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Surfaces enable useful functionalities for quantum systems, e.g., as interfaces to sensing targets, but
often result in surface-induced decoherence where unpaired electron spins are common culprits. Here we
show that the coherence time of a near-surface qubit is increased by coherent radio-frequency driving of
surface electron spins, where we use a diamond nitrogen-vacancy (NV) center as a model qubit. This
technique is complementary to other methods of suppressing decoherence and, importantly, requires no
additional materials processing or control of the qubit. Further, by combining driving with the increased
magnetic susceptibility of the double-quantum basis, we realize an overall fivefold sensitivity enhancement
in NV magnetometry. Informed by our results, we discuss a path toward relaxation-limited coherence times
for near-surface NV centers. The surface-spin driving technique presented here is broadly applicable to a
wide variety of qubit platforms afflicted by surface-induced decoherence.
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Decoherence of quantum systems near surfaces is an
outstanding challenge that has not been met. Whereas many
quantum systems benefit from a high degree of environ-
mental control and regularity, such as atoms trapped in
vacuum far from surfaces and atomic-scale defects buried
deep in a bulk crystal, interfaces can add important
functionality toward scalability, transduction, and network-
ing. However, interfaces also add an uncontrolled element
to the qubit’s environment. Surfaces, in particular, are
inevitable for superconducting qubits, nanomechanical
resonators, adatom qubits, atom and ion chip traps, and
high spatial resolution sensing, but frequently host sources
of decoherence [1–6]. In particular, fluctuating magnetic
fields from surface electron spins are implicated as a major
source of decoherence for qubits near surfaces [7–13].
The negatively charged nitrogen-vacancy (NV) center in

diamond is a renowned, model example of a solid-state
qubit [14]. Near-surface NV centers are used as versatile,
high spatial resolution quantum sensors [15–18] and are
also useful for storing, processing, and transferring quan-
tum information in hybrid quantum systems [19–21]. The
NV coherence time is a key parameter in these quantum
applications, as it directly limits the possible storage and
processing time, as well as the achievable sensitivity in
sensing [22,23]. For these applications, it is vital that the
NV center reside in close proximity to the diamond surface,
as the NV depth determines the coupling strength to
other quantum elements, as well as the signal strength
and spatial resolution in imaging [24,25]. However, as for a
wide variety of other quantum systems, decoherence
associated with the surface is a key obstacle in NV-based
technologies [12,26,27].

Several approaches are commonly taken to mitigate
decoherence of near-surface qubits. Surface engineering
is a direct, materials-based approach, which often involves
preparing the surface with a host of material-specific
protocols [28–31]. Although surface engineering is a
promising approach that directly targets the source of
the problem, discovering the correct protocols can require
painstaking characterization and trial and error; to date,
state-of-the-art techniques have not succeeded in com-
pletely eliminating the decoherence sources. Further, the
surface can degrade in time after the initial preparation, due
to spontaneous chemical or structural changes, as well as
accumulated surface adsorbates [32–35]. Quantum control
of the near-surface qubit is another approach to mitigating
decoherence. Dynamical decoupling is a primary example,
where by fast rotation the qubit is made insensitive to
slower frequencies of fluctuations [36–38]. One can also
use qubit states with “clock transitions” that are insensitive
to specific perturbations, such as magnetic fields [39–42].
Although they can increase coherence time, these tech-
niques significantly constrain the qubit and its applications,
rendering it insensitive to signals that are similar in nature
to the noise being decoupled. An active approach that
directly addresses only the offending source and leaves the
qubit unconstrained, without painstaking materials process-
ing or susceptibility to surface degradation, is a promising
path forward.
In this Letter, we demonstrate that coherent radio-

frequency driving of surface electron spins removes their
decohering effect on nearby qubits. Here we use a diamond
NV center as a model near-surface qubit. Importantly, the
qubit coherence time increases without any additional
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materials processing or manipulation of the qubit. The
physical principle of this approach is that, by driving
the surface spins sufficiently fast, their interaction with
the qubit averages away [Fig. 1(a)], analogous to the
phenomenon of motional narrowing [43]. With NV centers
specifically, we realize a fivefold enhancement in meas-
urement sensitivity by combining surface-spin driving
with the increased magnetic susceptibility of the double-
quantum basis. We find the coherence extension from
driving is robust among individual NVs. The techniques
here are broadly applicable to qubits affected by para-
magnetic environments and are directly complementary to
other methods of suppressing decoherence. Lastly, we
discuss a path toward realizing relaxation-limited coherence
times for near-surface NV centers by combining surface-
spin driving with existing materials processing techniques.
The experimental setup consists of a home-built, room-

temperature confocal microscope for optically addressing
individual near-surface NV centers in a single-crystal
diamond plate. Three separate radio-frequency (rf) signal
generators are used for controlling the electronic spin
state of the NV spin qutrit, formed by jms ¼ 0iNV and
jms ¼ �1iNV, as well as the electronic spin state of surface-
spin qubits, formed by j↑iSS and j↓iSS. A single microwave

waveguide patterned on the diamond is used to deliver all rf
signals.
The diamond substrate used here is prepared by chemical

vapor deposition growth of a 50-nm-thick 99.99% 12C layer
onto an Element Six electronic grade (100) diamond. NV
centers are then formed by 4 keV 14N ion implantation with
a dosage of 5.2 × 1010 ions=cm2 into the diamond plate,
followed by annealing in vacuum at 850 °C for 2.5 h. The
surface is then triacid cleaned and annealed in an
oxygen atmosphere [44] (see Supplemental Material
Note 1 for further details [45]). The NV centers’ depths
are experimentally measured via surface proton NMR and
range between ∼4 and 17 nm [49]. In Supplemental
Material Note 2 we estimate a surface-spin density of
0.01–0.1=nm2 [45].
The electron spins at the diamond surface and their

interactions with single, shallow NV centers can be probed
by a double electron electron resonance (DEER) measure-
ment sequence [Fig. 1(b)], in which the NV center serves as
a local, optically addressable readout for a small number of
proximal dark spins [50–52]. Specifically, a Hahn echo
sequence is performed on the NV, in which a resonant π
pulse on the jms ¼ 0 → −1iNV transition decouples the NV
center from slowly varying environmental fluctuations that
lead to decoherence; simultaneously, a coherent microwave
pulse tuned to the surface spins (frequency fSS) selectively
recouples their quasistatic contribution and leads to NV
decoherence. Therefore, in this DEER measurement, the
NV coherence serves as a readout for the surface spins.
In Figs. 1(c) and 1(d), we probe the surface-spin

frequency- and time-domain response to rf fields using
the DEER measurement sequence in Fig. 1(b). Here we use
spin-dependent photoluminescence to measure NV coher-
ence in the single-quantum basis fjms ¼ 0i; jms ¼ −1igNV
at a fixed echo time 2τ. The plotted NV coherence is
defined as the difference between the populations of the
jms ¼ 0iNV and jms ¼ −1iNV states after the final π=2
pulse in Fig. 1(b) (neglecting the nonunity spin polarization
[45]). Figure 1(c) shows the surface-spin electron spin
resonance spectrum, obtained by measuring NV coherence
as the frequency fSS of a fixed-duration surface-spin pulse
is varied. A clear spin resonance is seen at 1071 MHz,
which is the expected resonance for g ¼ 2 spins at
the applied magnetic field of B0 ¼ 382 G; these are the
dominant spins for near-surface NVs [52,53] and are
the focus of this work. Figure 1(d) shows time-domain
Rabi oscillations of the surface spins, obtained by fixing
fSS ¼ 1071 MHz and varying the duration tSS of the
surface-spin pulse, demonstrating our ability to address
and coherently control these g ¼ 2 surface spins.
Having identified surface spins and established their

coherent control, we now show that by coherently driving
them we remove their decohering effect on a near-surface
qubit. In Fig. 2(c) we observe an increase in the NV Hahn
echo T2 in both the SQ and DQ bases by continuously
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FIG. 1. (a) Schematic of experiment. Near-surface NV centers
are dephased by fluctuating magnetic fields (blue contours) from
surface electronic spins. Driving the surface spins can suppress
NV dephasing. (b) Pulse sequence used in (c) and (d) for probing
surface spins. Microwave pulses (yellow and red) are used for
spin control, and green illumination pulses are used for initial-
izing and reading the NV spin. When an on-resonance π pulse
inverts the surface spins, their quasistatic magnetic field is
recoupled and induces NV dephasing. (c) NV coherence as a
function of pulse frequency fSS, showing a resonance corre-
sponding to g ¼ 2 electronic spins. A π pulse of duration tSS ¼
108 ns is used. Black curve is a Lorentzian fit. (d) NV coherence
as a function of pulse length tSS with fSS ¼ 1071 MHz. Black
curve is a fit to exponentially damped Rabi oscillations with
T2;Rabi ¼ 200ð10Þ ns. 2τ is 20 μs in (c) and (d) and the NV depth
is 7.5(3) nm.
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driving the surface spins on resonance throughout the echo
sequence [sequence in Fig. 2(a)]. Single-tone pulses from
two separate rf generators are used to control the NV
ground-state spin triplet in either the SQ basis f0;−1gNV or
DQ basis f−1;þ1gNV (see Supplemental Material Note 3
for further details [45]). As diagrammed in Fig. 1(a), by
coherently driving these spins sufficiently fast, their mag-
netic interaction with the NV averages away and surface-
spin-induced dephasing is suppressed. For the NV in Fig. 2,
the SQ T2 increases from 65(2) to 94(2) μs by driving and
the DQ T2 increases from 41(3) to 75(3) μs by driving.
Here we drive the surface spins at ΩRabi=2π ¼ 10 MHz,
which is roughly 2× the half width at half maximum of the
surface-spin linewidth (≈5 MHz) and is much greater than
the NV coupling strength to an individual spin at the
surface (≲10 kHz, estimated by the dipole-dipole coupling
strength for two g ¼ 2 electron spins [43]). The coherence
extension we observe is robust: by driving we observe a SQ
T2 increase of>15% for 11 out of 13 measured centers, and
we observe up to a 140% increase.
Before further discussing the results from Fig. 2, we

briefly show that the observed T2 increase is due to
resonant driving of g ¼ 2 electron spins and that these
spins reside at the diamond surface. Figure 3(b) plots
measurements of NV coherence at fixed echo time 2τ while

continuously driving at variable frequency fSS [Fig. 3(a)].
Sweeping fSS across the expected g ¼ 2 resonance
(788 MHz at the applied B0 ¼ 281 G), we observe a clear
increase in the NV coherence, indicating that the coherence
extension from continuous drive is due to resonant driving
of g ¼ 2 spins. To confirm these spins are at the surface, in
Fig. 3(c) we plot the decoupled SQ decoherence rate
Γdecoupled ¼ 1=T2 − 1=T2;drive as a function of NV depth,
measured separately on eight individual centers with depths
ranging from 4 to 17 nm. We observe a strong anticorre-
lation between Γdecoupled and the NV depth, with over an
order of magnitude change in Γdecoupled between the
shallowest and deepest centers, demonstrating that the
decoupled noise originates at the surface. We further note
that on day-to-month timescales we observe order-unity
variations in Γdecoupled measured on the same NV, further
indicating that the decoupled decoherence originates from
the surface. Therefore, Γdecoupled can be interpreted and
utilized as a measurement of the surface-spin-induced
decoherence rate. Fitting the data in Fig. 3(c) to Γdecoupled ∝
1=depthα yields α ¼ 2.1ð2Þ; however, it is important to note
that Γdecoupled depends on the depth in a nontrivial way; i.e.,
NV centers with a different T2 probe different parts of the
noise spectrum. Thus Γdecoupled does not directly reflect the
depth scaling of surface-spin-induced magnetic fluctua-
tions B2

rms, which should roughly scale as 1=depth4 [6].
We now turn to a discussion of the coherence extension

in the single- and double-quantum bases shown in Fig. 2. In
the SQ and DQ bases, the NV has different susceptibilities
to the various dephasing channels [54,55], which can be
quantitatively understood by the NV’s ground-state spin
Hamiltonian
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FIG. 2. (a) NV Hahn echo sequence with continuous surface-
spin drive, used in (c). (b) NV ground-state spin-1 energy level
diagram. The double-quantum (DQ) basis f−1;þ1gNV is insen-
sitive to common-mode Δ fluctuations and has greater magnetic
field B susceptibility than the single-quantum (SQ) basis
f0;−1gNV. (c) NV Hahn echo T2 coherence decay measured
in the SQ (left) and DQ (right) bases, with and without surface-
spin driving, showing that driving extends coherence. Data are
fit to exp½−ð2τ=T2Þn� with fitted n ≈ 1.6. T2;SQ ¼ 65ð2Þ μs
(dark diamonds), T2;SQþdrive ¼ 94ð2Þ μs (red diamonds),
T2;DQ ¼ 41ð3Þ μs (dark circles), T2;DQþdrive ¼ 75ð3Þ μs (red
circles). Surface spin ΩRabi=2π ¼ 10 MHz and the NV depth is
12.8(3) nm. (d) Enhancement of the NV center’s sensitivity to
magnetic field variance, calculated for the data in (c) as compared
to the peak sensitivity for SQ without drive. A 5× sensitivity
enhancement is observed for the DQþ drive measurement.
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FIG. 3. NV coherence extension is due to resonant driving of
g ¼ 2 electron spins at the diamond surface. (a) NV Hahn echo
sequence with continuous surface-spin drive, used in (b).
(b) NV Hahn echo coherence in the SQ basis at fixed τ and
varying fSS, showing a resonance corresponding to g ¼ 2 spins.
Black curve is a Lorentzian fit. Surface spin ΩRabi=2π ¼
7 MHz, 2τ ¼ 34 μs, and the NV depth is 11.6(3) nm.
(c) Decoupled SQ decoherence rate by driving at g ¼ 2
resonance, plotted as a function of NV depth. The decoupled
rate is strongly anticorrelated with NV depth.
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HNV ¼ ðhDþ dkΠkÞS2z þ h
γ

2π
S · B −

d⊥Π⊥
2

ðS2þ þ S2−Þ;
ð1Þ

where h is Planck’s constant, D ¼ 2.87 GHz is the crystal-
field splitting, B is the magnetic field, S is the spin-1
operator, S� are the spin raising and lowering operators,
the z axis points along the NVaxis, γ=2π ¼ 2.8 MHz=G is
the NV gyromagnetic ratio, dk=h ¼ 0.35 and d⊥=h¼
17 Hzcm=V are the components of the NV’s electric dipole
parallel and perpendicular to the z axis, and Πk and Π⊥ are
the parallel and perpendicular components of the effective
electric field, where Π ¼ ðEþ σÞ has both electric field E
and appropriately scaled strain σ terms. With an applied
B ¼ Bzẑ, where ðγ=2πÞBz ≫ d⊥Π⊥=h, the Hamiltonian
yields SQ transition frequencies [26,55] given by

f0→�1 ≈Dþ dkΠk=h�
�

γ

2π
Bz þ

1

2

ðd⊥Π⊥=hÞ2
ðγ=2πÞBz

�
ð2Þ

and a DQ transition frequency given by

f−1→þ1 ≈ 2

�
γ

2π
Bz þ

1

2

ðd⊥Π⊥=hÞ2
ðγ=2πÞBz

�
: ð3Þ

The DQ basis has an effectively doubled gyromagnetic
ratio, which has the positive effect of being more sensitive
to magnetic signals, but is traded off with an increased
sensitivity to magnetic noise. A clear advantage of the DQ
basis, however, is the elimination of noise from the
common-mode Dþ dkΠk=h terms. This advantage is
borne out in Fig. 2(c) where we observe ðT2;DQ=T2;SQÞn ¼
0.48ð4Þ (where n ¼ 1.6 is the exponential stretch factor),
which is greater than 0.25, the expected value for purely
magnetic noise (see Supplemental Material Note 5.1 [45]),
indicating the elimination of substantial common-mode
noise [26].
Importantly, the advantage of operation in the DQ basis

can be amplified by driving the surface spins to decouple a
large portion of the magnetic environment, and in doing so,
we achieve T2;DQþdrive > T2;SQ [Fig. 2(c)]. In result, we
achieve greatly amplified sensitivity gains in magnetom-
etry: the longer coherence time allows for a longer phase
accumulation time from a magnetic signal, and the doubled
gyromagnetic ratio results in a doubled phase accumulation
rate [55]. To quantify these magnetometry improvements,
we consider the sensitivity enhancements to incoherent ac
signals, which is relevant in, e.g., noise detection of
magnetic phases [17,56,57] or detection of the statistical
polarization of precessing nuclear spins in nanoscale NMR
[15,22,58]. In this case, the signal strength for the optically
detected signal goes as CðTÞhðδϕÞ2i, where hðδϕÞ2i ∼
B2
rmsγ

2
effT

2 is the variance in accumulated phase, T is the
total phase accumulation time, CðTÞ is the NV coherence,
Brms is the root mean square of the magnetic field, and γeff

is the effective gyromagnetic ratio: γeff ¼ γ in the SQ
basis and γeff ¼ 2γ in the DQ basis. Compared to a
benchmark value of sensitivity, for a given measurement
the sensitivity enhancement thus scales as (signal strength)=ffiffiffiffi
T

p
∼ CðTÞγ2effT3=2 [22].

Figure 2(d) plots the sensitivity enhancement for the
data measured in Fig. 2(c), where the enhancement is
relative to the peak sensitivity for the no-drive, SQ
measurement. We observe a 2× sensitivity enhancement
in the no-drive DQ measurement, a 1.75× enhancement in
the SQþ drive measurement, and a 5× enhancement in the
DQþ drive measurement. This 5× sensitivity enhance-
ment corresponds to a 25× measurement speed-up. We
note that the SQ, no-drive T2 measured here is similar to
that reported for NVs of this depth [12.8(3) nm] produced
by state-of-the-art materials techniques [6,44,59]; and
with the enhanced collection from our diamond nanopillars,
we estimate an ac magnetic field sensitivity of ηac ¼
10 nTHz−1=2 for the DQþ drive Hahn echo [24].
We now highlight a path pushing toward T1-limited

coherence times for near-surface NVs. With the advances in
this work, the suspected remaining limits to shallow NV
coherence in our diamond sample are Π⊥ fluctuations and
bulk electron spins that produce B fluctuations. These
dephasing sources can be mitigated by existing techniques
that are directly complementary to the methods used in this
work. First, the 1

2
f½ðd⊥Π⊥=hÞ2�=½ðγ=2πÞBz�g term is sup-

pressed with large magnetic fields. By comparing DQ and
SQ coherence times at 281 G [Fig. 2(c)], we estimate
the magnitude of Πk fluctuations and thereby estimate
that Π⊥ fluctuations induce a ∼1 kHz dephasing rate
for the NV in Fig. 2(c). We emphasize, however, that
the term’s nonlinearity means dephasing would be ampli-
fied beyond this estimate by static or quasistatic strain
or electric fields. Second, substitutional nitrogen defects
(P1 centers, ≈ 0.3 ppm in our implantation layer) induce
magnetic fluctuations that we estimate limit DQ coherence
to ∼100 μs [60]. Lowering the implantation dosage or
coherently driving the P1 centers [55,61,62] would mitigate
their decohering effect. Third, nitrogen implantation indu-
ces paramagnetic vacancy clusters, which we estimate also
limit DQ coherence to ∼100 μs [59]. These defects can be
prevented by gentler incorporation of nitrogen such as
during diamond growth [63], or they can be removed by
lattice charging during annealing [59] or high-temperature
annealing [44,53,64]. We remark that any remaining
dephasing would be due to magnetic sources at the
diamond surface that are distinct from the coherently
controlled g ¼ 2 spins in this work.
In conclusion, we demonstrate that the coherence time of

a near-surface qubit is increased by coherently driving the
surface electronic spins, without any additional materials
processing or manipulation of the qubit. Using shallow NV
centers as a model platform, we achieve a fivefold
sensitivity enhancement by combining surface-spin driving
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with operation in the double-quantum basis. Future work
can combine the methods presented here with existing
materials processing techniques to eliminate other known
sources of dephasing and push toward T1-limited coher-
ence times for shallow NV centers. The surface-spin
driving technique demonstrated here could also realize
coherence extensions in other systems such as supercon-
ducting qubits, adatom qubits, and other near-surface
qubits affected by surface spins. Further, these results also
suggest other forms of driving as a promising path forward
for near-surface qubits; for example, electrical driving of
surface electric dipoles could suppress electric field noise
that afflicts atoms and ions near surfaces [32,33,65].

We thank Tim Eichhorn, Nathalie de Leon, Hengyun
Zhou, Isaac Chuang, and Viatcheslav Dobrovitski for
helpful discussions. We acknowledge partial support from
NSF CAREER Grant No. DMR-1352660 and partial
support from the DARPA DRINQS program (Agreement
No. D18AC00014). D. B. acknowledges funding from the
Microscopy Society of America and the Barry Goldwater
Foundation.

[1] C. Wang, C. Axline, Y. Y. Gao, T. Brecht, Y. Chu, L.
Frunzio, M. H. Devoret, and R. J. Schoelkopf, Appl. Phys.
Lett. 107, 162601 (2015).

[2] G. S. MacCabe, H. Ren, J. Luo, J. D. Cohen, H. Zhou,
A. Sipahigil, M. Mirhosseini, and O. Painter, arXiv:
1901.04129.

[3] S. Baumann, W. Paul, T. Choi, C. P. Lutz, A. Ardavan, and
A. J. Heinrich, Science 350, 417 (2015).

[4] Y.-J. Lin, I. Teper, C. Chin, and V. Vuletić, Phys. Rev. Lett.
92, 050404 (2004).

[5] Q. A. Turchette, D. Kielpinski, B. E. King, D. Leibfried,
D. M. Meekhof, C. J. Myatt, M. A. Rowe, C. A. Sackett,
C. S. Wood, W.M. Itano, C. Monroe, and D. J. Wineland,
Phys. Rev. A 61, 063418 (2000).

[6] B. A. Myers, A. Das, M. C. Dartiailh, K. Ohno, D. D.
Awschalom, and A. C. Bleszynski Jayich, Phys. Rev. Lett.
113, 027602 (2014).

[7] T. Schenkel, J. A. Liddle, A. Persaud, A. M. Tyryshkin, S. A.
Lyon, R. de Sousa, K. B. Whaley, J. Bokor, J. Shangkuan,
and I. Chakarov, Appl. Phys. Lett. 88, 112101 (2006).

[8] S. Sendelbach, D. Hover, A. Kittel, M. Mück, J. M.
Martinis, and R. McDermott, Phys. Rev. Lett. 100, 227006
(2008).

[9] H. Bluhm, J. A. Bert, N. C. Koshnick, M. E. Huber, and
K. A. Moler, Phys. Rev. Lett. 103, 026805 (2009).

[10] B. K. Ofori-Okai, S. Pezzagna, K. Chang, M. Loretz,
R. Schirhagl, Y. Tao, B. A. Moores, K. Groot-Berning,
J. Meijer, and C. L. Degen, Phys. Rev. B 86, 081406(R)
(2012).

[11] T. Rosskopf, A. Dussaux, K. Ohashi, M. Loretz, R.
Schirhagl, H. Watanabe, S. Shikata, K. M. Itoh, and C. L.
Degen, Phys. Rev. Lett. 112, 147602 (2014).

[12] Y. Romach, C. Müller, T. Unden, L. J. Rogers, T. Isoda,
K. M. Itoh, M. Markham, A. Stacey, J. Meijer, S. Pezzagna,

B. Naydenov, L. P. McGuinness, N. Bar-Gill, and F. Jelezko,
Phys. Rev. Lett. 114, 017601 (2015).

[13] S. E. de Graaf, A. A. Adamyan, T. Lindström, D. Erts, S. E.
Kubatkin, A. Y. Tzalenchuk, and A. V. Danilov, Phys. Rev.
Lett. 118, 057703 (2017).

[14] M.W. Doherty, N. B. Manson, P. Delaney, F. Jelezko, J.
Wrachtrup, and L. C. Hollenberg, Phys. Rep. 528, 1 (2013).

[15] T. Staudacher, F. Shi, S. Pezzagna, J. Meijer, J. Du, C. A.
Meriles, F. Reinhard, and J. Wrachtrup, Science 339, 561
(2013).

[16] I. Gross, W. Akhtar, V. Garcia, L. J. Martínez, S. Chouaieb,
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