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Quantum sensors enable high-sensitivity metrology by interrogating interactions between a
quantum system and external physical quantities, including a quantum magnetometer used
to examine weak biomagnetism and environmental fields. As a quantum magnetometer, a
nitrogen-vacancy (NV) center in diamond is a promising candidate because of its compatibility
with a wide range of temperatures and pressures. Furthermore, the NV-based magnetometry
provides potentially atomic-scale spatial resolution and applicability to vector magnetometry.
However, the sensitivity of the diamond quantum magnetometer is strongly limited by the
optical readout of the NV spin state from the diamond substrate, which is dominated by photon
shot noise and poor responsivity. In addition, because the diamond quantum magnetometer
requires optical components and an external magnet, the miniaturization of devices is
becoming difficult. The external magnet also causes unwanted effects, such as crosstalk
among magnetometers and deterioration of magnetically sensitive samples; thus, a bias-free
configuration is required.

In this thesis, the abovementioned problems were addressed by utilizing photonic structures,
upon which an alternative configuration of a diamond quantum magnetometer is discussed.
By engineering photon-NV interactions during the optical readout of the spin states, some
scenarios of photonic-enhanced sensitivity were demonstrated. In terms of device
miniaturization, hybrid integration of a diamond photonic waveguide with its optical coupling
to a silicon nitride waveguide was demonstrated, meeting a key requirement for realizing a
chip-integrated quantum magnetometer in a scalable manner. Furthermore, a microwave
metasurface structure was investigated for the bias-free operation of a diamond quantum
magnetometer.

First, as a photonic waveguide structure, a chiral waveguide was introduced to overcome the
limited sensitivity. In the chiral waveguide structure, the spin state can be efficiently mapped
to the photon's propagation-direction state via a polarization-dependent optical selection rule.
Compared with a bulk diamond substrate, the numerically optimized chiral waveguide can
enable two orders of magnitude higher sensitivity.

A photonic interface between two waveguides was also investigated for on-chip packaging of
the required optical components and for low-loss treatment of optical inputs and outputs.
Using a coupler design based on a crossed-waveguide geometry, a diamond photonic
waveguide was hybrid-integrated onto a silicon nitride waveguide in an alignment-tolerant
manner. The coupling efficiency between the two waveguides was experimentally verified to
be exceeding 46 %.

To improve spontaneous emission rate of NV centers, a plasmonic optical cavity was
demonstrated. The hybrid integration technique demonstrated the high feasibility of a
plasmonic ring cavity, integrating a diamond ring structure onto the surface of silver. The
fabricated device showed the highest quality factor as much as 179 among existing diamond-




based plasmonic cavities. The results are promising for improving the sensitivity of quantum
magnetometry through cavity-enhanced spontaneous emission from NV centers.

The remaining problem regarding the external magnet was addressed by investigating
microwave metasurface structures. The metasurface based on spoof surface plasmon
polaritons was shown to be a promising platform for effectively engineering spatial
confinement and polarization of microwave magnetic fields. Using the proposed metasurface,
the generation of circularly polarized microwave magnetic fields was experimentally
demonstrated, enabling selective excitation of NV spin states, which is a critical requirement
for eliminating the bias fields. Furthermore, the circular polarization can be three-
dimensionally oriented and aligned along NV axes, upon which bias-free vector magnetometry
was proposed.




