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Abstract

Solid-state quantum systems that utilize op-
tical and spin degrees of freedom in a spin—
photon interface have found widespread appli-
cation in emerging quantum technologies. Re-
cently, molecular qubits have gained center
stage as precisely tunable entities that present
a compelling alternative to well-established, yet
structurally less flexible point defects in solid-
state systems. In this work, we disclose ground-
state triplet (GST) carbenes embedded in a
molecular matrix as organic qubits comprising
two unpaired electrons in close proximity that
can be optically initialed and read out. In-
situ photoactivation enables the precise allo-
cation of the carbene position and tuning of
its density in the crystalline matrix and lays
the ground for optically detected magnetic res-
onance (ODMR) with high fluorescence con-
trast of more than 40%, as well as record-
high spin coherence times for a molecular spin—
photon interface of T, = 157(4)us at a tem-
perature of around 5 K. In addition, we show
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how state-of-the-art quantum chemical calcu-
lations including multiscale geometry predic-
tions and complete active space self-consistent
field (CASSCF) computations offer comprehen-
sive insight into fundamental spin characteris-
tics. With that, for the first time a series of
attractive properties could be united in a single
solid-state qubit material: Exclusive usage of
light elements (C,H,0,N), optical spin-selective
excitations and relaxation pathways, and large
zero-field splitting (ZF'S) parameters on the or-
der of a few GHz resulting in protection against
decoherence sources at low magnetic fields. In
this study, we take first steps into a hitherto
dormant playground for the design and fabrica-
tion of molecular solid-state color centers made
of purely organic compounds.

Introduction

Owing to their unique characteristics, unpaired
electron spins have found widespread applica-
tion in quantum technologies including quan-
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tum computing,™*¥ quantum sensing,®*® and

quantum communication.®" A leading strategy
to such electron spins accessible to experimen-
talists relies on the coupling of the electron spin
to the optical manifold of a color center in a
crystalline material. Such spin—photon inter-
faces have been demonstrated to enable opti-
cal initialization, microwave control, and op-
tical read-out of individual quantum systems
using ODMR.B1Y By far the best studied sys-
tem is the nitrogen-vacancy defect (NV) in dia-
mond,™ followed by other point-defects in semi-
conductor materials (e.g., silicon,*? and sili-
con carbide!®). However, owing to their intrin-
sic structural fixedness, property tuning poses
a long-standing challenge for these solid-state
materials.

Molecular electron spin systems, on the other
hand, have only recently emerged as potential
quantum materials that unite the best of two
worlds: The favorable optical and spin proper-
ties of defect-based solid-state system and the
structural flexibility associated with molecular
entities that can be prepared by atom-precise
bottom-up synthesis and then self-assembled
to provide well-defined crystalline systems.141°
In line with these efforts, a series of seminal
reports have recently exploited organometallic
Cr**-based complexes with a GST to demon-
strate ODMR™ and showed up ways to further
enhance coherence times by subtle modification
of the molecular qubit'® and the surrounding
molecular matrix."?2Y Despite the presence of
a heavy atom center and the associated strong
spin—orbit coupling (SOC), these organometal-
lic systems reached remarkable 75 coherence
times up to 10.6 ps at a temperature of 4 K4
by taking advantage of triplet clock transitions
at zero magnetic field suppressing decoherence
due to the nuclear spin environment. ODMR
was also demonstrated for purely organic di-
radical molecules based on triphenylmethyl rad-
ical center.”! However, their inherently small
ZFS parameters prevent spin-selective optical
excitation and due to the low spin-selectivity
of the intersystem crossing (ISC) between the
triplet and singlet manifolds, only low ODMR
contrasts of 5x107* could be achieved. In ad-
dition, a fairly small exchange coupling in the
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single-digit meV regime leads to nearly degen-
erate singlet—triplet energies, resulting in a low
spin-polarization in the triplet ground state.

To date a molecular platform that is able to
unify the aforementioned characteristics — large
ZFS parameter in the GHz regime, spin selec-
tive excitations and relaxation pathways, large
singlet triplet gaps, and long coherence times —
is still elusive. With this in mind, we set out
to explore carbenes in the context of quantum
technology applications as a class of diradicals
in which the two unpaired electrons are formally
confined at the closest possible distance, i.e. on
a single carbon atom.

In the following, we discuss the design prin-
ciples, quantum computational property pre-
diction, realization, and in-depth characteriza-
tion of a purely organic molecular spin sys-
tem based on a diarylcarbene, namely 2,2’-
dinaphthylcarbene (DNC), which has been em-
bedded in a structurally related crystalline 2,2’-
dinaphthylketone (DNK) matrix. This molecu-
lar quantum material imparts large ZFSs (lon-
gitudinal and transversal) in the GHz regime,
which enables protection against decoherence
sources at low magnetic fields and allowed us
to experimentally realize optical spin-selective
excitations with high ODMR contrasts. We
combine these excellent optical and coherence
properties with spatially controllable photoacti-
vation to control the local distribution and den-
sity of the triplet-state molecules and further
reduce the impact of the surrounding nuclear
spin bath on the observed coherence time using
perdeuterated DNC-d;4 in DNK-dy4 crystals.

Results and discussion

Material design and modeling

Owing to their unpaired electrons, unpro-
tected GST diarylcarbenes are well-known for
their high reactivity with lifetimes not ex-
ceeding ps in most cases, which precludes
their direct application to fabricate solid-state
quantum materials from solution.??23 Funda-
mental photophysical and magnetic proper-
ties of DNC have been first reported us-
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Figure 1: DNC-in-DNK molecular crystals as a quantum—technology platform using a spin—photon
interface. a) Molecular components and photoactivation. b) Sketch of the cryogenic confocal mi-
croscope with microwave access focused on a DNC-in-DNK crystal; top and front view to illustrate
the crystal structure and orientation on the sample stage together with optical and microwave (B)
polarization. c¢) Spin-bearing o and 7 orbitals (isosurface=0.03) of the GST and GSS. d) Energy
level scheme (to scale, ZF'S enlarged) with spin—photon interface provided by a substantial change
of the ZFS between ground and photoexcited triplet states, and the mechanism of optical initial-
ization by selective ISC from photoexcited spin states T’ and Ty to the ground spin state Tp, via
the singlet spin manifold. e) Spin-density plots (isosurface=0.008) of Ty and 7; together with the
orientation of the ZFS tensor and the transition dipole moment (TDM) from CASSCF/NEVPT2
calculations (see SI, Sec. 4.2.5-4.2.7). Numbers denote the overall spin densities of the naphthyls

and the carbene center.

ing a photoactivation strategy of the corre-
sponding diazo precursor at cryogenic tem-
peratures in frozen solution (Shpol’Skii ma-
trices).2#28 By contrast, we employ a struc-
turally related DNK matrix and embed the
isolable 2,2’-dinaphthyldiazomethane precursor
using solution-phase crystal growth methods
to furnish dilute molecular crystals. 2780 In its
crystalline state DNK adopts a laminar ar-
rangement in which the individual layers are
held together by weak dispersion interactions.
The formation of layers is dictated by compara-
tively strong antiparallel dipolar ketone as well
as C=0---H-C interactions and numerous C-
H---m interactions resulting in a tightly packed
edge-to-face arrangement of the naphthyls de-
void of 7-m stacking (see Sec. 3 in the SI).
By virtue of comparable molecular dipole mo-
ments and structural resemblance of the ketone
matrix and diazomethane dopant, this substi-
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tutional doping strategy allows us to precisely
define the orientation and environment of the
qubits within the crystal lattice. Under cryo-
genic conditions, the embedded carbene pre-
cursor can then be photoactivated233 to gener-
ate a nitrogen molecule and a GST DNC, both
of which remain trapped in the tightly packed
crystal lattice (fig. [lh), see also Sec. 5.1.1 in
the SI).%4

In order to account for the confining impact
of the crystalline DNK lattice on the molecu-
lar shape of DNC, a co-crystal model was de-
rived and optimized in a two-step protocol using
quantum computational methods. First, the
geometry-relaxed matrix system was obtained
from multiscale ONIOM optimization® imple-
mented in Gaussian 16,20 with density func-
tional theory (DFT) treatment for a central
DNC and nitrogen and semi-empirical treat-
ment for two shells of surrounding DNK ma-
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trix molecules (1909 atoms in total, for com-
putational details see Sec. 5 of the SI). In
the second step, an extracted model includ-
ing DNC, nitrogen, and six surrounding ma-
trix molecules was subjected to constrained op-
timization at the PBE0/def2-TZVP-D3 level
of theory*’ Finally, multireference cal-
culations as implemented in ORCA version
5.0.39%%9 were conducted on the resulting DNC
geometry for property prediction. Here we
rely on state-averaged CASSCF4! calculations
(averaging three lowest triplet and five sin-
glet states) with ten electrons in ten orbitals.
Perturbative treatment within the N-electron
valence-state second-order perturbation theory
(NEVPT2)*#4%3 in conjunction with quaside-
generate perturbation theory (QDPT)** were
performed to further refine all energies and ac-
count for scalar relativistic and SOC effects.
In agreement with recent reports,*” we find
DNC to adopt a bent conformation (<CCC
= 148.0°, fig. [Ip) with two orthogonal spin-
bearing molecular orbitals (o and 7), as a re-
sult of the formal mixing of a 2p orbital at the
carbene carbon with an sp orbital to generate

n (sp)"p"™ hybrid valence orbital (fig. [If).

We find, that DNC comprises a GST that is
stabilized by ~ 0.6eV over the ground state
singlet (GSS) form. In a simplified picture,
the difference of the electronic wavefunction be-
tween the GST and the GSS is predominantly
due to the population change of one electron
from a 7 to a spatially orthogonal o orbital
(fig. [lk). When photoexcited, this population
change gives a bias towards population of the
To., spin state of the GST by intersystem cross-
ing (ISC) via perturbative SOC, resulting in
optical spin pumping.#*% In general, one finds
that the photoexcited triplet state decays via
the singlet spin manifold predominantly from
Tx and Thy to Tp,, which enables ODMR with
high contrast (see fig. , for details see the
SI, Sec. 5.2.8). The spin-density plot shows
considerable confinement of the unpaired spin
on the central carbene carbon in the ground
state, which is reflected in strong SOC (pre-
dicted ZFS parameter are Di'*° = +11180 MHz
and Eff*° = -340 MHz, fig. [lk) whereas for the
first excited triplet state a depletion of spin
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density in the p-orbital at the central carbon
by approx. 42 % leads to a redistribution of
spin density, which reduces and even changes
the sign of the ZFS parameters to Di*° = -
5120 MHz and E{®° =480 MHz,%" and thus
provides access to triplet spin states through
well-separated optical transitions. Our calcula-
tions predict that the axes of the ZFS tensor
in the ground and first excited triplet state are
co-aligned with a vector projection of > 0.999
(> 0.97) for To, (Tox and Tyy), suggesting pri-
marily spin-conserving optical transitions (see
the SI, Sec. 5.2.7). Due to the large, anisotropic
ZFS coupling (|D|, |E| on the order of GHz),
we expect suppression of first-order coupling of
the electron spin to the magnetic environment
by placing the GST in a protected ’clock state’
at low magnetic fields which has been reported
to increase the spin coherence time 752048

EPR spectroscopy

We start the discussion of our experimental
results with a brief description of the sample
preparation. All compounds were prepared on
a gramm scale in concise batch-type synthe-
ses starting from 2-bromonaphthalene and have
been thoroughly purified by sublimation and re-
crystallization techniques in the final step. Red
colored, millimeter-sized dilute molecular crys-
tals of DNC precursor in DNK were grown by
slow vapor diffusion of isopropanol into a satu-
rated solution of DNK (0.035 M) and the 2,2°di-
naphthyldiazomethane, (0.1-1mol%) in ethy-
lacetate within several days. Quantitative dop-
ing was proven by 'H NMR spectroscopy of as
prepared dilute molecular crystals in the dop-
ing range from ca. 0.1-10ppt (see the SI, Sec.
2.2).

Electron paramagnetic resonance (EPR)
spectroscopy at cryogenic temperatures was
employed to shine light on the photoactiva-
tion process and analyze the GST properties
of cut and oriented DNC-in-DNK crystals of
~ 1mm? sizes (see fig. and the SI, Sec.
2.1, for details). By probing the emergence
of a triplet spin signal, we observe that not
only UV-light but also light in the visible spec-
trum, such as green laser light at 532nm, can
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Figure 2: a) Sketch of the EPR setup (see also
the SI, Sec. 6.1) combined with optical excita-
tion and fluorescence detection using an optical
fiber. b) Simultaneous EPR and fluorescence
detection during activation with a 532 nm laser
at 20K, using three different power levels from
1 to 16 mW. Both signal amplitudes are initially
correlated. ¢) X-band (9.72 GHz) magnetic-
field-swept CW EPR rotation-dispersion spec-
trum of an annealed sample (rotation about
D, axis), showing the ZFS anisotropy of the
triplet spin resonances in a magnetic field By.
Simulation of the resonance fields are plotted
in red for (D, E) = (11000, -650) MHz (abso-
lute values are taken from powder spectra, sign
from quantum chemistry calculations (see the
SI, Sec. 5.2.7). d) Simulation of triplet levels in
an external magnetic field B, parallel to D, and
D,. Vertical lines indicate matches of the reso-
nance field positions with local resonance max-
ima and minima in the experimental data. All
simulations were performed using EasySpin.4”

be used for photoactivation of DNC (see fig.
), providing a direct correlation of EPR sig-
nal intensity and fluorescence intensity. How-
ever, at larger activation energies, the fluores-
cence signal saturates while the EPR signal
continues to increase, which we assume to be
primarily a combined effect due to a discrep-
ancy between optical activation and detection
volume, and EPR detection volume. Pow-
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der spectra reveal distinct differences of the
ZFS tensors between nascent and annealed
DNC ((|D],|E]),asc. = (10580,380) MHz —
(|D|,|E|),,, = (11000,650) MHz). As a re-
sult, we can follow the conversion from one
species to the other in crystalline samples and
find the temperature for the onset of annealing
at ~140 K and quenching of the spin signal at
~250K (see SI, Sec. 6.2). ZFS parameters
derived from powder spectra were used to sim-
ulate rotation-dispersion spectra for crystalline
samples®” which in turn can be compared to ex-
perimental data. Hereby, we identify that the
slow axis of birefringence ng within the cleavage
plane of DNK appears to coincide with the ZFS
tensor axis Dy of DNC (while D, being normal
to the cleavage plane), however, due to the
precision of cutting and mounting the sample,
within a ~10° certainty (see fig. [2c and d).

Further experimental data on coherence and
spin—lattice relaxation times were collected,
using a perdeuterated, fully activated and
annealed crystal (average distance of 4nm
between DNC-d;4; molecules, for relation to
the dopant density see the SI, Sec. 2.1).
Here, the sample was turned along the nor-
mal to the cleavage plane to closely match
the condition By | Dy, which gives an X-
band resonance at ~460mT. We note that
for DNC-dy4 in DNK-dy4 the ZFS parame-
ters slightly change to (|D|,|E|)geus. ann. =
(10991,651) MHz. In a two-pulse Hahn-echo
measurement at 20 K we found a 75 of 34 ps on
the longer-lifetime component of a biexponen-
tial fit, and in an inversion-recovery experiment
we obtained curves that can best be fit with an
stretched exponential, which shows an increase
of T from ~1ms at 20 K up to ~100ms at 3.5 K
(see the SI, Sec. 6.3, for data and fits).

Optical spectroscopy

The electronic emission spectrum of pho-
toactivated DNC was recorded in frozen 2-
methyltetrahydrofuran solution at 77K (see
the SI, Sec. 4). DNC exhibits a main emis-
sion band centered at A, = 604nm which is
followed by two vibronic side bands with de-
creasing intensity at 660nm and 720nm. We
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observe an increase in the overall photolumines-
cence quantum yield (PLQY) upon deuteration
from ¢pr,qy = 0.02 for DNC to 0.03 for DNC-d,4
due to decrease of internal conversion proba-
bility.”¥ Given the results from single crystal
EPR measurements, doped crystals were cut so
that the polarization of excitation laser light
can be aligned with the transition dipole mo-
ment (TDM) of DNC while the microwave field
By couples roughly equally to the two X-band
transitions (see fig. and the SI, Sec. 2.1
for details on sample preparation). The crys-

DNC
activation

Fluorescence (MHz)

Fluorescence (K

o

Figure 3: a) Image of a doped crystal surface
inside the cryogenic microscope. Illumination
performed with red light filtered by a 650 nm
longpass. Surface features are a result of the
sample manufacture procedure, likely leaving
crystalline fragments of various sizes on the sur-
face (see fig. [Ib). b) Confocal laser-scanning
fluorescence microscopy image of a DNC-in-
DNK crystal surface. Illumination with 70 nW
of 597.9nm laser light and detection of 615nm
longpass-filtered fluorescence. The image shows
nine regularly arranged, bright spots where
DNC molecules in the DNK crystal have been
photoactivated. ¢) Monitoring photoactivation
of DNC molecules from their diazo precursors
inside the confocal volume of the DNK crystal.
The fluorescence count rate is increasing when
5pW of 570 nm laser light is focused on the sur-
face of the doped DNK crystal.

6

tal was placed inside a laser-scanning confocal
microscope with a cold-finger sample mount at
a temperature of ~ 4 K. Optical excitation was
performed using a continuous-wave dye laser
operating at wavelengths between 570 nm and
620 nm. Fluorescence can either be detected by
photon counting or by fluorescence spectrom-
etry. In addition, a copper wire was placed
on top of the crystal, conveying alternating
magnetic fields to manipulate the electron spin
state (see fig. [I]b). The microscope is described
in detail in the SI, Sec. 7.

Figure [3] shows an exemplary white-field im-
age of the crystal surface (upper image). Since
the crystal was manually cut surface damage
and also chipped crystalline fragments can be
observed, particularly on the right-hand side.
When tuning the laser wavelength to 570 nm
at a laser power of a few nW, illumination of
a diffraction limited spot shows an increase in
fluorescence over a timescale of seconds to min-
utes, while prolonged activation quenches the
observed fluorescence due to photobleaching ef-
fects (inset graph in fig. and the Si, Sec.
7.2). After this photoactivation procedure, lo-
cal bright spots can be observed with low back-
ground fluorescence when tuning the dye laser
on resonance with the zero-phonon line (ZPL)
of the DNC molecules at 598.0nm and reduc-
ing the excitation power to 70 nW (fig. , lower
image).

After the activation process, an annealing
step is performed by heating the crystal to
200K for around 30 minutes, in order to al-
low for structural relaxation of the nascent GST
carbene, the nitrogen, and the surrounding ma-
trix (see the SI, Sec. 6.2 for details).“® Excita-
tion of one of the fluorescent spots with the dye
laser set to a wavelength of 580 nm, shows a
fluorescence spectrum with ZPLs at 602.8 nm
and 600.9nm for DNC and DNC-d;4, respec-
tively (i.e., they are shifted after annealing, see
fig. ) By exciting only a small subset of the
DNC molecules when using low laser power in
resonance to the ZPL, the impact of inhomoge-
neous broadening on the fluorescence spectrum
can be reduced,”! increasing the visibility of the
vibrational sidebands.

The optical spectrum is further evaluated by
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Figure 4: a) Fluorescence spectra of DNC and DNC-d;4 under off-resonant excitation at 580 nm and
under resonant excitation at the ZPL of DNC and DNC-dy4. b) Fluorescence excitation spectra
around the ZPL of DNC and DNC-dy4. The fluorescence is filtered with a 615nm longpass. c¢)
Spectrum of holes in the ZPL of DNC in DNK after “burning” for ~ 60s with 500 nW of laser light
at Vpurn. The plot shows the fluorescence for a scan of the 50nW probe laser frequency vpone across
part of the ZPL (for normalization see the SI, Sec. 7.4). Ten Lorentzian dips have been fit to the
data (residuals shown). Each Lorentzian is assigned to an optical transition depicted as vertical
lines in the energy level diagrams on the right. The energy levels of the four subensembles of DNC
molecules are marked X, Y, Z and NSC. Each subensemble has an optical transition in resonance
with the burning laser (bold, vertical line with open diamond marker). These are spin-conserving
for Tox > Thx, Toy <> Thy and To, <> T4, and non-spin-conserving for Tp, <> Th1x (NSC molecules,

dashed line, see the SI, Sec. 7.4).

performing laser excitation spectroscopy, where
the longpass-filtered fluorescence intensity is
measured while varying the output wavelength
of the excitation laser by 1 nm around the ZPL
of the DNC molecules. The resulting spectra
show an inhomogeneously broadened resonance
at 600.9(1)nm for DNC-dy, and 602.8(1) nm
for DNC, with a full-width at half maximum
(FWHM) of ~ 80GHz and ~ 50 GHz, respec-
tively. For the spectrum of DNC, the small
peak at slightly higher excitation energies is as-
cribed to phonon sidebands.

When exciting the annealed DNC molecules
at a wavelength of 602.8 nm and an increased il-
lumination power of 500 nW for around 60 sec-
onds, the formation of a spectrally burned hole
and associated satellite is observed.?*¢ Thig
spectrum can be explained by considering four
different molecule classes with different burning
transitions in resonance with the burning laser,
as shown in fig. [e. Three of the molecule
groups, labeled X, Y and Z correspond to a
subensemble of the inhomogeneously broadened
ensemble, where the To— Tix, the To,— T4y
and the Ty,— T}, optical transition are in res-

onance with the burning laser, respectively. In
addition, another optical excitation from Tp, to
Tix or Tiy has to be considered to explain the
full hole spectrum. From the spectral positions
of the holes and the predetermined values for
the ZFS in the ground state, the excited state
ZFS DES = -3.735 GHz and EES = 0.082 GHz
can be deduced (for full analysis see the SI, Sec.
7.4).

Optically detected magnetic reso-
nance

In order to investigate the properties of the
GST, as well as the possibility for ODMR,
we apply microwave signals to the microwave
stripline placed across the crystal. When excit-
ing the DNC molecules with continuous laser
excitation resonant to the ZPL at 602.8 nm
while at the same time sweeping the applied mi-
crowave frequency, a sharp increase of fluores-
cence can be observed at microwave frequencies
of 10.3101 GHz and 11.6053 GHz, which cor-
responds to the Ty,— To, and Tp,— Tox spin
transition, respectively (— DG = 10.958 GHz,
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Figure 5: ODMR on DNC in DNK. (a) Con-
tinuous resonant laser excitation (602.8nm,
50nW) and a microwave field with variable fre-
quency reveal fluorescence peaks when the mi-
crowave frequency is in resonance with the spin
transitions To,4> Toy or To,4> Tox. (b) Pulsed
spin initialization and readout protocol: After
a bms dark thermalization period a spin ini-
tialization laser pulse with variable duration is
applied,t™? followed by a resonant microwave
m—pulse on the Ty,«>Tox transition (or none
for reference). Finally, a 400 ps readout laser
pulse induces a fluorescence response. Two
exemplary responses are displayed vs. detec-
tion time, one for the case with (blue) and one
without (orange) microwave pulse. The aver-
aged responses is plotted vs. different initial-
ization laser pulse durations. (c) Delaying the
readout laser pulse reveals the accessible life-
time of the optically prepared spin state. For
a delay of 3ms the fluorescence response with
(blue) and without (orange) microwave pulse
coincide. In order to highlight the magnitude
of the ODMR effect, fluorescence is normalized
to the continuous-excitation fluorescence level.

102 10" 10
Readout delay (ms)

E&Y = —0.648 GHz).
More elaborate pulsed-ODMR schemes are
possible once the time-dependent optical spin

8

polarization and depolarization are evaluated.
In figure we show experiments in which an
initialization laser pulse was varied in duration,
followed by either a microwave pulse of dura-
tion 88 ns (corresponding to a rotation of 7 ac-
cording to the Rabi-oscillations measurement,
fig. @a), or a waiting time of same length.
The fluorescence response following a readout
laser pulse (400ps duration) is accumulated
over several runs and shows an effective laser-
induced spin polarization that saturates after
about 1ms (see Sec. 7.5 in the SI).

When keeping the initialization laser pulse at
a constant length of 1 ms and varying the time
between initialization and readout laser pulse,
the observable ODMR signal vanishes with a
decay time of 0.58(1) ms. The discrepancy be-
tween this value and 7' gpr ~ 100 ms is mostly
governed by an inaccuracy of the measured tem-
perature, and discussed in the SI, Sec. 7.6.

Having established a generalized measure-
ment sequence consisting of a 1ms spin ini-
tialization laser pulse, followed by a spin-
manipulation time of up to 0.58(1)ms and a
readout laser pulse with a length of 400 ps, the
properties of the electron spin can be probed
further. By setting the microwave frequency to
11.6053 GHz and varying the duration of the
microwave pulse,”® coherent Rabi oscillations of
the spin state between T, and T, can be ob-
served, with a Rabi frequency of 5.2 MHz, from
which the pulse length for 7 and 7/2 rotations
are derived (fig. [Gh).

For electron spins in solid-state systems, spin
coherence times are typically adversely affected
by the nuclear®™ and electron spin environ-
ment.*>% For DNC in DNK, this mainly in-
volves the proton nuclear spin environment, as
well as the electron spins of other nearby DNC
molecules. In the special case of zero mag-
netic field in combination with large Dy and
E, values, the effect of the nuclear spin bath on
the electron spin coherence can be significantly
different from the case of non-zero magnetic
fields.”” To quantify the effects, a DNC-in-DNK
crystal is compared to DNC-dyy in DNK-dyy
(fig. [6b). An increase of the coherence time
by one order of magnitude is observed for full
deuteration, owing to the gyromagnetic ratio
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Figure 6: Coherent spin manipulation of DNC in DNK. a) Rabi oscillations on spin transition
To, to Tox. The pulse sequence starts with an initial laser pulse, followed by a microwave pulse
of variable duration, a 400 ps readout laser pulse and a waiting time of 5ms (see inset). The
sum of all fluorescence photons during a readout laser pulse is normalized to the signal without
microwave and is plotted over the duration of the microwave pulse. A damped-cosine fit to the
data yields a Rabi frequency of 5.207(4) MHz. b) Hahn-echo measurements on DNC and DNC-d4.
The microwave sequence consists of a m—pulse centered between two 7/2 pulses resonant to the
Z—X transition. Consecutive pulse sequences alternate the phase of the final 7/2 pulse between 0
and 7 (color change in pulse sequence in inset). The corresponding fluorescence data is subtracted,
and the result normalized. The sequences loop over the delay 7 between the two 7/2 pulses. An
exponential decay function is fitted to the normalized data and yields coherence times 75 = 8.6(3) nis
and 157(4) ps for DNC and DNC-dy4, respectively. For the DNC-d;4, a double exponential is fitted
to the data and the longest time presented. For comparison, the plot shows the decay of available
spin polarization as in figure . ¢) The Hahn-echo T3 times for DNC and DNC-dy, for different
levels of local DNC activation. The degree of activation is expressed by the level of fluorescence
count rate Ip;, under 5pW, 570 nm laser excitation at the respective locations. The open circles
correspond to the data extracted from Hahn-echo measurements in panel b. The dashed line is a
guide to the eye for Ty oc Ip}.

of a deuterium nuclear spin being more than
six times smaller than that of a proton nuclear
spin. For the DNC-dy4-in-DNK-d;4 crystal we
measure the highest 75 time to be 157(4) ps at
a temperature of 5 K (or higher, see Sec. 7.6 in
the SI).

As 2,2-dinaphthyldiazomethane does not
possess an unsaturated electron spin, the ef-
fective electron-spin density can be controlled
in-situ by partial photoactivation, with an up-
per accessible limit equal to the formal dopant
density of the diazo precursor. When quantify-
ing the partial activation process by measuring
the fluorescence count rate Ipr, after the acti-
vation process, higher T, times are observed
for lower photoactivation levels, due to a lower
electron spin density (see fig. [6k). As mu-
tual interactions between DNC electron spins
influence T, and these interactions scale pro-
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portional to the density of DNC, a guide to
the eye for Ty oc I is included in fig. .
While our data for DNC-dy4 roughly follows
this trend, we find the effect of varying electron
spin density to be less pronounced for DNC.
We attribute this suppression to the more pro-
nounced decoherence due to proximal proton
spins in the case of DNC. This method can only
provide qualitative results, as it does not allow
quantification of the actual resulting electron
spin densities. Future experiments should in-
clude electron—electron double resonance spec-
troscopy to determine the actual electron—spin
density. "

Conclusion

We communicate the design and experimental
realization of a novel organic molecular mate-
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rial with a spin—photon interface enabling spin-
selective electronic excitation and relaxation
schemes that permit for the first time ODMR
with high contrast by optical spin pumping
(> 40%). By virtue of strong ZFS, the absence
of heavy atoms, and deuteration of dopant
and matrix, our crystalline qubit material fea-
tures remarkable spin coherence times of T,
157(4) ps at zero magnetic field and a tem-
perature of = 5K which constitutes an im-
provement of more than one order of magni-
tude compared to previously reported molecu-
lar qubits.?Y In addition, the applied photoac-
tivation protocol using a confocal microscope,
permits precise control over the spatial distri-
bution and density of the triplet-state electron
spins. This strategy unlocks opportunities in
the fabrication of integrated device architec-
tures by co-localizing tailored patterns of car-
bene molecules with optical, magnetic or elec-
tric interfaces at the nanometer scale.”® ¢! We
show how state-of-the-art multireference quan-
tum chemical calculations can be used to pre-
dict relevant quantum properties, which is of
particular importance to speed up the progress
in the development of novel molecular materi-
als using computationally guided molecular de-
sign. It is worth mentioning that the strategy of
embedding an isolable diaryldiazomethane pre-
cursor into a structurally related diarylketone
with subsequent photoactivation under cryo-
genic conditions is universally applicable and
is currently being pursued to access a new fam-
ily of solid-state color centers with enhanced
optical and spin properties tailored to the ap-
plication in quantum technology.
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