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ABSTRACT: The implementation of quantum computation
(QC) would revolutionize scientific fields ranging from
encryption to quantum simulation. One intuitive candidate
for the smallest unit of a quantum computer, a qubit, is
electronic spin. A prominent proposal for QC relies on high-
spin magnetic molecules, where multiple transitions between
the many M levels are employed as qubits. Yet, over a decade
after the original notion, the exploitation of multiple
transitions within a single manifold for QC remains unrealized
in these high-spin species due to the challenge of accessing
forbidden transitions. To create a proof-of-concept system, we
synthesized the novel nuclear spin-free complex [Cr(C;Ss);]*~

with precisely tuned zero-field splitting parameters that create two

spectroscopically addressable transitions, with one being a forbidden transition. Pulsed electron paramagnetic resonance (EPR)
measurements enabled the investigation of the coherent lifetimes (T,) and quantum control (Rabi oscillations) for two
transitions, one allowed and one forbidden, within the S = 3/, spin manifold. This investigation represents a step forward in the
development of high-spin species as a pathway to scalable QC systems within magnetic molecules.

B INTRODUCTION

The realization of quantum computation would transform fields
from structural biology to quantum chemistry.' In principle,
any two-level system that can be manipulated into a
superposition of the two levels is a potential qubit, the
fundamental unit of information in a quantum computer.
Electronic spins, whereby qubits are realized from individual
pairs of Mg levels and manipulated via microwave pulses,” are
promising and intuitive candidates.” Fifteen years ago, high-
spin molecules possessing a manifold of Mg levels were
proposed as platforms for a specific implementation of
quantum computation (QC).” The utility of high-spin
molecules for QC lies in exploiting the manifold of states
generated from a large ground-state spin split by axial (D) and
transverse (E) zero-field splitting. Using such a system, a
transition between each of the pairs of states could be used as a
qubit. In this intricate approach, a single molecule could, in
theory, serve as an entire computer. The investigation of species
with these high-spin manifolds offers tremendous potential for
creating multiple qubits in a single molecule, either by
simultaneously accessing all transitions’ or by creating discrete
qubits.” The latter approach parallels and complements
scalability induced by both hyperfine coupling and multinuclear
complexes. The facile synthetic tunability of zero-field splitting
parameters recommends these complexes as the ideal platforms
for rational synthetic design. However, to date, experimental
validations of the aforementioned proposal remain elusive.
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Approaching the design and synthesis of a molecule suitable
to achieve the foregoing proposal requires careful consideration
of both the different energy levels involved and the stability of
the qubits they host. This stability of the spin superpositions
formed from pairs of M levels, or coherence time (T,), is a
particularly important figure of merit for qubit utility. One key
challenge to housing multiple transitions within a single
molecule arises from the difficulty in addressing forbidden
transitions (AMg # 1) (Figure 1). One oft-employed creative
approach sidesteps this challenge with larger molecular
assemblies wherein multiple transitions are allowed by
incorporating multiple spin centers."”'* Another highly
successful approach employs mononuclear spin systems
wherein hyperfine interactions create multiple accessible
transitions. >~ '® Yet, the original scalability concept, which
utilizes the zero-field splitting of a well-isolated spin ground
state, remains elusive. Thus, progress toward the implementa-
tion of high-spin molecules for quantum computation lies in
the detailed analyses of coherence and quantum control in
multiple transitions. This effort crucially requires the study of
weak, forbidden EPR transitions, as these form the bulk of the
transitions utilized in the QC proposal of Leuenberger and
Loss.”

High-spin transition metal molecules with appreciable zero-
field splitting represent arguably the most tunable approach to
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Figure 1. (a) Molecular structure of [Cr(C;S;);]*>” as found in the
crystal structure of 1. Pink, yellow, and gray spheres represent Cr, S,
and C atoms, respectively. Selected interatomic distances (A) and
angles (deg): Cr—S,,., 2.4158(8); S—Cr—Syteae 87.76(3); and S—
Cr—S,hery 88.26(1). (b) Calculated splitting of the M energy levels of
1 with Hy. = 2000 G aligned along the z-axis of the molecule, with D =
+0.260 cm™" and E = —0.080 cm™" (parameters determined from 51.6
GHz EPR experiments, vide infra). The arrows illustrate the three

allowed (green) and three forbidden (purple) transitions within the S
= 3/, manifold.
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qubit design. Here, we exploit this tunability to enable the
manipulation of a forbidden transition as a qubit. This serves as
a vital proof of concept to demonstrate the potential for
creating multiple qubits in a single molecule. To engender
multiple spectroscopically addressable transitions on a
commercial spectrometer, the design of a molecule with a
small |D| is imperative. This small IDI, as depicted in Figure 1,
allows multiple transitions to be accessed within the spectral
window. Furthermore, we note that few of the numerous
theoretically accessible transitions within a spin manifold are
typically addressable based on EPR spectroscopic selection
rules (AM; = + 1). Relaxation of these selection rules thus
opens up the possibility of observing resonances that otherwise
display negligible transition intensity. Any interaction that
causes the M levels to mix intensifies a forbidden EPR
transition. Common interactions responsible for mixing are
anisotropic interionic exchange coupling, hyperfine interactions,
or zero-field splitting.'”~>* However, exchange and hyperfine
interactions can be highly detrimental to the stability of the
superposition in multinuclear qubits. Furthermore, large zero-
field splitting in mononuclear high-spin systems can engender
fast spin—lattice relaxation (T;) times, inherently limiting T,
Owing to these factors, in addition to the difficulty in observing
formally forbidden transitions in molecules possessing low
rhombicity (E/D),”* we targeted relatively simple, mononuclear
complexes with low magnetic anisotropy and a high E/D. We
hypothesized that these two specific properties would afford
highly mixed M; levels at low magnetic fields, which would
produce significant intensity of forbidden EPR transitions for
study. Toward this end, we designed and synthesized a novel d*
pseudo-octahedral nuclear spin-free species of chromium(III),
[Cr(C5S);])* (Figure 1). The tendency toward rhombic
distortion and low axial zero-field ssplitting observed in
hexacoordinate complexes of this ion*> recommended it as
ideal to produce forbidden transitions. Note that the absence of
nuclear spin within the complex both reduces nuclear spin-
mediated decoherence and prevents hyperfine coupling from
complicating spectral interpretation, allowing assignment of the
transitions as originating purely from the electronic spin.
Herein, we report the new complex [Cr(C,;Ss);]*” and
demonstrate the control of two transitions, one allowed and
one formally forbidden, within its ground-state spin manifold.
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B RESULTS AND DISCUSSION

The targeted compound (Ph,P);[Cr(C;S;s);] (1) was synthe-
sized by treatment of CrCly(THF), with 3 equiv of Na,(C,Ss)
in methanol and isolated via precipitation with 3 equiv of
(Ph,P)Br. Single-crystal X-ray diffraction experiments revealed
a trigonally distorted pseudo-octahedral chromium(IIl) ion
bound by three bidentate C;S;*~ ligands (Figure la). The
ligands in this complex are composed of only carbon and sulfur
atoms, elements that possess >98% natural abundances of
nuclear spin-free isotopes. Furthermore, chromium itself
possesses 90.4% natural abundance of nuclear spin-free isotopes
combined with an extremely low magnetic moment of
—0.474uy for its spin active I = 3/, isotope. Thus, 1 is a
member of a growin% class of molecules specifically designed to
be nuclear spin-free." ***>¢7%°

Our investigation of the viability of 1 as a qubit began with
the elucidation of its Mg-level manifold using magnetometry
and continuous-wave (cw) EPR spectroscopy. Variable-temper-
ature dc magnetic susceptibility data from 1.8 to 300 K and Hy,
= 1000 G revealed T = 1.84 cm® K/mol at 300 K, close to
the 1.875 cm?® K/mol expected for a S = 3/, chromium(III) ion
(see Figures S1—S3). With decreasing temperature, the value of
JmT remains relatively constant, but it decreases below 10 K,
owing to zero-field splitting. We probed 1 via X-band (~9.7
GHz) and 51.6 GHz cw-EPR spectroscopy to precisely
quantitate the magnitude and sign of the apparent zero-field
splitting (Figures 2 and S4). The observed spectra were
modeled with the program EASYSPIN™ and the spin
Hamiltonian H = DS? + E(§2? — gyz) + XgugHS, which
provides the energies of the M; levels for the spin § as a
function of axial (D) and transverse (E) zero-field splitting
parameters as well as the applied dc magnetic field (H). In this
Hamiltonian, S? (i = x, y, and z) are the spin operators, g; (i = x,
y, and z), the g factors, and ug, the Bohr magneton. We were
able to simulate both spectra and determine the parameters D =
0.326(8) em™, E = —0.107(5) cm™, g, = 1.99(2), g, = 2.02(5),
and g, = 1.96(7) from the X-band spectrum. These values are
consistent with those obtained from the 5 K, 51.6 GHz
spectrum (Figure S4). Here, slight differences between the
magnitudes of the g, D, and E values at 298 K versus 5 K are
likely due to a slight temperature dependence of the spin
Hamiltonian parameters.”’ Nevertheless, the values are within
the expected range of octahedral chromium(III) species and are
in agreement with the magnetic susceptibility data (see Figure
S3). The determined rhombicity E/D here (0.31) is near the
maximal limit (0.33), which importantly heralds highly mixed
Mg levels. The small, positive D value predicts a set of Mg =
+'/,, 3/, doublets split by only 0.52 cm™ at Hy. = 0 G (Figures
2 and SS5). The relative scale of this splitting versus the X-band
(~9.7 GHz, 032 cm™') quantum and the highly mixed Mj
levels suggest that 1 appears to be perfectly in line with our
design criteria and readily suited to afford multiple M pairs for
investigation.

We employed pulsed X-band EPR spectroscopy to evaluate
the suitability of 1 as a platform for multiple electron spin-based
qubits. Owing to the deleterious effects that accompany
interactions between an electronic spin qubit and surrounding
electronic and nuclear spins, all pulsed EPR analyses were
performed on a dilution of (d*°-Ph,P);[Cr(C,S;);] with (d*’-
Ph,P);[Ga(C;S;5)s], (dZO'Ph4P)3[Cfo.01Gao.99(C3ss)3] (1').
First, the intensity of the Hahn-echo for 1’ following a set of
two microwave pulses (*/, — 7 — & — 7 — echo) was monitored
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Figure 2. (a) 298 K X-band (9.45 GHz) cw-EPR spectrum for 1. The
green line is a simulated spectrum with g, = 1.99(2), &= 2.02(5), g. =
1.96(7), D = +0.326(8) cm™, and E = —0.107(5) cm™.. (b) Zeeman
energy level diagram for a magnetic field alignment along the y
direction, where green arrows highlight the origin of the central
transition at 3500 G observed in the EDFS spectrum for 1'% (c)
Energy level diagram for a magnetic field alignment along the y
direction. Over the range of Hy. = 0 to 6000 G, the Mg = +*/, level is
highly mixed with the Mg = —'/, level.”” The green arrow highlights
the +/, intra-Kramers transition as the origin of the peak at 1000 G in
the EDFS spectrum of 1'. Energies for panels b and ¢ are normalized
to the energy of the ground Mg = —*/, level, and the energies are
calculated with the spin Hamiltonian parameters determined from the
X-band analysis.

as a function of applied dc magnetic field. The resultant echo-
detected, field-swept EPR spectrum (EDFS) reveals an intense
transition at Hy. = 3500 G and a second, weaker peak at Hy,
1000 G (see Figure S6), corresponding to those observed in the
cw-EPR spectrum of Figure 2a. A nonzero echo intensity in the
EDES indicates the presence of an EPR transition, but,
moreover, the ability of the given pair of Mj levels to form a
superposition on a measurable time scale. Thus, the observation
of two different peaks in the EDFS reveals two separate pairs of
Mg levels for investigation in [Cr(C;Ss);]* "

Zeeman diagrams constructed on the basis of the cw-EPR
analyses (see Figures 2 and SS) reveal the parentage of the EPR
transitions, and we note that the identity of the M levels has
important implications on the control and stability for a given
spin system.”” Note that application of a magnetic field along
the z-axis of a molecule with a positive D yields an Mg = +'/,
pair stabilized by 12Dl relative to the Mg = +°/, pair. However,
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if the field is aligned along the x,y axes of the molecule, then the
Zeeman diagram appears noticeably different. For the x
alignment, the lowest energy M; levels are the +°/, levels,
whereas Mj level assignment for the y-aligned Zeeman diagram
is very difficult to intuit at low field owing to extensive mixing.
Inspection of these diagrams indicates that all signals seen in
the X-band EDFS derive intensity from the ground Mg = —*/,
level. The intense Hy. = 3500 G peak obtains most of its
intensity from the y component of the inter-Kramers Mg = —3/,
— M = —'/, transition at § K, with a small contribution from
the excited Mg = +/, - M= +3/, resonance. The significantly
weaker signal at 1000 G, in contrast, arises from the Mg = —/,
— Mg = +°/, ground-state intra-Kramers transition. Note that
this latter resonance, with AM; = 3, is formally forbidden by
EPR selection rules (AMg = 1). However, the energy gaps
between the M levels in [Cr(C;Ss);]*™ are quite small owing
to the small D and low magnetic field. Because the M levels for
1 are so close in energy, appreciable mixing of the Mg = +°/,
and Mg = —'/, levels is induced by the large rhombicity, a fact
evident by the broad avoided-crossing zones in Figure 2b,c.
This Mg level mixing induces a relaxation of the AM; = +1
selection rule and consequently appreciable intensity for the
forbidden transition.

The lifetimes of the superpositions, commonly denoted as
spin—spin relaxation times (T,) or coherence times, were next
determined for the two peaks revealed in the EDFS. These
parameters are extracted from modeling the decay of the
intensity of the two-pulse Hahn-echo sequence with increasing
interpulse delay time 7 (see Figures 3 and S7). A plot of the
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Figure 3. Hahn-echo decay curves for 1 at 5 K. Data were collected at
H,. = 1000 (red circles) and 3500 G (blue circles, inset). Black lines
represent best fits of the decay curves to stretched exponential decays
with T, = 1.81(2) us and 152(3) ns at Hy. = 3500 and 1000 G,
respectively. The 2.2 MHz oscillation detected in the 3500 G data is
due to deuterium ESEEM (see the Supporting Information).

echo intensity of 1’ as a function of 27 reveals an exponentially
decaying signal with increasing delay time at both peaks in the
EDES. Fits of stretched exponential decay functions to the 5 K
echo intensity data yield T, = 1.81(3) and 0.152(2) us at 3500
and 1000 G, respectively (see Figures 3, S7, and S8). The
former value is within the observed range of other transition
metal complexes,””***° whereas the low-field T, is comparably
short.

Preliminary studies of the mechanisms of superposition
collapse, which contribute to the process known as
decoherence, proceeded in 1’ via comparison of the T, data
with the spin—lattice relaxation times (T). The magnitude of
T, represents an upper limit for the magnitude of T,.
Therefore, T, ~ T, when decoherence is driven by thermal
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and vibrational effects. T} was determined for 1’ by inversion
recovery (7 — T — 7/, — T —  — 7 — echo) experiments (see
Figures S9—S11). At S K, the values of T for the low- and high-
field resonances are 47(5) us and 29(3) ms, respectively, which
are several orders of magnitude higher than the observed T,
values. With increasing temperature, the magnitude of T at the
main resonance drops from 29(3) ms at 5 K to 875(5) us at 30
K. In concert, T, at the main resonance drops only 1 us in
value, from 1.81(3) us at S K to 0.82(2) us at 30 K. The relative
magnitude of T to T, over the entire investigated temperature
range suggests that T, is not T)-limited. Thus, we hypothesize
that the °D (I = 1) and 3P (I = '/,, 100% natural abundance)
nuclear spins of the (d,-Ph,P)* counterions and ®Ga and "'Ga
(I = 3/, 99.92% natural abundance) nuclei are the most
important mediators of decoherence here.

The ability to drive an electronic spin into any arbitrary
superposition of a given pair of M; levels is a key quality of a
candidate qubit. The two peaks in the EDFS, as well as their
analysis by inspection of the Zeeman diagrams, offered the
enticing possibility to evaluate the qubit candidacy of the two
separate transitions within the spin manifold for [Cr(C;S;);]>".
Echo detected nutation experiments were performed at the two
resonances detected in the EDFS (see Figures 4 and $12—S16)
to assess qubit viability. In these experiments, a microwave
nutation pulse, also known as a tipping pulse, is applied to drive
the spin into a superposition of the two M; levels of a given
resonance. A suitable spin qubit will be cycled through all
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Figure 4. (a) Rabi oscillations at Hy. = 3500 and 1000 G and Rabi
frequency dependence on B;. Data were collected at Hy. = 3500 G
(blue circles), B, = 2.3 G and at Hy. = 1000 G, B; = 3.5 G (red circles,
inset) at T = S K. Solid lines connecting the data points are guides for
the eye. (b) Rabi frequency plotted as a function of increasing B, for 1’
and BDPA. The black lines are best fits to the data with slopes of
5.85(1), 3.24(2), and 2.8 MHz/G for the 3500 and 1000 G data sets
and that of BDPA, respectively. The marked difference of the slopes is
indicative of control over different pairs of M; levels.
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arbitrary superpositions of its two constituent Mg levels with
increasing nutation pulse length, which yields a smooth
oscillation in the detected signal, known as a Rabi oscillation.
As displayed in Figure 4, Rabi oscillations are detected at both
3500 and 1000 G for 1’, an observation that establishes the
viability of each of these transitions for potential quantum
control. The dependence of the frequency of the oscillation, the
Rabi frequency (), on B, is expected to be linear if the
oscillation arises from driving the spin between two Mg levels,
as opposed to a cavity background signal.'' Fourier trans-
formation of the nutation data (see Figure S13 and S16) reveals
a linear dependence of Qp on B, (see Figure 4b), which
establishes with certainty the provenance of the nutations and is
consistent with other transition metal complexes studied for
QIP.S~11:26-29,32,33,35-38

The Rabi frequency yields an experimental time scale for one
of the simplest operations in a spin qubit, the spin-flip (Qy =
(27 gpntip) - At 3500 and 1000 G and B, = 3.5 G, Ty is 12
and 16 ns, respectively. These observations highlight one of the
key advantages of electronic spin-based quantum computation:
rapid operation time. Indeed, achieving a T, of merely
milliseconds enables the execution of thousands of operations,
a requisite condition for performing actual computations.”” A
particularly exciting aspect of this parameter is its dependence
on tunable properties of the spin. For example, the Qy for a
given oscillation displays a B; dependence governed by the M
levels of the probed transition and the g-factor of the spin
center.”*” The strongly differing B, dependences of Qy for 1/,
5.85(1) and 3.24(2) MHz/G, respectively, for the 1000 and
3500 G resonances, therefore, reflects the involvement of
different M levels in the two transitions, as suggested by our
assignment of the EDFS. Crucially, the complex displays
stronger B, dependence at both transitions than the Mg = —'/,
— Mg = +'/, transition of the S = '/, 1,3-bisdiphenylene-2-
phenylallyl radical (BDPA; Figure 4b). These results and
others™ illustrate the utility of molecular fine-tuning in high-
spin species as a strategy to decreasing spin-flip operation times.

H OUTLOOK

The successful design of a single molecule that displays allowed
and forbidden resonances available for study is a modest step
toward realizing the proposal made by Leuenberger and Loss
for high-spin molecules over a decade ago.” The foregoing
results detail our utilization of the tunability of mononuclear
transition metal complexes to enable the investigation of both
forbidden and allowed EPR transitions in the context of QC.
Importantly, this ability permitted the study of the control of
separate resonances, wherein we demonstrate enhancement of
the Rabi frequency by nearly a factor of 2 over a radical system
through inclusion of higher M; levels in the EPR resonance.
Together with recent demonstrations of long coherence times
in molecular species,”””**”*" these properties imbue consid-
erable promise to coordination complex-based qubits. Our
investigation of the qubit candidacy of allowed and forbidden
transitions in the same molecule further suggests new directions
for synthetic chemistry, wherein species are designed explicitly
for the relaxation of EPR selection rules. The foregoing results
represent initial steps toward new qubit platforms that will
enable7 future studies of qubit scalability within single-molecule
hosts.
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