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ABSTRACT: Sub-nanosecond photodriven electron transfer from a molecular
donor to an acceptor can be used to generate a radical pair (RP) having two
entangled electron spins in a well-defined pure initial singlet quantum state to serve
as a spin-qubit pair (SQP). Achieving good spin-qubit addressability is challenging
because many organic radical ions have large hyperfine couplings (HFCs) in
addition to significant g-anisotropy, which results in significant spectral overlap.
Moreover, using radicals with g-factors that deviate significantly from that of the
free electron results in difficulty generating microwave pulses with sufficiently large
bandwidths to manipulate the two spins either simultaneously or selectively as is
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necessary to implement the controlled-NOT (CNOT) quantum gate essential for

quantum algorithms. Here, we address these issues by using a covalently linked donor—acceptor(1)—acceptor(2) (D-A;-A,)
molecule with significantly reduced HFCs that uses fully deuterated peri-xanthenoxanthene (PXX) as D, naphthalenemonoimide
(NMI) as A}, and a Cg, derivative as A,. Selective photoexcitation of PXX within PXX-dy-NMI-Cg, results in sub-nanosecond, two-
step electron transfer to generate the long-lived PXX®*-do-NMI-C4,"~ SQP. Alignment of PXX®*-dg-NMI-Cq4,"~ in the nematic liquid
crystal 4-cyano-4'-(n-pentyl)biphenyl (SCB) at cryogenic temperatures results in well-resolved, narrow resonances for each electron
spin. We demonstrate both single-qubit gate and two-qubit CNOT gate operations using both selective and nonselective Gaussian-
shaped microwave pulses and broadband spectral detection of the spin states following the gate operations.

B INTRODUCTION

New computation, communication, and sensing technologies
provided by quantum information science (QIS) are drawing
considerable attention.'™® The identification and character-
ization of new molecular systems to serve as qubits in these
applications have motivated chemists to contribute to this
field” by taking advantage of synthetic tunability®” and the
ease with which unpaired electron spins in molecules can be
manipulated using microwave pulses." """ These molecular
systems employ multiple electron spin qubits within interacting
organic radicals®”"'~"* and/or metal complexes'*~* and have
achieved advances in extending coherence lifetimes'”*"** and
scaling up the number of qubits.'®**~>° However, thermally
polarized electron spins*® with well-defined initial spin states
essential for QIS applications”” are only available at high
magnetic fields and/or millikelvin temperatures.''
Spin-selective, light-driven processes in molecular qubit
systems have shown significant promise for creating well-
defined initial electron spin-qubit states.”****7>° For example,
sub-nanosecond photodriven electron transfer from a molec-
ular donor (D) covalently linked to an acceptor (A) via a
bridge molecule (B) has been shown to generate a D**-B-A*~
radical pair having two entangled electron spins in a well-
defined pure initial singlet quantum state that can serve as a
spin-qubit pair (SQP) even at room temperature.zg’?’l’32 The
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entanglement of the two electron spins in these SQPs results
from their electron spin—spin exchange (J) and/or dipolar (D)
couplings. In addition, the two electron spins of the SQP
experience different magnetic environments as a consequence
of differing electron—nuclear hyperfine couplings (HFCs)
between D*" and A°®7, as well as differing spin—orbit
interactions within each radical ion leading to different
electronic g-tensors. The two-particle wave functions of the
SQP in the coupled basis are IS), IT,,), IT,), and IT,,), where
ISy = 1/v2[leB) — Ifa)] and ITy) = 1/V2[lap) + |pa)]
constitute two of the four possible entangled Bell states of
the system.”® The other two Bell states, 1/+/2 [lact) + 188)]

and 1/v/2[laa) — IBB)], are obtained by linear combinations
of IT,;) = laa) and IT_;) = Iff). Upon application of a
magnetic field that is much larger than J, D, and the differences
in the HFCs and g-tensors of both radical ions comprising the
SQP, only the IS) and IT,) spin states of the SQP are close in
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Figure 1. Radical pair energy levels in the high magnetic field limit
showing the result of mixing IS) and IT,) states.
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= cos ¢ ITy) + sin ¢ IS), where the angle ¢ describes the
degree of mixing and is related to J, D, and the differences in
the HFCs and g-tensors of the two radical ions.”"”***™** In
contrast, the IT,;) and IT_;) states are energetically far
removed from IT,) and do not mix with IS). Since the SQP is
initially formed in a pure IS) state, |®,) and |Dy) are
overpopulated, which produces strong spin polarization that
can be observed readily with time-resolved EPR spectroscopy
using either continuous (TREPR) or pulsed microwave
radiation (pulse-EPR).

Pulse-EPR has been used to demonstrate quantum state
teleportation,'” spin polarization transfer to a third spin,**~**
and varying degrees of qubit-specific addressability using
photogenerated SQPs.'*** However, the radical ions employed
in these D-B-A molecules typically have large hydrogen and
nitrogen HFCs relative to the difference in their g-tensors,
which results in significant spectral overlap of the two spin
resonances of the SQP, limiting spectral resolution and thus
addressability. In addition, a distribution of the D*" and A®™ g-
tensor orientations relative to one another and to the applied
magnetic field often contributes to spectral broadening. All of
these effects make it difficult to generate microwave pulses
with sufficiently broad bandwidths to manipulate the two spins
of the SQP either simultaneously or selectively as is necessary
to implement the controlled-NOT (CNOT) quantum gate
essential for executing quantum algorithms.'>**

1: PXX-NMI-CGO; 1-d9: PXX-dg-NMl-CGO

Here, we address these issues by designing and synthesizing
a covalently linked donor—acceptor(1)—acceptor(2) (D-A;-
A,) molecule with significantly reduced HFCs by using fully
deuterated peri-xanthenoxanthene (PXX) as D, naphthalene-
monoimide (NMI) as A, and a Cg, derivative as A, (1-dy).
These donors and acceptors were chosen to optimize the
photoinduced electron transfer rates within PXX-dy-NMI-Cg,
to ensure rapid two-step electron transfer leading to PXX**-d,-
NMI-C4,°~ at cryogenic temperatures. PXX has a lowest
excited singlet state energy E, = 2.75 eV yet it is relatively easy
to oxidize (E,, = 0.82 V vs SCE***®). NMI was chosen as the
intermediate acceptor because it does not absorb in the visible
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sufficiently negative (Eggp = —1.4 V vs SCE"') to ensure
that the energy of the initial photogenerated SQP PXX"*-d,-
NMI*"-Cy is high enough to rapidly reduce Cgy (E,q = —0.6
V vs SCE™) to give PXX**-dy-NMI-Cg,*".

Selective photoexcitation of PXX within PXX-dy-NMI-Cq,
results in sub-nanosecond, two-step electron transfer to form
an entangled, long-lived PXX*"-NMI-C,4,"~ SQP. Alignment of
PXX**-NMI-Cg4,°~ in the nematic liquid crystal 4-cyano-4'-(n-
pentyl)biphenyl (SCB) effectively eliminates the spectral
complexities resulting from the anisotropic g-tensors of both
PXX*®* and Cg4,"~, which results in well-resolved resonances for
each electron spin, thus providing a platform for quantum gate
operations. We demonstrate both single-qubit gates and two-
qubit CNOT gates implemented with frequency-selective and
broadband, nonselective Gaussian-shaped microwave pulses
followed by broadband spectral detection of the spin states
following the gate operations.

B EXPERIMENTAL METHODS

Synthesis. Detailed synthetic procedures and characterization of 1
and 1-d, are given in the Supporting Information (SI). The PXX
radical cation (PXX**) and PXX-d,, radical cation (PXX**-d,,) were
prepared by adding a substoichiometric amount (0.8 equiv) of
nitrosonium tetrafluoroborate to a 100 uM dichloromethane solution
of PXX or PXX-d,, respectively. The radical solutions were used
immediately for EPR measurements.

Optical Spectroscopy. UV-—visible absorption spectra were
obtained using a Shimadzu UV-1800 spectrometer in a quartz cuvette
with a 1 mm path length. Femtosecond and nanosecond transient
absorption (fsTA and nsTA) spectroscopy was conducted using an
apparatus described previously (for a brief description see the SI).*
Samples for room-temperature TA experiments were dissolved in
toluene and prepared with an optical density of 0.8 at 450 nm in 2
mm quartz cuvettes fused to a glass bulb. This bulb was used to
subject each sample to four freeze—pump—thaw cycles under vacuum
(107* Torr) to remove oxygen. Samples were stirred to minimize the
effects of local heating and degradation. For TA experiments at low
temperature, a solution of 1 in CH,Cl, was prepared with an optical
density of 0.8 at 450 nm in a 2 mm quartz cuvette. The solution was
then evaporated to dryness with a stream of N, in a small vial and was
placed in a N,-atmosphere glovebox. Inside the glovebox, a volume of
2-methyltetrahydrofuran (mTHF) equivalent to the amount of
CH,Cl, used previously was added to the vial to obtain a solution
of similar optical density. This solution was then sealed in a sample
cell consisting of two quartz windows separated by a 2 mm PTFE
spacer. The sealed sample cell was then removed from the glovebox
and placed inside a Janis VNF-100 cryostat (Janis Research Co. LLC)
coupled to a Cryo-Con 32B (Cryogenics Control Systems, Inc.)
temperature controller. The sample was then cooled to 85 K to
measure the TA spectra.

Visible and near-infrared data were individually chirp-corrected
(Surface Xplorer 4, Ultrafast Systems, LLC), and fsTA and nsTA data
were merged in MATLAB prior to kinetic analysis. Data were
analyzed using selected-wavelength global fitting to the models as
described in the text. The errors of the lifetimes given in the figures
are derived from the standard deviations from the global fitting
propagated with the uncertainty described by the instrument response
(0.3 ps and 0.8 ns for fsTA and nsTA, respectively). Details of the
kinetic fitting were described previously.>

Steady-State Continuous-Wave EPR Spectroscopy (CW-
EPR). CW-EPR measurements were performed on ~20 uL, 100
UM samples in dichloromethane solution that were loaded into quartz
tubes (2.40 mm o.d., 2.00 mm i.d.), subjected to three freeze—pump—
thaw cycles on a vacuum line (107* Torr), and sealed with a hydrogen
torch. Measurements at the X-band (9.5 GHz) were performed with a
Bruker Elexsys ES80, equipped with a 4122SHQE resonator. Scans
were performed with a magnetic field modulation amplitude of 0.1 G,
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Figure 2. (a) UV—vis spectra of 1 and 1-d, in toluene solution at 295 K. (b) Evolution-associated spectra obtained from fsTA data of 1 at 85 K in

mTHE solution following 4., = 450 nm excitation.

modulation frequency of 60 kHz, and nonsaturating microwave power
of 1.5 mW.

Time-Resolved EPR Spectroscopy. Measurements were made
at the X-band (~9.6 GHz) on a Bruker Elexsys E680 X/W EPR
spectrometer with a split ring resonator (ER4118X-MS3). The
temperature was set by an Oxford Instruments CF93S continuous
flow optical cryostat with liquid nitrogen or liquid helium. Direct
detection using CW microwaves was performed following photo-
excitation. Kinetic traces of the transient magnetization under CW
microwave irradiation were detected in quadrature. Time traces were
recorded over a range of magnetic fields to give 2D spectra. Spectra
were processed by first subtracting the signal prior to the laser pulse
for each kinetic trace (at a given magnetic field point) and then
subtracting the signal average at off-resonant magnetic field points
from the spectra obtained at a given time. All processing and fitting of
the spectra were performed in MATLAB using lab-written scripts and
the simulation package EasySpin v6.0-dev.’

Pulse-EPR Spectroscopy. Shaped microwave pulses were
generated using a commercial Bruker SpinJet II arbitrary waveform
generator (AWG) module. A Gaussian-shaped pulse was used for
both selective and nonselective turning angle operations because it
provides a more uniform excitation across the field-swept echo-
detected spectrum than traditional square pulses. The excitation
profiles of 20 and 80 ns Gaussian pulses were measured to provide
sufficient bandwidth for the nonselective and selective SQP
excitations, respectively, necessary to perform the CNOT gate pulse
sequence (Figure S1). The turning angles of these pulses were
controlled by their amplitude as output by the AWG. These
amplitudes were kept within a linear response regime of the traveling
wave tube (TWT) amplifier. The resonator response profile (Figure
S2) and the TWT response profile and amplitude for the pulse
turning angles for specific pulse lengths were calibrated with the EPR
signal from the triplet state of Cg as an internal standard generated by
photoexcitation of the sample. All of the pulse experiments were
started with an initial delay after the laser flash Tpap = SO ns. The
electron spin echoes were collected with a 7/2—7—7 pulse sequence,
with 7 = 500 ns, and a 16-step CYCLOPS®” phase cycle; this tau value
was chosen to ensure that the spin—echo was not truncated by the
instrument deadtime and to be well within the T, = 1.5 us phase
memory time of PXX**-d,-NMI-Cy,"~ (Figure S7). Prior to Fourier
transformation, the echo was apodized with a Hamming window,
zero-filled, and circularly shifted to evenly split the spin—echo.
Following Fourier transformation, the spectrum was appropriately
phased into absorption/emission and dispersion. In the single-qubit
nutation experiment, the variable amplitude nutation pulse occurred
500 ns before the detection sequence.

B RESULTS AND DISCUSSION

Optical Spectroscopy. Steady-state absorption spectra of
1 and 1-d, in toluene are shown in Figure 2a. Since deuteration
does not change the electronic structure of PXX, 1 and 1-d,
have identical absorption spectra with a characteristic vibra-
tional progression at 393, 417, and 447 nm resulting from
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PXX.***® The strong absorption below 360 nm and broad
absorption that covers the entire visible region with stronger
absorption at shorter wavelengths results from Ceo> 7t

Transient absorption spectroscopy was used to monitor the
photoinduced electron transfer dynamics of 1 in 2-methylte-
trahydrofuran (mTHF) at 85 K. Time-resolved spectra at
selected times and kinetic fits at selected wavelengths are
shown in Figure S3, while global fitting of the data set using an
A — B — C model yields the evolution-associated spectra
given in Figure 2b. Immediately after laser excitation of PXX in
1, a ground-state bleach appears at 450 nm along with
stimulated emission features at 480 and 520 nm and an
excited-state absorption at 650 nm. The subsequent charge
transfer reaction '*PXX-NMI-Cq, — PXX**-NMI*~-Cy, occurs
in Tcg; = 277 + 4 ps, resulting in the appearance of absorption
bands at 530 and 1000 nm due to PXX*".*>* The second
charge transfer reaction, PXX**-NMI*~-C4, — PXX**-NMI-
Cgo’™, occurs in 7cg; = 997 + 31 ps, as evidenced by
broadening of the 1000 nm absorption peak due to the
coexistence of Cg*~ and PXX**. PXX**-NMI-C,*~ eventually
decays to form PXX-NMI-**C, with a time constant of 2.0 +
0.2 ps (Figure S4). As will be shown below, lowering the
temperature to 10 K results in increasing this lifetime to 13 + 1
ps. Partial coexcitation of Cg, also produces some Cy, triplet
excited state (**Cg,), which has an absorption at 680 nm that
appears on a longer time scale (Figure S4).

CW-EPR Spectroscopy. Chemically generated PXX** and
PXX**-d), in dichloromethane solution were characterized by
CW-EPR spectroscopy (Figure SS). The unpaired electron in
PXX*" is coupled to its hydrogen atoms, and the isotropic
hyperfine coupling constants (HFCs) of the five inequivalent
hydrogen atoms were obtained from fitting the experimental
spectrum and are summarized in Table S1. The EPR spectrum
of PXX*"-d,, exhibits significant spectral narrowing resulting
from the ~6.5-fold reduction in gyromagnetic ratio of
deuterium relative to hydrogen. The structure that appears
atop the derivative spectrum of PXX*'-dj, results from
unresolved deuterium HFCs.

TREPR Spectroscopy. To evaluate the feasibility of
PXX*"-dy-NMI-Cg,*~ as a potential SQP system for quantum
gate operations, TREPR measurements were performed on
both 1 and 1-dy in mTHF and SCB at 85 K. The spectra were
recorded in direct detection mode, where positive signals are
enhanced absorptive (a) transitions and negative signals are
emissive (e) ones. Figure 3 shows the corresponding TREPR
spectra at 200 ns after a 7 ns, 450 nm laser pulse. The
difference in g-tensors between PXX"" and Cg,"~ allows for
spectral separation of the two radicals at X-band frequencies.
However, significant line broadening at lower field was
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Figure 3. TREPR spectra at 85 K and 200 ns following a 450 nm, 7 ns
laser pulse and spectral simulations. (a) PXX**-NMI-C4"~ (1) in
mTHF, (b) PXX-dy**-NMI-C4*~ (1-dy) in mTHF, and (c) PXX-
do**-NMI-C4,*~ (1-dy) in SCB aligned along the magnetic field. The
vertical lines connected to the dots show the transitions of the SQPs,
whose principal axes, , y or z, are parallel to the magnetic field, where
z is defined as the direction that connects the two spins, and x and y
are perpendicular to z.

observed for 1 due to the unresolved hydrogen atom HFCs in
PXX** (Figure 3a). The higher field portion of the spectrum
with transitions primarily from Cg°*” has a narrow (aea)
polarization pattern owing to the nuclear-spin-free nature of
Cgo°™ and its axial g-tensor, whose anisotropy is likely due to
the pyrrolidino-functionalization of Cg, that distorts its
symmetry.

Compared to 1, the lower field features in the TREPR
spectrum of 1-dy in mTHF are narrowed in the absence of
hydrogen HFCs. The entire TREPR spectrum of 1-d, is nearly
centrosymmetric and shows an (eaeaea) polarization pattern,

which deviates from the ideal (ea,¢,a) pattern predicted for the
four spin transitions of SQPs.”"”>> This deviation is attributed
to the axial g-tensors of both PXX** and Cg"~. The Zeeman
splitting of an electron spin in an anisotropic molecule is a
function of the molecular orientation with respect to the
external magnetic field; likewise, the TREPR spectrum of a
randomly oriented ensemble of SQPs in a frozen matrix, such
as that of 1-dy in mTHEF, results in a powder pattern composed
of the SQP transitions at all orientations (Figure 3b).

To eliminate the spectral complexity from random molecular
orientations, 1-dy was dissolved in SCB, and the sample was
aligned by the magnetic field at 295 K, then frozen. The
aligned sample shows a well-resolved (ea,ea) polarization
pattern (from lower field to higher field) spanning roughly 35S
MHz that permits qubit addressability using both frequency-
selective and nonselective microwave pulses necessary for
quantum gate operations (Figure 3c). The TREPR spectra of 1
and 1-dy can be globally simulated using the same spin model
with a spin—spin dipolar coupling constant D = —3 MHz and
two axial g-tensors:, [2.0045, 2.004S, 2.0031] and [2.0003,
2.0003, 2.0019], for PXX*" and C4"~, respectively. The
spectral simulation of 1 in frozen mTHF used a 20 MHz
Gaussian peak-to-peak line width to account for unresolved
hydrogen HFCs of PXX** (Table S1).

EPR Spectral Readout with Nonselective Pulses. The
strategies of g-factor engineering, deuteration, and alignment of
1-dy produce well-resolved SQP EPR spectra, allowing for
uniform excitation of the entire EPR spectrum using a 20 ns
Gaussian-shaped microwave pulse. Instead of using traditional
field-sweep detection, the EPR spectrum of 1-dg in SCB in the
frequency domain can be obtained by measuring the entire
spin—echo time trace in the time domain®® at the central
magnetic field of the spectrum and performing a Fourier
transform to obtain the EPR spectrum in the frequency
domain. In principle, when all the spin transitions are excited,
the resulting frequency spectrum of the SQP should exhibit the
same spectral features and polarization pattern as the TREPR
spectrum. To ensure the same bandwidths between the two
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500 ns, and variable amplitude 20 ns microwave pulses were used to produce the 7/2 and x turning angles as described in the text. (b) Spin echo of
PXX-dy**-NMI-Cg,*~ showing oscillatory behavior due to the structure of the frequency spectrum. Both the in-phase and quadrature parts of the
signal were collected. (c) The frequency domain spectrum of the spin echo showing both C¢*~ and PXX-d,"*, from low to high frequency.
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Figure S. (a) Pulse sequence of the single-qubit nutation where T, = 50 ns, the black pulse is a frequency-selective 80 ns nutation pulse, 7 = S00
ns, and the red pulses are 20 ns frequency-nonselective 7/2 and 7 readout pulses. (b) Frequency spectra after a single-qubit nutation pulse on Cg,*~

within PXX-dy**-NMI-Cq,"~

(1-dy) at 10 K. (c) Frequency space simulation of the effect of a single-qubit pulse with varying turning angles. (d and

f) Spectral slices at the dashed lines in (b), where the turning angles of the selective nutation pulses are 0 and 7, respectively. (e and g) Spin level
population diagrams for selective nutation pulses 0 and 7, respectively, applied to Cy,"~

pulses, the turning angles of the 7/2 and 7 microwave pulses
were determined by adjusting the pulse amplitudes rather than
the pulse lengths (Figure 4a). The SQP spin—echo shows
strong oscillations (Figure 4b), which carry all the spectral
information in the time domain, similar to a free induction
decay (FID). The TREPR spectrum of 1-d, in SCB is well-
reproduced in the frequency domain (Figure 4c), showing the
same (ea,e,a) polarization pattern (from high frequency to low
frequency), which demonstrates this technique as a feasible
detection scheme for quantum gate operations.
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Single-Qubit Operations. Single-qubit operations were
performed on 1-dy oriented in SCB at 10 K using an 80 ns
Gaussian-shaped, frequency-selective pulse. Decreasing the
temperature from 85 K to 10 K extends the SQP lifetime from
2.0 + 0.2 ps to 13 = 1 pus (Figure S6). The amplitude of this
pulse was incremented to perform a nutation that targeted
either Cg*” or PXX*", depending on the frequency offset of
the pulse (Figure S1b). The effect of the single-qubit nutation
pulse was monitored using the detection scheme discussed in
the previous section. Figure Sa shows the pulse sequence used
in this experiment, where the nutation pulse has a frequency
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Figure 6. (a) Pulse sequence for CNOT gate and detection, where Tp,p = SO ns. The two frequency-selective 80 ns pulses (black), the variable
time delay L, and the first 20 ns frequency-nonselective pulse (red) constitute the CNOT gate. This is followed by two 20 ns frequency-
nonselective 7/2 and 7 readout pulses (red), where 7; = 200 ns, 7, = 500 ns. The frequency spectrum after the three-pulse CNOT gate operation
with incremental L is plotted in (b) using PXX** as the control qubit at 10 K. The slice marked by the dashed line in (b) is shown in (c), and
simulation is shown in red. (d) Spin level population diagrams of the SQP before and after the CNOT gate.

offset of —9 MHz that selectively operates on Cq"". The
frequency spectrum of the SQP produced after photoexciting
1-d, is plotted against the turning angle of the nutation pulse in
Figure Sb, which can be simulated accurately in the frequency
domain, Figure Sc. In addition, if PXX*" is selectively excited
by the nutation pulse, the same nutation behavior is observed
(Figure S8a), which can also be simulated accurately (Figure
S8b). This nutation effect is attributed to entanglement
between the Cg"~ and PXX** electron spins.** The PXX®*-
do-NMI-Cg,*~ SQP generated after photoexciting 1-d, is in an
initial singlet state, which results in population of the laf) and
|pa) spin states of the SQP in the high field limit>” (Figure
5d), where the first and second Greek letters in the kets denote
the spin states of PXX®" and Cg°~, respectively. The
absorptive and emissive spectral features of Cy,*~ are assigned
to the laf) to laa) and |fa) to |#f) transitions, respectively
(Figure Se). The spin configurations in the uncoupled basis are
shown next to the energy levels to highlight the spin flips
associated with each transition. The nutation 7 pulse applied to
the transitions of C4,"~ acts as a NOT gate and flips the spin
populations from laf) to laa) and from |fa) to 16f)
simultaneously (Figure Sg), causing the entire spectrum to
flip accordingly (Figure Sf). More generally this operation can

NOT
be written as 1/+2[laf) — Ipa)] — 1/V2[laa) — 158)]
and is a protocol related to superdense coding in QIS.** The
same behavior was observed when the nutation pulse was
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applied to PXX**, where 1/v2 [laf) — Ifa)] — 1/2[IBf)
— laa]), (Figure S8).

The Three-Pulse CNOT Gate. One of the original
microwave pulse sequences proposed by Volkov and
Salikhov™® for the CNOT gate is composed of five microwave
pulses, resulting in a relatively long gate execution time.'’
However, the fact that the photogenerated SQP is created in
an initial singlet state allows for reduction of the number of
pulses necessary to implement the CNOT gate (see SI, eqs
S1—S4). Here, a three-pulse sequence is used to execute the
CNOT gate and the spectrum after the gate is read out using a
broadband Hahn echo pulse sequence as described previously
(Figure 6a)."” The CNOT gate pulse sequence comprises two
80 ns frequency-selective 7/2 microwave pulses at the
resonance frequencies of the control and target qubits and
one 20 ns frequency nonselective 7 pulse that excites all four
transitions of the SQP. The two spin evolution times L = /(2]
— 8/3D), where the spin—spin exchange coupling (J) and
dipolar coupling (D) between the two spins of the SQP are
determined experimentally using out-of-phase electron spin
echo envelope modulation measurements (OOP-ESEEM)
(Figure $9).°"° Figure 6b shows the spectral changes that
occur when L is incremented with PXX®" acting as the control
qubit. The SQP spectra after the pulse sequence oscillate at the
same period as the OOP-ESEEM signal (Figure S9),
suggesting that both J and D are contributing to the spin
precession in the absence of microwave pulses. Furthermore,

https://doi.org/10.1021/jacs.3c01243
J. Am. Chem. Soc. 2023, 145, 6585—-6593


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01243/suppl_file/ja3c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01243/suppl_file/ja3c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01243/suppl_file/ja3c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01243/suppl_file/ja3c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01243/suppl_file/ja3c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01243/suppl_file/ja3c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01243/suppl_file/ja3c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01243/suppl_file/ja3c01243_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01243?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01243?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01243?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01243?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c01243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Figure 7. Expected (a) and experimentally measured (b) density matrices of the PXX-dy**-NMI-C4,*~ (1-dy) SQP after applying the CNOT gate.

when L = 55 ns, the CNOT gate occurs, yielding an EPR
spectrum with a strong absorptive doublet (a,a) feature on
resonance with Cg,"~ and a weaker (e,g,¢) feature on resonance
with PXX** (Figure 6c). Ideally, when PXX** is acting as the
control qubit, the target qubit C4,*~ will experience a spin flip
only when PXX*" is in the f state. Therefore, when the CNOT
gate is applied to the SQP with its initial spin state of
1/V2[laB) — |Ba)], the laf) state remains unchanged,
whereas the |fa) state is transferred to the Ifff) state as a
result of the spin flip on the target qubit because the control

qubit is in the f state, 1/ V2 [laf) — 1a)] —— 1/4/Z [laff) —
I5B)]. Realistically, the |fa) state in SQP is mixed with a small
percentage of laf) character, thus leaving a small |fa) spin
population. As a consequence, applying the CNOT gate to the
SQP results in an EPR spectrum with a strong absorptive
doublet on the target qubit and a weaker absorption on the
control qubit (Figure 6d). Once again, the spin configurations
in the uncoupled basis are shown next to the energy levels to
highlight the spin flips associated with each transition.
However, the EPR spectrum after the CNOT gate does not
completely match what is predicted by the simulation,
indicating a nonunity fidelity of the CNOT gate, which is
likely due to nonideality of the microwave pulses, such as the
finite pulse length resulting in nonuniform excitation profiles
over the desired frequency range.

Quantum State Tomography and CNOT Gate Fidel-
ity. The fidelity F of a quantum operation as defined in eq 1 is
a common metric used to assess the success of an experimental
quantum logic gate, which compares an ideal density matrix p
of a quantum system to the experimentally determined density
matrix ¢ of the same system.

F(p, 0) = (tryp'?0p'? )? (1)

The ideal density matrix p can be constructed using the
density matrix of the initial SQP spin state and the matrix
representation of the CNOT gate. After applying the CNOT
gate, the experimental density matrix ¢ of the SQP can be
measured using frequency-selective microwave pulses with 90°
turning angles (Figure S10). Using the symbols I, X, and Y to
represent the identity operation, a 90° rotation about the x-
axis, and a 90° rotation about the y-axis, respectively,
performing a total of nine operations following the CNOT
gate,""%” II, XI, YI, IX, IV, XX, YY, XY, YX, rotates the off-
diagonal elements of the density matrix to the diagonal of the
matrix, which are read out as spin populations that manifest
themselves as different polarization patterns in the EPR spectra
(Figure S11). The experimental density matrix is reconstructed
subsequently by solving linear equations whose unknowns are
the matrix elements. The linear equations are simplified further
by neglecting the double-quantum coherences and the
coherences related to the laa) spin state because no spin

population is present in that state. The ideal and experimental
density matrices reconstructed by this method are shown in
Figure 7 and eqs S14 and S15. We obtained a fidelity of 0.89,
which shows that the microwave pulse sequence used here
accurately executes the CNOT gate. By comparing Figures 7a
and 7b, the main source of deviation from the ideal CNOT
gate comes from coherence between the Ifa) and Ifp) states
potentially generated by nonideal excitation by the microwave
pulses.

B CONCLUSIONS

In this study, we synthesized PXX-do-NMI-C¢, in which
deuteration of the PXX donor, use of the Cg, as the nuclear
spin-free acceptor with an unusually low g-factor, and
alignment of photogenerated PXX**-dy-NMI-C4,"~ in SCB
result in an SQP having four spectrally separated, narrow
transitions, providing a platform for quantum logic gate
operations. Single-qubit gates and the two-qubit CNOT gate
were demonstrated using this system, which form a complete
set of gates necessary for quantum information applications.
These results illustrate the opportunities afforded by tailoring
the properties of photogenerated radical pairs to serve as SQPs.
Nevertheless, several challenges remain in scaling-up these
systems to multiqubit assemblies needed for QIS applications.
Some of these challenges currently being researched include
using shaped microwave pulses to establish uniform pulse
bandwidths, improved gate fidelities, optical selectivity to
address different SQPs, and better control of anisotropic
magnetic interactions to enhance spin addressability.
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