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We present a protocol for sensing static magnetic fields based on the non-adiabatic
geometric phase. Due to an unwrapping of the 2n phase ambiguity the protocol
works with a higher range of field-amplitudes as compared to a Ramsey scheme
while at the same time achieving a higher sensitivity. Our scheme is not constrained
by an adiabaticity requirement and therefore goes beyond current proposals for
magnetometry via Berry’s phase. We propose an experimental implementation of the
protocol with NV centers.
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The derivation of bounds on metrology typically assume access to full control over all
involved particles. Here we relax this assumption and study metrological
performance in scenarios where only limited control is available. As an example, we
consider the measurement of a static magnetic field when a fully controlled quantum
sensor is supplemented by number of particles over which only global control is
possible. Even in the case that the quantum sensor is subject to significant noise, by
adopting a protocol that maps the magnetic field to a precession frequency first, it
becomes possible to achieve transient super-Heisenberg scaling and an uncertainty
that can approach that of the scenario with full control to within a constant factor.
Remarkably, in this protocol an initial product state is used and entanglement is not
used as a resource. Applications to hybrid quantum sensor and the detection of
weakly coupled nuclear spins are discussed.
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Nitrogen-vacancy (NV) color centers in diamond are atomic-scale defects that enable
high-resolution quantum sensing and imaging of magnetic field via the process of op-
tically detected magnetic resonance (OMDR). ODMR has the potential to reach sub-
picotesla' sensitivity with high spatial resolution. Diamond magnetometry is highly
applicable to biological systems requiring close sensor proximity under ambient con-
ditions. Here we present an example of such magnetometry measurements taken in-
vivo on frog (rana esculenta) sciatic nerve in our inverted microscope setup. We use
a defect ensemble in a '2C-enriched, CVD-overgrown diamond with high defect den-
sity from proton irradiation, yielding sub-nanotesla sensitivity with bandwidth >1KHz.
This has allowed us to directly measure the magnetic field arising from nerve action
potential when stimulated by an external current pulse. Although not limited to biolog-
ical samples, we show that our setup is highly suitable for non-invasive biological
sensing, allowing a sample to remain in solution in a custom-built holder and permit-
ting measurements for extended periods (hours). This can be achieved without laser-
induced damage and with high thermal stability2.
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The negatively-charged nitrogen-vacancy defect (NV-) features an interesting
combination of spin and optical properties that lead to remarkable properties that can
potentially be exploited in applications such as solid-state qubits, highly sensitive
electric and magnetic field probes and single-photon emitters.

Within the diamond bad gap, the main NV- center
electronic levels are the spin triplet 3A2 electronic ground

state and doubly degenerate 3E excited state, which are 3E
separated by an energy of ~1.95 eV. Vibronic coupling to m=1

localized vibrational modes gives rise to a broad 10,, 1A 1
(~300meV) phonon sideband in the optical absorption and  § A
fluorescence spectrum. Furthermore, the °E excited state is %
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and 'E) are present that are essential for enabling optical 2

readout of the 3A2 spin projection state m and establishing = Yy _
its spin polarization through a series of electronic ,,_.;! g ° 1F
transitions, as shown in the Figure. m=03 A v

We apply optical transient absorption spectroscopy to study the dynamics of the NV-
defect after photoexcitation by probing the transient dynamics of its optical spectrum
with femtosecond time resolution. Our measurements probe hitherto unresolvable
dynamics and permit determining the timescales of two relaxation channels. We
measure the vibrational relaxation in the phonon sideband of 3E to occur within less
than 100 fs [1], two orders of magnitude faster than previous 2D coherent spectroscopy
experiments have found [2]. The electronic relaxation 'A1 - 'E between the two singlet
states, which occurs predominantly non-radiatively, is measured to be 100 ps [3].

We also report on time-domain measurements of the electronic dephasing between the
two orbitals in the 3E excited state where we find biphasic decoherence dynamics [4].
Backed up by ab-initio molecular dynamics simulations we find the dephasing to be due
to non-adiabatic transitions between the two electronic orbitals that are facilitated by
the presence of the Cl and phonon-induced dephasing.
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With current advances in technology the control over individual quantum systems has
become possible including individual cold atoms, ions and molecules,
superconducting qubits and quantum dots and solid-state spin defect. This paves the
way towards sensing and measurements on quantum level as well as quantum
information processing and quantum simulation. The nitrogen-vacancy (NV) center in
diamond as a solid-state system gained much interest thanks to its unique
combination of spin and optical properties, allowing for the optical initialization and
readout of the electron spin state and the ability to coherently manipulate it with
resonant microwave excitation. The electron spin resonance frequency is shifted by
various external fields, including magnetic and electrical fields. Precision sensing of
nuclear spins with a chemical resolution [1] and [2] was shown recently with the
potential to perform single molecule or single cell spectroscopy. This task remains
challenging due to difficulties with low sensing sensitivity and dynamic range, as well
as fast diffusion in the target media. However, various pathways were proposed to
overcome these challenges, one of them is to increase the performance of the
quantum sensor by using the quantum coprocessor formed by ancilla nuclear spins.
The NV center can not only act as a sensor to interact with external measured
quantities but also with individual nearby nuclear spins. These nuclear spins include
the intrinsic "N nuclear spin but also "*C nuclear spins which are at proximal sites of
the NV center and thus interact strongly with it. In this work we show how quantum
algorithms can be efficiently used to improve the performance of the quantum NV
electron spin sensor, in particular to increase its dynamic range and the amount of
sensing information obtained by it per time. We show its performance in quantum
phase estimation measurement involving a sensing phase with subsequent
application of the quantum Fourier transformation to the quantum register. Thereby,
we perform efficient readout of multiple acquired phases of the sensor in one run of
the sensing sequence.
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Utilizing spin waves as information carriers in wave-based logic architectures is a
promising approach to extend conventional charge-based circuitry by additional
functionalities as well as to reduce energy consumption connected to Joule heating
[1,2]. For the realization of complex devices with high integration densities, efficient
and flexible means have to be established to guide spin waves on the nanometer
scale. Magnetic domain walls are highly versatile and reconfigurable, rendering them
ideal candidates for spin-wave channels that confine the information transport to nm-
wide conduits [3-5]. Using uBLS, we investigate spin waves that are guided along
Néel walls in microstructured thin-film elements made of Py and Fe and support our
findings by micromagnetic simulations [6]. Additionally, we present first experimental
observations of spin-wave transport along interconnected Néel walls in flux closure
domain structures as well as along walls that suddenly change their direction at the
edge of the microstructure. The NV spin system will be an ideal and unique tool for
real-space studies of magnons, since it forms a sensitive, nanoscale magnetometer,
which readily offers sensing bandwidths in the GHz range. These versatile sensors,
operating under ambient conditions, probe both the static and dynamic magnetic
stray fields emerging from magnons as well as the domain walls with high spatial
resolution [8]. Hence, the aim is to employ nitrogen vacancy centers in diamond to
shed light on this novel type of spin-wave modes confined via magnetic textures on
the nanoscale and their use in quantum sensing technologies.
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Solid-state point defects with optically addressable spin state present an interest for
quantum technology [1]. In this work a previously unknown centers have been
observed in lla natural diamond by photoluminescence spectrum with zero-phonon
line at 446 nm and studied by ODMR technique at room temperature. In addition
coherence population trapping of electron spin have been demonstrated. To address
each center individually a home-built microscope with confocal detection volume of
0.6 pm® has been utilized. The concentration of defects is estimated to be around
3*10° cm™. A preliminary model for defect is S =1 metastable level in between
ground and excited S =0 levels. Zero-field ODMR spectra of a triplet state are
characterized by two pronounced lines at approximately 2270 MHz and 500 MHz
with substantial — up to 10 MHz — difference from center to center with positive
contrast up to 50 percent. Under moderate magnetic field of few hundred gauss,
ODMR lines are shifted depending on the orientation of defect along the external
magnetic field and broadened considerably. Additional NV- confocal detection path
was implemented to align the direction of external magnetic field and corresponding
ODMR spectra were measured to calibrate strength of this field.
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Hybrid quantum registers, such as electron-nuclear spins of nitrogen vacancy (NV) center in dia-
mond [1], consist of different types of qubits. They offer a range of advantages as well as challenges.
The main challenge is that some types of qubits react only slowly to external control fields, thus con-
siderably slowing down the information processing operations. Here, we propose and demonstrate
an indirect control scheme that allows us to control the nuclear spins of an NV center indirectly, by
control operations applied to the electron spin, combined with free p ion under the anisotropic
hyperfine interaction [2]. The scheme provides universal control and we present two typical appli-
cations: polarizing the nuclear spin and measuring nuclear spin free induction decay signal, both
without applying radio-frequency pulses. Our elementary unitary operations consist of only 2 -
3 rectangular microwave pulses separated by delays, thus greatly reducing the control cost. This
scheme is versatile as it can be implemented over a wide range of magnetic field strengths and at
any temperature.
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Negatively charged nitrogen vacancy (NV') center ensembles in diamond has
demonstrated a great potential with achieving a subpicotesla magnetic field
sensitivity [1], which makes it a competitive candidate for magnetoencephalography
(MEG) based human machine interface applications. In order to take full advantages
of the diamond magnetometer, the DC field sensitivity need to be further improved for
such applications. In this work, *C purified diamonds with high quality NV~ center
ensembles in concentration of 0.9 ppm were used, demonstrating a ~80 kHz optically
detected magnetic resonance (ODMR) linewidth. Several techniques are proposed to
push the noise floor approaching the limit. (i) Balanced detection is well maintained
with the optical reference arm being closed-up so that the common mode noises are
perfectly suppressed; (ii) high frequency laser modulation is applied for phase
sensitive detection of the evanescent fluorescence signal in pulsed measurement
scheme, in order to avoid 1/f noises from the photodiodes; (iii) Hahn-echo
measurement scheme is applied to achieve a DC gradient field sensing with the
diamond vibrating along its 111 direction. A high depth resolution can be achieved
using one diamond with the relevant coherence time being extended from T, to To.
With these techniques, diamond magnetometers can get both a high field sensitivity
and depth resolution to acquire MEG signals for HMI applications.
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We demonstrate a microwave-free magnetometer that simultaneously measures all
Cartesian components of a magnetic field using nitrogen-vacancy (NV) ensembles in
a single-crystal diamond. In particular, we present a magnetometer based on the
photoluminescence (PL) feature of the level anti-crossing in the triplet ground state at
102.4 mT, capable of vector sensing of the magnetic field. This solid-state system
enables simultaneous readouts of each Cartesian component free from heading
errors [1].

Vector capability of a previously demonstrated microwave-free magnetometer [2] is
achieved by low frequency modulation of the transverse field and subsequent
demodulation of the magnetic-resonance frequency. This sensor exhibits a
demonstrated axial and transverse noise floor of =300 pT/YHz and 850 pT/,
respectively. We like to point out that this technique is also applicable to single NV
center magnetometer.

The proposed and demonstrated solid-state microwave-free magnetometer with high
resolution and high sensitivity that can work under ambient conditions. Removing the
requirement for microwaves while maintaining measurement sensitivity represents a
significant step towards the development of robust, non-invasive and miniaturized
magnetic field sensors.
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