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The quantum diamond microscope (QDM) is a recently developed technology for near-field imag-
ing of magnetic fields with micron-scale spatial resolution. In the present work, we integrate a QDM
with a narrowband measurement protocol and a lock-in camera; and demonstrate imaging of ra-
diofrequency (RF) magnetic field patterns produced by microcoils, with spectral resolution ≈ 1 Hz.
This RF-QDM provides multi-frequency imaging with a central detection frequency that is easily
tunable over the MHz-scale, allowing spatial discrimination of both crowded spectral peaks and
spectrally well-separated signals. The present instrument has spatial resolution ≈ 2µm, field-of-
view ≈ 300 × 300µm2, and per-pixel sensitivity to narrowband fields ∼ 1 nT·Hz−1/2. Spatial noise
can be reduced to the picotesla scale by signal averaging and/or spatial binning. The RF-QDM
enables simultaneous imaging of the amplitude, frequency, and phase of narrowband magnetic field
patterns at the micron-scale, with potential applications in real-space NMR imaging, AC susceptibil-
ity mapping, impedance tomography, analysis of electronic circuits, and spatial eddy-current-based
inspection.

I. INTRODUCTION

Nitrogen-vacancy (NV) centers in diamond are robust
and sensitive detectors of magnetic fields, among other
physical quantities [1, 2]. In particular, the quantum dia-
mond microscope (QDM), utilizing a dense, micron-scale
near-surface layer of NV centers in a diamond substrate,
is a versatile platform for near-field magnetic field imag-
ing, with diverse applications across the physical and life
sciences [3]. To date, QDMs have mostly been used to
image patterns of static or broadband magnetic fields,
though narrowband measurements have also been per-
formed, e.g., for real-space NMR imaging [4], AC mag-
netic susceptibility mapping [5], eddy current imaging [6],
and phase-sensitive images of a narrowband signal pro-
duced by stripline wire [7]. However, the CCD-camera-
based measurements used in most QDMs to date have
typically been slow due to low frame rate and long ex-
posure time, compared to single-channel measurements
using a photodiode and digitizer, restricting the mea-
surement bandwidth and temporal resolution. Moreover,
the long exposure time of a CCD camera leads to low
NV spin-state optical contrast and a limited ability to
mitigate broadband laser intensity noise, both of which
result in reduced magnetic signal sensitivity [2]. Fortu-
nately, the development of QDMs utilizing high-speed
lock-in cameras provides a platform to acquire magnetic
images at a faster rate, while applying phase modula-
tion to bandpass the signal. In a recent demonstration
[8], broadband magnetic imaging using Ramsey inter-
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ferometry and a lock-in camera was realized, with sub-
millisecond temporal resolution, micron-scale spatial res-
olution, and nanotesla-scale per-pixel sensitivity.

Here, we demonstrate narrowband magnetic imaging
protocols, integrated with a QDM using a lock-in camera,
and capable of high spectral and spatial resolution mea-
surements of patterns of near-field radiofrequency (RF)
signals. Beginning with dynamical decoupling sequences,
we image in-phase, multi-frequency sub-nanotesla RF
signals (∼ 1MHz) produced by spiral-shaped microcoils
[Fig. 1(a)]; and find good agreement with numerical sim-
ulations. This RF-QDM provides lateral spatial resolu-
tion ≈ 2µm, field-of-view (FOV) ≈ 300 × 300µm2, and
per-pixel sensitivity to narrowband fields ∼ 1 nT·Hz−1/2.
The central detection frequency can be easily tuned over
several orders of magnitude by simple adjustments to the
NV measurement protocol. We also show that RF-QDM
measurements have good temporal stability by averag-
ing down the spatial magnetic noise background to a few
picotesla after 1 hour. Subsequently, we apply the coher-
ently averaged synchronous readout (CASR) [9] proto-
col, enabling simultaneous acquisition of amplitude and
phase images of multi-frequency RF signals with a 250Hz
spectral window and single-Hz resolution. Given the cur-
rent performance of the RF-QDM, we evaluate its feasi-
bility for real-space NV-NMR imaging of samples placed
on the diamond imager chip, estimating the required ac-
quisition times for imaging both thermally polarized and
hyperpolarized NMR signals with various spatial resolu-
tions. Notably, our approach is applicable to other quan-
tum sensors, such as spin defects in silicon carbide (SiC)
[10–12] and hexagonal boron nitride (hBN) [13, 14], thus
providing a benchmark for narrowbandmagnetic imaging
based on dynamical decoupling with any spin sensor.

http://arxiv.org/abs/2406.15450v1
mailto:walsworth@umd.edu
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FIG. 1. (a) Widefield imaging of near-field patterns of narrow-
band magnetic fields utilizing a quantum diamond microscope
(QDM). RF test signals are applied to microcoils to produce
distinct magnetic field patterns across the NV-diamond sur-
face. Laser and MW fields are employed for NV electronic spin
manipulation, with spin state population readout through flu-
orescence detection. (b) NV energy-level diagram. The NV−

center in diamond exhibits spin-dependent fluorescence with
triplet ground-state spin transitions. (c) RF magnetic field
imaging protocol with a lock-in camera. Within one cam-
era demodulation cycle, four exposures occur, with phase-
modulated XY8-n sequences applied to NV spins to generate
internal I & Q frames. After Nd cycles, an external frame of
the RF magnetic field image is obtained. The CASR pro-
tocol comprises interspersed blocks of single external frame
measurements (red boxes) with a frame rate of fSR. The RF
magnetic signal (black curve) with frequency fs is sampled
via CASR readout (red dashed curve) at an alias frequency
fs −mfSR, where m is the integer closest to fs/fSR.

II. EXPERIMENTAL METHODS

The present study employs a custom-built QDM uti-
lizing a CVD-grown diamond plate [Fig. 1(a)] with a
nitrogen-doped surface layer produced by Element Six,

Ltd. Unless otherwise noted, measurements and simula-
tions in the main text are for a diamond with a 10µm
layer [NV ≈ 2.7 ppm]. Results for a diamond with a
1.7µm layer with the same NV concentration, as well as
other RF-QDM technical details, are reported in the Sup-
plemental Material [15]. The negatively charged NV−

(otherwise referred to as NV throughout this paper) pos-
sesses a triplet ground-state spin [Fig. 1(b)] that can be
optically initialized and read out. In this work, 532 nm
green laser light is coupled into a polished side facet of
the diamond plate, undergoing total internal reflection
(TIR) and illuminating a ∼ 400× 600µm2 region of the
NV-doped layer. A nominal 22mT bias magnetic field
is aligned to one of the four NV ensemble orientations
in diamond for sensing the projection of signal RF mag-
netic fields along that particular sensing NV orientation
(defined as the z axis). The spin-state-dependent NV
fluorescence is subsequently collected with an objective
(20×/0.75NA Nikon) and imaged with a lock-in camera
(Heliotis heliCam C3) capable of external frame rates up
to 3.8 kHz.

An arbitrary waveform generator (AWG) is used to
control the experimental apparatus, including direct syn-
thesis of the microwave (MW) pulses that drive transi-
tions between the NV ms = 0 and ms = +1 sub-levels
[Fig. 1(b)]. The AWG marker channels synchronize the
camera acquisition and gating of an acoustic optical mod-
ulator (AOM) used to generate optical pulses exciting the
NV layer. In addition, the AWG produces independent
RF test signals applied to two spiral-shaped microcoils on
the NV-diamond surface, which provide spatially-varying
magnetic field patterns across the FOV.

For each imaging pixel, the local RF magnetic fields
generated by the microcoils can be measured using a dy-
namic decoupling protocol (XY8-n), where the net phase
acquired by the NV electronic spin due to the oscillating
field is mapped onto a difference in the ground state spin
population by a final π/2 pulse prior to readout. Four
different XY8-n sequences, comprising a single demod-
ulation cycle, are interwoven between exposures of the
lock-in camera, as depicted in [Fig. 1(c)], and the corre-
sponding NV fluorescence signals are labeled as S1,2,3,4.
By controlling the phase of the final π/2 pulse, one can
enhance the readout signal contrast and subtract broad-
band laser intensity noise by leveraging the in-pixel lock-
in camera demodulation. In each cycle and for every
pixel, the camera generates an in-phase (I) signal by ana-
log subtraction of the third exposure from the first; and
a quadrature (Q) signal as the difference of the second
and fourth exposures. The accumulated difference signals
after Nd demodulation cycles are digitized to produce ex-
ternal I and Q frames, which are stored in an on-board,
memory buffer. Finally, since each I and Q frame pair
contains the same information due to the specific phase
alternation pattern employed, they are summed to form
one external frame of the readout signal after transfer
to the host computer. For an applied RF test signal
with BRF = Bz cos(2πfst+ φ0), where Bz is the projec-
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FIG. 2. RF-QDM imaging of narrowband, multi-frequency magnetic fields of known phase, using a dynamic decoupling (XY8-8)
protocol. (a) Simultaneously, a 1 MHz alternating current (Sig1) is applied to the upper microcoil on the NV-diamond surface
[Fig. 1(a)]; and a 0.8 MHz current (Sig2) is applied to the lower microcoil. By adjusting the spacing between π pulses, the
dynamical decoupling sequence becomes sensitive to different signal frequencies. The diagram presented here illustrates simple
XY8 sequences, while in the experiment, an XY8-8 sequence with phase modulation is employed, as depicted in [Fig. 1(c)].
(b) Comparison of measured (left) and simulated (right) magnetic field images resulting from alternating currents with a peak
value of 6.6µA. After averaging over 1.2 s (for each signal frequency), the experimental images exhibit a signal-to-noise ratio
(SNR) of approximately 50, calculated as the ratio of the maximum signal contrast to the standard deviation within a quarter
of the FOV excluding the signal. By adjusting the π pulse spacing τ , the XY8-8 sensing sequence can be synchronized with
either Sig1 or Sig2, enabling imaging of RF magnetic field patterns generated by each microcoil individually, with no observable
”cross-talk” in the images between the simultaneously applied signals. (c) Calculated FFT spectra of the two signals applied
to the microcoils (blue and red solid lines); and filter functions of the XY8-8 sequences used for spectrally-selective RF-QDM
measurements (shaded blue and red regions). Both signal and filter function amplitudes are normalized. A 10 Hz linewidth is
added to the signal peaks for better visualization. (d) Demonstration of sub-nanotesla scale RF magnetic imaging. By reducing
the peak value of the applied alternating currents to 26.4 nA, images are obtained of the RF magnetic field patterns from Sig1
and Sig2, with SNR of about 15 after one hour of signal averaging (for each signal frequency). All scale bars correspond to
50µm in this figure.

tion of the signal magnetic field amplitude on the NV
axis, fs is the oscillation frequency, and φ0 is the phase
offset, the readout signal for each pixel of an external
frame can be written as S = Nd[(S1 −S3)− (S2−S4)] =
4NdSa sin(kBz cosφ0), where Sa is the signal oscillation
amplitude, k = 2γNπ/fs is a constant, and Nπ is the π
pulse number in the XY8-n sequence. When sensing a
magnetic field shift ∆Bz , the change in NV fluorescence
readout is given by ∆S = 4NdSak∆Bz. By calibrating
the magnetometry slope of each pixel, the RF magnetic
field image can be extracted from the fluorescence image
as shown in the Supplemental Material [15].

The CASR protocol [9] is employed for simultane-
ous near-field imaging of the amplitude, frequency, and
phase of RF signal patterns, with high spectral resolution
(≈ 1Hz). By recording consecutive lock-in camera exter-
nal frames [Fig. 1(c)], the time-dependent RF magnetic
field is captured by interspersed NV spin-state readouts
at a sampling rate of fSR, equal to the external frame
rate. Using the CASR protocol, an oscillating NV fluo-
rescence signal in the time domain is read out for each

pixel. Applying a Fast Fourier Transform (FFT) yields
frequency domain CASR spectra for each pixel, centered
at the alias frequency fs − mfSR, with peak amplitude
SCASR = 4Nd(2π)

3

2SaJ1(kBz) [15], where J1(x) is the
first-order Bessel function and m is the integer closest
to fs/fSR. For the demonstrations presented here, we
experimentally ensure that kBz < 1 such that the first-
order Bessel function closely approximates a linear func-
tion, leading to SCASR ∝ Bz.

III. RESULTS

A. In-phase RF magnetic imaging

To characterize the performance of the RF-QDM, we
begin by imaging narrowbandmagnetic fields with known
phase. We simultaneously apply alternating current
(AC) signals at 1MHz and 0.8MHz, each with a peak
value of 6.6µA, to two separate microcoils on the NV-
diamond surface [Fig. 2(a)]. We first align the XY8-
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8 sensing sequence in-phase with the 1MHz signal by
setting the π pulse spacing to τ1 = 0.5µs and sweep
the test signal phase to obtain maximum signal. After
a 1.2 second acquisition (200 camera external frames),
we obtain an RF magnetic field amplitude image with
a peak-to-peak difference of about 130 nT, revealing the
near-field pattern generated by only the upper microcoil
with SNR ≈ 50 [Fig. 2(b)]. Adjusting the spacing be-
tween XY8-8 π pulses (τ2 = 0.625µs) to be in phase
with the 0.8MHz signal, we record the magnetic field
pattern produced only by the lower microcoil. The RF-
QDM provides clean near-field images of either signal
frequency, with no significant ”cross-talk” between the
simultaneously-applied signal patterns, because the test
signal frequencies are spectrally separated by more than
the narrowband filter function of the sensing sequence
[Fig. 2(c)]. The center frequency of the filter function
is easily tunable, as it is determined by the spacing τ
between pulses in the sensing sequence; while the band-
width (spectral detection window) is determined by the
number of repetitions, n, of the XY8-n sequence [16].
For the present demonstration, using an XY8-8 sensing
sequence and signal frequencies ∼ 1MHz, the filter func-
tion bandwidth ≈ 30 kHz. This demonstration illustrates
the ability of the RF-QDM to perform micron-scale spa-
tial discrimination of spectrally well-separated narrow-
band signals.
In Figure 2(b), the measured RF magnetic field dis-

tributions are compared to numerical simulations. We
calculate the three-dimensional magnetic field generated
by a static current of 6.6µA constrained to the physical
geometry of the spiral-shaped microcoils using finite el-
ement software [17]. Averaging the magnetic field at a
10µm stand-off distance over the 10µm NV layer thick-
ness and projecting the field vector onto the sensing NV
orientation, the simulated magnetic field images are con-
sistent with measurements. To highlight the sensitivity
and stability of the RF-QDM, we reduce the amplitude
of the two test signals to 26.4 nA. Following an acquisi-
tion time of 3600 s for each signal frequency, we obtain
images of the in-phase narrowband magnetic field ampli-
tude generated by each microcoil, with a peak-to-peak
difference of about 500 pT and SNR ≈ 15 [Fig. 2(d)].

B. RF magnetic imaging performance

With a 20× magnification objective and 39.6µm cam-
era pixel size, the RF-QDM has a 2µm lateral optical
resolution, corresponding to the size of a single pixel in
the magnetic images [Fig. 2(b,d)]. For the dynamic-
decoupling-based experiments discussed above, we vary
the number of XY8 sequences and measure the narrow-
band sensitivity of each pixel across the FOV for a 1MHz
signal frequency, as shown in the Supplemental Material
[15]. The optimized sequence is determined to be XY8-8,
with a median per-pixel sensitivity of 0.93(1) nT·Hz−1/2.
Given a sensing voxel volume ≈ 40µm3 for the 10µm

(b)

(a)

FIG. 3. Suppressing spatial noise in RF-QDM magnetic
images by averaging over time and/or space. (a) Measured
magnetic spatial noise floor σSpatial with no RF signal applied
to the microcoils and a 1 MHz detection frequency, as a func-
tion of data acquisition time Tacq, for 2µm single pixel reso-
lution and 10µm (binned) super pixel resolution. A dashed

black line depicts the power law scaling behavior ∝ T
−1/2
acq as

a guide to the eye. (b) Example RF-QDM magnetic images
of the noise background and resulting σSpatial: i) 2µm sin-
gle pixel resolution with Tacq = 1.2 s; ii) 10µm super pixel
resolution with Tacq = 1.2 s; iii) 10µm super pixel resolution
with Tacq = 3600 s. Corresponding values for σSpatial are la-
beled in (a). All scale bars correspond to 50µm in this image.
The magnetic noise is distributed randomly without signifi-
cant spatial correlation. The comparison between i) and ii)
shows that spatial noise can be averaged over space, while
the comparison between ii) and iii) illustrates an average over
time. Note that the frame rate of the lock-in camera is con-
stant in all measurements

NV layer diamond, the volume-normalized sensitivity is
about 6 nT·Hz−1/2

·µm3/2, which is comparable to state-
of-the-art ensemble NV sensitivity using XY8 sequences
and photodiode (non-imaging) measurements [18]. We
estimate the contribution of two per-pixel noise sources:
photon shot noise ≈ 0.3 nT·Hz−1/2 and camera quanti-
zation noise ≈ 0.86 nT·Hz−1/2 [15], indicating that the
present RF-QDM’s narrowband sensitivity is limited by
the camera. A similar performance analysis is presented
in the Supplemental Material [15] for the RF-QDM using
the 1.7µm NV layer diamond.

In addition to per-pixel sensitivity, spatial noise is an-
other significant parameter for evaluating RF-QDM per-
formance. To characterize the spatial noise, we conduct
single-frame measurements without an applied RF mag-
netic signal. At a given narrowband detection frequency,
the spatial noise floor of an RF-QDM image, σSpatial,
is defined as the pixel-to-pixel standard deviation of the
measured in-phase magnetic field amplitude at the detec-
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FIG. 4. RF-QDM imaging of arbitrary phase, multi-frequency magnetic fields using the CASR protocol. As described in
the main text, a single tone alternating current (1 MHz + 125 Hz) is applied to the upper microcoil; and a two tone current
(1 MHz + 65 Hz and 1 MHz + 185 Hz) is simultaneously applied to the lower microcoil. Both currents have peak amplitude
Ip = 3.3µA. The phases of each signal frequency component (tone) are arbitrary but fixed during the measurements. Total
image acquisition time is 200 s. (a) CASR images of RF magnetic field amplitudes at each signal frequency component, as well
as at alias frequencies (1 Hz and 250 Hz) far from any signal tone. The imaged arbitrary phase magnetic field amplitudes have
SNR of approximately 70 (calculated with the same method as [Fig. 2(b)]) for each signal frequency component, and exhibit
good agreement with images of in-phase signals shown in [Fig. 2(b)]. (b) CASR spectra (FFT) of three test pixels P1,2,3 with
positions labeled in (a). Peaks corresponding to three frequency components f1,2,3 are clearly illustrated in the spectra, with
peak heights proportional to the RF magnetic field amplitude. Linewidths of all spectral peaks ≈ 1 Hz. Amplitude offsets are
added to the spectra of P1,2 for a better visualization. (c) CASR images of RF magnetic field phases at each signal frequency
component, as well as at alias frequencies far from any signal tone (1 Hz and 250 Hz). Noisy phase distributions in no-signal
regions are attributed to the ratio of near-zero real and imaginary amplitudes of the CASR FFT. (d) Polar plots illustrate
the phases of each signal frequency component, derived from CASR measurements. φ1,3 are determined from the real and
imaginary parts of the FFT of pixel P3; and φ2 is determined from P1. Red and blue dots represent the real and imaginary
amplitudes of the associated FFT spectra, respectively, while black arrows indicate the absolute value of the amplitude as
shown in (a). Grids are depicted as circles with a step size equivalent to the radius of 10 arbitrary units of FFT amplitude. All
scale bars in (a) and (c) correspond to 50µm.

tion frequency, determined across the entire FOV; and is
inversely proportional to the square root of the averag-
ing frame number. During magnetic imaging, a trade-
off arises between spatial resolution and spatial noise.
One strategy to mitigate spatial noise is to bin pixels:
i.e., group adjacent pixels together to create ”super pix-
els”; and thereby, effectively reduce the overall spatial
noise in the image, albeit with coarser spatial resolution.
For applications where the highest spatial resolution of
the RF-QDM is not required, averaging noise over the
space domain rather than the time domain allows for
shorter acquisition times with similar SNR. We demon-
strate this approach for 5×5 binned super pixels of size
10µm. With no signal applied to the microcoils, we ob-

serve σSpatial ∝ T
−1/2
acq for RF-QDM images and a 1MHz

detection frequency, where Tacq is the data acquisition
time for both 2µm (unbinned) pixels and 10µm super
pixels [Fig. 3(a)]. This behavior indicates that the RF-

QDM’s spatial magnetic noise can be suppressed with
time averaging out to hour timescales. The spatial noise
floor of a single frame with 1.2 s acquisition time and
10µm super pixel resolution is similar to that of a 30 s
average of multiple frames with 2µm single pixel reso-
lution. With 10µm super pixel spatial resolution and
1 hour acquisition time, the RF-QDM can average the
spatial noise background down to 7.1(1) pT [Fig. 3(b)].
The median per-pixel narrowband sensitivity for a 10µm
super pixel is also improved to 0.18(1) nT·Hz−1/2.

C. Simultaneous amplitude and phase imaging

Next, we implement the CASR protocol in the RF-
QDM, and simultaneously image the amplitude and
phase of a multi-frequency RF magnetic field, with spec-
tral resolution ≈ 1Hz as shown in [Fig. 4]. For these
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demonstration measurements, we simultaneously apply
a dual-tone alternating current I1 = Ip cos[2π(f0+f1)t+
θ1] + Ip cos[2π(f0 + f3)t+ θ3] to the lower microcoil, and
a single-tone current I2 = Ip cos[2π(f0 + f2)t + θ2] to
the upper microcoil. Here, f0 = 1MHz is the carrier
frequency; f1,2,3 are 65Hz, 125Hz and 185Hz, respec-
tively; and θ1,2,3 are arbitrary phase offsets of each fre-
quency component, which are fixed during the measure-
ments. The current peak value of Ip = 3.3µA is half
that of the in-phase signals used in the above results [Fig.
2(b)], with estimated peak RF magnetic field amplitude
less than 40 nT, which is in the linear response range of
the measurement. The lock-in camera frame rate is set
to fSR = 500Hz with 8 demodulation cycles per frame.
After 1 second of measurement, a series of NV fluores-
cence images are acquired [Fig. 1(c)], which gives the
RF magnetic field change in the time domain, sampled
at the CASR alias frequency. We repeat the measure-
ment 100 times to average down the noise floor, then
perform an FFT to the measured time-dependent fluo-
rescence change of each pixel. Finally, we normalize the
CASR signal amplitude to the steady-state NV fluores-
cence for each pixel (in the absence of any NV spin-state
modulation) to extract the magnetic field amplitude im-
ages of each frequency component, as described in the
Supplemental Material [15].

Three test pixels are selected to illustrate the CASR
amplitude imaging results [Fig. 4(a,b)]. For pixel P1,
which is located at the upper microcoil, only one fre-
quency peak at f2 is observed in the CASR spectrum.
Pixel P3, located at the lower microcoil, exhibits two fre-
quency components in its CASR spectrum, correspond-
ing to f1 and f3. The central pixel P2, located between
the two microcoils, exhibits frequency components from
both sources, with reduced amplitude. In all cases, the
linewidth of CASR spectral peaks ∆f ≈ 1Hz (see Sup-
plemental Material [15]). From the CASR spectra of each
pixel, we can generate magnetic field amplitude images
for each frequency component within the measurement
bandwidth, as shown in [Fig. 4(a)] for five different ex-
ample frequencies. The illustration of CASR amplitude
images at frequencies f1,2,3 provides insight into the RF
magnetic field patterns generated by both microcoils,
consistent with the in-phase magnetic field images and
simulation results presented in [Fig. 2(b)].

The CASR protocol also enables simultaneous mag-
netic field phase imaging for each frequency component
within the measurement bandwidth. The phases of each
measured frequency component, φ1,2,3, are dependent on
the phases, θ1,2,3, of the input test signals, the impedance
of the microcoils, and the time delay between the current
signal and the CASR sensing sequence. All of these pa-
rameters are fixed during measurement, which provides
arbitrary but stable phases for the imaged RF magnetic
field patterns. When extracting the CASR amplitude
from time-domain NV fluorescence measurements, it is
essential to consider the phase-dependent real and imag-
inary components of the CASR FFT spectra. The root

(b)(a) (b)(a)

FIG. 5. RF-QDM CASR imaging of weighted frequency
and phase of magnetic signals generated by the two micro-
coils for the same experimental conditions and CASR imag-
ing protocol as in [Fig. 4]. (a) The weighted frequency
fw =

∫
f ·SCASR df/

∫
SCASR df . A transparency mask, based

on the integral of the CASR amplitude of each pixel, is ap-
plied to the image data to filter out the no-signal region for
better visualization. The colorbar indicates the frequency in-
tegration range, which in this example includes f1 and f2, but
excludes f3. The near-field, micron-scale spatial distribution
of the two included frequency components is clearly illustrated
in the image. (b) Weighted phase image of the RF magnetic
signal generated by the two microcoils. The weighted phase
φw =

∫
φ ·SCASR df/

∫
SCASR df . The transparency mask and

integration range are the same as in (a). The spatial distri-
bution of φ1 = −6◦ and φ2 = 80◦ is clearly illustrated. The
∼ 180◦ phase shifted signal outside each spiral is due to the
opposite direction of RF magnetic field generated by the mi-
crocoils. All scale bars correspond to 50µm in this image.

mean square of these components yields the amplitude,
while the phase can be extracted from the ratio. Based
on the measured real and imaginary components of the
CASR spectra at locations P1 and P3, we determine
phases φ1,2,3 for each signal frequency components with
accuracy of 0.6◦ calculated from the noise floor in [Fig.
4(b)]. Repeating the same phase calculation for each
pixel across the FOV, we obtain phase images at each
frequency step of the CASR spectra, as shown in [Fig.
4(c)]. Further details are discussed in the Supplemental
Material [15].

IV. DISCUSSION

A promising application of the RF-QDM is micron-
scale real-space NMR imaging. The RF-QDM’s Hz-scale
spectral resolution will enable micron-scale spatial iden-
tification of chemical shifts and J-couplings in samples
on the diamond surface [9] — key spectral identifiers of
molecular structure that are critical to NMR applications
in chemistry, life science, and materials research. Based
on the results from previous NV-NMR research [9, 19],
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we estimate a spatial noise threshold of 50 pT for resolv-
able micron-scale NMR images with SNR > 1 for a ther-
mally polarized sample in an external (bias) magnetic
field ∼ 0.1T; and a spatial noise threshold of 10 nT if us-
ing dynamic nuclear polarization (DNP) of the sample.
Assuming the current RF-QDM performance, an acqui-
sition time around 40 s is required for a thermally polar-
ized sample to surpass this threshold with spatial reso-
lution of 10µm; whereas DNP hyperpolarization would
allow the threshold to be passed in about 30ms with 2µm
spatial resolution [Fig. 3(a)]. (Other hyperpolarization
techniques can provide even greater nuclear spin polar-
ization, and NV-NMR signal amplitude [20], albeit with
operation typically limited to lower bias fields.) With the
millisecond-scale time resolution of the RF-QDM’s lock-
in camera, it may thus be possible to image real-time
NMR dynamics in micron-scale samples, including chem-
ical processes in living systems at the cellular scale and
samples within microfluidic structures [21]. To demon-
strate the ability of the RF-QDM to spatially discrimi-
nate narrowband signals that are spectrally crowded (i.e.,
differ in frequency by a few tens of Hz, as in many NMR
signals of interest), we show example CASR images of
weighted frequency and phase from the two microcoils
with 60 Hz offset in their signals (around a 1MHz car-
rier frequency) [Fig. 5]. The near-field RF signals pro-
duced by the two microcoils are clearly distinguished at
the micron scale by their different frequencies and phases.
Similar weighted frequency (or phase) NV-NMR images
could allow detailed spatial monitoring of chemical con-
centratons in samples of interest.

In this work, the amplitude of RF magnetic signals
is held constant during measurements. However, it is
worth noting that RF-QDM measurement protocols are
applicable to signals with decay envelopes, such as free-
inductive-decay (FID) in NMR experiments. A time
domain decay envelope manifests as finite FFT peak
linewidths in the CASR spectra of each pixel, yielding
spatial information from both the imaged signal frequen-
cies and linewidths. This capability of real-space imaged
NV-NMR spectroscopy holds promise for applications in-
volving micron-scale samples with spatially varying con-
centrations and local environments of NMR-detectable
nuclear species. Furthermore, technical advances in lock-
in camera frame rate and storage capacity can lead to
corresponding improvements in sensing bandwidth and
spectral resolution, for micron-scale NMR and other ap-
plications. In addition, the RF-QDM should be com-
patible with magnetic field gradients applied to the NV
spins [22, 23], potentially allowing combined Fourier and
real-space NMR imaging with nanoscale spatial resolu-
tion and FOV approaching a millimeter.

We also highlight other promising applications of the
RF-QDM. Previous work demonstrated single-channel
measurement of the AC susceptibility of 2D magnetic
materials using NV centers and XY8 sequences [24]. The
RF-QDM will allow micron-scale mapping of the spatial
distribution of AC susceptibility, which could serve as an

important calibration process for material science inves-
tigations. The RF-QDM can also be applied to imaging
inductive eddy currents in electrical conductors [25]. By
simultaneously imaging the amplitude and phase of the
inductive AC magnetic signal, the RF-QDM could pro-
vide higher spatial resolution and better sensitivity than
conventional techniques for eddy current inspection. For
integrated circuits and other micron-scale electronics, the
RF-QDM may be useful for failure analysis [26, 27] and
hardware Trojan detection [28]. Mapping circuit mag-
netic field activity across various operating frequencies,
the RF-QDM could provide complementary information
to static field images [29, 30] and other electromagnetic
properties. Additionally, the RF-QDM can be applied
to impedance tomography, which is widely used in bio-
logical science [31]. Instead of using arrays of coplanar
electrodes to detect the spatial distribution of modulated
stimulation currents in living cells and tissue — which is
invasive and only provides a limited set of point mea-
surements — the RF-QDM may provide a noninvasive
direct image of the current amplitude and phase, with
full spatial coverage across the FOV.

In summary, we characterize the performance of a lock-
in-camera-based quantum diamond microscope (QDM)
for narrowband magnetic field imaging; and demonstrate
imaging protocols for multi-frequency widefield imaging
of near-field patterns of radiofrequency (RF) signals gen-
erated by fabricated microcoils, with ≈ 1Hz spectral
resolution. This RF-QDM provides per-pixel sensitivity
to narrowband fields ∼ 1 nT·Hz−1/2 with ≈ 2µm spa-
tial resolution across a 300×300µm2 field-of-view (FOV).
With temporal averaging and spatial binning, the spatial
noise floor is reduced to the picotesla-scale, similar to
the expected signals from potential applications of real-
space NV-NMR imaging using thermally-polarized sam-
ples. The RF-QDM simultaneously captures the micron-
scale spatial distribution of the amplitude, frequency, and
phase of RF magnetic fields, also paving the way for other
application areas such as AC susceptibility imaging, eddy
current inspection, assessment of electronic circuits, and
impedance tomography.

Note that for the results presented here, the RF mag-
netic field amplitude images depict the projected value
on the sensing NV orientation. However, as there are
four NV orientations in diamond, the RF-QDM should
be applicable to imaging of the RF magnetic field vec-
tor [32]. This capability, to be demonstrated in future
work, could also allow the correction of image artifacts
related to variation of RF magnetic field direction across
the finite NV layer. In addition, the present RF-QDM is
limited to signal frequencies < 10MHz by technical con-
straints on the NV Rabi frequency. Future advances in
delivered MW signal strength (and hence increased NV
Rabi frequency), or the application of a quantum fre-
quency mixing protocol [33], will allow imaging of higher
signal frequencies (∼ 10MHz to GHz range). We also
note that the RF-QDM is compatible with narrowband
sensing protocols that provide improved sensitivity com-
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pared to XY8, e.g., DROID-60 [34, 35] and quantum logic
enhanced repetitive readout [18]. However, these proto-
cols typically have increased complexity, resulting in a
longer sensing time. Currently, due to limitations im-
posed by the memory of the RF-QDM’s lock-in camera,
employing such protocols would reduce the frame rate
and available measurement time, leading to a reduced
spectral detection window for CASR imaging. Improve-
ments in camera technology and data processing algo-
rithms may help alleviate these limitations, further en-
hancing RF-QDM performance for narrowband magnetic
field imaging.
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