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Exquisite sensitivities are a prominent advantage of quantum sensors. Ramsey sequences allow precise
measurement of direct current fields, while Hahn-echo-like sequences measure alternating current fields.
However, the latter are restrained for use with high-frequency fields (above approximately 1 kHz) due
to finite coherence times, leaving less-sensitive noncoherent methods for the low-frequency range. In
this paper, we propose to bridge the gap with a fitting-based algorithm with a frequency-independent
sensitivity to coherently measure low-frequency fields. As the algorithm benefits from coherence-based
measurements, its demonstration with a single nitrogen-vacancy center gives a sensitivity of 9.4 nT Hz−0.5

for frequencies below about 0.6 kHz down to near-constant fields. To inspect the potential in various
scenarios, we apply the algorithm at a background field of tens of nTs, and we measure low-frequency
signals via synchronization.

DOI: 10.1103/PhysRevApplied.18.034058

I. INTRODUCTION

Quantum sensing promises high-resolution sensors with
unparalleled sensitivities by working with quantum prop-
erties such as coherence [1]. Nitrogen-vacancy (N-V) cen-
ters in diamond are high-potential candidates as such
sensors for their extraordinary quantum mechanical prop-
erties even at room temperature [1,2], including long spin-
coherence times [3,4]. In conventional ac field-detection
techniques with Hahn-echo and dynamical-decoupling
schemes, the phase-accumulation time for the highest sen-
sitivity is at around T2/2 [3], which dictates the lowest
frequency measurable with high sensitivity. For frequen-
cies far from 2T−1

2 , the sensitivity becomes significantly
worse. For higher frequencies, detection schemes have
been proposed and demonstrated in the GHz range [5,6].
On the other hand, the lowest frequency detected with a
Hahn-echo sequence is 833 Hz, as demonstrated with the
longest T2 [3]. Moreover, there is a significant amount of
work focusing on dc sensing with optically detected mag-
netic resonance (ODMR) measurements, which, although
generally not specifically investigated, is envisaged to
work for some low frequencies as well [7–12].
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Low-frequency sensing with high sensitivity is required
for many applications. For example, it is useful for chem-
ical structure analysis [13,14] and for searching particles
beyond the standard model [15,16] with low-field nuclear
magnetic resonance (NMR) measurements. Contrary to
NMR at high fields, at low fields, J couplings, electron-
mediated scalar couplings between spins in a molecule, are
strongly represented. Since these are highly sensitive to the
electronic structure of a molecule and its geometry, low-
field spectra tend to be rather different for each molecule,
while the differences in chemical shifts dominating at high
fields could be small [13,14]. Moreover, since the inho-
mogeneous line width is proportional to the field strength,
at low fields the line width and the signal-to-noise ratio
improve significantly [17]. Additionally, in conventional
high-field NMR, resonant frequencies can be shifted down
into the audiofrequency range (kHz and below), because
this conversion enables filtering of high-frequency noise,
and this is the region with high sensitivity for the phase
detector [18,19].

Previously, low-frequency-like fields have been mea-
sured with cw ODMR techniques [7–12]. However, a
drawback is the limited sensitivity compared to pulsed
techniques, which becomes worse with longer coher-
ence times [20]. Alternatively, a pulsed-ODMR tech-
nique was proposed, which removes the laser-induced
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power broadening and as such improves the sensitivity
significantly, although it is not as sensitive as coherence-
based sequences still [20].

For sensing at zero and ultralow fields, recently a cw
ODMR technique was applied for an ensemble of N-V cen-
ters, measuring at a field below approximately 3 μT [21].
The insensitivity normally expected for such techniques
at low field was countered by applying circularly polar-
ized microwave fields, which mostly affect one of each
energy-level pair; the levels in each pair cross at zero field.
In an alternative theoretical approach, a three-level sys-
tem control was applied, which required a low bias field
(≤ 20 G [22]).

In the following, we present a fitting-based algorithm
to measure low-frequency ac magnetic fields. With simu-
lations and measurements, we explore the features of this
algorithm; in principle, any low-frequency periodic field
can be measured. We show that for low frequencies, which
is below about

(
2T∗

2

)−1, the sensitivity of this algorithm
is independent of frequency. Moreover, we employ the
algorithm at a rather low background field to investigate

the feasibility at such fields. Finally, we demonstrate the
technique with synchronized low-frequency signals. Sin-
gle N-V centers at room temperature are used for all
experiments.

II. RESULTS

A. Algorithm

The quantum measurement utilized in the algorithm is
the free-induced decay (FID) sequence [23], as displayed
in the inset of Fig. 1(a). If the microwave (MW) frequency
of the π/2 pulses is set exactly to the energy difference
between the ms = 0 and ms = ±1 states, as appearing in
ODMR spectra [24] [Fig. 1(a)], the phase of the spin does
not change during the time delay between the π/2 pulses.
However, when a field is applied during this delay, the
phase of the spin changes. For example, depending on the
magnitude of an applied dc magnetic field, the spin rotates
along the z axis, which results in an oscillation in readout
signal [see, for example, Fig. 1(c)].

As illustrated in Fig. 1(b), in this algorithm, the
sequence to measure a low-frequency ac field consists of

(a) (b) (c)

(d) (e) (f)

FIG. 1. Algorithm. (a) Illustrative ODMR spectrum (dark red line at the top) with three valleys (indicated with red arrows) related
to the energy differences between the ms = 0 and ms = −1 states with hyperfine splitting due to the 14N nucleus. The inset shows
the basic pulse sequence for FID measurements with delay τ between the MW π/2 pulses. (b) In the algorithm, a fixed-delay FID
sequence is repeated during the period of the signal, measuring the yellow areas. Thus, the sequence functions as an oscilloscope
with quantum measurements. (c) For a single sequence with the same fixed delay, by applying a dc field the spin rotates around the
z axis depending on the size of the area (here the dc field magnitude times the fixed delay), resulting in an oscillation of the readout
(RO) signal (simulation results with blue crosses, fit with red line). Such a measurement can be used as calibration, for example for
the amplitude A (magenta dashed lines are the extrema) and the offset OS (black dashed line) from Eq. (1). (d) The final phase of the
spin (analyzed simulation results with cyan circles) depends on the measured area during each subsequence. (e) By taking the shape
of the areas into account while fitting, the parameters such as the ac field amplitude are retrieved (analyzed simulation results with
cyan diamonds, resulting field with olive line). (f) With a single FID sequence the result would be ambiguous for larger fields given
the rotational symmetry of the phase. However, the combination of multiple sequences allows some of this information to be retained
(simulation results with blue dots, fit with orange line).
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repetitions of fixed-delay FID subsequences within the
period of the field, which can be accumulated to obtain
a sufficiently significant signal. Essentially, this is simi-
lar to a classical oscilloscope (with averaging), but with
quantum measurements instead (which suggests the name
“QScope”), and the principle of repeating measurements
is quite common, an example with N-V centers is with
ODMR spectra [8]. For the resulting series of data points,
each data point with readout signal S follows from

S = A sin(ω

∫
B (t) dt + θ) + OS, (1)

where A is the amplitude, ω the frequency, θ the phase, and
OS the offset of the oscillation in the signal, which stems
from the magnetic field B that rotates the spin. The parame-
ters of this function are calibration constants (as explained
in Sec. I within the Supplemental Material [27]), which
follow from a calibration measurement giving a result as
in Fig. 1(c), or they can be computed directly from the N-
V center’s parameters (T∗

2) and the time delay [3]. For a
sinusoidal ac field, the magnetic field B at each time t is
given by

B = Bac sin(2π ft + φ) + Bdc, (2)

with Bac the field amplitude, f its frequency, φ the phase,
and Bdc the constant field offset. Thus to find the ac field
amplitude, this algorithm relies on fitting the data points of
each subsequence to find the fitting parameter Bac.

However, the field at each data point is not found
directly, as the readout signal only gives the final phase
of the spin at the end of each subsequence, as plotted in
Fig. 1(d). To retrieve the measured field accurately, the
shape of the field during the subsequence needs to be taken
into account, as implied by the integral in Eq. (1). By fit-
ting the readout signal directly utilizing integrals, the field
is retrieved accurately [Fig. 1(b,e)].

In Fig. 1(f), a directly fitted readout signal is plotted.
This illustrates an additional advantage of the algorithm,
which is an inherent increase in dynamic range for ac
fields. This is a consequence of the relatively slow increase
of field over time, which allows us to determine how
often the spin rotated fully by 2π at the extrema of the
ac field. Generally, multiple measurements have the ability
to increase the dynamic range [25].

Any periodic function can be fitted, though one require-
ment out of two is necessary to perform the measurement:
either the period of the signal needs to be known, or a
way of synchronization must exist, for example via trig-
gered measurements. The remainder of the parameters
results from the measurement, for example, in Fig. 1(e) the
phase and dc component of the sinusoid are found as well.
Throughout this paper, the main focus is on measuring
low-frequency ac fields. In other words, we measure the

amplitude, the result of which is independent of parameters
such as the phase and the dc component.

B. Sensitivity definition

The sensitivity of a measurement is its uncertainty times
the square root of the measurement time [3,26]. Therefore,
for this fitting-based algorithm, the sensitivity ηcoef of each
fitting coefficient coef is

ηcoef = σcoef
√

Tmeas, (3)

with σcoef the uncertainty of the respective fitting coeffi-
cient, and Tmeas the measurement time. The σcoef follows
from fitting the measurement data, which allows com-
putation of the standard error (uncertainty) of the fitting
coefficients.

The sensitivity depends on the time delay between the
π/2 pulses in the sequence. The optimum is derived in
Sec. I within the Supplemental Material [27]. At first, the
linear regime is investigated, since the sensitivities given
by Hahn-echo measurements are based on a single point
(at the maximum gradient), which is the linear regime.
Moreover, the sensitivity of ODMR techniques is based on
the maximum gradient of a valley in the ODMR spectrum
[Fig. 1(a)], which is the linear regime as well. Therefore,
this allows a fair comparison with these standard methods.

C. Measurement

The sample measured throughout this paper consists of
n-type diamond. It is epitaxially grown onto a Ib-type
(111)-oriented diamond substrate by microwave plasma-
assisted chemical-vapor deposition with enriched 12C
(99.998%) and with a phosphorus concentration of approx-
imately 5 × 1016 atoms cm−3 [3,28]. We target individual
electron spins residing in single N-V centers with a stan-
dard in-house built confocal microscope; each set of exper-
iments works with a different N-V center, as locations are
lost in between experiments. MW pulses are applied via
a thin copper wire. Since the nitrogen atom causes hyper-
fine splitting of the ms = ±1 states, to ensure maximum
contrast in our measurements, each energy difference is
addressed with a separate MW source [so imagine all three
frequencies indicated by arrows in Fig. 1(a) are applied],
unless stated differently. Magnetic fields are induced with
a coil near the sample. All experiments are conducted at
room temperature.

N-V centers with longer inhomogeneous dephasing
times (T∗

2) are more beneficial for the sensitivity of
coherence-based sensors, therefore, a center with a T∗

2
of about 1 ms is chosen for the initial experiments [see
Fig. 2(a)]. Although the optimum time delay is about T∗

2/2
(Sec. I within the Supplemental Material [27]), a slightly
shorter time delay is applied. The reason is that while the
sensitivity is not significantly worse for delays near the
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FIG. 2. Exploratory measurements. (a) RO signal versus delay giving the FID measurement result (data with blue crosses, fit with
red line) to determine T∗

2 (1.05+0.05
−0.05 ms). (b) Calibration measurement for a delay of 0.4 ms (data with blue crosses, fit with red line).

The horizontal black dashed line indicates the offset OS , while the horizontal magenta dashed lines give the extrema due to amplitude A
[see Eq. (1)]. (c) Example measurement exhibiting the independence of phase and offset when measuring an ac field (50-Hz signal with
an amplitude of 3.1 nT, data with blue dots, fit with orange line). (d) Example measurement for a high dynamic range measurement,
which is outside the linear regime (data with blue dots, fit with orange line). The amplitude is 100 times the amplitude in (c) and (e).
(e) Example measurement for a field of 1 Hz with an amplitude of 3.1 nT (data with blue dots, fit with orange line). The offset field of
the N-V center for the measurements in this figure is about 1.8 mT.

optimum, the apparent T∗
2 of a measurement decreases with

measurement time due to environmental effects [3]. So
even though the actual T∗

2 of the N-V center is longer than
1 ms (see Sec. II within the Supplemental Material [27]),
since long measurements are required to accurately esti-
mate the sensitivities for low frequencies, the apparent T∗

2
might be less for these measurements. Hence, we choose a
time delay of 0.4 ms, since it ensures a sensitivity within
10% of the optimum for the considered range of apparent
T∗

2s (see Fig. S2 within the Supplemental Material [27]).
First, the algorithm principles described in the previ-

ous section are elucidated with example measurements.
The calibration data, equivalent to Fig. 1(c), are depicted
in Fig. 2(b). The contrast with a time delay of 0.4 ms is
close to 30%, as expected with T∗

2 ≈ 1 ms. In Fig. 2(c),
a sinusoid with nonzero phase and dc component is mea-
sured to demonstrate the independence of such parameters
for getting the ac amplitude, here 3.1 nT. The measure-
ment of a signal with an amplitude beyond the standard
dynamic range (of a single-sequence measurement), shown
in Fig. 2(d), illustrates the increase of the dynamic range by
measuring a signal with an amplitude of 0.31 μT. Finally,
Fig. 2(e) plots a measurement result for the lowest fre-
quency measured (1 Hz) with an amplitude of 3.1 nT. This

visualizes that a large number of data points, although with
significant individual spread, indeed resemble accurately
the ac field.

D. Sensitivity measurement

To inspect the performance of the algorithm, the sensi-
tivity is calculated and measured for a range of frequencies.
Since the measurement time [see Eq. (3)] follows from the
period of the signal (period duration times number of accu-
mulations), this is a proper figure of merit, which includes
all overhead time. Moreover, it allows comparison with
the standard Hahn-echo measurement. For the latter, to
look at its best possible sensitivity, we ignore its over-
head time. However, the disadvantage in the comparison
for our algorithm is rather small, since at low frequencies,
the overhead time of the standard Hahn-echo measurement
would be negligible. As additional comparisons, we com-
pute the theoretically best pulsed ODMR sensitivity for
the measured N-V center [20,26], the averaged sensitiv-
ity over low frequencies for the longer measurement times
by fitting a Lorentzian in the Fourier spectrum [29], and
the dc-field sensitivity of the cw ODMR technique for our
sample [20].
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The calculated sensitivity, explained in more detail in
Secs. I and III within the Supplemental Material [27],
is drawn in Fig. 3(a). This shows that the sensitivity is

(a)

(b)

(c)

FIG. 3. Sensitivity. (a) Sensitivity versus frequency: data
points with blue crosses (error bars indicate standard errors);
calculated result with blue dashed line; fitted result for low
frequency with horizontal red line (ηac = 9.4+0.1

−0.2 nT Hz−0.5); cal-
culated result with Hahn-echo sequence for the current longest
T2 with magenta dashed line (adjusted from Ref. [3] with the
parameters of the current experimental setup for fair compar-
ison); calculated result for optimal pulsed ODMR [20] with
orange dashed-dotted line; averaged result over low frequencies
for Fourier-Lorentzian as a guide to the eye with purple dashed-
dotted line; calculated result for dc sensing via cw ODMR
as a guide to the eye with green dashed line at the top (for
the current N-V center and experimental setup, adjusted from
Ref. [20]); threshold frequency with vertical cyan line (fthreshold =
0.36 kHz). Insets show two examples of the amplitude uncer-
tainty versus measurement time Tmeas results (data with blue
diamonds, fits with olive lines), where fits give the sensitivities
(left for 1 Hz and right for 0.2 kHz). Note the breaks on the ver-
tical axis. Here, the offset field of the N-V center is about 1.8
mT. (b) The fixed delay applied in the subsequences for each
frequency (blue crosses), with a maximum of 0.4 ms (horizon-
tal black dashed line). For high frequencies, this delay decreases
since a minimum number of data points are required per period.
(c) Number of subsequences N (blue crosses, fit with red line)
per period, thus data points, for each frequency, with a minimum
of 4 (horizontal black dashed line). The vertical olive dashed line
is a guide to the eye at the maximum frequency where N > 4.

expected to be frequency independent below a certain
threshold frequency (see Sec. III within the Supplemen-
tal Material [27]). This is sensible, since when halving the
frequency, the period and hence measurement time dou-
bles, but the number of data points N also doubles. Since
η ∝ T0.5

meas and η ∝ σcoef ∝ N−0.5, the sensitivity is con-
stant. Above the threshold, the sensitivity becomes worse
simply because at least several data points are required in
one period of the signal [see Fig. 3(c)]; four are chosen
here for fitting the four unknowns of the current signal
shape. Compared to Nyquist’s sampling theorem, which
states that the signal must be sampled at a rate over 2
times the highest frequency component in order to recon-
struct it faithfully, a higher sampling rate is required, since
we look at a finite time of a single period only. Either
way, it is reflected by the measurements at higher fre-
quencies, where the time delay between the MW pulses
decreases linearly to maintain a sufficient number of points
[with the period of the signal, see Fig. 3(b)], and hence
the sensitivity worsens (roughly proportional to T−0.5

period,
until the overhead time becomes significant). Moreover,
for the highest two frequencies (which are outside the
studied low-frequency regime), multiple periods are mea-
sured, as fitting four unknowns on four data points is often
mathematically possible, but having more data points than
parameters is preferred for fitting.

The uncertainty σac is measured for a number of mea-
surement times for frequencies ranging from 1 Hz to 2
kHz, and the results are fitted to Eq. (3) to determine the
sensitivity for each frequency [see insets of Fig. 3(a)]. The
results are added to Fig. 3(a); they are consistent with the
calculated results. The low-frequency sensitivity is 9.4+0.1

−0.2
nT Hz−0.5. For lower frequencies, the sensitivities become
slightly worse, which we attribute to the earlier mentioned
decay of the apparent T∗

2, since determining the sensitivi-
ties for these frequencies takes more time. The results and
explanations for the other fitting parameters are given in
Sec. IV within the Supplemental Material [27].

E. Low-field measurement

Measuring at low field adds the complexity of level
(anti)crossings, which could render a sensor insensitive.
Therefore, to investigate the algorithm at low fields, first,
we cancel the field in the z direction to below approxi-
mately 1 nT, as explained in detail in Sec. V within the
Supplemental Material [27], which results in overlapping
energy levels of the positive and negative spin states. For
the sensing experiment, instead of the previous three MWs,
we use a single MW for the lower-frequency transition
only. We set the frequency of this MW to the energy differ-
ence at zero field. Now, if any magnetic field is applied, the
two overlapping energy levels change equally in opposite
directions. Thus, as long as the final MW pulse in each
FID sequence is along the same axis as the preparation
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MW pulse, both possible states have the same effect on the
readout signal, even though their spins rotate in opposite
directions effectively [see Fig. 4(d,e)].

(a)

(b)

(c)

(d) (e)
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0.000 0.005 0.010 0.015 0.020

FIG. 4. Low-frequency sensing at low field. (a) Calibration
measurement for a delay of 0.2 ms around zero field (RO sig-
nal is readout signal, data with blue crosses, fit with red line).
The cyan-shaded area indicates the range of fields that include
the actual zero field based on FID measurements (Sec. V within
the Supplemental Material [27]), while the extremum (vertical
magenta line) in this region is when the additional field cancels
the remaining background field exactly. The measurements in
(b) and (c) are performed at a background field of 30 nT (black
dashed lines). (b) Example measurement for a field of 50 Hz with
an amplitude of 10 nT at a background field of 30 nT (data with
blue dots, fit with orange line). (c) Uncertainty versus measure-
ment time to find the sensitivity for the same signal as in (b)
(data with blue diamonds, fit with olive line). (d) Near zero field,
when the preparation MW pulse (first lower red rectangle after
the laser pulse), here (π/2)x, and the readout MW pulse, here
(π/2)y , are along different axes, the result depends on the spin
state and roughly averages towards a field-independent value
(black arrows). (e) When the readout MW pulse is along the same
axis, here (π/2)x, the readout result is the same (black line) for
each spin state, enabling measurement of the field.

To measure a low-frequency field, the background field
needs to remain sufficiently constant during the measure-
ment; for example, the daily fluctuation in the earth mag-
netic field is in the order of tens of nTs [30]. To limit the
measurement time, we choose a frequency of 50 Hz and
we use a delay of 0.2 ms. The calibration measurement
is displayed in Fig. 4(a), for which the background field
is close to 0 T. FID measurements locate the zero field
within a range of tens of nTs, such that the valley in the
calibration measurement in this range gives the actual zero
field, here with a precision of 0.7 nT (see Supplemental
Material V [27]).

For the low-frequency measurement, instead of mea-
suring at exact zero, we measure closer to the linear
regime, resulting in a background field of ∼ 30 nT. An
example measurement is plotted in Fig. 4(b); the slight
asymmetry around the center horizontal indicates that we
are at the edge of the linear regime. At this background
field, we measure the sensitivity, which is 31+1

−1 nT Hz−0.5

[Fig. 4(c)]. This low-field sensitivity is worse compared
to the high-field sensitivity, mostly owing to the 2 times
shorter time delay and the single-tone MW (instead of mul-
titone), and to a lesser degree owing to the lower coherence
time of the measured N-V center, the vicinity of the nonlin-
ear regime, and a nonperfect detuning (Sec. V within the
Supplemental Material [27]).

F. Synchronized measurement

So far we study signals with a known period, but as men-
tioned in Sec. II A, an alternative is measuring synchro-
nized signals, such as NMR signals. To obtain an example
low-frequency NMR signal, the sample (water or ethanol)
is placed inside a permanent magnet (approximately 1 T)
at room temperature, and with a rf π/2 pulse emitted via
a coil around the sample, its nuclear spins are excited.
This pulse marks the synchronization time. The transient
emitted field, so here its free nuclear precession response,
is picked up via the same coil, which is connected to
the coil around the N-V center via a switch in order to
record it by the N-V center. Owing to mixing the emit-
ted signal with a reference oscillator, a down-converted
low-frequency signal is obtained (see the Appendix for
details). Since the signals decay and thus a large differ-
ence in amplitude between the start and the end exists, a
delay of 0.1 ms is chosen to allow higher amplitudes to
fit the linear regime, while also easing the environmental
effects given the required long measurements [3], reducing
the sensitivity by less than 2 times compared to the initial
measurements (Figs. 2 and 3).

For the straightforward case of deionized water, the
result is plotted in Fig. 5(a). A low-frequency signal of
about 7 Hz is measured, the amplitude of this signal decays
from 43.7 to 2.5 nT in 0.35 s due to the inhomogeneous
dephasing time T∗

2 ≈ 0.2 s. On the other hand, ethanol has
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FIG. 5. Synchronized low-frequency sensing. (a) Free nuclear
precession RO signal versus time for part of the time axis (total
length is 1.0 s, repeated 10 000 times, data with blue dots, fit with
orange line) measuring the response of a deionized water sample
after applying a rf π/2 pulse. Here, the amplitude of the low-
frequency signal (7 Hz) starts at 43.7 nT (left side), and decays
to 2.5 nT (right side). (b) Free nuclear precession readout signal
versus time for part of the time axis (total length is 1.0 s, repeated
20 000 times, data with blue dots, fit with orange line) measuring
an ethanol sample after applying a rf π/2 pulse. Here, the ampli-
tudes of the low-frequency signal start at 9.6 nT (7 Hz), 19.7 nT
(14 Hz), and 13.6 nT (21 Hz), and decay to 0.4 nT, 0.9 nT, and
0.6 nT, respectively. The offset field of the N-V center for the
measurements in this figure is about 0.5 mT.

a more involved spectrum given the three discernible pro-
ton groups, of which notably the CH3 and CH2 groups are
sufficiently close to have split peaks caused by J coupling.
As the focus is on low-frequency measurements, we aim to
measure the peaks of the CH3 group, which are shifted to
around 14 Hz. The readout signal is shown in Fig. 5(b), and
the amplitudes of the three low-frequency signals (7, 14,
and 21 Hz) are 9.6, 19.7, and 13.6 nT initially, and decay to
0.4, 0.9, and 0.6 nT in 0.27 s with T∗

2 ≈ 0.2 s. The roughly
1:2:1 structure in amplitude with a peak-to-peak difference
of 7 Hz is in good agreement with the known J -coupling
value of ethanol’s CH3 group (3JH,H = 6.9 Hz [31]).

III. DISCUSSION

To compare our results with the standard coherent
method for measuring ac fields, the Hahn-echo sequence
[32], we use the results of the single N-V center with
the longest coherence time published so far [3], as this
allows measurement of the lowest frequency. The fre-
quency dependency of this sensitivity is added to Fig. 3(a).

Naturally, since our fitting-based algorithm needs at least
several data points each period while the Hahn-echo mea-
surement requires just one, our sensitivity at higher fre-
quencies is worse compared to the Hahn-echo measure-
ment. However, the Hahn-echo sensitivity at low frequen-
cies becomes exponentially worse due to a finite T2 (2.4
ms). The threshold frequency is about 0.36 kHz.

As an alternative, we analyze the measurement data by
applying the Fourier transform and fitting a Lorentzian to
find the amplitudes, which is a common way to process
the frequency spectrum [29]. As this is rather sensitive to
the noise near the single sharp peak (see Sec. VI within
the Supplemental Material [27]), the uncertainties vary
greatly; the example in Sec. VI within the Supplemental
Material [27] is the most common case. Hence, to get an
impression of the low-frequency amplitude sensitivity, the
mean of the sensitivities for the long measurements times
(thus the noise is averaged for longer) is added to Fig. 3(a).
Although the sensitivity is significantly worse compared
to the one from the time-domain analysis, care should be
taken when interpreting these results. Depending on the
application, processing the data in the frequency domain
with different methods (instead of Lorentzian fitting) could
be suitable and could result in improved sensitivities.
Nonetheless, when looking at the spectral resolution, time-
domain fitting methods, such as harmonic inversion [33],
which finds the frequency and amplitude of K combined
cosines given N data points, have an in principle “infinite”
frequency resolution, thus the Fourier transform seems
lacking with a T−1 spectral resolution. Once again, since
both domains do contain all information, it might be pos-
sible to extract the same spectral information from the
frequency domain as well, but it seems that the time
domain has the more convenient methods.

The dc sensitivity for our N-V center utilizing the well-
known cw ODMR method [20] is drawn in Fig. 3(a) as
well. It shows that the dc sensitivity is over 2 orders
of magnitude worse; any low-frequency algorithm would
have a sensitivity strictly worse than the dc sensitivity.
This improvement is as expected, since coherence-based
methods are more sensitive and benefit more from longer
coherence times than noncoherence-based ones [20]. A
reason is the power broadening due to the laser and the
MW. When comparing with recent results of cw ODMR
experiments, the sensitivity of our algorithm with a sin-
gle N-V center is comparable to the sensitivity of earlier
ODMR techniques with ensembles (for example, with 1013

N-V centers giving η ≈ 2.9 nT Hz−0.5 [9]). For fair com-
parison, for both techniques all overhead is included. With
the single N-V center in the current experiment, a rather
high spacial resolution is possible compared to ensem-
bles. More recent ODMR techniques with ensembles have
an improved sensitivity, however the lowest frequency
is about 5 Hz [11], while our algorithm has no lower
bound in principle. Additional technical improvements
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have enhanced the sensitivity even further, as for example
with flux concentrators for a bandwidth of 20–200 Hz [12].

The power broadening induced by the laser can be
removed by utilizing the pulsed ODMR method. However,
the sensitivity is worse by a factor of

√
2e, with e Euler’s

number, and an additional reduction occurs due to a loss
in contrast [20]. This theoretical sensitivity, based on the
results with the Ramsey sequence (thus assuming fitting
as well), is plotted in Fig. 3(a). We are not able to ver-
ify this theoretical best sensitivity for pulsed ODMR, as
the contrast decreased rapidly while elongating the MW
pulse. The pulsed ODMR in Sec. V within the Supplemen-
tal Material [27] utilizes a MW pulse length of 1.5 μs,
which is still orders of magnitude away from the opti-
mum around T∗

2 [20]. Likely, this is a technical limitation
only. Nonetheless, compared to our results with the Ram-
sey sequence, the sensitivity is worse. Moreover, the range
of measurable field amplitudes is significantly lower, since
this is limited by the line width of the pulsed ODMR spec-
trum, hence a measurement such as in Fig. 2(d) would not
be possible.

Besides measuring the ac amplitude of a field, the dc
component, the phase and potentially the frequency (for
measurements using synchronization only) follow as well
(see Sec. IV within the Supplemental Material [27]). For
the dc component, although it follows from fitting, the sen-
sitivity is the same as expected from its standard method
(a single fixed-delay FID sequence [26]). This is intuitive,
since within the same measurement time, the sequence is
repeated the same number of times for both. Moreover, for
this algorithm, the ac sensitivity shows to be about

√
2

worse than the dc sensitivity, as is expected from theory
(see Sec. I within the Supplemental Material [27]). The
intuition is that for fitting a constant, a single data point
suffices, while fitting an amplitude, which essentially is a
difference between two points, requires double the points.
Since, as mentioned before, η ∝ N−0.5, this gives the factor
of

√
2.

Although the linear regime of the algorithm is inves-
tigated so far to compare with other methods, it can be
extended to work outside this regime. This allows mea-
surement with a higher dynamic range, as, for example,
shown in Fig. 2(d). Multiple readout phases are required
(this is possible via changing the phase of the MW pulses),
and the resulting sensitivity is

√
2 worse compared to just

measuring in the linear regime (see Sec. VII within the
Supplemental Material for details [27]). Note that the latter
is an effect expected for increased dynamic range measure-
ments [25], it is not a direct effect of the low-frequency
algorithm itself.

We exhibit the working of our algorithm at a field 2
orders of magnitude lower than before, and in principle,
it works at zero field. However, around zero field, it is in
the nonlinear regime, and the sensitivity would decrease
[contrary to a nonzero field offset, multiple readout phases

are not possible in this case, see Fig. 4(d,e)]. Measuring at a
delay-dependent field offset, for a delay of 0.2 ms it is a few
tens of nT, a signal can be measured in the linear regime at
a sensitivity about 1.5 times worse compared to high-field
measurements, as the states with a nitrogen nuclear spin
of 0 are not utilized (thus lowering the contrast) given the
dependence on electrical field and strain. This is in prin-
ciple sufficient for ultralow field NMR and for biomedical
applications. Even at zero field, the field is only as zero
as the signal that is measured. Nonetheless, from a the-
oretical point of view, the sensitivity at zero field while
measuring a field with an amplitude of zero is negligible,
since it is always at an extremum, which has zero gradient
[Fig. 4(a)]. However, a neat way to circumvent this is to
apply circularly polarized MW pulses [21], also possible
for large areas [34], which allows to move the maximum
gradient to zero field. Thus, with such technical additions,
the algorithm itself works at the true zero field as well.

For demonstrating the measurement of synchronized
signals, a NMR signal is chosen. Although here it is not
our focus, we give a short comparison with previous N-
V center NMR research [29]. There, the high-frequency
NMR spectrum for water is measured with an ensemble
of N-V centers resulting in a line width of 9 ± 1 Hz with
a signal frequency of approximately 3.8 MHz for the free
nuclear precession measurement. Opposed to the conven-
tion of standard NMR, they found their line width via a
fit to the power spectrum, which decreases the line width
to

√√
2 − 1 ≈ 64% of the conventional line width. The

conventional line width for our measurement of a water
sample is 1.6 Hz (see Sec. VIII within the Supplemental
Material [27]), hence in principle we show an improve-
ment by an order of magnitude. However, note that their
experiment is rather different, so this does not properly
reflect the methods. Ultimately, for both methods, the line
width is limited by the coherence time of the NMR sam-
ple in conjunction with the noise. Since at lower fields,
narrower line widths are possible under similar conditions
[17], there is significant potential for our low-frequency
algorithm. Although the low-frequency NMR signal is
created specifically to demonstrate the synchronized mea-
surement, as potential application we consider low-field
NMR with a N-V center near the surface [35] to sense
chemicals or single molecules [36].

For synchronized measurements, the sensitivity is fre-
quency independent up to a maximum frequency. How-
ever, note that for the nonsynchronized measurements,
even though the sensitivity is the same for every fre-
quency as well, a single sequence is designed for a cer-
tain period only. By accumulating measurements over
many periods, the sequence functions as a filter, where
the shape depends on the number of accumulations and
with maxima directly related to this period (for the base
frequency and its harmonics up to a maximum). Thus,
for the nonsynchronized case, the same sensitivity can be
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reached for any low frequency by changing the sequence
accordingly.

Finally, we reflect on our method in a more general
way. In principle, the measurement subsequence could
be replaced by different options, and the analysis method
could be replaced by alternatives, and low-frequency fields
can be measured still. When it comes to the measurement
subsequence, for example, pulsed ODMR could replace
the Ramsey subsequence, while other promising sequences
are less straightforward to use when repeating the full
sequence over multiple periods, such as ones with MW fre-
quency offsets [37]. Many choices for the analysis method
exist as well. For example, there are Fourier-based meth-
ods [29] and harmonic inversion [33], which require little
prior information, where harmonic inversion is more sus-
ceptible to noise but has a great spectral resolution, while
Fourier is rather intuitive. On the other hand, Bayesian
inference [38] requires decent prior knowledge, and excels
in analyzing large data with underlying models. Fitting
is somewhere in between: some prior knowledge is often
helpful, it is resilient to noise, it has a decent spectral res-
olution, it is fairly intuitive, but the number of data points
should be relatively small. The choice depends on the cir-
cumstances. In our case, we choose to use Ramsey, as it
gives the best sensitivity, and we choose to analyze via fit-
ting, which processes all data points at once, suitable for
accumulated data, and in principle any periodic signal with
known shape, such as a triangular wave, can be measured.

In conclusion, we demonstrate an algorithm with
a frequency-independent sensitivity for measuring low-
frequency fields. We show its working for ac magnetic
fields, yielding a sensitivity of 9.4 nT Hz−0.5 for a sin-
gle N-V center for frequencies ranging from about 0.5
kHz down to 1 Hz, and it is expected that the sensitivity
remains the same at even lower frequencies. The algorithm
works for any periodic low-frequency field, as essentially it
works as a quantum oscilloscope, and multiple parameters,
such as phase and offset, can be determined. Moreover,
the algorithm works at ultralow field, here demonstrated
at 30 nT, and it can be extended to zero field. As example
of a synchronized signal, we measure low-frequency NMR
spectra for deionized water and ethanol, showing line
widths in the order of a Hz. This technique is promising for
applications that require highly sensitive low-frequency
quantum sensing with nanoscale resolution such as low-
field NMR, magnetic resonance imaging, and diagnostic
evaluation of integrated circuits.
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APPENDIX: NMR SIGNAL GENERATION

The static magnetic field B0 is generated by a thermally
stabilized permanent magnet (B0 = 1.0 T; Magriteck Spin-
solve 43 Carbon). The rf coil for excitation and detection
(swapped between via a Mini-Circuits ZYSWA-2-50DR+
switch) of nuclear spins is wound around the NMR glass
tube and inserted to the NMR magnet (3.1-mm coil diam-
eter; 8-turn solenoid; L = 186 nH). The sample volume
surrounded by the coil is approximately 20 μl. The coil
is tuned to the frequency of the proton spin (44.145
MHz) with a standard LC circuit with variable tuning and
matching capacitors and the quality factor of the coil is
210.

The rf pulse is generated by an arbitrary waveform gen-
erator (Rigol DG 4102) and is typically approximately
1.5 ms long with approximately 1-mW power at the res-
onant frequency. The NMR signal from nuclear spins is
first amplified by a factor of 100 (40 dB) by a low-noise
voltage amplifier (FEMTO GmbH DHPVA-201), and then
down-converted to audiofrequencies by mixing with a ref-
erence rf signal with a double-balanced mixer (R&K Co
Ltd MX010-0S). This signal is further amplified by 20 dB
and filtered for frequencies below 1 kHz with a second
amplifier (Stanford Research SR560) before transferring to
the coil around the diamond sample. This coil consists of
three turns and has a conversion factor of 12.3 μT V−1.

For the NMR samples, deionized water and ethanol are
obtained from Fujifilm Wako Co and degassed prior to use.
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