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The last decade has witnessed that a rapidly developing field
of quantum computing and quantum information processing
(QC and QIP) is linked to chemistry in spite of the fact that
molecular electron spin qubits (quantum bits) are the latest
arrival among many physical qubits.!"! Referred to the linkage
between chemistry and QC/QIP, importantly, recent QC/QIP
approaches have shown that calculations of molecular proper-
ties can be assessable in terms of enormously increased
computational power of QC/QIP, from the theoretical
side.">? Current QC/QIP research makes extensive progress
using photon qubits,” trapped ions, quantum dots,”! and
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coherent coupling systems of superconducting flux qubits
with nitrogen-vacancy color centers in diamond.[! Interest-
ingly, novel matter spin qubits based on metal complexes have
been proposed in the field of molecular magnetism.!”!

We propose a novel architecture of molecule-based
electron spin qubits capable of performing Controlled-NOT
(CNOT) quantum gates. The build-up of the multi-qubit
system for such a practical quantum computer that is capable
of breaking an RSA (algorithm for public-key cryptography)
cryptograph used in modern internet services is conceived of
as still an intractable issue in a decade of years ahead. Thus
the scalability of qubits is relevant.’

All the existing qubits have faced a challenge of acquiring
their scalability. Lloyd’s proposal seems to be practical in
preparing a number of qubits for true quantum computers
from a synthetic chemistry viewpoint.’! From the chemistry
side, a materials challenge for Lloyd’s model has been made
to synthesize triple-stranded helicates embedding open-shell
transition-metal ions.'” A mismatched DNA-backbone-
based approach has also been exploited to build up one-
dimensional electron spin arrays with the radicals at desired
positions using complementary hydrogen bonds between
nucleic acids.'"Vl Electron spin qubits have an advantage of
the preparation of initialized states, contrasting with the
difficulty of nuclear spin qubits with low polarization intrinsic
to their gyromagnetic ratios 10° times smaller than that of an
electron spin.!"! The hybrid systems of the electron spin and
the nuclear spin qubits have been studied, using advantages of
both the electron spin and nuclear spin.['!

Figure 1 shows a two-qubit biradical 1 designed as
a fundamental unit of quantum computing that can afford
CNOT gate operations, which are essentially important gates
to constitute a universal set of quantum gates together with
well-defined single qubit operations."! Biradical 1 is {(2,2,6,6-
tetramethylpiperidin-N-oxyl-4-yl)  3,5-dimethylbenzoate-4-
yljterephthalate, in which extremely weak exchange-coupling
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Figure 1. Weakly exchange-coupled biradical 1 as a synthetic electron
spin two-qubit system. Seventeen hydrogen atoms in each TEMPO
unit were replaced by deuterium atoms.
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is anticipated and the g-tensors at the NO sites of the TEMPO
groups are nonequivalent, as the principal axes of the g-
tensors pointing in different directions (g-tensor engineering;
TEMPO = tetramethylpiperidine-1-oxyl). =~ The  distance
between the NO sites of the TEMPO units is designed so as
to be about 2.0 nm, which corresponds to about 10 MHz of
the electron spin dipolar interaction. The choice of the linker
between the two TEMPO moieties is important in terms of
crystal-engineering and synthetic feasibility in addition to the
targeted g-tensor engineering.'” The introduction of two
methyl groups into one of the phenylene rings is effective to
make a large angle between the z-axes of the g-tensors. The
angle between the z-axes is 57.5° in the host lattice. °N-
isotope labelling is essential to simplify fine-structure/hyper-
fine electron spin resonance (ESR) transitions whose number
greatly depends on the nuclear spin quantum numbers
involved in the ESR allowed transitions. Vanishing quadru-
polar interactions of N nuclei are highly favourable to
reduce the ESR line width. Biradical 1 satisfies all these
requirements for two-spin qubits, exemplifying the first
synthetic electron spin qubits for molecular-spin-based quan-
tum computing.

Biradical 1 is, for the first time, embedded in the crystal
lattice of the corresponding diamagnetic bis(ketone) host
molecule, while some nitroxide monoradicals have been
incorporated into the host crystal lattice for ESR studies.['"]
All the synthetic procedures for biradical 1 and the corre-
sponding host molecule are given in the Supporting Informa-
tion. The crystal structure of the bis(ketone) compound has
been determined by X-ray analyses (see the Supporting
Information for the crystal data). Biradical 1 is well incorpo-
rated into the host lattice at any desired concentration
because they have the common molecular structure. Biradical
1 is extremely stable in the lattice and survives for at least
several years under ambient conditions.

To suppress the decoherence effect due to intermolecular
spin—-spin interactions, we have diluted biradical 1 into the
host lattice at the concentration ratio from 1/5 to 1/500. The
ratio of 1/500 gives the longest electron spin—spin relaxation
time 7,*=1.0pus at room temperature. Importantly, the
above magnetic dilution together with the deuteration of all
the methyl groups of the piperidine six-membered rings and
“N-isotope labeling at the NO sites gives rise to narrow ESR
line widths. The typical peak-to-peak width is 0.27 mT, which
is one of the narrowest observed for the fine-structure/
hyperfine lines from organic open-shell entities in solids, to
our knowledge. The observed spin relaxation time 7,*=
1.0 ps is not long enough to perform some quantum algo-
rithms for a small number of qubits. An increase of 7,* to the
extent of sub-milliseconds might be achieved by replacing all
hydrogen atoms including the host molecules with deuterium
atoms.

Prior to any QC/QIP experiments, we need to know all the
magnetic tensors of biradical 1 oriented in the host lattice,
identifying the magnetic sublevels involved in the fine-
structure/hyperfine transitions. For weakly exchange-coupled
biradicals, we prefer to use the spin Hamiltonian as given
below in Equation (1), noting that the electron spin dipolar
interaction term is described by the individual electron spin
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operators, S; and §,, not by the resulting spin operator §=
S 45,

H :ﬁ(gl 81 +~§z'gz) 'B+(‘§1 Ay *gnlgnl}) I+

N N L N o))
(S Ay —g,5,B) I, +S,-D-8,+JS,-S,

where 8 denotes the Bohr magneton, g; the g-tensor in the
TEMPO unit i, B the external magnetic field, A, the hyperfine
tensor, 3, the nuclear magneton, g, the nuclear g-factor, D the
electron spin dipolar interaction tensor, and J the isotropic
exchange interaction, respectively. I; denotes the individual
nuclear spin operators of the N nucleus at the TEMPO
unit i. The higher-order terms with respect to S; and B and
other interaction terms such as the Dzyaloshinsky—Moriya
interaction are omitted. All the spin Hamiltonian parameters,
g, A;, D, and J have been determined by both Q-band single-
crystal continuous wave (CW) ESR and pulsed ELDOR
spectroscopy. The spectral simulation of the CW ESR spectra
was performed by a MATLAB program package of EASY
SPIN."' The detailed analyses and experimentally deter-
mined spin Hamiltonian parameters are given in the Support-
ing Information.

As seen in Figure 3 and Figure S3 (see the Supporting
Information), the additional splitting due to the spin-dipolar
interaction between the two electron spins appears only near
the r-axis, where the static magnetic field is oriented near the
direction corresponding to the largest principal value of the
spin dipolar tensor. To accurately determine the spin dipolar
tensor D and exchange coupling J, we have invoked, for the
first time, single-crystal Q-band pulse ELDOR spectroscopy
with a four-pulse sequence (see the Supporting Information
for the details). We have noted that there have been extensive
studies of spin distance measurement associated with spin
dipolar interactions by using pulse ELDOR spectroscopy in
disordered systems.™! Figure 2b shows the pulse ELDOR
signals in time domain with the static magnetic field B
oriented to four directions from the r-axis. The z-axis of the
spin dipolar tensor is directed at about +20° from the r-axis
in the rg-plane. Figure 2 ¢ displays the angular dependence of
the ELDOR frequencies observed at room temperature when
the static magnetic field B was from the r-axis to the p-axis
rotated in the rp-plane (see the Supporting Information for
the observations in the pg- and rg-planes). The ELDOR
frequency observed in the reference of the pgr axes defined
for the crystal is biased by isotropic exchange coupling J.
The detailed analysis is described in the Supporting Informa-
tion. The elaborate experiments and analysis gave both the
dipolar tensor D, and J, where D, is traceless: D=
—-9.2 MHz, | E|=0.02 MHz, and J;;,, = —0.14 MHz: The stan-
dard deviation was 0.06 MHz in the analysis of the pulse
ELDOR experiments. The E value is almost vanishing.
Indeed, the experimental J, value has shown that biradical
1 is a weakly exchange-coupled system which is suitable for
the implementation of electron-spin-based quantum gate
operations by using current pulse microwave technology. The
distance between the spin qubits in biradical 1 is safely
estimated from the D value by the point-dipole approxima-
tion since the E value is almost vanishing. The estimated
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Figure 2. Direct observation of the anisotropic electron spin-spin dipolar interaction between the two spin-qubits of biradical 1. a) Directions of
the external magnetic field B with respect to biradical 1 in the rp-plane. b) Observed ELDOR signals in time domain. c) Angular dependence of
the pulse ELDOR frequencies in the rp-plane. The sign is derived from theory, that is, the point-dipole approximation.

distance is 20.4 A which agrees with 20.4 A, the value
between the midpoints of the CO bonds of the host
molecule obtained from the X-ray analysis.

We emphasize that the importance of the CNOT
gate operations is underlain by the crucial role of
universal gates in QC/QIP"™! and error correction
coding schemes. CNOT gates play a central role of

quantum computing. So far, CNOT gates have not 1206
been implemented by using synthetic electron spin
qubits in ensemble. As described above, biradicall b
diluted in the corresponding bis(ketone) single-crystal
fulfils necessary conditions for two-electron spin
qubits. We have carefully screened the angular
dependent fine-structure/hyperfine ESR spectra and 1206
selected the magnetic field orientation at seven
degrees from the r-axis in the rp-plane for possible
operations of the CNOT gates, as shown in Figure 3a.
The doublets with small splitting in addition to the
quartets with large splitting seen in Figure 3a are due
to the electron spin dipolar interaction. The appa-
rently resolved eight peaks are denoted by Arabic
numbers [-VIII for the sake of convenience. Because
of the biradical system having the two "N nuclei
(spin-1/2), there are sixteen sublevels in biradical 1 as
depicted in Figure S2. All the experimentally deter-
mined spin Hamiltonian parameters allow us to easily
identify the observed ESR transitions by exactly
calculating the resonance fields with all the relevant energy
levels and expectation values for §;, and S,,, as given in
Table S7 and Figure S2. Figure S2 shows the schematic energy
levels and the expectation values of S,,, S,,, I;,, and I, for all
the levels associated with the signal VII. We note that the
signal VII is composed of the resonance fields, 1213.1905 and
1213.1928 mT. The difference between them is only
0.0023 mT. Importantly, the variance of the expectation
values for §;, and §,, for the resonance at 1213.1905 and
1213.1928 mT is (—0.5,—0.5)(40.5,-0.5) and
(—0.5,-0.5)<~(+0.49,—0.49), respectively. Subtle deviation
from the absolute value of 0.5 is attributed to the hyperfine
interaction with the "N nuclear spins.
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Figure 3. Controlled-NOT gate operations by the use of the molecular electron
spin qubit 1. a) ESR spectrum of the zero-field splitting observed with the static
magnetic field along 7° from the r axis in the rp-plane. b) Stick spectrum
calculated by using all the experimentally determined spin Hamiltonian para-
meters. Resonance positions are marked by Arabic numbers I-VIII. c) Rabi
(nutation) oscillation observed at the external magnetic field indicated by the
arrow in Figure 3a. d) The schematic energy diagram of the four electron
sublevels for the two-electron qubit system, biradical 1. The gate operation
relevant to the CNOT is indicated by the two curved arrows. The numbers
denoting the energy levels correspond to the ones given in Figure S2.

According to the calculated transition assignment, all the
signals I-VIII can afford the CNOT gate operations that are
implemented by & pulse of a resonant microwave frequency.
In the CNOT gates with the ESR signals I, II, V, and VI, the
first qubit denotes the control bit and the second qubit the
target bit. In the CNOT gates with III, IV, VII, and VIII, the
bit assignment is reversed. The CNOT gates with the ESR
signals I-IV are in the subspace where the expectation value
for I,, has the positive sign. While the CNOT gates with V-
VIII are in the subspace where the one for /, has the negative
sign. For example, the signal VII corresponds to the electron
spin transition between |{d) and | Tl) shown in Figure 3d.
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This gate operation can be described by a matrix given below

in terms of the basis set {| TT), | TL), [1T), [IL)).

[ e
_ O o O
S = O O
o o = O

To explicitly show the electron-spin-based CNOT gate
operation, we have applied pulse-based electron-spin tran-
sient nutation spectroscopy®™ to our biradical 1 system. The
microwave pulse sequence to observe the Rabi (nutation)
oscillation of the electron spin corresponding to the ESR
signal VII is depicted in Figure S7. The electron spin echo-
detected scheme was used for the electron-spin nutation
experiments. Figure 3 c clearly shows that the duration time of
200 ns is seen, i.e., a CNOT gate with the duration time of
200 ns is constructed. The decay of the peak intensity was due
to the decoherence of the system.

Indeed, we note that the present nutation experiment only
does not give a complete demonstration of CNOT quantum-
gate operations, but the experiment itself with the two well-
defined qubits suggests that we can produce electron spin
entangled states of molecular spins in ensemble by using the
CNOT gate operations. Entanglement is at the central part
and the most important resource for QC/QIP. The entangled
state can be generated from an initialized state by a suitable
pulse sequence. The initialized state can be obtained by
a decreasing temperature, which makes the system almost
a pure ground state. The positive partial transpose criterion'!!
allows us to distinguish between entangled and classical
separable states. From the criterion, quantum limit can be
found to be exp(—gfB/kg Ty) =0.432, where g, 5, B, kg, and
T, are the electron g-factor of the system, Bohr magneton,
external magnetic field, Boltzmann constant, and quantum
critical temperature, respectively. This limit is formally the
same for the hybrid system composed of an electron spin and
a nuclear spin (I =1/2) reported by Simmons et al.,l”! except
for the establishment of a hyperpolarized state by an addi-
tional pulse sequence for the hybrid system. The correspond-
ing temperature T, for an applied magnetic field of 1.21 T at
Q-band is 1.94 K, while for 3.4 Tat W-band T, is 5.45 K that is
easier to be achieved by conventional helium-gas flow
systems. The entanglement can be detected by a time-propor-
tional-phase-increment (TPPI) technique applicable to three
microwave frequencies.* "1 Coherent-multiple electron
magnetic resonance spectroscopy has been designed!"” and
experiments on the establishment of the entanglement by
using pulsed high-frequency microwave spectroscopy are
underway.
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