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Imaging Topological Spin Structures Using Light-Polarization and
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We present an imaging modality that enables detection of magnetic moments and their resulting stray
magnetic fields. We use wide-field magnetic imaging that employs a diamond-based magnetometer and
has combined magneto-optic detection (e.g., magneto-optic Kerr effect) capabilities. We employ such an
instrument to image magnetic (stripe) domains in multilayered ferromagnetic structures.
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I. INTRODUCTION

An understanding of the behavior of spins and charges
in magnetic systems is at the heart of condensed-matter
physics. As a consequence intense ongoing research activ-
ities are focused on developing and understanding their
behavior. This understanding is key toward the genera-
tion of faster, smaller, and more energy-efficient magnetic
technologies [1,2].

The success of all research activities relies on advances
in theory and materials synthesis but most critically on sen-
sitive probes. These allow for the determination of their
static and dynamic spin configurations and current dis-
tributions, which enable an improved understanding of
the interplay between the spin-spin and spin-orbit interac-
tions in these systems. To achieve this, several powerful
techniques for real-space probing of magnetic structures
are employed, such as spin-polarized low-energy electron
microscopy [3,4] and x-ray magnetic circular dichroism
[5,6], both of which are sensitive to the magnetization
distribution of the structures.
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An alternative approach is the detection of the stray
magnetic fields generated by the magnetic textures.
Techniques such as magnetic-resonance-force microscopy
[7,8] and scanning magnetometry using superconduct-
ing quantum interference devices (SQUIDs) [9,10], allow
for real-space imaging of the stray magnetic fields ema-
nating from magnetic structures. However, these tech-
niques typically operate over a narrow range of envi-
ronmental conditions and in some cases can have mag-
netic (perturbative) back action on the devices under
investigation.

Magnetometry based on the electron spin of nitrogen-
vacancy (N-V) defects in diamond has emerged as a versa-
tile, highly sensitive stray-field probe for the noninvasive
study of magnetic systems [11]. Diamond-based mag-
netometers can operate from cryogenic to above-room-
temperature environments, have a dynamic range spanning
at least nine decades (dc to gigahertz), and allow for
sensor-sample distances as small as a few nanometers.
With this, they provide access to static and dynamic mag-
netic and/or electric phenomena with diffraction-limited
to nanoscale spatial resolution depending on the imag-
ing modality. Most crucially, N-V-based magnetometry
is magnetically nonperturbative and works under a wide
range of external magnetic and electric fields.
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Scanning N-V-based magnetic microscopy utilizes a
diamond nanocrystal that hosts a single N-J center
attached to the tip of an atomic force microscope and
has already been successfully applied in studies of emerg-
ing magnetic phenomena. Prominent examples are the
case of nanoscale imaging and control of domain-wall
hopping in ultrathin ferromagnets [12] and magnetic
wires [13], imaging of the noncollinear antiferromagnetic
order in magnetic thin films [14], the direct measurement
of the interfacial Dzyaloshinskii-Moriya interaction in fer-
romagnetic multilayer heterostructures [15], and even in
identifying the morphology of isolated skyrmions in ultra-
thin magnetic films [16,17]. Scanning N-}-based magne-
tometry is highly sensitive and produces magnetic field
maps of a sample with spatial resolution ultimately lim-
ited by the atomic size of the tip. However, similarly to
magnetic force microscopy, its operation requires specific
environmental conditions and is not suitable for wide-field
inspection of dynamics at fast time scales (of the order
of milliseconds). An alternative is wide-field N-V-based
magnetic microscopy. which employs ensembles of N-V
centers within a diamond crystal and allows for magnetic
imaging with an unprecedented combination of temporal
(millisecond) and spatial (diffraction-limited) resolution.
State-of-the-art experimental demonstrations have demon-
strated sub-uTum/~/Hz magnetometric sensitivities over
wide fields of view (FOVs) (as large as approximately
1 mm?) [18-21].

An additional merit in using N-V-based magnetometry
is the possibility of simultaneously measuring all Carte-
sian components of static and/or dynamic magnetic fields
[18,22]. This becomes vital when one wishes to iden-
tify, for instance, the type and the chirality of domain
walls of skyrmions in magnetic multilayer stacks [12,23].
However, even with the employment of vector magne-
tometric protocols, reconstruction of the magnetic spin-
structure topology based on the detected stray magnetic
fields is an underconstrained inverse problem [11,23,24].
In other words, this means that an infinite number of mag-
netic topologies can give rise to similar stray magnetic
field patterns. Therefore, a straightforward solution is the
implementation of a detection modality that enables the
detection of both the magnetization and its resulting stray
magnetic fields.

We present here an imaging modality that allows for
the detection of both magnetic moments and their result-
ing stray magnetic fields. Such an imaging system consists
of a polarization-sensitive epifluorescent microscope that
incorporates a diamond sensor and exploits the radiation
required for the magnetometric measurements to perform
magneto-optic Kerr effect (MOKE) measurements [25].
Such an instrument allows for combined detection of mag-
netization and its resultant stray magnetic fields, while
being magnetically nonperturbative and operable over a
broad temperature range, making it an ideal tool for the

study of magnetic structures and their dynamics under
a wide range of environmental conditions. We wish to
emphasize here that a MOKE measurement is an indirect
way of detecting the magnetic moments via changes in the
polarization of light upon reflection of a magnetic surface.
However, this polarization signal can be translated to mag-
netization using the specific Kerr constant of the material,
which we can obtain, for instance, using a SQUID-based
calibration measurement.

I1. PRINCIPLES OF MAGNETO-OPTICAL AND
WIDE-FIELD MAGNETIC IMAGING

A. N-V-based magnetic imaging

The N-V center in diamond consists of a substitutional
nitrogen atom in the carbon lattice adjacent to a vacancy.
The negatively charged N-V center (N-V~) has an elec-
tronic spin-triplet ground state (*A,; S = 1) with magnetic
Zeeman sublevels my; = {—1,0,+1} (quantized along the
N-V binding axis). Moreover, it has an axial zero-field
splitting of approximately 2.87 GHz between the m, = 0
and m, = +1 sublevels, the energies of which shift in
response to local magnetic fields, crystal stress, tempera-
ture changes, and electric fields [Fig. 1(a)]. The spin state
of the N-V center can be initialized (polarized to the m; = 0
sublevel) using (continuous or pulsed) optical excitation
(typically with A = 532 nm) and readout through spin-
dependent photoluminescence (PL): the m, = 0 sublevel
exhibits a higher fluorescence rate under illumination than
the my = £1 sublevels. The application of a small exter-
nal magnetic field along the N-J” quantization axis lifts the
degeneracy of the m; = £1 magnetic sublevels and mag-
netic field measurements are consequently possible via the
precise measurement of the N-J spin-resonance frequen-
cies. This is typically done by sweeping the frequency
of an externally applied microwave (MW) driving field
while monitoring the spin-dependent photoluminescence,
thus allowing for N-V-fluorescence-based magnetometry
by optically detected magnetic resonance (ODMR) spec-
troscopy. Alternative magnetometric modalities that rely
on absorption- or photocurrent-based detection schemes
[26,27] also exist but are not employed in this work. In
high-quality diamond sensors, the attainable ODMR line
width is narrow enough to observe the hyperfine structure
of the N-V center, i.¢., the coupling between the host nitro-
gen nucleus (99.6% of '*N in natural abundance, for which
Iy = 1) and the unpaired N-J electron spin. For the case of
4N, every observed ODMR peak splits into a triplet with
a separation of Apg &~ 2.16 MHz [28] [Fig. 1(a)].

Using ensembles of N-J centers, it is possible to
perform highly sensitive magnetic imaging using wide-
field (e.g., epifluorescence) optical microscopy. In such
a case, a thin layer of N-V centers is typically engi-
neered close to the surface of a diamond crystal. This
layer is then used for two-dimensional mapping of the
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FIG. 1. (a) The N-V energy-level diagram. (b) A schematic

of the polar MOKE. E; describes the linearly polarized inci-

dent light and Ep the reflected light with rotation angle ®x and
ellipticity ex.

magnetic field generated by a sample proximal to the sur-
face of the diamond, by projecting the N-J fluorescence
onto a camera sensor and performing ODMR measure-
ments [29]. As such, submicrometer-resolved magnetic
field maps can be achieved using high magnification and
high-numerical-aperture (NA) microscopes equipped with,
for example, a common charged-coupled device (CCD)
or complementary-metal-oxide-semiconductor (CMOS)
camera. Furthermore, N-J centers are oriented along one
of four crystallographic (111) directions within the dia-
mond crystal lattice (in particular, along the (111), (111),
(111), and (111) crystal axes; see the inset to Fig. 2).
A diamond crystal hosting an ensemble of N-J centers typ-
ically contains an equal number of N-V centers for each
direction. As such, ODMR spectra from all N-V orienta-
tions yield the necessary information to reconstruct vector
magnetic field components from magnetized structures
proximal to the N-J centers. Wide-field N-V-based imag-
ing techniques have already been used to image magnetic
fields generated by magnetic thin films [30], nanoparti-
cles [31], and vortices in type-II superconductors [32],
and even to reconstruct the current flow inside integrated
circuits [33] or graphene field-effect transistors [34].

B. Magneto-optical imaging

Magneto-optical effects from magnetized media can be
observed via transmission- or reflection-based measure-
ments. The optical effects that manifest themselves when
light is reflected from the surface of a magnetized mate-
rial are conventionally designated as MOKEs. MOKE
microscopy, i.e., a technique capable of studying MOKE
with the use of an optical microscope, is one of the most
prominent tools for the spatiotemporal visualization of dis-
tributions of magnetization (M) within magnetic materials
[25]. In general, Kerr effects manifest as changes of the
intensity and/or the plane of polarization (®f) and the
ellipticity (ex) of incident linearly polarized light upon

reflection. All the different types of Kerr effects (polar,
longitudinal, and transverse) mostly scale linearly with
magnetization (higher-order quadratic effects can also be
observed using MOKE microscopy [25]; in this work we
will focus on samples that show no quadratic MOKE and
for this reason we will assume MOKE to be linear in the
magnetization of a sample). As such, investigation of the
magnetization of a magnetic sample becomes possible with
the use of a simple optical microscope that consists of a
polarization-selection and a polarization-analysis step. For
most cases of interest, as in our work here, the polar type of
MOKE is typically studied, which means that one senses
the magnetization component perpendicular to the surface
of the sample [Fig. 1(b)]. Moreover, the polar MOKE
manifests as a change both in polarization angle (®k)
and ellipticity (ex), while the reflected intensity remains
unchanged.

C. Combined MOKE and magnetic-imaging
microscopy

The combination of both imaging modalities, N-V-based
magnetic and MOKE, is made possible by the addi-
tional incorporation of polarization-sensitive preparation
and analysis steps in the optical setup required to perform
N-V-based magnetic imaging. In particular, by preselect-
ing the polarization state of the optical excitation required
for the N-V-based magnetometric protocol (i.e., green laser
light) and imaging changes in its polarization state upon
reflection from a magnetized sample placed upon the dia-
mond crystal, while simultaneously imaging the N-V fluo-
rescence, one obtains a combined image of magnetization
and their resulting magnetic fields.

1. EXPERIMENTAL METHODS
A. Magnetic sample

To demonstrate the capabilities of an imaging setup
that can perform measurements of magnetization and mag-
netic fields, we use a multilayered ferromagnetic structure
that shows rich topological magnetic structures (magnetic
domains) under the influence of external magnetic fields.

The sample is a Ta(5 nm)/CoyoFegBao(1 nm)/
Ta(0.08 nm)/MgO(2 nm)/Ta(5 nm) material stack that is
grown on a Si/SiO, substrate (500-um thickness) by dc-
magnetron sputtering. The use of a Singulus Rotaris sput-
tering system allows us to tune the thickness of the layers
with high accuracy (reproducibility better than 0.01 nm)
[35]. The Ta(0.08 nm) insertion layer, which is not even a
complete Ta monolayer, is inserted to fine tune the perpen-
dicular (out-of-plane) magnetic anisotropy (see the inset
Fig. 2, left-hand side) stemming from the CoyoFegoBao-
MgO interface [36]. This allows us to get closer to the
spin-reorientation transition [37]. Thereby, we can achieve
a typical hourglass-shaped hysteresis loop indicating the
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FIG. 2. A schematic of the experimental setup. Top left: an example of a MOKE image, with the inset depicting a magnetic sample
having an out-of-plane anisotropy. Center: the experimental arrangement of the diamond sensor and the magnetic sample (resting
upon a microscope slide); the inset shows a detailed view of the different layers indicating the arrangement of diamond sensor and the
magnetic sample. Top right: an inset showing a unit cell of the diamond lattice containing a single N-J” center and indicating all other
possible N-J orientations. Bottom left: the optical setup for combined MOKE and N-/-based imaging. Bottom right: the MW setup
used to drive transitions among the ground-state spin sublevels of the N-J center.

presence of magnetic domains or a skyrmion phase [38].
Using SQUID-based measurements, we determine the sat-
uration magnetization of the sample to be M, ~ 760 kA/m
at room temperature.

B. Experimental setup
1. Optical setup

In Fig. 2, we present the experimental setup that we
use for combined magnetic field (N-V) and magnetiza-
tion (MOKE) measurements. The basis of the setup is a
home-built inverted-epifluorescence microscope.

As light source for both the magnetometric proto-
col and the light-polarization measurements, we use a
532-nm diode laser (Laser Quantum, Gem 532 nm).

The laser intensity is stabilized with a feedback sys-
tem using an acousto-optical modulator (AOM, ISOMET-
1260C, with an ISOMET 630C-350 driver) controlled with
a proportional-integral-derivative (PID) controller (SRS
SIM960). The excitation and reflected and PL beams are
split using a 50:50 beam-splitter cube (BSC) before the
objective. To operate in wide-field configuration, another
lens (f = 150 mm) is placed before BSC, which leads to
an enlarged excitation area.

The imaging system consists of an air objective (Olym-
pus UplanFL N 60X) with a magnification of 60x, a
working distance of 0.2 mm, and a correction collar that
allows us to compensate for cover-glass thicknesses of
0.11-0.23 mm. As detector, we use a scientific CMOS
(sCMOS) camera (Andor Zyla 5.5) with a pixel area of
6.5 x 6.5 um?. This leads to an effective pixel area of
approximately 108 x 108 nm? in the focal plane, i.e.,
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on the sample. The home-built sample holder consists
of a thickness 0 (approximately 85 — 115 um) cover-
slip, which is glued onto a printed circuit board that is
supported upon a three-dimensional translation stage. The
coverslip is electroplated with a copper layer, from which
an Q-shaped strip line is produced. This strip line is used
to deliver the MW fields required for N-J-based mag-
netometry. The FOV is adjusted in such a way that it
resides in the center of the omega loop. On top of the
coverslip, we place our diamond sensor and, on top of
the diamond sensor, the magnetic sample under investi-
gation. The diamond sample is oriented in such a way
that the N-J layer is proximal to the magnetic layers of
the sample (see the inset to Fig. 2). To fix the sample-
sensor distance to values less than 10 um, and to reduce
lateral movement and the amount of aberrations, we use
microscope immersion oil between the coverslip-diamond
and diamond-sample surfaces. A detailed schematic of
the diamond-sensor and magnetic sample configuration is
shown as an inset in Fig. 2. The laser beam enters and exits
the diamond through the coverslip.

To image the N-J PL, we use a 650-nm long-pass fil-
ter (FEL0650, Thorlabs) to remove the reflected green
light. For MOKE imaging, we remove the long-pass filter
and introduce a neutral-density filter (optical density = 3)
before the camera. This is done to coarsely match the
amount of reflected photons from the green laser beam
to the number of detected photons in the observed N-V
fluorescence (under typical experimental conditions). This
facilitates operation (i.e., the use of similar acquisition set-
tings), while sacrificing optimal polarimetric sensitivities.

2. Magnetic sensor

For wide-field N-J magnetic imaging, we use a
near-surface high-density N-J ensemble. In particular,
a 100 nm"*N doped, isotope-purified (99.9% '2C) layer
is grown by chemical-vapor deposition on an electronic
grade diamond substrate (Element Six). The sample is then
implanted with 25 keV He™ at a dose of 10'? ions/cm? to
form vacancies, followed by a vacuum anneal at 900 °C
for 2 h for N-V formation and an anneal in O, at 425 °C for
2 h for charge-state stabilization [39]. The resulting ensem-
ble has an N-V density of approximately 1.2 x 107 cm™3.
This value is obtained by comparing the fluorescence of the
layer to the average of near-surface single N-J centers in
a control sample. The diamond crystal has dimensions of
2 x 2mm? and a thickness of approximately 90 — 100 zzm.

3. External fields

To generate the magnetic domains in the sample, we
apply a bias magnetic field (B,) with the use of a coil
(length 2.8 cm, radius 3 cm, producing approximately
6 G/A). The coil is supplied with dc current using a
computer-controlled power supply.

To perform the N-V-based magnetic imaging, a MW
source and/or function generator (SRS SG384) is used.
The MW signal is split and mixed with a 2.16-MHz
signal and then combined again, in order to resonantly
address and drive all (three) hyperfine-resolved N-V spin
resonances simultaneously. This allows us to obtain full-
contrast ODMR spectra without the drawback of power
broadening and, thus, yields improved magnetometric sen-
sitivities [40]. All MW frequency components are ampli-
fied with a 16-W (+43-dB) amplifier (ZHL-16W-43+)
and passed through a circulator (Pasternack CS-3.000)
and a high-pass filter (Mini Circuits VHP-9RS5) before
they are transmitted through the omega-shaped strip line.
A schematic of the setup required to generate the external
fields is presented in Fig. 2.

4. Polarization control

To perform MOKE imaging in polar configuration, the
setup is equipped with two linear polarizers (Thorlabs
LPVISA100): one is placed in front of the BSC to prepare
the green light with linear polarization (it also enables opti-
mization of the magnetometric protocol through the appro-
priate selection of polarization). The second one, hereafter
called the analyzer, is used for analysis of the polariza-
tion state of the reflected light beam and is placed directly
in front of the camera. The rotation angle of the analyzer
with respect to the polarizer is optimized to obtain the best
signal-to-noise ratio (SNR) for MOKE measurements. For
the present experimental conditions, this optimum is found
when the analyzer is nearly crossed with the polarizer.

To allow for switching between magnetic field and mag-
netization imaging, a computer-controlled flip mount is
positioned in front of the analyzer, which allows us to
switch from using the long-pass filter (and thus performing
magnetic field measurements) to using the neutral-density
filter (allowing for MOKE measurements).

C. Magnetic imaging

In order to obtain quantitative images of the local mag-
netic field, it is necessary to acquire ODMR spectra for
all pixels within the illuminated FOV. Here, we employ
a continuous-wave (cw) technique for N-J ODMR-based
magnetic imaging, wherein optical N-J spin polarization,
MW drive, and spin-state readout via the N-V PL occur
simultaneously. The diamond sensor is continuously illu-
minated with approximately 80 mW of 532 nm laser light
and the resulting N-7 PL is collected using the objective of
the microscope.

For each frequency point of the N-J ODMR spectrum
(v;), PL images are captured and normalized by images
captured at a fixed off-resonant frequency (in our case,
Voif = 2.16 GHz). The number of detected photons on each
pixel at v; is then divided by the detected photon number
at v for the same pixel. This sequence is then repeated

024040-5



TILL LENZ et al.

PHYS. REV. APPLIED 185, 024040 (2021)

between 15 and 40 times (for every selected v;); a typical
exposure time is 100 ms per sequence.

Here, we aim to image fields from a sample with a per-
pendicular (out-of-plane) magnetic anisotropy. The bias
magnetic field required to manipulate samples with this
anisotropy is applied along the (100) axis of the diamond
crystal. As such, the applied field and the resulting mag-
netic fields from the magnetic structure lead to (almost)
equal magnetic field projections along all (eight) different
N-V orientations (along four axes) in our diamond sam-
ple. This can easily be shown by calculating the scalar
product between the different possible N-J axes ({111),
(111), (111), and (111)) and the (100) direction describ-
ing the magnetic field. This, in turn, results in degenerate
magnetic eigenstates and, thus, equal transition frequen-
cies in addressing N-J centers along the different axes.
In fact, the magnetic stray fields generated by the sam-
ple are not exactly oriented along the applied field but
since the splitting created by transverse components is
smaller than the line width, this results only in broadening
of the resonances. As mentioned earlier, due to hyper-
fine interactions this results in two sets of three transition
frequencies, which are separated by 2yn.yBny (Uny &
28 MHz/mT and Bn.p: projection of the magnetic field
along the N-J axis). In order to increase the sensitivity
of our sensor, we simultaneously apply three frequency
components with a fixed separation of 2.16 MHz, match-
ing the hyperfine splitting of the resonances. This applied
frequency triplet is then scanned over the three N-J reso-
nances and, thus, results in five dips for both Am, = £1
transition families. The relative amplitude ratios between
the five observed Lorentzian features in the ODMR spec-
trum are 1:2:3:2:1 [see Fig. 3(c) and Ref. [40]]. This is
a result of the fact that at different carrier frequencies,
one, two, or three hyperfine components of the transi-
tions are on resonance with the MW driving fields. For
this reason, the observed features in the obtained ODMR
spectra are fitted with two sets of five Lorentzians. In
the general case of an arbitrarily oriented magnetic field,
eight sets of five Lorentzians are observable. Overall,
by determining their frequency separation, we can image
the local magnetic field perpendicular to the diamond
surface. We determine the average magnetometric sensi-
tivity of our current setup to be 8Bx_y ~ 2uTum/+/Hz
within a FOV of approximately 40 x 40 um?, which
is mainly limited by mechanical instabilities of the
setup.

D. MOKE imaging

MOKE images of the sample-magnetization topology
are taken in a similar fashion to the magnetic images after
switching to MOKE operation by using the flip mount.
This allows for the collection of the green laser light
instead of the N-V" PL.

For a given strength of the externally applied mag-
netic field required to change the magnetization state of
the sample, we obtain a MOKE signal for each pixel
by averaging over 50 acquisition cycles of the camera
(typical exposure time 10 ms per cycle). This average is
then normalized to an equivalent measurement performed
atareference field | Bref| > [Bsa [i.€., Smoke = [Npn(B:) —
Noh(Bref)]/Nph (Brer)]. In our case, Bgy, the saturation field
at which the magnetic sample is in a monodomain state
with all the domains and spins aligned with the exter-
nal magnetic field is approximately By =~ 1 mT. This
comparison with a reference image allows us to elimi-
nate beam-intensity variations in the FOV, the effect of
impurities and/or surface features, and birefringence in
the diamond crystal. We determine the polarimetric angle-
imaging sensitivity of our current setup to be §@Og &
50 wurad um/~/Hz (again mainly limited by mechanical
instabilities of the setup).

IV. RESULTS

In Fig. 3, we show the main result of this work. Figure
3(a) shows the hysteresis magnetization curve of our mag-
netic sample obtained by implementing a MOKE mea-
surement sequence and by averaging over all pixel values
within the FOV. For each strength of the externally applied
magnetic field (B,), which is used to generate the magne-
tization curve [for comparison, we also present measure-
ments obtained using a commercial MOKE microscope
(Evico GmbH)]. In Fig. 3(b), we show a MOKE image
of the sample-magnetization topology under an externally
applied magnetic field strength of B, = 0.329 mT, demon-
strating our ability to observe magnetic (stripe) domains
and qualitatively image their magnetization.

In Fig. 3(c), we present the magnetic field map generated
by the stripe domains as obtained by N-V-based mag-
netic imaging. Using the differences between the resonance
frequencies observed in the recorded ODMR spectra, we
obtain the direction (relative to the externally applied
magnetic field) and strength of the magnetic field gener-
ated by a stripe domain and its surrounding environment,
which is approximately 22 wT. In particular, at the top
of Fig. 3(c), we show ODMR spectra for two specific
cases (i.e., imaging pixels): the first one shows the mag-
netic field originating from the center of a magnetic stripe
domain, while the second one shows the magnetic field
originating from the surface of the sample (far away from a
stripe domain). The observed ODMR frequency splittings
(between the sets of five Lorentzians corresponding to the
N-V my = —1 and m; = +1 spin states) are reduced for
the pixels that image the magnetic fields from the stripe
domains compared to the pixels imaging surfaces without
stripe domains; in this case [Fig. 3(a)], the surface magne-
tization of the sample is aligned with the externally applied

024040-6



IMAGING TOPOLOGICAL SPIN STRUCTURES...

PHYS. REV. APPLIED 15, 024040 (2021)

MOKE imaging

N-V-based magnetic imaging

(a) (¢)1.00
05 ° 2, 098 3
3 12 2 (d) MOKE(M)+N-V(B)
S 0.0 J 10 3 £ 0.96
E ’_1g S 0.94
~0.5] . -2 '
Bt ‘ , 0.921% 2By J
-2 2 2860 2865 2870 2875 2880
fow (MHZ)
(b) M By, (mT)
10°A/ i
50 ( m) 0.35
40 2
— 0.34
§ 30 1
> 20 0 0.33
10 1 0.32
0 : 0
0 10 20 30 40 50 0 10 20 30 40 50
X (um) X (um)
FIG. 3. Magnetization and magnetic field imaging using MOKE and N-/-based magnetic field imaging. (a) The out-of-plane mag-

netization curve of the magnetic sample (open green circles) and, for comparison, the magnetization curve obtained using a commercial
MOKE microscope (black line). The starred point denotes the position on the hysteresis curve where the MOKE and N-/-based mag-
netic images are obtained. (b) A MOKE image for an applied external magnetic field of B, = 0.329 mT. (c) ODMR spectra for two
different positions within the imaged FOV (the points are measured data while the lines represent the best fit for these data sets)
and imaging of the resulting magnetic fields generated from the sample for an external field of B, = 0.329 mT (the magnetic field is
obtained by fitting the ODMR spectra for each pixel). (d) N-V (red) and MOKE (green) images overlapped.

magnetic field, while within the stripe domains the magne-
tization is reversed (thus resulting in an overall reduced
observed magnetic field and, hence, in a reduction in the
observed ODMR splittings). We note here that maximum
magnetic (stray) field values are attainable at the center of
the magnetically imaged stripe domains due to the stand-
off distance between the N-J layer and the surface of the
sample (approximately 3—4 pum), taking into consideration
that the magnetic domains have a width of approximately
3um (for larger domains, the main magnetic contrast
would be expected to be closer to the observed walls of
a domain).

It should be noted that the effective bandwidth of each
measurement in our imaging configuration is different.
While a MOKE image takes approximately 0.5 s, an N-V
image (for which, here, we record the full ODMR spec-
trum) takes approximately 300 s. The time required to
record an N-V-based magnetic image could be significantly
decreased to approximately 3 s by recording magnetic
images at a single-frequency and using a calibration (e.g.,
an image at an off-resonant excitation frequency) to get
quantitative information about the magnetic field, but this
is beyond the scope of this work.

Finally, in Fig. 3(d) we present the MOKE and N-V
magnetic images overlapped to demonstrate the comple-
mentary character of the two imaging modalities, while it

also allows us to clearly investigate the differences in the
observed sizes of the stripe domains between the two imag-
ing modalities. These differences are related to the offset
distance between the diamond and the magnetic sample
(approximately 3—4 um), which results in blurring of the
observed features in the (N-V) magnetic image. This also
verifies that the resolution of the N-J” magnetic image is
currently determined by the size of this offset distance
and not by the optical resolution of the microscope. We
also note here that this becomes consequential when the
stripe domains are dense, i.e., when the distance between
the stripe domains is smaller than the resolution of N-
V-magnetic imaging, resulting in noticeable differences
between the N-J magnetic and MOKE images. In such
cases, the magnetic fields from different domains might,
for example, add up and it will not be easily possible to
reconstruct the magnetic topology of the domain struc-
ture. However, such an issue can be resolved (in future
implementations) by minimizing the distance between the
diamond surface and the magnetic sample [for instance,
one way to minimize this gap is to directly deposit (two-
dimensional) magnetic materials onto the diamond surface
[41]]. Furthermore, we observe in our images slight devi-
ations from perfect overlap between the observed magne-
tization and magnetic field maps from stripe features that
reside at the edges of our FOV. We believe this is the result
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of a combination of offset-related magnetic field gradients
(of the field generated by the domains) and off-axis
aberrations. Further investigations are required to resolve
this issue.

V. DISCUSSION AND CONCLUSIONS

We present a platform for wide-field imaging of the
magnetization and resulting magnetic fields of magnetic
structures using engineered diamond magnetic sensors and
an optical setup that allows for both measurement modali-
ties. Our work extends recently developed N-/-magnetic
imaging techniques used to study magnetic systems by
demonstrating how the addition of polarization analy-
sis can incorporate simultaneous information about the
magnetization of the sample.

Possible extensions to the current experimental setup
are possible for both the MOKE- and N-/-based imag-
ing parts. The N-V-based imaging, for example, can be
extended to the zero-field regime by implementing recently
developed measurement schemes [42] or even be operated
in a MW-free modality [43,44]. Furthermore, while the
setup is currently only sensitive to out-of-plane magnetiza-
tions (polar MOKE), it can be extended to measurements
of longitudinal and transverse MOKEgs, i.e., the measure-
ment of in-plane magnetizations, by illuminating the sam-
ple at an angle [25]. To do so, the incorporation of field
coils for the generation of in-plane magnetic fields would
be necessary. Most importantly, the angled illumination
allows for truly concurrent acquisition of N-7 and MOKE
images, as the reflected beam and the fluorescence are now
detected in different areas of the camera (or independently
imaged from their respective optical paths).

Magnetic structures, and generally correlated and topo-
logical electron systems, present crucial technological
opportunities for information storage and computation and
their inherent nonvolatility makes them central to energy-
related research and associated technologies. Moreover,
our understanding of condensed-matter physics is greatly
affected by these technologies that exploit the topology
of spin structures, as is the case with technologies that
exploit the topology of the physical and electronic struc-
ture of materials. Our primary goal is to develop an
instrument that is ideal for the research and development
of these technologies and the study of related emergent
phenomena.
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