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ABSTRACT OF THE DISSERTATION

Application of Nitrogen-Vacancy Center Magnetometry to the Study of Novel Quantum
Materials

by

Nathan McLaughlin
Doctor of Philosophy in Physics
University of California San Diego, 2024

Professor Chunhui Du, Chair
Professor Richard Averitt, Co-Chair

The nitrogen-vacancy center has been an active subject of investigation for decades.
Recently however, the pace of this research has accelerated dramatically to take advantage of
the superlative qualities possessed by these optically active defects in diamond, including their
extended quantum coherence, single-spin addressability, and their ability to probe magnetic fields
non-invasively and with ultra-high sensitivity in a broad temperature range. The peculiar qualities
of NV centers, including their diverse and extraordinary modes of measurement, are explored
in this dissertation. From basic diamond nanostructures, to the cutting-edge scanning modes of

research, the development and implementation of various techniques in NV magnetometry are
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hereafter traced. Along the way, these methods are applied to VO, (a Mott insulator), FTS (a 2D
superconductor possessing a ferromagnetic moment), the MnBi,Te, (Bi,Tes), class of materials
possessing non-trivial quantum transport properties, and to the study of domain walls in [Co-Ni]
multilayer heterostructures. These studies were conducted using a combination of home-built
confocal and widefield microscope setups, and commercially acquired scanning measurement
systems. In this, I hope to document a journey of understanding and utilization of the NV center
defect, starting from basic applications through to the current state-of-the-art. The NV center is
likely the most studied optically active intrinsic spin qubit to date, but these methods may be
expanded and applied to a whole class of optical defects in diamond, silicon carbide, and now
2-dimensional van der Waals heterostructure systems. The countless opportunities these studies

present in the field of quantum computation and quantum sensing are just beginning to emerge.
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Chapter 1

Background Information

1.1 Introduction

As the world reaches inexorably towards quantum technologies to advance past the
limitations of classical architectures, nitrogen-vacancy (NV) centers in diamond have been for
decades been reliably used to advance our understanding in the areas of quantum sensing !?,
quantum imaging>~, and quantum computation®'?. This is in part owing to their incredible
quantum coherence from milli-kelvin'! to above room temperature!?, and their ultra-high
magnetic field sensitivity 213, This chapter will describe the necessary background information
as to why and how these defects can be used to optimal effect to advance our understanding of
novel magnetic systems, and towards the development of quantum hybrid devices, which will be

necessary to continue and invigorate the quantum revolution.

1.2 Nitrogen-Vacancy Center Defect
1.2.1 NV Center crystalline lattice structure

The nitrogen-vacancy (NV) defect consists of a substitutional nitrogen defect adjacent
to a lattice vacancy on a nearest-neighbor site, as depicted in Figure 1.1a. The NV center
therefore has a well defined direction, which must necessarily respect the four distinct C—C
bond directions in the diamond lattice "14: [111], [111], [111], [111]. The NV center has been

observed to occur in two charge states: the neutral NV state and the negatively charged NV~



state. The NV state is formed by 5 electrons, two of which are contributed by the N atom,
and the other three from the dangling bonds left by the C atoms surrounding the vacancy. This
results in an overall spin S = 1/2 system. With the addition of one more electron received by

a nearby substitutional N donor 1>

, the total number is brought up to 6 electrons, resulting
in the negatively charged NV state with an overall § = 1 spin triplet state. It is perhaps more
intuitive to consider the NV~ as consisting of two holes, rather than 6 electrons. While the

neutral charge state NV has been utilized in quantum sensing experiments 7~

, the sole spin
defect state discussed in this dissertation will be the negatively charged NV~ state, and hereafter

this state will be referred to simply as an NV center.

1.2.2 NV center electronic energy levels

The NV center represents a three-level quantum system. This consists of a ground state
triplet with 34, symmetry and spin states |mg =0,+1), and excited state triplet with 3E symmetry
and spin states |m; = 0,41), and two intermediate singlet states with 'A; and ' E symmetry, and
spin states |my; = 0) for both. A magnetic spin-spin interaction means that the |m; = £1) spin
states are separate from the ground |mg = 0) by a zero field splitting (ZFS) parameter Dy = 2.87
GHz and D, = 1.42 GHz for the ground state and excited state, respectively. The |m; = +1) are
degenerate to each other in zero external field conditions.

With the addition of an external field oriented along the NV-axis B||, the |m; = 4-1) will
experience Zeeman splitting, with a magnitude given by: 2¥B,|, where ¥ = glip /h=2.8 MHz/G
is the gyromagnetic ratio of the NV center. In a real system, there is also an off-axis parameter E
~ 5 MHz, which appears due to physical strain in the diamond lattice, and may account for a
small splitting between the |m; = +1) spin states. The Hamiltonian # for this system is then

given as!:

A =DS2+E(S;—5)+7B-S (1.1)
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Figure 1.1. Basic structure and photophysics of NV center defect a) Schematic of lattice structure
of NV center spin-1 defect in diamond lattice. b) Energy levels for the NV center spin state.

the first term of which represents the zero-field splitting of the |m; = 1) and |m; = O states, the
second term represents mechanical strain induced effects, and the third term relates to Zeeman
splitting.

The NV center is a defect which can be initialized and read-out optically. Transitions
between the ground and excited states may be effected off-resonantly (usually by visible A = 532
nm or 515nm green laser light, due to high commercial availability). As depicted in Figure 1.1b,
after absorption of a green photon, the NV in an |m; = 0) state may undergo a spin-conserving
transition from the ground to an excited vibronic state. This state will quickly undergo a phonon-
mediated relaxation into the electronic excited |m; = 0) state. After a brief lifetime of ~10 ns,
the NV will decay either directly back to the electronic ground state. This will either release
optical radiation at the zero-phonon line (ZPL) of 637 nm, if the decay happens directly into the
electronic ground state, or it will release radiation into a broad phonon sideband (A ~ 637-750
nm), if again there is a radiation-less phonon-mediated relaxation to the electronic ground state.

For |mg = £1), the relaxation method to the ground state is no longer spin-conserving, nor is



it radiative!. N'V centers in the excited |m; = £1) spin states have some probability to decay
through an inter-system crossing through the 'A; and !E singlet spin states, which have a longer
spin lifetime on the order of 100s of nanoseconds?%?!. The final radiation-less transition may
happen into either the ground |mg = 0) or |m; = £1) states with equal probability. This feature
of the |my; = 0) and |ms; = £1) spin states possessing different optical relaxation properties
introduces the concept of spin-dependent photoluminescence (PL), which the the basis for all
subsequent measurement techniques in NV measurements. In summary, NV centers in the
|mg = 0) state appear darker under green laser illumination than do NV centers in the |m; = £1)
states.

These optical properties would be interesting, but unhelpful without a consistent way to
manipulate the NV spin state. Fortunately this is trivial to accomplish with the application of RF
magnetic fields. After initialization in the ground |m; = 0) state, application of microwave fields
at frequencies resonant with NV transition energies will drive the NV center into the |m; = +1)
spin states, thus allowing the possibility of mapping the relative location of these resonances to
the ZFS value, and deducing the applied external static field condition. With these properties in
mind, subsequent sections will describe in more detail the various measurement modes available

to an NV researcher

1.3 NV center measurement techniques

1.3.1 Continuous wave Optically Detected Magnetic Resonance
(ODMR)

Optically dependent magnetic resonance (ODMR) measurements are the simplest and
most essential measurement which can be made of the NV center. Continuous-wave ODMR
measurements or continuous-wave electron spin resonance (CW-ESR) measurements are per-

formed with continous illumination of the NV center by green laser light at 532 nm or 515 nm.

The frequency of an RF magnetic field applied via an adjacent Au stripline is then swept.
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Figure 1.2. Optically detected magnetic resonance measurements of an NV center. (a) Zeeman
effect induced splitting of degenerate |m; = +1) spin states due to applied external field By|. (b)
Schematic showing NV defect releasing red photons in response to a readout pulse from a 532
nm green laser. (¢) An ODMR spectrum in which the measure B = 700G. This figure is adapted

from Ref. [22].



While the RF frequency is off-resonant with the NV center |m,; = +1) spin states, the
NV in its bright, maximum photoluminescence (PL) state. When the RF frequency matches
the |my = +1) or |my; = —1) resonances, a dip in PL is seen. With zero applied field, one will
observe a single dip in photoluminescence located at f = 2.87 GHz. For an applied magnetic
field with non-zero projection on the NV quantization axis for a single NV center, two PL dips
will be seen. The Zeeman induced splitting is shown in Figure 1.2a, and a dataset showing
these resonance dips is given in Figure 1.2c. The general format of an NV experiment is shown
schematically in Figure 1.2b. By noting the location of these resonance dips, the projection of an

externally applied field along the N'V-axis is determined as ':

Byy = (1.2)

where fy; are the frequencies of the resonant frequencies for the |m; = £1) spin states. Static
external field oriented perpendicular to the N'V-axis will have the effect of increasing the center
frequency of the two transitions to >2.87 GHz. Since the initialization and readout both happen
with the green laser illumination on, this technique, while extremely easy to implement, has a

reduced PL contrast compared to other techniques, which will be discussed in the next section.

1.3.2 Rabi Oscillations

When continuous microwave excitation is applied to the NV center on resonance with
either of the |my = +1) frequencies, the NV spin state will coherently oscillate between the
ground |m; = 0) and the selected of the possible |[m; = 4-1) spin states?*2>, These are known
as Rabi oscillations, and they are the first introduction to pulsed microwave manipulation

measurements. The frequency of these oscillations depends primarily on the amplitude of the

resonant RF field perpendicular to the NV center axis, as shown by the following relation®:
fRavi = l\eNV x Bc| (1.3)
V2
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Figure 1.3. (a) Schematic of Rabi oscillations on the Bloch sphere, showing oscillations between
the |my; = 0) and |mg; = —1) states. (b) An experimental measurement spectrum of NV Rabi
oscillation measured using the optical and microwave sequence illustrated in the top panel. This
figure is adapted from Ref. [23]

where frqpi 1s the Rabi oscillation frequency, eyy is a unit vector along the NV-axis direction,
and Byc 1s an AC magnetic field at the NV spin resonance frequency (either f or f_.) From this
measurement is gained the ability to coherently control the relative populations in the ground
spin states, for precise spin state control. For example a 7-pulse, defined as half a Rabi oscillation
period, will drive the NV spin state into either the [m; = +1) or |m; = —1) spin states with
optimal efficiency. The spin manipulation described can be visualized more easily as happening
on the surface of the Bloch sphere, as depicted in Figure 1.3a for the |m; = —1) state. The pulsed
measurement sequence used to accomplish this is shown in the top panel of Figure 1.3b, above

an example of a measured Rabi spectrum.

1.3.3 Spin coherence measurements (71,75, and T5')

The coherence properties of NV centers are typically given by reference to characteri-

zation of their 71,7, and T5" coherence times. The origin, and significance of these times are



described below.

A spin-polarized NV state will eventually, due to phononic interactions with the crystal
lattice, relax back into a thermally-mixed state. For example, an NV center with wavefunction
|y) which has been optically initialized into the |m; = 0) state (|(y|m; = 0)|*> = 1 will relax
until there is an equal distribution of probability for the NV to be in any of the ground spin
states (|(y|ms = 0)|*> = [(y|ms = +1)|> = [(y|ms = —1)|> = 1/3). The timescale over which
this takes place is characterized by the 77 time constant. This time constant is measured using
the pulse sequence shown in the top panel of Figure 1.4b. The curves which result are shown
is Figure 1.4b-c. Details on the fitting can be found in Appendix section A.5. The intimate
involvement of phonons in this relaxation process means that the 7] time is very sensitive to
temperature. It is also affected by misalignment of applied magnetic fields, and from impurities
in the diamond '*!7. By altering the Zeeman induced splitting of the NV energy levels, as
shown in the diagram in Figure 1.4a, different frequencies of magnetic noise can be probed 2839,

The 7, time characterizes spin decoherence, also known as homogeneous spin dephasing.
This spin-spin relaxation time is intrinsic to a given NV and its local environment. The factors
that effect the 7> time include the presence of C!3 impurities in the diamond, substitutional N
electrons, other nearby NV spins, and other paramagnetic spin defects. The 75 time is measured

using a Hahn echo sequence 3

, as shown in the top panel of Figure 1.5, above a typical 75 dataset.
The length of the NV coherence can be extended through dynamical decoupling sequences, or
by using isotopically pure diamond samples2°.

The inhomogeneous spin dephasing time, or 75" time, can be considered the effective 7>
time. 75" is always less than or equal to the 75 time, because these spin dephasing effects include

spin-spin interactions in the NV local environment, and also local inhomogeneity in distribution

of externally applied magnetic fields. The 75" time can be measured using a Ramsay sequence.
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Figure 1.4. (a) Schematic illustration of NV spin relaxation in a three-level system. (b-c) A
set of NV relaxometry data showing the spin dependent NV photoluminescence measured as
a function of delay time 7. The intrinsic NV relaxation rates are shown in (b), while the NV
relaxation rates in proximity to a magnetic sample are shown in (c¢). This figure is adapted from
Ref. [27]
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Figure 1.5. A measured Hahn echo spectrum of an NV center. The Hahn echo optical and
microwave sequence are illustrated in the top panel. This figure is adapted from Ref. [31]
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1.4 Diamond micro and nano-structures
1.4.1 Nanobeams

Diamond nanobeam microstructures containing single NV centers>? were fabricated from
a chemical vapor deposition (CVD) grown diamond by a combination of top-down etching and
angled etching processes. The NV-to-sample distance was estimated to be ~100 nm>*, ensuring
sufficient thermal and field sensitivity. The nanobeams are fabricated on the [100] surface of
the diamond, with their long axis along the [011] direction. The NV centers in these diamonds
are naturally formed during growth at a density of around 1/um?. The four possible NV axis
directions are populated uniformly and randomly. To ensure a pristine diamond surface, acid
cleaning is performed both before and after the fabrication process. Individual nanobeams are in
the shape of an equilateral triangular prism with approximate dimensions of 500 nm x 500 nm
x 10um. The typical NV-to-sample distance of these nanobeams is approximately 100 nm. This
tends to be more than sufficient for ensuring high thermal contact and field sensitivity. Diamond
nanobeams are transferred to the surface of materials of interest using a micromechanical transfer
stage utilizing a titanium tip with tip radius <0.5 um, and 6° taper angle. Images of the transfer

setup and process can be found in Figure 1.6.

1.4.2 Diamond membranes (ensembles)

For measurements of 2D materials in widefield microscopy experiments (optical setup
described in Appendix section A.7.1, diamond membranes can be used?’-23-33%36_ Single crystal
diamond membranes in this dissertation were fabricated for this purpose. They are fabricated
to be approximately square, with dimensions of 3 mm x 3 mm, and thickness of 20-50 yum.
The out-of-plane direction can either be along the diamond [001], or [111] axes, depending
on the particular requirements of the experiment. [111] cut diamond membranes have 1 of the
possible NV axis directions oriented directly out-of-plane>’, while [001] cut membranes have

the 4 possible directions directed at 54° from out-of-plane, and aligned parallel to the sides of the
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Figure 1.6. (a) Transfer stage for diamond nanobeams. An xyz-movement stage controls the
movements of a tungsten tip with high precision. This allows breaking of a nanobeam from
a fabricated diamond substrate (b), Carrying the nanobeam on the tungsten tip (c), and finally
depositing the nanobeam on a sample of interest, as shown in an SEM image (d).
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Figure 1.7. Schematic of the dry viscoelastic 2D transfer of 2D materials onto arbitrary substrates.
(a) Flakes are cleaved into thinner sections using scotch tape. (b) The tape with flakes is then
pressed against a block of PDMS. (c) Removing the tape will leave exfoliated flakes on the
surface of the PDMS. (d) Securing flakes on a glass slide creates a stamping arm that can be
mechanically controlled by a three dimensional micro-positioner. (e),(f) Positioning the sample
to a desirable position and pressing down with the stamping arm to the surface of a substrate.
(g) Slowly lifting the glass slide stamp separates the flake from the PDMS cube and leaves the
flake on the substrate. (h) Schematic of the final product, ready for measurement. The 2D flake
is in nanoscale contact with the diamond and shallowly implanted NV centers. Typically a bias
field B,y is applied to aid measurement using the NV centers, and to manipulate the magnetic
properties of the 2D flake. This figure is adapted from Ref. [23]



membrane. NV centers are implanted in these membranes by N, ion irradiated, with energy
between 3-6 keV. The depth of the resulting NV centers can be characterized by Stopping and
Range of Ions in Matter (SRIM) Monte Carlo simulations>8. Near-to-surface NV centers will
have a higher sensitivity to static and dynamic magnetic fields, with a reduced coherence time and
higher instability due to paramagnetic defects at the diamond surface>°. On-chip Au waveguides
were fabricated on the surface of diamond membranes by standard photolithography techniques,
magnetron sputtering, and liftoff processes to deliver the microwave signals to manipulate NV

spin states.

1.4.3 Diamond scanning probes

All the diamond probes used in the forthcoming scanned experiments were purchased
commercially. These probes feature high-quality single crystal diamond structures at the end of a
cantilever attached to a quartz tuning fork. The tuning fork is attached to a ceramic carrier plate,
and is used in our custom atomic force microscope (AFM) system which expects probes in an
Akiyama geometry. The probes used in this dissertation have four possible NV orientations, all
at 54° from the out-of-plane direction. The single NV center is implanted at the end of a pillar,
which extends down towards the sample. The height of this pillar is approximately 1-3 ym, and
the pillar end is circular, with a diameter of 250-300 nm. A image of a typical diamond probe

taken using a confocal microscope setup is shown in Figure 1.8.
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Figure 1.8. Confocal image of the diamond probe at the end of the AFM cantilever. Note the
single NV center at the center of the probe. Other areas of high photoluminescence, for example
around the edge of the probe, can be attributed to optical artifacts rather than the presence of
additional NVs. This figure is adapted from Ref. [31]
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Chapter 2

Quantum Sensing of Insulator-to-Metal
Transitions in a Mott Insulator

2.1 Introduction

As technology begins to reach the fundamental limitations of the von Neumann computing
architectures, new paradigms are urgently required to improve the processing speed, data storage
capacity, and energy efficiency for next-generation information technologies.*® Among many
potential contenders, neuromorphic computing*!~*? has attracted immense research interest due
its capability to mimic the highly interconnected structure of biological neural systems like
the human brain.** Insulator-to-metal transitions (IMTs) in Mott materials featuring first-order,
threshold firing type resistive switching behavior are directly relevant in this context due to their
significant potential for implementing artificial spiking neurons in neuromorphic circuits. *>~*
Thus, great efforts have been devoted to understanding and controlling the mechanism for
resistive switching in materials exhibiting an IMT.>%>* Successful applications of IMTs to
emergent neuromorphic computing platforms require advances in theory, material discovery, and
equally importantly, a detailed knowledge of the local electrical and thermal properties of Mott
materials down to the nanoscale regime.

Conventional research on IMTs has been mainly focused on global electrical transport

measurements as well as structural characterizations, rendering limited information on the local

properties of the studied materials. To address this challenge, here, we utilized nitrogen vacancy
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(NV) centers to perform local quantum sensing of the voltage-induced IMT in a prototypical
Mott material: vanadium dioxide VO,.#>#633 Notably, the measured magnetic fields generated
by the VO, devices exhibit a characteristic step-like jump around a “critical” electric current, in
agreement with the formation of conducting filaments during the voltage-induced IMT.#>¢ The
temperature profile we observed for both pristine and ion-irradiated VO, films are explained both
by thermal®’ and nonthermal origins.>® We expect that the presented NV-based quantum sensing
platform can be extended naturally to other Mott insulators, offering a new perspective to reveal

the local thermal and electrical behaviors in Mott-material-based neuromorphic devices.

2.2 Measurement platform and device structure

The studied VO, films were 170nm thick and were deposited on Al,O5 (012) substrates
by reactive radio-frequency magnetron sputtering.*> The growth was done in a 4 mTorr Ar:O,
(92-8%) atmosphere and at a substrate temperature of 470 °C. The sample was then cooled
down at a rate of 12 °C min-1. Two 125 nm thick Ti/Au electrodes were fabricated with a
separation of 10 um were fabricated using standard photolithography and e-beam evaporation on
top of the pristine VO, films for electrical transport measurements. Some of these devices were
then irradiated using focused ion beam (FIB) techniques. The region in between the electrical
contacts was irradiated using a 30 keV, 6.2 x 10'3 jons/cm? focused Ga-ion beam. This beam
was rastered across the region of interest with a 50% overlap between successive raster locations
to ensure a uniform dose. This width of this region was ~2 um, and extended just far enough so
as not to damage the Ti/Au electrodes.

For NV measurements, we utilized patterned diamond nanobeams (details on fabrication
and dimensions found in section 1.4.1) which were transferred on top of the VO, film between
the two Au electrical contacts. A schematic of The measurement platform and device structure
used are illustrated in Figure 2.1a, while a scanning electron microscope (SEM) image of an

actual device is given in Figure 2.1b. A confocal image of this device is shown in Figure2.1c.
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Figure 2.1. (a) Schematic of a prepared NV-VO, device consisting of two Au electrodes and
an Au microwave stripline fabricated on top of a 170 nm thick VO, thin film. A diamond
nanobeam containing individually addressable NV centers is transferred on top of the VO, film
to perform local thermal and field sensing of IMT. (b) A scanning electron microscopy (SEM)
image showing a patterned diamond nanobeam situated between the Au electrical contacts. (c) A
photoluminescence image showing a diamond nanobeam containing a single NV spin positioned
between the two the Au electrical contacts. This figure is adapted from Ref. [22].
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The high photoluminescence at the indicated NV site demonstrates the single-spin addressability
of our measurement system. The Au stripline fabricated next to the electrical contacts provides
microwave control of the NV spin states.>*> The whole sample was mounted on a heating
stage to allow for a precise adjustment of the base temperature. IMTs can be thermally and/or
electrically triggered in the VO, device, accompanied by orders of magnitude decrease in
electrical resistivity.>’° The NV center positioned on top of the VO, film serves as a local

probe of the temperature and magnetic field at the NV site.

2.3 Results
2.3.1 Electrical transport characterization

We first performed electrical transport measurements to characterize the temperature
induced IMT in the VO, device. Figure 2.2a shows the resistance of the VO, device as a
function of the base temperature. The blue and the red curves correspond to the heating and
cooling branches, respectively. The device features a characteristic IMT around 335 K, in
agreement with the critical temperature 7, reported in previous works.*>0 After establishing
the resistance-temperature profile, we demonstrate an electrically induced IMT in the VO,
device. In these measurements, the base temperature was maintained at a constant value below
T, while an electric current I;. applied in the VO, channel was slowly varied and the voltage
was simultaneously measured between the two Au contacts. At a certain critical current /., a
conducting filament stretching between the tips of the two Au contacts was formed in the VO,
film, leading to a sudden and significant drop of the measured voltages as shown in Figure 2.2b.
This is due to a metallic filament forming between the Au contacts which is visible by optical
microscopy due to the change in optical constants (Figure 2.2¢). Note that the magnitudes of the
critical currents and voltages of the electrically induced IMT depend on the base temperature of
the device. The closer the base temperature is to 7;, the smaller the electric power is required

to activate the resistive switching as illustrated in Figure 2.2d. When the base temperature
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of the device is too far below T, it is not possible to trigger voltage-induced IMTs in the
VO, film without reaching excessively high voltages, where irreversible phase variations into
other vanadium oxide compounds could occur.>® In the following NV measurements, the base
temperature of the sample is set to be above 295 K to avoid irreversible damage to the VO,

devices.

2.3.2 NV data

Pristine VO,

Next, we demonstrate the NV center’s ability to accurately detect the local temperature
and magnetic field environment of the VO, device during the voltage-induced IMTs. To perform
the optically detected NV electron spin resonance (ESR) measurements, an external magnetic
field was applied and aligned along the N'V-axis and the base temperature of the device was
maintained at a constant value. A constant microwave current with a frequency f was delivered
by the nearby Au stripline. The component of the Oersted field parallel to the NV-axis (B)|)
generated by the electric current flowing through the VO, was measured as illustrated in Figure
2.3a. The local temperature 77, at the NV site can be extracted from the NV ESR measurements

as follows: T;, = % — %,61‘63

where a and b are fitting parameters equal to 2.8983 + 0.002
GHz and -88.9 4 5.8 kHz K, respectively. These values are obtained by measuring fy as
a function of the sample temperature. Since the measurements were performed in a vacuum
environment of ~107® and due to the nanoscale proximity established between the NV center
and the VO, sample, the NV center is well thermalized with its immediate vicinity in the device
in the steady-state, and the local temperature of the VO, sample can be reliably measured.
Figure 2.3b,c shows the extracted Oersted field and the local temperature 77 as a function
of the applied electric current /. at three different base temperatures of 320, 325, and 330 K.
For low electric currents I;. < I., VO, is in a homogeneous semi-insulating state and the electric

current is sparsely distributed in the device, leading to a negligibly small Oersted field at the

NV site. When the electric current reaches its critical value (I;. = 1), the IMT is electrically
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Figure 2.2. (a) Resistance of a pristine VO, device measured as a function of the base temperature.
Blue and red curves correspond to the heating and cooling branches, respectively. (b) The voltage
(V) measured as a function of applied current (I;.) at a base temperature of 317 K. Blue and red
curves correspond to increasing and decreasing current, respectively. When sweeping the current
down, the filament shrinks and supports the metallic state with a lower critical current. (c) An
optical image showing the formation of a conducting filament (dark color) between the two Au
contacts. (d) Electric voltage (V) measured as a function of the applied current (/;.) in the VO,
device at three different base temperatures. This figure is adapted from Ref. [22].
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Figure 2.3. (a) Schematic of NV sensing of the local temperature and the Oersted field AB;,
generated by the electric current flowing the VO, film. (b) Electric current dependence of the
IMT-induced local magnetic field ABH at the NV site. The blue, red, and green curves correspond
to the base temperatures of 320, 325, and 330 K, respectively. The jumps correspond to the
resistive switching events as shown in Figure 2.2d. (c) Local temperature extracted from the
NV ESR measurements as a function of the electric currents. The experimental error of the
measured temperature is +1.2 K, which mainly comes from the uncertainty of measuring NV
ESR frequency and the calibration of temperature-dependent NV zero-field splitting frequency.
The gray color stripe marks a temperature regime of 335 +1 K, where the thermally induced
IMTs are expected to occur. This figure is adapted from Ref. [22].
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triggered, accompanied by the formation of a conducting filament in the VO, film. Since the
electric current is then mainly concentrated in the conducting filament, the local current density
and the Oersted field experienced by the NV center are significantly enhanced (Figure 2.3b).
These sudden jumps in magnetic field correspond to switching events observed in the electrical
transport measurements.

In contrast to the jump-type variation of the Oersted field, the measured local temperature
Ty exhibits a gradual increase as a function of /.. It is worth mentioning that 7; measured
at different base temperatures reaches a similar value (/=335 K) during resistive switching,
demonstrating the thermal origin of the voltage-induced IMT observed in a pristine VO, film.>7-64
At a sufficiently large electric current, Joule heating along the current path locally increases the

temperature of the VO, film to the critical value (=335 K) and triggers the formation of the

conducting filaments.
Irradiated VO,

In addition to Joule heating, it has been suggested that electric fields may also induce the
IMT, but the origin of this effect is still debated.’®3-7! A number of reports have indicated that
the IMT may be induced without reaching the IMT critical temperature.’'>%%72-75 However,
due to the inhomogeneous nature of the IMT and the need for simulations of the current and
temperature distribution in the sample, direct evidence for the nonthermally induced IMT remains
elusive. Local measurements of temperature in the nanoscale during the IMT are of great value
to confirm the possibility of nonthermal switching. Next, we applied the NV-based quantum
sensing platform to ion-irradiated VO, thin film devices to access the mechanism of nonthermally
induced IMT.”® We employed a focused ion beam to irradiate gallium ions onto the VO, film
in a ~2 um wide region that connects the Au contacts. The gallium irradiation has interesting
effects on the transport properties of the VO, thin film. First of all, the voltage-induced IMTs
can be triggered at a much lower base temperature with reduced current/voltage/power as shown

in Figure 2.4a. However, the resistance-temperature characteristics of the ion-irradiated VO,
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Figure 2.4. ((a) Comparison of voltage-induced IMTs in pristine and ion-irradiated VO, films.
(b) Variation of the normalized resistance [R/R(305 K)] of pristine and ion-irradiated VO,
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temperature regime of 335 41 K, where the thermally induced IMTs are expected to happen.
The blue dash line indicates the critical current for the electrically induced IMTs. This figure is

adapted from Ref. [22].
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device remain largely the same, showing a similar 7, as in the pristine sample (Figure 2.4b).
Figure 2.4c shows the local temperature extracted from the NV ESR measurements as a function
of ;.. In stark contrast to the pristine VO, sample, the local temperature measured at the critical
current barely changes from the base temperature which can be up to 35 K lower than 7. It is
important to note that the NV center is situated on the symmetry axis between the two contacts
and is in contact with the conducting filament formed in the ion-irradiated VO, device. The
absence of substantial heating both before and after the switching process demonstrates the

nonthermal origin of the electrically induced IMT in the ion-irradiated VO, sample.>8

2.4 COMSOL Simulations

We have simulated our measurements in COMSOL Multiphysics software, to better
understand the thermal and electrical interactions at play in our measurements. Relevant thermal
and electrical material properties for the Au contacts, and the Al,O5 (sapphire) substrate are
directly available from the COMSOL material database. The substrate was modelled as a 1280
x 1300 x 1000 um block sufficiently large to encompass the dimension of a single VO, device.
To accurately simulate heating of the device, we impose a constant temperature condition on the
face of the substrate opposite the VO,. This is very similar to the action of the resistive heater
below our experimental device. The thermal conductivity kK of VO, is implemented as a step
function: 3.4 W(m-K)~! for 300 < T < 340 and 6 W(m-K)~! for 340 K < T < 600 K.”"-"®
x for diamond and air is 2500 W(m-K)~! and 0.03 W(m-K)~!,” respectively. The electrical
conductivity of VO, was obtained using an experimental resistance-temperature curve for the
device, which was then scaled so that the resistance of the simulated device was identical to
that measured in experiment. Distributed ordinary differential equations were incorporated to
account for the hysteresis present in the electrical conductivity of VO,, as well as to suppress
the conductivity in a small region around the leads, to reduce non-physical fringing effects.%*

The filament formation was modeled using Electrical Currents, Heat Transfer in Solids, and
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Figure 2.5. COMSOL simulations of current distribution in pristine (a) and irradiated (b) VO,
with an applied electric current of 3mA and 0.75mA respectively. COMSOL simulations of the
temperature profile in both cases are given for pristine VO, (c) and irradiated VO, (d), with a
base temperature of 325 K and 315 K, respectively. Note that a simulated diamond nanobeam is
located on the symmetry axis of the two Au contacts. This figure is adapted from Ref. [22].
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Electromagnetic Heating packages. For pristine samples, the electrical and thermal conductivity
only depend on the temperature. The irradiated region of a VO, sample was treated as having
conductivity as a function of both temperature and the electric field. This approach was chosen
as a result of the observation that minimal heating occurs before and after filament formation
for irradiated samples, indicating that an electronic mechanism plays a role in the IMT. Once
the filament is formed at higher current values, a separate approach needs to be employed as
the electric field inside the filament would drop drastically and return the VO, to the insulating
state. We use the effective temperature model to obtain a spatial approximation of where the
filament would form.%* Then, we treated the VO, in that region as having transitioned to the
metallic behavior by imposing the electrical and thermal conductivities of the conducting phase.
This measure allows for electric current values to extend into the regime beyond the IMT, while
the irradiated devices still exhibit little heating as observed experimentally. In Figure 2.5a and
Figure 2.5¢ and we simulate the current distribution and temperature profile for pristine VO,
with an applied electric current of 3mA, and a base temperature of 325K. In Figure 2.5b and
Figure 2.5d and we simulate the current distribution and temperature profile for irradiated VO,
with an applied electric current of 0.75mA, and a base temperature of 315K. These simulations
mimic many of the details that are observed experimentally. For example, the width of the
current filaments (around 1 mA), and the fact that for the pristine sample, this width increases
with increasing current. We also see that the magnetic field profile experienced by an NV center
above the filament is in reasonable bounds, using the Biot-Savart Law, and that the diamond
is well thermalized to the VO, surface, even assuming pessimistic values about the interfacial

thermal conductivity between the diamond and the sample.
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2.5 Mechanism of electric field assisted carrier generation
in irradiated VO, devices

Our results are consistent with a previous study showing indirect evidence for nonthermal
switching and support field-assisted carrier generation as the switching mechanism. 88081,
With a sufficiently large electric field, in-gap states created by ion beam irradiation could be
electrically excited, emitting charge into the conduction band, as illustrated in Figure 2.6a. This
increases the number of free carriers and causes the collapse of the Mott insulator state through
a doping-driven IMT.>® We have studied the relationship between the conductance ¢ and the
electric field E of the devices. If this phenomenon of non-thermally induced switching were
the result of the Poole-Frenkel effect, we would expect the logarithm of conductance to have a
square root dependence on the electric field: In(o) o< E®5. However, in our measurements, we
observe a much better fit to a quadratic relationship between conductance ¢ and electric field
E. Our fitting equation is: In(c) = In(op) + (%), where oy and E are the fitting parameters.
In this equation, E = V/d, where V is the applied voltage across the region of VO, of width
d. The results of this fit are shown in 2.6b. This fitting implies a better theoretical agreement
to the mechanism of phonon-assisted tunneling. In comparison to thermally induced resistive
switching, we highlight that the critical currents are significantly reduced, as well as the energy

dissipation in the doping-driven IMT, which may offer significant advantages for developing

energy-efficient neuromorphic circuits in a broad temperature range.

2.6 Conclusion

These studies have served as a demonstration of NV centers as a sensitive local probe
of the thermally and nonthermally induced IMTs in VO, devices. By measuring the local
temperature and the magnetic field environment via the optically detected NV electron spin
resonances, the underlying electrical phase transitions in proximal VO, devices was accessed

in a nonperturbative way at the nanoscale. This technique allowed us to obtain direct evidence
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Figure 2.6. (a) Schematic of the field-assisted carrier generation through a doping-driven IMT.
Application of a voltage allows electrons in new doped energy levels to tunnel into the conduction
band with the assistance of phonons, as illustrated in the right panel. (b) Fit to the conductivity
enhancement due to phonon-assisted tunneling for an irradiated VO, sample. Blue points are the
experimental results and the red line is a fit to In(o) = In(op) + (%), with d = 10 um and E
=3.79 MV/m. This figure is adapted from Ref. [22].
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for a nonthermally induced electrical IMT in a Mott insulator. The findings also have important
implications for our understanding of the physics of Mott insulators and their applications. By
employing patterned diamond nanostructures with shallowly implanted NV centers, 821383 we
expect that the local resolution of such NV quantum sensing platform could potentially reach
the few-nanometer length scale, offering new opportunities to reveal the electrical and thermal
behaviors in Mott insulators and many other quantum materials. Additionally, using techniques
described in the following chapters, we expect many more opportunities to demonstrate the cou-

pling between NV centers and Mott insulators, to develop our understanding of next-generation

neuromorphic devices.
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Chapter 3

Strong Correlation Between Supercon-
ductivity and Ferromagnetism in an Fe-
Chalcogenide Superconductor

3.1 Introduction

The interplay among topology, superconductivity, and magnetism promises to bring a
plethora of exotic and unintuitive behaviors in emergent quantum materials. The family of
Fe-chalcogenide superconductors FeTe,Se,_, are directly relevant in this context due to their
intrinsic topological band structure, high-temperature superconductivity, and unconventional
pairing symmetry. Despite enormous promise and expectation, the local magnetic properties
of FeTe,Se;_, remain largely unexplored, which prevents a comprehensive understanding of
their underlying material properties. Exploiting nitrogen vacancy (N'V) centers in diamond, here
we report nanoscale quantum sensing and imaging of magnetic flux generated by exfoliated
FeTe,Se,_, flakes, demonstrating strong correlation between superconductivity and ferromag-
netism in FeTe, Se;_,. The coexistence of superconductivity and ferromagnetism in an established
topological superconductor opens up new opportunities for exploring exotic spin and charge
transport phenomena in quantum materials. The demonstrated coupling between NV centers and
FeTe,Se;_, may also find applications in developing hybrid architectures for next-generation,

solid-state-based quantum information technologies.
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Topological superconductors harboring exotic Majorana Fermions have received inten-
sive research interest over the past several years due to their significant potential for developing
transformative, fault-tolerant, quantum-computing paradigms.3*3> This emergent class of super-
conductors is distinguishable from its conventional counterparts by its topologically protected
surface or edge state, as well as exhibiting a range of exotic and highly interesting quantum
phenomena.3*8¢ Among the potential material candidates, the FeTe,Se;_, family naturally stands
out due to its high superconducting transition temperature, simple crystal structure, and intrinsic
topological band structure due to the bulk band-inversion induced by spin-orbit coupling. 3"~

Over the past few years, pioneering research efforts have gone toward experimentally
investigating the topological nature and the superconducting properties of FeTe,Se;_,.3":3%°! The
topological superconductivity observed in these experiments is a consequence of the proximity
effect from the bulk superconductivity to the surface Dirac state. It is natural to examine whether
the surface superconductivity can provide important information about the bulk gap function
symmetry. In particular, time-reversal symmetry as well as parity and charge conjugation are
three fundamental discrete symmetries of interest. The existence or lack of time-reversal sym-
metry breaking (TRSB) is an important question for exploring pairing mechanisms in strongly
correlated superconductors. TRSB pairing symmetries have been theoretically proposed in
iron-based superconductors. > Experimentally, thermal transport and angle-resolved photoe-
mission spectroscopy studies suggest the spontaneous TRSB and opening of a band gap at the

93,94

surface Dirac cone in superconducting FeTe,Se,_,, which indicates the presence of ferro-

magnetism induced by an intrinsic unconventional pairing symmetry.®> The interplay among

87,89,91,96 87,90 93,94

superconductivity, and magnetism makes FeTe,Se_, an attractive

topology,

platform to explore a range of emergent quantum spin and charge transport phenomena, *+97-%8

89,91 99-101

such as Majorana Fermions and higher-order topological superconductivity as recently
reported. Despite remarkable progress, detailed knowledge of the local magnetic properties of
superconducting FeTe,Se|_, remains elusive, and direct evidence to corroborate the coexistence

of superconductivity and ferromagnetism in FeTe,Se_; is still lacking. The major difficulty
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results from the fact that the magnetic flux generated by superconductors is often shielded by the

Meissner effect, 192

which is challenging to access using conventional magnetometry methods.
Here, we use nitrogen-vacancy (NV) centers to perform nanoscale quantum imaging and
sensing of magnetic flux generated by an exfoliated FeTe, ;Se, 3 (FTS) flake.** By performing

24,25

NV Rabi oscillation measurements, we directly image the spatial distribution of supercur-

rents in FTS. By measuring magnetic stray fields and fluctuations by the NV optical detection of

magnetic resonance (ODMR) and relaxometry techniques, 3+29-30-3.103

we demonstrate strong
correlation between superconductivity and ferromagnetism in FTS.%> The presented NV quan-
tum sensing and imaging platform operates in an accessible, table-top format, which can be
extended naturally to a large family of two-dimensional van der Waals materials, '% providing

new opportunities for investigating local electrical and magnetic behaviors in emergent quantum

materials.

3.2 Measurement Platform and sample

Figure 3.1a shows a schematic of our measurement platform, where a 140 nm thick
FTS flake with lateral dimensions of ~11 um x ~9 um is transferred onto a single crystal
diamond substrate containing NV centers implanted ~5 nm below the surface. The density of NV
centers is characterized to be ~1500/um?, providing a convenient platform to achieve wide-field
imaging based on the ensemble of NV spins.*363 An on-chip Au stripline is fabricated on
the diamond sample, allowing the application of microwave currents to control the quantum
spin state of the NV centers. A photoluminescence image [Figure 3.1b] shows an overview of
a prepared NV-FTS device, where an FTS flake is located ~4 yum from the Au stripline. The
exfoliated FTS flake exhibits the characteristic superconducting phase transition at 7, = 14.5 K,

as shown in Figure 3.1c, in agreement with the previous electrical transport study. 3
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Figure 3.1. Measurement of magnetic flux generated by an exfoliated FTS flake by NV centers.
(a) Schematic of an exfoliated FTS flake transferred onto a diamond membrane for NV wide-
field magnetic imaging measurements. (b) Photoluminescence image showing an overview of a
prepared NV-FTS device. The scale bar is 5 um. (c) Electrical transport measurements show
a characteristic superconducting phase transition at 14.5 K for an exfoliated FTS flake. (d,e)
Schematic of Rabi oscillations on the Bloch sphere and an experimental measurement spectrum
of NV Rabi oscillation. The top panel of (e) shows the optical and microwave sequence of NV
Rabi oscillation measurements. This figure is adapted from Ref. [23].

3.3 Results
3.3.1 Imaging supercurrents with AC widefield microscopy

We first employed NV wide-field microscopy*3%3 to perform Rabi oscillation mea-
surements to image circular AC supercurrents in the FTS flake. For more details on the rabi
measurement, see Figure 1.3. The amplitude of the applied microwave magnetic field B¢ can
be obtained by the frequency of the Rabi oscillation fg,;; as follows: Bac = %, where y
is the gyromagnetic ratio of an NV spin (more details shown in Figure 1.3). In the prepared
NV-FTS device, the microwave magnetic field B¢ at individual NV sites contains two potential
contributions: the oscillating Oersted field By;w produced by the microwave current flowing in
the on-chip Au stripline and the magnetic field Bsyy generated by supercurrents in the FTS flake,
as illustrated in Figure 3.2a,b. When T > T, the Rabi oscillation of NV centers is only driven by

the Oersted field By;w. When temperature falls below 7, circular supercurrents in FTS modify
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Figure 3.2. Local quantum sensing of superconducting phase transition of an FTS flake. (a,b)
Schematic of the spatial profile of the microwave magnetic field environment of an FT'S flake
above and below T.. (c), (d) Temperature dependence of Rabi oscillation frequency fr.p of NV
centers located underneath the central (c) and edge (d) areas of the FTS flake. The Meissner
screening effect reduces (increases) the effective microwave field in the central (edge) area of the
FTS flake, leading to the opposite variations of fg,s; across T;. This figure is adapted from Ref.

[23].

(b)
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the spatial distribution of the microwave magnetic field surrounding the FTS flake. In the central
area of the FTS flake, the microwave field Bsyy generated by supercurrents is in the opposite
direction of the external microwave field By, effectively reducing the NV Rabi oscillation rate
Jrabi- Bsy and By follow the same direction in the boundary area of the FTS flake, leading to
an enhancement of fg,;. Figure 3.2c,d shows the temperature dependence of the measured Rabi
oscillation frequency fgqp; for NV centers underneath the central and boundary areas of the FTS
flake, respectively. Notably, fz.»; exhibits a sudden decrease (increase) when temperature falls
below the T, of FTS, in agreement with the picture of the Meissner screening effect discussed
above. 103196 By subtracting the external microwave field generated by the on-chip Au stripline,
the internal magnetic field Bgy due exclusively to the circulating supercurrents in the FTS flake
can be extracted. Figure 3.3a-c shows 2D maps of Bgy measured at 5, 8.5, and 10 K. When T =
5 K, magnetic flux expulsion due to the Meissner effect %197 Jeads to a negative magnetic field
in the central area of the flake and a positive magnetic field in the edge area. Note that the sign
of Bgy represents its orientation relative to the external microwave field. The magnitude of By
decreases with increasing temperature and eventually vanishes above T,.. Without considering
the variation along the thickness direction, the spatially resolved Bgy allows us to reconstruct
the 2D distribution of supercurrent Jg; in the FTS flake, as shown in Figure 3.3d-f.*3¢ The
supercurrent forms a circular loop with a maximum density of ~1 mA/um?2. It gradually decays

and approaches zero in the central region of the FTS flake.

3.3.2 London penetration depth Analysis

Extraction of London penetration depth

The length scale that the supercurrents decay inside a superconductor is determined by
the London penetration depth A.'% Microscopically, A is associated with the imaginary part
of the electrical conductivity and the superfluid density of FTS.!?> Using a machine learning

1 108

analysis mode we fit the spatial distribution of the microwave field Bgy to obtain 2D maps

of London penetration depth, as shown in Figure 3.3g-i. Details on the fitting can be found in
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Appendix section A.3. The spatial variation of A within the exfoliated FTS flake demonstrates

the existence of superconducting domains possibly induced by inhomogeneities or defects. 3’
Temperature dependence of the extracted London penetration depth

We now discuss the temperature dependence of the extracted London penetration depth
of the FTS flake. We start from the general expression of the superfluid density ps(7) =
A(0)%2/A(T)?, where A(0)? and A(T)? are the London penetration depths at 0 K and at tem-
perature T, respectively. Here, we consider the superfluid density in th emodel of a single
superconducting gap A. The temperature dependence of A is assumed to follow the classical
Bardeen-Cooper-Schrieffer (BCS) theory: A(¢) = A(0)8(¢), where A(0) is the superconducting
gap at 0 K, 6(¢) = tanh (1.82[1.018(¢ — 1)]%3') is the normalized BCS gap,'"” and r = T,/ T.
The superfluid density p; is given by: 10

A(0)

po=1-20 2 [“r1=piay 3.1)

where kg is the Boltzmann constant, f = [exp(BE) + 1]~! is the distribution function and
B = (kBT)_l. The energy of the quasiparticles is given by E = \/m , Where € is the
energy of the normal electrons relative to the Fermi surface and the integration variable is
y = €/A(0). We fit the temperature dependence of A (7)) measured in the central area of the FTS
flake using Equation 3.1. A(0) is fitted to be ~400 nm, in agreement with values reported by
previous studies.'!! The obtained experimental results of A(T') agrees well with the BCS theory,
as shown in Figure 3.4, demonstrating the validity of the London penetration depth obtained by

our NV measurements.

3.3.3 Imaging of superconductivity-induced ferromagnetism

In conventional s-wave superconductors, ferromagnetism is usually prohibited because
the characteristic spin-singlet s-wave pairing rule dictates antiparallel spin configuration of

cooper pairs. Thus, the emergence of superconductivity-induced ferromagnetism is usually
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Figure 3.3. NV wide-field imaging of the internal microwave magnetic field, supercurrents,
and London penetration depth of an FTS flake. (a-c) Two-dimensional imaging of the internal
microwave magnetic field Bgy generated by supercurrents in the FTS flake at 5, 8.5, and 12 K.
(d-f) Reconstructed spatial distribution of supercurrents in the FTS flake at 5, 8.5, and 12 K.
(g-1) Two-dimensional maps of London penetration depth A reconstructed by machining learning
analysis with an assumption of a spatially dependent microwave conductivity. For all panels, the
white dashed line marks the boundary of the exfoliated FTS flake and scale bar is 3 um. This

figure is adapted from Ref. [23].
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Figure 3.4. Temperature dependence of London penetration depth. (a) 2D map of London
penetration depth A of the FTS flake measured at SK. The white dashed lines in the center of the
flake marks the area of interest. (b) Temperature dependence of the average value of A obtained
at the central area of the flake. The experimental data (blue points) agrees well with the fitting
result (red curve) based on Equation 3.1. This figure is adapted from Ref. [23].

accompanied by the spin triplet states or unconventional superconducting pairing symmetries
such as experimentally observed in UPty, !> UTe,,!!3 Ba,—xKxFe,As,,!!* and recently the-
oretically predicted in FTS.% Next, we employ the NV ODMR technique !3>'15 to detect
magnetic stray fields generated by a superconducting FTS flake, providing direct evidence to
the superconductivity-correlated ferromagnetism. Figure 3.5a shows a schematic of our mea-
surement geometry. An external magnetic field B,y ~60 G is applied with an angle of 39°
relative to the normal of the sample plane. The in-plane projection of B,y is approximately
along the x-axis direction. Note that both supercurrents and magnetization in the FTS flake can
potentially produce a sizable stray field. If the superconductivity-correlated ferromagnetism is
spontaneously aligned to the direction of the external magnetic field, the out-of-plane component
of the stray field generated by a tilted ferro-magnetization is negligibly small in the central area

of the FTS flake and exhibits opposite signs at the +x and —x boundaries, as illustrated in Figure
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3.5a. In contrast, the out-of-plane component of the internal field generated by supercurrents
follows the characteristic Meissner effect, exhibiting a decrease in the center and an increase on
the boundary of the FTS flake, as shown in Figure 3.2b. On the basis of these two distinct spatial
geometries, we can qualitatively separate these two effects.

The top panel of Figure 3.5b shows the microwave and optical sequence of pulsed NV
ODMR measurements. We utilize 1 s long green laser pulses for NV initialization and readout
and 100 ns long microwave 7-pulses to induce NV spin transitions. The entire sequence is
repeated 15,000 times during one camera exposure period and the frequency f of the microwave
pulses is swept for different camera exposure periods. When f matches the NV ESR conditions,
reduced photoluminescence is observed. Note that the NV ensemble used in our study has four
pairs of ESR transitions in one ODMR spectrum in response to an arbitrary magnetic field,
allowing extraction of the out-of-plane component of the internal stray field B, generated by
the FTS flake. Figure 3.5b,f shows the 2D maps of B, measured at 5 and 12 K, respectively.
When T < T¢, B, = Bsc + Bry, where Bgc and Bryy represent the out-of-plane static magnetic
fields produced by supercurrents and ferromagnetism in the FTS flake, respectively. At 5 K, B,
is dominated by the Meissner screening effect, showing a positive value at the boundary area
of the FTS flake and a negative value in the central region. While the contribution of Bry; is
heavily masked in this situation, the asymmetry of B, along the x-axis direction indicates the
existence of a tilted magnetization in the FTS flake. When T = 12 K in proximity to 7, the
Meissner effect is significantly suppressed due to the reduced supercurrents, thus, the asymmetry
of B, becomes more pronounced. The sign of B, reverses at the two opposite boundaries of the

FTS flake, providing clear evidence to the induced magnetic moment in superconducting FTS.

3.3.4 Machine-learning assisted separation of supercurrents and
ferromagnetism induced fields

To quantitatively separate the two mutually entangled effects, we performed machine-

learning assisted simulations to reconstruct the spatially dependent magnetic field Bsc and Bry,.

40



B, <0
diamond.with NVs
5.0 \/_
Initialize g1 Readout

k! 5Klos (¢) N I0.4 (d) SKIO-Z () 2 B
- - w — b?] »
N 1) - [vs) §
SR IR ;
e GRS BN .k' G

® 12K! (@) 12KI°'4 (h) 12KI0.2 (i) LS

s
[
o
(9)
o
f (9) 9sg
*
L=
o
9)95g
=
-
o
(9) Wuy

Figure 3.5. NV wide-field imaging of superconductivity-correlated ferromagnetism in FTS. (a)
Experimental measurement geometry to detect superconductivity-correlated ferromagnetism
in an FTS flake. An external magnetic field B, is applied to tilt the magnetization away
from the equilibrium position (out-of-plane direction, z-axis). The in-plane projection of B,
is approximately along the x-axis direction. The out-of-plane component of the internal DC
magnetic field generated by the ferromagnetism shows the sign reversal feature at the +x and —x
boundaries of the FTS flake. (b,f) Two-dimensional wide-field imaging of internal magnetic field
B, generated by the FTS flake at 5 K (b) and 12 K (f). (Top panel of b) Optical and microwave
sequence of NV ODMR measurements. (c,g) Extracted 2D images of stray field Bg¢c produced
by supercurrents at 5 K (¢) and 12 K (g). (d,h) Extracted 2D images of stray field (B, - Bsc)
generated by the superconductivity-correlated ferromagnetism at 5 K (d) and 12 K (h). (e,i)
Reconstructed spatially dependent magnetization of the superconducting FTS flake at 5 K (e)
and 12 K (1). For panels (b-1), the white dashed line marks the boundary of the exfoliated FTS
flake and scale bar is 3 um. This figure is adapted from Ref. [23].
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In brief, we first fit the measured B, using the model of the Meissner effect to get the stray
field Bgc produced by supercurrents (more details on calculation in Appendix section A.4). The
remaining part (B, - Bsc) will be fitted to the expression of the stray field Brys produced by
the superconductivity-correlated ferromagnetism in FTS (reconstruction details in Appendix
section A.1). Figure 3.5¢,d,g,h shows the extracted 2D maps of Bsc and (B; - Bsc) at 5 and
12 K, respectively. The contribution from the supercurrents (Figures 3.5¢,g) largely resembles
the Meissner effect and becomes significantly reduced when temperature approaches 7,. The
obtained 2D map of (B, - Bsc) follows the “sign reversal” feature at the +x and -x boundaries of
the FTS flake, suggesting that the induced magnetic moment follows the direction of the external
magnetic field. Note that the screening effect of in-plane magnetic fields by the supercurrents
could also lead to an asymmetric magnetic field profile, however, with an opposite sign to a
ferromagnet. Thus, such an effect does not play a significant role in our experiments. It is worth
mentioning that (B, - Bgc) exhibits a nonuniform distribution, indicating a multidomain structure
[Figure 3.5d,h] of the superconductivity-correlated ferromagnetism in the FTS flake, which
can be attributable to defects, inhomogeneity, and domain wall pinning effects. !> When the
in-plane component of the external magnetic field B,,; is rotated by ~130°, the observed Bsc
largely remains the same while the field pattern of (B, - Bsc) rotates accordingly, confirming
the weak anisotropy of the superconductivity-correlated ferromagnetism whose orientation is
tunable by the external magnetic field. On the basis of the spatial-dependent (B; - Bsc), we
further reconstructed the 2D profile of the magnetization 47M of FTS, as shown in Figure 3.5¢,i.
The obtained 47tM exhibits spatially dependent variation with an average value of ~4 G for T <

T... Theoretically, the upper limit of M of superconducting FTS can be estimated by assuming

that all the charge carriers are polarized: M, = b#, where bp is the magnetization of each Fe
atom, Up is the Bohr magneton, and V is the average volume containing one Fe cation. With b
=0.0464 and V = 1.0 x 10728 m3,% 47M, ., is calculated to be 15 Oe, which is in qualitative
agreement with our experimental results. We highlight that the measured spin susceptibility

of FTS at 12 K is about 200 times larger than the value measured in the paramagnetic state,
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suggesting that the observed magnetic moment cannot be a result of spin polarization induced
by the external magnetic field. In addition, we also performed NV measurements of the stray
field B, produced by FTS above 7.. The measured magnetic field falls below our detection
limit over entire measurement region at 16 K. All of these results demonstrate that the observed

ferromagnetism is indeed driven by the superconductivity in FTS.

3.3.5 Spin relaxometry measurements of spin fluctuations (thermal
magnons) in superconducting FTS
In addition to DC stray fields, the superconductivity-correlated ferromagnetism in FTS
also generates fluctuating magnetic fields at the characteristic frequencies of thermal magnons.
When the frequency of FT'S magnons matches the NV ESR frequency, the magnetic fluctuations
will induce spin transitions of a proximal NV center, leading to an enhanced NV relaxation

rate 34,28

kpT
.= /D Feak)f (ks 2wy )dk (3.2)

where f1 and Iy are the NV ESR frequencies and NV relaxation rates of m; = 0 <> 1 transitions,
respectively, T is the temperature, kp is the Boltzmann constant, / is the Planck constant, D( f, k)
is the magnon spectral density 3, k is the magnon wave vector, zyy is the NV-to-sample distance,

and f(k,zyy is the transfer function describing magnon-generated fluctuation magnetic fields at

an NV site. 3 Specifically, D(fy,k)= n W B:Z BRI is modeled as a Lorentzian function
centered at the magnon dispersion @,(Beyxs, k), and W is the width of the magnon modes.3* For
FTS with a small magnetization and magnetic anisotropy, @, ~ YBey + %kz, where Dy is the
spin stiffness and 7 is the reduced Planck constant.'!® The transfer function f(k,zyy) equals
Ck3e=2vk 3% where C is a constant. The term k*e 2%V describes the efficiency of an NV center
at detecting magnetic fluctuations due to magnons with different wave-vectors. Experimentally,

34,30

we employ the NV relaxometry method to detect magnetic fluctuations, providing another

piece of evidence to the superconductivity-correlated ferromagnetism in FTS. Figure 3.6a shows
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the schematic of the device structure for NV relaxometry measurements, where a patterned
diamond nanobeam (details in section 1.4.1) is transferred onto the surface of an exfoliated FTS
flake. Note that the choice of patterned diamond nanobeams instead of NV ensembles is to take
advantage of the excellent quantum coherence of single NV spins, which is crucial for detecting
low amplitude fluctuating magnetic fields. Figure 3.6¢c shows a confocal optical image of the
prepared device, demonstrating the single-spin addressability of our measurement system. The
top panel of Figure 3.6b shows the optical measurement sequence of NV relaxometry (more
details on this measurement can be found in section 1.3.3). Figure. 3.6b shows the extracted
NV spin relaxation rate I'_ as a function of the external magnetic field B,,, applied along the
NV axis measured at 5 K. Notably, I'_ exhibits a significant variation with B,,; and follows
the theoretical trend predicted by Equation 3.2, as shown by the red solid line in the bottom
panel of Figure 3.6b, which is well correlated to the field-dependent variation of the magnon
density of the FT'S sample. Figure 3.6d plots the NV ESR frequencies f1 and the minimum
magnon frequency f,i, of the TRSB-induced ferromagnetism in FTS as a function of B,,;. Here,
fmin 18 set to be YB,y /27 in approximation due to the weak magnetic moment and negligible
anisotropy of the superconductivity-correlated ferromagnetism in FTS as probed by the ODMR
experiments. The magnon density of FTS at a given frequency f can be calculated by multiplying

the Bose-Einstein distribution function +
exp( A

) by the magnon density of states.3* At the
measurement temperature where kT >> fh, the Bose-Einstein distribution function evolves to
the Rayleigh-Jeans distribution function ]?—Z and the magnon density of states is a constant in the
2D limit. Therefore, the magnon density falls off as 1/f, as indicated by the fading color. The
fluctuating magnetic fields generated by FTS is proportional to the magnon density which can be
inferred from the measured NV relaxation rate. As B,,; increases from zero, the lower branch of
the NV ESR frequency f_ decreases and probes the FTS thermal magnons with a higher density,
leading to an enhancement of I'_, as shown in Figure 3.6b. The peak value of I" emerges at B,

~ 450 G, slightly before the crossing point of f_ and f,;;,. When B, > 500 G, f_ lies below

the FT'S magnon band, leading to a suppression of spin noise and a rapid
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Figure 3.6. NV relaxometry measxurements of intrinsic magnetic fluctuations in superconducting
FTS. (a) Schematic of a single NV spin contained in a patterned diamond nanobeam locally
probing magnetic fluctuations in an FTS flake. (b) Photoluminescence image showing an
individually addressable NV spin positioned on top of an FTS flake. The red dahsed line marks
the position of the NV center and the white dashed line indicates the boundary of the FTS flake.
Scale bar is 3 um. (c) Top panel: the optical measurement sequence of NV relaxometry. Bottom
panel: field dependent NV relaxation rate I'_ of an NV center positioned on FTS (red points)
and a conventional superconductor Nb (blue points) measured at 5 K. The red solid line is a
fitting to Equation 3.2 and the blue solid line is a fitting to a Bardeen-Cooper-Schrieffer (BCS)
model. 7113 (d) Sketch of magnon density of superconductivity-correlated ferromagnetism in
FTS and NV ESR frequencies f1 as a function of the external magnetic field B,,;. The variation
of the magnon density is illustrated by the fading color falling with 1/f dependence. This figure
is adapted from Ref. [23].
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decay of the measured NV relaxation rate. The excellent agreement between the experimentally
measured NV relaxation rate I'_ and the theoretical model described by Equation 3.2 further
supports the existence of ferromagnetism in superconducting FTS. We highlight that the ob-
served field-dependent variation of NV relaxation rate I'_ is absent in the control measurement
where an NV center is in proximity to a conventional s-wave superconductor Niobium (Nb),
demonstrating that the enhanced fluctuating magnetic fields are mainly driven by ferromagnetism

in the superconducting FTS flake instead of the spin excitations of quasiparticles. !!7-118

3.4 Physical origin of observed correlation between super-
conductivity and ferromagnetism

In FTS, the superconducting carriers are electrons and holes near the Fermi level, and

119 impurities, or defects.

localized magnetic moments can be carried by the d orbitals of Fe atoms,
Because of the weak exchange coupling of carriers at the Fe sites, long-range ferromagnetic
ordering is absent in the normal state. When 7" < T, TRSB accompanied by unconventional
pairing symmetries could take place, leading to the emergence of ferromagnetism in FTS.
Because of the multiorbital nature of the Fe atoms,” there may exist nearly degenerate gap
function symmetries. To reduce the free energy, they often prefer a superposition with a relative
+7 phase difference in the mean-field theory. The ferromagnetic order is inversion symmetric,
hence, it can only be induced by mixing two pairing orders with the same parity. The mixing
between A, and Ay, or By, and By, can yield the ferromagnetic order along the z-direction. On
the other hand, the in-plane component of ferromagnetism could be a consequence of mixing a
pairing symmetry of A or B-type with a two-dimensional representation of the E-type.”>
Loosely speaking, A, B, and E refer to the s, d and p-wave pairing symmetries respec-
tively; the subindices 1 and 2 refer to the parity with respect to the vertical plane reflection;

and g means even parity under inversion. Because of the orbital degree of freedom, the E-type

pairing symmetry can also be spin-singlet. Such a complex pairing gap function can couple to
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the bulk magnetization via spin-orbit coupling according to a symmetry analysis, > enabling the
establishment of a long-range magnetic order in superconducting FTS. This driving force is due
to the TRSB Cooper pairing, whose effect may be weak. Nevertheless, the FTS system contains

119

local moments, '~ and they may be further aligned by the bulk magnetization to amplify such

effect.

3.5 Conclusion

In summary, we have demonstrated NV-based quantum sensing and imaging of magnetic
flux generated by exfoliated FTS flakes. The obtained spatial profile of stray fields generated by
supercurrents in FT'S flakes follows the characteristic Meissner screening effect. By employing
NV ODMR method, we provide direct evidence of superconductivity-correlated ferromagnetism
in FTS, opening up new opportunities for exploring the rich physics related to the interplay among
topology, superconductivity, and magnetism in topological superconductors. At the same time,
our results also reveal the unconventional pairing mechanism and the time reversal symmetry
breaking in FTS, demonstrating NV centers as a versatile local probe to investigate nanoscale
electrical and magnetic properties of emergent quantum materials. The observed spatially tunable
coupling between NV centers and superconducting FTS also provides a new route for developing

120

hybrid quantum architectures, '~ aiding in the development of next-generation, solid-state-based

quantum information technologies.
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Chapter 4

Quantum Imaging of Magnetic Phase
Transitions and Spin Fluctuations in In-
trinsic Magnetic Topological Nanoflakes

4.1 Introduction

In this section, we first introduce the family of MnBi,Te, (Bi,Te;), materials. These
materials possess nontrivial band topology, tunable magnetism, and extraordinary quantum
transport properties, which are only recently being explored. While previous studies have
explored bulk properties of these materials, the local magnetic properties of MnBi,Te, (Bi,Tes),
remain an open question, hindering a comprehensive understanding of their fundamental material
properties. In particular, the interplay between magnetism and band topology must be explored
locally, to fully understand the spectrum of exotic behavior present in these materials. These
properties include the quantum anomalous Hall effect, 1>!-1%6 surface ferromagnetism, !27-13!
topological magnetoelectric effect,'3>133 and many others.!3*136 The family of MnBi,Te,
(Bi,Tes), materials has emerged as a particularly attractive platform for exploring topologically
dictated quantum spin and charge transport behaviors at relatively high temperatures. 124137146
The discovery and understanding of these emergent material properties of two-dimensional (2D)

MnBi,Te, (Bi,Te3), materials relies on concurrent developments in theory, material synthesis,

and sensitive metrology tools capable of characterizing local magnetic properties at the nanoscale,
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which remains a formidable challenge given the current state of the art. The major difficulty
results from the significantly reduced magnetic flux generated by the weak or nearly compensated
magnetic moment of 2D MnBi,Te, (Bi,Tes), samples, which is beyond the detection limit of
most conventional magnetometry techniques. While some methods such as magneto-optic-Kerr-
effect microscopy, '47 reflective magnetic circular dichroism, '*” and Raman spectroscopy 3813
could be employed to qualitatively diagnose the magnetic states of 2D MnBi,Te, (Bi,Tes),
flakes, these techniques provide limited quantitative information about local magnetization, and
the field sensitivity of these tools is often compromised by interference effects and constrained by
the optical diffraction limit. Exploiting nitrogen-vacancy (NV) centers in diamond, we explore
nanoscale quantum imaging of the magnetic phase transitions and spin fluctuations in exfoliated

MnBi,Te; flakes, revealing the underlying spin transport physics and magnetic domains at the

nanoscale.

4.2 Measurement platform

To these problems we apply NV centers to perform nanoscale quantum imaging of

MnBi,Te; nanoflakes. By performing spatially resolved NV wide-field magnetometry mea-

35,23,4,36

surements, we directly image the local magnetization of MnBi,Te; nanoflakes and the

characteristic multidomain evolution behavior in a first-order magnetic transition process. Using

NV relaxometry methods, 103,30,29,3,34

we have observed spatially varied dynamic magnetic
fluctuations in MnBi,Te, revealing the underlying spin transport physics and the low-frequency
spin dynamics hosted by domain walls in these magnetic materials. We expect that the presented
NV quantum sensing platform can be readily extended to a large family of layered van der Waals

5,115,148

crystals, providing ample opportunities for investigating the local spin dynamics and

transport behaviors in a broad range of quantum materials. 3+ 149-151
Figure 4.1a shows a schematic of our measurement platform, in which a [111] oriented

diamond sample?” containing shallowly implanted NV ensembles is used for the quantum
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Figure 4.1. (a) Schematic of an exfoliated MnBi,Te; flake transferred onto a [111] oriented
diamond membrane for nitrogen-vacancy (NV) wide-field magnetometry measurements. (b) Op-
tical image of a prepared diamond-MnBi,Te; device. (c) Optically detected magnetic resonance
spectrum of NV centers contained in [111] oriented diamond with an external field B,,; applied
along the out-of-plane (OOP) direction. The experimental spectrum is comprised of two pairs of
resonance peaks corresponding to the Zeeman splitting of NV spins with OOP orientation and
NV spins aligned along other directions (non-OOP). (c) Schematic of the crystal and magnetic
structures of MnBiyTe;. The scale bar is 4 um in panel (b). This figure is adapted from Ref.
[27].
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sensing measurements. Note that one of the four possible NV orientations is along the out-of-
plane direction (z-axis), serving as an ideal local sensor to investigate the magnetic dynamics and
phase transition of MnBi,Te; with spontaneous perpendicular anisotropy. We measure spatially
resolved magnetic features of MnBi,Te; using our widefield microscope system, more details of
which are in Appendix section A.7.1. An 83 nm thick exfoliated MnBi,Te; flake with lateral
dimensions of approximately ~10 x 14 um? is transferred onto the diamond surface, as shown
in Figure 4.1b. These single crystals of MnBi,Te,; were grown using the self-flux method 92,
and transferred via the standard polydimethylsiloxane (PDMS) stamp process. 1>3 techniques
onto the surface of the diamond (more details in section 1.4.2. Figure 4.1d illustrates the crystal
and magnetic structure of MnBi,Te;, where the magnetic septuple layer (MnBi,Te,) and the
nonmagnetic quintuple layer (Bi,Te;) stack alternately.'>? In the magnetic ground state, below
the Néel temperature of 13 K, moments carried by the MnT ions in individual septuple layers
align parallel with each other, along the out-of-plane direction due to the dominant intralayer
ferromagnetic exchange interaction. Neighboring septuple layers are antiferromagnetically
coupled, but can be driven into a ferromagnetic configuration by applying a sufficiently strong

external perpendicular magnetic field B,y;.

4.3 Field-driven antiferromagnetic-to-ferromagnetic phase
transition of MnBi,Te,

We first image the field-driven antiferromagnetic-to-ferromagnetic phase transition of
the exfoliated MnBi,Te; flake using our NV spin sensors. Figure 4.1c shows an example of the
measured NV ESR spectrum, which exhibits two pairs of Zeeman split NV spin energy levels.
The outer pair corresponds to NV centers with the out-of-plane (OOP) orientation, whereas
the inner pair is degenerate and corresponds to NV centers with axes along the other three

possible directions.3” The magnitude of the local static magnetic field B,,; can be extracted as

Biot = ”AJ;;)OP, where A fpop characterizes the Zeeman splitting of the OOP-oriented NV,
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Figure 4.2. (a-f) Reconstructed magnetization (47wM) maps of an MnBi,Te; flake measured
at 4.5 K and B,y = 70 G (a), 522 G (b), 1220 G (c), 1479 G (d), 1591 G (e), and 2296 G (f),
respectively. The white dashed lines mark the boundary of the exfoliated flake, and the scale bar
is 4 um. This figure is adapted from Ref. [27].
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and 7 is the gyromagnetic ratio of the NV centers. Subtracting the contribution from the
external magnetic field B,, the magnetic stray field By, generated from the MnBi,Te; flake
can be quantitatively measured. By performing spatially dependent optically detected magnetic
resonance (ODMR) measurements over the NV ensembles, we can obtain a 2D stray field map.

Through established reverse-propagation protocols>2

, expanded on in Appendix section A.1, the
corresponding magnetization (47M) map of the exfoliated MnBi,Te; flake can be quantitatively
extracted.

To directly image the first-order magnetic phase transition, Figure 4.2a-f presents the
obtained 2D magnetization maps of the MnBi,Te; flake measured with an increasing perpen-
dicular magnetic field B,y. In the low-field regime (B.y; < 1000 G), the exfoliated MnBi,Te,
flake exhibits a vanishingly small net magnetic moment, as shown in Figure 4.2a,b, due to the
antiferromagnetic coupling between the neighboring magnetic septuple layers. A finite magnetic
moment shown in the top left region of the flake results from field induced polarization. When
B,y increases to 1220 G, the characteristic spin flip transition propagates from the top left area
of the flake, leading to a “partial” ferromagnetic state with enhanced local magnetization. Such
a “partial” ferromagnetic phase features a coexistence of ferromagnetic and antiferromagnetic
ordering of septuple layers along the out-of-plane direction due to the weak interlayer exchange
coupling. Note that the remaining area of the MnBi,Te; flake stays in the antiferromagnetic
ground state with the formation of incipient magnetic domain walls at locations with the lowest
energy barrier, as shown in Figure 4.2¢c. The observed spin flip transition expands to the entire
MnBi,Te; flake through domain wall propagation with increasing perpendicular field [Figure
4.2d,e] and the local magnetization further increases as the individual magnetic septuple layers

become fully aligned. When B,,; >2000 G, this magnetic phase transition concludes with a satu-

rated local magnetization, as shown in Figure 4.2f. The variation of the local magnetization of

5 147,155

the MnBi,Te- flake may result from inhomogeneities, '>* magnetic domains, and localized
defects. 7% The presented results highlight a spatially nonuniform spin flip transition process

of the 2D MnBi,Te; flake at the nanoscale, exhibiting magnetic domain nucleation and domain
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wall propagation behaviors.

4.4 Spatially resolved magnetization dynamics

We now apply our NV wide-field techniques to directly measure dynamic magnetic fluc-
tuations in an exfoliated MnBi,Te; flake, from which the underlying spin transport physics and
the low-frequency spin dynamics hosted by magnetic domain walls in this magnetic topological
material can be revealed. In the next section the theoretical background of this procedure will be

described in detail.

4.4.1 Theoretical calculations of spin-wave dispersion of MnBi Te,

A complete understanding of the expected spin-wave dispersion of our samples is essen-
tial to fully understand our experimental results. Figure 4.3a shows the spin-wave dispersion
of bulk MnBi,Te;. At thermal equilibrium, fluctuations of the transverse and longitudinal spin
density of MnBisTe; generate fluctuating stray fields, as illustrated in Figure 4.3b. We derive
the dispersion of these fluctuations by considering the Zeeman effect, antiferromagnetic interac-
tion between neighboring layers A and B, ferromagnetic interaction within each layer, and the

anisotropy energy to write the Hamiltonian of MnBi,Te; as:

(ZSS+ Y s S>+JA Y SS—KZSZ —hBZS 4.1)
< <

i,i'€A (j,j'eB) i€A,jEB)

where J4 and Jr characterize the antiferromagnetic and ferromagnetic exchange constants,
respectively, K is the anisotropy constant, hip = UpgB.y is the Zeeman splitting term, up is Bohr
magneton, g is the Landé factor, and B,,; is the external magnetic field applied along z axis.
Supposing the ground state has spins all up on the sublattice A and all down on the sublattice B,

we can invoke the Holstein-Primakoff transformation:
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iEA:S;r: 28 —nja;, Si_:a:f 28 —n;, S;=8-—n; nizajai,

4.2)
JEB:SI=b1\/2S—n;, S; =\/25—n;b;, Si=-S+nj, nj=>blb;.
The quadratic part of the Hamiltonian is:
H=-SJF [ Z (aiaj/ +aja,~/> + Z <b;bj/ ~|—a,~a;)]
(i,i'cA) (J,J'€B)
T

+SJ4 Z <a,~bj +a; bj)

(i€A,jeB) 4.3)
+ (zrSTp +24STa+ 25K + hg) Y alai (2 STF +24SIs +2SK — hp) Y blb;

i€A JjEB
NS?

B (zrJF + 2404 +2K),

where zr = 6 and z4 = 2 are the intralayer and interlayer coordinate numbers, S is the
spin quantum number of MnBi,Te;, and N is the total number of lattice sites. Next, we perform

a Fourier transform for the annihilation operator:

2

ay = N

. ) .
Z e*‘k'”ai, by = N Z e*’k'rfbj 4.4)
icA jeA

and the Boboliubov transformation:
oy = upay — kaT_k, Br = ukbi — VkaT_k 4.5)

where OCZ , Ol ﬁ,j , Br are the magnon creation and annihilation operators and the transforma-
tion coefficients satisfying the condition: v_j; = vg,u_; = u; and u,% — v,% = 1. Through this

transformation, the Hamiltonian can be further expressed in a diagonal form:
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H= Zwaka,f(kara)ﬁkB,jﬁk (4.6)
x

Two spin wave eigen-modes of MnBi,Te; are given by:

Wi = O + hp, (Dﬁk =y —hp “4.7)

and

o = 5\ (675 (1) + 204 +2K) — (7). @3

where ¥ = 2cosk,cypr, and ¥ = (1/3) [coskwappr +2cos (keampr /2) cos (V3kyamsr /2)].
aypr 1s the in-plane lattice constant of individual magnetic septuple layers and cppr charac-
terizes the distance between neighboring magnetic septuple layers. Substituting the relevant
material parameters: S =5/2, K ~ 9.5 GHz, Jr ~ 168 GHz and J4 ~ 0.84 GHz, we are able to
plot the spin wave dispersion of MnBi,Te; at B.y; = 70 G, as shown in Figure 4.3a, and magnon
gap is calculated to be 51 GHz. Microscopically, the transverse spin fluctuations vanish below
the magnon band minimum and are related to single magnon processes.>*?> The longitudinal

spin fluctuations are related to two-magnon processes, 2-150-151

where a magnon with frequency
f is scattered to another one with frequency f + f7,,, emitting (absorbing) magnetic noise at

frequency fo,.

4.4.2 Inferring spin diffusion constant and longitudinal magnetic
susceptibility of MnBi,Te, from nitrogen vacancy relaxometry
measurements

In this section, we provide a detailed method to extract the spin diffusion constant D and
the static uniform longitudinal magnetic susceptibility ) from the measured NV relaxometry
results. An exfoliated MnBi,Te; flake has been transferred on a diamond substrate lying in the

x-y plane. For simplicity, we consider the MnBi,Te; flake as consisting of intermediately stacked

septuple layers, and spin transport in each magnetic septuple layer can be treated independently
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spin fluctuation spin fluctuation

Figure 4.3. (a) Sketch of the magnon dispersion of bulk MnBi,Te;. The magnon occupation
follows the Bose-Einstein distribution as indicated by the fading colors. The minimal magnon
frequency fuin 1s ~51 GHz, which is much larger than the N'V electron spin resonance frequencies
Jesg in our measured field range. The longitudinal spin fluctuations with a characteristic
frequency of f,,, are associated with two-magnon scattering processes and couple with a NV
center through dipolar interactions. (b) Schematic of the dynamic fluctuations of the longitudinal
and transverse spin density. This figure is adapted from Ref. [27].
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Figure 4.4. (a-c) NV spin relaxation maps measured at fgsg of 1.0 GHz (a), 1.2 GHz (b), and
2.7 GHz (c) at 8.5 K. Top panel of (a): optical and microwave sequence of NV relaxometry
measurements. (d-f) NV spin relaxation maps measured at 4.5 K (d), 13 K (e), and 19 K (f) with
Jesg = 2.7 GHz. The white dashed lines mark the boundary of the exfoliated flake, and scale bar
is 4 um in panels (a-f). This figure is adapted from Ref. [27].
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due to the weak interlayer coupling. Within each layer, the dynamics of the spin density can
be described by a two-dimensional diffusion equation at length scales larger than the magnon
mean-free path.

The measured NV relaxation rate driven by longitudinal spin fluctuations at the NV
ESR frequency fgsr is related by the fluctuation-dissipation theorem to the dynamic spin
susceptibility x” of the MnBi,Te; sample and the NV transfer function in the high temperature

limit as follows !30-151

2
[(fesr) = %—fg/ﬁ(k,d)x”(k,d)korr@ (4.9)

where the first term on the right represents the NV relaxation rate 'Y induced by spin dynamics
of the MnBi,Te; flake and IV is the intrinsic NV relaxation rate that is independent of the spin
dynamics of MnBi,Te;. ¥ and ¥ are the gyromagnetic ratio of the magnetic sample and NV
centers, kp is the Boltzmann constant, 7 is temperature, k is the magnon wavevector, . (k,d)
is the transfer function?® describing the magnetic fields generated at the NV site, and d is the
NV-to-sample distance. The dynamic spin susceptibility y” reflects underlying spin transport
properties of a magnetic sample, which can be expressed as a function of the intrinsic spin
diffusion constant D and the static longitudinal magnetic susceptibility per layer o via the
conventional diffusion equation>!:157. We treat spin transport independently in each magnetic
septuple layer due to weak interlayer coupling. By doing this, we can use the two-dimensional
diffusion equation at length scales larger than the magnon mean-free path. Assuming U(1)
symmetry, the diffusion equation for spin density along the direction of the order parameter s*

can be written:

atszw-js:—rl( S yH). 4.10)

Here, we have introduced the spin-relaxation time 7, and the spin current j, = —oVu, where &

1

is the spin conductivity, 4 = ¥~ 's* — H is the spin chemical potential,  is the static uniform
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longitudinal spin susceptibility, and H is an external perturbation thermodynamically conjugate

to the spin density. By introducing diffusion coefficient D = ¢ /), we can get:

1
0rs° — DV?s* 4+ Dy V*H = —— (s = xH). (4.11)

S

By introducing the Fourier transform s% (K, f) = [ e™®T=2%/s%(r,t) d*rdt, we have:

x (Dk* +1/7)
(2mif) + (Dk* +1/1)

s (K, f) = (4.12)

Thus, the imaginary part of the dynamical longitudinal spin susceptibility can be written as:

. 21y (DK* +1/7) f
k,f) = . 4.13
x k) 2rf)?+ (D2 +1/1,)? -

In the rest of the section, we first show each septuple layer’s contribution to the relaxation
rate and then sum them up to get the total relaxation rate. The spin wave gap for MnBi,Te is
about 51 GHz, which is much larger than the NV ESR frequency in our experiments. Therefore,
only the longitudinal spin fluctuation s* along the magnetic order parameter direction (z) will
contribute to the NV relaxation. Note that MnBi,Te; consists of alternatively stacked magnetic
septuple layers and non-magnetic quintuple layers and only the spin fluctuations in septuple
layers will drive the NV relaxation. The contribution to the NV relaxation by individual magnetic

septuple layers can be expressed as:

1

D (.f) = 57756(0) [ dhe ™y k), (.14)

where 3 = 1/kgT, kg is the Boltzmann constant, T is the temperature, and 6 is the angle between

the NV axis and out-of-plane direction. The geometric factor G (6) can be expressed as:

(5 cos26). (4.15)
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where 7 and 7y are the gyromagnetic ratio of the NV spin and MnBi,Te; flake. The total NV

relaxation rate generated from all magnetic septuple layers can be expressed as:

™ () = X1 @i f)

_G(Q) 0 1 d+typr ke )
-5 (M [ de ey ).

where 1),p7 the thickness of the MnBi,Te; flake, d is the distance between NV center and the

(4.16)

sample surface, and cy/pr characterizes the distance between neighboring magnetic septuple

layers. Combined with Eq. 4.13, the NV relaxation rate can be expressed as:

G(O) [* o[ —okd  —2k(d+e (D> +1/7) x
™ (f) = dkk — ¢ 2k(d+tmpr . 417
4 2Bcmpr /0 [e ¢ ] Q2rf) 4+ (D2 +1/1,) @1

In the limit of slow relaxation Ty — oo, Eq. 4.17 can be approximated as:

Moo GO) [P o[ “okd  —2k(d+imsr (DI?) x
I (f) = 350 /O a2 [ ](27zf)2+(13k2)2' 4.18)

From the frequency dependent noise, we can extract the longitudinal magnetic susceptibil-
ity per layer yo = y*x and the spin diffusion constant at certain temperatures. Qualitatively, the
induced NV relaxation rate is higher (lower) at a lower (higher) ESR frequency, corresponding
to a smaller (larger) energy difference invoked in the two-magnon process '°11°0. By fitting
the individual points of the measured 2D NV relaxation maps to Eq. 4.18, we obtain spatially
dependent spin diffusion constant D and magnetic susceptibility yo of the exfoliated MnBi,Te
flake.

From the frequency dependent noise, we can extract the longitudinal magnetic suscepti-
bility per layer yo = y*x and the spin diffusion constant at certain temperatures. The gapless
longitudinal spin noise spectrum can be calculated based on Eq. 4.18. Qualitatively, the induced

NV relaxation rate is higher (lower) at a lower (higher) ESR frequency, corresponding to a
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smaller (larger) energy difference invoked in the two-magnon process 131139, By fitting the
presented results to Eq. 4.18, the intrinsic spin diffusion constants of MnBi,Te; is obtained to
be (5.4 & 0.7) x 10~° m?/s. The magnetic susceptibility per layer xp is extracted to be (52.3 &
3.2)x 10~* nm. This number can be converted into (87.3 & 5.3) x 10~2 emu-mol—!-Oe~!, in
agreement with previous studies on bulk MnBi,Te; crystals . Lastly, by fitting the individual
points of the measured 2D NV relaxation maps to Eq. 4.18, we obtain spatially dependent spin

diffusion constant D and magnetic susceptibility ) of the exfoliated MnBi,Te; flake.

4.5 Spin dynamics measurement results

We note present the experimental results of using NV relaxometry techniques to detect
the fluctuating magnetic fields generated by spin fluctuations in the MnBi,Te; flake. The top
panel of Figure 1.4b shows the optical and microwave measurement sequence. A green laser
pulse first initializes the NV spin to the m; = 0 state. Spin fluctuations in the MnBi,Te; sample
couple to proximate NV centers through the dipole-dipole interaction. Fluctuating magnetic
fields at the NV ESR frequencies induce NV spin transitions from the mg = 0 to the m; = £1
states, leading to an enhancement of the NV relaxation rate I".103:30.29.3.34 After a delay time
t, we measure the occupation probabilities of the NV spin in the mg; = 0 and the my; = £1
states by applying a microwave 7m-pulse at the corresponding ESR frequencies and measuring
the spin-dependent photoluminescence via a green-laser readout pulse.? By measuring the
integrated photoluminescence intensity as a function of the delay time ¢ and fitting the data
with a three-level model,>*?® the NV relaxation rates can be quantitatively obtained (more
details in Appendix section A.5). We highlight that in the low-field regime with a quasi-uniform
magnetic domain structure, the NV ESR frequencies in our measurements are much lower than
the minimum magnon energy of MnBi,Te;. Thus, the measured NV relaxation is driven primarily
by longitudinal spin fluctuations. In contrast, in the high-field regime where multidomains form

during the spin flip transition of MnBi,Te;, the magnetic noise generated by the low-frequency
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3,158

spin dynamics hosted by magnetic domain walls also plays a role.

4.5.1 Low-field regime

We focus our NV relaxometry measurements in the low-field regime to detect the
longitudinal spin fluctuations of the MnBi,Te; nanoflake. Figure 4.4a-c shows the 2D maps of the
measured NV relaxation rate at 8.5 K at ESR frequencies of 1.0, 1.2, and 2.7 GHz, respectively.
The applied perpendicular magnetic field By, is below 800 G to ensure a quasi-single magnetic
domain feature of the sample. Notably, the measured NV spin relaxation rate I is significantly
enhanced in the diamond area covered by the MnBi,Te; flake. The magnitude of I" decreases
with increasing NV ESR frequency, suggesting that a larger energy difference invoked in the
two-magnon process discussed above suppresses longitudinal spin fluctuations, in qualitative
agreement with our theoretical model. °%!31Figure 4.4d-f shows the 2D NV relaxation maps
measured at an ESR frequency of 2.7 GHz at 4.5, 13, and 19 K, respectively. When T =4.5 K,
the magnetic fluctuations are suppressed due to the reduced thermal magnon energy, leading to
negligible NV spin relaxation. Notably, we observed significantly enhanced longitudinal spin
fluctuations at a temperature of 13 K, which is expected due to the increase in the magnetic
susceptibility of MnBi,Te; around the Néel temperature Ty.'>> When T = 19 K, longitudinal
spin fluctuations remain, which is attributed to the finite spin-spin correlation in the paramagnetic
state. 1> The observed spatially varying magnetic fluctuations over the exfoliated MnBi,Te,
flake could be induced by inhomogeneities in magnetic susceptibility, spin diffusion constant,
and exchange coupling strength.

By measuring the NV relaxation rate as a function of ESR frequency, we can extract the
key material parameters D and x of the MnBi,Te; flake. Figure 4.5a plots a three-dimensional
map of the spatially averaged NV relaxation rates I'M of the flake as a function of ESR frequency
and temperature. The variation of the NV relaxation rate agrees well with the theoretical model
of Equation 4.9 from which the intrinsic spin diffusion constant D and the static longitudinal

magnetic susceptibility xo of MnBi,Te; at individual temperatures can be extracted, as presented
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in Figure 4.5b-c. D is obtained to be (6.1 £ 0.8) x 10~° m/s? at 4.5 K, in qualitative agreement
with the theoretical estimation of D = v27/2'%0 when taking the magnon velocity to be v ~ 1

km/s °? and the momentum scattering time 7 ~ 10 ps. Below the Néel temperature (~13 K)
of MnBi,Te;, D monotonically decreases as the temperature increases due to a reduction of T
caused by enhanced Umklapp scattering.'®" When T > 14 K, D decays to an approximately
constant value and the residual spin transport capability results from atomic scale thermal spin
fluctuations. The obtained static magnetic susceptibility ) generally agrees with previous
measurements of bulk MnBi,Te, samples. !5 As shown in Figure 4.4c, xo reaches a peak value
of (9.9 + 0.6) x 1073 nm around the Néel temperature of MnBi,Te,, which is consistent with
the antiferromagnetic phase transition. !5>Figure 4.5d,e shows the obtained 2D maps of spin
diffusion constant D and static magnetic susceptibility yo of the exfoliated MnBi Te; flake,
respectively, measured at 8.5 K. Note that the enhanced ) in the top left region of the flake is

consistent with the observed larger field-induced magnetic moment, as shown in Figure 4.2a,b.

4.5.2 High-field regime

Next, we move to the high-field regime to image spin fluctuations generated by magnetic
domain walls in an MnBi,Te; flake during the spin flip transition. In magnetic topological mate-
rials, domain walls serve as intrinsic boundaries between two topological states with opposite
chiralities. 13>192 Because the Chern number must change discontinuously across neighboring
magnetic domains, chiral edge states are expected to reside along domain walls, offering an
attractive platform to realize and engineer exotic quantum spin and charge transport behav-
iors. 133102Figure 4.6a illustrates the evolution of magnetic phases of MnBi,Te; as a function of
increasing perpendicular magnetic field B,,;. In the antiferromagnetic and ferromagnetic states,
the magnetization of each septuple layer is uniformly aligned and the bulk spin excitation energy
of MnBi,Te; is larger than the NV ESR frequencies in the accessible magnetic field range due to
the large magnetic anisotropy. In this case, the NV-magnon coupling is mediated by longitudinal

spin fluctuations as discussed above. During the spin flip transition, spins in individual septuple
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Figure 4.5. (a) NV relaxation rates I’ measured as a function of temperature and the NV
electron spin resonance frequency fzsg, from which the spin diffusion constant and magnetic
susceptibility per layer can be extracted. The solid lines are fitting curves to the theoretical
calculation. (b) Intrinsic spin diffusion constant D measured as a function of temperature. (c)
Temperature dependence of the obtained longitudinal static magnetic susceptibility xp. (d,e)
Two-dimensional images of D and ) of the MnBi,Te; flake at 8.5 K. The white dashed lines
mark the boundary of the exfoliated flake, and the scale bar is 4 um. This figure is adapted from
Ref. [27].
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layers may flip mostly independently due to weak interlayer coupling. Nucleation of domain
walls occurs at locations within of an exfoliated MnBi,Te; flake where the energy barrier is the
lowest and form partially magnetically flipped septuple layers, as illustrated in the middle panel
of Figure 4.6a. The low-frequency spin dynamics hosted by magnetic domain walls will generate
fluctuating magnetic stray fields,>!>® driving NV relaxation at the corresponding ESR energy.
Figure 4.6b-d shows NV wide-field static magnetization images of the MnBi,Te; flake
measured at 1311, 1442, and 2340 G, respectively. An applied perpendicular magnetic field
B¢y induces the formation of magnetic domains during the spin flip transition [Figure 4.6b,c].
Figure 4.6e-g shows 2D maps of the NV relaxation rate measured at the corresponding magnetic
fields. Note that the background of the NV relaxation rate induced by longitudinal spin noise
generated from bulk spin excitations has been subtracted to highlight the contribution I'” from
the spin fluctuations in magnetic domain walls. When B,,; = 1311 G, the top-left corner of the
MnBi,Te; flake becomes polarized while the rest of the sample remains partially magnetically
flipped. This is accompanied by the formation of lateral magnetic domain walls that generate
significantly enhanced magnetic noise. Note that the flipped area of the MnBi,Te; flake expands
when increasing B,y to 1422 G and suppresses the NV relaxation rate, as shown in Figure 4.6f.
When B,,; = 2340 G, MnBi,Te; enters the fully saturated ferromagnetic state shown in Figure
4.6d, and generates a vanishingly small spin noise I'” due to the absence of magnetic domain

walls.

4.6 Estimation of magnetic domain wall density from the
lateral magnetization gradient of the MnBi,Te, flake

Qualitatively, the measured NV relaxation rate increases with the domain wall density,
which is further related to the gradient of the magnetization. In this section, we provide a
qualitative estimation of the domain wall density from the lateral magnetization gradient of the

exfoliated MnBi,Te; flake. To exclude the contribution of the intrinsic spatial inhomogeneity, the
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Figure 4.6. (a) Schematic of the evolution of the magnetic states of MnBi,Te; as a function
of increasing perpendicular magnetic field B,,;. In the ferromagnetic and antiferromagnetic
phases, the magnetic moments of individual magnetic septuple layers are fully aligned parallel or
antiparallel without the formation of magnetic domains. During the spin flip transition process,
spins in individual septuple layers could flip mostly independently. Magnetic domain walls
nucleate at locations where the energy barrier is lowest, leading to a magnetic gradient in the
lateral direction of a partially flipped septuple layer. (b-d) Reconstructed magnetization maps of
the MnBi,Te; flake measured at B,,; of 1311 G (b), 1442 G (c), and 2340 G (d). (e-g) Magnetic
domain wall-induced NV spin relaxation maps measured at the corresponding magnetic fields.
The longitudinal spin noise generated from the bulk spin excitations has been subtracted to
highlight the contribution I'® from the magnetic domain walls. The white dashed lines mark the
boundary of the exfoliated flake, and the scale bar is 4 um in panels (b-g). This figure is adapted
from Ref. [27].
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Figure 4.7. Calculation of lateral magnetization gradient of an MnBi,Te; flake. (a)-(b) 2D maps
of the x component (a) and y component (b) of the gradient vector of normalized magnetization
maps of an MnBi,Te; flake measured at B,y = 1311 G and T = 4.5 K. (c)-(e) 2D maps of
the magnitude of the gradient vector |VM,| of normalized magnetization measured at three
perpendicular magnetic fields: 1311 G (c¢), 1442 G (d), and 2340 G (e). The measurement
temperature is T = 4.5 K. (f) Spatially averaged spin noise (I'?) across the exfoliated MnBi,Te;
flake area plotted as a function of the spatially averaged gradient of the normalized magnetization
(IVM,,|). For Figures 4.7a-4.7¢, the white dashed lines mark the boundary of the exfoliated flake,
and the scale bar is 4 um. This figure is adapted from Ref. [27].

2D magnetization M (B,,,) maps at a given field are first normalized to the saturated magnetization
M measured at B,y = 2580 G. A built-in gradient function in MATLAB is used to individually
extract the x and y components of the gradient vector of the normalized 2D magnetization map

M, = M(Bex)/M;, as shown in Figures 4.7a and 4.7b. The two components d;M, and d,M,

are combined to calculate the magnitude of the gradient vector:|VM,| = /(d:M,)? + (dyM,)?.
Figures 4.7c-4.7e show the obtained 2D images of |VM,| at B,y = 1311 G, B,y, = 1442 G, and
B¢y = 2340 G, respectively. Notably, the obtained magnetic gradient monotonically decreases
with increasing perpendicular magnetic field from 1311 G to 2340 G. Because the domain wall

density is largely proportional to the magnetic gradient, we expect dramatically suppressed
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magnetic noise generated by domain walls in the MnBi4Te; flake (from 1311 G to 2340 G),
which is in agreement with the measured NV relaxation maps shown in Figures 4.6e-4.6g in the
manuscript. Figure 4.7f plots the averaged magnetic noise (I'’) measured across the MnBi,Te,
flake area as a function of the spatially averaged magnetic gradient (|VM,|). The magnitude of
the measured spin noise qualitatively increases with the magnetic gradient, suggesting that the
formed magnetic domain walls indeed play a dominant role in generating the extra fluctuating

magnetic fields leading to the observed NV spin relaxation.

4.7 Comparison to family of MnBi,Te, (Bi,Te3), materials

To reveal the underlying spin transport mechanism in the magnetic topological material
MnBi,Te, (Bi,Tes), family, we extend the demonstrated NV wide-field relaxometry platform
to MnBi,Te, and MnBigTe,3. Figures 4.8a-4.8c show schematics of the material structure of
MnBi,Tes, MnBi,Te,, and MnBigTe, 3, respectively. In MnBi,Te,, magnetic septuple layers
directly stack on each other without the insertion of the nonmagnetic quintuple layer (Figure
4.8a). The higher-order magnetic topological compounds MnBi,Te; and MnBigTe, 5 feature an
increasing number of the intercalating quintuple layers '3, as illustrated in Figures 4.8b and 4.8c.
By changing the spacing between neighboring magnetic septuple layers, the interlayer coupling
strength of MnBi,Te, (Bi,Te;), systematically varies, while the intralayer coupling strength
remains largely the same '+, Figures 4.8d-4.8f present the 2D maps of spin diffusion constant
of the exfoliated MnBi,Te,, MnBiyTe;, and MnBigTe 5 flakes measured at 8.5 K, respectively.
Despite the difference in the shape of the flakes and defect-induced inhomogeneities,
the spatially averaged spin diffusion constants of the three MnBi,Te, (Bi,Te;),, samples show
notable consistency, which are (5.7 £+ 0.6) x 10-6 m/s2, (5.4 £ 0.7) x 107% m/s2, and (5.4 +
0.4) x 107% m/s?, respectively, suggesting a common mechanism underlying the intrinsic spin
transport in this magnetic material family. Microscopically, the spin diffusion process describes

the random Brownian motion of a thermally populated magnon gas with a velocity v governed
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Figure 4.8. Intralayer exchange coupling driven spin diffusion in the family of MnBi,Te,
(B1,Tes), materials. (a)-(c) Schematics of the material structure of MnBi,Te, (a), MnBisTe,
(b), and MnBigTe,5 (c) consisting of alternately stacked nonmagnetic quintuple layers and
magnetic septuple layers. Spin diffusive transport is driven by spin-conserved scattering of
a thermally populated magnon gas with a characteristic velocity v that is dominated by the
intralayer exchange interaction. Blue arrows represent the spin carried by magnons (denoted by
purple waves) in magnetic septuple layers. The spatially random trajectory of the spin (denoted
by the black arrows) represents the exchange-dominated spin scattering process. (d)-(f) 2D
maps of the obtained spin diffusion constant of exfoliated MnBi,Te,4 (d), MnBi,Te; (e), and
MnBigTe;; (f) flakes measured at 8.5 K. (g)-(i) 2D maps of the magnetic susceptibility yo of
exfoliated MnBi,Te, (d), MnBisTe; (e), and MnBigTe 5 (f) flakes also measured at 8.5 K. The
white dashed lines mark the boundary of the exfoliated flakes, and the scale bar is 4 um. This
figure is adapted from Ref. [27].
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by the exchange energy. The intrinsic spin diffusion constant is determined by: D = v27 /2160,
where v ~ (Jsa)/h (Js is the exchange coupling strength, a is the lattice constant, and 7 is the
reduced Planck constant) and 7 is the momentum relaxation time. The minimal variation of
the obtained D of MnBi,Te,, MnBisTe;, and MnBigTe,5 flakes indicates that spin diffusion in
MnBi,Te, (Bi,Tes), family is mainly driven by the intralayer exchange interaction while the role
of the interlayer coupling is secondary. Intuitively, we expect that spin transport in MnBi,Te,
(Bi,Tes), is largely confined in individual magnetic septuple layers and the effect of interlayer
spin diffusion is negligible, as illustrated in Figures 4.8a-4.8c.

Using the method discussed in section 4.4.2, we further obtain the spatially dependent
magnetic susceptibility yo of the exfoliated MnBi,Te, (BiyTes), flakes, as shown in Figures
4.8g-4.81. Yo is extracted to be (3.4 £ 0.1) x 10~* nm, (52.3 + 3.2)x 10~* nm, and (47.8
+ 0.8) x 10~* nm for MnBi,Te,, MnBi,Te;, and MnBigTe,3, respectively. These parameters
can be converted into (3.3 & 0.1) x 1072, (87.3 £ 5.3) x1072, and (152.3 + 2.6) x 1072
emu-mol~!-Oe~!, in agreement with previous studies on bulk MnBi,Te, (Bi,Tes), crystals!32.
The significantly larger o of MnBi,Te; and MnBigTe 5 in comparison with that of MnBi,Te,
could be partially attributed to the vicinity of the magnetic transition point (10.5 K and 13 K) to

the measurement temperature (8.5 K).

4.8 Conclusion

Direct imaging of magnetic domain walls in intrinsic magnetic topological materials could
provide an opportunity to investigate the interplay between local magnetization and macroscopic
quantum transport behaviors, for example, the high-temperature quantum anomalous Hall
effect 124-126:136 and Jayer Hall effect '8 recently discovered in MnBi,Te, (Bi,Tes),. The spatial
resolution of the presented NV wide-field imaging technique lies at the optical diffraction limit

5,13,3,115

of ~500 nm. By employing scanning NV microscopy methods, we expect the spatial

resolution to ultimately reach the tens of nanometers regime, offering new opportunities to
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uncover detailed microscopic features of magnetic patterns in quantum materials.

In summary, we have used NV centers as a nanoscale local probe to investigate magnetic
phase transitions and spin fluctuations in magnetic topological materials. The spatially resolved
NV magnetometry measurements reveal characteristic domain wall nucleation and propagation
features during the spin flip transition of MnBi,Te; flakes. By employing NV relaxometry
techniques, we access the longitudinal spin fluctuations in MnBi,Te;, from which the intrinsic
spin diffusion constant and static magnetic susceptibility are obtained. We also observe a
dramatic increase of magnetic noise arising from magnetic domain walls in an MnBi,Te; flake,
which is attributed to low-frequency spin fluctuations hosted by spatially evolving magnetic
textures. Because magnetic domain walls and spin fluctuations are fundamentally related to
mesoscopic spin and charge transport in topological materials, nanoscale imaging of relevant
material parameters will contribute to a comprehensive understanding of the exotic properties
of the family of MnBi,Te, (Bi,Tes), materials. Our results further illustrate the capabilities
of NV centers in probing the nanoscale spin transport and dynamics in emergent condensed
matter systems, opening new possibilities for investigating the interplay between magnetism
and topology in a broad range of low-dimensional materials. The dynamic coupling between
topological materials and NV spin qubits may also point to the possibility of developing NV-based

hybrid architectures for next-generation quantum information sciences and technologies. 18
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Chapter 5

Local control of a single nitrogen-vacancy
center by nanoscale engineered magnetic
domain wall motion

5.1 Introduction

Effective control and readout of qubits form the technical foundation of next-generation,
transformative quantum information sciences and technologies. While optical strategies, as
described in previous chapters, have proven to be effective, they are limiting in terms of high
scalability. Here, we report magnetic domain wall motion driven local control and measurements
of NV spin properties. By engineering the local magnetic field environment of an NV center via
nanoscale reconfigurable domain wall motions, we show that NV photoluminescence, spin level
energies, and coherence time can be reliably controlled and correlated to the magneto-transport
response of a magnetic device. Our results highlight the electrically tunable dipole interaction
between NV centers and nanoscale magnetic structures, providing an attractive platform to
realize interactive information transfer between spin qubits and non-volatile magnetic memory
in hybrid quantum spintronic systems.

Hybrid quantum structures consisting of state-of-the-art qubits and electronic devices
have received immense research interest recently due to their potential for developing next-

generation, transformative information technologies. '0+7-163-196 Nitrogen-vacancy (NV) centers
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167-171,158,172

and magnetic domain walls hosted by solid-state memory devices stand out as two

promising candidates for use in practical devices. As discussed previously, NV centers provide

an attractive platform to develop cutting-edge quantum sensing, !> network, 738

and computing
technologies.7‘10’174’175 On another front, magnetic domain walls in thin films, which sustain
nanoscale spatially evolving and reconfigurable spin textures, promise to deliver a wide range

171,176—

of novel functionalities to modern spintronic devices. 179 Examples include high-speed

168,170,180

domain wall-based logic gates, magnetic racetrack memory, 167180 Jong-range, energy-

t,181_183

efficient spin transpor and many others. #1835 More recently, magnetic domain walls

have been theoretically predicted to enable entanglement between distant spin qubits through

dipole-dipole interactions. 158172

Despite enormous promise to date, integration of magnetic
domain walls with NV centers to realize effective transfer and readout of information encoded
in quantum entities and magnetic memory devices remains elusive. One of the major technical
challenges involves establishing nanoscale proximity between NV centers and magnetic domain
walls in a controllable and reconfigurable way. Here, we show our efforts along this direction.

By utilizing NV quantum sensing technologies, >!3-3-186,36,187

we achieve nanoscale imaging
of spin-orbit-torque (SOT)-induced '6%-178.183 domain wall dynamics in Co-Ni multilayer based
heterostructures. The internal spin structure of magnetic domain walls is diagnosed by measuring
the spatial distribution of the emanating magnetic stray fields. By systematically controlling the
SOT-induced domain wall motions, the local field environment of a proximal NV center can be
precisely engineered, enabling electrical switching of NV photoluminescence, spin level energies,
and coherence time between two different states. Local measurement of NV properties is achieved
through the variation of anomalous Hall voltages, which is intimately tied to nanoscale domain-
wall-motions in the magnetic channel of the Co-Ni device. Our results demonstrate the two-fold
advantages of NV centers in quantum sensing and quantum information science research. The
observed electrically tunable coupling between NV centers and propagating magnetic domain

walls further highlights the appreciable opportunity for promoting the scalability, quantum

interconnection, control of entanglement, and other tailored functionalities of N'V-based hybrid
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quantum systems. 174,189

5.2 Co-Ni heterostructure composition and device struc-
ture]

We first discuss the magnetic films, device structures and our measurement platform as
illustrated in Figures 5.1a and 5.1b. The structure of the magnetic device used in our studies is:
substrate/Pt(5)/[Co(0.5)Ni(0.5)]2/Ta(5) 1°° where the numbers in brackets indicate the thickness
of each layer in nanometers. Co-Ni-based multilayer heterostructures were deposited on oxidized
Si substrates by magnetron sputtering in a confocal geometry at room temperature. The Co-Ni
multilayer has strong perpendicular anisotropy and is sandwiched between a Pt underlayer and a
Ta capping layer, both of which have large spin-orbit coupling and a spin Hall effect of opposite
sign. 188:190-192 Thege heavy metal layers serve as efficient and additive spin current sources
to drive domain wall dynamics via SOT. The prepared samples were patterned into standard
Hall cross structures with a width of ~10 pum for electrical transport measurements as shown
in Figure 5.1c. The anomalous Hall characterization (Figure 5.1d) shows full perpendicular

remanence expected for strong perpendicular magnetic anisotropy and thin film thickness. !71-19

5.3 Preliminary characterization of Co-Ni heterostructures

Figure 5.2b shows field dependent magnetization of a [Co-Ni], sample measured at room
temperature. The external magnetic field B,,; is applied perpendicular to the sample plane and the
saturation magnetization is characterized to be ~6763 G for samples with two repetitions of the
Co-Ni layer. Figure 5.2a shows two typical sets of SOT-driven magnetic switching measurement
results of the [Co-Ni], device. The measured anomalous Hall signals exhibit positive (negative)
jumps above the negative (positive) critical write currents. The magnetic switching curves
change their polarity when reversing the direction of the longitudinal bias magnetic field, which

is consistent with the mechanism of SOT-driven deterministic magnetic switching. 183
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Figure 5.1. Measurement platform and Co-Ni multilayer device layout. (a) Schematic illustration
of Co-Ni device structure. (b) Scanning NV magnetometry measurements of a spatially varying
spin texture of a Co-Ni multilayer device. (c) Optical microscope image of a patterned Co-Ni
multilayer Hall cross device with an illustration of the magneto-transport measurement geometry.
Electrical write and read current pulses are applied along the x-axis, and the Hall voltage is
measured along the y-axis. The scale bar is 10 um. (d) Anomalous Hall resistance Ry of a
patterned Co-Ni device measured as a function of an external perpendicular magnetic field
Bey. (e-f) Two-dimensional (2D) images of magnetic static stray field Br (e) and reconstructed
magnetization 4tM (f) of a Co-Ni Hall device. The external magnetic field B,,; is 30 G applied
along the NV axis which is 54 degrees from the out-of-plane direction, and the scale bar is 3 yum.
This figure is adapted from Ref. [31].
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Figure 5.2. (a) Anomalous Hall resistance Ry of a patterned Pt/[Co-Ni],/Ta Hall device measured
as a function of the write current /,,,;;. with application of a longitudinal bias field B, of £300
G. (b) Field-dependent magnetization of [Co-Ni], thin films measured at room temperature. The
external magnetic field B, is applied along the out-of-plane direction of the film. This figure is
adapted from Ref. [31].
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5.4 Room temperature scanning NV magnetometry

To perform room-temperature nanoscale quantum sensing measurements, a micrometer-

sized diamond cantilever!”7->193

containing an NV single-electron spin is positioned above
the surface of the patterned Hall device (Figure 5.1b). The diamond cantilever is attached to
a quartz tuning fork for force-feedback atomic force microscopy (AFM) measurements. The
ultimate spatial resolution of the scanning NV magnetometry system is primarily determined

by the NV-to-sample distance, 12186

which stays in the range from 50 nm to 200 nm in our
measurements. We present here the detailed method to characterize this important instrumental
parameter. Figure 5.3a shows the schematic of our measurement platform and the coordinate
system used for numerical analysis. We assume that the Co-Ni magnetic device occupies the
space Q with z < 0 with its top surface lying in the x-y plane (z = 0). 6 and ¢ represent the polar
and azimuthal angles characterizing the NV spin orientation eyy, which are equal to 54 and 0
degrees in the current measurement configuration. The NV center is located in the scanning
plane of z = d. Quantitative measurement of the nanoscale NV-to-sample distance d can be
realized by mapping the spatially dependent magnetic stray field Br arising from the patterned
Co-Ni multilayer device. Figure 5.3b shows a typical set of one-dimensional By data measured
along the x-axis across the edge of the Co-Ni Hall device. Note that the presented scanning
measurement was performed in a “contact” mode, where the diamond cantilever is attached to
the surface of sample with a stand-off distance to be zero. According to dipole interactions,

Br(x) can be expressed by the following equation: %4

Br(x) = [Bes (x— 55 ) =B (x4 2¢) | -eny (5.1)

where w,. is the width of the Hall device and Bedge(x) is a vector field with the x, y, z components

to be: 194
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Figure 5.3. Characterization of NV-to-sample distance. (a) Schematic of the measurement
platform and the coordinate system used for numerical analysis. (b) One-dimensional stray Br
measured across the lateral width (x-axis) of a patterned [Co-Ni] Hall device. The NV-to-sample
distance can be quantitatively obtained by fitting the spatial distribution of the magnetic stray
field to Eq. 5.1. This figure is adapted from Ref. [31].

(

edge o d+Ad(x)
Bx (X) = 2Mfts m
B;dge (X) -0 (5.2)
edge o
ka (.X) = —ZMftgm

Here, M, and tF are the saturation magnetization and thickness of the Co-Ni sample, respectively,
and Ad characterizes the variation of the sample height which is simultaneously recorded by
atomic force microscopy during the scanning measurements. By fitting Br(x) to Equation
5.1, the N'V-to-sample distance d is extracted to be 58.7 4= 3.6 nm. In the current studies, the
NV-to-sample distance was ~59 nm for scanning measurements of NV photoluminescence to

enhance the signal-to-noise ratio.
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5.5 Magnetic multilayer SOT switching devices

As a first step towards identifying the layout and structure of magnetic domain walls
at the nanoscale, we carried out scanning NV imaging of SOT-driven domain wall movements
in the Co-Ni multilayer devices. By scanning the NV center over a mesoscopic length scale
above the sample surface, we are able to map the spatially varying Br, enabling nanoscale
imaging of local magnetic textures of the Co-Ni multilayer device as shown in Figure 5.1e.
Through established reverse-propagation protocols as described in Appendix section A.1,%186
the corresponding magnetization (47wM) pattern of the magnetic device can be quantitatively
reconstructed, as shown in Figure 5.1f. The obtained 47M of the Co-Ni multilayer sample is

~6763 G, and the strong perpendicular magnetic anisotropy of the sample is evidenced by the

uniform spatial distribution of the out-of-plane magnetization.

5.6 Quantum imaging of SOT-driven deterministic magnetic
switching

We now present data to show nucleation and propagation of domain walls during the SOT-
driven deterministic magnetic switching process of the Co-Ni device. In these measurements,
millisecond-long electrical write current pulses 7, are applied along the x-axis direction of the
patterned Hall device, generating spin currents flowing along the (£)z-axis with polarization s
oriented along the y-axis via the spin Hall effect in the heavy metal Pt and Ta layers, 8319 as
illustrated in Figure 5.1c. The accumulated spin currents are injected across the Co-Ni/heavy-
metal interfaces and exert SOTs on the Néel type domain walls whose chirality is dictated by the
interfacial Dzyaloshinskii-Moriya interaction iDMI). 190:192.196-199 Application of an in-plane
longitudinal magnetic field breaks the energy degeneracy of “up-down” and “down-up” domain
walls with respect to the SOT, leading to preferential domain wall motions that accomplish bipolar

switching of the Co-Ni magnetization between two magnetic easy states.'*® The anomalous

Hall resistance Ry is recorded by supplying a read current with a magnitude of 3 mA after
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Figure 5.4. Scanning NV imaging of SOT-driven deterministic magnetic switching. (a-h)
Nanoscale stray field imaging of domain wall motion during SOT-driven magnetic switching
of a Co-Ni device. Scale bar is 5 um for all images. (i) Anomalous Hall resistance Ry of the
Co-Ni multilayer device measured as a function of write current /.. For SOT-driven magnetic
switching measurements, an external bias magnetic field of 190 G is applied along the applied
current direction. Scanning NV imaging results presented in Figures 5.4a-5.4h were performed

[IP4)

at individual points from “a” to “h” marked on the current-induced magnetic hysteresis loop
shown in Figure 5.4i. This figure is adapted from Ref. [31].

each write current pulse /.. Figure 5.4i shows a typical set of SOT-driven deterministic
magnetic switching of the Co-Ni multilayer device. Notably, the measured anomalous Hall
signals characterize reversible switching above the positive and negative critical write currents
with a polarity depending on the sign of the external bias field, consistent with the mechanism of
SOT-driven magnetic switching. '38

Next, we utilize NV magnetometry to investigate the formation and propagation of
magnetic domain walls at the nanoscale. Scanning NV imaging measurements are performed at
the end of each electrical readout current pulse to visualize spin current-induced variations of the

local magnetic texture. Figures 5.4a-5.4h show a series of representative magnetic stray field
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Br maps taken at the corresponding points (“a” to “h”’) on the SOT-induced magnetic hysteresis
loop. At the initial magnetic state “a” where 1,7, = 0, the measured magnetic stray field Br
shows a largely uniform distribution over the Hall cross area, indicating a quasi-single domain
state of the Co-Ni device with spontaneous perpendicular magnetization. At higher magnitude
electrical write current pulses, the effect of the SOT becomes more pronounced, resulting in the
nucleation of incipient magnetic domain walls at locations where the energy barrier is lowest,
as shown in Figure 5.4b. The observed magnetic domain wall propagates with increasing write
current pulse /i, and causes deterministic switching of the Co-Ni magnetization, as shown
in Figures 5.4c-5.4e. When inverting the polarity of the write current, the up-aligned magnetic
domain (along +z direction) is preferentially selected by the exerted SOT, accompanied by the
“reversal” of the magnetic switching polarity and the corresponding domain wall motions as
shown in Figures 5.4f and 5.4g. Lastly, when sweeping the write current to point “h”, the Co-Ni
multilayer device returns to the initial magnetic state, showing an almost identical stray field

map (Figure 5.4h).

5.7 Domain wall internal structure determination from
stray field

The internal structure of the magnetic domain walls formed in the Co-Ni sample can be
diagnosed by measuring the spatial distribution of the emanating magnetic stray fields, which
is tied to its underlying spin configuration as illustrated in Figure 5.5a. Figure 5.5b shows a
zoomed-in view of a stray field map of a formed domain wall in the magnetic device studied. The
out-of-plane magnetic moments of Co-Ni multilayer sample exhibit an abrupt spatial rotation,
leading to a sign reversal of the measured magnetic stray fields on each side of the domain wall.
Figures 5.5¢ and 5.5d plot a line cut of the magnetic stray field By and B, measured by scanning
the diamond cantilever across the magnetic domain wall. Our results can be explained by a

theoretical model assuming a combination of Bloch and left-handed Néel type magnetic domain
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Figure 5.5. Probing the internal spin structure of magnetic domain walls in the Co-Ni multilayer
device. (a) Schematic view of a magnetic domain wall formed in a perpendicularly magnetized
Co-Ni film. The red (blue) and grey arrows represent the magnetic moment and emanated stay
field, respectively. (b) Scanning NV imaging of stray fields arising from a magnetic domain wall
in a Co-Ni multilayer device. Scale bar is 500 nm. (c-d) One-dimensional magnetic stray field
B, and B, measured along the line-cut across the formed magnetic domain wall shown in Figure
5.5b. The markers are the experimental results, and the solid lines are fittings to a theoretical
model assuming a combination of Bloch and left-handed Néel type domain wall. This figure is
adapted from Ref. [31].
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walls in the Co-Ni multilayers. 77194

5.8 Local control of a single NV center by domain-wall
motions

Our scanning NV magnetometry results highlight highly efficient, current-driven domain
wall dynamics at the nanoscale, providing an attractive platform to investigate the dipolar
interactions between NV centers and the local magnetic textures of proximal magnetic devices.
As such, we demonstrate electrically tunable NV-domain-wall coupling in the presented hybrid
system and explicitly show that the photoluminescence, ESR energies, and coherence time of an
NV center electron spin can be effectively controlled by reconfigurable domain wall motions.
Figures 5.6a-5.6b show the schematics and underlying mechanisms of our experiments. The
coupling between an NV center and the Co-Ni multilayer sample is mediated by local dipole stray
fields arising from the proximal spin textures below the NV sensor. An in-plane, longitudinal
magnetic field B,,; of 190 Gauss is applied in these experiments, and the distance between the
NV center and sample surface is set to be ~59 nm, ensuring sufficiently high NV sensitivity to
the variation of local emanating stray fields. When a magnetic domain wall is away from the NV
center, the local stray field Br at the NV site is negligibly small, as illustrated in Figure 5.6a. In
this case, the off-axial component of the external magnetic field B,,; will drive the NV center to
a mixture of the m; = 0 and +£1 state with reduced photoluminescence, resulting in a relatively
“dark” NV spin state.?%’ In contrast, the local field environment is dramatically modified when
the domain wall is propagating to the position right underneath the NV center (Figure 5.6b). A
significant in-plane orientated stray field Br emerges and effectively compensates the external
magnetic field B,y, leading to a reduction of the NV off-axis field and enhancement of the NV
photoluminescence.

The scenarios envisioned above are experimentally confirmed by our scanning NV imag-

ing measurements. Figures 5.6c and 5.6f present the stray field Br and photoluminescence maps
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Figure 5.6. Local control of NV photoluminescence by nanoscale engineered magnetic domain
wall motion. (a-b) Schematic illustration of tunable dipole interaction between an NV center
and a propagating magnetic domain wall, resulting in reconfigurable engineering of the local
magnetic field environment at the NV site. (c) Nanoscale stray field imaging of a magnetic
domain wall formed in a Co-Ni multilayer device. (d-e) Application of a negative (-24 mA) and a
positive (28 mA) electrical write current pulse reversibly drives domain wall forward propagation
(d) and backward retraction (e) motions. (f-h) Corresponding NV photoluminescence imaging
of the formed magnetic domain wall and its electrically controllable motion. The NV center
shows enhanced (reduced) photoluminescence when being positioned right above (away from)
the magnetic domain wall. Scale bar is 200 nm for all images. Black points in (c-h) mark the
lateral position of the diamond cantilever for local control and measurement of NV properties
presented in Figure 5.7. This figure is adapted from Ref. [31].
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Figure 5.7. Reconfigurable control and measurement of NV photoluminescence and coherence
time. Effective control of NV photoluminescence and coherence time (73) (top panels) by
alternative applications of positive and negative write current pulses (bottom panel). The change
of the NV spin properties can be well correlated to the anomalous Hall response driven by
reversible domain wall motions in the Hall cross area of the Co-Ni multilayer device. Note that
the N'V center is not exactly positioned in the center above the formed magnetic domain wall
when performing the two-state control measurements. This figure is adapted from Ref. [31].
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measured by scanning the NV center over a magnetic domain wall formed in the Co-Ni multilayer
device. Notably, the NV center stays in the “bright” state with enhanced photoluminescence
when the diamond cantilever is positioned above the magnetic domain wall. As expected, the
NV center enters the “dark™ state when it is located above the uniform magnetic domain. We
note that the lateral positions of the magnetic domain wall can be electrically controlled in a
reversible way as shown in Figures 5.6d and 5.6e. Application of a write current pulse /. of
-24 mA will drive the forward propagation of domain wall over a length scale of ~200 nm. In
contrast, sending a current pulse of 28 mA will cause retraction of the magnetic domain wall
back to the original position. The measured scanning NV photoluminescence image further
confirms the reversible domain wall motions as shown in Figures 5.6g and 5.6h. In addition to
photoluminescence, ESR energies and the intrinsic quantum coherence time (7>) of the NV spin
could also be controlled in a similar way by the nanoscale engineered domain wall motions. A
linecut across the domain wall, as shown in Figure 5.8, reveals that the NV 7, shows a significant
decrease when the diamond cantilever is scanned across the magnetic domain wall, which is
attributed to the gapless magnetic excitation arising from a ferromagnetic domain wall with

t, 158.172.174.201 1y contrast, the NV center

a divergent susceptibility in the zero-frequency limi
shows an extended 7> when sitting above the uniform magnetic domain.

The observed tunable dipolar interaction between an NV center and a magnetic domain
wall provides a new avenue to electrically access the NV properties. When setting an NV center
right above a formed magnetic domain wall, alternately applying write current pulses of opposite
polarity will reversibly drive the magnetic domain wall either away from or back towards the NV
spin, resulting in switching of the measured NV photoluminescence and coherence time between
two different states as shown in Figure 5.7. By positioning the propagating domain wall in the
Hall cross area, the observed binary variation of the NV spin properties can be further correlated
to the simultaneously measured anomalous Hall signals of the Co-Ni multilayer device, enabling

local control and measurement of NV centers. Note that the measured NV and magneto-transport

signals are stable against consecutive write current pulses, demonstrating their robustness against
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Figure 5.8. Variation of NV decoherence rate across a ferromagnetic domain wall. (a) Schematic
and the coordinate system used for numerical analysis. (b) Experimentally measured one-
dimensional NV spin decoherence rate (1/7;) across a magnetic domain wall (red points), in
agreement with the theoretical prediction (blue line). The NV spin decoherence rate far from the
domain wall is very close to the value when the NV is retracted from the surface, which was
approximately 0.125 MHz. This figure is adapted from Ref. [31].
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external perturbations. Taking advantage of emergent racetrack memory technologies, 97 we

expect that domain-wall-motion driven local addressing of individual quantum states of an array

of NV spin qubits could be ultimately achieved.

5.9 Conclusion

In summary, we have demonstrated domain wall motion induced local control and readout
of N'V photoluminescence, spin level energies, and coherence time in a hybrid quantum spintronic
system. By controlling magnetic domain wall motion in a Co-Ni multilayer device, the magnetic
field environment of a proximal NV center can be modified in a reconfigurable way, enabling
selective writing of NV spin properties. The reproducible control of NV photoluminescence
emission and coherence time can be effectively detected by the anomalous Hall response, which
is tied to the local magnetic domain wall position in the Hall cross area of the Co-Ni device.
Our results illustrate the advantages of NV quantum metrology in studying nanoscale spin
behaviors in emergent condensed matter systems. The demonstrated electrically controllable
dipole coupling between NV centers and domain walls opens the possibility to realize interactive
information transfer between spin qubits and electronic memory devices in hybrid solid-state
systems. On a separate note, energy-efficient, current-driven fast domain wall motions may also

serve as a suitable, mesoscopic scale quantum transducer/interconnecter, 7138189

promoting the
functionality of NV centers in developing next-generation, transformative quantum information

sciences and technological applications.
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Chapter 6

Low-Temperature Scanning NV Platform

6.1 Introduction

The arc of this dissertation is concerned with advancing NV sensing methodologies to
what is currently required at the state-of-the-art to advance quantum sciences. We began in
chapter 2 with diamond nanobeams. This NV centers are individually addressable by a confocal
microscope system, and possess extraordinary coherence properties, as already described. While
these N'V’s possess superlative qualities, in the course of a measurement they are necessarily
static, and unable to perform measurements in more than on distinct location. We proceeded
then in chapters 3 and 4 to describe widefield techniques, where we gained the ability to perform
spatially resolved measurements, at the cost of NV coherence time, and a reduction of the
spatial resolution to the optical diffraction limit of 500 nm. In chapter 5, a room-temperature
scanning system was described, in which the single NV’s in our diamond scanning probes retain
high coherence properties, with around 10 times higher spatial resolution than the widefield
system. This scanning system was confined to room temperature measurements, which limits its
capacity to measure many cutting-edge magnetic and quantum systems, which only display their
extraordinary properties at extremely low temperatures. In this chapter will be described the
low-temperature extension of this technology, which can perform scanning measurements down
to 1.8 K. Cryogenic NV scanning systems have recently advanced frontiers in measurements of

superconductors 133211 2D magnets>, non-trivial spin textures in antiferromagnets %2, twisted
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186 3

moire materials 3¢, and unconventional current flow 293,

6.2 Experimental apparatus

6.2.1 Optical AFM/CFM Cryostat

Our low temperature scanning setup is implemented in a cryo-free, optically accessible
cryostat. Sitting on top of this cryostat is a custom, home-built confocal or widefield microscope,
which addresses NV centers through a window which looks down into the sample space. Within
the sample space are two stacks of low-temperature capable piezo-based positioners. One of
these stacks is used to mount the sample, and the other is used to hold diamond cantilevers
containing single NV centers, purchased commercially. Using these stacks, we are able to
perform force-feedback AFM measurements, controlled by the scanning probe microscope
controller and xy-scan generator.

This system can operate at sample temperatures down to approximately 1.8 K. The
positioning stacks are able to access a course positioning range of approximately 3 x 3 mm,
and a fine scanning range of 40 um at room temperature, and 20 um at 2 K. The AFM scans
have a typical RMS z-noise figure under 1 nm. This allows for sensitive AFM scans made
concurrently with NV measurements. Static external magnetic fields are applied through a 1/1/1
T superconducting vector magnet. Due to thermal isolation between the superconducting magnet
coils and the sample space, the magnet remains cold and superconducting, even while the sample
space is at or slightly above room temperature. This allows for precise magnetic field control
over the system’s entire temperature range. Microwave control and spin-state manipulation
signals are directed from the top of the sample probe at the top of the cryostat, through semi-rigid
SMA cables, and directly to the sample space, where connections are made to the PCB onto
which samples are fastened and measured. Details on the NV control hardware are given in the

next section.
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6.2.2 NV control equipment

NV initialization and readout laser pulses are provided by a pulsed laser operating at 515
nm. The NV photoluminescence is then collected by an avalanche photo-diode (APD), which
sits outside the cryostat, and at room temperature. The APD outputs a 10-ns TTL pulse whenever
a photon impinges on its detector surface, and these are detected, binned, and processed by a
instruments FPGA based time-to-digital converter. Microwave signals are provided by an RF
signal generator. The microwave signal is then sent through a Mini-circuits microwave switch,
combined with other RF signals (if necessary) through an RF combiner/splitter, and finally
amplified using an RF amplifier before being connected to the SMA connection at the top of the
cryostat. The RF path is terminated with a 50 Q resistor, to provide impedance matching, and to
reduce the risk of burning sensitive on-chip fabricated RF wires. For pulsed NV-measurements,
timing is achieved using a instruments digital pattern and arbitrary waveform generator (AWG).
This device can provide 1 Giga-Sample/s digital signals, and 125 Mega-Sample/s arbitrary analog
signals. The digital signals provide the timing control for photon counting, RF switch control,
laser pulsing, and other events required for a given NV measurement. The AWG channels
connect to the built-in mixer of the RF signal generator to provide fast RF frequency sweeping

capabilities.
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Chapter 7
Outlook

Quantum sensing using optically active spin qubits will continue to be an active area of
research for many years to come. The extraordinary coherence properties of NV centers have
meant that they have received the lion’s share of research focus in this area, but other optical
defects have begun to enter the scene to supplement NV research, and perform measurements
where NV centers possess prohibitive shortcomings. For example, the fundamentally 3D nature
of diamond-imbedded NV centers means that nanoscale proximity to sample can be a challenge,
especially without access to costly and complex scanning cryostat systems like the one enunciated
in chapter 6. To meet this need, optical defects in 2D materials, like boron vacancies in hexagonal
boron nitride, are being used to perform quantum sensing measurements. The nature of these 2D
transferrable materials means that establishing nanoscale proximity is a trivial matter, and except
for some minor details, the measurement setup is identical to that of NV centers. To access
extremely low temperature ranges and extremely high fields, some researchers have turned to
the silicon-vacancy center (Si-V) in diamond, which is able to operate in conditions where NV
field alignment and measurement contrast have so far proved challenging. Whichever qubit-
based quantum sensing paradigm is ultimately used for a given measurement, the fundamental
techniques remain similar. Those techniques outlined in this dissertation will continue to be

perfected and expanded upon for years to come.
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Chapter 8

Conclusion

In conclusion, nitrogen-vacancy centers in diamond have been used to study the lo-
cal properties of a prototypical Mott insulator in VO,, unconventional correlation between
ferromagnetism and superconductivity in FTS, spin-dynamics in the topologically nontrivial
antiferromagnet MnBi Te;. We have also demonstrated local control over NV properties by
nanoscale domain wall motions in [Co-Ni] multilayer structures. The techniques utilized for these
measurements have advanced from diamond nanobeams, to diamond membranes for widefield
magnetometry measurements, on to room-temperature scanning techniques. In order to build
upon the already significant advances NV centers have made to cutting edge quantum sensing
technologies, we also have built a low-temperature scanning NV setup using and AFM/CFM
cryostat capable of reaching below 2 K. Low temperatures and high spatial resolution will be
required to push forward quantum technologies into a new era, and the strategies and techniques

used and developed in this dissertation will be used to enormous effect in the coming years.
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Appendix A
Appendix

A.1 Reconstruction of magnetization maps of 2D materials

Here is presented the method to extract static magnetic stray fields generated from the
magnetic sample by NV electron spin resonance (ESR) measurements.
Generally, a static magnetization distribution M(R’) generates a magnetic stray field

distribution By, (R)?8:

Bu(R) = / &’R'7 (RR)M(R'), (A.D)

where Z(R,R’) = —Vr Vg (1/|R —R/|) is the magnetostatic Green’s function tensor between
coordinates R = (x, y, z) and R" = (X, y/, 7). Focusing on the magnetic field at the positions
of the NV centers (z = d), we take the following Fourier transform in the x and y directions,
where translational symmetries are present, with r = (x, y) and k = (ky, k). Introducing Fourier

transforms for the magnetic stray field By, and the static magnetization M:

(A.2)

Invoking the following identity2%4:
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1 LT
— = - A3
IR_R’| /(27:)2 k¢ ¢ (A.3)

where k = |k

, we can obtain the Green’s function tensor in Fourier space for a, 8 = x,y:

(

Dop(k,2) =27 (kakg/k) e™Hd=7),
DOCZ (k7Z/) — Znikae_k(d_zl) (A.4)

D.(k,7) = 2kekd=7)

\

Thus

BYY (k) = / D(k,7YM(k,7)d? (A.5)

For thin samples and flakes, we are interested in an effectively two-dimensional magnetization
distribution, we assume M to be uniform along the thickness direction, and therefore independent
of z. We consider primarily sample with easy-axis perpendicular anisotropy, and therefore the
magnetization is assumed to be spontaneously aligned along the z direction, M(k,z) = M (k)Z.
With the NV centers located at z = d, based on Eq. A.4 and Eq. A.5, the component of the

magnetic field directed along the NV axis B%V(k) can be expressed as:

0
Bjy' (k) = / env -D(k,Z) - M(Kk)zdZ
o L L (A.6)
= 2me k(1 — ¢7HF) (cos 0— if sin O cos — i% sin 6 sin ¢)> M(k),

where fF is the thickness of the magnetic sample, and 8 and ¢ represent the polar and azimuthal
angles of the NV axis, respectively. For NV imaging experiments conducted using [111] cut

diamond membranes, this equation can be simplified to:
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BY (k) =2me (1 — e )M (K), (A7)

We may now introduce an inverse Fourier transform to reconstruct the magnetization in the real

space:

M(r) = @ / M(K)e ®Tq%k. (A.8)

A.2 Reconstruction of AC supercurrents in 2D supercon-
ducting materials

The spatial distribution of AC supercurrents in a superconducting flake can be recon-

structed by the measured microwave field Bgy;. Bsy at a specific position (x,y,z) can be expressed

by the Biot-savart law: 103

_ Mod / Sy 0 =y') = H(,y) (x = x')

= (A.9)
(YR )

BSU(xayaz)

where d is the thickness of a flake and Ly is the vacuum permeability. Due to the quasi-
2D confinement, we assume that the supercurrent J = (Jy,Jy) only depends on the in-plane

parameters x and y. Next, we introduce 2D Fourier transforms for Bgy and Ji(k = x, y):4

Bsy (ke ky, zy) = / / B (x,y, 23y )6+ dxaty (A.10)
Telles kg, o) = / Je(x,y, 2y ) dxy (A.11)

where zyy is the distance between the NV center and surface of a 2D superconducting flake.

Combining Equations A.10 and A.11, we have:
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B d
BSU(kX7ky;ZNV) = i‘u%e*ZNV\/k%Tk)zj k

(ke
1/k2+k2

According to the current continuity equation: V -J = 0, we can get:

ko (s ky) + ey (e k) = O

Combining Equations A.12 and A.13, we have:

ZikyezNV \/ K2 +k§

pod \ /K3 + k3

fx<kxaky) = - ESU(kmky)

and

2ik,eNVV ke

Uod /k)%-i-kz

J;’(k)UkY)

Bsy (kx, ky)

Iy (ks Key)
w/k2+k2

(A.12)

(A.13)

(A.14)

(A.15)

To reduce the high frequency noise, J; are passed through a Hanning filter.?%> Finally, we

introduce the inverse Fourier transform to obtain the supercurrent density in real space:
1 7 —i(kxx+ky,

A.3 London penetration depth of 2D superconductor

(A.16)

In this section, we present the method to extract the London penetration depth of a

quasi-2D flake via the measured microwave magnetic field Bsyy. We start from the AC version of

the London equation:

ax.]y - ay‘]x - —
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where Byc = Bsy + Byw and all three quantities orient along the out-of-plane direction. Here,
we introduce a complex parameter & (x,y,T) = 27xif oo (f,x,y, T )d to account for the dynamic
response of our 2D superconductor in a microwave field with frequency f. The complex con-
ductivity o in the two-fluid model can be written as: 6 = 01 — 0, and the real and imaginary

components are related to the London penetration depth A in the following way: 103

_1(T) A2(x,y,0K)
o100 T) = L (v, 0K) (1 T A20en ) ) (A18)

And

0-2(x7y7T) (A19)

2”“0)“2067)}7 T)f
where 7(T') is the relaxation time of charge carriers. The supercurrents obey current conservation
(V-J = 0), therefore, we can write the surface current density (Jy,Jy) with a scalar function ¢ in

the following way:

Je= 0,0 (A.20)

Je=0,0 (A.21)

Substituting Equation A.20 and A.21 into Equation A.17, the London equation becomes:

V2 = %Bmu,y) (A22)

where « is related to the London penetration depth by: Re{c(x,y,T)} = d/A?*(x,y,T). The

solution of ¢ is given by:20
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1 / / /a IvT
oY) = /Q dx'dy'in (x—x')*+ (y—y)?) %Bm(x@y’) (A.23)

Combining Equations A.20, A.21, and A.23, the surface current density J, and Jy can be written

as:

/ /a 7y T)( -y )BAC(xlvyl)

$x(%.7) 27ruod//d xdy )24 (y—y')? (29
,y T)(x—x")Bac(x',y)

Jy(x,y) “mm d// CETgpNm— (A.25)

Substituting Equations A.24 and A.25 into the Biot-Savart equation, we can obtain the microwave

magnetic field Bgy generated by supercurrents:

Uod JO ) x (x—x,y—y,z2)

dx'dy’ (A.26)
T (a2 -y )

Bsy(x,y,2) =

A.4 Reconstruction of DC supercurrents in 2D supercon-
ducting materials

When the thickness of a superconducting flake is significantly smaller than its lateral
dimensions, the out-of-plane component of the supercurrent density will be negligible in a
steady state. Thus, Bgc along the z-axis direction can be written as a function of the in-plane

supercurrent density (Jy, Jy) by solving the Biot-Savart equation: 103

Bsy(x,y,2) = (A.27)

uod/ () =) = (o) (= X)
R N L

The supercurrent density (Jy, Jy) can be obtained from the DC stray field generated from the

superconducting flake. For a quasi-2D superconducting system, (Jx, Jy) and the produced
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magnetic fields are related by the classical London equation as follows: 297

B (x,y)

(A.28)

Where B)” = Bgc + B¢" is the total DC magnetic field along the z-axis, B¢ is the out-of-
plane component of the external static magnetic field, and A is the London penetration depth.
According to the current conservation rule (V - J = 0), the surface supercurrent density (Jy, Jy)
can be expressed by a scalar function ¢, as shown in Equations A.20 and A.21. Therefore, the

London equation becomes:

B (x,y)
Vip=—2" A29
TRy (42
and the solution of ¢ is given by: 2%
1 Btot(x y)
=— [[ aXdyin((x—x)?+(y—y)?) —-—22 A.30
¢(x,) 47r//g Kdy'ln ((x—x')"+(y—) )“Mz(x,y’T) (A.30)

Combining Equations A.20, A.21, and A.30, the surface supercurrent density J,, J, can be written

as:
(y y )Btot( /7)/)
Jx(x,y / dx'd ‘LL()A,Z(X y, ) [(X X )2 ¥+ (y_y,)z] (A.31)
and
(x x/)Bé‘”(x’,y/)
i o / HOAZ (3, T) [(x—x)2+ (y—y')?] (A.32)

Substituting Equations A.31 and A.32 into Equation A.27, one can obtain the magnetic field

generated by DC supercurrents.

101



A.5 Extraction of nitrogen-vacancy spin relaxation rates

In addition to static magnetic fields, NV centers also act as sensitive probes of non-
coherent magnetic fields. Fluctuating magnetic fields at the NV ESR frequencies can induce m; =
0 <+ %1 transitions which can be optically accessed by NV relaxometry measurements via spin-
dependent photoluminescence. We experimentally detect spin-dependent NV photoluminescence
as a function of the delay time ¢ between the initialization and readout green laser pulses to
extract the spin lifetime of NV centers. The NV spins are first initialized to the mg = 0 state at# =
0. The decrease (increase) of the NV photoluminescence corresponding to mg = 0 (£1) states as
a function the delay time ¢ indicates the relaxation of NV spin to a mixture of the three-level spin
state. To extract the NV relaxation rates I' , we fit the time-dependent photoluminescence data

into following equation, which is based on a three-level model ?%34:

Py (1) - +Ty) I I Py (1)
% P, (f) = F+ —F+ 0 Py (l) (A.33)
P_(1) r_ 0 —-I'_) \P(r)

Here, Py, P, and P_are the occupation probabilities of an NV spin in the m; = 0, my = +1, and
my = -1 states, respectively, ' and I'_ characterize the spin relaxation rates of the m; = 0 <>
+1 and my; = 0 <> -1 transitions. Note that the magnetic noise generated by the the flakes in
this dissertation will not affect the m; = +1 <> -1 transition to the leading order of the dipolar

coupling, therefore, the corresponding relaxation rate is set to zero.

A.6 Permanent Magnet Alignment

NV magnetometry frequently requires manipulation of the external field condition, both
to influence the magnetic properties of the material being studied, and to appropriately bias the
NV spin states to enable clear separation of the |mg = +1) spin states for ODMR measurements.

For all NV experiments performed in this dissertation, the external field was provided by a
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Figure A.1. Process for alignment of external magnetic field from a permanent magnet. The
magnet is scanned in successive planes in the z direction. The aligned points on these maps show
up as points of high photoluminescence.

neodymium-based cylindrical permanent magnet mounted on a micromechanical xyz-movement
stage. The magnetic field surrounding these magnets was simulated, with the assumption that
the cylindrical symmetry of the magnets reduces the results to a two-dimensional map of vector
components. External magnetic field alignment to the NV center was done using the property
that the NV will show a higher photoluminescence when the external field is aligned to its axis,
as shown in Figure A.1. The xyz coordinates of these points are used with our magnet simulation
to determine the full line of points in the space above the magnet where the magnetic field would
be aligned. This allows for easy application of aligned fields across our entire desired range of

bias fields.
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Figure A.2. Simplified schematic of the widefield optical path, as used in chapters 3 and 4.

A.7 NV microscope design and operation

A.7.1 Widefield NV microscope

Figure A.2 shows a basic schematic of the optical components involved in our widefield
NV microscope. The laser is generated by a 515nm (green) laser. The beam is first collimated
and expanded, before it is focused on the back of the objective. This ensures a diverging beam
of the correct size before it hits the sample. Returning red photoluminescence passes through a
dichroic mirror, before hitting a final lens to alter magnification before impinging on the camera
Sensor.

The pulse sequences of widefield measurements are constrained by the minimum expo-
sure time of our camera, and by the reduced sensitivity of the CMOS photodetector, compared
to our single photon detectors. In these experiments, hundreds or thousands of repetitions of
individual pulse sequence are recorded with each camera exposure. Since light intensity is being
recorded for the entirety of each laser pulse, the laser power, and pulse length must be tuned to

yield the maximum spin contrast.
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Figure A.3. Simplified schematic of the widefield optical path, as used in chapter 2

A.7.2 Confocal NV microscope

The confocal optics used in this dissertation are shown in Figure A.3. The laser is
generated by a 515nm (green) laser. It bounces off a dichroic before it is incident upon a fast
steering mirror, to direct the beam to the NV locations. Before entering the objective, it passes
through a 4f lens system, which ensures that despite the large steering angle of the fast steering
mirror, the collimated laser beam only travels along the back of the objective. The beam is
focused onto a sample, then the returning red photoluminescence passes back along the path,
through the dichroic, through a pinhole to filter out uncollimated light, through a red filter to

remove photons outside the NV emission spectrum, and finally into our APD to be counted.
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