417 MHz),26 meaning that the
decoherence induced by the dipolar interaction would be of the
order of 2.4 ms. Further magnetic dilution may therefore allow
T2 to approach that measured in 1sol

VO.
Broad-band on-chip magnetic spectroscopy

The above characterization has been completed by means of
experiments performed on superconducting transmission
waveguides coupled to pure crystals of 1VO. These experiments
provide direct spectroscopic information at any frequency
below 14 GHz and as a function of magnetic eld and allow
varying temperature over a wide range.12a,27 Results obtained at
4.2 K for different orientations of the magnetic eld are shown
in Fig. 5 and S29.† The presence of resonant spin transitions
manifests in a decrease in the microwave signal transmitted
through the device. The normalized transmission (see ESI†) is
equivalent to the absorption derivative measured in
© 2021 The Author(s). Published by the Royal Society of Chemistry
conventional CW EPR experiments. Only, in this case one can
sweep both frequency andmagnetic eld independently of each
other, as shown in Fig. 5. The 2D transmission spectrum
provides then a full picture of the Zeeman energy diagram and
shows that, for B > 0.1 T, the allowed transitions correspond
mainly to the reversal of the electronic spin for each nuclear
spin projection. The hyperne interaction acts here just as
a kind of bias eld that shis resonances associated with
different nuclear spin states. In fact, one can directly “read out”
the hyperne level splittings by looking at the frequency shis
between the 8, close to equidistant, resonance lines. This also
conrms that the nuclear quadrupolar interaction is close to
negligible, in agreement with previous reports for vanadium in
diverse congurations.28

In addition, the effective g-factor along each orientation is
given by the slope of these lines. Repeating this procedure for
the X, Y and Z laboratory axes (see Fig. S28 and S29†) and using
the crystallographic information shown in Fig. 1, one can rene
the parameters of the spin Hamiltonian, which conrm those
derived from angle-dependent CW-EPR experiments. Simula-
tions of the normalized transmission done with these parame-
ters, shown in Fig. 5 and S29,† agree well with the experimental
data.

The results discussed up to now conrm that the [VOTCP-
PEt] molecules, like other vanadyl derivatives, are quite prom-
ising qubit candidates. Within this frame, the existence of
multiple nuclear spin levels reduces to a choice between 8
different denitions for the qubit basis states ‘0’ and ‘1’.
However, deviations from this simple picture are expected to
occur for weaker magnetic elds, when the Zeeman and
hyperne interactions compete in intensity and the electron
and nuclear spins become entangled. Eventually, for B ¼
0 eigenstates of the spin Hamiltonian (1) approach states of the
total angular momentum F ¼ S + I, with F ¼ 4 and 3. The
question we address in the following is whether these 16 elec-
tronuclear spin states can properly encode the basis states of
a d ¼ 16 qudit, or of a 4-qubit processor. The transmission
experiments shown in Fig. 5 allow exploring this low-eld low-
frequency region, and hint at a deviation of the resonance
lines from linearity. However, the signal becomes then also very
weak, as all levels are nearly equally populated at 4.2 K.
Answering the above question clearly calls for similar experi-
ments in the temperature region below 1 K.
Very low temperature experiments: [VOTCPPEt] as a d ¼ 16
electronuclear spin qudit

Transmission experiments have been extended to the region of
very low temperatures by making use of a 3He–4He dilution
refrigerator equipped with microwave lines. As it is shown in
Fig. S30,† decreasing temperature gives rise to a sharp increase
in the visibility of the absorption lines. A 2D plot of data
measured at the lowest attainable temperature T ¼ 0.175 K are
shown in Fig. 6. Despite the still sizeable noise, the data reveal
some interesting features. First, and as expected, resonance
lines no longer follow a linear dependence on B. The underlying
reason is the occurrence of level crossings (and also
Chem. Sci., 2021, 12, 5621–5630 | 5625
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Fig. 5 Left: Grey scale experimental (top) and simulated (bottom) plots of the normalized transmission through a superconducting wave guide
coupled to a single crystal of 1VO measured at T ¼ 4.2 K as a function of frequency and magnetic field. The magnetic field was applied along the
a crystallographic axis (X axis of the laboratory frame as defined in Fig. S3†). Right: Normalized CW spectra obtained from these data at either fixed
B ¼ 0.3 T as a function of frequency (top) or at fixed u/2p ¼ 9 GHz as a function of magnetic field. Black and red lines show experimental and
simulated data, respectively.
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anticrossings, which become possible because F has integer
values). A consequence of this, shown by the two panels on the
right hand side of Fig. 6, is that the separations between nearest
resonances spread in frequency. The results suggest also that
some of the lines split, i.e. that additional transitions become
allowed in this low-eld regime. Again, this is not unexpected
Fig. 6 (A) 2D plot of the normalized transmission of a superconductin
measured at T ¼ 0.175 K. The magnetic field was parallel to the Z labora
lowest and highest resonant frequencies deviate from a linear field depen
from these data at B ¼ 0.03 T as a function of frequency. Black and red li
separations between adjacent resonant lines as a function of either the

5626 | Chem. Sci., 2021, 12, 5621–5630
since transitions that are virtually forbidden when electronic
and nuclear spin states factorize, cease to be so when I and S
become entangled (see Fig. S31 and S32† that show the direct
connection between entanglement and transition rates). Briey,
these results provide direct evidence for a change in the nature
of the energy levels and spin states when the anisotropic
g coplanar transmission waveguide coupled to a single crystal of 1VO

tory axis. The red dotted lines are guides to the eye to show how the
dence below approximately 0.1 T. (B) Normalized CW spectra obtained
nes show experimental and simulated data, respectively. (C) Frequency
initial state in each transition or magnetic field, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hyperne interactions start competing with the coupling to the
external magnetic eld. As we discuss below, this provides
a crucial ingredient to ensure universal operations between the
16 electronuclear states. In the remaining of this section, we use
this information to discuss how to exploit the multiple spin
levels of 1VO as additional resources for quantum computation.
The conditions that are needed to encode a qudit (or multiple
qubits) in an N-level system (here N¼ (2S + 1)� (2I + 1)¼ 16) are
mainly two. First, one needs to have the possibility of address-
ing transitions linking different states by properly selecting the
frequency of a microwave resonant pulse. This implies that the
energy levels must not be equally spaced. And, second, there
must be a sufficient number of such transitions that are not
forbidden and that have a large enough probability. As we have
discussed above, and the level scheme of Fig. 7 shows, degen-
eracies between inter-level separations are removed, thus the
rst condition is fullled, at sufficiently low magnetic elds.
Concerning the second, onemust consider the Rabi frequencies
UR of resonant transitions between any pair of spin states. A 2D
plot generated for BX ¼ 0.02 T is shown in Fig. 7. It follows from
it that not only the “pure” electronic transitions are allowed, but
also several others, including those that were previously asso-
ciated with changes in the nuclear spin state. As B decreases,UR

of such “NMR-like” transitions increase at the expense of
a similar decrease in UR values associated with the former (see
Fig. 7, right hand panels). The possibility of such an enhanced
Fig. 7 Left, top: Diagram of electronuclear spin energy levels of [VOTCPP
colour map of Rabi frequencies for resonant transitions, induced by a m
tronuclear spin states at BX ¼ 0.02 T. Right: Magnetic field dependence o
transitions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
nuclear spin manipulation has been observed in Yb-trensal
molecules by means of pulse-NMR experiments.9b For our
purposes, the existence of electronuclear entanglement then
contributes to generate a much larger set of available
operations.

The only remaining, but very important, aspect to consider is
whether this set is “sufficiently large”. A rigorous criterion is to
impose that the system admits universal operations, i.e. that
one can generate any state within the d ¼ 16 dimension Hilbert
space via the application of (a sequence of) resonant electro-
magnetic pulses.29 This was recently applied to show univer-
sality of Gd-based molecular spin qudits.12 To set a quantitative
criterion, we calculate the rates Wnm at which any basis state n
evolves to any other m. We require that this evolution is per-
formed by one or several addressable resonant transitions,
meaning that their resonant frequencies are nondegenerate
with that of any other allowed transition. Since each of them
takes a nite evolution time Dt f 1/UR, the electromagnetic
pulses have an intrinsic frequency width proportional to 1/Dt. In
order to take this effect into account, we consider only transi-
tions whose frequencies differ by more than UR and exclude the
rest. Next, we impose the condition that all Wnm brought about
by such resonant transitions (for a microwave eld amplitude
bmw ¼ 1 mT) be larger than a decoherence rate 1/T2 z 0.2 MHz
(or T2 ¼ 5 ms, see Fig. 3). Results obtained for 1VO molecules at
two different magnetic elds are given in Fig. 8. The plots show
Et] for a magnetic field applied along the X laboratory axis. Left, bottom:
icrowave magnetic field bmw applied along x, linking different elec-
f the Rabi frequencies of “electronic” (top) and “nuclear” (bottom) spin

Chem. Sci., 2021, 12, 5621–5630 | 5627
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whether any two basis states can be connected by sequences of
transitions being both addressable and sufficiently fast. The
results conrm that 1VO affords universal operations at low
magnetic elds whereas white spots, signalling the existence of
disconnected pairs of states, show up as B increases (see also
Fig. S33–S35†). At any B, the minimumWnm provides a measure
of the qudit universality. As can be seen from the bottom of
Fig. 8, it goes to 0 as B increases, underlying the importance of
electronuclear entanglement. The sudden drop observed
around 0.1 T arises from accidental degeneracies between
transitions that eliminate some of them (see Fig. S36†). Notice
that this plot shows a most demanding condition, associated
with the slowest operations, typically sequences of NMR tran-
sitions. It is likely that the characteristic T2 times of such
transitions lie above the average.9b Taking this into account, or
improving T2, would widen the magnetic eld region that
warrants universal operation and enable choosing between
different situations, e.g. different ranges for the resonant
frequencies or more or less factorized qudit states.
Conclusions and outlook

The results discussed in the previous sections show that
[VOTCPPEt] molecules provide quite promising realizations of
either a 4-qubit processor or a d ¼ 16 qudit. Besides the rela-
tively long spin coherence (of a few ms) and spin relaxation times
(up to several s), comparable to that found for some of the best
Fig. 8 Top: Universality plots, showing the rates of operations con-
necting, via sequences of resonant electromagnetic pulses of ampli-
tude bmw ¼ 1 mT, any pair of electronuclear spin states at BX ¼ 0.02 T
(left) and 0.3 T (right). The coherence time was taken as T2 ¼ 5 ms.
White spots, marked also with a red dot, identify the trivial diagonal
spots (identity operation) as well as mutually disconnected states.
White spots located outside the diagonal signal that the system cannot
implement universal quantum operations. Yellow dots mark the
resonant transitions that are used to generate all operations. Bottom:
Minimum WnmT2 as a function of BX, showing the transition from
universal (Wmin > 1/T2, blue line) to non-universal (Wmin < 1/T2, red line)
behaviour as the electron and nuclear spin states factorize with
increasing magnetic field.

5628 | Chem. Sci., 2021, 12, 5621–5630
molecular qubits, a key ingredient is the possibility to introduce
electronuclear spin entanglement. In [VOTCPPEt], this is done
by adequately tuning the relative intensities of hyperne and
Zeeman interactions via the external magnetic eld. As a result,
resonant transition frequencies become non degenerate and
both electronic and nuclear spin transitions can be coherently
manipulated at sufficiently high, even comparable, speeds.
These conditions ensure that this simple molecular system can
perform universal quantum operations. This is a strong state-
ment, meaning that it can provide a suitable implementation
for any quantum algorithm.

In Fig. S37 and S38,† we explore how this result depends on
the details of the spin Hamiltonian. It follows that all that is
needed to preserve universality is a hyperne interaction that is
not fully uniaxial nor fully isotropic, thus that Ats 0 and Ats
Ak, while no quadrupolar term is required. The onset of elec-
tronuclear entanglement manifests itself (see Fig. 7) in the form
of level anticrossings. It is a curious fact that the presence of
such “spin-clock transitions” is here exploited as a way to
enhance the connectivity between different states, rather than
to reduce their sensitivity to noise.4 This nding widens the
“catalogue”, and simplies the search, of molecular systems
that can implement non-trivial quantum functionalities, i.e.
that can contribute to move beyond single qubits. A practical
advantage is the possibility of choosing ions, such as the
vanadyl center of [VOTCPPEt], with a close to 100% abundance
of the relevant (high spin) nuclear isotope, thus avoiding the
need, and cost, of isotopical purication.

Embedding nontrivial quantum logic in an N-level molecule
opens the way to proof-of-concept implementations of some
simple algorithms. Examples include Grover's search algo-
rithm, which was recently realized in a 4-level nuclear spin
qudit,10a and quantum simulations.10b But probably the most
far-reaching application is the integration of quantum error
correction at the molecular level. Four qubits provide a suitable
basis for the simplest repetition code, based on Shor's algo-
rithm,9a able to correct for single qubit or single phase ips.
However, a better alternative seems to be the use of codes
adapted to the level structure of qudits, which not even require
that N be a power of 2. A particularly efficient code has been
recently developed for spin qudits coupled to ancillary S ¼ 1/2
electron spins.9b,9c Increasing the qudit dimension helps
improving the state delity for any xed decoherence rate. Each
[VOTCPPEt] molecule, with its I ¼ 7/2 vanadium qudit coupled
to the S ¼ 1/2 vanadyl electronic spin, provides a promising
platform to implement such a code.

Using molecules as error-protected logical qubits to build
increasingly complex quantum devices underlines one of the
competitive advantages that chemical design can bring to the
development of scalable quantum technologies. Yet, this
development still faces important challenges, mainly connected
with the control of individual molecular spins. Still, [VOTCPPEt]
and other similar systems might allow implementing proof-of-
concept realizations of these codes by much more easily
affordable experiments on crystals. The experiments reported
here show that nearly all of the required ingredients can be met
in practice. First, it is possible to attain sufficiently long spin
© 2021 The Author(s). Published by the Royal Society of Chemistry
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coherence times in diluted single crystals (see Fig. 4), without
losing the spatial organization of the molecules, i.e. while
keeping the possibility of selectively addressing individual
transitions. This possibility has been recently used to imple-
ment single qubit operations on a related system by means of
on-chip resonators.30 In order to exploit themultiple spin states,
the coupling to open transmission lines allows generating
broad-band control electromagnetic pulses, at the cost of
reducing the electromagnetic eld amplitude. In the case of
[VOTCPPEt], relevant frequencies range between a few hundred
MHz up to 2 GHz at low elds. For this region of frequencies,
microwave pulse amplitudes of about 1 mT can be easily
generated, and this value can be improved by adequate circuit
design.31 This gives rise to Rabi frequencies for individual
operations that are in the range of a few (tens of) MHz (see
Fig. 7), thus faster than decoherence rates. Finally, the use of
qudit codes simplies also reading-out the result of the
quantum operations, as it can be obtained by measuring the
resonance of the electronic spin. For this, a transmission line
can be combined with on-chip LC resonators with frequencies
in the range of 1–2 GHz. In conclusion, these results can
contribute to bring molecular spins closer to practical quantum
implementations.
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