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Coherence enhancement of solid-state qubits by
local manipulation of the electron spin bath
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The performance of qubit-based technologies can be strongly
limited by environmental sources of noise and disorder that
cause decoherence. Qubits used in quantum sensing are usu-
ally very close to the host surface to enhance their coupling
to external targets. This leaves them vulnerable to the effects
of the surrounding noisy electron spin bath near the surface,
which is very challenging to eliminate. Here we developed
an efficient method to engineer the immediate electrostatic
environment of nitrogen vacancy centre qubits located sev-
eral nanometres beneath the diamond surface. We adopt a
‘pull-and-push’ strategy for near-surface charge manipula-
tion using the strong local electric field of an atomic force
microscope tip. Our technique is particularly effective for
extremely shallow nitrogen vacancy centres, increasing their
spin echo time by up to 20 fold. This corresponds to an 80-fold
enhancement in the potential sensitivity for detecting individ-
ual external proton spins. Our work not only represents a step
towards overcoming a fundamental restriction to applications
of shallow nitrogen vacancy centres for quantum sensing but
may also provide a general route for enhancing the coherence
of solid-state qubits.

The nitrogen vacancy (NV) centre hosted in diamond, a proto-
type solid-state spin qubit, has emerged as one of the most prom-
ising candidates for quantum sensing because of its long coherent
times even at ambient conditions"?. In recent years, the ultrahigh
sensitivity of such quantum sensors has made them ideal for detect-
ing nuclear spins and electron spins at nanoscale’>"*~'*. In addition,
the NV centre has also been demonstrated as a powerful probe
for magnetometry'*'%, electrometry'>?, thermometry*** and bio-
sensors”>** in a wide range of applications. Based on detecting the
interactions between external signals and its spin states, the ultimate
sensitivity of NV centres is primarily determined by the quantum
coherence . To enhance the coupling strength of NVs to external
parameters and achieve high signal-to-noise ratios, it is crucial to
bring the NVs into proximity to the diamond surface. However, due
to the ever-present magnetic/electric noise near the diamond sur-
face after the NV growth and surface treatments, shallow N'Vs suffer
greatly from various decoherence processes®**. Therefore, there is
a fundamental trade-off between growing shallow NVs and pre-
serving their coherence or sensitivity, leading to a great challenge
for NV-based quantum sensing and other quantum technologies.
To date, a compromise has had to be made between the depth of

NVs used for sensing (typically ~5nm) and the achievable coher-
ence time (T, typically ~10 ps).

Because the yield to produce shallow NVs is only ~1% for
low-energy implantation (5keV in our case), a large quantity of
defects such as nitrogen atoms (P1 centres) and vacancy complexes
are inevitably generated in the immediate neighbourhood of the NV
centres even when using optimized recipes”~', leading to a high
density of unpaired electrons near the diamond surface, which is
the dominant source of decoherence. Previous efforts to protect the
coherence of NVs have mainly focused on the manipulation and
engineering of the quantum states of N'V's by using microwave pulse
sequences’'>. However, these passive methods are not so effective
for shallow NVs owing to their strong coupling with the immense
electron spin noise. Therefore, an ideal approach would be to
directly target the source of the problem, that is, to physically elimi-
nate the near-surface unpaired electrons that continuously produce
fluctuating noise.

In this work, we successfully developed a new method based
on a qPlus-type atomic force microscope (AFM) system™” under
ambient conditions, where a sharp conductive tip was used to
locally manipulate the charges near single NVs. Through the strong
local electric field assisted with the laser excitation, the immediate
electrostatic environment of the shallow NV was actively purified
through the ‘pull-and-push’ strategy for charge manipulation, lead-
ing to a notable enhancement of T,. We emphasize that this method
is particularly effective for shallow NVs (depth <5nm) with poor
coherence (T, < 10ps). For example, for a shallow NV with depth
of ~2nm, we improved the T, time from 1.3 to 26 ps (a 20-fold
enhancement), corresponding to an 80-fold sensitivity enhance-
ment when detecting incoherent signals from external elements
such as proton clusters>'>'". Through a general noise analysis
protocol, we found that our method can suppress both the surface
and subsurface spin noise, which is different from previous works
merely focused on eliminating electron spin noise on the surface'’.

The experiments were performed inside a home-built
qPlus-based AFM system, where a tungsten tip was sharpened
by using a focused ion beam (FIB) (see Methods for details). We
focused on shallow NVs with a depth of several nanometres, gen-
erated by using an implantation energy of 5keV through a thin
boron-doped layer®. Using such a technique, the subsurface vacancy
complexes are greatly suppressed during NV generation, leading to
high-quality NVs with improved coherent properties (Methods).
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Fig. 1| The ‘pull-and-push’ strategy for charge manipulation near the NV by using the local electric field of an AFM tip. a, Schematic showing the process
of donor ionization and subsequent surface polarization. A conductive tip (grey balls) with positive bias is approached close to the single NV centre (red
ball). Paramagnetic spins such as unpaired electrons (blue balls) are ionized under a strong 532 nm laser, pulled (wavy arrows) towards the diamond

surface through the local electric field (dashed arrows) and finally trapped on the surface. b, Schematic showing the process of pushing the electrons (blue
balls) trapped on the diamond surface. The tip (grey balls) with negative bias is positioned several hundred nanometres laterally away from the same NV
(red ball). At the same time, the microwave pulses (bottom left) and weak 532 nm laser (green ray) are turned on for spin-echo measurements. ¢, The
band diagrams and corresponding confocal images under the ‘pull-and-push’ charge manipulation. (i) Under positive bias, the selected NV remains in the
NV~ state through the tip-induced band bending effect, with the diamond surface negatively polarized. The charge transition levels of NV+*/NV° and NV¢/
NV~ are denoted by short blue and red lines, respectively. The charge transition level of the paramagnetic spins is denoted by the purple line. ii) After the
surface polarization, the accumulation of the electrons at the surface results in a large built-in electric field, which depletes NV~ into the NV* state (dashed
circle). (iii) The negatively biased tip pushes the surface-trapped electrons away from the NV. In this case, the built-in electric field is weakened and the
NV+ recovers to NV~, while a large amount of the paramagnetic spins near the NV still remains depleted. E; is the Fermi level. Ec and E, denote the edges of

the conduction and valance band, respectively. Scale bar 500 nm. The tip position is marked by a black cross in the confocal images.

In the following, we show that this method can further enhance
the coherence time of shallow NVs in this state-of-the-art sample
by engineering the electrostatic environment in a well-controlled
manner.

Our technique basically consists of two steps to manipulate the
surrounding charges of NVs (Fig. 1). First, we approached the tip
to the vicinity of a selected single NV centre with a positive bias
voltage (typically larger than +50V) (Fig. 1a,c,i) and polarized the
surface by pulling the unpaired electrons of charged defects in the
bulk onto the surface with the assistance of 532nm laser excita-
tion (typically 300-400 pW, see Methods for details). During this
process, such subsurface defects are photo-ionized to produce
free carriers, which are transported under the strong local electric
field from the tip and are finally captured by the surface traps. The
dynamics of the surface polarization is on the microsecond order
(Supplementary Fig. 1 and Supplementary Text 1), with a typical

polarized area of ~265x265nm* (Methods). After retracting
the tip, the extracted electrons are trapped in surface/interfacial
states, leading to a built-in electric field®” which is strong enough
to deplete NV~ into NV* (Fig. 1c,ii). Such a surface polarization
state is long-lived, indicating that these surface/interfacial states are
deep within the diamond bandgap (Supplementary Fig. 2). For the
next step, we moved the tip several hundred nanometres horizon-
tally away from the NV* and continuously applied a negative volt-
age (typically larger than —50V) during the measurements. In this
case, those surface-trapped electrons were pushed away from the
NV centre. As a result, the NV* recovered to NV~ (Fig. 1b) because
of the weakened built-in electric field (Fig. lc, iii). To achieve T,
enhancement under a fixed negative bias, the tip should be posi-
tioned within a suitable region in the ‘pushing’ step (Extended Data
Fig. 1 and Methods). On the one hand, the tip should not be posi-
tioned horizontally within ~300 nm of the NV centre, since the large
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Fig. 2 | The coherence enhancement after charge manipulation. a, Spin echo measurements demonstrating a two-fold T, enhancement from 58 + 4 ps

to 122 + 6 pus. More collapses and revivals appear at the longer delay time after the charge manipulation (red curve). Laser power 70 pW, bias voltage
—60V. b, Spin echo measurements showing a 20-fold T, enhancement from 1.3+ 0.1ps to 26 + 3 ps. Laser power 70 pW, bias voltage —320 V. The decayed
envelope of the spectra in a and b are fitted by C= exp (— (z/T2)"). Spectra in a and b are measured under ~175 G and offset vertically for clarity. The value
for the bias voltage chosen in the ‘pushing’ step depends on the specific depth of the NV and the density of the paramagnetic spins in its neighbourhood.
One can choose the optimized bias voltage according to the largest T, enhancement. ¢, A summary of 25 shallow NV centres with enhanced coherence.
The x axis is the estimated NV depth based on the original T, according to the model described in Methods. Upper: coherence enhancement versus NV
depth. The inset indicates that about 80% of the NVs show a T, enhancement of two fold or above. The grey line is a guide to the eye. The NVs in a and

b are labelled ‘NVa' and ‘NVb', respectively. Lower: the corresponding T, of the same NVs as measured by the spin echo technique. The faded blue curve
denotes two-fold enhancement of the original T, It is clear that the NVs with smaller depth (below 5nm, highlighted in the upper panel) show larger
coherence enhancement. The maximum T, we obtained is 166 + 8 ps. Most of the NVs show T, values longer than 25 pus after charge manipulation, which

is a notable value for shallow NV-based quantum sensing.

negative electric field would induce strong upward band bending,
leading again to a change of the NV~ into NV*. On the other hand,
when the tip is micrometres away from the NV, the field strength is
insufficient to push surface electrons efficiently. Therefore, we can
clean up the unpaired electrons surrounding the NV centre by using
such a ‘pull-and-push’ method.

Figure 2a shows typical spin echo measurements of a NV centre
before (blue) and after (red) the ‘pull-and-push’ charge manipula-
tion. More collapses and revivals induced by the *C nuclear spin
bath?’ clearly appeared in the spin echo spectra C(T,) of the manipu-
lated NV. By fitting the envelope, we found that the original T, of
58 +4ps was enhanced to 122 +6ps. Strikingly, the short T, of a
low-quality NV can be improved to 20-fold longer, from ~1.3+0.1 us
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to 26 +3 ps (Fig. 2b). Based on the calibration of the T, versus the
depth of NV through double electron electron resonance (DEER)
(Extended Data Fig. 2 and Methods)*, such a low-quality NV may
lie in proximity to the diamond surface within only ~2 nm and thus
suffers from stronger coupling with the surrounding paramag-
netic spins. Generally, our method was highly efficient for shallow
NVs as long as the sharpness and cleanness of the tips are ensured
(Supplementary Fig. 3, Supplementary Table 1 and Supplementary
Text 2).

Figure 2c¢ summarizes the results for 25 shallow NV centres
showing coherence enhancement beyond the fitting errors, among
which the longest T, achieved was 166 + 8 pus. This value is nota-
ble for NVs with a depth of several nanometres. About 80% of the
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Fig. 3 | Noise analyses using DEER and the spectral decomposition technique. a, Schematic showing the electron spin noise around a single NV

(red dots). During the charge manipulation, the unpaired electrons on/beneath (black/blue) the diamond surface are efficiently depleted, leading to
suppressed spin noise. The dashed circles represent the region where the spin noise dominates the decoherence of the NVs. b, DEER and spin echo
spectra before (upper) and after (middle) charge manipulation. The solid lines are fits by C= exp (— (z/T2)"). Lower: the difference between the spin
echo and DEER signals. Solid curves are guides to the eye. €, The coupling strength of different NVs with the surrounding electron spin bath versus their
original T,. We extracted the coupling strength by fitting the noise spectra. The increased 4, and A, values at shorter T, result from the increased coupling
strength with the surface spins. The differential coupling strength A, — A; shows a weak dependence for NVs with T, longer than 10 ps (dashed line) but

a large variation for NVs with extremely poor coherence. The coloured bands are guides to the eye. Inset: Typical noise spectra before and after charge
manipulation. A substantial suppression of noise is clearly visualized. w, is the frequency of noise spectra. The dashed lines mark the peaks corresponding
to fu/(2k—1), k=1, 2, 3..., where f,=551.92kHz is the Larmor frequency of the residual *C spins bath. All the data in ¢ were measured under 515.6 G.

measured NV centres show a coherence enhancement above two
fold (Fig. 2¢, upper panel, inset). Plotting T, and the T, enhance-
ment as functions of the NV depth (Fig. 2c) reveals that the T,
enhancement is close to two fold at depths larger than 5nm, while
the NVs with depth <5nm demonstrate notably larger T, enhance-
ments. Therefore, our method works particularly well for extremely
shallow NVs, which are surrounded by high-density paramagnetic
defects near the surface. It is worth noting that the T, values of about
90% of the measured shallow NVs were improved to above 25 ps
(Fig. 2¢, lower panel).

To gain further insight into the mechanism of coherence
enhancement, we performed a detailed noise analysis. For shal-
low NVs, the sources of spin noise can generally be divided into
two regimes, corresponding to surface (black) and subsurface noise
(blue) (Fig. 3a). The noise on the diamond surface is mainly attrib-
uted to surface defects’’ or adsorption layers. For shallow NVs pre-
pared by our method using a charge depletion layer, the negatively
charged vacancy complexes such as di-vacancy defects have been
greatly removed during the growth process®. Hence, in our case, we
suppose that the subsurface spin noise arises mostly from P1 cen-
tres, residual charged vacancy complexes and *C nuclear spins. Note
that the two steps of charge manipulation (‘pulling’ and ‘pushing’)

must be combined to enable coherence enhancement. No enhance-
ment of the coherence time was observed if we only pushed the sur-
face charge without first pulling the subsurface unpaired electrons
onto the surface (Supplementary Fig. 4 and Supplementary Text
3). These findings suggest that the coherence enhancement arises
not only from the local control of surface spins but also from the
depletion of the subsurface paramagnetic defects. In addition, our
‘pulling’ step may also activate the electrons on the diamond surface
into a certain surface state with high electron mobility, which might
be attributed to the hydrated electrons® formed in the universally
existing hydration layers on acid-cleaned diamond surfaces™.

To further confirm that the suppressed noise comes from the
unpaired electrons of the near-surface defects, we compared the
DEER signals of a single NV before and after charge manipulation.
As shown in Fig. 3b, when the coherence was enhanced, the differ-
ence between the DEER and spin-echo spectra was decreased. By
fitting the normalized DEER spectra in a log-log plot (Methods)*,
we estimated that the density of unpaired electron spins on the
diamond surface was reduced from (3.10+0.38)x10"m™2 to
(0.3£0.05)x 10" m™ after the ‘pull-and-push’ strategy. We also
found a noticeable change of the transition time in the power law
in the normalized DEER spectra before and after T, enhancement,
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Fig. 4 | Demonstration of the improved sensitivity of the manipulated NV for quantum sensing. a, Calculated sensitivity for detecting external protons
using shallow NVs with different depth and T, values. The typical sensitivity of shallow NV centres is marked by a blue star, while the result for the
manipulated NV shown in Fig. 2b is marked by an orange star. The dashed grey line indicates 1proton Hz~ 2 b, Calculated sensitivity of the NV shown

in Fig. 2b when detecting the incoherent magnetic signals such as external proton spins, with the original (upper) or enhanced (lower) coherence. The
arrows indicate the calculated maximum sensitivity. The collapses of the sensitivity in the red curve result from the *C spin bath. The calculated sensitivity
enhancement is ~80 fold. ¢, Normalized sensitivity by photon number per single shot for measurement of a harmonic AC magnetic field by a single shallow
NV with a ~5-fold enhancement of T,. The data show good consistency with theoretical predictions (solid lines). The sensitivity error bars produced

during the measurements and data processing are indicated. The optimized sensitivity is marked by the arrows, clearly showing an enhancement of 2.5
fold. Besides, the lower bound of the detection bandwidth was also extended from ~33kHz to less than 7 kHz. The inset demonstrates the photon shot
noise-limited sensitivity, measured at the optimized frequency and fitted by 6Bmin o N~047£0.01 d Decoherence curves measured through XY8-4,
showing a 2.4-fold lengthening of T,yys.4. The two spectra are offset for clarity. e, Zoomed-in XY8-4 spectra in the shaded regions of d. The broad features
showing decoherence into the mixing states are caused by the C bath, while the isolated sharp peaks crossing over the zero points refer to single,
coherently coupled nuclear spins. The red and blue curves are offset for clarity. Because of the coherence improvement, a single distant nuclear spin was
resolved (arrow) around a delay time of ~257.4 ps (fifth order of spin bath). All the data in c-e were measured under 515.6 G.

suggesting a changed distribution of subsurface spins (Extended
Data Fig. 3).

Since precisely mapping out the specific distributions of the spin
bath in the vicinity of individual shallow NV is very challenging, a
general protocol based on the spectral decomposition technique was
utilized to analyse the decoherence noise spectra (Supplementary
Text 4)’. Typical noise spectra before and after charge manipulation
are shown in Fig. 3c (inset), where we fitted the data with a single
Lorentz function and extracted the coupling strength between the
spin bath and the NV centre. The peaks induced by the spin bath
noise of *C are marked by dashed vertical lines, reflecting the peri-
odic feature of Carr—Purcell-Meiboom-Gill (CPMG)’s filter func-
tion”. It is clear that the magnetic noise ranging from ~10kHz to
300kHz is considerably suppressed after the charge manipulation.

From the dependence of the coupling strength on the original
T, (Supplementary Text 4), the sources of the noise can be anal-
ysed by using the simple model shown in Fig. 3a. The coupling
strength versus original T, of different NVs is plotted in Fig. 3c.
The coupling strength both before (4,) and after (4;) coherence
enhancement show a notable dependence on T,. Considering the
positive relation between T, and NV depth (Extended Data Fig. 2),
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such a dependence is consistent with the ~1/d” relation of coupling
strength between NV and the surface noise’. Remarkably, for NVs
with an original T, time longer than 10 ps (corresponding to a depth
of ~5nm; Fig. 3¢, dashed line), the differential coupling strength
(A;—A4y) only shows a weak dependence on T,. Such a result can
be understood by considering that the spin noise at the subsurface
was roughly homogeneous in space around the relatively deep NV
centres (Fig. 3a, dark red arrow). The decreased coupling strength
in the noise spectra is about 0.2-0.3 MHz (Fig. 3c), approximately
half of the residual bulk noise strength reported for boron-doped
samples™.

In contrast, a very large differential coupling strength was
observed for NVs with poor coherence time (<10ps) (Fig. 3c).
This results from the fact that such NVs are in closer proximity to
the diamond surface (Fig. 3a, light red arrow) and thus suffer from
stronger coupling with the surface spins in their vicinity, which
were induced during NV growth and then suppressed through our
‘pull-and-push’ method. These findings clearly indicate a transition
of the dominant decoherence sources from subsurface spins to sur-
face spins as the depth of the NV centre is decreased (Fig. 3¢, verti-
cal dashed line).
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It is worth noting that, even if the T, time of shallow NVs was
enhanced by more than two fold on average after suppressing the
electron spin noise, we did not find changes of T,” beyond the fit-
ting errors in the free-induction decay spectra (Supplementary
Fig. 5). We excluded the inhomogeneous broadening caused by the
slightly drifted local electric field from the tip, since we only found
a variation of ~10% for T, under large bias when the tip was located
hundreds of nanometres horizontally away from the NV centre
(Supplementary Fig. 5). Instead, we attributed it to the unavoid-
able complex charge dynamics near the diamond surface under
the illumination by the 532nm lasers during the measurements.
Typically, the charge dynamics leads to low-frequency spin noise
ranging from several tens to hundreds of kilohertz, which limits T,
(Supplementary Text 3).

Figure 4a shows the calculated sensitivity of shallow NVs
with different depth and T, values for sensing external protons
(Supplementary Text 5). The result for the enhanced NV shown in
Fig. 2b is marked by an orange star, demonstrating an upper bound
for the sensitivity close to just a single external proton. It is expected
that the application of more complex pulse sequences such as the
dynamical decoupling sequences*”, correlation®, weak measure-
ments™* and advanced readout'****! techniques generally used in
nanoscale nuclear magnetic resonance (NMR) may further push the
sensitivity to (92nT)*Hz™"? to (172nT)?Hz"'?, corresponding to a
sub-proton sensitivity of 0.12-0.42 protons Hz™*? for an NV depth
of ~2.2nm (Supplementary Text 5). Figure 4b shows the calculated
sensitivity enhancement of a manipulated NV for detecting subtle
incoherent magnetic signals, which naturally exist in nanoscale
spin structures such as proton clusters>*'>'* and single proteins®.
In such a case, the minimum detectable magnetic field scales with
C(T>)" Ty According to the fitted curve (solid lines), the sensi-
tivity enhancement is defined by the ratio between the highest sen-
sitivities in the enhanced and original conditions as obtained from
the fitted curves (marked by arrows), yielding an 80-fold enhance-
ment for a 20-fold lengthening of T, (Supplementary Text 6)'*.
We emphasize that this theoretical prediction is based on tiny phase
accumulations. Actually, proton detection requires a signal contrast
beyond the background fluctuation, which may reduce the sensitiv-
ity enhancement measured in experiments (Extended Data Fig. 4 and
Methods). For sensing an external harmonic AC magnetic field, the
minimum detectable magnetic field 8B,,;, scales with C (T2) " T,
(Supplementary Fig. 6 and Supplementary Text 7)>*. In Fig. 4c,
using the spin echo sequence, a 2.5-fold sensitivity enhancement was
obtained for a 5-fold lengthening of T,. Accordingly, when applying
the same number of shots for readout, the minimum detectable mag-
netic field for the prolonged T, was 4.4 times smaller (Fig. 4c, inset).
At the same time, the lower bound of the detection bandwidth was
also extended from ~33kHz to less than 7kHz.

To further confirm that the enhanced sensitivity is important
for detecting more subtle magnetic fields, we applied an XY8-4
sequence (a similar pulse sequence with CPMG except the alterna-
tive rotating axis of NV during the n-pulses) and tried to measure
weakly coupled nuclear spins around the NV centre*’. As shown in
Fig. 4d, after suppressing the bath noise from electron spins through
the charge manipulation method, we obtained an enhanced coher-
ence under the dynamical decoupling sequence (Fig. 4d, red curve).
Figure 4e shows zooms at the second- and fifth-order resonances of
the PCbath. A longer interrogation time for accumulating the exter-
nal magnetic field gives higher spectral resolution in the dynamical
decoupling spectra®. In the fifth-order region of the red spectra, a
sharp peak (arrow) was isolated from the broad decoherence fea-
ture caused by the *C bath, while no clear feature was found in the
blue spectra measured before charge manipulation. Since the curves
measured with a last microwave pulse of 7/2 or 37/2 during a single
cycle show a distinct cross-over feature at this peak (Supplementary
Fig. 7), we determine this to corresponding to a single coherently
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coupled *C nuclear spin with a coupling strength of A~ 15.18 kHz
with the NV centre. This sensitivity is comparable to the results
(A of 1-10kHz) reported when using deep NV centres in bulk
diamond*.

In this work, we developed a new method for substantially
enhancing the coherence of single shallow NVs, which improves
prior limitations on the application of solid-state qubits for quantum
sensing. In particular, such coherence boosting of extremely shal-
low (<5nm) NVs may open up a new possibility for quantum sens-
ing to detect ultra-weak signals such as those from single-proton
nuclear spins or even sub-proton nuclear spins (Extended Data
Fig. 4), which is a longstanding goal in micro- and nanoscale mag-
netometry. It is expected that well-controlled surface treatments
should further improve or optimize our ‘pull-and-push’ method.
More generally, our method provides a powerful and universal tool-
kit for enhancing the coherence of other kinds of near/on-surface
solid-state qubits* such as colour centres in 2D materials*, SiV in
diamond* and SiV or di-vacancies in SiC'>*. Besides, this method is
also suitable for enhancing the coherence of non-fluorescent defects
in diamond, such as P1 centres, to make them excellent auxiliary
qubits for high-performance quantum information technology*’.
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Methods

Experimental setup. All the data in this work were recorded in our home-built
scanning probe microscope (SPM) system, which was specially designed for
achieving excellent compatibility with NV centre technology. The SPM part
includes a compact Pan-type scanner head”, integrated with vector magnets

and high-frequency transmission cables. An oil-immersed objective (numerical
aperture 1.3) was used for photon collection, and the focus spot is driven by a
commercial piezo-driven scanner (Physik Instrumente). We chose a qPlus sensor
equipped with a tungsten tip (25 pm diameter) for AFM measurements™. The
tungsten tip was first electrochemically etched in NaOH solution and subsequently
cleaned and sharpened by using an FIB with a small beam current (typically

<80 pA and 30kV). The bias voltage was supplied by the AO output of an NI-DAQ
(National Instrument) and amplified through a commercial piezo driver (—450 V
to +450V, CoreMorrow). The bias was applied on the tip, while the ground
reference was on the microwave waveguide and the shielding box of the SPM
scanner.

Single NV centres were addressed individually by using our home-built
confocal imaging system. The spin state of NV~ was initialized by using a 532nm
laser and read out by collecting the emitted photons in an avalanche photodiode
(Excelitas). The 532 nm laser was chopped by using an acoustic-optic modulator
(Gooch & Housego) crystal in double-pass mode and subsequently shaped by a
single-mode fibre. The microwaves were generated by a signal generator (N5181B,
Keysight), split by a 90° hybrid, chopped by switchers, amplified by a power
amplifier and finally fed through the microwave waveguide used for flipping the
electron spin of NV ™. The synchronization of the laser pulse, microwave pulse
and counter timing was achieved by using a multi-channel digital pulse generator
(PBESR-500, Spincore). All the spin echo and dynamical decoupling measurements
were acquired by the subtraction of two measured decoherence spectra, with
the last microwave pulses being set as 7/2 and 3n/2 individually. For NMR
measurement of external protons, we replaced the multi-channel digital pulse
generator with an arbitrary wave generator (DN2-662.04, SPECTRUM) combined
with an external IQ modulator (MMIQ-0218L, Marki).

NV creation. The diamonds used in this work are electronic-grade single-crystal
chips purchased from Element Six, with intrinsic nitrogen concentration below
5 ppb. The chips were milled into membranes with thickness of 20-30 pm by
laser cutting at DDK Inc. The diamond membranes were then prepared as
described in ref. . First, an epitaxial boron-doped layer of diamond is grown by
microwave-assisted chemical vapour deposition. The thickness of such a layer is
~9nm with a boron concentration above 10* cm~2. Next, the diamond with the
boron-doped layer was implanted with 5keV *N ions at a tilt angle of 3° to the
normal direction of the diamond surface with an average dose of 5x 10°cm™2. A
subsequent high-temperature anneal at 950 °C for 2h led to diffusion of carbon
vacancies, which ultimately combined with '*N donors. The sample was then
cleaned by boiling in tri-acid solution. Finally, an ion etching process using O,
was applied to remove a ~15nm thickness of diamond in an inductively coupled
plasma reactive ion etching system, which results in the shallow NVs with depth
of ~5nm.

Charge state control. A detailed description of the recipe used for precise and
high-fidelity charge state control can be found in previous work®. Because of the
scattering of the 532 nm laser with power of ~300 pW, the tip can be resolved in the
confocal image and brought close to a selected NV centre. Then, we focused the
laser on this NV and scanned the tip with a large positive bias (typically larger than
+50V) around it within a region of 1-2 pm? leading to polarization of the surface
by pulling the unpaired electrons from the subsurface paramagnetic defects onto
the surface (Extended Data Fig. 5). In this case, when the tip bias and parking time
per pixel are fixed, the area of polarized surface is mainly dependent on the power
of the excitation laser. Considering the typical size of our laser focus and the power
used during the ‘pulling’ step, we estimate a polarized area of ~265 x 265 nm? for

a laser power of ~300 pW and a tip bias of +50 V (Extended Data Fig. 5). After

the scanning, the tip was grounded or retracted, while the surface polarization
remained due to trapping of the surface electrons in deep defect levels. The
induced built-in electric field brought the bright state (NV~) into the dark state
(NV*), which was intrinsically stable at room temperature. The charge state will
recover to NV~ either through the tip-induced band bending effect or direct
depolarization of the surface under a large negative voltage (typically larger

than —60 V). It is noteworthy to state that, even under large bias voltages and
high-power laser excitation during the surface polarization, no changes in AFM
tomography were observed.

Suitable tip position for the ‘pushing’ step. It is worth noting that, during the
‘pushing’ step, the tip with large negative bias should not be brought into proximity
with the NV centre. In this case, the electric field of the tip would lead to upward
band bending and turn the NV~ to the NV* state (Extended Data Fig. 1a), which

is not applicable for spin echo measurements. When the laser power is large
enough, the surface can even become depolarized at the large negative bias due to
ionization of surface charges, thus recovering the NV~ state”’. In the current case,
we only used a low-power laser during the ‘pushing’ step, to avoid irreversible
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depolarization of the polarized surface (Supplementary Fig. 2b), thus the ionization
of the surface charges is suppressed and only the tip-induced band bending effect
dominates (Extended Data Fig. 1b).

To provide more details on the tip position during the ‘pushing’ step, we
performed spin echo mapping (Extended Data Fig. 1). We first selected a NV with
an original T, of 22 ps and turned it into the NV* state through the ‘pulling’ step.
Then, we fixed the delay time of the spin echo at 14 ps, scanned the tip with a
negative bias and monitored the spin echo signal continuously. Extended Data
Fig. 1c and 1d demonstrate the spin-echo signal mapping under tip bias of
—100 and —150V, respectively. The NV’s position is marked by a white disc
whose position and size are determined by the quenching effect of the metal tip
(Supplementary Fig. 3). An overall decay of the spin echo signal along the scanning
direction (dashed arrow) was caused by thermal drift during the long-term data
acquisition (~6h per image).

In the spin echo mapping, a larger signal at fixed delay time indicates a higher
spin contrast and thus longer T,. From the spin echo mapping, we can identify the
‘hot’ regions highlighted by the dashed curves, corresponding to the tip position
for achieving the optimal T, enhancement during the ‘pushing’ step. In Extended
Data Fig. ¢, the ‘hot’ region is located roughly 300-700 nm away from the NV
centre. The existence of the ‘hot’ region arises from two competing factors. On the
one hand, a small tip-NV distance will cause the upward band bending effect and
make the charge state of NV~ unstable (Extended Data Fig. 1a,b). On the other
hand, when the tip is too far away from the NV, the field strength is insufficient
to push the surface electrons efficiently. This is also confirmed by the spatially
dependent spin echo measurements with fitted T, in Extended Data Fig. le. The
higher tip bias induces a ‘hotter’ and ‘wider’ region for optimal T, enhancement
during the ‘pushing’ step (Extended Data Fig. 1d). The shape of the ‘hot’ region
seems irregular and asymmetric, which may be caused by the asymmetric shape
of the tip, the random distribution of the surface charge and the re-organization of
the surface charge during the spin echo mapping.

Depth calibration of shallow NVs through DEER spectra. The depth of the
NVs can be estimated from DEER spectra by using the model of configurational
averaged surface spins*. In the DEER measurement, an extra microwave n-pulse
is applied at the middle of the spin echo sequence, aiming to flip the polarization
direction of paramagnetic electron spins such as P1 centres, charged vacancies and
surface electron spins surrounding the NV centre (Extended Data Fig. 2a). In this
way, the tiny magnetic fields from the flipped electron spins can be sensed by the
NV during the interrogation time 7, while the background from the non-flipped
ones is cancelled. Thus, the DEER spectra D(7) (Extended Data Fig. 2b, blue
curve) shows additional decoherence compared with the spin echo measurement
C(7) (Extended Data Fig. 2b, red curve). To cancel out the oscillations in D(z)
and C(7) caused by the residual spin noise from "*C or misalignment of the
bias magnetic field, we obtained normalized DEER spectra as S(z) = D(7)/C(7)
(Extended Data Fig. 2c).

In the case of the diluted surface spins, the normalized DEER spectra show
a stretched exponential decay with different exponents # ranging from 2/3 to 2.
When 7 is small, all the surrounding electron spins are distant from NV and can be
regarded as a quasi-static bath, leading to a DEER decay with Gaussian shape, that
is, n=2. However, at very large 7, the NV is strongly coupled to a few surface spins
that hop around occasionally during the repetitions of the measurements, leading
to n=2/3 (ref. **). To clearly show the exponent of the power law, we applied the
logarithm of S(7), as in ref. **. Typically, DEER spectra can be described by a single

power law:
S(r):exp(f( : )) W
TDEER

where 1/7pgy is the decay rate of the DEER spectra. We can then define

1
g(7) = log,In (%> . (2)

Extended Data Fig. 2d shows g(z) on a log-log plot, where the exponent of the
power law n is reflected by the slope of the curve. A depth-dependent transition
time should be found in g(z), which can be used for NV depth calibration with
precision comparable to NMR measurements™. We fit S(z) by the following
function, with the depth d and the surface spin density o as the fitting parameters:

S(r) =

5 or2hiT (2 cos’a—r* —2+/2rdcos a)
exp {6fo”daf0°°rdr X (cos z FCETaL —1)¢,

(3)

where r is the relative distance of an electron noise to the NV and a is the polar
angle. The fitted depths of seven measured NV's are summarized in Extended
Data Fig. 2e, where a positive relation between the depth and the spin echo time is
clearly seen. It can be seen that the NV with T, < 10 ps are located within 5nm of
the surface. The NV with T, of 1.5 us shows a depth of only 2.5 nm, which suggests
that the depth of the NV (T,=1.3 ps) shown in Fig. 2b is ~2.2nm.
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We note that the model described above only considers the contributions
from the on-surface electron spins to the DEER measurements. The contribution
from the subsurface spins may lead to discrepancies between the estimated
and real depth. However, this model should still be valid for extremely shallow
NVs with depth <5nm, where the contribution from on-surface spins to DEER
measurements is dominant (Fig. 3c). For relatively deep NVs, that is, >5nm, the
contribution from the subsurface electron spins to DEER signals is considerable,
leading to a discrepancy of ~1 nm in the depth estimation.

Measuring the sensitivity enhancement for proton detection. The theoretical
calculation (Fig. 4a,b) of the sensing magnetic field variance in Supplementary
Texts 5 and 6 is based on the approximation of the tiny phase accumulation of
the NV centre during the measurements. Therefore, the resulting sensitivity does
not depend on the detected signal strength but rather scales as T, *% leading to
a simple and clean standard for evaluating the important role of T, in quantum
sensing of weak magnetic signals such as proton spins.

In experiments, the spin echo is practically not applicable for proton detection
due to its limited spectral resolution in picking up the precession frequency of
protons. In contrast, we need to apply a large number of n-pulses to obtain enough
phase accumulation and signal contrast, which is described by*

Sbp (Bfms) = C(n7) (1 — (cosA¢))

(4)
= C(n7)(1 — exp(— & 7:B; K(n7))),

where B2 is the magnetic variance from the ensemble of protons, 7=£/2 equals
half the precession period of protons, (cosA¢) is the averaged normalized signal of
different measurement cycles, 7, is the gyromagnetic ratio of the NV centre, C(n7)
represents the spin contrast of the NV at the n—= delay time of 7 in a dynamical
decoupling sequence such as XY8-k, n=_8k is the total number of & pulses and
K(n7) is a function determined by the filter function of XY8-k and the finite
coherence time of the protons.

According to the definition of sensitivity, we obtained the minimum detectable
magnetic field variance as equal to the sensitivity obtained at the specific N, where
N is the number of shots for readout:

EN 2
5B, = o /max ( as?,,i) =c}/ (?yﬁK(M)C(M) (cosAzb)) , )
where ag\] scaled with (n7)"? is the photon shot noise-limited uncertainty after N
number of XY8-k measurements. The maximum of the derivative of Sy, is difficult
to obtain in experiment since it is difficult to control the number of protons in
ambient conditions and usually an ensemble of protons contribute to the signals
(Extended Data Fig. 4a). Instead, we can only evaluate the sensitivity at specific B,
through equation (5).

When B, is small (such as ~100nT), the maximum signal contrast requires nr
to approach T, yys ,» which can be realized by increasing the = number #. Generally,
alonger T, ., leads to longer T, xys, and larger n, which would enhance the
sensitivity for proton detection within the region of small signal contrast according
to equation (5) (Extended Data Fig. 4b, highlighted region and blue curve). In
actual experiments, the signal contrast should be larger than the background
fluctuation of the fluorescence. To obtain a convincing proton signal from XY8-k,
we need to apply a large number of 7 pulses and achieve sufficient signal contrast
(typically larger than 30% in our case), which might decrease the sensitivity
(Extended Data Fig. 4b, red curve). Therefore, the theoretical estimation of the
sensitivity shown in Fig. 4b demonstrates the upper limit for sensing subtle signals
using a sensor with a coherence time of T,.

In the following, we demonstrate the experimental enhancement of the
sensitivity for detecting proton spins. NVs showing large T, enhancement (~20
fold) usually have very poor coherence (T,~ 1 ps, depth ~2nm) (Extended Data
Fig. 4c), making it difficult to detect external protons. In the original condition, we
can only apply 16 n-pulses for dynamical decoupling (that is, XY8-2 for the blue
curve in Extended Data Fig. 4d, while the coherence is totally collapsed with more
7 pulses) and obtain no proton signals. However, after using the ‘pull-and-push’
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method described in the main text, T, was enhanced to 18 us and a clear dip
appears at around 387 ns when applying XY8-12, consistent with the precession
frequency of protons under 303 G. Based on equations (4) and (5), the minimum
detectable magnetic variance after an integration time of 4,800 s in Extended Data
Fig. 4d is B2, ;=(129.5nT)?, corresponding to ~0.18 proton spins, considering the
estimated depth of 2.1 nm for this NV.

Unfortunately, it is impossible to quantitatively calculate the sensitivity
enhancement, since the proton signal is not detectable before the coherence
enhancement. Although the exact value of the sensitivity enhancement cannot be
given in experiments, we demonstrated that, when using our method, a quantum
sensor with extremely poor coherence was truly improved to achieve high
sensitivity for sensing subtle magnetic fields from external nuclear spins such as
protons.
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Extended Data Fig. 1| Suitable tip position for T, enhancement in ‘pushing’ step. a, The confocal mapping when a negatively biased tip is scanned over
a single shallow NV centre. The dark disk-like feature corresponds to NV+ state, caused by the strong tip-induced upward band bending effect. Scale bar:
500 nm. Laser power: 30 pW. Tip bias: =220 V. b, Schematic diagram showing the tip-induced band bending effect. When the tip is laterally close to NV
within 300 nm, the large upward band bending effect induced by the negatively biased tip leads to NV* state. The charge transition levels of NV+/NV°
and NV%/NV~ are denoted by the short blue and red lines, respectively. The charge transition level of paramagnetic spins is denoted by the purple line. E;
is the Fermi level, Ec and E, denote the edges of the conduction and valance bands, respectively. ¢,d, Spin-echo mapping of one NV centre in the ‘pushing’
step under the tip bias of =100V and —150V, respectively, by fixing the delay time of spin-echo measurements. The images were expanded from 20 x 20
pixels to 40 x 40 pixels through the interpolation. The white disc denotes the position of NV. A grey arrow denotes the scanning direction, along which an
overall decay of spin-echo signal was observed due to the thermal drift during the 6-hours imaging. The ‘hot’ regions demonstrating the longer T, time are
highlighted by the dashed curves. Scale bar: 400 nm. e, The T, measurements at different positions in ¢. At every position denoted by the alphabets in ¢,
we applied spin-echo measurements at full time range and fitted the T,. The dashed horizontal line denotes the original T,. The variation of T, in e indicates
the suitable tip position for enhancing the T, under the ‘pushing’ step.
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Extended Data Fig. 2 | DEER spectra for depth calibration of shallow NVs. a, Schematics showing the principle of DEER measurement. An extra z-pulse

is applied at the middle of the spin-echo sequence, flipping the surrounding electron spins. Thus, the magnetic field from electron spins is sensed by the
NV centre. b, Typical results of DEER spectra and spin-echo of a single shallow NV. Additional decoherence caused by the electron spins obviously appears
in the DEER. ¢, Normalized DEER spectra for eliminating unwanted oscillations and peaks caused by the C residual spins or misalignment of biased
magnetic field. d, Two typical normalized DEER spectra demonstrated in log-log plot of two shallow NV centres. The transition time is clearly observed,
which reflects the depth of the NV centres. The dashed and dotted lines represent the powers of 2 and 2/3, respectively. e, The graph summarizing seven
measured NV centres, which shows a positive relation between T, and the depth. The red curve is used for guiding the eyes.
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Extended Data Fig. 3 | Transition time in log-log plot of DEER spectra before and after the coherence enhancement. The DEER spectra of single NV
demonstrated in the log-log plot showing the change of the transition time from ~21ps to 64 ps before and after the charge manipulation. The coherence
time was enhanced from 57 + 3 ps up to 151+ 5 ps. The dashed and dotted lines represent the powers of 2 and 2/3, respectively. In the model of
configurational averaged surface spins, the transition time at which the DEER curve begins to demonstrate stretched exponential decay should be only
sensitive to the depth of NV, regardless of the density of surface spins®*. However, there should be subsurface electron spins such as P1 centre and charged
vacancies induced by the ion implantation, which would also contribute to the decoherence and DEER signals of shallow NVs. Such subsurface spins may
be located between the NV and the diamond surface, hence, the change of transition time indicates a changed distribution of the subsurface spins.
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Extended Data Fig. 4 | Sensitivity enhancement for proton detection. a, Schematics showing the principle of detecting external protons by single NV
centre. An ensemble of protons within the detecting volume (highlighted) contribute signals. b, The calculated sensitivity of single NV and its dependence
on nz according to the Equation 5. The detected field strength Bfms is chosen to be fitted from the red curve in d. The grey curve shows the corresponding
signal contrast calculated by the Equation 4. The blue curve shows the sensitivity calculated based on the approximation of tiny signal contrast
(Supplementary Text 5). Only within the region of small signal contrast (highlighted), the red and blue curve show good consistence. For simplicity, both
the sensitivity and signal contrast were calculated by setting C(nz)=1. ¢, Spin-echo measurements of a very shallow NV showing T, enhancement of

~20 fold with our method. d, XY8-2 (blue curve) and XY8-12 (red curve) measurements of the same NV in ¢ showing that after ‘pull-and-push’ method,

such a quantum sensor with poor coherence can be used for detecting external protons, with the capability of detecting a minimum magnetic variance
corresponding to ~0.18 protons. The red curve is offset for clarity. The external magnetic field is 303 Gauss.
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Extended Data Fig. 5 | Laser power dependence of surface polarization. The fluorescence of one shallow NV centre under varied laser power with tip

bias of +50V (red points). The NV~ completely coverts into NV+ at ~100 pW, which can be considered as a criterion for the degree of surface polarization.
Assuming that there is no geometric change in the gaussian-like focus spot at different laser power, this transition laser power can be used for the
estimation of polarized area. For example, considering the typical size of our laser focus and the power used during the ‘pulling’ step, we can estimate

a polarized area of ~ 265 x 265 nm? under a laser power of ~300 pW and a tip bias of +50 V. Inset: the schematics showing the process of surface
polarization described in Methods. When polarizing the surface, we fixed the laser focus on one NV centre and scanned the tip with positive bias around it.
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