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Chirality-Induced Spin Selectivity: An Enabling Technology

for Quantum Applications
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Ron Naaman,* Michael R. Wasielewski,* Roberta Sessoli,* and Stefano Carretta*

Molecular spins are promising building blocks of future quantum technologies
thanks to the unparalleled flexibility provided by chemistry, which allows the
design of complex structures targeted for specific applications. However, their
weak interaction with external stimuli makes it difficult to access their state at
the single-molecule level, a fundamental tool for their use, for example, in
quantum computing and sensing. Here, an innovative solution exploiting the
interplay between chirality and magnetism using the chirality-induced spin
selectivity effect on electron transfer processes is foreseen. It is envisioned to
use a spin-to-charge conversion mechanism that can be realized by
connecting a molecular spin qubit to a dyad where an electron donor and an
electron acceptor are linked by a chiral bridge. By numerical simulations
based on realistic parameters, it is shown that the chirality-induced spin
selectivity effect could enable initialization, manipulation, and single-spin
readout of molecular qubits and qudits even at relatively high temperatures.

control and flexibility offered by chem-
istry. Molecules present many appealing
features, as outlined in Table 1. Molecular
spin qubits can show long, temperature-
resilient and engineerable coherence
times.[®1%] They are easy to control by mi-
crowave or radio-frequency pulses,[!*17-1]
which allows implementing one- and also
two-qubit gates(?®] if pairs of spin qubits are
linked together.[!-23] Moreover, they can be
assembled into very complex supramolec-
ular structures with tailored interactions.
This enables the chemical engineering of
their magnetic properties(?22*?1 for spe-
cific quantum algorithms, as demonstrated
for the Grover’s algorithm implemented
on the nuclear spin of a single TbPc,

1. Introduction

The total electronic spin of a molecule (hereafter molecular spin)
is a prototypical quantum object of great relevance for quantum
technologies,!'! especially to exploit the unparalleled degree of

molecule.[?8:2]

Most importantly, they can display many
accessible levels providing multilevel elementary units (qu-
dit) that increase the power of quantum logic*#/] and
support quantum error correction embedded within single
molecules.32344849] The ingenious design of the electronic struc-
ture has also enabled a promising step toward optical initial-
ization and readout of molecular spin qubits with interesting
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Table 1. Potential of molecular spin qubits.
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Each column refers to a different achievement/capability. In the different rows, we report the experimental results/schemes, the related molecular structures, and the relevant
references. i) Very long coherence times stable up to room temperature,['*3% close to ms for V4* complexes with nuclear spin free ligands,[®! and tunable with suitable
experimental conditions, such as the magnetic field close to atomic-clock transitions.”} (Top figure in (i): adapted with permission.[’] Copyright 2016, American Chemical
Society). i) The possibility to link qubits together to implement entangling quantum gates,[2'-23] for example, by pulse electron paramagnetic resonance techniques.?°]
iii) The capability to chemically engineer the spin Hamiltonian to meet requirements for the implementation of specific algorithms!?’31l (Top figure in (iii): adapted with
permission.[?’] Copyright 2022, American Chemical Society). iv) Implementation of quantum algorithms (such as Grover’s) on molecular spin qudits.!?8] (Top figure in (iv):
reproduced with permission.[?!] Copyright 2017, American Physical Society). v) Potential of molecular spins to provide many accessible levels which can be exploited to embed
quantum error-correction! 73233 suppressing pure-dephasing by orders of magnitude.3#! (Top figure in (v): adapted with permission.[3*] Copyright 2022, American Chemical
Society). vi) Processability into hybrid structures and organization onto metallic and superconducting surfaces, 3> tuning their coupling with the substrate, while keeping
their magnetic properties and enabling manipulation of electronic“!l and nuclear spins.[?] Color code for molecular structures: C gray; N pale blue, O red, S yellow, V purple,
Cu orange, Ni and Cr blue, Tb cyan, lanthanides in (v) green and white.

perspectives for integration in quantum networks.®5!l Finally,  of molecular spins with external magnetic (or electric) fields may
molecular spins can be processed into hybrid structures  limit some applications in quantum technologies to low temper-
and organized on surfaces*****#I! or within superconducting  atures and constitutes a potential limitation for the read-out of
resonators.[14244] the spin state in single molecules.

In this context, spin-correlated radical pairs (RPs) generated by We envision here an original solution for this problem in
photoinduced electron transfer (PET) have also been proposed  the combination of spin and chirality through the still relatively
for quantum information, because of their natural existence in  unexplored chirality-induced spin selectivity (CISS) effect.[53=7]
entangled Bell states and the possibility of achieving atomic-scale ~ The phenomenon was first observed in transport measurements:
control and interaction with other degrees of freedom, such as  if an electron subject to an electric bias travels through a chi-
photons, charges and phonons.>? However, the weak interaction  ral medium, transmission is favored for a certain projection of
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the spin of the electron along the chiral axis and suppressed
for the other. Which orientation is preferred depends on the
chirality handedness and on the direction of electron’s mo-
tion. Remarkably, no magnetic field is required and CISS is
very effective even at room temperature. Further experimental
pieces of evidence have emerged in very different setups with
no steady-state currentl®*!l and even in PET through a chiral
bridge.[%?) However, these numerous experimental demonstra-
tions have not yet converged into a unified theoretical descrip-
tion of the phenomenon,[®}! although important advances have
recently been made.l®%) To make substantial progress in this di-
rection, we should start from the observation of CISS in PETI®2]
and significantly simplify the experimental setup. In particu-
lar, one should remove all inessential ingredients such as metal
leads, magnets, and other complex interfaces and focus on a chi-
ral bridge linking an electron donor and an electron acceptor.
Targeted magnetic resonance experiments can then be designed
to assess the state of the spin wavefunction after PETI®”77% and
hence unravel the nature of CISS. This will be the starting point
to bring CISS and its potential applications to the single-molecule
level. Because of CISS, PET will then result in a locally spin-
polarized charge-separated state after the electron has crossed the
chiral linker.

By adding a molecular spin qubit to the electron
donor/acceptor pair it will be possible to transform CISS in
a quantum-enabling technology. As proposed in this perspective,
CISS has the potential to transduce the spin information into
charge information because the electron is preferentially trans-
mitted if it has the right spin orientation. Since the charge is
much easier to read, this allows us to conceive a setup for single-
molecule initialization and readout. Moreover, this spin selection
and transduction should also work at room temperature.

In the following, we first provide a brief overview of the
most important achievements in the use of photoinduced spin-
correlated RPs for quantum technologies. Next, we summarize
the main experimental demonstrations of CISS and recent efforts
toward its quantum detection at the molecular level, which repre-
sents the starting point for applications in quantum technologies.
We then show by numerical simulations that high-temperature
initialization, readout of individual molecular qubits, and
one- and two-qubit gates could be achieved on the proposed archi-
tecture. We include the most important sources of errors (such as
charge-recombination, dephasing, and relaxation), finding very
promising results in the aforementioned quantum information
processing steps. We then discuss the chemical tools and chal-
lenges to actually implement the proposed architectures.

2. Electron Transfer for Quantum Technologies

Electron spins are good qubits because their two spin states con-
stitute the quintessential two-level quantum system and they of-
ten display sizable coherence times. In addition, coupling two
or more spins via the spin-spin exchange (J) and/or dipolar
(D) interactions results in rich spin physics that allows gen-
erating quantum entanglement and implementing fundamen-
tal two-qubit operations. Based on the DiVincenzo criteria,”!] a
critical requirement for a physical qubit is the preparation of a
pure initial state. In addition, the preparation of two-qubit entan-
gled states is necessary to execute fundamental quantum oper-
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Figure 1. Scheme of the ET process. a) Energy level diagram for the
states involved in PET after photoexcitation of the donor D in a donor—
bridge—acceptor system. '*D-A denotes the excited singlet state of D,
'[D+—A~"]is the initial singlet pair state after PET, which coherently mixes
with the 3[DJr‘—A"] triplet pair state, and >D-A, D-3A are the molecular
triplet states of D, A, respectively after electron recombination. b) Sketch
of the Zeeman splitting of the four RP states resulting from the exchange
interaction (J) between the two photogenerated spins. c) Sketch of the
RP eigenstates at a specific magnetic field strength depicting the two un-
populated [T, ) (red) and [T_;) states and the two states |®,) and |®p)
(purple), which are linear combinations of [Ty) and |S). They are populated
according to their singlet character |(S|®, g)|?. The singlet—triplet mixing
due to Larmor frequency difference w on D an A is indicated. d) trEPR spec-
trum with emissive (Em) and enhanced absorptive (Abs) features of the

photoinduced RP state P8+6'5Q; in photosynthetic reaction centers from

Rhodobacter sphaeroides. Data taken from ref. [81] where experimental de-
tails are given.

ations. These goals are difficult to achieve using the Boltzmann
populations of the electron spin states because the energy gap be-
tween the states is small. For example, achieving >95% spin po-
larization requires millikelvin temperatures. In addition, if one
uses the Zeeman interaction to increase the energy gap, even
magnetic field strengths of about 10 T still require temperatures
on the order of 4 K.

Photoexcitation of an electron donor molecule (D) (Figure 1a)
or an electron acceptor molecule (A) results in rapid charge sepa-
ration to create a D¥'A™ RP provided the charge transfer step has
anegative free energy and the coupling between the two moieties
is sufficiently strong, a process well described by electron transfer
theory.”?7¢] In the absence of chiral media, fast electron trans-
fer is considered to be spin conserving and the RP state inherits
the spin state of the precursor molecular excited state, typically
the excited singlet state of Figure 1a. This yields a population
of the eigenstates of the RP far from Boltzmann equilibrium.
Therefore, these states are referred to as spin-polarized RP
states.l”’-8% At high magnetic field, two of the RP eigenstates are
pure triplet states (|T,), |T_), Figure 1b,c) and remain unpop-
ulated in the case of a singlet precursor. Conversely, due to the
different magnetic environments (Zeeman and hyperfine inter-
actions) in D and A, the two remaining eigenstates |®, ;) are in
general linear combinations of the third triplet state (|T,)) and
the singlet state (|S)) and are populated according to their singlet
character [(S|®@, ;)|* (Figure 1c).
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While optical spectroscopies are instrumental to characterize
the kinetics and yields of PET down to the femtosecond time
domain, they are typically insensitive to the spin properties of
the RP state discussed above.[82-%] This information can advanta-
geously be provided by time-resolved electron paramagnetic reso-
nance spectroscopy (EPR) techniques, transient EPR (trEPR) and
pulsed EPR. The spin states of PET-induced RP show rather pe-
culiar properties in both time-resolved EPR techniques.®¢%7] In
addition, optically detected magnetic resonance (ODMR) can pro-
vide the sensitivity advantages of optical detection along with the
ability to probe spin properties.38]

The trEPR approach!®! uses continuous microwave (cw) irra-
diation, omits the magnetic field modulation/lock-in detection
necessary in conventional cwEPR for sensitivity reasons, and
gains time resolution by exploiting a light flash <10 ns and a
broad bandwidth EPR resonator. Thus, trEPR is closely related
to flash-induced absorbance spectroscopy with the continuous
probe light replaced by microwave radiation for probing mag-
netic instead of electric dipole transitions. Experiments are per-
formed by recording the transient response of the light-induced
out-of-equilibrium state, for example, 3D/3A triplet states or RPs,
at a fixed external magnetic field and successively stepping the
magnetic field through the spectral width of the species of inter-
est (for a review see, e.g., ref. [90]). The technique allows for a
time resolution of ~10 ns and is thus excellently suited to report
the spin state of RPs.

Pulsed EPR on such systems adds the exciting light pulse and
an additional variable time delay as elements to the repertoire of
pulse sequences. The unique singlet-born RP population with its
net zero integral EPR intensity results, for example, in a phase
shift of the spin echo signal with a characteristic intensity mod-
ulation (out-of-phase electron spin echo envelope modulation,
OOP-ESEEM) in which is encoded the spin-spin coupling of the
RP.[87'91’92]

The non-Boltzmann population of spin states of the photoin-
duced RP results in highly characteristic features of enhanced
absorption (Abs) and emission (Em) signals in trEPR (Figure 1d)
with a net zero integral intensity over the whole spectral range.
The initial spin state after the ET process also contains coher-
ences between the eigenstates such that an overall singlet state
(total spin S = 0) is preserved. As discussed above, this pure sin-
glet state is in general not an eigenstate of the RP due to the
different magnetic environments in D and A. Consequently, the
overall spin state oscillates between singlet (S) and triplet (T,)
(Figure 1a,c). This phenomenon of coherent singlet-triplet oscil-
lations has been predicted to be observable by trEPR on RP states
in photosynthetic reaction centers.®] It has been experimen-
tally shown for the RP states consisting of the oxidized primary
donor and the reduced (primary) quinone acceptor in photosys-
tem I (PY; A7) and in a bacterial reaction center (Py; Q)" at
ambient and cryogenic temperatures, respectively, and later also
on a molecular triad.*]

Recently, it has been shown that photogenerated RPs can be
used for spin state teleportation in molecular triads consisting
of a DA pair and an attached stable radical as a qubit (Q).[%6%I
Photoexcitation of D results initially in the state DA~ Q’, with
D* A~ generated in an entangled singlet |S), while Q is placed
in an arbitrary spin state |y) using a microwave pulse before the
photoexcitation (Figure 2a). The spontaneous ultrafast ET reac-
tion DYA~Q — D*AQ™ constitutes a Bell state measurement
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Figure 2. a) Quantum teleportation of the spin state |y) of radical Q" to
D*' by exploiting the initial singlet pair shared by D and A (generated by a
previous ET, not shown) and the subsequent ET from A~ to Q, which acts
as a quantum measurement in the Bell (singlet—triplet AQ) basis. b) By
selecting the |S) product state on Q~, the former state of Q" is teleported
to Dt

on AQ, as reported in Figure 2b. In the case of fast recombina-
tion of the triplet subensemble,*”) the final spin state of D* is the
same |y) of Q before the electron transfer steps (Figure 2), thus
achieving quantum state teleportation. Quantum state tomogra-
phy of the initial Q" and final D* spin states using pulse-EPR
spectroscopy shows that the spin state of Q is indeed teleported
to D* with high fidelity.””! Extensions of this strategy may be
able to transfer a spin state coherently across the 10-1000 nm
distances that are important for quantum interconnects. Further-
more, a photoexcited RP can polarize a third spin,[*-192] and serve
to implement a CNOT gate.'! In addition, using g-factor en-
gineering, individual spin qubit addressability can be achieved
within a RP system.[104-10¢]

Concluding this section, we stress that the spin polarization
induced by spin state preserving ET in achiral media is a two-
spin property—leading to non-Boltzmann population of the four
spin states of the pair—but does not correspond to a single-spin
polarization. Conversely, the action of CISS on transmitted elec-
trons provides this single-spin polarization and opens a variety of
promising possibilities for quantum technologies, as discussed
in the next sections.

3. Chirality-Induced Spin Selectivity

The CISS effect is a process in which the motion of an electron
within a chiral potential is spin selective.[!”] The effect exists
also when the charge is reorganized within a chiral material, as a
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Figure 3. a) Schematic of the mc-AFM set-up used to detect CISS. The ferromagnetic substrate injecting spin-polarized electrons in the monolayer of
chiral molecules is magnetized up or down with an external magnet. b) The average current versus voltage (V) curves obtained for oligomers of dsDNA
for up (/,, blue) or down (I, red) magnetization of the magnet. c,d) Histogram summary of spin polarization, P = [(I, — I4)/ (I, + I4)] X 100 for various
lengths of ¢) dsDNA and d) oligopeptide all measured at 2 V. €) Length dependence of the current measured for ds-DNA. The data shown are for a
bias voltage of 1V, when the substrate magnetization points up (black squares) or down (red circles). The slopes of the linear fits are in a ratio of three
to one. Namely, the damping factor for transporting the unfavored spin decays three times faster than that of the favored spin. b-e) Reproduced with

permission.l1%! Copyright 2020, American Chemical Society.

result of applying an external electric field or of the interaction
between the chiral object and another object.

Figure 3 presents the results of spin selective transport
obtained with magnetic conducting atomic force microscopy
(mc-AFM).541%8] The substrate was a thin Ni film on top of which
a few nm thick gold film layer was deposited. Figure 3b presents
an example of experimental I versus V curves. Two phenomena
can be recognized: first, the curves clearly show a nonlinear de-
pendence of the current on the voltage, and second, the currents
increase differently depending if the Ni film is magnetized up
or down.[1971%] Figures 3c,d present the histogram summary
of spin polarization for various lengths of double-stranded (ds)
DNA and oligopeptides, respectively. Whereas the polarization
measured for the two types of molecules is very similar, the
polarization per unit length is about four times larger for the
oligopeptides versus the dsDNA. The length dependence of
the current measured for dsDNA is shown in Figure 3e. The
slopes of the linear fits are in a ratio of three to one. Namely,
the damping factor for transporting the unfavored spin decays
three times faster than that of the favored spin. The observed
behavior points to: i) A different barrier for injecting electrons
with opposite spins into the chiral molecules; ii) The spins do not
flip within the molecules, since such flipping would manifest
into the same injection voltage for the two measured spins; iii)

Adv. Mater. 2023, 2300472 2300472 (5 of 19)

The coupling of the linear momentum of the electron with its
spin enhances conduction by protecting from back scattering.

Remarkably, very high spin polarization at room temper-
ature was observed in various systems, for example, up to
about 90% in supramolecular wires.[''%] Similar values were ob-
tained for 2D chiral hybrid lead-iodide perovskites(!'] and in
chiral hybrid copper halides.[''?] Close to 100% spin polariza-
tion was also observed in metal-organic frameworks (MOF).[113]
The phenomenon of spin selectivity was observed also for sin-
gle molecules using break junctions with scanning tunnel-
ing microscopy (STM)I®!l or by measuring a single helicene
molecule by AFMI['*] However, neighboring molecules can
also play a key role. A recent study showed that the orga-
nization of a monolayer affects the magnitude of the spin
polarization.['**]

There is an extensive debate on the role of spin—orbit coupling
on the leads in inducing the CISS effect.[!*!11¢] In photoemission,
the CISS effect was shown to depend only weakly on the spin—
orbit coupling of the substrate,!!'] but recent results may suggest
a strong dependence on the substrate properties.!'!®] This exem-
plifies the importance of simplifying the setup in order to gain a
deeper understanding of the origin of CISS.

When a chiral system is in its singlet state, namely all
electrons are paired, and an electric field is applied, charge
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polarization occurs and it is accompanied by transient spin
polarization.[''] Tt is important to appreciate that since the elec-
tron density displaced in the chiral medium has a preferred
spin, this motion breaks the entanglement. The extent of dis-
entanglement in the singlet system depends on the amount of
electron density that is displaced. The same argument holds
for photoexcitation of chiral system that results in electron
transfer. Also in this case, the entanglement of the electrons
in the initial singlet state is broken. An interesting case is
the study on the photosystem I, where it was shownl®?! that
photoexcitation of the chiral system results in spin-selective
transport.[*+120121] Additional strong evidence of spin selectivity
for electron transfer through chiral molecules is the tenfold dif-
ference in electron-transfer rates between quantum dots (QDs)
in chiral QD assemblies upon excitation with opposite circular
polarization of the light.[22]

Although the spin polarization that accompanies charge polar-
ization is a transient effect, the polarization can be stabilized by
interaction with a ferromagnetic substrate or with another chiral
system. It is important to appreciate that the interaction of two
objects always involves charge reorganization due to their differ-
ent electrochemical potentials and dispersive forces, for example,
induced-dipole-induced-dipole interaction. Hence, if the two sys-
tems that interact are chiral, they become spin polarized during
the collision and the spin-exchange energy can either stabilize
or destabilize the combined system.!'?}] If the chiral system in-
teracts with a ferromagnetic substrate, the transiently polarized
spins in the chiral system may interact with the ferromagnet’s
spins by spin exchange. This interaction is responsible for enan-
tiospecific interaction of chiral molecules with ferromagnets!®!
and for enantioselective crystallization on those surfaces.['?*] The
spin-exchange interaction can even realign the spin in the fer-
romagnetic domains, and the binding of the chiral system to
the surface will result in stabilizing the spin polarization in the
system.[12]

To conclude this section, we note that one of the most pecu-
liar features of CISS is the clear enhancement of the effect with
increasing temperature, as shown in ref. [126]. This suggests the
crucial role vibrations could play in explaining the phenomenon,
as pointed out by Fransson!®>%126] and by a recent work on the
interplay between spin-orbit coupling and nuclear motion in
ET [127]

4. Quantum Detection of CISS

The investigation of CISS in PET processes has several ad-
vantages but has remained mostly unexplored. Indeed, CISS
could be detected at the molecular level and not in complex het-
erostructures, thus focusing on the main player, that is, the chiral
molecule. Moreover, the use of magnetic resonance would en-
able for the first time direct access to the electron state after CISS
by performing a full tomography. This in turn would finally re-
veal the true nature of CISS and provide the missing information
needed for a sound understanding of the phenomenon.

The first model of the CISS effect in PET reactions was pro-
posed in ref. [67], based on the solution of the Nakajima—Zwanzig
equation with coupling between the two charge transfer states in-
cluding spin-orbit interaction. With these assumptions, the CISS
effect translates into a rotation of the spin of the transferred elec-
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Figure 4. a—e) Quantum detection of CISS in PET by magnetic resonance
in an isotropic solution of D—y—A molecules (a—c) or using a qubit as a
sensor of the transferred polarization in an oriented sample (d,e). Simu-
lated time and magnetic field (B) dependence of the trEPR signal for differ-
ent precursor states: b) a pure singlet, c) a polarized state originating from
100% CISS. d) Scheme of the donor (D), chiral bridge (), acceptor (A),
qubit (Q) system proposed to detect spin polarization on A after ET. The
magnetic field B is parallel to the y axis and dipolar interactions between
DA Jpa and AQ Jaq are assumed. e) Integrated trEPR Q-band spectrum,
showing the Q signal at higher field (g = 1.96 as for VO) and that of DA
(gp,a = 8. ¥ 0.001) at low field, with Q initially in [Lg). In the absence of
CISS, black line and singlet state for the D/A pair, the Q signal is split into
two lines. CISS-induced full polarization results in the disappearance of
one of the two qubit excitations, depending on the enantiomer (red and
blue lines). Adapted with permission.[®?] Copyright 2021, American Chem.-
ical Society.

tron giving rise to spin coherence and not to spin polarization.
The latter can be detected by the OOP-ESEEM EPR experiment.
Later on, an alternative mechanism was proposed, which dynam-
ically produces spin polarization in incoherent PET through an
intermediate state and is mediated by both spin—orbit and ex-
change interaction between spins of the RP.[128]

As first proposed in ref. [68], polarization effects in PET could
be detected on oriented samples of chiral molecules, either by
comparing spectra recorded with the magnetic field parallel or
perpendicular to the chiral axis or in the in-phase channel of an
OOP-ESEEM measurement. Moreover, the model proposed in
ref. [68] for CISS in forward and backward ET reactions breaks
time-reversal symmetry and leads to a dependence of the recom-
bination yield on the magnetic field orientation.

A significant simplification of the setup was proposed in
ref. [69]. Indeed, it was shown that one can unveil the occurrence
of CISS in the short-time trEPR spectrum even of a randomly
oriented solution (Figure 4a) of donor—(chiral bridge)—acceptor
units (D-y—A hereafter), in presence of an anisotropic (e.g., dipo-
lar) spin—spin donor—acceptor interaction . The different initial
populations between the isotropic singlet (|S)) and the highly
anisotropic polarized state |1]) expected for CISS give rise to an
opposite order in the absorption/emission peaks (Figure 4b,c).
Indeed, 2 CISS filtering gives rise to a different population of
the eigenstates depending on the orientation of the chiral axis
x with respect to the magnetic field B, and in particular to a
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prevalence of the population of T, and T_ compared to T, for
x1B. This eventually yields an opposite Abs/Em pattern com-
pared to the singlet precursor in the spherical average.

A deeper insight into the state of the RP wavefunction after
ET through a chiral linker can be gained®! by considering an
ordered system of D—y—A molecules in a magnetic field parallel
to the y axis and with a molecular spin qubit (Q) linked to the
acceptor, as sketched in Figure 4d. The latter acts as a coherent
sensor of the polarization of the RP after PET. Hereafter we focus
on this setup, which constitutes the elementary building-block of
the quantum computing architecture proposed below.

To simplify the discussion we assume from now on a sin-
glet state precursor with negligible inter-system crossing. The
trEPR signal (S,) is shown in Figure 4e, for different possible
states of the RP at the beginning of the measurement and with
the qubit initially in ||4). The black line corresponds to the [S)
state for the RP, while the red and blue traces indicate polarized
spin states with opposite polarizations (|1, ) and [IpT4)), as ex-
pected from CISS acting as a spin filter.[”:%8] By focusing on the
qubit signal, at higher field in our simulation, one can clearly dis-
tinguish the three RP states. Indeed, if both acceptor spin states
are populated, the peak corresponding to a bare excitation of the
qubit (green arrow in Figure 4e) is split by the A-Q coupling.
In the case of a completely non-polarized A state, the polariza-
tion p = —2Tr[ps*] = 0, thus the relative intensity of the two peaks
is approximately the same. By varying p, their relative intensity
changes, until one of them completely disappears in case of a
completely polarizing (p = +1) CISS effect. Changing the enan-
tiomer changes the sign of p and hence swaps the relative inten-
sity of the two peaks. Interesting information can also be gained
from the DA signal at lower field in Figure 4e, where the four
transitions occurring for the singlet (see Figure 1c) are reduced to
only two intense peaks (one in absorption and the other in emis-
sion) for p = +1. It is finally worth mentioning that equivalent
knowledge could be obtained from broadband nuclear magnetic
resonance (NMR) experiments,[®®] where a nuclear spin hyper-
fine coupled to the acceptor electronic spin works as a probe of
A polarization.

The same setup can also be exploited to transfer polarization
from A to Q by a simple sequence of resonant microwave (mw)
pulses, as described in the next section. The detection of trEPR
spectrum after this process would provide another way to identify
clear signatures of CISS, as described in ref. [69].

5. CISS-Mediated Initialization and Readout of
Single Molecules

As already mentioned, CISS effect is still not well understood
from a theoretical point of view,!%}] although recent progress has
been made.[%>¢0126] Here we envisage how CISS could be ex-
ploited as an enabling technology for quantum applications, re-
lying on general characteristics of the phenomenon. The latter
is phenomenologically described as in refs. [68, 69], without re-
ferring to a specific microscopic model. In particular, we propose
exploiting CISS to initialize, implement two-qubit gates and read-
out the state of individual molecular spins. Besides microwaves,
we plan the use of an electric field as a manipulation tool to facil-
itate ET or induce recombination.
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5.1. Initialization of Molecular Spins

The need for ultralow temperatures to faithfully initialize qubits
is a major limitation of most current technologies for quantum
computing. Conversely, operating qubits above He liquid tem-
peratures would allow one to reduce the required cooling power
by orders of magnitude.l'??] Here we illustrate a method (in the
line of ref. [69]) for transferring spin polarization from A to Q by
a simple sequence of resonant microwave (mw) pulses, which
works even at high temperatures. Indeed, as remarked above,
both CISS-induced polarization!'?® and coherence of molecular
spin qubits (such as VO?* or Cu?* complexes) are very large even
at room temperature.[!33]

The two # pulses (LII) needed for such a polarization trans-
fer are schematically shown in Figure 5a, where thick lines rep-
resent the initial population of the AQ pair energy levels, while
the inactive state of D is omitted for clarity. From now on, we
use the quantum computing notation |}) = |0) and 1) = [1). We
start from a fully polarized state of A after PET, while the two
states of Q are (almost) equally populated. After pulses I and II in
Figure 5a, Q is fully polarized and A is in a mixed state.!'3]

The corresponding simulation is reported in the blue-shaded
area of Figure 5b and demonstrates that high-fidelity initializa-
tion can be achieved even by assuming coherence (T,) and relax-
ation times (T;) typical of molecular spin qubits at room tem-
perature. Indeed, starting with a perfectly polarized state with
(s#)=1/2and (s2) = 0, by applying a pair of resonant Gaussian
pulses (sketched in the bottom part of the figure) with peak am-
plitude 30-50 G lasting about 20 ns, we get (s2) close to 1/2 (with
an error below 1%). In the simulations we are considering a Cu®*
qubit, g, =(2.1,2.1,2.3), ina magnetic field of 1.05 T, typical of Q-
band EPR. This ensures well-factorized eigenstates for the three
spins. The qubit is coupled to the acceptor through isotropic ex-
change J,o, = —0.02 cm™" (but dipole—dipole interaction would
work as well) and with T, = 0.6 ps as reported in ref. [30] for a
Cu?* qubit at room temperature. Spin dephasing on D/A was in-
cluded using reasonable values of 1 ps, as well as spin-selective
charge recombination with rate 0.1 us~'.

Having initialized the state of the qubit, logical quantum oper-
ations can be implemented. For instance, we can employ pulses
resonant with the qubit transitions (II and III in the right panel
of Figure 5a) to implement single-qubit rotations R, ,(8) of arbi-
trary angles about x or y axis. In particular, we show in the yellow-
shaded region of Figure 5b an R (7) gate, bringing (s2) from
1/2 to —1/2. After qubit manipulations, quantum information
can be swapped back to the acceptor spin by reversing the pulse
sequence used for qubit initialization (right red-shaded area in
Figure 5b). Results of this “back-swap” are shown for the two
logical states of the qubit. This is the first step for reading out the
qubit state by spin-to-charge conversion induced by spin-selective
recombination!®] (see next subsection) and to initialize a multi-
level molecular spin (qudit).

Qudits represent a crucial resource of molecular spins for
quantum error correction and computing.[*l Hence, it is worth
exploring a way to initialize also these multilevel systems. If we
start from a polarized spin 1/2 acceptor as in the sequence of
Figure 5a, we can only initialize another two-level system. In
fact, at the end of the pulse sequence, A is in a mixed and not
polarized state. The problem can be circumvented by using an
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Figure 5. a) Sequence of pulses addressing specific transitions of the AQ
spin pair (with [1) = |0) and |1) = |1)), where the state of D has been
omitted. Blue (red) colors refer to A(Q), while level thickness indicates
the population of each level before the reported pulse. After pulses | and
Il for initialization, the states of [10) and |01) have been swapped and
single-qubit gates can be implemented (dashed double-arrows in the last
panel). b) Time evolution of the expectation value of the local spin s, for
Jj=A (blue) and j =Q, subject to the sequence of pulses (sketched below)
needed to initialize Q (blue shaded area), to implement a single-qubit ro-
tation on Q (corresponding to a spin flip, yellow shaded) and to swap back
the logical state from Q to A (red-shaded region). The latter is reported for
the two logical states of the qubit (solid vs dashed lines). c) Scaling of the
estimated number of pulses and recombination-charge separation (RS)
to fully polarize a molecular spin qudit S. The number of RS steps is indi-
cated by different colors and the total duration of the scheme is displayed
in units of the duration 7 of a single mw z pulse (=10 ns). Results are
computed by assuming simultaneous mw pulses to address independent
transitions and by neglecting the much smaller time required for RS steps.

external knob (such as an electric field or a laser pulse, see
below) to induce charge recombination and, subsequently, an-
other charge separation. By inducing this charge recombination—
separation (RS) process through y, the traveling electron is repo-
larized. Therefore, this tool can be exploited to initialize a spin
qudit by a multistep procedure. To this end, we have designed
a sequence of mw pulses and RS steps allowing to fully polar-
ize a spin S system (with 25 + 1 levels) and we have investigated
the scaling of required resources by increasing S. Remarkably, as
shown in Figure 5c, both the number of RS steps and the overall
duration of the initialization process show a slow increase with S.
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Given the fast ET (sub-nanosecond), the total time of the initial-
ization practically coincides with the duration of the mw pulses
(each lasting ~10 ns), implemented in parallel for transitions be-
tween independent pairs of levels.

The scheme presented in Figure 5c requires the capability to
drive charge recombination by an external manipulation tool.
Two different routes can be envisaged for such a task: the first
possibility is to use light to photoexcite the acceptor, thus pro-
viding the driving force for fast recombination.®>3!] The sec-
ond one is to exploit an electric field to modulate electron trans-
fer rates by changing the energy levels of donor and/or acceptor
and hence the activation energy. In fact, in Marcus’ theory this
can lead to an exponential modulation of the electron transfer
rates, 32133 with a variation of several orders of magnitude in a
reasonable electric field range. The latter can be turned on and off
on ns timescalel'3*13] by exploiting pulsed electric-field technol-
ogy used for instance to study biological systems.[!**] The same
method can also be exploited to facilitate PET in case of rather
long yx bridges that are typically employed to enhance spin selec-
tivity. Besides qudit initialization, the possibility of inducing for-
ward and backward ET at will also enables single-spin readout,
as described below.

5.2. Readout by Spin-to-Charge Conversion

We now illustrate how to exploit spin-selective recombination
due to the CISS effect to convert the spin into charge information.
The scheme is based on the simple phenomenological model of
CISS on reverse electron transfer proposed in ref. [68]. Such a
mechanism would allow the readout of a single molecular spin
in analogy to what is currently done in semiconductor qubits,
but at significantly higher temperatures. Indeed, spin-to-charge
conversion is the most established readout method for quantum
dots (QDs) or impurity donors in semiconductors.!'3”] Two of the
state-of-the-art techniques are reported in Figure 6a,b: the charge
displacement between a semiconductor qubit (SC-Q) and either
a reservoir (a) or a single-electron transistor (SET, yellow sphere
(b)) is made spin dependent by electrically tuning the electro-
chemical potential of the reservoir or of the SET.

We focus on the first method, described in Figure 6a. In an
applied magnetic field, the two states of a single spin 1/2 QD used
to encode a qubit are split by the Zeeman interaction. Hence,
also the respective chemical potentials u, and u, (representing
the energy required to add an electron with either spin 1 or |
to the QD) are different. Then, the electrochemical potential of a
nearby electron reservoir uy is set such that u; < uy < ;. In these
conditions, if the QD is in state |]), tunneling out from the QD
is prevented by Coulomb blockade because all the levels in the
reservoir are filled at that energy. Only if the QD is in state |1) it
will tunnel from the QD into empty states of the reservoir. The
associated charge displacement (occurring only for one of the two
qubit states) changes the electrostatic potential in its proximity
and can therefore be recorded by a nearby electrometer, such as a
quantum point contact,**1*!l another quantum dot!'*?! or a SET,
as shown in Figure 6a. Usually, a peak in the current, for example,
flowing through the SET as in Figure 6a, is measured as soon as
the charge on the QD changes. The current returns to its original
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Figure 6. a,b) State-of-the-art methods for readout based on spin-to-charge conversion in quantum dots or dopants in semiconductors. Here the tun-
neling of the semiconductor qubit (SC-Q) either to a nearby reservoir (a) or to a SET (b) is made spin dependent by energy selection based on Zeeman
splitting. In both cases, this yields a peak in the current flowing through the SET. c—f) CISS-based spin-charge locking and associated scheme to readout
the state of a single molecular spin by measuring the current through the SET. The situations corresponding to the two possible states of the qubit
(t=11g) and | = |0g)) are sketched in the yellow and gray shaded area, respectively, with time increasing from top to bottom. c) After swapping the
qubit state to the acceptor, if the qubit is in | 1q) it is blocked by CISS, d) while it is allowed to recombine only if it is in |0p). ) The charged radical pair
generates an electric field which shifts the electrochemical potential of the dot uy, thus preventing the current to flow, f) while in the recombined DA
state, the donor is neutral and current flows through the dot. g) Corresponding simulation of the current as a function of the bias voltage, for neutral
(continuous lines) and charged (dashed) DA at different temperatures T. h) Readout error as a function of T, computed at the bias voltage indicated by
the vertical line. In the simulations we assume a CdSe quantum dot with uy = (N — 1/2)U + € — eV,,, where N is the excess number of electrons, U is
the charging energy of the dot, € the orbital level spacing, and V, a gate voltage.['38] For a small-size CdSe dot of diameter ~6 nm it is reasonable to set
U =50 meV, e = 1 meV(* and a gate potential eV, = 20 meV.

value as soon as a new electron tunneling from the reservoir to ~ CISS effect, such a recombination is spin selective and only oc-
the QD reinitializes it into its || ) state. curs if the electron on A is in a specific spin state, as illus-
Alternatively, a SET can act both as charge detector and trated in Figure 6¢c,d. Following the simulations of Figure 5b
reservoir, as usually done when qubits are shallow donors in  (where the |) =|1) state was favored in the charge separa-
semiconductors!'*l and depicted in Figure 6b. Again, energy se-  tion process) here we consider selection of ||) = |0) state in the
lection based on the Zeeman splitting is exploited to enable tun-  recombination.
neling from the donor qubit (green sphere) to the SET only for After spin-selective recombination, the two different spin
one of the two qubit states (|1)), a condition that activates a cur-  states of the qubit correspond to two different charge states of
rent through the SET. The current is then blocked again by a dif-  the DA dyad and can be distinguished by measuring the current
ferent electron tunneling back later onto the donor. Other spin-  through the SET. Indeed, the charge separation (CS) in D*'A™
to-charge conversion methods exist (based for instance on Pauli ~ generates a gate voltage V, on the SET, which is absent for the
exclusion principle on pairs of QDs instead of Zeeman-energyse-  neutral DA after charge recombination. Such a gate voltage shifts
lection) for which we refer to more comprehensive reviews.[!] the chemical potential u of the SET, thus getting in and out of
Here we propose to exploit CISS to lock spin and charge, the bias window and hence turning on and off the current, as
and then to readout the charge state of the donor by a sen-  sketched in Figure 6e,f. For a fixed bias voltage, one can distin-
sitive electrometer similarly to Figure 6a. This CISS-mediated  guish between “current oft” (in the charged state, (e)) and “cur-
spin-charge locking does not rely on the small Zeeman energy  rent on” (in the neutral state, (f)). By measuring the current, the
scalel'] and therefore could work at much higher tempera-  former state of the qubit |0, ) (current on) or |1,) (current off) is
tures than those normally employed in semiconductor quan-  then measured.
tum dots or impurity spins.['** In particular, let us consider a An alternative, in the line of Figure 6b, is to use the donor
generic state of a D—y—A-Q unit after having transferred the as the SET in Figure 6e£f. This could be realized by using,
logical state of Q onto A, as shown in the red-shaded area  for instance, a CdSe nanoparticle, already employed to generate
of Figure 5b for the two possible logical states of Q (with ei-  RPs.®1%l Then, one would measure a jump in the current when
ther (s2) = 1/2 or —1/2). We then induce charge recombina-  the charge on the SET changes as a result of the spin-dependent
tion by electric field or light, as described above. Thanks to the  back transfer.
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Simulations of the readout process are shown in Figure 6g,
obtained by numerically computing the steady-state solution of
the second-order Pauli master equation!'*>1%%l for the two states
of the qubit, assuming ideal CISS. The effect of temperature
is included via the Fermi functions on the electrodes, while
co-tunneling processes and the broadening of the SET levels,
due to the coupling with the electrodes and finite level lifetime,
are neglected. This approximation is acceptable if the charg-
ing energy is in the order of 50-60 meV range, as for CdSe
nanoparticles.['3%147] At fixed bias voltage (vertical magenta line),
we define the readout error reported in Figure 6h as £ =1—
(I, — L)/ (I, + I,)]- Clearly, £ - 0 at T = 0 and increases with
temperature, due to the smearing of the Fermi functions which
is reflected in a smoothing of the current staircase. In order to
minimize €, one needs to make the gate voltage eV, associated
with the electric field generated by the RP as large as possible,
and in particular much larger than k; T. Here we are considering
a SET consisting of a CdSe quantum dot of diameter 6 nm with D
1 nm apart from the surface and a DA distance of 2 nm. Using the
dielectric constant reported for CdSe nanoparticles!**®! ¢/e, = 6,
one could estimate eV, ~ 20 meV by assuming the dielectric fill-
ing the whole space. For a dielectric sphere surrounded by vac-
uum mimicking the SET, significantly higher values could be
achieved,!*15% which would further increase the operating tem-
perature of the device. Nonetheless, here we prefer to make the
conservative assumption eV, ~ 20 meV to account for other pos-
sible charge screening effects and/or for a less favorable geome-
try in a practical realization, for example, with D farther from the
SET. Remarkably, even by using these values, we find a readout
error of only ~0.01 at 25 K (Figure 6h).

Finally, a few comments on the hierarchy between different
parameters are in order. We work in the sequential tunneling
regime, which requires the SET-lead tunneling rate I' to be
smaller than ky .Y In addition, the time-scale of the readout
procedure 7y & 5A/T1*] must be significantly shorter than pos-
sible recombination from the singlet state, which is expected to
occur after ET in case of imperfect CISS filtering. Nevertheless,
the recombination rate k, from the polarized [0,) state (as de-
picted in Figure 6d) will be much faster than that from the sin-
glet, parameterized by kg. This allows one to find a proper read-
out time 1/k, < 7o < 1/kg, in which only the desired spin-
polarized recombination has occurred. All of these constraints
can be met by exploiting the flexibility of chemistry as discussed
in Section 6 below.

5.3. Two-Qubit Gates

The proposed scheme can be extended to a multiqubit archi-
tecture. For instance, one could design a molecular system as
sketched in the inset of Figure 7, with a pair of qubits Q; and
Q, linked to the acceptor. This would allow one to exploit CISS
also for implementing switchable two-qubit gates. In the idle con-
figuration, A is neutral and the two qubits are practically decou-
pled, thus enabling the implementation of single-qubit opera-
tions. To switch on the two-qubit gate, an electron is transferred
to A. Thanks to CISS, such an electron is in a well-defined spin
state (such as ||)) and its virtual excitations due to the interac-
tions with Q; , can be exploited to mediate an effective coupling
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Figure 7. Simulation of an iSWAP gate between a pair of qubits Q; and
Q,, with an effective switchable interaction mediated by the acceptor
spin (as sketched in the inset). The simulation is performed by assuming
B = 1.05 T, two equivalent Cu qubits with g, , = (2.1, 2.1, 2.3), coupled to
the acceptor via an isotropic coupling J = —0.02 cm~. We also include the
most important errors: spin dephasing on the qubits (T, = 0.6 ps) and on
the RP (T, 5 = T, o = 1 us) and spin-selective charge recombination with
arate of 0.1us™.

between the two qubits. The latter is kept on for suitable amount
of time to implement an entangling gate and finally switched off
again by inducing charge-recombination.

To assess the feasibility of the proposed scheme, we provide a
more detailed derivation of the coupled two-qubit dynamics and
of the hypothesis underlying our scheme. After CS, we consider
a three-spin system described by the spin Hamiltonian

H=](s, sy +85-8)+ D gHyBs (1)

i=1,A,2

where s,, s, s, are spin 1/2 operators describing the qubits (1,2)
and the acceptor (A), B is the applied field, g; are the respective
g factors, and J is the isotropic spin—spin coupling constant be-
tween each of the two qubits and the acceptor spin. We operate
in a regime where |g,, — gu|ugB > J, which makes the eigen-
states of the three-spin system practically factorized. This regime
is easily reached using Cu-based qubits (g ~ 2.3) in a typical Q-
band applied field (~1 T), weakly coupled to A (J ~ 1072 cm™).
Then, we focus on the subspace in which the acceptor spin is ||)
(which is guaranteed by CISS) and we derive in such a subspace
the effective Hamiltonian for the two qubits.[?225] The latter takes
the form

H.g = A(s}s; +5is0) + 4,57 + 4,85 )
with
]2

B i;ﬁ 4upB(g; — 84)

J J
A =gugB—->+ —7——
’ 2 4ugB(g —gy)

In practice, within the computational basis we obtain an effective
XY interaction between the qubits, mediated by virtual excitations
of the switch between its || ) and | 1) states. Note that substituting
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Figure 8. Selected electron donors and acceptors that have been incorpo-

rated into D—A dyads and triads that give long-lived CS states in an initial
singlet spin state.

the isotropic interaction with a dipolar one would change the ef-
fective Hamiltonian but not the overall scheme.

If the two qubits have the same g the effective coupling
acts to first order and implements an iISWAP® two-qubit gate,
when turned on for a suitable amount of time.[222152153] This
is achieved by inducing ET and recombination by external stim-
uli, as described above, on a timescale much faster than 1/A.
The simulation of the time evolution of the qubit pair due to the
Hamiltonian (1), yielding the effective coupling H.g, is shown in
Figure 7, with two identical Cu qubits characterized by the same
parameters used in Section 5.1. The simulation shows that the
two-qubit gate iISWAP“ is implemented in ~10 ns with a fidelity
exceeding 99%.

6. From Sketches to Real Systems

6.1. Challenges of the Chemical Design

The implementation of the control and readout schemes of previ-
ous sections relies on the identification of suitable D—y—A dyads
where the RP state lives long enough to allow the transfer of po-
larization to/from the qubit. Generally, the charge separation effi-
ciency cannot be fully decomposed into individual contributions
coming from the D/A and bridge building blocks.['>*] Neverthe-
less, we will use this simplification to clarify our arguments.

6.1.1. The DA Pair

Several decades of investigations on intramolecular photoin-
duced ET have provided a wide library of molecules from which
potential candidates for a quantum detection of CISS can be se-
lected. The optimal energy level alignment of D’s and A’s frontier
orbitals (HOMO and LUMO respectively) and the reorganization
energy are the key ingredients to have a driving force for ET af-
ter excitation, as already shown in Figure 1. A selection of D/A
molecules that have provided long-lived RPs is shown in Figure 8.

Also important is the spectral separation of the D and A excita-
tions to allow discrimination in the photoexcitation, which is cru-
cial for promoting selective oxidative or reductive PET. In oxida-
tive PET, after donor excitation, a donor-to-bridge ET occurs and
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generates the D¥'—B~—A virtual (or real) state. In reductive PET,
the electron is transferred from the bridge to the excited state of
A, Dbetter visualized as a hole transfer (HT) from the excited A
to the bridge, thereby generating the D-B+—-A~" state.!'>*] While
usually, only one mechanism is active in producing the charge
separation (CS), the charge recombination (CR) can involve both
electron and hole transfer pathways, as schematically depicted in
Figure 9.

Focusing on CISS, additional requirements on the nature of
the photoexcited state on D or A apply. Simulations reported in
Figure 4b,c are based on the assumption of a singlet photoexcited
state. Though not strictly necessary, such an initial state
simplifies the modeling of CISS. In some cases, the starting state
can become crucial. In a first attempt to detect the CISS by trEPR
some of us have investigated PET in CdSe quantum dots func-
tionalized with oligopeptide chiral linkers terminated with the
Cq, acceptor group, as schematized in Figure 10a. The rationale
behind this choice is that, on the one hand, CdSe QDs were al-
ready successfully employed to investigate CISS in PET, though
only with indirect detection of spin polarization. On the other
hand, RP formation was already detected in CdSe QDs coupled
to NDI as an acceptor.['%] The spin properties of photogenerated
C, radical anion are optimal due to the small spin-orbit coupling
and the scarcity of magnetic nuclei. In the trEPR spectra reported
in Figure 10b, the narrow signal superimposed to a broad signal
due to the photoexcited triplet state of Cy is indicative of the for-
mation of the C;; radical anion.

According to the simulation of Figure 10d, the time evolution
of this signal should in principle contain information on the spin
selectivity of the PET process. Unfortunately, the experimental
time evolution can only be reproduced assuming that the QD ex-
cited state is an admixture of singlet and triplet state. This is not
surprising, given the large SO coupling of CdSe QDs promoting
fast inter-system crossing (few picoseconds!'%)) and the dimen-
sions of the employed QDs resulting in a small singlet—triplet gap
(few meVI(>%]). While both singlet and triplet initial states would
result in pronounced differences in the Abs/Em features of the
signal depending on whether CISS is included or not, the mixed

(@) — (b)
oxidative @ — o reductive axehange
PET PET
PNl N
o D*-B-A -
O oo OO charge o -o- 00
D*-B"—A | recombination D-B*-A"
W -
= -
== -
OO
oo 00 - -o-
D*-B-A ~ = D-B-A*
o0 o6 00
D-B-A

Figure 9. a) Schematic description of the processes leading to the charge-
separated state after photoexcitation of the donor or the acceptor, where
an electron or a hole is injected in the bridge, respectively. Both pathways
can be involved in the charge recombination processes. b) Long-distance
ET can occur either involving virtual states of the bridge in a multistep ex-
change mechanism (top) or real intermediate states in the hopping mech-
anism (bottom). The photoexcited state and electron are shown in purple.
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Figure 10. a) Schematic representation of the CdSe QD-y—Cgy system.
The QD acts as an electron donor and Cg, as an electron acceptor. The
chiral bridge comprises the two-units peptidic chain (L-Ala-p-Oxd),, where
D-Oxd=(4S,5R)-4-methyl-5-carboxyl-oxazolidin-2-one. b) trEPR spectrum
taken at 1 ps after 450 nm laser pulse (7 ns, 2 m)) acquired at 40 K. The
spectrum shows a broad signal between 335-358 mT assigned to the Cg,
triplet and a narrow signal in enhanced absorption centered at 346 mT
attributed to the photogenerated C_; radical anion. Arrows legend: Abs =
enhanced absorption, Em = emission. c) Time evolution of the trEPR sig-
nal of the Cg, radical anion. d) Simulated time evolution assuming for the
photoexcited QD the singlet (S), the triplet (T), or an admixture of singlet
and triplet state (ST) computed without and with the spin filtering induced
by CISS. Original data available in ref. [70].

state is completely insensitive, as shown in Figure 10c. The study
has not allowed for discrimination of the presence of CISS and its
spectroscopic quantification, thus evidencing the challenge of op-
timizing every single ingredient of the D—y—A architecture. The
previous example, though not at all conclusive on the presence
of CISS in PET, has provided an important result. A CS state
detectable through trEPR has been achieved using a long non-
conjugated bridge. This leads us to the most critical ingredient,
the chiral linker.

6.1.2. The Chiral Linker

The selection of the optimal linker is particularly challenging be-
cause of the currently incomplete understanding of the CISS phe-
nomenon. As shown in ref. [110], a robust correlation between
optical activity and spin filtering has been observed. Thus, it is not
surprising that most CISS investigation involves oligopeptides of
sizeable length (~2 nm), where intramolecular H-bonds stabilize
helical structures with enhanced circular dichroism signal. The
same is true for supramolecular helicoidal aggregates.l''%l Spin
selective transport has been indeed observed also in supramolec-
ular aggregates of achiral monomers where the chirality is im-
parted by the chiral solvent.['>®] The availability of oligopeptide in
enantiopure form, especially for the naturally occurring isomers,
makes their use very convenient.

From these premises, a potential candidate for trEPR experi-
ments to detect CISS-induced spin polarization could comprise
pyrene, which is known to give PET from its long-lived excited
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singlet state, a good acceptor as C, linked by oligopeptides. As
an extension of the investigation summarized in Figure 10, differ-
ent pyrene/C,, dyads with linkers comprising 4, 10, and 14 units,
that is, alternating 1-Ala and p-Oxd monomers were prepared.['>’]
Since it is known that ET rate can be influenced by the electric
dipole moment of the molecule,!’*®! the options with Py and Cg,
on the C and N terminal end, that is, with dipole moment favor-
ing the ET, and the reversed one have been investigated.

Despite some evidence of pyrene fluorescence quenching,
trEPR investigations have not revealed any long-lived charge-
separated state. This is in contrast with several observations
of electron transport over distances well exceeding those in-
vestigated in the Py/C,, dyads.['>>!%] Though attributed to the
hopping mechanism, the weak temperature dependence of the
transmission efficiency suggests that other mechanisms might
contribute.['®1] Indeed, CISS is expected to stabilize the RP state.
As we have already mentioned, the forward ET is favored for a
certain spin polarization of the electron, while the back ET will
be likely suppressed for this spin state. Since spin relaxation is
rather slow in organic radicals, this should lead to a prolonged
lifetime of the RP state. This mechanism does not appear to be
efficient enough to lead to photoinduced charge-separated states
through oligopeptide bridges living long enough to be exploitable
for the purposes presented in the previous sections. It is evident
that the design criteria employed in electron transport are not di-
rectly transferrable to intramolecular PET. However, the results
obtained with CdSe QD suggest that the target is not out of reach.

A subtle design of the linker can lead to separate control of
the charge separation and recombination processes. A tutorial
example is a case where the zinc porphyrin donor is linked to
naphthoquinone by a rigid pentiptycene spacer.'°2! Modifying a
substituent on the linker from OMe to H makes the linker less
prone to oxidation. According to the scheme of Figure 9, the
D-B*-A"" state is only involved in the CR process. Thus, such
a replacement selectively reduces the efficiency of the back elec-
tron transfer without affecting the forward process. The addition
of intermediate A/D along the linker has also demonstrated to be
very efficient for the production of long-lived RPs.[>2163-165] The
introduction of a chiral element in such optimized linkers might
represent a valid alternative to helicoidal structures, though the
CISS efficiency in electron transport when chirality is not spa-
tially extended is still to be assessed.

Alternative approaches might involve conjugated chiral link-
ers of the helicene type, where chirality is achieved in the ab-
sence of a stereogenic center.'®! The racemization barrier in-
creases dramatically with the number of rings, allowing for the
separation of pure enantiomers and their retention upon derivati-
zation or self-assembly procedures. Heteroatoms can be inserted
in the scaffold providing a huge variety of properties. Focus-
ing on CISS-related experiments, helicene-based molecules are
attracting increasing interest because of their strong optical
rotatory efficiency and their good electron transmission in spin-
tronics devices.l''*1¢7] Spin-dependent photoemission was ob-
served from metal surfaces on which a monolayer of [7]helicene
molecules was deposited.[''”] Thiadiazole-helicene molecules
adsorbed on electrodes have also been demonstrated to enhance
the catalytic activity in oxygen-evolving reactions,['®] similar to
what was observed with DNA and oligopeptides.l'®! Despite
the rich chemistry in the functionalization of helicene scaffolds,
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mainly aimed at improving their chiroptical properties, such as
the emission of circularly polarized light,'”%) PET leading to long-
lived RP states in helicenes is, to the best of our knowledge,
still unreported.

6.1.3. The Qubit

The qubit appears as the less critical building block of the pro-
posed architectures. More than a decade of research has led to
significant achievements, some of them summarized in Table 1
and discussed in several reviews.['*] Coherence times of the or-
der of 10 ps at liquid helium or 1 ps at room temperature are
easily achieved either in organic radicals,['’! graphenoids, '’
or metal complexes,[1*3% particularly if orbital contributions are
minimized.['*'>173] This would already allow the implementation
of many quantum operations before losing coherence and oper-
ating at rather high temperatures, where CISS is more efficient,
even if good spin filtering has been observed also at 4 K.[}74]

Although the coherence time is not the current limiting fac-
tor, it could be further enhanced, by controlling both the nuclear
spin bath®!) (which drives low-temperature decoherence) and
phonon-mediated relaxation and dephasing processes (which
dominate at rather high temperatures). This can be done through
a careful design of the molecular structure (coordination geome-
try, ligand rigidity), electronic gaps and spin-phonon couplings,
as suggested for instance in refs. [175-179].

The first experiments involving a paramagnetic species cou-
pled to an A/D dyad and demonstrating spin teleportation
after PET”! involve the well-known Koelsch organic radical,
that is, 1,3-bisdiphenylene-2-phenylallyl (BDPA).["®] More re-
cently, also the (2,2,6,6-tetramethylpiperidin-1-yl)oxyl or (2,2,6,6-
tetramethylpiperidin-1-yl)oxidanyl (TEMPO) radical has been
employed.["®] The same Koelsch radical, linked to a fullerene
moiety, has been recently used to demonstrate that the photogen-
erated triplet state of C,, can be used to transfer spin polarization
on the radical.l"®] Carbon-based radicals have the advantage of
long T, and narrow spectra with only weak hyperfine splitting,
further reduced by deuteration. Biradical species have also been
employed to implement quantum gates.[18%]

Despite the remarkable results obtained with organic radicals,
coordination compounds present features that can be relevant
for implementing the proposed architectures. The first advan-
tage is the more pronounced deviation of g from the free-electron
value separating the qubit magnetic resonance from those of the
photoinduced RP, as shown in Figure 4e. Addressability of in-
dividual spins is even more crucial in the design of two-qubit
gates. Heterometallic compounds are a natural choice, as in a
recent example comprising Cu?* and Ti** S = 1/2 centers.[!8*]
However, homometallic complexes can also be employed, pro-
vided that the two identical g-tensors are not parallel. If the devi-
ations from g = 2 are small, as in the case of the best-performing
molecular spin qubits, the anisotropy and non-collinearity of the
hyperfine interaction can be harnessed, as demonstrated for the
weakly exchanged coupled vanadyl-porphyrin dimer reported in
Table 1.12]

Hyperfine interactions also deserve further comment. The co-
herence of the electronic spin is mainly limited at low tem-
perature by weakly coupled nuclear spins of the ligands and
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the solvent.!'®>18] When working on a spin ensemble, nuclear

spin levels are considerably more demanding to initialize than
electron spin levels. However, at the single molecule level, the
nuclear spin of the paramagnetic ion can be an important re-
source for quantum information. As already shown in Table 1, the
I'=3/2 nuclear spin of terbium in the TbPc, molecule has been
used to implement the Grover algorithm .81 The large nuclear
quadrupolar splitting has been key to addressing individual nu-
clear resonances. Interestingly, quadrupolar splitting is not in-
dispensable for this purpose. When operating at reasonably low
magnetic fields, the hyperfine anisotropy acts as an effective
quadrupolar splitting, as demonstrated in single crystal broad-
band NMR experiments of some vanadium(IV) complexes.[18188]

Playing with such a flexible and programmable multitude of
levels of coordination compounds is very appealing, but inte-
grating these relatively fragile objects in the D/A dyads is not
straightforward. Chemically robust and rigid coordination envi-
ronments, as in porphyrin compounds,[?*189190] allow for retain-
ing the spin properties of the qubit once attached to the molecular
scaffold of the dyad. The non-innocent photochemical behavior
of these ligands is a wild card that deserves to be explored.

6.2. Toward Devices

The second step toward the implementation of spin-to-charge
conversion based on CISS necessitates a device architecture that
has been poorly explored so far. Most existing spintronic devices
are primarily based on spin currents serving as a transmitter of
information from the injector to the detector or as a carrier of an-
gular momentum for magnetization switching applications. In
view of quantum technology applications and the need to retain
the coherence of the spin system, we have envisaged a different
platform relying on the field-effect transistor (FET) architecture.
The following section does not purport to be exhaustive and/or to
discuss the multitude of possible CISS-based readout devices that
can be envisaged. We will only limit ourselves to giving some ten-
tative architectures that can be adopted to implement CISS-based
readout of molecular qubits in real devices.

6.2.1. Single-Electron Transistor

The basic idea of our detection scheme is presented in Section 5.2
and comprises the use of the potential generated by the CS state
of the dyad as the gating bias of a FET device. In this regard,
single-electron transistors (SETs) are a promising architecture
for achieving exceptional detection sensitivity.[1*!) Specifically, for
high-precision electrometry, a two-gate SET could be used.[*?!
The first gate is the usual bias while the second one is gener-
ated by the dyad exhibiting CISS-controlled ET. To achieve max-
imum sensitivity, the bias voltage of the first gate is kept close
to the Coulomb blockade voltage. In this way, the generation of a
photoinduced CS state in the CISS-based dyad will produce a sig-
nificant variation in the conductance of SET. In this sense, the
SET is considered a highly sensitive, miniaturized electrometer,
which can easily sense a fraction of the elementary (sub-single-
electron) charge by the change in its characteristics.

A key problem of this device is that low temperatures are re-
quired to achieve single electron operation since the thermal
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energy must be lower than the charging energy of the island.!'*]
Nevertheless, operations at low temperatures hinder the unique
advantage of the CISS effect, which might allow room tem-
perature operations. A first solution is to increase the charg-
ing energy of the island above k;T by reducing the island di-
mension (less than 10 nm). The recent advancements in litho-
graphic techniques for the fabrication of ultrasmall islands have
already allowed the realization of SET devices that operate at
room temperature.[1*#1%] These devices are based on FinFET
channels with a steeply etched trench in the center and oxidation-
induced strain. Although their reproducibility is still low, these
silicon-based technologies hold great potential in view of large-
scale production of room-temperature SET.

Implementation of multiple-tunnel junctions (MTJs),**®] that
is, formed by a chain of nanoscale islands linked with tunnel
junctions, is another promising means of increasing the charg-
ing energy for room temperature operation. A promising exam-
ple of this approach has been recently demonstrated by the real-
ization of robust and well-controlled MTJ architectures of germa-
nium nanoparticles rooted by a germanium oxide ropeway. These
MT] devices fabricated via a cost-effective, template-free, and
scalable vapor transport method have shown an ideal Coulomb
staircase behavior of single-electron charge transfer at room tem-
perature. Importantly, the chemical tunability of the island, for
example, by using different island and tunneling barrier materi-
als, coupled with the flexibility of lithography allows the fine con-
trol not only of the charging energy but also other key parameters,
for example, coherence times, transport properties, electron tun-
neling rate I".'’] In this regard, across the years, a large variety of
materials have been tested ranging from the initial GaAs/AlGaAs
heterostructures to the state-of-the-art Si/SiGe heterostructures
and Si metal-oxide—semiconductor (MOS) architectures,**”]
from metal nanoparticles!'®! to carbon allotropes.!19%2%]

6.2.2. Field-Effect Transistor

SETs have high sensitivities but require advanced lithographic
capabilities and the deposition of one D-y—A—Q unit on the SET
for single spin readout, see Figure 6. Relevant proof-of-principle
experiments can be realized by adopting a simple organic FET
(OFET) architecture embedding a small ensemble of molecules
constituting a dense monolayer deposit. OFETs stand out as one
of the most used platforms for the construction of inexpensive,
adaptable, and lightweight devices, for example, for sensing!??]
and data storage.[?%]

In an operating OFET, high density of the charge carriers is
confined to few molecular layers adjacent to the interface with
the dielectric. Thus, a small change in this interface can induce
significant modulations of the device’s electrical characteristics.
In particular, it has been shown that photochromic molecules
embedded at the semiconductor/dielectric interface can form a
layer, known as floating-gate interlayer, 22204 through which the
OFET can be operated. The organic photochromic compound
acts as a molecular trigger that can be modulated using various
optoelectrical programming regimes to enable the operation of
advanced organic memory elements. Such devices have demon-
strated excellent write—read—erase cycling endurance and data re-
tention times.
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Figure 11. Schematic layout of the device architectures incorporating a
SAM of photosensitive D/A dyads. a) Layout fabricated and characterized
in ref. [205] based on porphyrin—fullerene dyads anchored to AlOx through
carboxylic groups. b) Exemplary OFET device proposed for the spin-to-
charge conversion based on CISS effect. Here the gate voltage can be used
to promote charge recombination as an alternative to light, as discussed
in Section 5.

Along this line, very recent work has demonstrated that
monolayers of D/A porphyrin—fullerene dyads can act as light-
responsive triggers modulating the electrical characteristics of
OFET: (Figure 11a).12%] The operational mechanism of these de-
vices has been described as follows. After the absorption of pho-
tons by D, photoinduced ET from D to A occurs, thereby generat-
ing a CS state. In the writing step, the gate voltage is driven so that
some electrons jump from the fullerene to the AlOx layer where
they get trapped. Switching off the light results in intramolec-
ular recombination of positive and negative charges except for
the dyads which have lost their electrons. These dyads keep posi-
tive charges on the porphyrin units thereby turning on the OFET
transport layer. In the erasing step, an opposite gate voltage is
applied under light irradiation so that the holes can jump from
the porphyrin to the AlOx layer. During this step, the previously
AlOx-trapped electrons are neutralised. This is just an example
of the great potential that organic D/A dyads can have in the field
of OFET architectures. It demonstrates that the CS state of the
dyad can be electrically detected and appears promising for the
utilization of CISS-based dyads as spin-to-charge converters.

In our CISS-based proposal, we do not want to store long-lived
information but rather detect the spin polarization of the qubit af-
ter mw operations. This can be done by self-assembling a mono-
layer of D—y—A-Q unit in the OFET device, as schematized in
Figure 11b). Following light excitation, the photoinduced electron
transfer generates spin-polarized CS states, which turn on the
OFET channel. Recalling what has been presented in Section 5,
the spin-polarized CS state can be used to initialize the qubit (see
Figure 5b). After qubit manipulations, the quantum information
can be swapped back to the acceptor spin and charge recombi-
nation induced by light or gate voltage. Thanks to CISS, the spin
state of the acceptor affects this recombination (see Figure 6c,d).
As a consequence, the resulting charge in the donor layer, acting
as the OFET floating gate, is representative of the spin state of
the qubit layer.

For our purposes, qubit manipulation requires that the
OFET is coupled with microwaves. This combination is not
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unprecedented as it is the basis of electrically detected mag-
netic resonance (EDMR). EDMR is a technique used to enhance
the sensitivity of magnetic resonance by replacing the detec-
tion of microwave quanta by a much more sensitive current
measurement.2°-2191 Tt is generally applicable for systems with
spin-dependent currents and thus susceptible to spin manipu-
lation by EPR. The technique has been extensively used in the
study of silicon materials, for example, photovoltaic devices, and
has been suggested as a potential scheme to readout coherent
spin states of quantum bits in the semiconductor-based quan-
tum computer concept.[211]

The OFET approach discussed abovel?%! is here extended to
qubit measurements with separation between the qubit states
and the charge carriers, allowing retention of the spin coherence
properties of molecular qubits. One challenge for implement-
ing this readout scheme is the OFET detection of the electric
dipole field of the CT state instead of the full charge of a mem-
ory element. The considerable distance between the donor and
the acceptor separated by the chiral bridge and the availability of
opportune strategies to enhance sensitivity212213] make this ap-
proach promising.

7. Conclusions

To summarize, we have shown that chiral-induced spin selectiv-
ity could be a valuable enabling technology for quantum applica-
tions. In particular, we have proposed a scheme exploiting CISS
at the molecular level to initialize, process, and readout the states
of molecular spin qubits and qudits.

Combining CISS with photons in superconducting
resonators!*! could provide a promising route toward the
scalability of the device. This appears technologically feasible,
thanks to the power of chemical design and the capability of
organizing molecules on superconducting surfaces. It would
allow exploiting the best properties of both architectures. On
the one hand, CISS would enable manipulations and read-out
of single molecules. On the other hand, the mobility of photons
could be exploited to implement two-qubit gates and establish
entanglement between distant qubits.

The actual realization of the molecular setup here proposed for
quantum applications requires preliminary targeted experiments
to finally elucidate the nature of CISS. As discussed in this paper,
this simplified setup gets rid of interfaces and cooperative effects
and allows one to focus on the role of chirality, thus achieving a
deeper theoretical understanding of the phenomenon. Indeed,
a full tomography of the spin state of the transferred electron
would provide the information needed to guide theoretical mod-
eling.

An important point for quantum technology applications is re-
lated to the temperature dependence of the CISS effect and to
the possibility of tuning it by engineering the molecular struc-
ture. Indeed, recent results suggest that CISS efficiency increases
with temperature whereas coherence times of molecular qubits
typically decrease. However, coherent manipulations of molec-
ular qubits had been performed even at room temperature. This
temperature resilience could be further increased by engineering
ligands and removing neighboring nuclear spins. Moreover, very
high spin polarization was mostly found so far on 2D materials
such as chiral hybrid lead-iodide perovskites,'!!] hybrid copper
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halides,!''2] or MOFs.['13] Further investigations in molecular sys-
tems are thus needed. Finally, the present proposal is based on
a simple hypothesis on the CISS effect in electron transfer and
recombination processes,[®®! which should be confirmed by tar-
geted experiments. In fact, CISS had already been demonstrated
in electron transfer, but its precise characteristics and efficiency
in the proposed setup still need to be assessed. Nonetheless, our
proposal could be adapted once direct experimental results on
electron transfer through a chiral bridge at the molecular scale
are available.
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