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FID-detected nutations of the antiferromagnetic crystal form of
[Y(pc),]* demonstrated that its radical spin can be coherently driven
in its magnetically condensed undeuterated phase and at room
temperature. Liquid-helium nutations revealed additional Rabi
oscillations assigned to transitions within higher-multiplicity states
of finite-sized chain fragments.

Organic radicals have emerged as viable candidates for quan-
tum information processing (QIP) applications, in particular as
potential spin qubits. Indeed, their low spin-orbit couplings
endow them with weak interactions with their lattice, leading to
slow spin-lattice relaxation (large T; times), which may favour
longer decoherence times (7).

Moreover, organic radicals offer us the arsenal of organic
chemistry to rationally design single- and multiqubit architec-
tures. As molecular objects, they are excellent candidates to
solve the limitation in precisely positioning other qubit types
based on defect qubits (e.g., nitrogen vacancies in diamonds) or
impurities (e.g., *'P in *%si).

However, a challenge of organic radicals is their air sensi-
tivity which not only complicates their spectroscopic character-
ization but also makes them less than ideal candidates for
inclusion in devices. Moreover, surface deposition in high-
purity films, such as achieved by ultra-high vacuum (UHV)
thermal evaporation is not always a technique of choice, as
not all organic radicals exhibit the requisite thermal stability.
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Finally, several radical types are only accessible through com-
plicated synthetic processes.

Among radical compounds, graphenoid biradicals have
demonstrated coherence times of 290 ps in frozen CS, solu-
tions (80 K)," whereas a CNOT gate experiment has been
developed and experimentally tested on a photogenerated
biradical in a frozen solution (85 K).> Previously, a TEMPO
biradical® and a Blatter-type radical® were studied along these
lines, yielding room-temperature nutation signals in the solid
state. However, both were magnetically diluted by embedding
in a diamagnetic matrix: a non-radical host and mesoporous
silica matrix, respectively. Expanding on other spin-qubit types,
room-temperature Rabi oscillations in the solid state had also
been observed in N@Cq, and P@Cgy, where the fullerene
constitutes a diamagnetic host,” in Cr®* diluted in K;NbOg°
and the metal complex [VVO(pc)] diluted in diamagnetic
[TiO(pc)] at 1:10.” To our knowledge, no coherent nutations
have been reported in magnetically condensed phases of spin
qubits at room temperature. These precautions are usually
accompanied by isotopic engineering, such as ligand deutera-
tion, to decrease the amount of magnetic nuclei, which are also
known to accelerate decoherence.

With these in mind, we set out to exploit our experience in
the domain of the coordination chemistry of aromatic macro-
cycles, such as phthalocyanines and porphyrins, which are
known to give access to highly stable and sublimable metal
complexes. As an example, the neutral complex [Tb(pc),],
comporting a radical pc®” ligand, has been shown to be
extremely amenable to a wide variety of surface deposition
techniques for the creation of numerous spintronic devices.®

To harness the potential of the radical spin system, we
focused on complex [Y(pc),]*, carrying a diamagnetic Y™ ion
and an S = 1/2 radical spin delocalized over the two ligands
(Fig. 1). In the solid state, this complex is known to crystallise in
two forms: the solvated Pnma [Y(pc),]*-CH,Cl, form, giving rise
to ferromagnetic linear chains, and the desolvated P2,2,2, form
forming antiferromagnetic such chains.”'® While it was
reported®*? that the P2,2,2; form is isostructural to its Nd™
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Fig. 1 Crystal structure of [Y(pc),]*. Colour code: C, grey; N, blue; Y, gold.

analogue, a full structural characterization for the Y™ analogue
was only reported in 2009 (CCDC code VUKZAD)."!

The AF nature of the desolvated form was further corrobo-
rated by variable-temperature solid-state 'H-NMR."* Apart from
a CW HFEPR spectrum on the Pnma solvated form,"* no other
EPR studies have been carried out on either forms of [Y(pc),]°.
For a preliminary assessment of its solid-state EPR behaviour of
we carried out CW and pulsed EPR studies at the X-band on an
undeuterated sample.

Powder XRD data agreed to those predicted for the desol-
vated P2,2,2, structure, confirming the sample’s phase purity.
The solid-state sample at 295 Kyielded a simple isotropic signal
in CW mode, similar to that reported for the solvated phase.™
In pulsed mode it demonstrated an FID and no echos, typical of
a homogeneously broadened species. CW spectra plotted in
absorption mode appear broader than the FT = spectra of the
on-resonance FIDs (Fig. 2, assuming a correspondence of
2.80 MHz/G for the resonance field and frequency of the CW
spectrum). We attribute this to the dead time after the n/2 pulse
which hinders the observation of fast-decaying FIDs, corres-
ponding to broader lines. Attempts to record field-swept
FID-integral-detected spectra were complicated by the
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Fig. 2 FID-detected EPR spectra of [Y(pc),]* at 295 K (top) compared to
the CW spectrum plotted in absorption mode (bottom). The g-scale is
plotted from the H-scale derived by considering a 2.80 MHz/G corre-
spondence. Exp. Conditions. CW spectrum: fuyw = 9.32186 GHz,
ABog = 0.1 Gpp, Puw = 4.69 uW. FID spectrum: fuw = 9.73914 GHz.
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rectangular pulse shapes, giving rise to sinc sidelobes which
deformed the spectra (see ESIT). Interestingly, cooling causes a
line broadening (see ESIt), from 0.43 mT at 295 K to 0.53 mT at
5 K (FWHM). This aligns with the relatively faster decay of the
FID at 5 K (see below and ESIt). However, exchange-related
phenomena might also influence the overall lineshapes. In any
case, these line widths are in agreement with previously
reported HFEPR of the FM form."?

Monoexponential fits to the FID at 295 K yielded
Tm = 0.11 ps, whereas FID-detected inversion recovery experi-
ments, fitted with a stretched exponential function, yielded a
spin-lattice relaxation time of T; = 0.135 ps (ff = 0.87, see ESIf).

We also undertook FID-detected spin nutations to determine
whether the spins of this radical could be coherently driven by
microwave pulses. Surprisingly, very clear Rabi oscillations were
recorded (Fig. 3). As revealed by fits to a single exponentially
damped oscillation, their frequency varied linearly to the inten-
sity of |B4], ie., to \/PMW. These fits are shown as 3D lines
superimposed onto the FT spectra (Fig. 4), and separately in the
ESL.{ The FT spectra reveal a single peak for each attenuation.

We then tested the behavior of [Y(pc),]* at 5 K. Although the spin
lattice relaxation time increases slightly (73 = 0.192(6) ps, f = 0.84),
the phase-memory time actually shows a decrease (7;,, = 0.087 ps).

Nutation experiments at 5 K also yielded Rabi oscillations
(Fig. 5) which, however, could not be fitted to a single frequency.
At each MW power, apart from the main frequency f;(P), FT spectra
revealed clear but weaker peaks at frequencies f5(P) ~ 2fi(P), and
even weaker peaks at frequencies f3(P) ~ 3f;(P) (Fig. 6).

This qualitative assessment was further corroborated by fits
of the nutation traces to multiple exponentially damped
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Fig. 3 Rabi oscillations of [Y(pc),]* at 295 K. The lines are fits to a single
exponentially damped oscillation.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1cc05491k

Published on 11 October 2021. Downloaded by KIT Library on 2/24/2022 9:35:27 AM.

ChemComm

60 7 £
/7 MHz 100

40

Fig. 4 FT spectra of nutation traces at 295 K. The superimposed scatter
plot represents the Rabi frequencies best-fit values to the original data,
considering a single exponentially damped oscillation. The line is a linear fit
to these four sets of frequencies. Error bars correspond to +1¢ confidence
intervals, and are, for the most part, too small to be visible.
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Fig. 5 Rabi oscillations of [Y(pc),]* at 5 K. The lines are fits to four
exponentially damped oscillations of frequencies f;, 2f;, 3f; and 4f;.

oscillations. Fits to a single oscillation were of particularly poor
quality. They were remarkably improved by inclusion of a
second frequency and further still improved by the inclusion
of a third one. Inclusion of a fourth frequency still afforded an
improvement, albeit marginal (see ESIt for 10 dB fit). Like in
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Fig. 6 FT spectra of nutation traces at 5 K. The superimposed scatter
plots represent the Rabi frequencies best-fit values to the original data,
considering four exponentially damped oscillations. The lines are linear fits
to these four sets of frequencies. Error bars correspond to +1¢ confidence
intervals, and are, for the most part, too small to be visible.

the case of the 295 K data, the best-fit values of the derived Rabi
frequencies were also linear to |B;| (Fig. 6 and ESIT).

As to the physical meaning of those additional peaks, we
recall that the Rabi frequency for a resonance between states Mg
and Mg + 1 within a multiplet S, is given by:'*

fou =8B /ST~ M5 (5 + 1) 0

Given this dependence, we can assign the basic frequency f;,
to the My = £1/2 transition of an S = 1/2 doublet, whereas integer
multiples are assigned to states of higher multiplicities. Thus,
frequency 2f; arises from the Mg = £1/2 transition within an
S = 3/2 multiplet, frequency 3f; within an S = 5/2 multiplet, etc.
In fact, when plotted on a logarithmic ordinate, the 5 K FT
spectra revealed a series of weaker peaks with multiple frequen-
cies nfy(P). Due to overlaps, a precise assignment was not
possible, but clear peaks appeared at frequencies corresponding
to high n values, e.g., n = 15-17 for the 10 dB spectrum (Fig. 7).

We attribute such higher-multiplicity states to antiferromag-
netically exchange-coupled fragments of [Y(pc),]® radicals which
are formed in the condensed state. Indeed, it has been shown
that this complex forms chains in the solid state. Crystal defects
would break the chains to fragments of finite sizes containing m
radicals each.

These would be characterized by a spin ladder of multiplets
reaching up to St = m/2. Odd-membered fragments would constitute
Kramers systems yielding Mg = £1/2 resonances at perpendicular-
mode EPR, with nutations of frequencies nf;, where n = (m + 1)/2.
Thus, a n = 15 frequency multiple would correspond to a transition
within a St = 29/2 multiplet. Since a frequency multiple z will only be
observed for fragments of nuclearities of 2n—1 and above, such
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Fig. 7 FT spectrum of the 10 dB trace, plotted on a logarithmic ordinate.

peaks are weaker, as crystal defects make larger fragments
progressively less probable. In light of the fact that the sample
is AF, the appearance of these additional Rabi oscillations only at
the 5 K experiments, seems counter-intuitive. Indeed, if this was
due to thermal depopulation upon cooling, the higher harmo-
nics due to the excited high-multiplicity resonances should
actually decrease in intensity.

This means that this behaviour is not due to a thermal
depopulation of excited states, since it is precisely those excited
S > 1/2 states that would become thermally depopulated upon
cooling. Besides, given the strength of the magnetic coupling
(J = —4.78 K assuming a —]S‘Sj Hamiltonian formalism) a
multitude of states would remain equally populated even at
5 K; e.g. for the m = 5 fragment, Boltzmann population analysis
of the |S, Ms) states suggests a relative population of 0.037 for
the ground |1/2, —1/2) state and 0.030 for the excited |5/2, —1/2)
one at 0.34 T of the EPR experiment. Instead, we assign this
behaviour to the different temperature profiles of the Rabi time of
each transition; specifically we suggest that the Rabi times of
transitions from higher multiplicities drop off much more rapidly
upon heating, practically disappearing at room temperature.

To provide a qualitative rationalization of these experi-
mental results, we performed density functional (DFT) calcula-
tions on [YPc,]* chains of m = 3 and 5 radicals (see ESIt for
details). Analysis of the DFT results reveals that the electrons on
the spin densities arise due to the carbon atoms on the ligands
which can be also observed on the projected density of states
(ESIt). Moreover, periodic simulations performed using the
crystal structure of the complex crystallizing in the P2,2,2;
phase'! yielded a DFT ground state indicating FM interactions
(m=3:Sr=3/2; m = 5: Sy = 5/2). However, calculations on a box
with empty spaces, to simulate magnetically isolated chain
fragments (Fig. 8), led to an AF coupling (m = 3: Sy = 1/2;
m = 5: Sy = 1/2 or 3/2) with a clear energy separation between
spin states. These results, which are in line with experimental
observations, indicate that the AF interactions may be inti-
mately related to the magnetic isolation between chains.

In conclusion, we report the first demonstration of Rabi
oscillations in a radical system at the least favourable
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Fig. 8 Spin density and box border (black lines around the molecules) of
the m = 5 chain fragment. The a/B spins are shown in red/blue, respectively.

conditions, ie., in its magnetically condensed phase, in a
non-deuterated sample and at room temperature. This observa-
tion creates new perspectives for the use of this, or similar,
systems in QIP applications in practically appealing conditions.
Moreover, the low-temperature study reveals the input from
higher-multiplicity spin states characteristic of the extended
nature of the sample at hand, also a first in our experience.
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