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High-resolution nanoscale NMR for arbitrary
magnetic fields
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Nitrogen vacancy (NV) centers are a major platform for the detection of nuclear magnetic

resonance (NMR) signals at the nanoscale. To overcome the intrinsic electron spin lifetime

limit in spectral resolution, a heterodyne detection approach is widely used. However,

application of this technique at high magnetic fields is yet an unsolved problem. Here, we

introduce a heterodyne detection method utilizing a series of phase coherent electron nuclear

double resonance sensing blocks, thus eliminating the numerous Rabi microwave pulses

required in the detection. Our detection protocol can be extended to high magnetic fields,

allowing chemical shift resolution in NMR experiments. We demonstrate this principle on a

weakly coupled 13C nuclear spin in the bath surrounding single NV centers, and compare the

results to existing heterodyne protocols. Additionally, we identify the combination of NV-

spin-initialization infidelity and strong sensor-target-coupling as linewidth-limiting deco-

herence source, paving the way towards high-field heterodyne NMR protocols with chemical

resolution.

https://doi.org/10.1038/s42005-023-01419-2 OPEN

1 3rd Institute of Physics, University of Stuttgart, 70569 Stuttgart, Germany. 2Max Planck Institute for Solid State Research, 70569 Stuttgart, Germany.
3 Advanced Materials Laboratory, Sumitomo Electric Industries Ltd., Itami, Hyougo 664-0016, Japan. 4 Takasaki Advanced Radiation Research Institute,
National Institutes for Quantum and Radiological Science and Technology, 1233 Watanuki, Takasaki, Gunma 370-1292, Japan. 5 Faculty of Pure and Applied
Sciences, University of Tsukuba, Tsukuba, Ibaraki 305-8550, Japan. ✉email: v.vorobyov@pi3.uni-stuttgart.de

COMMUNICATIONS PHYSICS |           (2023) 6:302 | https://doi.org/10.1038/s42005-023-01419-2 | www.nature.com/commsphys 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-023-01419-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-023-01419-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-023-01419-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-023-01419-2&domain=pdf
http://orcid.org/0000-0003-4040-8361
http://orcid.org/0000-0003-4040-8361
http://orcid.org/0000-0003-4040-8361
http://orcid.org/0000-0003-4040-8361
http://orcid.org/0000-0003-4040-8361
http://orcid.org/0009-0001-2330-6243
http://orcid.org/0009-0001-2330-6243
http://orcid.org/0009-0001-2330-6243
http://orcid.org/0009-0001-2330-6243
http://orcid.org/0009-0001-2330-6243
http://orcid.org/0000-0002-6784-4932
http://orcid.org/0000-0002-6784-4932
http://orcid.org/0000-0002-6784-4932
http://orcid.org/0000-0002-6784-4932
http://orcid.org/0000-0002-6784-4932
mailto:v.vorobyov@pi3.uni-stuttgart.de
www.nature.com/commsphys
www.nature.com/commsphys


Nuclear magnetic resonance (NMR) is one of the most
powerful analytical tools in medicine, chemistry, material
science and physics1. Various attempts have been made to

increase the sensitivity of the method to decrease the required
sample sizes from millimeter to the micro- or even nanoscales2.
One of the promissing avenues is the use of optically addressable
paramagnetic centers, e.g. NV centers in diamond as sensors
(illustrated in Fig. 1a). By combining high fidelity readout and
long coherence times, NV centers provide an excellent platform
for sensing of NMR signals. The optically detectable electron spin
of the NV center allows for single electron spin detection at room
temperature. Such single electron spins or a small ensemble of
electron spins are used as nanoscale probes of their local envir-
onment, e.g. the magnetic field of a set of nuclei. Experiments rely
on the observation of (modified) electron spin echo envelope
modulation signals (ESEEM), e.g. using dynamical decoupling
sequences such as Carr-Purcell-Meiboom-Gill (CPMG) and Knill
dynamical decoupling3. In these techniques the precessing
nuclear spins generate a time varying magnetic field at the loca-
tion of the spin via the off-diagonal hyperfine coupling elements
(Bz ¼ BðhIxi; hIyi cosðωLtÞÞ4. This time varying field is detected by
these pulse sequences, if. e.g. the pulse spacing in a CPMG
sequence is exactly commensurate with ωL. These techniques
were extended to correlation type sequences, e.g. 5 pulse
ESEEM5,6, or correlation CPMG sequences7, with the possibility
to increase the available correlation time to the ancillary nuclear
spin memory lifetime used in the experiment6,8. However, in all
of these techniques an intrinsic quantum sensor spin relaxation
time T1 is the fundamental limit of the achievable spectral reso-
lution for NMR signals. One method to overcome the limitation
imposed by the quantum sensor T1 decay is the use of sequential
measurements9–12 (see Fig. 1b). Each measurement is composed
of electron spin initialisation, coherent interaction with the target

nuclear spin during the electron pulse sequence and optical
electron spin readout. Here one uses the fact that nuclear oscil-
lations persist longer than the NV electron T1. Rather than
probing this oscillations with a single run of an electron spin
detection sequence, one can use multiple of those measurement
runs and sample the nuclear oscillation in a phase coherent
manner (see Fig. 1b). This technique has become state of the art
in high resolution methods denoted as quantum heterodyne
(qdyne) or coherent averaged synchronised readout (CASR)13,
which has demonstrated a spectral resolution only limited by the
external clock used to synchronize the pulse sequence. However,
this technique requires the repeated application of MW-π-pulses
to the electron spin, which need to be faster than the corre-
sponding nuclear Larmor frequency to avoid a severe loss of
sensitivity4. At a field of 3 T for example, the Larmor frequency of
a proton spin is 120 MHz. Application of the sequential mea-
surement scheme would thus require the application of pulses on
the NV electron spin with pulse length well below 8 ns, which is
technically hard to achieve. As a result, the conventional qdyne
detection schemes are intrinsically difficult to extend to high
magnetic fields, where however chemical shift and J-coupling
resolution14 is easiest. Further on, at high-field NMR the thermal
polarization becomes comparable to the statistical polarization
already in smaller sample volumes, which would allow over-
coming the diffusion limit of spectral resolution.

Recently, a heterodyne sensing principle was applied to high
frequency signals, e.g. in the microwave band. By utilizing the
interaction of an oscillating microwave field with the spin in the
rotating frame, the signal is correlated to the phase of the external
ref. 15–17.

In this work, we utilize this effect for a proof-of-principle
heterodyne detection of NMR signals at moderate fields
(B= 0.25 T). Rather than probing the nuclear Ix and Iy
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Fig. 1 Concept of field independent heterodyne sensing by coherent sequential double resonance. a The Nitrogen vacancy (NV) center with its internal
13C is studied as a model for a nano-scale surface Nuclear Magnetic Resonance (NMR) experiment with a diamond sensor. The target nuclei is coupled to
the sensor via the longitudinal and transversal hyperfine coupling matrix elements Azz and Azx. b In the qdyne measurement schemes the nuclear
precession is consequently probed by the electron spin during the measurement periods Mn. In our electron-nuclear-double-resonance quantum
heterodyne (ENDOR qdyne) protocol the transverse polarization Ix of the nuclear spin is transferred to the z-axis with a ðπ2Þ radio frequency (RF) pulse. The
nuclear polarization along the z-axis can then be sensed by preparing the sensor electron spin in the superposition state with a ðπ2Þx pulse and letting it
evolve under the effective Hamiltonian Ŝz � Îz, before a second pulse is applied and the sensor is read out. Afterwards the nuclear polarization along the
z-axis is transferred back to Ix via a second RF pulse. Taking the polarization transfer of the nuclear spin due to the RF pulses into account, the effective
Hamiltonian of the measurement is given by Ŝz � Îx. In conventional qdyne schemes the (oscillating) transverse polarization of the nuclear spin is sensed
directly via microwave (MW) pulse intensive dynamical decoupling (DD) sequences. In our experiment the Knill Dynamical Decoupling (KDD) sequence
is used.
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components which give rise to fast oscillating signals, we use a
phase coherent radio frequency (RF) pulse to convert both
components to Iz. The method proposed and investigated in this
work combines previously used electron-nuclear double reso-
nance (ENDOR) methods12,18 with time efficient signal sampling
through quantum heterodyne measurements9,10,13. Additionally,
we experimentally study the NMR spectral resolution of the
protocol and outline its practical application.

Results and discussion
An isolated nuclear spin in a magnetic field B precesses freely
around the z-axis with the Larmor frequency ωL= γNB, where γN
denotes the nuclear gyromagnetic ratio. As a result, information
about ωL can be obtained from the oscillating expectation value of
the nuclear spin-1/2 operators Îx and Îy . In a classical qdyne
detection scheme the phase information of the time-evolution of
e.g. hÎxi is sensed by the electronic sensor spin via dynamical
decoupling (DD) sequences (see Fig. 1b). These sequences gen-
erate an effective Hamiltonian of the form Ĥeff / Ŝz � Îx , where
Ŝz is the electron spin operator19. This however requires the
application of pulses on the timescale of the Larmor frequency ωL,
which for protons easily reaches values larger than 100 MHz and
hence requires DD pulses with lengths < 10 ns. As of today, this is
technically very hard to achieve. In this work, we circumvent the
necessity for pulse-intensive DD sequences by mapping the phase
information of hÎxi to ĥIzi with a 3π/2 pulse to the nuclear spin
prior to the sensing step. Subsequently, information of ĥIzi can be
sensed by the sensor spin via the effective Hamiltonian of the
hyperfine interaction Ĥeff ¼ 2πAzzŜz Îz . Besides being a static
interaction, a further advantage is, that unlike for the direct
sensing of ĥIxi, a rich variety of doubly dressed sensing protocols
like ENDOR, DEER5 or the recently developed DDRF20

sequences can be applied during the sensing period. After the
sensing sequence and successive readout of the electron spin, the
nuclear spin is rotated back into the x-y-plane by application of
another π/2 pulse, before beginning the next precession period.
To enable the correct back-rotation of the nuclear spin into the x-
y-plane, the measurement protocol requires a nuclear phase
acquisition of β= 2πk (k= integer) during the sensing period.
This objective can be accomplished by either resonantly driving
the nuclear spin or introducing additional RF π pulses to refocus
it during this time. A direct comparison of the DD-based and
ENDOR qdyne pulse sequences is shown in Fig. 1. In our
experiment a phase coherent RF source with frequency ωi is
employed to realize the RF pulses, which effectively translates the
nuclear system to the rotating frame of the RF source and con-
verts the precession frequency down, yielding the heterodyne
response illustrated in Fig. 2. After a free precession period τfid
and the first π/2 pulse of the n-th measurement cycle 〈Iz〉 is given
by

ĥIziðnÞ ¼ cos ωL � ωi

� �
nτfid

� � ð1Þ

By measuring this value weakly21,22 with the measurement
strength α, the phase information (ωL− ωi)τfid is mapped onto
the sensor spin with

hSzi nð Þ ¼ � 1
2
sin αð Þ cos ωL � ωi

� �
nτfid

� �
; ð2Þ

where the back action of the measurement has been neglected. As
a result the Larmor frequency of the target spin can be recovered
from the readout of Ŝz of the sensor spin. A more detailed
explanation of the theoretical background of our method and the
effects of backaction on our experiment are presented in Sup-
plementary note 2.

Weak measurement of a single 13C nuclear spin. To demon-
strate the ENDOR qdyne experiment we probe the spin dynamics
of a single weakly coupled 13C nucleus in the vicinity of the NV
center in a proof-of-principle experiment. The coupling strength
between the 13C and the NV sensor reflects the coupling condi-
tions which are also found for sample nuclei on the diamond
surface. The interaction of the single 13C with the NV is given by
the hyperfine interaction via a long range dipolar coupling of
Ĥ ¼ 2πAzxŜz Îx þ 2πAzzŜz Îz . Experimentally the Azx interaction
is used to initialize the 13C nuclear spin via the polarization
exchange sequence (pulse-pol)23, while the Azz term is responsible
for the signal acquired with our NV center via the proposed
scheme. We study a 13C with hyperfine coupling Azz= 6 kHz.
This nucleus was chosen as the coupling is sufficient to get a weak
signal within the decoherence time of the sensor (T�

2 ¼ 50 μs),
while still being smaller than the nuclear Rabi frequency
Ω13C ¼ 15 kHz. The latter, allows robust RF control of the nuclear
spin with respect to the NV center charge and spin state infide-
lities. The proof of principle experiment follows the sequence
shown in Fig. 3a. Due to the limited coherence time of the nuclear
carbon spin, the introduction of additional RF π pulses (33 μs)
into measurement sequence would result in an insufficient
number of data points to extract the nuclear spin precession from
the experimental data. As a result the experiment is performed
with a resonant RF source. The 13C is initialized via the pulse-pol
scheme23 and is prepared in the superposition state jþyi with a
(π/2)ref-pulse from the coherent RF source. After a free precession
time, the spin is rotated to the measurement basis Iz via a second
pulse (3π/2)ref+Φ, where the phase of the following pulses are
cycled with a shift of Φ along the z-axis to move the demodu-
lation frequency to 1/4 of the sampling frequency. The 13C 〈Iz〉 is
mapped with a Ramsey sequence onto the NV sensor spin 〈Sz〉,
which is optically readout. The 13C is rotated back with (π/2)ref
+Φ. The protocol is repeated M times. A detailed description of
the experimental design and the data analysis is provided in
Supplementary Note 3. In Fig. 3b the experimental result from
the described sequence is shown. Fourier transformation of the
obtained ENDOR qdyne signal yields a 13C Larmor frequency of
2.336 ± 0.018 kHz, with a signal decay rate of Γ= 0.6 ± 0.1 kHz.
The nuclear 13C signal is therefore at the expected frequency
2.368 kHz and decays with a rate of Γ= 0.6 ± 0.1 kHz, where the
associated spectrum is visualized in Fig. 3c. To further char-
acterize the heterodyne response of our measurement sequence,
we also applied it to the 14N within the NV center (see Supple-
mentary note 2). In the following we analyze the obtained line-
width and compare it to the conventional qdyne measurement
(see Fig. 4a, b).

Linewidth and projected spectral resolution. Magnetic reso-
nance spectroscopy relies on high spectral resolution which is
typically achieved by qdyne experiments on weakly coupled
nuclear spins9. Our qdyne experiment relies on a modified
ENDOR experiment and measures nuclear spins with a rather
large hyperfine coupling. Therefore we discuss the impact of
coupling strength on the NMR linewidth. We quantify our
spectral resolution in comparison to conventional dynamical
decoupling based qdyne (conventional qdyne). The interaction
between electron and nuclear spin is determined by a static Azz

component and the oscillating component Azx. At high magnetic
fields along the z-axis Azz is the dominant term. To quantify the
impact of the coupling strength on the observed linewidth, Fig. 4c
shows an experimental comparison between ENDOR qdyne and
the conventional qdyne. We investigated 13C nuclei with different
Azz couplings.
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The decay constant of the conventional qdyne was measured to
be Γ= 1.4 ± 0.3 kHz and agrees well with the decay rate of the
ENDOR qdyne measurement on the same nuclear spin. As both
methods show similar decay rates, we performed an investigation
of its origin by studying the decoherence across a large range of
Azz couplings with the conventional qdyne. In Fig. 4c, we
compared four 13C nuclei and find that the three 13C nuclei with
Azz > 3 kHz show a decay rate of about 1 kHz, while only the 13C
nucleus with Azz ≤ 0.07 kHz, also discussed in ref. 24,25, shows a
decay rate of 27 ± 9 Hz.

We now discuss the observed decay, i.e. the NMR linewidth. In
a diamond crystal with 0.01 % 13C concentration one expects an
intrinsic NMR linewidth of around 10 Hz. In our experiments
however, we detect linewidth between 1000 to 27 Hz, depending
on the hyperfine coupling. There are multiple effects that cause
the observed increase in NMR linewidth. The sequential
measurement scheme is based on multiple readout and initialisa-
tion sequences during the whole measurement cycle. These
sequences involve laser pulses which excite the NV electron spin.
In the excited state the electron spin wavefunction is markedly
different which causes a change in Azz hyperfine interaction of the
13C nucleus16. Although the resulting phase error is small because
of the short lifetime of the excited state the accumulated total
phase error may be substantial because the sequence involved
multiple readout steps. Next, charge state switching of the NV
between measurements is a possible mechanism. Upon optical
excitation the charge and hence spin state of the NV changes
between NV− (S= 1) and NV0 (S= 1/2). The known fast nuclear
spin relaxation in NV08 and the drastic change in spin quantum
number leads to a marked increase in nuclear spin relaxation
time. Lastly, the initialisation infidelity of the NV− electron spin
state26 can shorten the lifetime27 of the nuclear spin coherence.

The pulse sequence is designed such that the NV center is
initialized in the ms= 0 state at the beginning of each probing of
the nuclear spin state (see Fig. 3a). Any false initialization, which
happens with a probability of p= 1− f will result in the nuclear
spin picking up a large phase error. Here f denotes the fidelity for
the initialization process into the spin state ms= 0 (f ≈ 0.9).
During the time τmeas between successive measurements shown in
Fig. 1b the effective change in the nuclear Larmor frequency is
6.0 kHz which results in a phase difference of Azzτmeas= 0.63 rad
with the probability 1− f. When averaging the recorded nuclear
spin precession over multiple measurement cycles, the random
phase shifts introduce a decay of the coherent nuclear precession,
yielding an exponentially decaying cosine signal with an effective
decay rate Γ, given by

Γ ¼ 2ð1� f Þsin2ðAzzτmeasÞ
τmeas

ð3Þ

as derived in Supplementary note 5. A quantitative study of the
relation between decay rate Γ and the measurement time τmeas is
given in Supplementary note 6. Some insight on the importance
of the three mechanisms come from an analysis of Fig. 4c. The
figure shows the measured nuclear spin relaxation rate as a
function of the nuclear hyperfine coupling. The first two
mechanisms scale with ðAzzÞ2, as they originate from a random
walk, and therefore cannot explain the observed functional
behaviour. Only the decoherence mechanism based on spin
initialisation infidelity is in the right order of magnitude ( ≈ 1 kHz
for Azz= 6 kHz, τmeas= 105 μs and f= 0.9) and shows a
functionality which is similar to the observed dependence, see
Supplementary note 5.

Independent of the exact description of the mechanisms for
decoherence, the comparison between conventional qdyne and
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Fig. 2 Phase evolution of the target spin during the measurement. The heterodyne detection schemes compares the phase of the Larmor precession of
the target spin (blue line) with the phase of the coherent RF driving source (red line). During the free precession time τfid the nuclear spin acquires a phase
of Δωτfid, where Δω is the detuning of the RF frequency from the Larmor frequency. The phase information (incorporated in 〈Ix〉, dark-green line) is then
transferred to the Iz (green line) and read out via the sensor spin (yellow line) during the time τsens, before being transferred back to Ix. The application of a
coherent RF source enables the effective down-conversion of the nuclear Larmor frequency from ωL to Δω. The evolution of the nuclear spin (red arrow)
during one representative iteration of the measurement sequence, consisting of free evolution, first RF pulse, sensing period and second RF pulse, is also
visualized in the bottom panel.
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Fig. 3 Proof of principle experiment with a single 13C spin and a single NV center. a Sensing sequence of the proof of principle experiment. The 13C spin
is hyperpolarized with the pulse-pol sequence before the nuclear spin precession is initiated with a (π/2)ref pulse from the reference RF source. The nuclear
spin evolves freely during τfid (10 μs) and gets rotated to the z-basis with a second (π/2)ref pulse from the same source. The z-component of the
polarization is measured with a Ramsey sequence on the sensor spin ((π/2)x− (π/2)y) during τsens (15 μs) and the sensor spin is readout with a laser pulse
at time Ti. Finally the nuclear spin is rotated back with a (3π/2)ref pulse, continuing its free evolution. The Rabi period of the applied RF pulses is 66 μs.
Inclusion of the repolarization time (2.5 μs), readout time (1.9 μs) and an additional wait time (10 μs) after the RF pulse leads to a sampling time of
105.5 μs. b Experimental measurement of the nuclear evolution under the protocol above at resonance. The experimental time trace (blue) is fitted by an
exponentially decaying cosine (orange). For the proof of principle the free evolution of the target spin was implemented as a phase shift in the 3π/2 pulse
with Φ= π/2, leading to a normalized signal periodicity of 4 × 105.5 μs. The decay rate of the signal is Γ= 0.6 ± 0.1 kHz. The spectrum of the signal with a
peak at 2.368 kHz is shown in c (blue) alongside the Fourier spectrum of the fit (green) and the residuals of the fit (orange) from b.

Fig. 4 Decay rate comparison to conventional dynamical-decoupling-based heterodyne detection. a Conventional dynamical decoupling (DD) -based
heterodyne detection protocol22,34. The 13C spin is hyperpolarized with the pulsepol sequence and the nuclear spin precession is initiated with a (π/2)ref
pulse from the reference radio frequency (RF) source. The nuclear spin evolves freely while interacting with the sensor spin through a Knill-Dynamical-
Decoupling (KDD) sequence during the sensing block (blue) and the free evolution time τfid (see Fig. 1b). The sensor is readout with a laser pulse and a
wait time is added to adjust the total sequence time (see Supplementary Note 4). This block is repeated M times. b Conventional quantum heterodyne
(qdyne) signal (blue) from the sequence above with a decay rate of Γ= 1.4 ± 0.3 kHz from the exponentially decaying cosine fit (orange). c Comparison of
the measurement back-action corrected lifetimes for different NV-13C pairs with conventional qdyne (blue) and electron-nuclear-double-resonance
(ENDOR) qdyne (orange). The lowest decay rate of 27 ± 9 Hz appears in the NV-13C pair with Azz ≤ 70 Hz.
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ENDOR qdyne yields that the spectral resolution limits are
similar. We find that qdyne, can measure very small Azz→ 0,
resulting in a sensor unlimited spectral resolution below 30 Hz.
Such small couplings are hard to reach by ENDOR qdyne because
for measurements on single nuclear spins the phase provided by
Azzτsens needs to be large enough to result in a sufficient change in
the electron spin sensor readout signal. As we are using an
electron spin Ramsey sequence the time for acquiring this phase
is limited by the electron T�

2 , i.e. around 10 μs. The resulting
phase difference is too small to be detected for small Azz

couplings. This is intrinsically different from the DD detection of
NMR where the interaction time is around 1ms. However, in the
case of a small ensemble of nuclear spins, the ENDOR qdyne
could be advantageous (see Fig. 5). Distant ensembles of weakly
coupled nuclear spins are desirable for high spectral resolutions in
nanoscopic surface NMR experiments. In these cases the Azz

coupling strength typically coincides with the performance range
of ENDOR qdyne. For example, an Azz coupling below 70 Hz is
reached when the 13C (1H) is ≈4.5 nm (≈7 nm) away from the
NV center along the z axis. The loss of coupling strength and
therefore signal size has to be compensated by sensing an
ensemble of nuclear spins with an ensemble of NV centers, as
already applied with conventional qdyne in ref. 13,28.

A detailed investigation into the trade-off between achieved
sensitivity and magnetic susceptibility for our system is given in
Supplementary note 6.

Conclusions
In summary we presented a nanoscale NMR protocol that is
based on a heterodyne measurement via double resonance.
Hereby the advantages of heterodyne sensing schemes are
adjusted to enable application in high-field scenarios. We showed
weak measurements of a single 13C nuclear spin with our pro-
tocol. The extracted linewidth was compared to conventional
qdyne methods and we found that the linewidth is intrinsically
limited. Finally we discussed the effective sensitivity of hetero-
dyne sensing and the service costs involved. The experimental
demonstration of the proposed protocol under high magnetic
fields to verify the predicted advantage over DD-based methods
requires further work.

Double resonance qdyne is particular interesting for nano- to
micron-scale NMR sensing scenarios, outlined in Figs. 1a and 5.
In this scenario, an ensemble of nuclear spins is coupled to the
NV sensor spins13,28. This means that the linewidth is not
affected by the hyperfine dynamics like in our demonstrator
experiment and the same spectral resolution as conventional
qdyne can be achieved. In the future, ENDOR qdyne could be

combined with echo-type measurement schemes18 or homo- and
heteronuclear decoupling sequences29 improving the spectral
resolution for solids and dipolar interacting samples. The
removed constraints on the microwave power allow us to apply
this method to high magnetic fields, e.g. optical detected magnetic
resonance with NVs at 8 T30. A high magnetic field leads to an
increased thermal polarization equal to larger signals or equiva-
lently reduced sensing volumes14. Additionally, the sensitivity to
chemical shifts increases, allowing to study of proteins or short-
lived molecules31. In the preparation of the manuscript, we
became aware of a similar theoretical work32. In the future,
the measurement block of our protocol could be extended to
the more advanced double resonance schemes e.g. proposed in
the recent work32 and combined with multidimensional
sequences (e.g. COSY33).

Methods
Experimental setup. The experiments were conducted with a
confocal room temperature single NV setup depicted in Supple-
mentary Fig. 1. The NV is excited in the phonon sideband with a
green 520 nm laser. This initializes and readouts the NV electron
spin state. The red fluoresence of the NV is detected with an
avalanche photo diode (APD) before passing through a wedged
mirror, a pinhole 50 μm and a long pass filter 650 nm. The dia-
mond sample is a 2mm× 2mm× 80 μm, (111)-oriented polished
slice from a 12C - enriched (99.995 %) diamond crystal. The crystal
was grown by the temperature gradient method under high-
pressure high-temperature conditions at 5.5 GPa and 1350 ∘C,
using high-purity Fe-Co-Ti solvent and high-purity 12C-enriched
solid carbon. The single NV centers were created from intrinsic
nitrogen by irradiaton with 2 MeV electrons at room temperature
with a total fluence of 1.3 ⋅ 1011 cm−1 and annealed at 1000 ∘C (for
2 h in vacuum). The typical lifetimes for the NV centers in this
slice are T�

2 ¼ 50 μs and T2 ≈ 300 μs15,21. The diluted 13C bath in
the latice leads to a electron T�

2 time of 50 μs and usually only one
13C is significantly coupled to a single NV center. The nuclear and
electron spins are manipulated with an arbitrary waveform gen-
erator, able to sample 12 GSamples/s, with two channels. The MW
channel is amplified with a Hughes-Traveling Wave Tube 8010H
amplifier (TWT, max. 7 MHz Rabi frequency), while the RF
channel is amplified with Amplifier Research 150A250. They are
combined with a combiner before the both connect to the coplanar
waveguide where the diamond is glued to. We use a 3 axis piezo-
positioner stage (range 100 × 100 × 25 (μm)3) from npoint. This
allows us to keep a single NV in focus. The setup of the experiment
is visualized in Supplementary Note 1.
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Fig. 5 Outlook for the application of the ENDOR qdyne detection scheme. a Schematic of the extension of the sensing scheme to sample detection. Only
the target spins with sufficient Azz coupling (red spins) will be detected by our measurement scheme. b Relation between implantation depth of the NV
centers and the detected linewidth. By increasing the depth of the NV centers, the dipolar coupling via Azz decreases, resulting in a decreasing linewidth of
the ENDOR qdyne protocol (see Eq. (3)). For example, a linewidth of 1 Hz is predicted at dNV= 4.2 nm for 1H target spins (grey line). However, as the Azz

coupling decreases, the number of detected target spins has to increase to maintain sufficient signal quality. The orange lines represent the necessary
number of detected 1H target spins to reach a SNR of 3 in a 10 min measurement cycle with 100 points. For the case of dNV= 4.2 nm104 target spins in the
detection volume are sufficient if a NV ensemble of 1000 sensor spins is used. This can easily be achieved, as the dashed orange line shows the number of
1H target spins of a water sample in the detection volume of the sensor when thermal polarization in a 3 T bias field is considered.
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For the proof of principle we searched for a single NV center
with a moderate 13C with Azz coupling with a stimulated echo
sequence8. Moderate means that the coupling is smaller than the
RF Rabi frequency for 13C of 15 kHz, while still being strong
enough coupled to address it within the T�

2 time. We found NV#5
which has a coupling of Azz= 6 kHz. For the comparison of the
natural linewidth we studied other NV centers within the
100 × 50 × 5 (μm)3 volume. A list of all used variables can be
found in Supplementary Note 7.

Data availability
Data supporting the findings of this study are available in a public data repository under
following link: https://doi.org/10.18419/darus-3728.
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