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Quantum systems composed of solid-state electronic spins can be sensitive detectors of narrowband
magnetic fields. A prominent example is the nitrogen-vacancy (NV) center in diamond, which has been
employed for magnetic spectroscopy with high spatial and spectral resolution. However, NV-diamond
spectroscopy protocols are typically based on dynamical decoupling sequences, which are limited to
low-frequency signals ( < 20 MHz) due to the technical requirements on microwave (MW) pulses used
to manipulate NV electronic spins. In this work, we experimentally demonstrate a high-resolution
magnetic spectroscopy protocol that integrates a quantum frequency mixing (QFM) effect in a dense
NV ensemble with coherently averaged synchronized readout (CASR) to provide both a wide range of
signal frequency detection and sub-Hz spectral resolution. We assess the sensitivity of this QFM-
CASR protocol across a frequency range of 10 MHz to 4 GHz. By measuring the spectra of multi-
frequency signals near 0.6, 2.4 and 4 GHz, we demonstrate sub-Hz spectral resolution with anT-scale
noise floor for the target signal, and precise phase measurement with error < 1°. Compared to state-of-
the-art NV-diamond techniques for high-resolution magnetic spectroscopy, the QFM-CASR protocol
extends the signal frequency range by more than an order of magnitude, enabling applications in radio

frequency (RF) and MW signal microscopy and analysis, as well as tesla-scale nuclear magnetic

resonance (NMR) spectroscopy of small samples.

The precise measurement of weak narrowband (AC) magnetic fields is
crucial for a wide range of applications, including communications'?,
electronic circuit and network analysis’”, fundamental physics®,
cosmology’, and nuclear magnetic resonance (NMR) spectroscopy and
imaging®’. In recent years, quantum sensors based on solid-state spin-
defects, such as nitrogen-vacancy (NV) centers in diamond'’, have
demonstrated an exceptional combination of sensitivity and spatial
resolution for narrowband magnetometry, with diverse applications in
the physical and life sciences'"'">. Moreover, advances in quantum
spectroscopy protocols, such as the coherently averaged synchronized
readout (CASR) technique” bypass the measurement limitation of
sensor spin relaxation and coherence times, enabling phase-sensitive
narrowband measurements with high spectral resolution (sub-Hz),
paving the way for applications such as NMR spectroscopy and ima-
ging of samples at the micro- and nanoscales'”"”, as well as radio-
frequency (RF) and microwave (MW) microscopy of electronic
systems'®"”.

However, most narrowband NV-diamond sensing protocols, includ-
ing CASR, are based on pulsed dynamical decoupling sequences™* that
limit the accessible signal to a low frequency range (typically <20 MHz),
constrained by requirements on the amplitude and speed of MW control
pulses used to manipulate NV electronic spins™ . Alternatively, imple-
mentations of continuous dynamical decoupling techniques like spin-lock
Rabi can extend the sensing frequency range to ~85 MHz*, but have
reduced sensitivity relative to pulsed techniques and the frequency range is
still limited by the MW control field amplitude. Other techniques such as
Rabi magnetometry””* enable low-spectral-resolution ( ~kHz) narrowband
sensing within a frequency range of about 300 MHz from the NV spin
transition frequencies ( ~3 GHz at low applied DC bias magnetic field), but
are not applicable to intermediate signal frequencies ( ~100 MHz to 2 GHz)
or the high frequency range ( >4 GHz) unless applying a strong DC bias field
(~0.1 T) to tune the NV spin resonances.

Recently, a quantum frequency mixing (QFM) effect was proposed to
convert narrowband magnetic signals from previously inaccessible
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frequency regimes into the optimal detection range of NV sensing protocols,
with a proof-of-principle experimental demonstration of a 150 MHz test
signal with spectral resolution ~10 kHz”. Subsequently, QFM-based Rabi
magnetometry was demonstrated in a wide-field NV ensemble imaging
modality with ~10 kHz spectral resolution. As summarized below, the
QFM approach exploits the nonlinear response of the NV electronic spin
system to both a target RF signal (at arbitrary frequency) and an applied
strong AC bias field (detuned by ~1 MHz from the target signal) to yield an
effective signal at the difference frequency of the signal and bias fields: the
target signal is thereby “mixed down" to a frequency that is well-matched to
the NV sensor.

In this work, we demonstrate a QFM spectroscopy protocol that
operates over a wide signal frequency range (10 MHz to 4 GHz); and
can be integrated with CASR to provide sub-Hz spectral resolution,
nT noise floor, and precise phase measurements ( < 1° error). We
begin with assessing the narrowband magnetic sensitivity of the
QFM-CASR protocol across the large signal frequency range, show-
ing good agreement between experimental measurements and theo-
retical estimation. We then highlight the protocol’s wide-frequency
capability and high spectral resolution by measuring the spectra of
multi-frequency signals at 0.6, 2.4, and 4 GHz with fine spectral
features, separated by 1 Hz. Furthermore, we demonstrate that the
protocol is sensitive to the signal phase by performing a phase mea-
surement at 2.4 GHz with a standard deviation of 0.4°. Compared to
previous QFM demonstrations™”’, this work using QFM-CASR
extends the signal frequency range by more than an order of mag-
nitude and improves the spectral resolution by more than four orders
of magnitude.

Results

QFM-CASR spectroscopy protocol

We employ a quantum frequency mixing (QFM) protocol that down-
converts an oscillating signal of arbitrary frequency into the optimal fre-
quency range for sensitive, high-resolution detection by a quantum spin
system. This approach is analogous to a classical frequency mixer”', which
uses a nonlinear circuit to generate the sum and difference of two input
signals. In the quantum case, the Hamiltonian of a system driven simulta-
neously by two oscillating, off-resonant magnetic fields can be represented
as an effective Hamiltonian with sum and difference frequencies in a multi-
mode Floquet picture”. In this work, we utilize an ensemble of NV centers in
diamond (Fig. 1a), which exhibit a state-dependent photoluminescence
(PL) readout (Fig. 1b), as our quantum frequency mixer and narrowband
magnetic sensor. To down-convert a target RF signal of arbitrary frequency
w,, we apply an AC bias field at frequency wj, to the NV ensemble, selecting
one of the NV electronic spin |+ 1) states, which along with the |0) state
forms a two-level quantum system. The ground state Hamiltonian in the lab
frame is given by:

H =20, + O cos(w; + ¢,)0, + Q, cos(w, + ¢;,)0,. (1)

Here, w, is the selected resonance frequency of the NV spin transition, (;
and 0y, are signal and bias field amplitudes, ¢, and ¢;, are signal and bias field
phases, and o, and o, are Pauli spin matrices. Applying a unitary trans-
formation U = e~@/21%: the Hamiltonian in the rotating frame H
becomes a four-mode Floquet system (see Note II of the Supplementary
Information). Assuming that 0, |ws — wp| < |wsp, £ wo| and neglecting the
fast oscillation terms, the effective rotating frame Hamiltonian can be
approximated as

i~ 20,

e~ + Q, cos(w, + ¢,)0,, ?2)

2 Qo
where § = — (ZZS Yo o z isan AC Stark shift, w, = w, — wp and ¢, = ¢ —
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Fig. 1 | Wide frequency range RF spectroscopy using an NV ensemble in dia-
mond. a The NV electronic spin state is controlled through application of a laser
optical field, coupled to the diamond surface via total internal reflection (TIR), and
microwave (MW) signals applied through an MW loop. The NV spin state popu-
lation is read out by measuring the state-dependent photoluminescence (PL) col-
lected through an objective. An AC bias field, applied through the same coil as the
target RF signal, is used to generate an effective (detected) signal in the optimal
frequency range ( = 1 MHz) of a narrowband NV sensing protocol via quantum
frequency mixing (QFM). b NV~ energy-level diagram. The negatively charged NV
center in diamond exhibits spin-dependent PL with triplet ground-state spin tran-
sitions. ¢ QFM technique implemented within a coherently averaged synchronized
readout (CASR) sensing protocol. A target RF signal at frequency w; is mixed, via the
nonlinear response of the NV electronic spin system, with a strong AC bias field at
frequency w,, with both fields transverse to the NV axis. The resulting effective signal
at frequency w, = w; — wj aligns with the NV quantization axis. The CASR protocol,
comprising repeated, synchronized dynamical decoupling sequences, reads out the
effective signal at a sampling rate of wgg, aliasing the measured NV PL to a signal with
a frequency w,, and providing sub-Hz resolution in the frequency domain after
performing an FFT.

amplitude is:

Q.0 w, w,
Q — s b 0 0 ) 3
¢ 2 <w52—w%+w127—w% 3

In the experiment, since ), < |w;}, + wy|, the effective signal amplitude
Q, is much weaker than the target signal Q,. We combine QFM with the
CASR magnetometry sequence'’ to detect this attenuated effective signal,
with both high magnetic field sensitivity and spectral resolution (Fig. 1c).
CASR consists of synchronized, repeated blocks of identical dynamical
decoupling (XY8-k) pulse sequences with a sampling (NV PL measurement
readout) rate of wgg. A continuous envelope function describing the nor-
malized time-domain QFM-CASR PL signal S(f), determined from the
expectation value (S,) of the NV ensemble longitudinal spin operator, is
given by

S(t) == {1 + sin {4”506 cos(w,t + %)} } 4)

where N is the number of 7 pulses in each dynamical decoupling sensing
sequence (N = 48 for the XY8-6 sequence used in the present experiment).
Applying a Fast Fourier Transform (FFT) to S(f), and accounting for the
discrete CASR PL measurements, yields the frequency-domain QFM-CASR
spectrum, centered at the alias frequency w, = |w, — nwgg|, with peak
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Fig. 2 | Sensitivity assessment of QFM-CASR narrowband magnetometry across
a wide target signal frequency range of 10 MHz to 4 GHz. The AC bias field is
detuned 1 MHz from the target signal frequency; and has constant amplitude Q;, =
(2m)4.3 MHz. The red and blue curves represent estimated QFM-CASR sensitivity
for our experimental setup, based on the measured XY8-6 sensitivity for a 1 MHz
signal frequency (purple diamond) and Eq. (3), for the applied MW pulses on
resonance with NV spin transition frequencies w_; = (27)2.29 GHz and w ; = (27)

3.45 GHz, respectively. Circles and squares correspond to experimentally measured
QFM-CASR sensitivities at various target signal frequencies. QFM-CASR sensitivity
error bars, determined from the standard deviation of 10 measurements at each
target signal frequency, are shown in Note IV of the Supplementary Information.
“QFM-CASR Demo.” (black circles) indicate sensitivity measurements at target
signal frequencies used in demonstration of sub-Hz spectral resolution, as displayed
in Fig. 3.

amplitude Scasr x J1(47NQ./w,), where Ji(x) is the first-order Bessel
function and 7 is the integer closest to f,/fsr. Note that contributions from
higher-order Bessel functions can be ignored, for the operational conditions
of our experiment, as described in Note III of the Supplementary
Information. Note also that there is no external RF or MW drive of the
NV system beyond: (i) the off-resonant, transverse target signal and AC bias
fields, which induce the longitudinal effective signal via the QFM effect; and
(ii) on-resonant pulses applied as part of the CASR sensing sequence to
measure the effective signal.

In this experiment, we ensure 2, < w, such that the first-order Bessel
function can be approximated as linear, with Scasr  €2.. By calibrating the
measured QFM-CASR spectrum with a known AC signal amplitude, we can
determine , from its linear dependency on Scasg. Given that the frequency
and amplitude of the AC bias field are indepenently known and held con-
stant during a measurement, the target signal’s frequency and amplitude can
be determined using the above expressions.

Sensitivity assessment across wide signal frequency range

We first demonstrate a large signal frequency range for the QFM-CASR
protocol (10 MHz to 4 GHz) and characterize the narrowband measurement
sensitivity across this range. Fig. 2 gives a summary of the results. We employ
a micron-scale 2.7 ppm NV ensemble at the surface of a CVD diamond
substrate (see Methods. IV A for details); and use XY8-k sequences as the
building blocks of the CASR protocol to provide robustness against pulse
errors”. In these demonstration experiments, we optimize the AC magnetic
sensitivity for an effective (i.e., detected) signal frequency w, = (27)1 MHz by
setting the 77 pulse spacing 7= 0.5 ps, and choosing k = 6. We calibrate the
XY8-6 sensitivity for a 1 MHz test signal to be 7, = 102(1) pT - Hz'? as
described in detail in Methods IV C. Based on Eq. (3), we estimate the
expected QFM-CASR sensitivity for a target signal at frequency w; as 7 =
170024/, for the two cases of the applied MW pulses resonant with the NV
spin transitions frequencies w,;, as shown by the solid lines in Fig. 2.

For w; < w,1, the estimated target signal sensitivity has a flat depen-
dency on frequency, with #,_; =55 nT - Hz "*and 7, ,, = 80 nT - Hz ' for
our experimental setup. The estimated sensitivity improves (ie., #; is
reduced) when the target signal frequency approaches the NV resonant
frequencies, albeit while maintaining the far-detuning assumption of the
QFM effect (> 20 MHz for our experiment)”. For w; > w., the estimated
sensitivity rapidly degrades due to the significantly weaker effective signal at
higher frequencies (see Eq. (3)).

For experimental characterization of QFM-CASR sensitivity, we use a
similar method as described in Methods IV C for determining XY8-6
sensitivity. At each target signal frequency, we measure the 1-second

standard deviation of the NV PL, calibrate the AC magnetometry slope for
the effective signal to yield 7, and then determine #; using Eq. (3). We make
10 such measurements to yield a mean value for #, and the associated
standard deviation ¢, which represents the measurement error (see Note IV
of the Supplementary Information). For measurements at all target signal
frequencies, we find an averaged percentage error o/n, ~ 2.7 %. The
experimentally determined values of #, are in good agreement with the
estimates described above, as shown in Fig. 2. In the experiment, we com-
pensate for the frequency dependence of the amplifier by measuring and
then adjusting the input power to the RF coil to be consistent for each
frequency of the target RF signal and AC bias fields (see Fig. 1).

Detection of multi-frequency RF signals with sub-Hz spectral
resolution

We next demonstrate experimentally the ability of the QFM-CASR protocol
to perform magnetic spectroscopy of multi-frequency target RF signals with
sub-Hz spectral resolution across a wide frequency range, with results
shown in Fig. 3 (see also Fig. S3 in the Supplementary Information). We
apply a target signal near the 2.4 GHz communication band, composed of
two frequency components (tones): wg; = (27)(2.4 GHz + 3.125 kHz) and
wy, = wg + (2m)1 Hz, with each component having a nominal amplitude of
Q,=(2m)0.21 MHz (B, = 7.5 uT). To generate effective signals near 1 MHz,
resonant with the XY8-6 sensing sequence (7 pulse spacing 7 = 0.5 ys), we
apply an AC bias field with frequency w;, = (27)2.399 GHz and amplitude (2,
= (2m)4.3 MHz (B, = 153.4 uT). The NV resonance frequency (using states
|0) and | — 1) in this demonstration) is w_; = (27)2.29 GHz (at 20.7 mT DC
bias magnetic field). For each data acquisition step within the QFM-CASR
protocol (Fig. 3a), the total measurement sequence length T, = 80 us,
resulting in a CASR sampling rate wgg = (27)12.5 kHz. Based on Eq. (3), the
effective signal amplitude after quantum frequency mixing is reduced by a
factor of approximately 50 compared to the target signal. Since the signal
field amplitudes ((;) are significantly smaller than the bias field amplitude
(€4), higher-order mixing terms such as those involving two signal fields
yield negligible contributions. Consequently, cross-talk between signal tones
is suppressed and does not affect the measurements.

We preform a series of 10° QFM-CASR measurements, resulting in 8
seconds of NV PL contrast data in the time domain (Fig. 3b). The upper
subplot clearly shows beating of the two signals with a 1 Hz frequency
difference. The zoomed-in view of the first 8 ms of data reveals a fast
oscillation with an alias frequency w, =~ (27)3 kHz, which indicates QFM-
CASR measurement of the two-tone target signal. After an FFT on the time-
domain data, we obtain QFM-CASR spectra with a high signal-to-noise
ratio (SNR) for both the target and effective signals, with results shown in the
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Fig. 3 | Demonstration of QFM-CASR spectroscopy of multi-frequency target
RF signals with sub-Hz spectral resolution across a wide frequency range.

a QFM-CASR measurement protocol applied to a target signal consisting of two
frequency components (tones) within the detection bandwidth. In a synchronized
series of measurement periods, the NV electronic spin ensemble is initialized and
read out using 532 nm laser pulses (green). A 7/2 MW pulse along the y-axis
projects the NV spin to a magnetic-sensitive superposition state, followed by an
XY8-k sequence (k = 6) resonant with a 1 MHz effective signal. A final 77/2 pulse
along the x or — x-axis projects the NV longitudinal spin state as the signal or
reference, followed by PL readout (red). During each measurement period, an AC
bias field (violet) is applied to convert the frequencies of the two-tone target signal,
w;; and wg,, into an effective signal in the optimal detection frequency range of the
XY8-k sequence via quantum frequency mixing. b Time-domain QFM-CASR

Signal ffequency ws/ 21 (GHz)

Alias frequency (Hz)

measurement of the two-tone target signal. A 1 Hz beating of the two signal tones
can be clearly recognized in the upper plot, with the higher frequency oscillation
near the CASR alias frequency ( = 3 kHz) being resolved in the lower zoom-in plot.
¢ QFM-CASR spectra of effective and target signals produced from an FFT of time-
domain measurements across a wide range of frequencies. Middle: QFM-CASR
spectra near 2.4 GHz from an FFT of data in (b) with the DC offset clipped. Left and
right: QFM-CASR spectra near 0.6 and 4 GHz. The measured amplitude differences
of the effective signal at each frequency are consistent with the estimated frequency-
dependent sensitivity of the QFM-CASR protocol (see black circles in Fig. 2). d Top
plot shows a clean effective signal noise floor with a measurement standard
deviation o, ~ 120 pT (equivalent to g, = 6 nT for the target signal near 2.4 GHz).
Bottom zoom-in demonstrates sub-Hz spectral resolution for the two-tone target
signal near 2.4 GHz, clearly resolving the two signal peaks at w,1 4.

center of Fig. 3c. To demonstrate the wide signal frequency range of this
protocol, we also perform two similar experiments near 0.6 GHz (w;, = (27)
0.599 GHz, w = (27)(0.6 GHz + 2 kHz), and wg, = (2)(0.6 GHz + 4 kHz))
and 4 GHz (w;, = (27)3.999 GHz, ws = (2m)(4 GHz + 3125 kHz)) using the
same nominal target signal amplitude, as shown on the left and right sides of
Fig. 3c. As expected from Eq. (3), the measured effective signal amplitude
varies with target signal frequency, consistent with the QFM-CASR pro-
tocol’s frequency-dependent sensitivity, as discussed in the previous section
and summarized in Fig. 2. Figure 3d provides a zoomed-in view of the
effective signal peak near 2.4 GHz, with the two target signal frequency
components, w,; = (2)3125 Hz and w,, = (27)3126 Hz, clearly resolved
with sub-Hz spectral resolution. The top plot of Fig. 3d highlights the noise
floor of the QFM-CASR spectra, with an effective signal measurement
standard deviation of o, = 120 pT, similar to the AC sensitivity of the XY8-6
sequence at 1 MHz; and a target signal measurement standard deviation of
g, ~ 6 nT, consistent with the measured QFM-CASR sensitivity at 2.4 GHz,
as shown in Fig. 2.

Precise phase measurement of RF signals

We also demonstrate that the QFM-CASR technique is capable of precise
phase measurement of RF signals over a wide frequency range. Applying an
FFT to the measured time domain NV PL signal yields a complex Fourier
space signal proportional to §(w — w,)e™*: (see Eq. (4) and Note III of the
Supplementary Information). The phase of the effective signal can thus be
extracted from the real and imaginary components of the experimentally-

determined QFM-CASR spectrum, as shown in Fig. 4a. With the phase of
the applied AC bias field ¢, controlled and known, the target signal phase
can be determined directly as ¢, = ¢, + ¢,.

In a demonstration experiment, we apply an AC bias field with ¢, =0
at w, = (27)2.4 GHz and sweep the target signal phase ¢ for w, = (27)
2.401 GHz. At each phase value, we acquire time-domain QFM-CASR
data and apply an FFT to yield the QFM-CASR spectrum. We perform a
full 360" phase sweep with a step size of 1° to determine the absolute value,
real, and imaginary components of the QFM-CASR spectrum as shown in
Fig. 4b. Data at each phase step is acquired over 1 second without aver-
aging. The magnitude (i.e., absolute value) of the QFM-CASR spectrum,
which is proportional to Q,, is constant over the phase sweep, while the
real and imaginary components exhibit sinusoidal oscillations with a
relative 77/2 phase shift. From the ratio of the real and imaginary com-
ponents, we calculate the experimentally measured signal phase ¢/, and
compare it to the applied signal phase ¢, to determine the phase error
A¢ = ¢/, — ¢.. The phase error follows an approximately Gaussian dis-
tribution, as shown in Fig. 4c, with a standard deviation of 0y, =0.4". 04
depends on the ratio between the noise floor and the amplitude of the
effective signal QFM-CASR spectrum. Although the effective signal
amplitude is attenuated relative to the target signal due to the QFM effect,
we still achieve a precise phase measurement. This method can be applied
to measure the phase of arbitrary frequency signals across the wide
detection range of the QFM-CASR protocol (see Note VI of the Supple-
mentary Information).

npj Quantum Information | (2025)11:190


www.nature.com/npjqi

https://doi.org/10.1038/s41534-025-01137-3

Article

(a)
LA Effective signal ¢
ignal ¢s CASR S
_vﬂvﬂvﬂvava_, 7atlag _
AC Bias ¢bg N (W) tange = FLZZ?
e = Qb — Ps
(b) L L N BLSRNLA NI S SN BRI N
] 20 | B
S i
o 10F E
he} L
2 :
s OF E
€ :
< -10F
E : —O—Real
L _20F —O—Imag -
L1 L 1 L 1 1 1 1
0 50 100 150 200 250 300 350
Signal phase ¢s
(c)
L T L — L T T 1
§ 50:_ 0s=0.4 1
S i
0 L 1 1
-1.0 -0.5 0.0 0.5 1.0

Phase error A (degree)

Fig. 4 | Precise phase measurement using QFM-CASR. a The effective signal
generated through quantum frequency mixing has a phase ¢, given by the difference
between the target signal phase ¢, and the AC bias phase ¢,,. This phase can be
extracted by analyzing the real and imaginary components of the experimentally-
determined QFM-CASR spectrum. As ¢y, is controlled and known, the target signal
phase can be determined as ¢, = ¢, + ¢;,. b Experimental demonstration at w, = (27)
2.4 GHz and w, = (27)2.401 GHz. While keeping ¢;, = 0, ¢, is swept across a 360°
range with a step size of 1°. The real, imaginary, and absolute amplitudes of the QFM-
CASR spectrum are displayed for every 10 phase steps. ¢ Histogram of the phase
error, determined from the difference between measured and applied signal phase
across 360 phase step measurements. The phase error exhibits a Gaussian dis-
tribution with standard deviation gy = 0. 4°.

Discussion

We compare the narrowband (AC) sensitivity and signal frequency range of
the QFM-CASR protocol with previous, state-of-the-art AC magnetometry
experiments using NV ensembles in diamond (see details in Note VII of the
Supplementary Information). In the low frequency regime ( < 20 MHz),
QFM-CASR AC sensitivity is more than two orders of magnitude worse
than for dynamical decoupling sequences like XY8 and DROID-60"**.
Using a large bias magnetic field ( = 95 mT) can improve the QFM-CASR
sensitivity to within an order of magnitude of that of XY8, by tuning the NV
resonances to be within ~ 20 MHz of the target signal frequency (see Fig. 2).
However, this approach is technically challenging and increases experi-
mental complexity. Thus, dynamical decoupling sequences (without QFM)
remain more appropriate for low-frequency signals. At higher signal fre-
quencies ( > 20 MHz), dynamical decoupling sequences become impractical
due to technical limitations on applying large amplitude ( > 50 MHz Rabi
frequency), fast ( < 10 ns) resonant MW pulses to NVs” ™. Near the NV
zero-field splitting (ZFS, 2.87 GHz), techniques such as Rabi
magnetometry”** and heterodyne detection spectroscopy using a pulsed
Mollow triplet™ can provide sensitive narrowband signal detection. How-
ever, these techniques require the signal frequency to be within a few MHz of
the NV electronic spin resonance, likely limiting the signal frequency range
to about 100 MHz around the ZFS, given magnetic field gradients and other
technical limitations associated with application of large bias magnetic fields
to Zeeman shift the NV resonances™. The QFM-CASR protocol provides
comparable sensitivity to these other techniques near the ZFS, while offering
a significantly extended signal frequency range and sub-Hz spectral reso-
lution. In the intermediate frequency regime (20 MHz to 2 GHz) and at
higher frequencies ( > 4 GHz), QFM-CASR is the only currently viable

technique for sensitive, high-spectral-resolution NV measurement of nar-
rowband signals.

Although QFM-CASR is demonstrated here for signal frequencies
up to ~4 GHz, constrained by the amplifier bandwidth in the present
experiment, there is no fundamental limitation at higher signal fre-
quencies ( >4 GHz) as discussed in Note IX of the Supplementary
Information. Potential approaches to mitigate the reduced sensitivity of
QFM-CASR include: quantum logic enhanced sensing (for applications
with tesla-scale bias magnetic fields)™; increasing the bias field amplitude,
and thus the effective signal amplitude (see Eq. (3)), with an associated
increased requirement on bias field amplitude stability; and using a cir-
cularly polarized AC bias field, instead of the linear AC bias field applied
in this work, to enhance (by about 2x) the effective signal strength for
target signal frequencies well above the NV resonances” (see Note IV of
the Supplementary Information).

In summary, we demonstrate an approach to narrowband, high-
resolution NV-diamond magnetic spectroscopy that integrates the quan-
tum frequency mixing (QFM) effect with coherently averaged synchronized
readout (CASR). The QFM-CASR protocol extends the NV-diamond signal
frequency range by more than an order of magnitude compared to con-
ventional AC magnetometry protocols like dynamical decoupling and Rabi;
and also provides sub-Hz spectral resolution. We characterize the nar-
rowband magnetic sensitivity of the protocol as a function of signal fre-
quency across a wide range of 10 MHz to 4 GHz, with good agreement
between measurements and theoretical estimations. To illustrate the QFM-
CASR protocol’s potential applications in areas such as RF and MW signal
analysis and tesla-scale NMR of small samples, we demonstrate measure-
ment of multi-frequency target signals near the 2.4 GHz communication
band, with sub-Hz spectral resolution and a 120 pT measurement noise
floor (6 nT for the target signal); similar demonstrations are made near 600
MHz and 4 GHz. Additionally, we demonstrate precise phase measurement
of a narrowband signal at 2.4 GHz, with a phase error standard deviation of
0.4'; again, similar demonstrations are made near 600 MHz and 4 GHz. In
this work, both signal and AC bias fields are applied transverse to the
quantization axis of the class of NVs used for sensing (see Eq. (1)). It is worth
noting that the QFM protocol is also compatible with longitudinal
signals’”, enabling vector magnetometry. Leveraging the recently
demonstrated capabilities of the quantum diamond microscope (QDM)**”,
future work could realize wide-field dynamic imaging of arbitrary frequency
vector magnetic fields with micron-scale spatial resolution, sub-Hz spectral
resolution, and sub-ms temporal resolution.

Methods

NV diamond sample

The diamond sample used in this work contains a 1.7-um-thick,
"N-enriched CVD surfacelayer of NV centers ([N] = 17 ppm, > 99.99%"°C),
grown by Element Six Ltd. along the [110] direction on a side-polished (4 x
4 x 0.5)-mm”® high-purity diamond substrate. Postgrowth treatment via
electron irradiation and annealing increases the concentration of negatively-
charged NV centers to 2.7 ppm. Each NV center has a spin-1 electronic
triplet ground state (m; = 0, = 1) with zero-field splitting at 2.87 GHz.
Excitation with 532 nm laser light induces spin-preserving optical cycles
between the electronic ground and excited states, entailing red photo-
luminescence (PL) emission (637-800 nm). There is also a non-radiative
decay channel from the | + 1) states to the |0) state with a branching ratio of
~30%. Thus, the amount of red PL emitted by the NVs is an indicator of the
spin-state population; and continuous laser excitation prepares the NV
electronic spin into the |0) bright state. The degeneracy of the | £ 1) states is
split via the Zeeman effect by a 20.7 mT bias magnetic field applied along
one of the four NV orientations in the diamond, leading to NV spin reso-
nant frequencies w_; = (27)2.29 GHz and w, ; = (27)3.45 GHz, respectively.
Near-resonant MW irradiation allows coherent manipulation of the ground
NV spin states, with spin ensemble dephasing and coherence times of
T3 ~ 1.5 ps, To(Hahn-echo) = 10 ys, and T5(XY8-6) = 50 ys.
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Experimental setup

Narrowband (AC) magnetic spectroscopy with an NV ensemble is con-
ducted using a custom-built total internal reflection (TIR) microscope. A
diode-pumped solid-state laser (Lighthouse Photonics, Sprout-H) gen-
erates a continuous-wave 532 nm beam, which is gated into laser pulses for
NV spin-state initialization and readout by an acousto-optic modulator
(AOM, Gooch & Housego, Model 3250-220) and coupled through the
side-polished diamond chip to the diamond NV surface via TIR. NV PLis
collected using a 20 x /0.75 NA Nikon objective, clipped by an iris to a ~
20 ym diameter collection area on the diamond surface. The collected PL
is filtered using a 647 nm long-pass filter (Semrock) before being detected
by a photodiode (Thorlabs, PDA36A2). Voltage signals from the photo-
diode are recorded through a DAQ system (National Instruments, NI
USB6259). MW pulses used to manipulate NV electronic spins, as well as
all RF signals applied to the NV ensemble (target signal, AC bias field, test
signal), are generated by an arbitrary waveform generator (AWG, Zurich
Instruments, SHFSG). The MW pulses are delivered through a 300 nm-
thick, 800 ym inner-diameter gold Q-shaped coplanar waveguide (refer-
red to as a “MW loop" in Fig. 1), fabricated on a SiC wafer for mechanical
stability.The high thermal conductivity of SiC effectively dissipates the
heat generated by MW and laser pulses, preventing the degradation of NV
spin properties attributable to heating and offering thermal stability over
hours of measurement. The coplanar waveguide used for NV microwave
driving is connected to a high-frequency amplifier (GHz range), and thus
cannot be repurposed to deliver lower-frequency (MHz-range) AC bias
and signal fields, necessitating a second antenna in the form of a hand-
soldered, shorted-loop RF coil to apply the combined target RF signals and
AC bias field for QFM-CASR experiments and related calibration
measurements.

Sensitivity measurement

Narrowband (AC) magnetic sensitivity of NV ensemble measurements is
defined as 77 = o/s, where o is the 1-second standard deviation of the NV PL
contrast readout, and s is the maximum slope (at the zero-crossing point) of
the AC magnetometry curve at the relevant sensing frequency. For the XY8-
6 AC magnetic sensitivity measurement (not using the QFM-CASR pro-
tocol), we first sweep the phase of a 1 MHz test signal while keeping the
amplitude small. The readout signal can then be approximated as a sinu-
soidal oscillation, where the maximum contrast indicates the optimized
phase, aligning the test signal nodes with the XY8 sequence. After phase
optimization, we measure the magnetometry curve by fixing the signal
phase and sweeping the AWG output amplitude A from zero to the first
turning point, A,;,, where the NV spin accumulates a 77/2 dynamical phase.
The AC magnetic field amplitude required to accumulate a 71/2 phase is
given by B,j, = in’/(2gusN) = 0.58 uT, where g = 2 for NV and N = 48 is the
number of 7 pulses in the XY8-6 sequence. Using this result, we obtain the
calibration factor between the AWG amplitude and the applied test signal
amplitude, B,,/»/A,». By performing a linear fit on the near-zero data of the
magnetometry curve and applying the calibration factor, we determine s in
units of 1/uT. Next, we run continuous XY8-6 sensing for 1 s without the test
signal to measure the noise ¢, and subsequently calculate the sensitivity #.
For the QFM-CASR AC sensitivity measurements, we follow the same
procedure as the XY8-6 protocol at each target signal frequency. The
resulting measured magnetic sensitivity of the effective signal (= 1 MHz in
all experiments), #,, is then employed to determine the sensitivity of the
target signal, 7, using Eq. (3). The AC bias field amplitude Q, = (27)
4.3 MHz is measured by tuning this field’s frequency to drive Rabi nutation
at the NV resonant frequency w_;. To keep O, constant across the wide
frequency range used in this study, we adjust the AWG output voltage to
keep the amplifier output power (i.e., the input power to the RF coil) con-
stant (see Note V of the Supplementary Information). Three amplifiers with
different frequency ranges are employed for the target RF signal and AC bias
fields used in this experiment: Mini-Circuits LZY-22+ (0.1 MHz to 200
MHz), ZHL-50W-52-S+ (50 MHz to 500 MHz), and ZHL-15W-422-S+
(600 MHz to 4.2 GHz).

Data availability

Source data are provided with this paper. Additional data relevant to this
study are available from the corresponding authors upon reasonable
request.

Code availability
The code used for this study is available from the corresponding authors
upon reasonable request.
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