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Wide-field magnetic imaging based on nitrogen-vacancy (NV) centers in diamond has been shown the
applicability in material and biological science. However, the spatial resolution is limited by the optical
diffraction limit (>200 nm) due to the optical real-space localization and readout of NV centers. Here,
we report the wide-field Fourier magnetic imaging technique to improve spatial resolution beyond the
optical diffraction limit while maintaining the large field of view. Our method relies on wide-field pulsed
magnetic field gradient encoding of NV spins and Fourier transform under pixel-dependent spatial

filters. We have improved spatial resolution by a factor of 20 compared to the optical resolution and
demonstrated the wide-field super-resolution magnetic imaging of a gradient magnetic field. This

technique paves a way for efficient magnetic imaging of large-scale fine structures at the nanoscale.

Magnetic imaging based on nitrogen vacancy (NV) centers in diamond
promises quantitative and highly sensitive detection of magnetic sources in
nanoscale to microscale range'~. Based on this, wide-field NV-diamond
magnetic imaging, also known as quantum diamond microscopy™, has
recently emerged as a versatile technique for microscopic magnetic imaging
in a variety of applications, including solid-state devices*” and
electronics'’™", magnetic materials""", biomagnetism'*", and nanoscale
magnetic resonance imaging (MRI)"* . The parallel detection capability of
wide-field NV microscopes makes them ideally suited for applications
where multiple structural units are probed over a large area, a critical step in
assessing the overall performance of materials or devices. However, while
wide-field NV microscopy can provide a large field of view for magnetic
imaging, the spatial resolution is constrained by the diffraction limit of the
optical detection system. This limitation has hindered the development of
this technique for applications related to magnetic imaging that require
higher spatial resolution.

Improving the localization resolution of NV centers plays a key role in
improving the spatial resolution of wide-field NV microscopy. To date,
optical super-resolution imaging of NV centers is mostly based on spatial
scanning technique, e.g., confocal scanning such as stimulated emission
depletion (STED) and its variants™*, which are difficult to integrate into
wide-field NV imaging. Single-molecule localization microscopy (SMLM),
such as stochastic optical reconstruction microscopy (STORM), allows

widefield imaging for sparsely distributed NV centers in bulk diamond or
nanodiamonds, but is prone to artifacts at high NV concentrations™".
Therefore, there is still no super-resolution technique that is compatible
with widefield magnetic imaging, which typically uses a dense layer of NV
centers as a quantum sensor.

Recently, Fourier magnetic imaging” was developed to provide a
nanoscale resolution for magnetic imaging based on NV centers. Different
from real-space imaging techniques, Fourier magnetic imaging utilizes
magnetic field gradients to encode the spatial information of NV centers
into k space. Following k-space sampling and Fourier transform, a real-
space image is acquired with spatial resolution determined by the maximum
kvalue ko0 Ar = |[2kipax | ' In the k-space imaging method, the size of real
space, i.e., the encoding field of view (FOV) F, is defined by k-sampling
interval Ak: F=|2Ak| ™", and the experiment acquisition time is propor-
tional to the number of phase-encoding steps N (e.g., for one-dimensional
imaging, time o N = F/Ar = ky,.x /Ak). However, it will lead an enormous
time consumption for signal acquisition in case of NV centers distributing in
a wide field of view, especially with high spatial resolution requirements,
because to reconstruct real-space distribution of NV centers without dis-
tortion, the k-sampling interval must be smaller enough to guarantee NV
centers locating into the encoding FOV without any artifacts.

In this article, we experimentally demonstrate a method termed wide-
field Fourier magnetic imaging (WFMI) to overcome the resolution
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limitations of widefield NV microscopy. In our method, we eliminate the
dependence of the number of phase-encoding steps N on the size of the full
FOV in Fourier magnetic imaging, by using quadrature phase encoding,
reduced encoding FOV, and parallel imaging. Firstly, we use the quadrature
phase encoding to determine the unique position of the NV centers. Secondly,
we adopt a reduced encoding FOV to decrease experiment time consumption
against the full FOV. The artifacts due to reduced-FOV-related under-
sampling are eliminated by using the spatial filters, which are constructed in
the parallel imaging based on the camera. In the experiments, we first explore
the proposed method using sparsely distributed single NV centers and
achieve up to ~35nm resolution. Then, we demonstrate this method in
widefield magnetic imaging of a one-dimension gradient AC magnetic field
using a dense layer of NV ensembles. The results show that the magnetic
information could be mapped over a wide field of view with a resolution
beyond the diffraction limit. Finally, we discuss the potential application of the
method in nanoscale MR], technical improvement, and future developments.

Results

Experimental setup

A schematic view of the experimental setup and principle is shown in Fig. 1a.
A shallow layer of NV centers beneath the diamond surface is used as the
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demonstration (see Materials and Methods for sample information). A
pulsed widefield green laser and microwave field are used to initialize and
manipulate the quantum state of NV centers, respectively. Two pairs of
coplanar gradient microcoils are used to generate the magnetic field for
sensing and a high-bandwidth uniform pulsed magnetic field gradient for
phase encoding. The maximum magnetic field gradient projected to the NV
centers in the central region achieves 1.5 G-um™" at 4 A current (see Sup-
plementary Fig. 3). A camera is used for the parallel readout of NV centers as
the parallel detector. As defined in parallel MRI™, we define the sensitive
area of a single pixel of the camera as the function of pixel shape convolving
the point spread function of the optical system. The sensitive area is esti-
mated to be 700 nm in diameter. It also equals the optical resolution under
Abbe optical diffraction limit in our setup (Fig. 1b).

Quadrature phase encoding

To perform WFMI, we first implement Fourier MRI on the NV centers with
quadrature phase detection’. The pulse sequence is shown in Fig. 1c. The
NV centers are first initialized to the |0) state by a laser pulse and then
manipulated by the spin echo pulse sequence. Between the microwave
pulses, the pulsed gradient field is applied to encode the spatial information
of NV centers to k space. A position-related quantum phase accumulates in
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Fig. 1 | Widefield Fourier magnetic imaging (WFMI) experiment. a Schematic
view of the experimental setup. The axial magnetic field (B, ~ 340 G) is applied by a
permanent magnet to select the NV centers with an axis lying in the x-z plane. The
532 nm excitation laser is sent into the diamond through the objective lens (x60,
NA =0.7), and the illuminating area forms the imaging field of view. The fluores-
cence is collected by the same objective lens and finally imaged on the camera. The
microcoils for the generation of a pulsed gradient magnetic field are electroplated on
another diamond substrate as a heat sink. b Schematic view of the full FOV, reduced
FOV and the sensitive area of the pixel. ¢ The WEMI pulse sequence with quadrature

phase detection is composed of two independent Hahn echo sequences: (11/2) - 7/2 -
Ty — 7/2 = (1/2) and (1/2)g — 7/2 - My — 7/2 = (71/2)90, where 0 and 90 represent
microwave phases of 0° and 90°, respectively. The gradient magnetic field is turned
on during free precession by sending an AC current to the microcoils, a half-cycle
sinusoidal current signal is used here, and G is the time-averaged value of the
gradient of the sinusoidal magnetic field during free precession. The k-space sam-
pling is performed by incrementally stepping to vary the gradient and measuring
fluorescence.
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the superposition of the |0) and |1) states: ¢ = 2rtk-r;, where k = y7 (G,, G,),
y=2.8 MHz-G' is the NV gyromagnetic ratio and 7 is the total precession
time. G, (G,) is the mean gradient strength in the x (y) direction and r; = (x;,
;) is the position of the NV center. The last /2 pulse converts the phase
information into a population on the |0) and |1) states, and the following
laser pulse reads out the population on the |0) state. By setting the relative
microwave phase of this 71/2 pulse to 0° and 90°, the accumulation phase ¢ is
measured at two orthogonal bases. Thus, the k-space signal can be divided
into the real part Re(k) ~ [1 + cos(2nk-r;)]/2 and the imaginary part Im(k) ~
[1 — sin(2ntk-r;)]/2, produced by the (71/2), and (11/2)g, pulses, respectively.
These two parts are linearly combined to generate a complex k-space signal
Si(k) = Re(k) — i*Im(k)= (1 — 1)/2 + (1/2)exp(i2nk-r;), which can be
transformed to a real-space signal via Fourier transform: Ei(r) =FFT{S(k)} ~
S(r — r;), where we omit the zero-frequency component §(r — 0). Supple-
mentary Fig. 6 shows the result of quadrature phase detection, where a single
real-space signal is obtained. The Fourier encoding FOV is determined by
the k-sampling interval F, = |27, |= 1/Ak, and the pixel resolution is
Ar=1/K, with K = kyax—Kkmin representing the size of k sampling range.

The FOV reduction and elimination of artifacts by parallel imaging
In the conventional MRI, the experiment time is linearly related to the size of
the encoding FOV. Reducing the encoding FOV can speed up the experi-
ment under a certain signal-to-noise ratio. We define the full FOV Fyas the
area of laser illumination to all NV centers, and the reduced FOV F, as the
encoding FOV that is smaller than the full FOV. In the image reconstruction
process, the real-space signal at each pixel location rhas an amplitude: S =
2, S(nAk) - exp(i2nr - nAk/N), where n represents the nth k-sampling point
and N is the number of phase-encoding steps. Typically, r takes values in the
encoding FOV, i.e., r € {—F,/2, F,/2}. To recover the position of the NV in
the full FOV, we extend the range of r to cover the full FOV: r € {—F,/
2—M,-F, F/2+ M, - F}, where M;, M, are positive integers and satisfy
(M + M, + 1) > F/F,. In the extended FOV, the real-space signals have a
periodicity: S(r 4+ m - F;) = S(r), where m is an integer and —M; < m < M,.
Therefore, for a NV center located at ;, there will be one true signal locating
at r; and multiple harmonic components (also named artifacts) at 7; + m - F;
(m #0) in the reconstructed image. This means encoding by the reduced
FOV shortens the time consumption but causes the artifacts when we
extend the reduced FOV directly to the full FOV in the Fourier transforming
procedure.

Parallel imaging” is an effective way to reduce the size of encoding
FOV as well as eliminate the artifacts. It employs an array of multiple radio-
frequency coils to simultaneously encode spatial information and receive
signals from nuclear spins. Since each coil in the array can only transmit and
receive signals for the nuclear spins locating in its sensitive area, the
encoding FOV can be reduced, shortening the acquisition time for MRI.
Similarly, in WEMI, the camera acts as the parallel optical detector, and only
the NV centers within the sensitive area contribute fluorescence to the pixel.
So the camera provides the base for parallel encoding Fourier magnetic
imaging of NV centers. In order to eliminate artifacts due to reduced-FOV
encoding, we build the spatial filter by the sensitive area of the pixel. We set
the central position of the spatial filter as the (x, y) coordinates of mapped
pixel in the plane of NV centers, and the full width at half maximum
(FWHM) W = Lyixl + Lpsp, Where Ly is the size of the mapped pixel in
the plane of NV centers, and Lpgy is the FWHM of the point spread function
of the optical system. By applying the spatial filter to real-space data acquired
by the pixel, the actual signal will be retained and the unique position of NV
center can be recovered.

Demonstration of parallel imaging of single NV centers

In the experiment, we first use single NV centers in nanopillars as a proof-of-
principle demonstration. Prior to k-space sampling, we defined the real-
space coordinate system and set the origin to the position where the mag-
netic field Bg generated by the coil equals zero (Fig. 2a). Then we follow these
procedures to obtain the image of NV centers: (1) Perform widefield Fourier
imaging with the pulse sequence in Fig. 1¢ with reduced FOV. The phase

encoding time was set to 7= 10.73 us. The k sampling range in the experi-
ment is [-49Ak, 49Ak] with Ak=0.451 pm’l, which corresponds to a
reduced FOV of 2.22 um with a pixel resolution of 22.4nm. In the y
direction, the reduced FOV is 3.70 um with a pixel resolution of 37.4 nm.
The k-space data and its Fourier transform with a high pass filter is shown in
Fig. 2b, ¢ (Supplementary Fig. 6). (2) Subsequently, the data of the pixel
corresponding to NV1 in the reduced FOV (Fig. 2¢) are extended to full
FOV (Fig. 2d in x and Fig. 2fin ). (3) Define and apply the spatial filter of the
pixel corresponding to each NV center to eliminate the artifacts. The final
location of NV1 is shown in Fig. 2e, g in x and y direction, respectively. The
same results of NV2 are also shown in Fig. 2h-k. We then compared the
localization results of parallel encoding Fourier imaging and widefield
fluorescence imaging. In the widefield fluorescence image, the distances of
NV1 and NV2 in the x and y directions are 10.39+0.05 pm and
3.96 £ 0.02 pum, respectively, while in parallel encoding Fourier imaging they
are 10.52+0.03 pm and 3.81 £0.03 pum, respectively. This implies two
results are consistent, with a remaining error maybe caused by the tiny
nonlinearity of the magnetic field gradient. The FWHM of 34.3 nm appears
at the y direction of NV2, corresponding to the highest resolution in this
demonstration. Combining the position of NV1 and the signal peak width
(Fig. 2e), the imaging spatial dynamic range (FOV/resolution) achieves 306
in this measurement. It is worth noting that the peak width of NV2 in the x
direction is 190 nm, which is much larger than NV1 at 53 nm. This is due to
the obvious blinking behavior of NV2 during the test, the position broad-
ening may be brought by the fluorescence instability.

Perform parallel encoding Fourier magnetic imaging on a
2-dimensional NV layer

We next demonstrate that parallel encoding Fourier imaging can efficiently
locate the ensemble NV centers in a 2D thin layer with an estimated density
of ~1x10"cm ™ We acquired k-space data in the y direction with a k
sampling range of [—5.88, 11.88] um™" and an interval of 0.12 um ™", which
corresponds to a real space with a reduced FOV of 8.33 um and a pixel
resolution of 55.9 nm. Figure 3b, ¢ show the position of the target pixels with
respect to the reduced FOV, and Fig. 3d, e show the real-space data of
different pixels in the y direction. As the pixel numbers varies in the y
direction, the signal peak is shifted by a corresponding distance in the same
direction. In pixels 40 and 46, we observed that the signals outside the
reduced FOV are wrapped around to the other side, which is consistent with
theoretical predictions. In addition, the shapes of the signal peak in each
pixel are different, representing different NV center distributions. For
adjacent pixels (Fig. 3¢), we also observed that the signal peaks of the same
NV centers appeared in different pixels due to overlapping sensitive area
(Fig. 3e). These results indicate that the pixel of camera can be used as an
effective filter for real-space signals of NV centers.

WFMI of an AC gradient magnetic field

To show that our method can acquire real-space magnetic images beyond
the optical diffraction limit, we use a 2-D NV layer to perform widefield
magnetic imaging of the gradient magnetic field generated by the current in
gradient microcoils. The pulse sequence shown in Fig. 4a consists of a
sensing part and an encoding part. The NV centers are first initialized to |0)
state. A spin echo pulse sequence is used to sense the magnetic field. The
subsequent 10 ps waiting time, much longer than the dephasing time but
much shorter than the relaxation time of NV centers, causes the coherence
to decay completely, leaving only the diagonal term in the density matrix. At
the end of the sensing sequence, the state population on |0) state can be
expressed as pog ~ 1/2[1+ cos(2myT;G, - y)]. In real space, this is a cosine
fringe with a period of |yr;G,|™" along the y-axis. In the following, the
Fourier encoding pulse sequences are implemented with a reduced FOV.
Fourier encoding is used not only for imaging NV centers but also for
measuring the population of NV centers. The population of NV centers is

the signal ﬁ§(y)~abs{p00
f]i"}(“;axS(k) exp(2mikey)dk}. This results in a Fourier imaging fringe

revealed in Fourier  transformed
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a 1. Define the real-space coordinate system. b 2. k-space data with reduced FOV.
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Fig. 2 | Demonstration of parallel imaging on single NV centers. a Widefield
fluorescence image of single NV centers for defining the real-space coordinate
system. The location of B = 0 (see Supplementary Fig. 3) is defined as the origin of
real space (the yellow pentagram), and the direction of the gradient of the phase
encoding magnetic field is defined as the x and y directions of the coordinate system
(the yellow arrows in the x and y directions). The distance between NV1, NV2 and
the origin is measured and listed in this image. The scale bar is 2 pm. b k-space data
and (c) the corresponding real-space data of NV1 in the x direction in Fourier
imaging with reduced FOV of 2.22 um. d, f, h, j Extended full FOV for the real-space

data (black line) of NV1 and NV2 in the x and y direction, respectively. The pixel-
sensitive area along with the distance between NV1 and the origin are used as the
width and central position of a spatial filter (blue pentagram and shaded area formed
by blue dashed line) to select the actual signal (red triangle). e, g, i, k x and y location
measurement of NV1 and NV2 is achieved by fitting the original data using the
Gaussian function, with the central position of x; = 16.36 + 0.01 pm,
y1=2.04%0.01 um, x, = 5.85+ 0.03 um, y, = —1.77 £ 0.03 um. The FWHM of each
curve is shown on the upper right corner.

modulated by |cos(2mtyT;G, - y)|, which has half the spacing of a wide-field
fringe.

We acquired widefield and Fourier imaging fringes for three different
gradient magnetic fields (Fig. 4b—j). The k sampling range is [—2.69, 2.51]
pm™" in y direction, and the interval is 0.186 um ™, corresponding to a real
space with an encoding FOV of 5.38 pm and a resolution of 179 nm. Under
the gradient value of 0.011 G-um ™' and 0.099 G-um™", the Fourier imaging
fringe intervals are 2.90 um and 322 nm, respectively. As shown in Fig. 4c,
when the gradient is small, the widefield fringes are visible because their
spacing is larger than the diffraction limit. As the gradient rises to

0.099 G-um ", the fringe becomes invisible in the widefield magnetic ima-
ging because the period of the fringe is less than the optical diffraction limit
(Fig. 4d, g). In the WFML, the fringe is still visible under a pixel resolution of
179 nm. The measured Fourier imaging fringe spacing is 344 nm (Fig. 4j),
which is consistent with the theoretical value.

Discussion

In this work, we proposed and experimentally demonstrated widefield
Fourier magnetic imaging beyond the optical diffraction limit. All the
elements needed for acquiring a magnetic image, including quadrature
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phase detection, parallel encoding, and real-space image reconstruction, Methods

are developed and integrated with quantum sensing. It breaks through
the optical diffraction limit in widefield magnetic imaging and provides a
feasible method for two-dimensional high-spatial-dynamic-range
magnetic imaging with the spatially multiplexed detection advantage
of Fourier imaging. Furthermore, the spatial dynamic range can be
improved by using large-area laser illumination and a magnetic field
gradient but not by increasing the number of phase-encoding steps. In
addition, conventional MRI algorithms can be introduced to reduce the
number of phase-encoding steps and the imaging time, e.g., the com-
pressed sensing technique™ and parallel imaging algorithm such as
sensitivity encoding (SENSE)™.

Our pulse sequence combines quantum sensing and Fourier
encoding. It enables not only AC magnetic field imaging demonstrated
in this work, but also magnetic resonance imaging applications by
replacing the quantum sensing sequence with an XY-8 or double-
electron-electron-resonance sequence for detecting nuclear and electron
spins. Other potential applications include imaging of magnetic
domains and currents in 2D magnetic materials™, magnetic imaging of
biological cells and tissues (e.g., neural networks), electrical character-
ization in microelectronics® and nanoelectronics™, and highly efficient
detection of electronic and nuclear spin qubits inside diamond™. With
our protocol, magnetic imaging with millimeter FOV and nanometer
resolution is within reach under the further careful design of the ultra-
pure NV sensor” and the magnetic field gradient.

Diamond sample preparation

All the NV centers used in this work are generated by ion implantation and
followed by 1000 °C annealing under ultrahigh vacuum. The ensemble NV
centers are generated by “N* ion implantation into the (100) surface of
3x3x05mm HPHT ultrapure diamond. The dose and energy are
1x 10”cm™ and 40 keV, respectively. The typical ensemble decoherence
time is T,=11.6 ps. The single NV centers are generated by “N* ion
implantation into the 100 surface of 2 x 2 x 0.1 mm ultrapure CVD dia-
mond, whereas the dose and energy are 1 x 10'°cm ™ and 5 keV, respec-
tively. The NV centers are located in nanopillar array with a spacing of 2 um.
The decoherence time of single NV centers in experiment is T, = 9.7 ys.

Gradient microcoils preparation

Gradient microcoils are fabricated by electroplating metal electrodes on a
polycrystal diamond substrate with the size of 1 cm x 1 cm x 0.5 mm and
thermal conductivity of 1800 W-m k™" (Hebei Plasma Diamond). First,
20 nm Ti and 200 nm Au adhesion layers are made by magnetron sput-
tering. Then photolithography is performed using the exposure mode of
MAG6 (AZ4620, 4000 r-min~" for 30 s and 100 °C for 3 min). After that, the
3 um Cuand 200 nm Au electrodes are deposited by electroplating, and then
stripped with acetone isopropanol for 10 min each and etched by reactive
ion etching (RIE) for 16 min. The final electrode layer material was Ti/Au/
Cu/Au with a thickness of 20/200/3000/200 nm and a width of 10 pm.
Electroplating electrodes form a square area of 100x100 um’. The square
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Fig. 4| WFMI of an AC gradient magnetic field. a Pulse sequences of WEMI, which
consists of three parts: quantum sensing, coherence decay, and Fourier imaging. An
AC current with a period of 5 ys is sent to the gradient microcoils in the y direction,
which generates a magnetic field with a uniform gradient in the imaging area. The
Hahn echo sequence with free precession time 7, = 5.6 s is applied in the sensing
period. b—d Widefield real-space imaging of the alternating gradient magnetic field

when Fourier imaging is not introduced in a. The different magnetic gradients are
listed in these figures. e-g The WFMI of the alternating gradient magnetic field.
h-j The profiles in y direction taken by averaging all the pixels in each corresponding
row of x direction. The blue lines are connections of the data points, and the red
curves are fitting by smoothing for h, multiple Gaussian functions for (i), and fast
Fourier transform with zero padding for j.

area is then shielded by a silicon oxide-titanium-silicon oxide film with the
thickness of 400/200/100 nm. The shielding layers serves to isolate the
scattered light from the metal electrode and the fluorescence of impurities in
the diamond substrate from the fluorescence of the NV centers in diamond
sample.

Gradient magnetic field generating

In the experiment, gradient magnetic field in x and y direction are
generated by two independent circuits. For each circuit, the arbitrary
waveform signals are generated by an arbitrary waveform generator
(AWG, Keysight, 33522B). The current signal is then amplified by a
water-cooled voltage-controlled current sources (customized, VCCS,
maximum output current 5 A). The amplified current is sent into the
gradient microcoils to generate gradient magnetic field in the target area,
with uniform gradient along the x or y direction. In order to reduce the

reflection of the current, each gradient microcoils is connected in parallel
with a 51 Q resistor. To accurately measure the k value, a 0.1 Q high-
accuracy-low-thermal-drift sampling resistor is connected in series to
the gradient microcoils, and then the voltage waveform of the sampling
resistor is recorded by an oscilloscope (Rigol, DS1104Z). The other
channels of the oscilloscope are connected to the microwave sequence
and triggering signal of camera exposure to monitor the experimental
sequence in real time.

Data analysis

In the experiments of the single NV centers and ensemble NV centers, the k-
space data is directly transformed to real space via Fourier transform. The
real-space data is fitted by a Gaussian function to read out the peak position
and full width at half maximum. In Fig. 2, the real-space data are further
processed by high-pass filtering to eliminate low-frequency noise caused by
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drift (Fig. S6). In the experiment of mapping gradient magnetic field, the k-
space data is multiplied by Hanning window to suppress energy leakage
before Fourier transform, and when performing Fourier transform, the
length of the k-space data is extended to 1024 by adding 0 to the end of the
experimental data. When computing the k-space data, pixel binning (3 x 3
for ensemble NV centers imaging and 5 x 5 for gradient magnetic field
mapping) is used to improve the signal-to-noise ratio. For each pixel, the
peak positions and intensities of the real-space data are extracted. Finally, a
hybrid parallel Fourier image of NV centers is formed by assigning the x-
coordinate of the pixel to the x position of the image, the peak position of
real-space signal to the y position, and the peak intensity to the displayed
amplitude.

Data availability

The authors declare that the data supporting the findings of this study are
available within the paper and its Supplementary Information. The original
data are available at https://doi.org/10.6084/m9.figshare.25047509.

Code availability
All codes that support the findings of this study are available from the
corresponding author upon reasonable request.
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