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Nuclear magnetic resonance spectroscopy with solid-state spin sensors is a promising pathway for the
detection of nuclear spins at the micro- and nanoscale. Although many nanoscale experiments rely on a
single sensor spin for the detection of the signal, leveraging spin ensembles can enhance sensitivity,
particularly in cases in which the signal merely originates from statistically polarized nuclear spins. In
this Letter, we introduce multipoint correlation spectroscopy, which combines the advantages of two
well-established methods—correlation spectroscopy and quantum heterodyne detection—to enable
temporally efficient measurements of statistically polarized samples at the nanoscale with spin ensembles.
We present a theoretical framework for this approach and demonstrate an experimental proof of concept
with a nitrogen vacancy center in diamond. We achieve single hertz uncertainty in the estimated signal
frequency, highlighting the potential applications of the technique for nanoscale nuclear magnetic
resonance.
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Nuclear magnetic resonance (NMR) has been widely
used for multiple applications in physics, chemistry,
biology, and medicine for the past several decades.
However, detection of a signal typically requires significant
thermal polarization of a nuclear spin sample, which
generally exceeds several μm3 [1–3]. The thermal polari-
zation increases when stronger bias magnetic fields are
applied, rendering high magnetic fields common for NMR
experiments. Solid state spin sensors, such as the negatively
charged nitrogen-vacancy (NV) center in diamond, allow for
a significant reduction of the sensing volume to a few nm3

[4–6]. Then, statistical polarization becomes dominant,
especially at low magnetic fields [7,8]. In this regime, the
polarization follows Poissonian random statistics ∝N−1=2

nuc

and is dependent only on the number of nuclear spins Nnuc
in the sensing volume and no longer on the bias mag-
netic field [4,5]. This enables applications such as single
molecule [9] or spin [10] spectroscopy and the determination
of nanoscale structures at ambient conditions [11,12].
Several measurement protocols have been established to

detect nano- and microscale NMR signals with NV centers,

most prominently correlation spectroscopy (CS) [13–17],
quantum heterodyne detection (QDyne) [8,18,19], and
CASR [20–22]. CS correlates the phases ϕ0;ϕk acquired
at times T0; Tk, respectively, by a quantum sensor during
two sensing periods, as shown in Fig. 1(a). The phase ϕ0 is
stored in the populations of the quantum sensor [13–15] or
an ancillary memory qubit [16,17,23]. By sweeping k, the
autocorrelation of the accumulated phases ϕ0 and ϕk is
detected. The frequency resolution of this method is limited
by the spin lifetime of the NV center [13–15] or that of
the ancillary memory qubit [16,17,23], where the latter
can be several orders of magnitude longer [16], leading to
improved resolution. A major disadvantage is the typically
long idle time between the two phase acquisition periods
when no data are acquired. Furthermore, multiple mea-
surements have to be performed, where the idle waiting
time is varied, in order to obtain the phases correlation
function.
QDyne mitigates this problem by repeating the meas-

urement at a constant rate, determined by the time needed
for initialization, detection, and readout [18,19], as visu-
alized in Fig. 1(b). This significantly reduces the temporal
overhead of the measurement, resulting in efficient signal
acquisition. The correlations are established indirectly and
are retrieved in postprocessing. However, Qdyne is limited
by the low readout efficiency for single NV centers due to
photon shot noise [8]. The experiments then require a
longer measurement time to reach a sufficient signal-to-
noise ratio (SNR), limiting sensitivity.
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Using multiple NV centers in an ensemble simultane-
ously can significantly improve sensitivity [24]. However,
the SNR of QDyne in nanoscale NMR does not improve
with a larger number of NV centers. While the photon shot
noise decreases, the detected signal also drops with
statistical polarization. Specifically, the photoluminescence
signal from the j th NV center is linearly dependent on its

acquired phase ϕðjÞ
k , which varies for each NV center as

they have different sensing volumes. As all NV centers are
read out simultaneously, averaging is performed over all
these phases. This leads to an effective increase in the
sensing volume, resulting in a reduction in the signal
detected from statistical polarization [4,5]. As a result, there
is typically no net benefit when using QDyne with an NV
ensemble (see Supplemental Material [25]). By contrast, CS,
with its direct detection of phase correlations, detects a
signal, which is proportional to the average phase variance
for each NV center. Thus, the effective sensing volume does
not increase, making CS applicable to NV ensembles [7].
In this Letter, we introduce multipoint correlation spec-

troscopy (MCS), which combines the advantages of QDyne
and CS, i.e., the high data acquisition rate of the former
and CS’s improvement of sensitivity with multiple NV
centers without the loss of statistical polarization signal.
Specifically, MCS detects the correlation of an initial phase
ϕ0 with many subsequent phases ϕk, acquired in a QDyne-
type fashion. By storing the information about ϕ0 in a
memory qubit, the following phases ϕk can be correlated
with ϕ0. The protocol is limited by the lifetime of the
memory qubit, which can reach up to a second for the
intrinsic nitrogen nuclear spin [26], allowing for single-
hertz resolution.
Theory—The theoretical description of MCS is general as

it is applicable to any pair of a sensor (e) and a memory (n)
qubit for advanced quantum sensing. Figure 1 shows a com-
parison of CS, QDyne, and MCS. In our particular experi-
ment, we use a negatively charged NV center in diamond
with its electron spin—the sensor qubit, and the nuclear
spin of nitrogen—the memory qubit. To match its descrip-
tion, the states are labeled as jmsiejmIin, corresponding
to fj0iej0in; j0iej þ 1in; j − 1iej0in; j − 1iej þ 1ing, (see
Fig. 2 and [25]). The system is initialized in state
j0iej0in [step I in Fig. 1(c)]. For simplicity of presentation,
initialization is assumed as ideal. Imperfect initialization
would lead to reduced contrast [25].
MCS then includes an initial phase acquisition (step II),

where a signal-dependent phase ϕ0 is accumulated and
subsequently stored as a population difference in the 14N
nuclear spin memory qubit. We apply a π=2 pulse on the
sensor spin to create a coherent superposition state. Then
we use dynamical decoupling (DD) with the XY8 [27]
sequence to increase the coherence time and allow for the
detection of weak oscillating signals [28]. Robust DD
sequences [27,29–32] allow for phase acquisition with NV
ensembles where frequency and amplitude inhomogene-
ities might be present [25]. We apply DD on resonance, i.e.,
the time between the centers of the π pulses is τ ≈ 1=ð2νsÞ
[28], where νs ¼ ωs=ð2πÞ is the frequency of the signal and
ωs its angular frequency. In the case of nano-NMR, based
on statistical polarization, νs is the expected Larmor
frequency of the nuclear spins ensemble [7]. The accumu-
lated phase is [28]

(a)

(b)

(c)

(d)

FIG. 1. (a) CS measurement scheme with ancilla based
memory. (I) The memory spin n is initialized before (II) acquiring

an initial phase ϕðjÞ
0 with the sensor spin e, where (j) denotes the j

th repetition of the experiment or the j th NV in an ensemble,
j ¼ 1;…; N (j omitted for simplicity in the figure) and mapping
it onto the memory spin by using a Ce NOTn gate. In a subsequent

phase measurement (III) the phase ϕðjÞ
k ðk∈ f1;…;MgÞ is

acquired, which is correlated to the initial phase by performing

a Cn NOTe gate. The phases ϕ
ðjÞ
k depend on the signal phase ξðjÞs;k

at the beginning of the respective phase acquisition. (b) QDyne
measurement scheme. Only a sensor spin e is used to acquire
the phases ϕk at a constant rate. Commonly, the protocol is
performed for more than M þ 1 phase acquisitions in order to
improve the SNR. (c) MCS scheme. Similar to CS, a sensor and
memory spin are used to establish correlations between an initial
phase ϕ0 and the measurement phases ϕk by storing and
retrieving ϕ0 on the memory spin. M þ 1 phase acquisitions
are performed during one sequence, which can be repeated N
times. (d) Comparison of the SNR of the three protocols vs the
numberN of NV centers in an ensemble, where photon shot noise
is assumed to be the main noise source. SNR of MCS and CS
(QDyne) protocols are normalized to the one of MCS (QDyne)
with a single NV center. SNRQdyne does not change with N while

SNR of both CS and MCS ∝
ffiffiffiffi
N

p
. MCS is favorable by factor

fT ∝
ffiffiffiffiffi
M

p
to CS as its data acquisition lacks long waiting times.
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ϕðjÞ
0 ≈

2

π
gðjÞs;0tDD cos

�
ξðjÞs;0

� ¼ 2

π
γNVB

ðjÞ
s;0tDD cos

�
ξðjÞs;0

�
; ð1Þ

where gðjÞs;0 is the signal amplitude, which is proportional to

the signal magnetic field envelope BðjÞ
s;0, tDD is the XY8

duration, and ξðjÞs;0 is the signal phase at time T0 when
detection starts. The superscript j∈ f1;…; Ng denotes the
respective value for the j th sensor in an ensemble or the
j th experimental run when the measurement is performed

on a single spin pair. The phase information ϕðjÞ
0 is then

transferred to the populations of the sensor spin states by a
π=2 Y pulse and is subsequently stored in the population
of the memory qubit by a π pulse on the memory qubit,
conditioned on the spin state of the sensor, which we label a
Ce NOTn gate.
In step III, we perform a series of subsequent phase

measurements. In each experiment, the sensor is prepared
in the state j0ie, ideally without affecting the memory qubit.
Then, we repeat the previous step and the sensor accumu-
lates a phase

ϕðjÞ
k ≈

2

π
gðjÞs;ktDD cosðξðjÞs;kÞ; ð2Þ

where gðjÞs;k ¼ γNVB
ðjÞ
s;k is the signal amplitude during the k th

period. The signal has the phase ξðjÞs;k ¼ ξðjÞs;0 þ ωsΔTk at
the beginning of k th detection with ΔTk ¼ Tk − T0.

Information about the initial period phase ϕðjÞ
0 is retrieved

after every phase acquisition with a π pulse on the sensor
spin, conditioned on the memory spin state, which we label
Cn NOTe gate. The population of the sensor spin state j0ie
and the detected signal depends on the correlation between

ϕðjÞ
0 and ϕðjÞ

k [25]:

Sk ≈ η

�
1þ c

2
hϕðjÞ

0 ϕðjÞ
k i

�

¼ η

�
1þ c

2

4

π2
γ2NVB

2
rmst2DD cos ðωsΔTkÞ

�
; ð3Þ

where η ¼ ðη0 þ η1Þ=2 is the average signal, typically the
number of photons, with η0 (η1) the expected signal when
the sensor qubit is in state j0i (j − 1i), and c ¼ ðη0 − η1Þ=η
is the relative experimental contrast. The phase ϕðjÞ

k is

assumed to be small, so that sinðϕðjÞ
k Þ ≈ ϕðjÞ

k for the first
equality. The averaging h·i is done on the j ¼ 1;…; N
different sensors in the ensemble or over the N repetitions
of the experiment on a single spin pair. The quantity B2

rms ¼
B2
s=2 for a classical signal with a constant amplitude BðjÞ

s;0 ¼
BðjÞ
s;k ¼ Bs for all measurements (or all spin pairs in an

ensemble), or Brms is the root mean square of the magnetic
field due to statistical polarization, sensed by a sensor spin
in an ensemble [7,8,25]. The signal obtained after every
k th measurement allows for extraction of the correlation
between the accumulated phase during the k th measure-
ment and during the initial measurement. The signal scales
as Sk ∼ η ∼ N, while the usually dominant photon shot
noise ∼

ffiffiffiffi
N

p
, leading to improved SNR ∼

ffiffiffiffi
N

p
, as shown in

Fig. 1(d). This is a significant advantage over Qdyne with
spin ensembles, where the signal from the k th measure-

ment depends on hϕðjÞ
k i ∼ Brms=

ffiffiffiffi
N

p
for j ¼ 1;…; N, mean-

ing that SNRQdyne does not improve for ensembles with N
spins compared to the single spin case [25]. Although the
signal oscillates with an angular frequency ωs, measure-
ments at times Tk typically detect an undersampled
frequency ωu ¼ ð2πÞfu, related to ωs [7,8,18], which
can be extracted by performing a Fourier transform. As
the detected signal is related to the autocorrelation function
of the sensed magnetic field, the Fourier transform pro-
duces its power spectral density [25]. The line width is
∼1=T total ≈ 1=ΔTM, where M is the total number of phase
acquisitions after the initial phase accumulation. The total
measurement time T total is limited by the lifetime T1;nuc of
the memory spin qubit, considering that it could be affected
by the initialization of the sensor spin [25]. The key
advantage of MCS over CS is an improved SNR by factor:

(a) Quadrupole & 
Nuclear Zeeman

mI=-1
mI=+1
mI=0

Hyperfine

|A |

|A |

mI=0

mI=±1
D-γNVBz

ms=-1

ms=0

Bz=0.2T

(b)

D

ms=±1

Bz=0

ms=0

Zeeman

FIG. 2. (a) Level scheme of an NV center. Electronic spin levels
ms ¼ 0;�1 are split by the zero field splitting D and Zeeman
interaction �γNVBz, creating nondegenerate spin levels. Only the
subsystem ms ¼ 0;−1 is considered. Hyperfine A, quadrupolar
P, and nuclear Zeeman γNBz interaction with the intrinsic 14N
nuclear spin splits the electron spin states into three additional
sublevels mI ¼ 0;�1. (b) Pulsed ODMR measurement reveals
the hyperfine structure of the NV center with intrinsic 14N for the
ms ¼ 0 ↔ ms ¼ −1 transition. 89.1ð18Þ% of the nuclear spin
population is in the mI ¼ 0;þ1 states. The dashed lines show the
corresponding microwave transitions in (a), which are separated
by the hyperfine coupling of approximately 2.1 MHz. The
protocol was demonstrated, using the red (light blue) transition
for RF (selective and strong MW) pulses.
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fT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M
2

�
1þ 1þ T=T init

1þMT=T init

�s
; ð4Þ

where T init is the total duration of steps I and II and T ¼
Tkþ1 − Tk is the duration of one measurement in step III
[25]. This improved SNR is caused by reducing measure-
ment idle time between the two phase acquisition periods of
CS and replacing it with repeated phase measurements.
Experimental demonstration—We demonstrate the

applicability of the protocol with a single NV center with
an intrinsic 14N nuclear spin. Its level structure at a mag-
netic field of 2043.763ð6Þ G is shown in Fig. 2(a) with
only the subsystem ms ¼ 0;−1 being used as the sensing
qubit. Measurements are carried out using a home-
built confocal microscope, using the Qudi measurement
suite [33]. The MCS pulse sequence for an NV center is
shown in Fig. 3(a). First, we perform optical pumping with
a green laser pulse to initialize the electron spin of the NV
center in j0ie.
Using weak microwave (MW) pulses, the hyperfine

structure of the nitrogen nuclear spin becomes visible in
an optically detected magnetic resonance (ODMR) spec-
trum, as shown in Fig. 2(b). This spectrum can be used to
determine the degree of polarization of the nitrogen nuclear
spin by comparing the area under the three Gaussians

with which the data is fit. The populations of nuclear spin
states after long laser irradiation are thus Pj0iejþ1in ¼ 0.606,
Pj0iej0in ¼ 0.285, and Pj0iej−1in ¼ 0.109 with the corres-
ponding drops in fluorescence denoted from left to right
[25]. The goal is to prepare the system in j0iej0in. A
selective first MW (subsequent radiofrequency (RF)) π
pulse is applied on the transition j0iej þ 1in ↔ j − 1iej þ
1in (j − 1iej þ 1in ↔ j − 1iej0in). Then we use optical
pumping to reinitialize the electron spin state. In the end,
the population of themI ¼ þ1 state [left dip of Fig. 2(b)] is
ideally pumped tomI ¼ 0 (central dip) [25]. The procedure
can be modified to pump the population of the mI ¼ −1
state tomI ¼ 0, which is not done in this experiment, due to
the low population of the former.
Figure 3(b) shows the fluorescence response of the NV

center for the MCS protocol, using a test signal of
frequency 1 MHz and amplitude 14.28ð4Þ μT. The mea-
sured signal oscillates with the undersampled frequency
fu ¼ 4.2954ð13Þ kHz, which we estimate with a precision
reaching the single hertz level. The resulting full width
at half maximum of the power spectral density, shown in
Fig. 3(c), is 59.9ð21Þ Hz. This frequency resolution is
directly limited by the nuclear spin lifetime T̃1;nuc of the
intrinsic nitrogen nuclear spin. During laser irradiation, the
intrinsic nuclear spin of the NV center gradually depolar-
izes [26], limiting its lifetime. A nuclear polarization decay

(a)

(b) (c)

FIG. 3. (a) Experimental scheme of MCS with an NV center in diamond. First, the nitrogen nuclear spin is initialized using selective
MW (blue) and RF (red) π pulses. The signal is then probed for the first time, using XY8-1 (purple). The acquired phase is mapped onto
the nitrogen nuclear spin by utilizing an RF π-pulse. Subsequently, the phase acquisition is performedM ¼ 1991 times, correlating the
acquired phase to the phase stored in the population of the nitrogen nuclear spin by applying a selective MW pulse. The sequence is
repeated for N ¼ 597894 times. (b) Experimentally measured NV center fluorescence response for a 14.28ð4Þ μT signal at 1 MHz when
running the sequence in (a). Error bars have been omitted for visibility purposes. Inset: close-up of the data, with error bars
corresponding to photon shot noise. (c) Power spectral density of the measured signal. A fit to the signal reveals the detected
undersampled frequency fu ¼ 4.2954ð13Þ kHz with a full width at half maximum of 59.9ð2.1Þ Hz corresponding to a resolution limit
due to the nuclear spin lifetime T̃1;nuc under laser illumination.
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time of T̃1;nuc ≈MlimitT ¼ 15.82 ms is detected during the
measurement, where T ¼ Tkþ1 − Tk ¼ 15.063 μs is the
time between two subsequent phase measurements and
Mlimit ¼ 1050 is the number of lasers, leading to a 1=e
decay of the nuclear spin polarization [25]. A line width of
∼1=ΔTM ≈ 33 Hz would be expected without the effect of
laser initialization on the memory spin. In the measure-
ment, the number of acquired phases is M ¼ 1991, con-
firming that the protocol is limited by the shortened nuclear
spin lifetime. In order to limit the effect of this decay, a
waiting time twait may be introduced between the M phase
acquisitions, reducing the number of laser pulses per unit
time and thus prolonging the nuclear T̃1;nuc time, which
results in a better frequency resolution. This allows for
increasing the maximum phase acquisition timeΔTM of the
protocol, resulting in a higher frequency resolution. It can
also be improved by increasing the static bias magnetic
field B0, as the lifetime of the nitrogen nuclear spin under
laser illumination depends quadratically on the bias mag-
netic field [25,26].
The measurement is acquired for 18000 s or N ¼

597894 repetitions, resulting in a sensitivity of
55.64 μT=

ffiffiffiffiffiffi
Hz

p
. As described in the theory section, this

sensitivity can be directly improved by using an NV
ensemble to acquire already averaged data within one
measurement run. Assuming that all parameters remain
constant, using, e.g., 1000 NV centers instead of one, the
total measurement time is shortened to ∼18 s or N ≈ 598

repetitions, improving the sensitivity to 1.76 μT=
ffiffiffiffiffiffi
Hz

p
.

Sensitivity can also be optimized by improving the
readout signal and contrast, as shown in Eq. (3) [24].
Another limitation is the imperfect initialization of the NV
center, which leads to reduced nuclear spin polarization and
a limited readout contrast [25]. The complete polarization
of the electron [60,61] and nuclear memory spin would thus
enhance sensitivity. A second initialization step, trans-
ferring the mI ¼ −1 population to mI ¼ 0, could also
improve nuclear spin polarization. Using an NV center
with a 15N nucleus (I ¼ 1=2) would eliminate the need for a
second initialization step.
The improved SNR of MCS compared to CS becomes

evident when calculating the time required to acquire the
data in Fig. 3(b) using CS. A CS measurement would take
∼999 times longer [25], due to the large measurement idle
times and the inability to record the N data points during a
single sequence run. This approximately three orders of
magnitude improvement in measurement time underscores
the temporal advantage that MCS has over CS as the SNR
of MCS would be improved by a factor of fT ≈

ffiffiffiffiffiffiffiffi
999

p
compared to CS, as shown in Fig. 1(d).
Conclusion—We proposed theoretically and demon-

strated experimentally multipoint correlation spectroscopy,
which uses the intrinsic nitrogen nuclear spin as a memory
qubit and combines the benefits of correlation spectroscopy
and QDyne protocols for single- and spin-ensemble

measurements of NMR signals. Using QDyne’s high data
acquisition rate, we significantly reduce the measurement
idle time in comparison to correlation spectroscopy. The
protocol directly probes the correlation between the accu-
mulated phases in different detection periods, which makes
it applicable to both single and ensemble NV center
experiments and for detecting signals, based on thermal
and statistical polarization. We achieve single hertz uncer-
tainty in the estimated signal frequency in a proof-of-
concept experiment in a single NV center, highlighting the
broad applications of the technique. Liquid nano-NMR
applications are limited by the diffusion of the sample
molecules [7,8]. Our protocol does not mitigate this effect.
However, several other techniques have been demonstrated
that combat diffusion by confining the NMR sample
[34–36] or optimizing the NV centers depth, taking into
account the trade-off between diffusion broadening and
signal strength [62]. Combining these techniques with
MCS would allow for significant improvement in the
sensitivity of nano-NMR, compared to standard QDyne
and correlation spectroscopy.

Note added—Recently, we have become aware of a
related independent work [37].
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