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ABSTRACT: Here we report the investigation of the
magnetic relaxation and the quantum coherence of vanadyl
phthalocyanine, VOPc¢, a multifunctional and easy-
processable potential molecular spin qubit. VOPc in its
pure form (1) and its crystalline dispersions in the
isostructural diamagnetic host TiOPc in different stoichio-
metric ratios, namely VOPc:TiOPc 1:10 (2) and 1:1000
(3), were investigated via a multitechnique approach based
on the combination of alternate current (AC) suscep-
tometry, continuous wave, and pulsed electron para-
magnetic resonance (EPR) spectroscopy. AC susceptibility
measurements revealed a linear increase of the relaxation
rate with temperature up to 20 K, as expected for a direct
mechanism, but 7 remains slow over a very wide range of
applied static field values (up to ~S T). Pulsed EPR
spectroscopy experiments on 3 revealed quantum
coherence up to room temperature with T, ~1 us at
300 K, representing the highest value obtained to date for
molecular electronic spin qubits. Rabi oscillations are
observed in this nuclear spin-active environment ('H and
"N nuclei) at room temperature also for 2, indicating an
outstanding robustness of the quantum coherence in this
molecular semiconductor exploitable in spintronic devices.
In the development of spin-based information technology,
magnetic molecules represent particularly versatile building
blocks as they can serve for the realization of both “static” and
“dynamic” components of a potential quantum computer.'
While single-molecule magnets (SMMs) show magnetic
bistability resulting from magnetic anisotropy and large spin,”
molecules with lower spin values can be exploited in quantum
computation as quantum bits, or qubits.> A qubit is a two state
quantum mechanical system able to be placed in a state of
coherent superposition of these levels. Physical realizations of
qubits can be found in superconductive circuits, trapped ions,
photons, etc."”* Nuclear and electronic spins are also interesting
because their superposition of spin states can be realized by
pulsed magnetic resonance techniques. The most investigated
electronic spin systems are nitrogen-vacancy pairs in diamonds®
or defects in silicon® or silicon carbide.” Polynuclear metal
complexes,” in particular ferrimagnetic rings,” have been also
investigated for the possibility to use synthetic chemistry to
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obtain multibit systems. Only recently, molecular spin systems
have become really competitive. The realization of a qubit
requires, in fact, the accomplishment of strin%ent and antithetic
requirements known as Di Vincenzo criteria. ° If molecules are
better suited to satisfy some of them, like addressing and control
of qubits entanglement, the short lifetime of the quantum
superposition of states, T}, has up to now posed some limitations
in their use as qubits. Recently promising results have been
obtained on simple S = 1/2 complexes.'"”'> Remarkably,
mononuclear V?V complexes with nuclear spin-free ligands like
dithiolenes,"” when dispersed in nuclear spin-free solvents like
CS,, can attain, at low temperature, T, of the order of the
millisecond,"* a value comparable to those observed for vacancies
in extended lattices. Their use at room temperature is however
hampered by the rapid decrease, on increasing the temperature,
of the spin-lattice relaxation time, T}, which acts as a limiting
factor for T,

In a recent investigation, we have shown that alternate current
(AC) susceptibility can flank pulsed electron paramagnetic
resonance (EPR) techniques to identify species that show slow
spin-lattice relaxation as potential spin qubits.”” A vanadyl
complex with f#-diketonate ligands has revealed remarkable T,
despite the proton-rich ligands and, more interestingly, a long T
over a wide range of temperature and applied magnetic fields.

Keeping in mind the growing interest to address single
molecules on surfaces exploiting their electric conductance, we
focused our attention on vanadyl phthalocyanine, VOPc. This
system exhibits the expected electronic and structural features to
behave as a molecular spin qubit combined with other
technologically relevant physical proﬁperties, such as extrinsic
and photoinduced semiconductivity'® and the ability of bein
deposited on different surfaces in oriented dispositions,"
fundamental requisites for a suitable processability and
incorporation of these materials in real devices. The high
stability of the diamagnetic analogue, titanyl phthalocyanine,
TiOPc, allows the preparation of crystalline materials with
different percentage of paramagnetic component diluted in the
diamagnetic host leading to two important advantages: (i)
reduce the interactions between electronic magnetic moments,
that significantly increase the T), relaxation time, %and (ii) extend
the investigation up to room temperature, avoiding the melting
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of frozen solutions. We have thus investigated the magnetic
relaxation and the quantum coherence of VOPc in its pure form
(1) and its crystalline dispersions in the isostructural diamagnetic
host TiOPc in different molar ratios, 1:10 (2) and 1:1000 (3),
through a multitechnique approach based on the combination of
AC susceptometry and continuous wave (CW) and pulsed EPR
spectroscopies.

VOPc is a nonplanar metal-phthalocyanine in which the
vanadyl ion VO, coordinated by four nitrogen donor atoms of
the dianionic phthalocyaninato ligand, points out of the plane of
the ligand. The coordination geometry around the pentacoordi-
nated V"V ion is a distorted square pyramid with the metal slightly
above the basal plane (0.575(1) A)."” The apical position is
occupied by an oxo ligand which forms a double bond with the
V" ion having a V=0 distance of 1.580(3) A, whereas the V—N
bond lengths are in the 2.008(7)—2.034(7) A range (Figure 1).

Figure 1. Molecular structure of VOPc with principal atoms labeling
scheme and coordination geometry of the V'V ion highlighted.

The presence of such short V=0 bond distance is responsible
for a d-orbital splitting that leaves the d,,, orbital lowest in energy
and well separated from the other orbitals. This, together with
the single unpaired electron of d' configuration makes this
molecule a perfect two levels potential molecular qubit. VOPc
and its diamagnetic analogue TiOPc exhibit a rich polymorphism
and crystallize in at least four different structural phases showin:
slightly different crystal packings (Type I-IV polymorphs).”
Type II was selected because z-stacked supramolecular dimers
are absent in the crystal structure and is the preferred one for
VOPc (Figure S1). Moreover, TiOPc can be conveniently
converted in this structural phase by dissolution in a 1:4 mixture
of CF;COOH:CH,Cl, and successive precipitation in isopropa-
nol (see SI).”” Powder X-ray diffraction analyses performed on
polycrystalline samples show structural phase homogeneity for
all the investigated samples and a good agreement between
experimental and simulated patterns (Figure S2).

Compounds 1 and 2 were investigated by AC susceptometry
in order to get deeper insights on their magnetization dynamics.
The thermal variation of the magnetic susceptibility in zero static
magnetic field reveals no imaginary component of the
susceptibility (y”) in the whole investigated T range (1.9—40
K). When a small static magnetic field (>40 mT) is applied, slow
magnetic relaxation is observed with appearance of a peak in the
imaginary component of the susceptibility and a concomitant
decrease of the real part (') (Figures S3—S10). Both 1 and 2
under a static magnetic field (B) of 0.2 T show slow relaxation of
the entire magnetization, so that this field and a higher one (1 T)
were selected to investigate the T dependence of the relaxation
time (7). The frequency dependence of y” is well reproduced
with the Debye model (Figures S3—S10), and the extracted
values of 7 as a function of T for the two selected fields are
reported in Figure 2a.
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Figure 2. (a) T and (b) B dependence of 7 extracted from AC
susceptibility measurements on 1 and 2 at different applied static
magnetic-field values and temperatures (see legends). Solid and dashed
lines are the best-fits of the models.

Figure 2a shows that 1 exhibits up to 20 K a 7 dependence
typical of the direct mechanism of relaxation in absence of
phonon-bottleneck effects.”’ The field dependence of 7 in this T
range (Figure 2b) shows an increase up to ~3 T, while the rapid
decrease expected for the direct mechanism is only visible above
5 T. The nonmonotonous behavior is due to two antagonist
effects of the magnetic field. An isolated S = 1/2 spin in zero field
should not be able to relax due to time-reversal symmetry, but
spin—spin and spin—nuclei interactions promote a rapid
relaxation, as recently discussed for a Co pseudo S = 1/2 spin
system.”> The latter mechanisms are suppressed when the
magnetic field splits the energy of the doublet, similarly to the
phenomenon of resonant quantum tunneling in SMMs.” On the
other hand, the larger is the energy separation of the doublet the
more efficient is the spin-phonon direct mechanism providing
7!« B* In general, fields weaker than 1 T are sufficient to
accelerate the relaxation.”” The two mechanisms can be taken
into account in a ghenomenological model described by the
following equation:**

e(f + B
=cB4+d—(f 2)
e + B

-1
T

(1)

where the first term considers the typical field dependence of a
direct process while in the second term, d represents the zero-
field relaxation rate, e is a parameter related to the concentration,
and f is a parameter proportional to the square of the internal
field generated by neighboring spins. The best-fit parameters are
reported in Table S1. It is interesting to notice that f decreases
significantly passing from 1 to 2, in agreement with the reduction
of the internal field upon dilution. The increase of the zero-field
relaxation rate, which is not expected, appears however as an
artifact of the poor reproduction of the low field data, as testified
by the large errors. As a result, 7 increases much faster in
moderate field in 2, indicating that both spin—spin and hyperfine
interactions are active in promoting relaxation in weak applied
fields. A comparison with a recent report on the compound
VO(dpm), (dpm~ is the anion of dipivaloylmethane)'® shows, in
both cases, a remarkable wide field range where 7 remains long,
suggesting that the V=0 double bond increases the energy of
vibrational modes relevant for the magnetic relaxation. We can
notice that 7 is in general shorter for VOPc than VO(dpm), and
that the maximum 7 is observed at higher fields, in agreement
with the additional contributions to the spin relaxation of the
nitrogen nuclear spins directly coordinated to the V'V ion. This
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could also justify the low-temperature saturation of 7, not
detected in VO(dpm),.

The CW-EPR X-band spectra of compounds 1—3 at 300 and §
K are reported in Figure S11. 1 shows a broad spectrum very
likely due to the presence of an extensive network of
intermolecular interactions between paramagnetic molecules.'”
The 1:10 crystalline dispersion of VOPc in TiOPc (2)
dramatically changes the EPR spectrum, which reveals already
at room temperature the expected hyperfine splitting due to the
coupling with the nuclear spin of 'V (I = 7/2, natural
abundance: 99.75%). By lowering the concentration of the
paramagnetic component to 1:1000 (3), the superhyperfine
spectral features due to the further coupling with the nuclear
spins (I = 1) of the chelating "*N nuclei become visible (Figure
3a).” As far as the position of the resonance lines are concerned,
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Figure 3. (a) EDFS- and CW-EPR X-band spectra for 3. CW data were
translated for ease of comparison with EDFS data. Short-dashed lines are
the best simulations. Inset shows the CW superhyperfine spectral
feature of 3. The arrow indicates the signal of the organic radical. (b) T
dependence of T and T, relaxation times for 3. The solid line is the best
fit of the model. Inset shows the room-temperature data for 2 and 3.

no significant variations are observed between 2 and 3, thus
confirming that VOPc retains the same molecular geometry and
environment (Figure S11).

Good spectral simulations™® (Figures 3a and S12) were
performed on the basis of the spin Hamiltonian:

4
H=1,"A8 +™ Y iy8+4SgB

i=1

@)

which provides as best-fit parameters the values reported in
Table S2. In the EPR spectrum of 3 an additional exchange
narrowed signal”” of an organic radical is present (Figures 3a and
S12). This signal, also observed in the TiIOPc matrix before and
after purification (Figure S13), was assigned to the reduced
species, TiOPc™.”® Double integration of the spectrum allowed
to estimate the amount of this species as 1 order of magnitude
less concentrate than VOPc, viz. 0.01% of the entire diamagnetic
TiOPc. The quantities of TiOPc™ observed in 3 and in the
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TiOPc diamagnetic matrix were of the same order of magnitude,
thus confirming that this species is not generated as a result of the
doping process.

X-band echo-detected field-swept (EDFS) EPR spectra for 3
were recorded by using a standard Hahn echo sequence (Figures
3aand S14). As evidenced by the presence of a spin-echo, we can
anticipate that quantum coherence is expected for this
compound. Moreover the spin Hamiltonian parameters obtained
through the CW spectrum simulation provide good simulations
of the EDFS spectra as well, thus indicating that the entire VOPc
is experiencing the detected coherence. Inversion recovery
experiments were performed in the 4.3—300 K T range to
investigate the T dependence of T, for 3 since the amount of
paramagnetic component was too low for an investigation
through AC susceptometry. The resulting saturation recovery
traces were fitted with a standard stretched monoexponential
equation (see SI), and the extracted T, values are reported in
Figure 3b. T decreases very slowly from the maximum value of
~14 ms at 4.3 K to 0.22 ms at 40 K in a way that is qualitatively
similar to what observed for 1 and 2 through AC susceptometry.
At higher temperature, a higher slope is observed, and T, reaches
the value of 1.1 us at room temperature. The entire curve has
been simulated assuming the contribution of a direct and a
Raman-like process (see SI), dominating at low and high T,
respectively. Best-fit values give a very low Raman-like exponent
n of ~3 as already observed in closely related systems'”'>** and
attributed to the involvement of both optical and acoustic
phonons in the relaxation.

To investigate the quantum coherence in details and to
quantify the phase memory time, T, of VOPc in the doped
material 3 as a function of T, echo decay experiments were
performed at the so-called powder-like line field (345 mT) and at
a lower field line (338 mT, Figure S15). Remarkably, echo decay
traces (Figure 4a) were detected up to room temperature.
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Figure 4. (a) Echo decay traces for 3 at different T (see legend). Solid
lines are the best fits (see SI). (b) Rabi oscillations recorded for 3 at 300
K for different microwave attenuations. Both experiments were
performed at 345 mT.

The thermal variation of T,, shows an almost temperature-
independent behavior in the 4.3—150 K range, with values within
the 2.04—3.41 us range, then it slowly decreases as the
temperature increases reaching a still remarkable value of 0.83
us at room temperature (Figure 3b). Interestingly, CuPc exhibits
similar low temperature T, but no room-temperature coherence
because of the rapid decrease of its T; on increasing T."" To date,
a slightly shorter T,, at room temperature in a solid-phase
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molecular system was obtained for [ (Ph),P],[Cu(mnt),] (mnt =
maleonitriledithiolate, H-free ligand) highly diluted (0.001%) in
the Ni! isostructural diamagnetic host.'* Preliminary results
obtained on 2 revealed that T} and T, are not suppressed by the
high concentration of VOPc, assuming really remarkable values
of 1.1 us (T,) and 0.23 s (T,,) at room temperature (Figures 3b
and S16). The observation of coherence times comparable to T
in concentrated and nuclear spin-rich environments points out
the need for strategies to decrease spin-lattice relaxation in the
quest for molecular-based spin qubits.

To prove that such coherence times allow to perform coherent
spin manipulations, i.e., place the spins in any arbitrary
superposition of states, nutation experiments were performed
at different microwave powers at 4.3 and 300 K. Remarkably,
Rabi oscillations were clearly observed at room temperature for
both 2 and 3, with the expected linear dependence of the Rabi
frequency, Qg, as a function of the B, relative intensity (Figures
4b and S17—520). To the best of our knowledge, this is the first
report of Rabi oscillations detected at room temperature in a
molecular spin system in the solid state. Even more remarkable is
their observation in a concentrated sample, indicating a particular
robustness of quantum coherence in this vanadyl-based systems.

In conclusion, VOPc in its crystalline dispersion in TiOPc
represents one of the few examples of potential molecular qubit
showing room-temperature quantum coherence. The combina-
tion of these features with its high thermal stability and high
processability makes these materials extremely appealing, as they
can be used as paramagnetic semiconductors in spintronics
devices. It is also known that VOPc molecules retain their
paramagnetism when in direct contact with metallic surfaces
thanks to the protected nature of the d,, magnetic orbital.'”” The
recent observation of EPR resonance by scanning tunneling
microscopy”’ and the possibility to measure T; and T,, of
individual atoms on surfaces further widen the interest in this
vanadyl system.
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