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Abstract

Controlling molecular spin quantum bits optically offers the potential to effectively reduce decoherence and raise the
working temperature of quantum computers. Here, exchange interactions and spin dynamics, as mediated by an
optically driven triplet state, are calculated for a molecule that consists of a pair of radicals and represents a potential
quantum-circuit building block. Consistent with the previous experimental observation of spin coherence induced by
the triplet state, our work demonstrates an optically driven quantum gate operation scheme in a molecule. A
technological blueprint combining a two-dimensional molecular network and programmable nanophotonics, both of
which are sufficiently developed, is proposed. We thus realize computational exploration of chemical databases to
identify suitable candidates for molecular spin quantum bits and couplers to be hybridized with nanophotonic
devices. The work presented here is proposed to realize a new approach for exploring molecular excited states and

click chemistry, toward advancing molecular quantum technology.

Introduction

The quality of quantum bits (qubits) and the control
engineering for quantum gate operations are indis-
pensable aspects of quantum software and related algo-
rithms in quantum computing (QC)'. Molecular spin
qubits have recently attracted much attention due to their
potential not only in high-temperature quantum com-
puting but also in scaling up quantum circuits by che-
mical synthesis® %, which are two important challenges
that are yet to be overcome. Addressing individual
molecular spins using the combination of electron para-
magnetic resonance (EPR) and scanning tunnelling
microscopy (STM) has been experimentally demonstrated
recently, indicating the unique potential of molecules for

Correspondence: Taoyu Zou (taoyuzou@sina.com) or

Hai Wang (haiwang@ynu.edu.cn) or Wei Wu (weiwu@ucl.ac.uk)

'School of Physics and Astronomy, Center for Optoelectronics Engineering
Research, Yunnan University, Kunming 650091, P. R. China

2School of Physical Science and Technology, Kunming University, Kunming,
Yunnan Province, P. R. China

Full list of author information is available at the end of the article

© The Author(s) 2023

QC'". Moreover, developing energy-efficient and sus-
tainable quantum technology is a crucial aspect of com-
mercialization, which would be improved by more
accessible working conditions such as high-temperature
(or even room-temperature) QC15. Recent proposals of
molecular QC platforms, which explore an optically
accessible triplet state to manipulate molecular spin
qubits, could shed light on the aforementioned key chal-
lenges in QC'®"*°. Computational design and simulations
that integrate first principles calculations and open-
quantum dynamics are important for the realization of
molecular QC networks”.

A radical molecule containing 1-spins is a natural rea-
lization of a qubit**?, An example of an organic radical,
4,4,5,5-tetramethyl-1-yloxyimidazolin-2-yl ~ (TYY), s
shown in Fig. 1a. The spin relaxation and coherence times
of such organic radicals can be very long (up to seconds)
even at high or room temperature due to weak spin-orbit
coupling and hyperfine interactions, which is beneficial
for applications in QC*°. Mediating the spin-spin
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Fig. 1 One example for the biradical systems and the spin coupling mechanism are shown. (a) TYY radical, (b) DPA spin coupler, and (c)
combined double-radical triplet system. In (d), we have shown the coherent and incoherent processes. The coherent processes include spin—spin
interactions among radicals and triplet and optical driving fields (V), while the incoherent processes include intersystem crossing and decays of the
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interaction between molecular spin qubits has been stu-
died previously based on electronic gating, e.g., using
STM tips*>°. For multiqubit gate operations, a promis-
ing route to control the interaction between spin qubits is
optical excitation'®'”. A molecule consisting of radicals
linked by an optically active spin coupler, such as
bi4,4,5,5-tetramethyl-1-yloxyimidazolin-2-yl-diphenyl-
anthracene (biTYY-DPA), as shown in Fig. 1, could be an
ideal platform for quantum gate operation. The di-phenyl
anthracene (DPA) molecule, shown in Fig. 1b, can be
excited from a singlet ground state to a triplet state via
intersystem crossing (ISC)*’, thus mediating the interac-
tion among radicals in biTYY-DPA (Fig. 1c). The ISC
process is normally very fast (e.g., nanoseconds), whereas
the lifetime of the triplet, characterized by the parameter
kggl (ktg being the decay rate from the triplet to the singlet
ground state), is usually long (e.g., milliseconds) because
the decay to the singlet ground state is forbidden due to
spin momentum conservation and hence dominated by
nonradiactive processes. This spin coupling mechanism
offers a promising route to control quantum gate opera-
tions at a time scale of ~nanoseconds and is shown in Fig.
1d. Before optical excitation, the two spin—% radicals form
a singlet and triplet, i.e., 1 ® 1 =0 & 1, which also applies
when there is singlet excitation on the spin coupler. After
optical excitation and ISC, the triplet (spin-1) is coupled
with two doublets, ie, 1®i®1=2®1®1®0 (one
quartet, two triplets, and one singlet). The four spin
manifolds are shown in Fig. 1d; here, we assume that the
coupling between them is ferromagnetic (FM, the S=2
state is the lowest manifold).

Extensive experimental efforts combining time-resolved
EPR (TREPR) and optical excitations'***7>* have been

reported to control exchange interactions in biradicals,
such as biTYY-DPA (Fig. 1c). Most TREPR experiments
can be performed at high temperature (77 K, the boiling
point of liquid nitrogen), which could facilitate the
development of more practical quantum technologies.
Previously, a first-principles calculation was carried out
for the spin-2 state of the biTYY-DPA molecule, and a
qualitative model for the spin dynamics in biradicals was
proposed®. In addition, nuclear spins have been coupled
through triplet excitation of Cgg, inspiring us to explore
radical electron spins for faster quantum-gate response’®.
To the best of the authors’ knowledge, there have been
few reports (i) considering quantitative calculation of the
exchange interaction between the transient triplet and
radicals and (ii) demonstrating simulations of the TREPR
spectra using the theory of open quantum systems>, both
of which are explored here. Our theoretical findings
provide a theoretical foundation for realizing a promising
route to assemble molecules for quantum circuits. Our
theoretical calculation results are in good agreement with
the previous experimental results. In particular, we have
proposed a molecular architecture integrated with nano-
photonic devices to scale up and control quantum cir-
cuits, thus potentially demonstrating an advancement
toward large-scale optically driven molecular quantum
computing.

Methods
First-principles density-functional-theory calculations for
exchange interactions

First-principles calculations were carried out using
hybrid exchange density function theory (HDFT) with a
6-31G basis set in the Gaussian 09 code®. The self-



Huang et al. NPG Asia Materials (2023)15:62

consistent field (SCF) procedure converged to a tolerance
of 107® au. (~0.3 Kelvin). The broken-symmetry
method®® was used to allow spins to localize on the
radicals and the convergence to a low-spin configuration.
Electronic exchange and correlation are described using
the B3LYP hybrid exchange density functional”, the
advantages of which include a partial elimination of the
electronic self-interaction error and a balance of the
tendencies to delocalize one-electron wave functions. The
B3LYP density functional has previously been shown to
provide an accurate description of the electronic structure
and magnetic properties of organic compounds®®*°,

Supposing we have two radicals and one spin coupler
and the exchange interaction dominates over both dipolar
interactions and spin-orbit coupling, then the Heisenberg
spin Hamiltonian before optical excitations reads

Ho = Jo31 - 5, (1)

where ] is the exchange interaction between radical spins
51 and 53, which can be computed as the energy difference
between the triplet and broken-symmetry (BS) states of
radicals, Jo = 2(Egiplet — Egs). When the spin coupler is in
a triplet state after optical excitations, the spin Hamilto-
nian therefore changes to

Hy=Ji5 - 5+]25 5+ /351 - 5, (2)

where J; () is defined as the exchange interaction

between radical spins ?1 (332) and the triplet spin S. Js is the
exchange interaction between two radical spins after
optical excitations. To compute J;, /5, and J3, we first find
the total energies of the states |a) = | T1M1), |b) = | ™M), |
¢y =|IM), and |d) = | I11), where 1(]) is defined as the
spin state |s =1 s, = 3(|s =1 s, = —1) of a radical and f
as |S=1, S,=1) for the spin-coupler triplet. Then, we
obtain

J1= (AEac + AEbd)/za
Jo = (AEac - AEbd)/za (3)
]3 = AEab + AEcd7

where AE;=E;—E; is defined as the energy difference
between the states with spin configurations i and j (€
{a,b,c,d}).

Note that the broken-symmetry singlet and triplet states
formed by two radical spins alone have the same spin z-
component as |b) and |c), | d), respectively, but much
lower energies, owing to the triplet excitation energy
(~ eV in general). The Kohn-Sham orbitals therefore need
to be repopulated to drive the system into |b), |c), or |d).
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If two radicals are symmetric, then E;, = E; and therefore

]IZJZZAEHC/Za (4)
]3 = AEab +AEcb-

The expectation value of the squared total spin operator

2 s 5 a2
S total = (51 + S+ ;) is 6 for the state |a) (since it is a
total spin eigenstate with S, = 2), 3 for |b) and |d), and
2 for |c). We adopted that the exchange interactions are
anti-ferromagnetic (AFM) when J> 0, while they are FM
when J < 0. The spin Hamiltonians in Eq. 1 and Eq. 2 and
the computation of the exchange interactions therein can
be generalized to the molecular structure with more
radicals.

Above, J; is equal to J, because the biTYY-DPA mole-
cule has an inversion symmetry. Jo, /1, and J3 were com-
puted for the dihedral angles between the phenyl ring and
the anthracene, ranging from 0° (coplanar) to 90° (per-
pendicular) with 10° increments. In all the calculations,
we froze the TYY radicals and rotated only the phenyl
ring, which meant that we assumed that the dihedral
angles at each end of the coupler were equal.

The time evolution of the density matrix and TR-EPR
spectra simulations
System Hamiltonian

After considering the optical driving field, the total
Hamiltonian is updated to

o~

Hop = |So>[Ho+grﬂB (S + ?)]<So|

+[SU)[Ho +g,up B - (51 + 52)](S1]
+\T1>[H1+g,u£ (31+52) (5)

+g.upB - 5 +DS +ES. - Sy)](T1|
+ V([S0){S1] + [S1) (Sol)-

where, Sy is the singlet ground state of the spin coupler, S;
is the first singlet excited state, and T  the triplet ground
state. D and E are the zero-field splittings (ZFS) for the
triplet. g, is the g-factor for the radical spin, while g, is the
g-factor for the coupler spin. V is the transition matrix
element between the ground and excited singlet states (So
and S;) due to the optical driving field. B is a static
magnetic field, and pj is the Bohr magneton. Hy and H;
are defined in Eqs. 1 and 2, respectively. Here, we assume
that the exchange interaction between radicals J, is
unchanged in the singlet excited states.

Quantum jump operators due to system-environment
couplings

To include the environmental effects on the time evo-
lution of the density matrix, we used the super operators
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(the Liuvillian) within the Markovian approximation,
leading to the Lindblad formalism. These super operators
are given as

R i PTRCT R e
Lp=> [lf Pl —51p. 0 I} (6)
u=1

where, p is the density matrix for biradicals. The
incoherent processes are described by y! (the decoher-

ence rate) and Zf (the quantum jump operator), where i
labels different decoherence processes and y labels the
operators in the process. In addition, #; is the number of
operators in each physical process i. For our system, i =1

to 5. il,z with 7, 5 = 3 is used to describe the relaxation of
- - A2
the radical spins §; and 5, as follows: [, = 3§ ,(spin-3
. 51,2 At 1 . s
lowering operator), /; =3, (spin-; raising operator),

and 2;2 = 5§} ,(the s-component of the spin-3). The §*

operator is responsible for the pure dephasing of quantum
states, wherea §" and §~ for quantum jumps. Ly with 7,
= 8 is used as a super operator to describe the relaxation
of the triplet state. We used the corresponding eight Gell-
Mann matrices for these operators. Moreover, we take
into account the spin-spin (transverse spin) relaxation®®
within the mean-field approximation induced by the
interaction between the spins in the system and those in
the environment, ie., $§5; ~ (51)S;. Hence, the T,
relaxation processes can be absorbed into the Lindblad

formalism il’z described above.

In this formulation, we have considered the ISC inLs
based on assuming that the total spin angular momentum
and its z-component are both conserved, i.e., Stora = 0 or

1 (twice), thus obtaining the following operators. Ls with
ns =7 describes the transitions from the single excited
state to the triplet state. For example, some of the
operators read Z;: |0,0)r, (0,05, and Zi =1,-1)%
(1,—1fs,. Here, we use |Sital Stotaz) to represent our
states formed in the triplet (7;) and the S; manifolds, as
shown in Fig. 1(d). Similarly, we can define the decay

operator L, (ny=7) for the transition from the triplet
state to the singlet ground state. For example, some of the

A1 2
operators read [, =10,0)s (0,0 and [, =|1,—1)g
(1, —1|;. The fifth superoperator Ls is responsible for the

spontaneous decay of the singlet excited state (S;) down
to the ground state (Sp). There are four operators (15 = 4),

including = [0,0)5,(0,0ls,, I = 1, ~1) (1, ~1|,, ) =
11,005, (1,0]s,, and I = |1,1)g,(1,1|,. All the coupling
parameters y# (i from 1 to 5) have been simplified by using

: i i i i
a 51ngle parameter Y1 = YVradical’ Y2 = Ytriplet’yB - kSt’ Vo=
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ki, andyt = k., for these five incoherent processes. In
our simulations, we set ¥ agica = 0.1 mT, Yuriplet = 0.1 mT,
ke =10 mT, k,;=0.0001 mT, and k,=10 mT. The
optical driving field is set to be 10 mT. The relaxation
times for the spins are ~ 0.1 ps, the ISC rate is on the
order of s, and the decay rate for the triplet to the singlet
ground state is on the order of us. All the g-factors are
set to 2.

The total Liuvillian and the simulation of TREPR spectra
Therefore, the total Liuvillian operator is described as

follows
dp =

ar Lp = _i[]:[opt»ﬁ] +

Zii]p (7)

where, the first part is the coherent interaction from the
effective spin Hamiltonian and optical field (see Eq. 5),
which is the commutator between the Hamiltonian and
the density matrix. The second part includes the
incoherent processes associated with relaxations and
crossovers between states (see Eq. 6). Therefore, we have
a 20 by 20 Hamiltonian matrix (4 for the singlet ground
and excited states with radicals each, 12 for the triplet
ground states with radicals), leading to a 400 by 400

Liuvillian.
41,42

The TR-EPR spectra is computed as follows

Io(t.0.6.0) = [Tr{p(6)S=(6, B)L (0, B) — wl] S (8, $))].
(8)
—total

where, S© =57 g,,, where &,,, = (—sing, cos¢, 0), is
the total spin component along the microwave field
direction, which is always perpendicular to the static
magnetic field along the €4 = (sinf cosg, sinf sing,
cosB) direction, and w is the microwave field frequency.

We have also computed the powder-averaged TREPR
spectra to compare our calculations with the experiments
in which molecules are randomly oriented®®, with the
relevant equation as follows

[(t,0) = / :de / znd(ﬁ[o(t, ©,0,0). (9)

Numerically, we use 50 points uniformly along 6 and
100 points uniformly along ¢ (5000 points in total), fol-
lowing the procedure of Easyspin®®.

Results and Discussion
DFT calculations for exchange interactions

When the spin coupler is in its ground state, the two
TYY radicals interact weakly through spin polarization
(induced by the radical spin) on the coupler. After optical
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Fig. 2 The computed spin densities and exchange interactions for biTYY-DPA are shown. The isosurfaces of spin densities in biTYY-DPA with a
dihedral angle of 0° (90°) with spin configurations |a}, |b), and |c) are shown in (@a—c) (d-f). Positive is in blue, and negative is in green. The isosurface
value is set to 0.01e/A. In (g), the exchange interactions J, (blue squares) and J; (red circles) are plotted as functions of the dihedral angle between
the anthracene and the phenyl ring. Notice that for all the angles studied here, the sign of the exchange interaction is switched by optical excitation
and ISC and that J; decreases as the dihedral angle increases owing to the suppression of the triplet wave function on DPA. On the other hand, the
dependence of J, on the dihedral angle is more complicated because the exchange interaction between radicals occurs through spin polarization.
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excitation and ISC, spin polarization on the coupler is
mostly dominated by the triplet spin, as shown in Fig.
2a—f. In our calculations, /5 is three to four orders smaller
than J, for all the dihedral angles studied (Fig. 2g). We
therefore neglect /3 in the following. When the dihedral
angle is 0°, Jo/kp is predicted to be 16.8 K and J,/k to be
—461.4 K, which is above room temperature. When the
dihedral angle is 60°, which is a geometry that has been
observed in the DPA crystal structure™, Jo/kp is predicted
to be 15.2 K and J,/kg to be —22.8 K. When the dihedral
angle is 90°, J, is computed to be negligible; however, the
dipolar interaction between the spins is estimated to be ~
10~% K as the distance between radicals is ~ 17 A, and J,/
kg is predicted to be —2.0 K. The calculation results are
consistent with the TREPR experiments for the optically
driven transient magnetic properties of biTYY-DPA,
which confirms that the radical spins are aligned after
optical excitation, as shown in the previous experiment®,
At suitable temperatures, optical excitation and ISC can
change the spin alignment of radicals from AFM to FM
with enhanced magnitude. This indicates that biTYY-
DPA not only has potential for quantum gate operations
but can also serve as an optically controlled single-
molecule magnetic switch. This structure can potentially
function at room temperature if the molecule can be
prepared with a dihedral angle smaller than 20° on a
surface, as suggested in Fig. 2g. The calculated spin den-
sities reveal the nature of the exchange interactions
between the radicals and the triplet on DPA. The spin
densities of the three spin configurations |a), |b), and |c)
for the dihedral angle of 0° (90°) are shown in Fig. 2a—c,
d—f. J; decreases as the dihedral angle is increased because
the rotation of the phenyl ring away from the coplanar
geometry suppresses the delocalization of the m—orbitals
of DPA, which dominate the wave function of the triplet
exciton. This dynamic is manifested by the much smaller

spin densities on phenyl rings with dihedral angles equal to
90° than 0°, as shown in Fig. 2d—f. The effect of phenyl
rings on spin densities implies that we could engineer
molecules to control spin densities and thus interaction
strength. In contrast to these large variations on the phenyl
rings, the spin densities on the radicals are insensitive to
the dihedral angle: Mulliken population analysis yields a
spin moment of ~0.3 yp on the nitrogen and ~0.5 uz on
the oxygen for all the dihedral angles, which indicates that
the radical spins are well preserved despite maintaining an
optical excitation on the spin coupler.

The mechanism for the strong radical-triplet exchange
interaction J; can be described using Ovchinnikov’s topo-
logical spin alternation rule for 7z-conjugated systems*>*°;
the spin-up and spin-down densities alternate on the
neighboring carbon atoms. The underlying physics of this
rule is related to the formation of spin polarization induced
by electron delocalization in a 7-conjugated system, similar
to the indirect exchange mechanism in inorganic insula-
tors*” and Lieb’s theorem for the bipartite graphene lat-
tice*®. In the |) state, the spin densities are consistent with
Ovchinnikov’s topological spin alternation rule, whereas in
the |b) and |c) states, the spin alternation pattern is vio-
lated when the spin-up densities meet at the junction
between the phenyl ring and the TYY radicals (highlighted
by the red arrows in Fig. 2b, c). Therefore, the spin-aligned
state |a) is favored, and the exchange interaction for the
triplet excited state on DPA is FM. This mechanism based
on Ovchinnikov’s rule could be used to engineer the sign
and even the magnitude of the exchange interaction, thus
facilitating the design of molecular quantum circuits.

Spin dynamics with optical excitations and TREPR spectra
simulations

We have further computed the dynamics of the whole
system based on the theory of open quantum systems
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Fig. 3 The time evolutions of the density matrix elements are shown. In a, we show the off-diagonal term (|,3)(3, — 1 |) of the reduced density
matrix element (RDME) for two radicals, which indicates the entanglement between two radicals created during this process. In b, we show the
populations for the state |%, 1,—%}, which has Rabi oscillation behavior. In ¢, we computed the magnitudes of the reduced density matrix for two
radicals as tomography. Note that we only plotted up to 0.01. We show the EPR spectra at an early stage with different exchange interactions
between radicals and triplets: d J; = — 10 mT and (e) —10° mT for a fixed static magnetic field orientation with 8 = 0° and ¢ = 0° (perpendicular to
the molecular plane). In f, powder-averaging spectra for J; = — 10 mT are shown.

described in §II B. In Fig. 3a, we show the time evolution
of the off-diagonal term (coherence) for the reduced
density matrix of the two radicals (|3,31,—3])
tracing out the triplet manifold. We observe that the
magnitude of the matrix element will increase when
applying the optical driving field and then decays slowly as
the triplet vanishes. This result supports that the
exchange interaction between radical and triplet induced
will trigger coherence or entanglement between the two
radical spins. The diagonal term (population) for the
|2,1,—1 state in the density matrix (Fig. 3b) shows
decaying Rabi oscillation characteristics, indicating the
coherence created during this process. In Fig. 3c, the
tomography for the magnitudes of the reduced density
matrix of the two radicals at the early stage (T'= 6.2 ps) of
the time evolution after applying the optical excitation has
been plotted, in which we can clearly see the nonzero off-

after

diagonal term for spin coherence. Here, |1) = |%,% L %,%R»
|2>:|%5%L|%7_%R’ 3) = %7_%L‘%’%R’ and  |4) =

3.—31|3,—3& (L and R label the radical on the left and
right, respectively). We also investigated the TREPR
spectra at the early stage (I'=6.2ps) in Fig. 3d-f. We
used different parameters for the exchange interaction
between radical and triplet, which are comparable to the
range of the exchange interactions computed by DFT, as
shown in SIII A. The exchange interaction between triplet
and radical is —10 and —10° mT for Fig. 3d and e,
respectively. We also computed the powder-averaged

spectra, as shown in Fig. 3f. The main and side peaks have
successfully been reproduced based on our open-
quantum-system modeling compared with the experi-
mental results®®. Notably, we have not distinguished
emission and absorption. For the static magnetic field (X-
band), spin anisotropy, spin relaxation rates, ISC rate, and
spontaneous decay rate, we used the same parameters as
in the previous work'’. When the exchange interaction is
smaller than the static magnetic field (~350 mT), there
are more features in the spectra than those from the much
larger exchange interaction. The side peaks stem from the
triplet state of DPA, while the central peaks (when the
exchange interaction is -10 mT) originate from the radical
spins, which are renormalized by the interactions with the
triplet on DPA. The EPR spectra for the larger exchange
interactions are saturated due to the limitation of the
magnitude of the static magnetic field, which indicates
that the EPR spectra will be dominated by the exchange
interaction between the radicals and the triplet. There-
fore, in this range of static magnetic fields, we only
observe the effect based on the spin anisotropy (D and E).
Other instruments are needed to probe the large
exchange interaction, such as inelastic neutron
scattering™®.

Prediction of the fidelity of the v/SWAP quantum gate
operation

To validate the effectiveness of the quantum gate
operations based on our aforementioned design, we
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performed calculations for the fidelities of +/SWAP
quantum gate operations as a function of the 77 decay
rate?®, The VSWAP quantum gate is defined as |a, ) —
a.6) 1411\5 2 (a,=T,1). We start from the Hamiltonian
shown in Eq. 2 of §II. Here, we neglected /3 and the ZFS
terms if assuming the exchange interactions are domi-
nant; then, this Hamiltonian is determined as follows
2 3 Jp =22

Hy=—]151-$ +§5total (10)
where we neglect the congfant terms due to 52,82, and S>.
Then, we observe that Stotal can be approximated as a
constant of 6 and thus neglected if /; is dominant in the
spin Hamiltonian such that the system stays in the
Stota = 2 manifold. Thus, we define H2 —] 151 Sz,
which can then be used to realize the vSWAP quantum
gate under the condition [ 7ge =75 +2nm. As ] is
negative, we set n=—1 to maximize the number of
quantum gate operations. Here, we assume that the
relaxation rate y of the radical is < 0.1 mT (~ms), which is
at least two orders lower than the exchange interaction J/;
here (>10mK). Then, we can determine the density
matrices resulting from the ideal gate (p;qca1) and that with
the environmental effect (pyq), which are used to
compute the fidelity Tr[p,capideal], @s a function of the
ratio between —/; and - (Fig. 4). The calculations shown
in Fig. 4 indicates that the fidelity of the SWAP
quantum gate is > 91%, which could be beneficial for
this molecule-based quantum gate operation. The other
parameters, such as zero-field splitting, might have a
minor effect on the gate operation, as the exchange
interaction J; is dominant even in the worst scenario (the

1.00

0.98
B
S 0.96
i
<

0.94

0.92

2 3 4 5 6 7
Log,o(—/1y/h)

Fig. 4 The fidelity of the v/SWAP quantum gate operation has
been computed as a function of the ratio between J; and 7
where y is the T; decay rate of radical spin—;. As we can see from
the figure, the fidelity can be higher than 91% when #/y is ~2 orders
of magnitude lower than the exchange coupling J;, which is the case
in our paper.
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dihedral angle is **). Nevertheless, their effects could be
studied in detail in the near future.

QCAD based on molecules

Quantum computer-aided design (QCAD) has recently
been proposed for supporting quantum computing
architectures based on silicon quantum dots**~>!, which
has great potential to optimize quantum circuit design,
thus improving design efficiency (although this approach
is still in its infancy). Simultaneously, research on two-
dimensional (2D) materials has surged rapidly’*>* We
therefore generalize biradicals to a tentative blueprint for
molecular quantum-circuit architecture, as shown in Fig.
5. A molecular two-qubit quantum gate has been pro-
posed and realized in the previous work reported in Ref.
23726 A two-qubit quantum gate v/SWAP mediated by
electrons controlled by an STM tip using the poly-
oxometalate molecule has been proposed®’. Similarly, a
two-qubit quantum gate ViISWAP using two single-
molecule Cr7Ni magnets is linked by a redox-active
moiety®*. Nuclear spins with electrical control, leading to
a long coherence time, have also been proposed for
quantum simulation schemes®. Two HoW;, molecular
qubits have been entangled electrically*®. These research
works are encouraging for the further design of molecular
quantum-gate networks. A two-dimensional molecular
network consists of radicals (qubits) and a spin coupler,
which can ideally be chemically bonded by suitable brid-
ging molecular structures. To assemble optimal radicals
and couplers for quantum circuits, ‘click chemistry’,
which has been extremely successful in biochemistry and
drug discovery, could provide us with a superior metho-
dology™®. Atop this molecular network, we could build
nanophotonic devices controlling the electronic states of
the spin coupler and thus the spins of radicals. The fab-
rication of optical devices for entanglement control has
been demonstrated recently by using an optical twizzer”®
Moreover, we explore the triplet excited states, i.e., pro-
moting the triplet from the ground state to the excited
state, which is expected to allow us to further separate the
radicals, ideally tens of nanometer distances, thus easing
the design and fabrication of optical devices. We could
not only take advantage of the recent development of
programmable photonic quantum circuits®’ but also
integrate spin qubits with photonics®®. Regarding the
feasibility of fabricating optical devices, one choice is to
use recently developed nanometer-size single photon
emitters, such as gold tips or nanoscale gaps on
WSe,* !, In addition, quantum calligraphy, in which
strains are encoded into 2D materials, can be used to
create and locate single-photon emitters with a precision
of nanometers®®. Additionally, nanometer-sized single
photon emitters can be fabricated by using quantum
dots®®. Another alternative for optical devices is to use
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spin
coupler

Radical

4
o]

Fig. 5 A QC architecture based on molecules and optical instruments is shown as an illustration of a more complex molecular QC network.
The fundamental physical mechanism is coupling radicals through optical excitation and ISC. Here, radicals (TYY as an example) are linked by spin
couplers (phthalocyanine molecules as an example), which could be either achieved by van der Waals forces or through chemical bonds by
designing bridging molecular structures. The optical devices working as the control unit need to be integrated with the molecular spin couplers,
such that we can program them as needed to control quantum gate operation.

organic molecules such as phthalocyanine and dibenzo-
terrylene that have very good optical emission proper-
ties””®*, which is also compatible with spin couplers, thus
further easing integration with the molecular network. As
shown in the above sections, the mediating couplings and
quantum dynamics have been calculated, which suggests
that this proposal is theoretically feasible. The persistence
of the exchange interaction between the radical and the
triplet could be problematic for read-out. Further work
will therefore be needed either to identify mechanisms
that can turn off the interaction after a defined time to
read out quantum information or to understand how to
exploit the always-on interaction to perform quantum
computation®, In addition, quantum algorithms based on
molecular qubit has been proposed, further illustrating
the great potential of molecules for QC*.

Conclusions

In this work, we computed the exchange interactions
between radicals and optically induced triplets in a bir-
adical molecule, namely biTYY-DPA, using first principles
calculations that are consistent with previous experi-
mental results of spin alignment with optical excitation.
We find that the radical-triplet exchange interactions /;
are very significantly enhanced (by approximately two
orders of magnitude on average), which indicates a
‘switching on’ phenomenon for the two-qubit interaction
by optical excitation. The time evolution of the reduced
density matrix for the radicals indicates the possibility to
create entanglement between the radicals through optical
excitation and ISC on a spin coupler. We have also

calculated the TREPR spectra based on the theory of open
quantum systems, and the results are in qualitative
agreement with previous experiments. The powder-
averaged calculation has the potential to fit the experi-
mental spectra quantitatively. Our calculations also indi-
cate that the fidelity of the v/SWAP quantum gate could
be higher than 91%, which is an encouraging outcome for
this type of design. These calculations will therefore
facilitate the design of molecular networks for quantum
computing. Our computational methodology, which
integrates  first-principles calculations and open-
quantum-system spin dynamics simulations, can be fur-
ther generalized to any radical-bearing molecules. The
work presented here thus demonstrates a universal route
to design molecular QC networks by integrating nano-
photonic devices and suitable molecules, which would
thus be made identifiable through machine learning
screening®®’. The molecular quantum circuit blueprint
proposed here not only represents progress toward the
systematic scale-up of QC networks by orders of magni-
tude but also has great potential to achieve room-
temperature quantum gate operation.
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