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Robust gigahertz-range ac magnetometry with an ensemble of N-V centers
in diamond using concatenated continuous dynamical decoupling
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Subpicotesla level magnetometry has been demonstrated using negatively charged nitrogen-vacancy
(N-V) centers in diamond by increasing the number of spins simultaneously used for sensing in an N-V
ensemble. However, such scale-up often introduces spatial inhomogeneities in detuning and control field
amplitudes, which degrade sensitivity. Although several techniques have been utilized to overcome these
challenges, including pulsed dynamical decoupling or shaped pulses, these are not generally compatible
with the current state-of-the-art techniques for GHz-range ac magnetometry with N-V ensembles, which
are typically based on Rabi oscillations. In this work, we experimentally demonstrate GHz-range ac
magnetometry using a large ensemble of N-V centers under spatially inhomogeneous drive fields by
employing concatenated continuous dynamical decoupling, which is designed for robustness against such
imperfections. We compare its performance with the conventional direct Rabi method and show that
the robust dressed states in our method extend significantly the measuring range to weaker signals in

GHz-range ac magnetometry.

DOI: 10.1103/8zf5-1zyj

L. INTRODUCTION

Quantum sensing [1] with solid-state spins has been
extensively studied following the development of single-
spin quantum systems [2] and has broad potential appli-
cations in a wide range of scientific fields [3,4]. Solid-state
spins have been demonstrated to function as magnetic field
sensors, most notably in color centers in diamond [5,6],
silicon carbide [7], and hexagonal boron nitride (hBN) [8].
They have also been applied to measure magnetic fields
with frequencies varying from dc to the GHz range. The dc
magnetometry has been performed primarily via optically
detected magnetic resonance (ODMR) [6] or Ramsey-type
pulsed measurements [9], with applications in condensed
matter physics [10] and biosensing [11]. The ac magne-
tometry in the kHz-MHz range has been accomplished
by measurements based on Hahn echo [5], pulsed and
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continuous dynamical decoupling [1]. It has also been
applied in nanoscale and microscale nuclear magnetic
resonance (NMR) [12].

While ac magnetometry with single spins in the GHz
range has been demonstrated experimentally with a num-
ber of sensing protocols [1,13—15], GHz sensing with spin
ensembles has been challenging due to the inherent noise
and inhomogeneities [16]. Thus, it has been explored
mainly by Rabi-type measurements [17,18] and has been
used in microwave (MW) device characterization [19,20]
and spin-wave detection [21-23]. Of note, solid-state
quantum sensors have access to local near-field microwave
magnetic fields at submillimeter length scales, where
further miniaturization of classical coils leads to self-
resonant behavior, and the coil no longer behaves as a
simple inductive magnetic probe [24].

Recently, highly sensitive magnetometry has been
demonstrated using a large ensemble of nitrogen-vacancy
(N-V) centers, achieving sensitivities of several pT/v/Hz
[25] and even reaching the sub-pT+/Hz [26], but only for
dc and ac sensing in the kHz range. Although using a
higher number of spins enhances the signal strength, it
becomes challenging to control all of them due to

Published by the American Physical Society
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increased inhomogeneities, e.g., in the detuning or the
amplitude of the control MW field [16]. Several methods
have been studied to overcome such inhomogeneities.
Pulsed dynamical decoupling (PDD) is widely used for its
robustness but is mainly suitable for sensing of ac
magnetic fields in the kHz-MHz range [27,28]. Pulse
shaping techniques such as composite pulses (CPs) [29],
chirped pulses [30,31], and quantum optimal control
[32-34] have been intensively studied for better fidelity
and can be integrated in pulsed measurements [31,35].
However, the applicability of these methods to Rabi-type
measurements for GHz-range magnetometry remains non-
trivial, so sensitive magnetometry in the GHz range to date
has primarily focused on the reduction of technical noise
[36,37] and/or modulating the measured signal [38].

Wang et al. achieved picotesla sensitivity by circum-
venting the dc noise of continuous-wave (cw) ODMR via
modulation of the steady-state signal with an auxiliary
microwave field [36]. Alsid et al. demonstrated picotesla
sensitivity using the direct Rabi method by extensive
optimization of the setup [37]. However, limited research
has been carried out on robust coherent control methods
for GHz-range ac magnetometry. While several PDD
sequences (e.g., CPMG and XY8) have been applied to
the GHz range [38,39], they rely on phase flipping of the
target signal, which is challenging in practical scenarios.
Moreover, longitudinal rf-dressed states have also been
explored [39], but their robustness under weak and
inhomogeneous MW fields remains unclear.

In contrast, concatenated continuous dynamical decou-
pling (CCDD) [15,40-45] is known to be robust against
inhomogeneities and suitable for GHz-range magnetom-
etry. GHz-range magnetometry with CCDD has been
demonstrated with single N-V centers in diamond [14],
where amplitude noise across the temporal ensemble was
effectively suppressed by introducing a second control
field. This approach has been extended to enable precise
phase measurement [46], and subsequent work has shown
improved coherence times by optimizing the sequence
based on correlations in the drive noise [47]. Nonetheless,
much of the research up to now has been limited to single
spins [14,46—48]. For sensitive magnetometry, it is crucial
to investigate the robustness of the CCDD sequence
against amplitude noise across a spatial ensemble.
Applications of CCDD to N-V ensembles have been
attempted under homogeneous control fields [43], but
not yet in the context of GHz-range magnetometry.
While CCDD has been applied to spin ensembles in
hBN, the spatial inhomogeneity of the driving field has
been limited and the lifetime of the hBN electron spins is
typically 3 orders of magnitude shorter than that of N-V
centers [49,50].

In this paper, we demonstrate GHz-range ac magne-
tometry with an ensemble of N-V centers in diamond by
employing concatenated continuous dynamical decoupling

under inhomogeneous driving fields. The number of N-V
centers is increased by using a high density of N-V centers
in diamond with a large laser excitation volume. Despite
the inhomogeneity, we observe coherent oscillations
driven by the target MW signal owing to the robustness
of the CCDD. By comparison with the direct Rabi method,
we show that CCDD magnetometry significantly improves
the lower bound of measurable amplitude in GHz-range ac
magnetometry.

The paper is organized as follows. Section II outlines the
principle of CCDD magnetometry. Section III analyzes
CCDD dynamics in the presence of inhomogeneous fields.
Section IV presents the experimental demonstration of
GHz-range ac magnetometry with CCDD. Section V
discusses the implications and limitations of the results,
and Sec. VI concludes the paper.

II. SENSING SCHEME

The dynamics of our ensemble spin system under
CCDD can be described with the Hamiltonian (72 = 1)
[14,40,47,51])

1
H= 5 (@ + 6)o, + Q1 (1 + €1) cos(wyt)o,

+2Q, (1 + ;) sin(wyt) cos(Q, t)o,
+ Q cos(wt + &)o,. )]

The first term represents the energy gap of the system
@, and detuning 6. The second and third terms correspond
to the two driving fields with Rabi frequencies €,
amplitude errors €,k = 1,2, and modulation angular
frequency Q,. The last term represents the MW signal
that we try to measure, which we label the target signal.
We note that §, €, can be time-dependent.

The limitation of direct Rabi magnetometry can be
understood by considering the Hamiltonian of the system
driven directly by a target signal in the rotating frame at
@, and after applying the rotating wave approximation,

Q1+ €t>

H’—é0—|— c
_2 b4 2 X

@)

where we assumed & = 0 without loss of generality. The
detuning ¢ generates an additional rotation about the z axis
of the Bloch sphere, and the amplitude error ¢, shifts the
rotation speed around the x axis. Spatial and temporal
variations of 6 and ¢, due to noise create different dynamics
within the ensemble and result in a decay in the exper-
imentally observed Rabi oscillations when averaged [52].
The decay rate of Rabi oscillations increases when the
variation of the detuning ¢ is large in comparison to €2,
as well as for higher relative amplitude errors ;. In the

024018-2



ROBUST GIGAHERTZ-RANGE AC MAGNETOMETRY'...

PHYS. REV. APPLIED 26, 024018 (2026)

(@) TLS First drive Second drive
—

wo Q 1 Q Y
(b) Init
c | CCDD t]

ontrol

2

FIG. 1. (a) Principle of GHz-range ac magnetometry with

concatenated continuous dynamical decoupling. In an ensemble
of two-level systems (TLSs), the energy splitting @ is broadened
by an inhomogeneous distribution of detuning 6. A first
continuous drive at Rabi frequency €; is resonantly applied
to suppress this detuning. In the rotating frame, the system
acquires an effective splitting €; in the dressed-state basis,
where amplitude noise of the first drive Q,e; appears as an
effective detuning. To mitigate this noise, a second drive is
concatenatedly applied at Rabi frequency €,. This doubly
dressed state can be used to detect a target microwave signal
when it is on resonance. (b) GHz-range ac magnetometry scheme
using transverse CCDD. x,/2 pulses are applied to prepare x
states, phase-locked to the first drive along y. (c) Schematic of
the experimental setup around our ensemble system. An ensem-
ble of N-V centers inside a pink diamond is initialized by a green
laser. Its spin state is controlled with a planar microwave antenna
and readout through red-shifted photoluminescence (PL) col-
lected by a compound parabolic concentrator (CPC).

context of Rabi magnetometry, this behavior sets a lower
bound of the measurable amplitude range.

CCDD overcomes this limitation and can be used for
sensing of oscillating magnetic fields. The energy diagram
of the system under CCDD is shown in Fig. 1(a). Given a
TLS, the first drive creates dressed states with an ideal
frequency separation € >> 6 to ensure robustness [40,51].
This is evident when we consider the energy gap in the
first dressed basis in the absence of other fields
\/QF+ % xQy +5ﬁ,
valid for 6 <« Q. Thus, the effect of ¢ is suppressed by a
factor of §/(2€;), compared with the bare basis. However,
the amplitude error €; shifts the frequency separation to
Q; - Q;(1+¢), leading to dephasing in the dressed
basis. To overcome this effect, a second drive is applied
resonantly with the first drive. Likewise, when Q, is
greater than the frequency shift induced by the first-drive
error Q¢; [40,51], the system gains further robustness.

Several versions of CCDD are possible, e.g., with
[47,51] or without [4,14] initial and readout z/2 pulses
after preparing the system in the ground state |0). We adopt
the former scheme, which we label transverse CCDD,
because it allows for spin locking with the first driving

where the last approximation is

field, so the signal oscillates only at the slow frequency Q,
in the absence of a target field [47,51]. Figure 1(b) shows
the pulse sequence used for CCDD magnetometry. After
initial preparation in state |0) by a green laser, a 7,,/2 pulse
prepares a coherent superposition along the x axis of the
Bloch sphere in the bare basis. The target signal is detected
during CCDD with two driving fields. After a final z,/2
(m_,/2) pulse, the population of the x state is mapped onto
the populations of state |0) (|1)). The latter are read out by
detecting state-dependent red-shifted photoluminescence
excited by the green laser. The differential signal from the
measurements with the alternating phase of the last z/2
pulse suppresses common-mode noise, primarily originat-
ing from laser fluctuations, and is referred to as the signal
throughout this article.

Finally, we detect the amplitude of a target MW signal
when its frequency @, is resonant with the transition
frequency between the dressed states in the doubly dressed
basis [40,47,51,53]. In previous work [14], the condition
was @, = @y — Q; — ,. Recently, Salhov et al. demon-
strated improved sensitivity under a low-attenuation con-
dition o, = @y — L, [47]. In this work, we adopt the latter
approach, which also improves robustness [14,51].

III. CCDD IN THE PRESENCE OF
INHOMOGENEITIES

A. Experimental implementation

We perform our experiments with an ensemble of
negatively charged N-V centers in diamond [54-56].
The experimental conditions relevant to the inhomogene-
ities of the fields can be summarized as follows, with
further experimental details given in Appendix A.
Figure 1(c) shows a schematic of the experimental setup
around the diamond sample. Specifically, we use a single-
crystal diamond containing a large number of N-V centers,
which is irradiated with green laser light for initialization
and readout [57]. The diamond sample was created by the
high-pressure high-temperature (HPHT) method from
12C-enriched solid carbon source, followed by electron-
beam irradiation, resulting in 99.995% 12C abundance for
reduced spin noise. The N-V~ and P1 concentrations are
approximately equal to 0.1 and 1.6 ppm, respectively. The
N-V centers contributing to the measurement signal are
roughly defined by the overlap between the N-V-doped
diamond and the laser excitation profile. The sample is
1 x 1 mm in area and 500 pm thick. The laser is focused
down to a diameter of 98 pm. The effective measurement
volume can be approximated by a cylinder with a diameter
of 98 pm and a height of 500 pm. We consider inhomo-
geneities in detuning and amplitude noise across this
volume.

A bias magnetic field is applied using a pair of
neodymium magnets and aligned along one of the N-V
axes. We perform coherent control of the N-V electron
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spins by a planar MW antenna placed next to the
diamond [58]. Owing to the near-field nature of the
microwave delivery and the finite spatial extent of
the N-V ensemble, the antenna produces a spatially
varying field amplitude across the sensing volume (see
Ref. [59] for a comparison of field inhomogeneity away
from the antenna plane with barrel-shaped MW forming
systems). In this ensemble, the longitudinal relaxation
time 7; and spin coherence time 7, are measured to be
5 ms and 47 ps, respectively (see Appendix B). Of note,
the dephasing time 75 is 701 ns, characterizing the
inhomogeneity in detuning.

We first determine the Rabi frequency Q, by driving the
system with a single resonant driving field. The resulting
Rabi frequency is Q; ~ (27z)11.3 MHz, as shown in
Fig. 2(a). The amplitude inhomogeneity is estimated from
the decay of Rabi oscillations, which is approximately
exp{—(Q,06.)?/2} when we apply a strong field, where
0.~ 0.1 is the standard deviation of ¢;, which we assume
to have a normal distribution [52] (see Appendix B for
details).
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FIG. 2. (a) Rabi oscillations under the single drive. A micro-

wave field is applied resonantly with the central line wg =
(27)2.7081 GHz of the hyperfine sublevels from the '“N. The
rapid decay of the Rabi oscillations reflects the inhomogeneity
in the drive amplitude across the ensemble. The Rabi frequency
of the first drive Q; is kept (2z)11.3 MHz throughout this
article. (b) Rabi oscillations at angular frequency Q, ~ Q;/10
under the transverse CCDD sequence. They are sampled at time
steps of 7o, = 22/Q; when the first dressed basis corresponds
to the bare basis in the absence of noise. (¢) Dynamics of the
system under CCDD with a test MW signal. Q; =
(27z)11.3 MHz and €, = (27)1.13 MHz are used for the
CCDD, and the frequency of the target signal is set to
w; = wy — Qy = (27)2.7070 GHz. The time increment is set
to 7, = 27/€,. The background curve is fitted with a single-
exponential function, which also appears in CCDD without the
target signal (see Appendix F for details). (d) Initial oscillations
from the same measurement after background subtraction. The
data are well fitted with an exponentially decaying sinusoidal
function, yielding Q{ = (27)63.2 kHz.

B. CCDD

We apply transverse CCDD by setting the carrier
frequencies of the driving MW fields to w,. In addition,
the modulation frequency of the second field is set
Q, = Q,. We note that shifting Q,; from Q, could improve
the coherence times further if the amplitude noise is
correlated [47]. We use broadband composite pulses
BBI1 instead of simple rectangular z/2 pulses to improve
the initialization fidelity (see Appendixes E and F for
comparisons). Figure 2(b) shows the result of the CCDD
sequence when the input voltage for the second drive is set
to a fifth of that of the first drive Vo, = Vg /5 =30 mV,
leading to Q,/Q, ~ 0.1. By fitting the observed oscilla-
tions with an exponentially decaying cosine function,
we extract Q, ~ (27)1.13 MHz. The decay time is pro-
longed to Tq, = 4.6 ps in comparison to single drive
decay Tq, = 197 ns mainly due to the suppression of
the amplitude noise of the first drive.

We calibrate the CCDD period 7o, = 27/€, to be an
integer multiple of the first-drive Rabi period by adjusting
the second-drive amplitude. This allows us to isolate the
modulation induced by the target signal by setting the time
step as integer multiples of the CCDD period. As discussed
in Appendix E, we observe an exponential decay back-
ground in the measured signal dependent on the excitation
profile of the z/2 pulse, which we attribute to the hyper-
fine side bands.

IV. MAGNETOMETRY WITH CCDD

We demonstrate GHz-range magnetometry by applying
a test target signal in addition to the CCDD sequence.
Here, we focus on measuring the amplitude of the target
signal when its frequency is set as w, = wg— Qy, =
(27)2.7070 GHz, as proposed in Ref. [47].

Figure 2(c) shows the system dynamics when the
amplitude of the target signal is set to V, =2 mV (see
Appendix C for the results with different amplitudes). The
interaction time 7 is chosen as integer multiples of
the second oscillation period g, = 107q,. Note that the
measurement signal is obtained by subtracting the signals
from the alternating measurements with =£y phases.
Exponentially decaying sinusoidal oscillations are
observed on top of a single-exponential decay, indicated
by the red curve. We attribute this background to the
limited control over the sidebands by monitoring the
dynamics with different drive strengths as well as with
different excitation /2 pulses using composite pulses (see
Appendixes E-G).

Figure 2(d) shows a close-up view of the data after
removing the exponential background. The initial oscil-
lations fit well to an exponentially decaying sinusoidal
function. The extracted frequency is 63.2 kHz, which
agrees with the theoretical expectation Q] = %Qt under
this condition [47]. The coherence time is extended to
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Tq, = 40.4 ps owing to suppression of the second-drive  the observed improvement in coherence time with CCDD
amplitude noise by the target signal. The contrast of the  suggests the possibility of detecting weaker signals.
oscillations is reduced by more than a factor of 2 compared

with the Rabi oscillations driven by a strong Rabi A. Detection range comparison

frequency of (27)11.3 M_HZ in Fig. _2(3)- This reduction To examine the range of possible amplitudes to be
reflects both the decaying nonoscillatory background  measured, we vary amplitudes of the test target signal and
component and the reduced contrast of oscillations. compare CCDD with the direct Rabi method, which is the

Specifically, the transient dynamics of an ensemble system  cyrrent state-of-the-art technique for GHz signal sensing
under transverse CCDD depend strongly on the excitation  with N-V ensembles [37]. Figure 3 maps the observed
profile and the amplitude of the drive fields. A subgroup of  dynamics for both methods, while a detailed amplitude
the ensemble is controlled with limited efficiency by  comparison is provided in Appendix C. The central energy
CCDD and contributes to the nonoscillatory background.  scale indicates oscillation frequencies relative to the line-
We consider that the primary source of this imperfect  width Ay = 415 kHz. The upper portion of Fig. 3 shows
control originates from the hyperfine detuning of the  the general behavior of the direct Rabi method. The top
sidebands from the pI'CViOUS analysis in combination with axis represents the Corresponding Rabi frequency Q’
a limited strength of the first dI'iViIlg field. While CCDD expressed in terms of magnetic field amplitude via
with a strong drive (; > A > Ay) firmly dresses the B = Q/y. As shown in the upper-right panel, the direct
central line, the sidebands are only partially dressed dueto ~ Rabi method performs well when the signal amplitude is
their effective detuning of several MHz. As a result, only ~ much greater than the linewidth Av. In contrast, the upper-
the resonantly dressed central line contributes effectively  left panel shows the transient dynamics when the ampli-

to the detection of weak target MW signals. Nevertheless, tude is smaller than the linewidth Awv, where Rabi
1T 10 uT 100 uT
-+ +— + e+
2 0.000 2 0.00F
= 5
direct| £ -0.002 g 0.01
Rabi | 5 _5 004 g ;
2 2 1 1 ]
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FIG.3. Dynamics of the system under direct Rabi (top) and CCDD (bottom) with varying amplitudes of the target MW signal, shown
in comparison to the system linewidth Av = 415 kHz. When the amplitude of the target MW signal is strong, such that its Rabi
frequency exceeds the linewidth, the signal drives the system effectively, allowing for robust measurement (top right). See Appendix D
for details on the amplitude dependence. In contrast, when the signal amplitude is smaller than the linewidth, the Rabi oscillations
suffer from the detuning, leading to a rapid decrease in the measurement contrast (top left). This behavior determines a lower bound of
the measurable amplitude of the target MW signal. The top axis converts the Rabi frequency into the corresponding magnetic field
amplitude (in tesla). In the CCDD case (bottom), the dressed state created by the CCDD enables robust detection of weaker signals
(bottom right). As a result, CCDD extends the minimum detectable amplitude (bottom left). The bottom axis converts the oscillation
frequency into the corresponding magnetic field amplitude (in tesla).
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oscillations are strongly damped. This behavior can be
qualitatively explained as follows: when the signal ampli-
tude is smaller than Ay, the detuning damps the Rabi
oscillations, setting a lower bound on the measurable
amplitude in GHz-range ac magnetometry. When the
amplitude exceeds the hyperfine splitting, the sidebands
are also excited, and special care must be taken in
analyzing the resulting dynamics [60].

On the other hand, the data in the lower half of Fig. 3
show the general behavior of CCDD magnetometry. The
bottom axis represents the oscillation frequency €,
expressed in terms of the magnetic field amplitude

B, = % As shown in the bottom right of Fig. 3, the decay

of the oscillations is more gradual compared with the Rabi
measurements at similar amplitudes. We note that ampli-
tude inhomogeneity in the target field can also limit the
coherence time with CCDD, but its effect is small for very
weak target signals, compared with that of the driving
fields. Remarkably, the data in the bottom left show that
the CCDD method can detect weak signals as low as
25.9 kHz. Although the contrast again decreases because
the target signal cannot drive the doubly dressed state
robustly due to the hyperfine sidebands and the large-
amplitude inhomogeneity, the prolonged coherence time
enables the detection of much weaker amplitudes of the
target signal.

B. Sensitivity

In the following, we calculate the sensitivity in our
proof-of-principle experiment for measuring the amplitude
of a GHz oscillating field with an N-V ensemble with large
inhomogeneities, with the detailed calibration procedure
described in Appendix D. We measure the signal variation
when we sweep the amplitude of the test signal, while
keeping the interaction time 7 fixed at 67 ps at a node of
the responsivity curve for slope detection [1]. Then, the
response is approximately linear to the amplitude, and its
inverse function is used to obtain the magnetic field
amplitude B, from the measurement signal S.

For test purposes, we fix the input voltage at the node
and measure the amplitude of the test MW magnetic field.
This measurement is repeated to reduce the measurement
uncertainty. We calculate the Allan deviation to character-
ize the measurement stability [61-63]. Figure 4 shows the
Allan deviation (red squares) and the standard error of the
mean of this measurement (blue circles). The Allan
deviation scales as approximately z='/2 up to 7 =0.1 s
and then gradually deviates through an intermediate cross-
over regime toward a plateau, followed by an upward
bending at longer averaging times. The initial z~!/? scaling
indicates the white noise, providing the magnetic sensi-
tivity 956 pT/+/Hz The subsequent deviation shows the
accumulation of colored noise. In particular, the plateau 7°
indicates the flicker frequency noise, while the upward

i = ADEV
= 10 - e SEM
>
= ol
£ 107°F
[0] r
(&) L
c L
> 10-10 3 | |
101 10!

Averaging time (s)

FIG. 4. Uncertainty evaluation. The amplitude of the target
MW B, is repeatedly measured under CCDD with the test MW
signal. The amplitude is the same as in Fig. 2, and the interaction
time is kept constant at 7 = 67 ps. The Allan deviation (ADEV)
and the standard error of the mean (SEM) for the measured
magnetic field amplitude B, are shown in red squares and blue
circles, respectively. Pink dashed lines are guides to the eye for
the corresponding z-scalings. The sensitivity of this amplitude
measurement is calculated to be 956 pT/v/Hz, based on the
slope of the SEM (see Appendix D).

bending at the long averaging times is indicative of long-
term drift. A detailed quantitative decomposition of the
underlying noise sources is beyond the scope of the present
work. We calculate the uncertainty of the amplitude
measurement by the standard error of the mean within
the white-noise regime. Using data acquired over 0.4 s, the
amplitude of the test signal is measured as B, = 2197 +
96 nT (see Appendix D 3 for detailed discussion on the
white-noise regime).

V. DISCUSSION

In this work, we demonstrated GHz-range ac magne-
tometry by applying CCDD to an ensemble of N-V centers
in diamond under inhomogeneous drive fields. We
observed unique transient dynamics of the system driven
by a test target signal under CCDD, which are mainly due
to the present hyperfine sidebands and the large inhomo-
geneity of control fields. We then demonstrated that
CCDD enables the measurement of weaker signal ampli-
tudes by comparing the transient dynamics under CCDD
to those observed with the direct Rabi method across a
range of test MW signal amplitudes, relative to the system
linewidth Av. These results provide practical guidance for
implementing GHz-range ac magnetometry in ensemble
systems subject to detuning of the system and inhomoge-
neity in the target signal amplitude.

The general behavior of transient dynamics under the
direct Rabi method is consistent with the results of Alsid
et al. [37] in that the signal deteriorates when the Rabi
frequency is smaller than the system linewidth. They also
reported that the sensitivity is optimized when the Rabi
frequency slightly exceeds the linewidth [(27)35 kHz in
their system]. This effect was not observed in our meas-
urement, most likely due to a shift in the zero-field
splitting of the N-V centers resulting from the heating
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by laser irradiation. Nevertheless, our results demonstrate
that even weaker signals could be measured using the
CCDD method, even in the presence of significant line-
width broadening and driving field inhomogeneity, which
are typical for spin ensembles. The advantage of the
CCDD method becomes especially prominent when detun-
ings are large compared with the signal amplitude. This
approach could provide a promising solution for systems
with a broadened spectral linewidth or limited driving field
strength.

We note previous independent work demonstrating
CCDD magnetometry with an ensemble of boron-vacancy
centers in hBN [49], where large detunings of approx-
imately 150 MHz dominate over amplitude noise. In that
study, a strong first drive of 100 MHz was applied to dress
as many spins as possible within the broadened energy
spectrum. Our results on hyperfine lines may be relevant if
the energy spectrum contains distinguishable hyperfine
lines through isotope engineering [64]. In such cases, it is
no longer clear whether applying a strong first drive
remains optimal. Under these conditions, the coherence
time of the dressed states would ultimately be limited by
the short relaxation time of hBN electron spins of
T, < 20 ps, which is about three orders of magnitude
shorter than with N-V electron spin ensembles and
severely limits the detectable amplitude. Further studies
are necessary to examine the optimal driving field ampli-
tudes across different systems with different varying
linewidths and hyperfine sublevels.

The sensitivity reported here reflects the operating
conditions adopted in this work. To prevent saturation
in the photodetector under pulsed operation, the excitation
laser power is limited, resulting in an initialization time of
2 ms. We additionally observe the spectral shift in the
energy spectrum attributed to the laser-induced heating.
Crucially, the demonstrated sensing protocol remains
robust under these nonideal yet practically relevant con-
ditions, as in miniaturized implementations [65,66].

Our study provides significant insights into the current
research on Rabi-based ac magnetometry using defect
qubits. The frequency bandwidth of such approaches is
primarily determined by the energy level of the system. In
the case of diamond N-V centers, it is given by the
2.87 GHz zero-field splitting and the Zeeman shift. Our
protocol is applicable for wide frequency ranges by tuning
the bias magnetic field. For lower transition frequencies,
the first drive must be set much lower than the energy gap
to satisfy the rotating wave approximation, and the parallel
component of the control field may no longer be negligible
[67,68]. Alternatively, different types of defect qubits with
different zero-field splittings could be employed to target
other frequency ranges. These findings could also be
applicable to current research on Rabi-based magnetom-
etry with defect qubits in applications such as microwave
device characterization [69-75], spin-wave detection

[21,22,76], high-field nanoscale or microscale NMR
[77-79], among others. CCDD is complementary and
can in principle be combined with heterodyne detection
for improved frequency resolution, e.g., similarly to
Ref. [46], but this goes beyond the scope of this work.

VI. CONCLUSION

In summary, this study demonstrated GHz-range ac
magnetometry using a large ensemble of N-V centers
under inhomogeneous drive fields, enabled by CCDD.
CCDD robustly dressed the ensemble spins and allowed
for the detection of weaker magnetic fields.

Beyond solid-state defect qubits, this technique can be
readily applied to a wide range of quantum systems. The
CCDD method is compatible with many ongoing studies
of Rabi-based ac magnetometry. Its application to spin
defects with higher zero-field splittings will extend the
detection bandwidth and broaden the utility of solid-state
quantum sensors.

ACKNOWLEDGMENTS

The work was supported by the German Federal
Ministry of Research, Technology and Space (BMFTR)
via future cluster QSENS and projects EXTRASENS
(No. 13N16935), DIAQNOS (No. 13N16463), quNV2.0
(No. 13N16707), and DLR via project QUASIMODO
(No. 50WM2170); Deutsche Forschungsgemeinschaft
(DFG) via Projects No. 386028944, No. 387073854,
No. 445243414, No. 491245864, No. 499424854,
No. 532771161, and No. 546850640; joint DFG/JST
ASPIRE program via Project No. 554644981; European
Union’s HORIZON Europe program via projects QuMicro
(No. 101046911), SPINUS (No. 101135699), CQuUENS
(No. 101135359), QCIRCLE (No. 101059999), and
FLORIN (No. 101086142); European Research Council
(ERC) via Synergy grant HyperQ (No. 856432), IQST; and
Carl-Zeiss-Stiftung. A.S. gratefully acknowledges the
support of the Clore Israel Foundation Scholars
Programme, the Israeli Council for Higher Education,
and the Milner Foundation. A.R. acknowledges the sup-
port of ERC grant QRES, Project No 770929, Quantera
grant MfQDS, the Israeli Science foundation (ISF), the
Schwartzmann university chair, and the Israeli Innovation
Authority under the project “Quantum Computing
Infrastructures.” S. O. gratefully acknowledges support
from the Japan Science and Technology Agency (JST)
via the ASPIRE program (No. JPMJAP24C1).

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available upon publication because it is not
technically feasible and/or the cost of preparing, deposit-
ing, and hosting the data would be prohibitive within the

024018-7



TAKUYA KITAMURA et al.

PHYS. REV. APPLIED 26, 024018 (2026)

terms of this research project. The data are available from
the authors upon reasonable request.

APPENDIX A: EXPERIMENTAL DETAILS

1. Setup
a. Optics

The optical setup in our experiment is schematically
shown in Fig. 5. The N-V centers are optically excited by a
green laser, which is pulsed by an acousto-optic modulator
(AOM). A continuous-wave green laser with a wavelength
of 532 nm is output from a diode-pumped solid-state laser
(Spectra Physics, Millennia eV5). The laser power can be
tuned by a pair of a half-wave plate (Thorlabs, WPH10M-
532) and a polarizing beam splitter (Thorlabs, PBS251);
the rest of the beam is blocked with a beam blocker
(Thorlabs, BT620). The beam is focused onto the AOM
(Crystal Technology 3250-220) using a plano-convex lens
(Thorlabs, AC-254-300-A-ML), after adjusting its polari-
zation with another half-wave plate (Thorlabs, WPH10M-
532). The first-order diffraction is collimated by another
plano-convex lens (Thorlabs, AC-254-300-A-ML), and its
diameter is adjusted using a beam expander (Thorlabs,
ZBE22). This beam is then focused on the diamond with a
diameter of approximately 98 pm. The red-shifted PL
from the N-V centers is collected using a CPC
(Edmund, #17-709), which is attached to the diamond
using optical glue (M-GLASS). The collected PL passes
through a long-pass filter (AHF Analysentechnik, BLPO1-
633R-25) and is detected with a photodetector (Thorlabs,
PDA100A2). Finally, the analog output is digitized by
an analog-to-digital converter (ADC) (Spectrum
Instrumentation, M4i.4420-x8) and processed by a com-
puter. The beam diameter is checked by a camera placed
behind a dichroic mirror (Thorlabs, DMLP650). The
photoluminescence is collected by a lens and imaged by
another lens onto a camera (Thorlabs, CS165MU).

M1 HWP2 PBS HWP1

/ Laser
BB
M2 L1 AOM L2 . .
i » E-Camera
ND - o
/BS
PD CPC,PCB
| ol | B " g NPBS
LPF NVD L3 DM

FIG. 5. Schematic of the optical setup. HWP: half-wave plate;
PBS: polarizing beam splitter; BB: beam blocker; M: mirror;
L: lens; AOM: acousto-optic modulator; BE: beam expander;
DM: dichroic mirror; NPBS: nonpolarizing beam splitter; PCB:
printed circuit board; NVD: N-V containing diamond; CPC:
compound parabolic concentrator; LPF: long-pass filter; and
PD: photodetector.

b. MW electronics

All MW signals are generated by an arbitrary waveform
generator (Keysight, M8915A), including the first drive,
the second drive, and the test target signal. After ampli-
fication by a MW amplifier (ar 200S1G4A), the signals are
fed into a planar antenna [58].

c. Sample

The diamond sample was created by the HPHT method,
followed by electron-beam irradiation and annealing. A
12C-enriched diamond crystal was grown by the temper-
ature gradient method at HPHT conditions of 5.5 GPa and
1350 °C using a Fe-Co-Ti solvent and a '°C-enriched solid
carbon source obtained by pyrolysis of 99.999%
12C-enriched methane. The crystal was irradiated with
2 MeV electrons to a fluence of 1 x 10'7 cm™2 at room
temperature and subsequently annealed at 1000 °C for 2 h
in vacuum. The '’C isotope ratio was measured to be
99.995% by secondary ion mass spectrometry. A (100)-
oriented plate with dimensions of 1 x 1 x 0.5 mm® was
obtained from the (100) growth sector of the crystal by
laser-cutting, followed by polishing.

d. Pulsed measurement

The initialization time for the ensemble of N-V centers
was determined by measuring the PL intensity under laser
illumination after inverting the spin state by a z pulse [80].
For each measurement, the sample was irradiated with
green laser light for 2 ms. The measurement signal used for
spin state estimation was obtained by the average PL
intensity in the initial 10 ps divided by the average PL in
the final 10 ps, to mitigate the variation in the input laser
power after the AOM. This was accomplished by gating
the ADC during the corresponding time windows. All the
experiments are controlled by our custom measurement
software [81].

2. Beam waist

The beam diameter of the irradiated green laser is
estimated from the image of PL from the diamond, as
captured by the camera shown in Fig. 6. The diamond is

FIG. 6.
98 pum.

Focus check. The beam diameter is measured to be
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FIG. 7. Initialization curve. The red curve is a fit to a
stretched exponential: Aexp[—(t/T)?] 4+ C, where p = 0.50
and T = 258 ps.

viewed through a circular hole in the PCB board. The PL is
collected by a lens placed in front of the diamond and
imaged onto the camera after passing through a dichroic
mirror. The physical length of the diamond was measured
to be 950 pm using a commercial microscope, and this
value is used to calibrate the image scale. The FWHM of
the beam is estimated to be 98 pm.

3. Initialization time

The initialization time for the measurement is deter-
mined by the method in Ref. [80]. The green laser is
applied, and MW is applied on resonance with the system.
After waiting until it reaches its steady state, the MW is
switched off. Figure 7 shows the amount of PL when the
green laser is applied continuously after the switch-off. An
increase in the PL is observed because the ensemble N-V
centers are initialized into m, = O state. f; = 2 ms is used
as initialization for the measurements in the main.

4. Note on transverse CCDD

As discussed in the main text, adoption of transverse
CCDD is beneficial for improved response of the system in
magnetometry. In addition, we consider that this approach
is suitable when the subtraction of two alternating-phase
measurements is adopted to remove the common-mode
background noise [25]. This is particularly relevant for a
large ensemble of N-V centers because colored back-
ground noise can arise, for example, due to the time-
dependent performance of an AOM [25]. Longitudinal
CCDD can be implemented by applying inversion pulses
at the end of an alternating measurement, but this intro-
duces a temporal offset between the alternating measure-
ments, potentially increasing differential-mode noise due
to variations in the input laser power. This effect can be
suppressed with transverse CCDD by shifting the phase of
7/2 pulses.

APPENDIX B: SYSTEM CHARACTERISTICS

This Appendix summarizes the characteristics of the
ensemble system, including the energy spectrum, the
inhomogeneities in the detuning and drive-field amplitude,
and the characteristic relaxation time (7,75, and 7).

(a) (b)
) @ 0.00
'c1.00 'c
=) =}
s 5-0.02
8 s
@ 0.995 E=00%
= RPN PR PP P = NP PP PP
) 2.706 2.708 2.710 9 0 250 500 750
S Frequency a@/2n (GHz) Time t (ns)
FIG. 8. (a) Energy of the system obtained by pulsed ODMR

of an ensemble of N-V centers. In addition to the central
line at w, = (27)2.7081 GHz, sidebands are observed as a
result of the hyperfine interaction with N nuclear spins
(I =1). (b) Rabi oscillations with a MW drive-field resonant
with the central frequency w,. Fitting with the function
Ag, exp[—(7/Tg, )] cos[Qf] + Cq, yields a Rabi frequency
Q; = (27)11.36 MHz and decay time T = 197 ns.

1. Energy spectrum

Figure 8(a) shows the energy spectrum of the system
using pulsed ODMR. Three dips are observed as a result of
the hyperfine interaction with the N spin (I = 1) [82],
corresponding to A =2.16 MHz, in addition to the
central line at wy, = (27)2.7081 GHz. The inhomogeneity
in the detuning is quantified by the linewidths of these dips
[16]. A Lorentzian fit yields a linewidth Av = 415 kHz.

2. Drive inhomogeneity

The inhomogeneity of the drive amplitude is charac-
terized by the decay of Rabi oscillations [52]. Figure 8(b)
shows the Rabi oscillations when the MW field is resonant
with the central line of the spectrum. Oscillations
decay rapidly, which originates from the inhomogeneity
in the drive amplitude. Fitting the data with
Ag, exp[—(7/Tq,)] cos[Q,1] yields Q; = (27)11.36 MHz,
Ag, =0.0287, and Tgq = 197 ns, which corresponds
approximately equal to 2.24 periods of the Rabi
oscillation.

Assuming a Gaussian distribution of the relative inho-
mogeneity error €¢; ~ N(0,0,.), one can show that the
probability that the N-V center stays in state |0) during
Rabi oscillations by a strong single driving field is

1

Py =5 (1+ cos(@®)e(©0:)°/2) (B1)
where ® = Q¢ is the pulse area of the single driving
field during the Rabi oscillations, and we have neglected
the effect of detuning errors and the hyperfine interaction
due to the strong driving field. In order to obtain Tg ,
we solve (QITQ]ae)z/Z = 1. Thus, we obtain that T =
TRabi/<\/§”56> = \/E/(Qﬂ’e)» where Tgyy = 27/Q; s
the Rabi oscillation period, so we estimate that ¢, ~ 0.1
in our particular experiment.
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FIG. 9. Measurement of the longitudinal relaxation time 7T'.
The data are fitted with a single-exponential decaying function,
yielding 7y = 5.0 ms.

3. Longitudinal relaxation 7'

The longitudinal relaxation time 7 of the system was
measured by observing the transient decay of the pop-
ulation after initialization. To eliminate background noise,
an alternating measurement was also employed by apply-
ing a m pulse at 11.36 MHz before the readout. The
differential signal obtained from these alternating mea-
surements is shown in Fig. 9. Fitting the data with a single-
exponential decay yields a longitudinal relaxation time
of Ty = 5.0 ms.

4. Dephasing time T’

The dephasing time of the system was measured by
observing the transient decay of the system under the
Ramsey sequence using soft pulses. After initialization, a
weak /2 pulse is weakly applied resonantly to the central
line to prepare a superposition of the two-level system. The
free induction decay was monitored by measuring the
coherence through an additional z/2 pulse, followed by
readout of the population. Likewise, alternating measure-
ments were performed by inverting the phase of the final
7/2 pulse. The resulting differential signal is shown in
Fig. 10. Fitting with a single-exponential decay curve
yields a dephasing time of 75 = 701 ns. It is worth noting
that this measurement was performed under lower laser
intensity. A reduction in the dephasing time was observed
at higher laser power, which can be attributed to the
fluctuations in the zero-field splitting parameter.
Therefore, this parameter should be interpreted as the
dependence of the sample and the gradient in the bias field.

0.01

000, ., , ., | , T8 >
0 1 2
Time (us)

Signal (arb. units)

FIG. 10. Measurement of the dephasing time 7% using the
Ramsey sequence. The data are fitted with a single-exponential
decay function, yielding 7% = 701 ns.

0.01

Signal (arb. units)

000 vt V., | 0%
50 100 150 200
Times (us)

FIG. 11. Measurement of the coherence time 7, using the
Hahn echo sequence. The data are fitted with a single-exponen-
tial decay function, yielding 7, = 47 ps.

5. Coherence time 7',

The coherence time 7, of the system was measured
using the Hahn echo sequence. After initialization, a 7/2
pulse was applied resonantly with the central line of the
system to create a superposition of the two-level system.
An inversion pulse was applied after a delay z, followed by
a second /2 pulse after an additional delay z. Likewise,
an alternating measurement was performed by inverting
the phase of the final z/2 pulses. The differential signal
is shown in Fig. 11. Fitting the decay with a single-
exponential function yields a coherence time 7, = 47 ps.

APPENDIX C: CCDD WITH SIGNALS

This Appendix details the dynamics of CCDD in the
presence of the test target signal in Sec. IV of the main text.
First, we present the alternating measurements with +y
phases for the final z/2 pulses, which are used to obtain
the differential signal in the main text. Then, we summa-
rize the dynamics of the system with different amplitudes
for the target signal in CCDD magnetometry.

1. Transient dynamics

The measurement signals of the transverse CCDD with
the test target signal in Fig. 2(c) of the main text are
obtained by subtracting the alternating measurements with
+y phases for the final z/2 pulses. Figure 12 shows the
transient dynamics of the system under CCDD with
the target signal for the two alternating measurements.
The signals measured with 7. ,/2 and z_,/2 are shown in
blue and green, respectively.

2100

c [

] L

£ 098 K
© L

3 0.96 A

D094k 1, T——
2 0 100 200 300

Time (us)

FIG. 12. Alternating signals under CCDD with signal [corre-
sponding to Fig. 2(c) in the main text]. Measurement data
obtained with 7z,/2 and z_,/2 before the readout are shown
as blue circles and green squares, respectively.
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Fourier transform of the transient measurement at different amplitudes, labeled by the corresponding oscillation frequencies.

(a) Direct Rabi magnetometry. (b) CCDD magnetometry. They are performed by changing the amplitude of the input voltage from a

MW source V,, denoted in the legend.

Small oscillations from the MW signal are observed on
top of a decaying background. In addition, a gap is present
between the alternating measurements. The contrast of the
individual oscillations under CCDD with signal is smaller
than that of the Rabi oscillations with a hard pulse in
Fig. 8(b). We attribute the slowly decaying background
observed in the individual alternating signals to charge
dynamics of the N-V center, including conversion between
N-V~ and N-V°. This contribution appears as common-
mode noise and is effectively removed in the differential
signal. We performed a series of experiments to study
these effects further, which are discussed later.

2. Amplitude dependence

Here, we detail the measuring range comparison
between direct Rabi magnetometry and CCDD magne-
tometry in Fig. 3 of the main text. In the former, Rabi
measurements are performed at different amplitudes fed
into the PCB board. In the latter, the same experiment as
in Fig. 2 is repeated for different source voltage V, of the
MW generator.

To gain insight into the contrast and decay dynamics, the
results are shown as Fourier transforms in Fig. 13. The
Rabi magnetometry spectra in Fig. 13(a) exhibit a sharp
drop once the Rabi frequency falls below the range of 372—
273 kHz, which is close to the linewidth (Av = 415 kHz).
In contrast, the CCDD magnetometry spectra in Fig. 13(b)
maintain enhanced contrast even below the linewidth. The
peak distribution changes drastically with the input volt-
ages. The peak frequency scales linearly with the applied
input voltage amplitude and is later used to calibrate the
magnetometry. The width of the distribution increases as
the input voltage increases. For some large amplitudes
above 4 mV, another small peak can be seen. Similar
behavior was also observed under the CCDD (see
Appendixes E and F).

For these complex decay dynamics, we do not explore
the optimization of the measurement conditions, and we
demonstrate magnetometry at 2 mV in the main article.
Further studies are necessary with various combinations of
the first and second-drive fields in the CCDD.

APPENDIX D: DETAILS OF MAGNETOMETRY

This Appendix details the calibration procedure of the
amplitude measurement in CCDD magnetometry, corre-
sponding to Sec. IV B of the main text.

1. Conversion of test signal amplitude

The oscillation frequency Q; induced by the target MW
signal in CCDD magnetometry is proportional to the signal
amplitude. Under the low-attenuation scheme [47], this
relationship is given by Qf = %Qt = %yeBt, where y, is the
electron gyromagnetic ratio. Figure 14 shows the mea-
sured oscillation frequencies as a function of the voltage
amplitude V, of the test MW signal from the MW source.

N 150

T _

\x/ L

2> 100

Q i

S i

o 50F .

® i

w I 0 T N B B
1 2 3 4 5

Amplitude (mV)

FIG. 14. Oscillation frequency Q{(= €,/2) under CCDD
sequence. The oscillation frequency € of the test target micro-
wave signal is measured under the CCDD sequence as a function
of its voltage amplitude V| input to the MW generator. A linear fit
yields Q{ = aV, with a = 30.7 + 0.4 [kHz/mV].
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A linear fit to the data yields Qf=aV,, with
a = 30.7 £ 0.4 [kHz/mV]. This result gives us
2
B, =2y, (D1)
Ye

which is used to convert the input amplitude V, from the
MW source to the magnetic field amplitude of the test
target signal B,.

2. Response

To measure the magnetic field amplitude, the measure-
ment signal S must be converted into the corresponding
magnetic field amplitude B. This is achieved by measuring
the response of the system under CCDD as the amplitude
of the test signal V| is varied, while keeping the meas-
urement time 7 fixed. Figure 15(a) shows the response
curve when the voltage amplitude V, of the test signal
was swept from 1 to 3 mV. The response to the signal
S is maximized in the linear region of the sinusoidal
curves. This linear regime is shown in Fig. 15(b),
where the response is described by S = RV, with
R =52.0+0.2[/V]. In the linear regime, the inverse
function can be simply obtained as V,=S/R. Combining
this with Eq. (D1), we obtain:

2
s

B.= )
YeR

(D2)

This relation is used to convert the measurement signal
S into the magnetic field amplitude in the sensitivity
estimation in the main text. A similar relation is used

(CI
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FIG. 15. Calibration of measurement response. (a) Response of
the measurement signal S as a function of the voltage amplitude
V. of the test target signal, with the interaction time fixed at
7 = 67 ps. (b) Close-up around the linear slope near V, = 2 mV.
A linear fit yields S = RV,, where R = 52.0 £0.2 [/V].

for the direct Rabi method with Q{ = Q,. It is worth noting
that we are interested in the precision of amplitude
measurement. A more detailed calibration of the meas-
urement system would be required to improve accuracy.

3. Uncertainty

As shown in Fig. 4 in the main text, the Allan deviation
deviates from 7~'/? scaling, indicating that our measure-
ments accumulate colored noise. We therefore calculate
the measurement uncertainty within the white-noise
regime. Since the Allan deviation gradually deviates from
771/2 scaling toward a plateau, it is necessary to define the
white-noise regime. In the present study, we use the data
up to the point where the difference between the Allan
deviation and the SEM is below 10% of the SEM. We
consider that the resulting measured value is reasonably
accurate from a metrological point of view. We note that if
we use the data up to the plateau, the measured value
would be precise, but not necessarily more accurate.
A detailed analysis of the measurement accuracy is beyond
the scope of the present work.

APPENDIX E: CCDD WITH RECTANGULAR
PULSES

In the main text, the Rabi frequency of the first drive is
set high relative to the linewidth of the system, exceeding
(27) 10 MHz. In this section, we examine the behavior of
the transverse CCDD using rectangular z/2 pulses at
different drive strengths. These analyses help us to under-
stand the dynamics in Appendix C 1.

Here, the same amplitude is used for both z/2 pulses
and the first drive of the CCDD. The behaviors of the
CCDD are presented for strong (Q; > 10 MHz > A)) and
weak drive fields (Q; < A)), relative to the hyperfine
splittings. Note that in the case of weak drive, Q| > Av
must still be verified to ensure robust dressing. Strong
pulses are expected to robustly excite all the hyperfine
lines, while weak pulses primarily address the central line.
We simulate the excitation profiles of /2 pulses by
plotting the fidelity as a function of detuning and ampli-
tude noise, as shown in Fig. 16. Experimentally, the drive
strength is tuned by adjusting the gain of the microwave
amplifier. The ratio between the amplitudes of the first and
second drives from the signal generator is kept constant at
10:2 such that Q;: Q, ~10: 1.

1. Strong drive

Figure 17(a) shows the CCDD signal obtained using a
strong drive Q; = (27z) at 11.36 MHz. Green circles and
blue triangles represent measurements taken with —y and
+y phase for the z/2 pulses, respectively. Note that the
time step is set to integer multiples of the Rabi period
Tq, = 2r/Q; to move into the rotating frame. Slow
oscillations are observed on top of a common-mode
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FIG. 16. Fidelity maps of rectangular z/2 pulses under detuning
and amplitude errors. (a) Hard pulse with a Rabi frequency of
10 MHz. (b) Soft pulse with a Rabi frequency of 1 MHz.

decaying background. The subtraction of these alternating-
phase signals can be used to remove this background noise,
which is shown in Fig. 17(b) with its PSD in the inset. As
expected, slower oscillations are observed at a frequency
of 1.15 MHz, which agrees with Q, /10, corresponding to
the second drive. The decay time is prolonged to ps order
compared with that of the single drive T, due to the
suppression of the amplitude noise.
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However, several features emerge that have received
limited attention in previous studies on the CCDD using
single N-V centers or a homogeneous ensemble of N-V
centers. These include (i) a gap between the alternating-
phase signals, (ii) a reduction in the measurement-signal
amplitude, (iii) a saturating background in addition to the
oscillatory component, and (iv) additional weak oscilla-
tions at a frequency of approximately 1.11 MHz.

To quantitatively capture these anomalies, we model the
differential signal as a sum of damped oscillatory terms
and a saturating background:

D = Dy + Dy,
(n)
D, = Z [Ag’z) exp [— (t/Tg’z))sz] cos (an)t + ¢g’2))}
n=1.2

Dy, = Bg, exp(—1/7q,) + Cq,.
(ED)

The oscillatory part D, is well described by a combi-
nation of primary oscillations with a larger amplitude

A = 0.0249 at Q) = (27)1.143 MHz, and secondary
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FIG. 17. Transient dynamics of the system under transverse CCDD with rectangular z/2 pulses at different drive strengths.
(a),(b) Alternating measurements and corresponding differential signals for the strong-drive case (Q; = (27)11.36 MHz). The power
spectrum density (PSD) of the differential signal is represented in the inset of (b). The differential signal is fitted with D = D + Dy,
where the oscillatory component is given by D, = Zn:m{Ag‘; exp[—t/ ng)] cos(Qé’”t + ¢g’2)} and the background is described by
Dy, = Bg, exp|—1/Ty q,] + Cq,. Detailed fitting parameters are provided in Appendix H. (c),(d) Corresponding measurements and the
differential signal for the weak drive case (Q; = (27)846 kHz). The amplitude of the control fields is adjusted via the gain of a MW
amplifier, maintaining a constant ratio between the first and second drives.
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oscillations with a smaller amplitude Agj =0.014 at

ng) = (27)1.130 MHz. The former follows a single-
exponential decay (pgz) = 1), while the latter is fitted

well by a Gaussian decay ( pgf = 2). The amplitudes of the
primary and secondary oscillations in the differential-
mode component D/2 are Agj/ 2=0.0125 and

Agj /2 = 0.0070, respectively, which is lower than that
of the first drive Ag, = 0.0287 [feature (ii)]. This suggests
that not all oscillations generated by the first drive
contribute to the second oscillations. The frequency of

the secondary peak Q?) = (27)1.130 MHz [feature (iv)]
does not agree with that expected from Mollow side bands
[38,43,83]. These results raise concerns when applied to
GHz-range magnetometry, where the target MW signal
must be resonant with the energy levels of the dressed
states. Furthermore, it remains unclear whether this sec-
ondary peak can be driven by the target microwave field.

The background D, describes the saturating signal
[feature (iii)], which asymptotically approaches Cg,.
This is more pronounced when the measurement time
is extended (see Appendix E3). The observed gap
between the alternating signals [feature (i)] manifests as
the deviation of the differential background constant from
0: Cq, = —0.012. In standard pulsed measurements such
as Ramsey or Hahn echo, the alternating signals typically
converge after the relaxation time. For sensing purposes,
the presence of this gap necessitates a larger dynamic
range in the ADC to accurately measure the alternating
signals. This approach may not be preferable when the
detection range of the ADC must be reduced to enhance
the bit resolution of the measurements [26]. While it
remains unclear from the current data whether the satu-
rating background has settled, we now turn to compare
these results with those obtained under a weak drive to
further investigate the origin of these features. A detailed
discussion of the background behavior will follow later.

2. Weak drive

Let us now examine the transverse CCDD with a weak
7/2 drive. The strength of the drive fields is reduced by
decreasing the gain of the MW amplifier. The result of the
Rabi oscillation under weak drive is shown in Fig. 18. The
signal was fitted with an exponentially decaying cosine
function, yielding a Rabi frequency of Q; = (27)837 kHz
and a decay time of T = 2.67 ps. The reduced amplitude
Ag, = 0.0071, compared with that under strong driving,
suggests that the excitation predominantly targets the
central line of the hyperfine sublevels.

Figure 17(c) shows the alternating signals from the
CCDD with reduced drive amplitude. As in the strong-
drive case, a gap remains between the two signals. The
corresponding differential signal in Fig. 17(d) exhibits

o
o
o
s}

-0.005 |-

| (arb. units)

-0.010

igna

-0.015E

S

fime t (us) -

FIG. 18. Rabi oscillations under weak driving. The MW drive
field is applied on resonance with the central frequency w, of the
sublevels. The signal is fitted with Ag exp[—(z/Tq, )] cos[Q;f] +
Cq,, yielding Q= (27)837 kHz, Tgq =2.67 ps, and
Agq, = 0.0071.

oscillations at approximately 85 kHz, consistent with
Q;/10. Compared with the strong-drive case, the initial
decay is more gradual, and the additional peak [feature
(iv)] is not present beyond the one associated with these
oscillations. An exponentially saturating background is
clearly present. Measurements over an extended timescale
reveal that this background approaches zero as the alter-
nating signals merge over time (see Appendix E 3).
Therefore, the gap in the alternating signals manifests
as the decaying background in the differential signal.

Similarly, this differential signal is again well described
by the sum of damped oscillations and a saturating
background in Eq. (El). Remarkably, the oscillation
amplitude Ag, is as low as 3.3 x 1073, attributed to the
reduced contrast of the first drive A = 7.1 x 1073. The
gap between the alternating signals is still evident with
Co, = —4.6 X 1073, The characteristic time of the satu-
rating background 7g is 471 ps.

The absence of the secondary peak under the weak
drive suggests that the signal observed with the strong
drives consists of a combination of primary oscillations
from the central line and weaker ones mainly from the
sidebands. Under the strong drive, all three lines are
excited, but the detuned sidebands are weakly excited
and oscillate at different frequencies. In contrast, under
the weak drive, the central line is mainly excited, and the
contributions from the sidebands are minimal, resulting
in single-tone oscillations.

Even considering the reduced contributions from the
sidebands under the weak drive, the contrast of the
subtracted signal Ag, = 3.3 X 1073 remains smaller than
that of the primary oscillations Ag, = 0.024, which is
presumed to originate mainly from the central line. We
attribute this discrepancy to a temporal shift of the energy
level. In our system, the energy gap is given by
wo = D —yB, where D is the zero-field splitting of spin
sublevels of the N-V center, y is the electron gyromagnetic
ratio, and B is the bias static magnetic field applied
along the N-V axis. The zero-field splitting varies
linearly with the temperature as D(T) = Dy + 92T, with

Dy = (27)2.87 GHz and z—? = —742 kHz/K [84.,85].
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FIG. 19. Transverse CCDD with (a) strong and (b) weak drive
over extended timescales. The inset of (a) is a close-up of its
initial region, indicated by the light-green dashed square. Each
signal exhibits an initial rapid decay followed by a slower decay.
Both of them are well described by a bi-exponential saturation
function: D=3 _,, bgz) exp[—1/ tgj} +cgq,. For the strong

drive, the initial and subsequent decay times are tgz)s =

4.75 ps and tgz)’s = 444 ps, respectively; for the weak drive,
tgz)_w = 153 ps and tgz)’w = 1.03 ms.

Laser-induced heating inside the diamond is likely to make
the resonant frequency fluctuate in the course of measure-
ments. Therefore, we consider that it is preferable to work
under strong-drive conditions to beat this fluctuation.
Having analyzed the oscillatory parts D, in detail, we
now investigate the background component Dy,.

3. Background

Figures 19(a) and 19(b) show the differential signals of
the transverse CCDD under strong and weak driving,
respectively, measured over extended timescales. Note that
the time step is set as integer multiples of the CCDD period
Tq,. Both results exhibit an initial rapid decay followed by
a slower decay. The former should contain the envelope of
the oscillatory component D, while the latter should
correspond to the background decay D). The background
signal saturates at long times. This behavior can be well
captured by a bi-exponential fit:

D=3 b4 exp [_z/zgg} +cq,. (E2)

n=1,2

The characteristic time of the initial decay tgz) for the

CCDD with strong and weak drives is 12.0 and 149 ps,
respectively. As expected, these timescales are consistent

with the decay time of the second drive T, . In contrast,

the characteristic times for the subsequent decay tgz) is

444 ps and 1.03 ms for strong and weak drives, respec-
tively. Both values are shorter than the longitudinal
relaxation time of the system 7'y = 5 ms.

In summary, the background signal [feature (iii)] in each
alternating signal decays at timescales longer than the
oscillation period of the CCDD, which manifests as a gap

between the alternating signals [feature (i)] at the timescale
of CCDD oscillations.

APPENDIX F: CCDD WITH COMPOSITE
PULSES

The observations presented in Appendix E for trans-
verse CCDD with rectangular /2 pulses indicate a
possible link of the transient dynamics of the transverse
CCDD to the excitation characteristics of the z/2 pulses.
To test this hypothesis, we replace the rectangular pulses in
Fig. 1(b) with a set of CPs [29,86—88] that create several
initial states with different deviations dependent on detun-
ing and amplitude noise. We then examine how these
varied deviations affect the subsequent CCDD dynamics.
In this section, we focus on two composite /2 pulses:
BB1 [89] and CORP?SE [90].

BB is well known as a broadband composite pulse that
is robust against PLE [87,89]. A BB1 CP for a rotation
angle 6 with phase ¢ is composed of four pulses:

BB1(6.9): (7)1, (27)g14,(7) g4, (0)4: (F1)

where ¢, = cos™!(—6/4r) and ¢, = 3¢, . The fidelity plot
of a BB1 /2 at a Rabi frequency of 10 MHz in Fig. 20(a)
exhibits high uniformity along the amplitude noise axis,
confirming its robustness against PLE. It also shows partial
robustness against ORE. Since the excitation profile of
BB1 is not drastically different from that of rectangular
pulses, it serves as an example of a more robust pulse.
On the other hand, CORP’SE [90] is a recently
developed CP based on the CORPSE CP, which is known
for its robustness against ORE [87,90,91]. A CORP2SE CP
consists of three pulses:
CORP™SE(0.¢): (61)y (62)y£(01)g s (F2)

_z
1

(a) BB1 (b) CORP2SE

1.
§0'55 §§05 'EO.B
(0] () 06

. 0 . -
§ _E‘ i 04
0.5 1<-0.5 02
; ) =Y

Ly cra |
-10-5 0 5 10
Detuning (MHz)

2105 0 5 10
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FIG. 20. Fidelity plots of composite z/2 pulses, consisting of
rectangular pulses with Rabi frequency of Q; = (27)10 MHz
under detuning and amplitude errors. (a) BB1 composite pulses,
demonstrating robustness against amplitude noise [pulse length
error (PLE)]. (b) CORP?SE composite pulse, showing robustness
primarily against detuning [off-resonance error (ORE)], with
reduced fidelity under large-amplitude errors.
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Here, 6, and 6, are given by

1— 2
0, = sin™! (— n a2>’ 0, =cos™!(a?), (F3)
a

where a = cos(6/2). Figure 20(b) shows the fidelity plot
of CORP?SE 7/2. It exhibits uniformity more along the
detuning axis, confirming its robustness against ORE.
However, its fidelity drops rapidly with increasing ampli-
tude noise. This is helpful to focus on the effects of
broadband excitations, independent of robustness against
amplitude noise.

1. BB1

The broadband excitation of BB1 is expected to excite
all hyperfine lines with high fidelity. Moreover, its robust-
ness against PLE should precisely prepare the super-
position state even under inhomogeneous drive fields,
leading to firm locking to the drive field. The results of
CCDD with BB1 CPs are displayed in Fig. 21(a). Notably,
the gap between the alternating signals persists. This result
suggests that the gap is unlikely to be associated with the
fidelity of the z/2 pulse. No significant differences are
observed in the differential signal (see Fig. 25). Therefore,
both hard rectangular pulses and BB1 CPs can excite the
system in a similar way, and the corresponding time
dynamics under the CCDD are similar. In short, the
improved fidelity does not eliminate the observed gap.

2. CORP?SE

Let us now turn to CORP?SE. While CORP?SE CPs are
also expected to excite all hyperfine lines, they are more
susceptible to amplitude noise originating from the inho-
mogeneous drive fields. Figure 21(b) shows the transverse
CCDD combined with CORP?SE CP. Intriguingly, the gap
between the alternating signals [feature (i)] is significantly
reduced. The alternating signals become more symmetric
with respect to a monotonically decreasing background
signal. No significant differences are observed in the
differential signal except for a reduction in the background

(@) BB1

1.00

0.98 |

0.96

Signal (arb. units)

0 20 40 60 80
Time 7 (us)

FIG. 21.

offset to Cgq, = —0.0016, which corresponds to the
reduced gap according to the previous discussion in
Appendix E 3.

Given the moderate robustness of CORP2SE, this result
supports the notion that the gap is not related to the fidelity.
The behavior of the CCDD sequence depends on the
prepared initial state. In transverse CCDD, the system is
initialized in an x-state, orthogonal to the direction of the
first drive, satisfying the spin-locking condition. Our
fidelity plots characterize the precision of state preparation
but do not indicate how the states deviate in the case of low
fidelity. The main behavior of the CCDD can be largely
attributed to the central line, which is prepared near the
x-state and contributes to oscillations driven by the second
drive. In contrast, the hyperfine sidebands exhibit mark-
edly different behavior depending on their prepared states.
All z/2 pulses with strong drives robustly excite the
central line, but only the CORP?>SE may cancel the
unwanted transformation of the sideband states, mitigating
the contribution to the gap. We investigate this hypothesis
by removing the second drive from the transverse CCDD,
which corresponds to the spin-locking experiment (see
Appendix G).

3. CORPSE
CORP?SE is a family of the CORPSE pulse family,
known for its robustness against off-resonance errors [91].
The CORPSE pulse consists of three pulses:

CORPSE(0.¢): (61)(02)4(03). (F4)

where the rotation angles are given using the parameter
B =sin~'1sin(9)] as follows:

0
0, :2n1ﬂ+§—ﬂ, (F5)
0, = 2nym — 203, (F6)
0
93 = 2”37[ + 5 — ﬂ (F7)
(b) 2
_1.00; CORP-SE
B I
=
=}
< 0.98
8
©
>
@ 096 l_ 1 1 1 1

0 20 40 60 80
Time 7 (us)

Transient dynamics of the system under transverse CCDD with CPs: (a) BB1 and (b) CORP2SE. Each composite pulse is

implemented by changing the pulse duration and phases while keeping the Rabi frequency at Q; = (27)11.36 MHz.
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FIG. 22. (a) Fidelity map of the CORPSE CP under detuning
and amplitude errors, showing robustness primarily against
detuning (off-resonance errors). (b) Transient dynamics of the
system under transverse CCDD with CORPSE CP. Compared
with CORP?SE, only a minor reduction in the signal gap is
observed, suggesting that the excitation profile of the CORPSE
family is not the main reason for the reduced gap.

with n;, n,, and n; being integers. The robustness of
CORPSE against ORE can be seen from the fidelity map
plotted against detuning and amplitude error in Fig. 22(a).
The corresponding result of the CCDD is shown in
Fig. 22(b). Although the gap is slightly reduced, the effect
is not significant in comparison with the CORP?SE.

APPENDIX G: SPIN LOCKING

The spin-locking sequence is performed similarly to the
transverse CCDD in Fig. 1(b) of the main text, except that
the second drive is not applied.

1. CORP?SE and rectangular pulse

As discussed in the previous section, the CORP?SE CP
has a distinctive effect on the background in transverse
CCDD. To investigate this effect further, we now apply
CORP?SE to a spin-locking sequence and compare the
resulting dynamics with those obtained using strong
rectangular pulses. The differential signals with CORP?>SE
7/2 pulses and strong rectangular pulses are presented in
Fig. 23. Both traces exhibit a dual-time decay and
gradually approach zero. Interestingly, the signal with
CORP?SE decays more rapidly at short times. A bi-
exponential saturation curve yields characteristic decay

times of T(l’)C2 =25.1 ps and Tglz’)& = 888 ps for the

sl
CORP?SE and 1) = 36.4 ps and 1, =786 ps for the

sl,s
strong rectangular pulses.

This result suggests that two types of subsystems follow
different types of decay dynamics that contribute to the
initial decay and subsequent decay. The CORP?SE appears
to enhance the initial decay. We attribute the subsequent
long-lived component to the on-resonant central lines,
while the fast initial decay likely arises from the hyperfine-
detuned sidebands. We consider that different initial state
distributions determined by the excitation profile of the
7/2 pulses create the difference in this effect. Notably, a

__ 0.00
2
'c
=
2 -0.02
S
Q
© -8~ CORP?SE
5-, —0.04 - C  Strong rectangular
w
i 1 1
0 1 2
Time 7 (ms)

FIG. 23. Spin locking with CORP?SE CP (squares), compared
with the result using the strong rectangular pulses (circles). The
signal under CORP?SE decays more rapidly. The signals are
fitted with a bi-exponential saturation curve, yielding decay

times of 7/} = 36.4 ps and %) =786 ps for the strong rectan-

sl,s sl,s
gular pulses and Ti,I,)CZ =25.1 ps and T;z_éz = 888 ps for the
CORP?SE.

similar dual-time decay was also observed in spin-locking
experiments under strong drive [92].

2. Strong and weak drives

We next investigate the spin-locking dynamics under
strong and weak drives to probe the decay dynamics in
the transverse CCDD sequence in Fig. 19. Figures 24(a)
and 24(b) display the results of the spin-locking sequence
under strong and weak drives, respectively. Both traces
exhibit dual-time decay and asymptotically approach zero.
The signal from the strong drive in Fig. 24 is well
described by a bi-exponential function, yielding tillz =
36.4 ps and tglz)g = 786 ps. For the weak drive, single-
exponential fits applied to the short and long timescale

regions give IERN =212 ps (inset) and tglz)w = 3.87 ms,
respectively.

(a) (b)
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FIG. 24. Spin locking with (a) strong and (b) weak drive. The
inset in (b) is a close-up of the initial part, indicated by the
blue dashed square. Both datasets are characterized using bi-
exponential saturation curves, following the same fitting model

in Fig. 19. For the strong drive, the signal is fitted with a bi-
() _

sls

36.4 ps and % =786 ps. For the weak drive, the signal is fitted

sl,s
with a single-exponential saturation function in two different

exponential saturation curve, yielding decay times of ¢

timescales, yielding =212 ps and tifzv = 3.87 ms.

sl,w
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TABLE I. Summary of corresponding timescales with a strong
drive. Top: decay times of initial oscillations of the CCDD at fine
timescales in Fig. 17. Middle: decay time of the saturating curve
of the CCDD at coarse timescales in Fig. 19. Bottom: decay time
of the spin locking in Fig. 24.

1 1
Ty Ty

CCDD (fine timescale) 12.0 ps 15.5 ps
(1) )
th th

CCDD (coarse timescale) 4.75 ps 444 ps
1 @)
tglz tsl.s

Spin lock 36.4 ps 786 ps

These results provide insight into the background signal
in transverse CCDD in Fig. 19. Remarkably, the transient
dynamics of the spin locking under weak drive [inset of
Fig. 24(b)] resemble the decay behavior of transverse
CCDD under weak drive [in Fig. 19(b)], while the
dynamics under strong drive differ substantially. The
corresponding time scales extracted from CCDD and
spin-locking experiments for strong and weak drives are
summarized in Tables I and II, respectively.

As discussed in Appendix G 1, we attribute the sub-
sequent decay in spin locking to the central line, while the
initial decay arises predominantly from the sidebands.
When a second drive is added to the spin locking for the
transverse CCDD, the central line primarily induces
oscillations, corresponding to the fine-timescale oscilla-
tions in Fig. 17(b). The envelope of these oscillations
contributes to the initial decay observed on the coarse
timescale in Fig. 19(a), while the remaining component
gives rise to the background. In contrast, the sidebands are
not effectively driven by the second drive and experience
enhanced decay from the second drive. In summary, the
oscillatory component of the CCDD stems mainly from the

TABLEII. Summary of corresponding timescales with a weak
drive. Top: decay times of initial oscillations of the CCDD at fine
timescales in Fig. 17. Middle: decay time of the saturating curve
of the CCDD at coarse timescales in Fig. 19. Bottom: decay time
of the spin locking in Fig. 24.

Tq,
CCDD (fine timescale) 149 ps
(1) (2)
th th
CCDD (coarse timescale) 153 ps 1.03 ms
(1) (2)
tsl,w tsl,w
Spin lock 212 ps 3.87 ms

central line, while the nonoscillatory background origi-
nates from the undriven central line and the sidebands,
whose decay dynamics are more sensitive to the initial
states.

According to this argument, the spin locking with a
weak drive is dominated by contributions from the central
line. When a second drive is applied, this component gives
rise to the oscillations in Fig. 17(d), which correspond to
the initial decay observed on the coarse timescale in
Fig. 19(b). In this case, the nonoscillatory background
in Fig. 17(d) should originate from the central line that is
not effectively driven by the second drive. However, this
does not account for the residual saturation level ¢y, =
—0.00196 in the inset of Fig. 24. We attribute this offset to
spins that are not effectively prepared along the x axis. For
example, the states along the z axis could evolve into a
steady state under Rabi driving, which could account for
the observed plateau in the inset. This steady state
subsequently relaxes on the longitudinal 7'; timescale.

APPENDIX H: FITTING PARAMETERS

This section summarizes the fitting parameters for
the data.

1. Main
a. CCDD characterization

The results of the Rabi sequence and the CCDD
sequence in Fig. 2 are fit with an exponentially decaying
cosine function: Ag exp(—t/Tq,)cos(Q,t) + Bg . The
resulting fitting parameters are shown in Table III.

b. Magnetometry

Transient dynamics under the Rabi magnetometry
and the CCDD magnetometry in Fig. 3 are also fit
with an exponentially decaying sinusoidal function:
Aexp(—t/T)sin(Qt + p) + C. The resulting parameters
are shown in Table IV.

2. Appendix
a. Energy spectrum

The energy spectrum in Appendix B was fitted with a
sum of three Lorentzians:

TABLE III. Fitting parameters for the results of the Rabi
sequence and CCDD sequence.

Q, To, Aq,  Pa, Co,
Rabi(n = 1) 11.35 MHz 197 ns 0.029 1.83 —0.027
CCDD (n =2) 1.134 MHz 4.58 ps 0.025 —1.00 —0.018
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TABLE IV. Fitting parameters for transient dynamics of direct
Rabi magnetometry and CCDD magnetometry.

Q/2n T A p C
Rabi (weak) 85.6 kHz 11.8 ps 0.0017 1.88 —0.0021
Rabi (strong) 946 kHz 1.65 ps 0.0090 1.97 —0.011
CCDD (weak) 20.5 kHz 140 pus 0.0026 —1.19 —0.00050

CCDD (strong) 168 kHz 32 ps 0.011 3.14 —0.00010
TABLE V. Fitting parameters for energy spectrum.
n fn (GHz) A, Av, (kHz)
+1 2.705854 —2.71 x 1073 385
0 2.708018 -3.35x 1073 415
-1 2.710167 —5.14 x 1073 422
TABLE VI. Fitting parameters for Rabi oscillations.
Q,/(2x) Ag, Tq,
Strong 11.35 MHz 0.0287 197 ns
Weak 837 kHz 0.0071 2.67 ps
Av?
x) = A & .
0= 2 Mg v e

The resulting fitting parameters are summarized in
Table V.

(a) Strong rectangular
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FIG. 25.
fitted curves are overlaid in blue.

b. Rabi

The Rabi oscillations with strong and weak drives were
fitted with an exponentially decaying cosine function:

f(t) = Aq, exp(—t/Tq,) cos(Q1).

The corresponding fitting parameters are summarized in
Table VI.

c. CCDD

As discussed in Appendixes E and F, the differential
signal of the CCDD sequence is fitted with Eq. (El).
The resulting fitting parameters are summarized in
Table VII and the corresponding fitting curves are shown
in Fig. 25.

This model captures the main features of the CCDD,
but certain features are not handled. In particular, under
strong drive with strong rectangular, BB1, and CORP>SE

pulses, long-lasting oscillations are observed beyond ng

or ng They should correspond to the line shape in the

power spectrum density shown in the insets. Similar
long-lasting oscillations are also present in Rabi oscil-
lations. They may arise from combinations of different
detuning and amplitude noise [93,94]. Further study is
required to understand their origin. On the other hand,
the model does not capture the initial decay observed
in the weak drive. Nonetheless, the current model
provides a consistent framework for extracting the
relevant timescales.

(b) Weak rectangular
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Differential signals of the CCDD with corresponding fitting curves. Experimental data are shown as orange circles, and the
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TABLE VII. Fitting parameters for CCDD.
Ay) o) Ty ) AY o T d5  Ba, 1, Ca
Strong rectangular 0.0249  1.143 MHz 12.0 us —1.94 0.0140 1.130 MHz 15.5 us 2.28 0.0238 50.3 ps  —0.0123
BB1 0.0195 1.144 MHz 12.1 ps —2.06 0.00987 1.125 MHz 16.0 ps 2.60 0.00369 71.6 ps —0.0187
CORP?SE 0.0125 1.146 MHz 14.1 ps —2.65 0.00731 1.111 MHz 15.6 ps 3.14 0.000634 39.5 ps —0.00163
Weak rectangular  0.00332 834.5 kHz 149 ps —2.65 e e e -+ 0.0141 471 ps  —0.0461
TABLE VIII. Fitting parameters for spin locking. S. Rahman, Y. Lu, M. Kianinia, I. Aharonovich, and
J.-P. Tetienne, Quantum microscopy with van der Waals
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