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ABSTRACT 

Quantum coherence serves as a crucial quantum resource for achieving high-sensitivity quantum sensing. 
Because of its long coherence time at room temperature, the nitrogen-vacancy (NV) center has emerged as a 
quantum sensor in various fields in recent years. While nanoscale quantum sensing at room temperature has 
been demonstrated for NV centers, noise on the diamond surface severely limits its further development at a 
higher sensitivity. Here, we utilize the hybridization between graphene and diamond surfaces to directly 
deplete surface unpaired electron spins, thereby achieving roughly two-fold enhancement in coherence. 
Through the combination of electron spin resonance spectra and first-principle calculations, we explain that 
this phenomenon arises from a significant reduction in electron spin density on the diamond surface due to 
interface electron orbital hybridization. Our research presents a new approach for solid-state quantum 

sensors to reach the desired sensitivity level and offers a new pathway for future studies on material 
interfaces. 
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centers should be created as shallow as possible. 
However, dangling bonds and other paramagnetic 
defects at the diamond surface introduce magnetic 
noise near the NV center, predominantly caus- 
ing decoherence. Early efforts have been made to 
control NV centers through microwave decou- 
pling techniques [15 ,16 ] or drive surface spins 
[17 ] to mitigate surface-induced decoherence, but 
limitations arise due to rapid heat accumulation 
from increased microwave duty cycles, restricting 
practical use. There are also numerous studies that 
focus on influencing coherence through surface 
modification [18 –21 ], yet these methods are often 
inefficient or may affect the detection of outside 
samples. Recently, Zheng et al. [22 ] achieved coher- 
ent enhancement of shallow NV centers by locally 
controlling the diamond surface spins. While this in- 
novative technique is effective, it comes with various 
limitations such as requiring complex operations via 
atomic force microscopy, instability and difficulty in 
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NTRODUCTION 

uantum sensors [1 ] in solid-state systems have
emonstrated their ability to achieve high-sensitivity
easurements utilizing quantum resources in a
ide range of fields and conditions. In particular, the
itrogen-vacancy (NV) center in diamond [2 ,3 ],
ith its atomic size and long spin coherence even
t room temperature, has been highly regarded and
xtensively explored. Its coupling with various phys-
cal quantities enables multifunctional applications
n stress [4 ], magnetic field [5 ,6 ], electric field [7 ]
nd temperature [8 ] metrology. In most cases, sen-
itivity strongly depends on the coherence time of
he sensor [9 ]. Thus, long coherence time is crucial
or NV center–based quantum sensing. In many
pplications of nanoscale signal detection, such as
anoscale nuclear magnetic resonance [10 ,11 ] and
ingle-molecule magnetic resonance [12 –14 ], to
nhance coupling between the NV center and the

ample and achieve higher spatial resolution, NV 
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Figure 1. Depletion of unpaired electron spins on the diamond surface with graphene deposition. (a) Schematic illustration of 
the measurement. A single layer of graphene is transferred to the diamond surface. The underlying NV center is modified and 
can be used to probe the surface electrons. (b) The unpaired electron spins on the diamond surface interact with the electrons 
of graphene when graphene is deposited on diamond. (c, d) Schematics showing the interaction of interface electrons before 
(c) and after (d) graphene deposition. The unpaired electron spins on the diamond contribute to the main decoherence of the 
NV center. 
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imultaneously improving the coherence of a large
atch of NV centers. 
In this work, we introduce a novel avenue to en-

ance coherence via graphene-diamond interactions
n their interface, revealing a substantial average
nhancement of about 2 times for shallow NV cen-
ers (depth < 20 nm), with some instances showing
mprovements of over 2.5 times. By performing
ouble electron-electron resonance (DEER) detec-
ion, the density and relaxation time of the surface
pin bath are calibrated quantitatively and we at-
ribute the coherence enhancement to the reduction
f the surface spin density by graphene-diamond
nteractions. 

ESULTS 

nlike three-dimensional (3D) materials includ-
ng diamond, two-dimensional materials, such as
raphene, exhibit an atomically smooth surface with
inimal dangling bonds, as exemplified by its sp2 hy-
ridization in graphene [23 ,24 ]. This unique struc-
ure, while advantageous for electrical properties,
an be influenced by substrate interfaces and con-
acts. When graphene was tightly adhered to the dia-
ond, their interaction depleted unpaired electron
pins on the diamond surface (Fig. 1 d), contribut-
Page 2 of 7
ing to a notable extension of T2 . By the comprehen- 
sive and quantitative analysis with fitting, we note 
that the local surface spin density over the NV cen- 
ter decreased significantly and the surface noise was 
suppressed. The simplicity and practicality of this 
method stem from the well-established graphene 
transfer process [25 ]. C VD-grow n graphene is large 
enough to cover the diamond surface entirely [26 ], 
facilitating batch coherence enhancement for NV 

centers. The structure’s stability under ambient 
conditions [27 ] and its atomic thinness ensure 
the method’s durability and suitability for sensing 
applications. 

A schematic of the experimental principle is il- 
lustrated in Fig. 1 a. The diamond is a 50- μm 〈 100 〉 -
oriented film, including a 10- μm 12 C -enriched layer. 
NV centers located at a few to 30 nm below the
diamond surface are created by 15 N+ low-dosage 
ion implantation and subsequent annealing. Mono- 
layer graphene was directly deposited on the dia- 
mond by employing a wet transfer method after 
acid cleaning and sample-free measurements (see 
Section A.1 within the online supplementary mate- 
rial). The presence of graphene can be verified by 
monitoring the decline in NV fluorescence intensity, 
which is facilitated by Förster resonance energy 
transfer (FRET) [28 ]. The comparison of surface 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf076#supplementary-data
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Figure 2. The coherence measurement and noise spectra for NV1 with and without graphene deposited. (a) Hahn-echo 
measurement demonstrates an enhancement of the coherence time from 21.7(3) to 36.8(6) μs . All of the experiments are 
performed at 382 G, and the data are fitted using e−(t/T2 )

p 
, with p from 1.29(4) to 1.33(3). (b) Coherence time as a function 

of the number of π pulses of the dynamical decoupling sequence with and without graphene. (c) Noise spectra derived from 

decoherence without and with graphene. The solid lines are fitted with a double Lorentzian curve. (d) The T2 enhancement of 
NV centers at different depths after graphene deposition. The x axis is the depth calibrated with the NMR experiment [29 ] 
(see Section A.2 within the online supplementary material). The colored lines are visual guides. 
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lectron signals detected by the NV center before
nd after graphene deposition allows for the assess-
ent of the surface spin density alteration resulting
rom interface interactions (Fig. 1 b). 
In our experiments, the magnetic noise origi-

ating from surface electron spins hindered the co-
erence process of shallow NV centers. The coher-
nce times of NV centers were measured with the
ahn-echo experiment. Figure 2 a shows the mea-
urement of coherence time T2 of NV1 without and
ith graphene at an external magnetic field B0 =
82 G along the symmetry axis of the NV cen-
er. Without graphene, T2 was 21.7(3) μs when
he diamond surface was exposed to air; graphene
eposition increased this to 36.8(6) μs, indicating
oise suppression. To delve deeper into the coher-
nce enhancement mechanism, we examined the
ecoherence behavior and noise spectrum of the
V center. Periodic dynamical decoupling Carr–
urcell–Meiboom–Gill pulse sequences with a vary-
ng number of π pulses were applied until co-
erence saturation (see Fig. S5 within the online
Page 3 of 7
supplementary material). The data were fitted with 
e−(t/T2 )p to determine T2 , which revealed a consis- 
tently longer coherence time for graphene-deposited 
NV centers across different sequence orders, as 
depicted in Fig. 2 b. The noise spectra were ob-
tained by spectral decomposition [30 ], with co- 
herence data deconvolved using the filter function 
of each pulse sequence (see Section B.2 within 
the online supplementary material). As shown in 
Fig. 2 c, both spectra exhibited similar trends, but 
the noise intensity was significantly reduced with 
graphene, indicating its noise suppression capabil- 
ities within the resolved frequency range. A sum- 
mary of T2 values for 10 NV centers is presented 
in Fig. 2 d. Shallow NV centers (depth < 20 nm)
experienced an average roughly two-fold coher- 
ence enhancement, with a maximum over three-fold 
enhancement observed. 

The observed enhancements in coherence 
time and reductions in noise levels suggested 
substantial alterations in the properties of interfacial 
electron spins. As shown in Fig. 3 a, dark spins are

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf076#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf076#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf076#supplementary-data
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Figure 3. Quantitative measurement of the density and longitudinal relaxation time of the surface electrons by NV1. 
(a) Schematic of the DEER sequence. (b) Normalized DEER spectra of the diamond sample in air and deposited with graphene. 
The pulse duration time is fixed, while the frequency of the flip pulse (purple) of electrons is swept from 910 to 1230 MHz. 
Solid lines are fitted to the analytical solutions under a semiclassical approximation. (c) The DEER decoherence curves are 
normalized with the noise floor extracted from the noise spectrum to exclude decoherence due to the faster noise, which 
shows that the coupling strength between the NV center and the surface spin bath decreased from 90.9(50) to 41.0(4) kHz. 
See the online supplementary material for details. (d) The DEER-echo curves without (blue) and with (red) graphene deposited. 
The fitting results show that the electron spin density decreased from 2 . 5(2) × 10−3 to 1 . 1(2) × 10−3 nm 

−2 , while the re- 
laxation time decreased from 21(3) to 12(3) μs . The horizontal dashed lines exhibit agreement with the Hahn-echo and DEER 
signals. 
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easured using the DEER sequence by synchronous
ontrol of NV centers and dark spins. DEER spectra
hown in Fig. 3 b were obtained by sweeping the fre-
uency of the microwave-controlling surface spins.
he spectra exhibit a distinct dip at the g = 2 reso-
ance frequency of dark electrons without graphene,
ndicative of the electron spins. Notably, the ampli-
ude of this resonance dip significantly diminished
pon graphene coverage, suggesting a suppression
f the detected surface electron signal from the
nterface. 
Time-domain DEER signals, as depicted in

ig. 3 c, were acquired by varying the free evolu-
ion time t . The normalized decoherence curves
emonstrated a slower decay rate with graphene
eposition, indicating a weakening in coupling
o surface spins. The curves were fitted with
 (t ) = e−γ 2 

e B
2 
rms τ

2 
c (e

−t/τc + t/τc −1) , where Brms is the
uctuating magnetic field induced by electron
pins and τc is the electron spin relaxation time.
owever, extracting precise values for Brms and τc 
sing DEER was challenging due to the difficulty
n isolating decoherence associated with the surface
pin bath (see Section B.3 within the online sup-
lementary material). The fitting results show that
Page 4 of 7
the product of these two factors γ 2 
e B

2 
rms τc , called 

the coupling strength, decreased from 90.9(50) to 
41.0(4) kHz. 

To further reveal the essence of the interaction 
mechanism, it is necessary to distinguish the con- 
tributions between the density of the interface elec- 
trons and their relaxation time. The correlation spec- 
troscopy sequence [31 ] based on DEER can be used 
to probe the relaxation time of the surface elec- 
tron spins, but the sensitivity is not sufficient to ac- 
quire an accurate result, especially when the cov- 
erage of graphene lowers the density and shortens 
the relaxation time of electron spins. By fixing the 
free evolution time and adjusting the delay time τ
of the microwave π pulse to target surface spins 
from the NV π pulse, an experimental DEER-echo 
sequence can be created. This configuration main- 
tains a constant decoherence level, irrespective of 
the detective spin bath, as τ varies, effectively iso- 
lating spin noise and facilitating the exclusion of 
other external interference sources. Through fitting 
the experimental data to the theoretical model (see 
Equation S16 within the online supplementary ma- 
terial), precise extraction of the spin density and re- 
laxation time can be achieved. As shown in Fig. 3 d,

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf076#supplementary-data
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Figure 4. Theoretical analysis of the graphene and diamond interface. (a, b) The visualized charge density difference and 
planar-average charge density along the z direction with a graphene-diamond distance of 2 . 3 Å in (a) and 6 Å in (b). The balls 
at d = 0 Å represent the carbon atoms in graphene, and the ball-stick models that make up the hexagon in the figure are 
carbon atoms in diamond. The isosurface value is 5 × 10−4 e/Bohr 3 . (c) Energy diagram of graphene and diamond with surface 
defects shows a refined Fermi level and allows charge flows from graphene to diamond. (d) Energy diagram of graphene and 
diamond when they are far away or not interacting. 
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he coherence of the DEER-echo measurement is
onsistent with the DEER experiment at τ = 0 μs
nd with the Hahn-echo measurement at τ = 10 μs ,
n which the sequence degenerates to a DEER or
ahn echo in such conditions. It is worth noting that
 distinct peak (coherence exceeds the echo line) ap-
ears during the period in each measurement, which
hows the susceptibility of the curve shape to the
elaxation time τc . The results indicate a reduction
n the electron spin density from 2 . 5(2) × 10−3 to
 . 1(2) × 10−3 nm 

−2 , accompanied by a transition
n relaxation time from 21(3) to 12(3) μs . Further-
ore, a correlation has been noted between the de-
rease in the electron spin density on alternate NV
enters and the extension of T2 (see Fig. S13 within
he online supplementary material). 
To elucidate the effects of graphene on dia-
ond, the charge distribution and orbital projected
and structure of the graphene-diamond het-
rostructure are analyzed by ab initio calculations. A
raphene monolayer is deposited on the surface of
 100 〉 -oriented diamond with a graphene-diamond
istance of 2 . 3 Å after full relaxation, accompanied
y residual bonds such as C −, O − and OH −
erminals at the diamond surface. The charge re-
istribution at the interface is i l lustrated by the
Page 5 of 7
charge density difference, which is defined as 
δρ = ρdia / gra − ρdia − ρgra , where ρdia / gra , ρdia 
and ρgra are the charge densities of the dia- 
mond/graphene van der Waals (vdW) heterostruc- 
ture, diamond and graphene, respectively. Figure 4 a 
shows the charge density map of the system, with the 
black solid line corresponding to the planar-average 
charge density along the z direction. 

It is obvious that the charge density redistribu- 
tion and even overlap are formed in the vdW gap.
The charge accumulation regions are close to the 
side of diamond, demonstrating that electrons can 
be transferred from graphene to diamond and allow 

interactions to occur. In contrast, the charge den- 
sity map with a graphene-diamond distance of 6 Å
is shown in Fig. 4 b. The charge density map shows
that the electrons just accumulate at the surface of 
graphene without redistribution once the space is 
large enough. We also calculated the charge trans- 
fer of the graphene-diamond interface with different 
initial distances by using Bader charge analysis [32 ] 
(see Fig. S17 within the online supplementary ma- 
terial). The results showed that the transferred elec- 
trons monotonically decrease with increasing dis- 
tance, which could explain the difference in density 
variations for each NV center. In addition, the 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf076#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf076#supplementary-data
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rojected band structure results suggest that the
resence of the diamond substrate has a negligi-
le effect on the energy structure of graphene. For
he structures with these defects, the band struc-
ure that only comprises p orbitals of diamond
xhibits typical features of graphene-gapped Dirac
ones (see Fig. S18 within the online supplementary
aterial). 
Thus, the changes can be explained when we

onsider the orbital hybridization of electrons be-
ween the graphene-diamond interface. When the
iamond was not covered with graphene, the elec-
ron spins on the diamond surface relaxed due to the
urrounding noise. When the graphene was tightly
dhered to the diamond, their interactions redefined
he position of the Fermi level and the electrons in
he graphene tended to the defect energy-level dia-
ond surface and hybridized with the unpaired elec-
rons of the diamond, as shown in Fig. 4 c. Because
f our room-temperature conditions, the electrons
ay transition back and forth between graphene
nd diamond surface bound states, leading to a de-
rease in the electron spin relaxation time in Fig. 3 d.
ome highly hybridized graphene-diamond surface
lectrons paired and formed covalent bonds of spin
inglet states, thus reducing the density of electron
pins that can be detected by the NV center. In ad-
ition, it is well known that the mobility of electrons
n graphene is fast with a spin relaxation time esti-
ated to be at the picosecond to nanosecond level
33 –35 ], which is not detectable and thus does not
ontribute to the decoherence of the NV center in
ur experiments. 

ONCLUSIONS 

n summary, we experimentally observed the en-
anced coherence of NV centers in diamond result-
ng from the graphene-diamond surface interaction.
he signal of diamond surface electrons detected de-
reased following the deposition of graphene onto
he diamond surface. Further experimental results
nd analysis revealed hybridization at the diamond-
raphene interface, leading to a decrease in the den-
ity of surface electron spins. Furthermore, a more
fficient contact between the surfaces, such as an-
ealing under an ultra-high vacuum [36 ], could
otentially enhance this effect. Despite the lim-
ting influence of the FRET effect on achieving
igher-sensitivity enhancements, particularly appar-
nt when the NV center depth is under 10 nm, dop-
ng has the potential to mitigate this effect and war-
ants further investigation [26 ]. More generally, this
ethod may be applicable to other spin-based solid-
tate quantum systems, such as color centers in SiC
37 ] and h -BN [38 ]. In addition, our research not
Page 6 of 7
only introduces a new approach to coherence en- 
hancement in solid-state systems, but also offers a 
fresh perspective on investigating atomic level inter- 
face interactions. This study exemplifies how a 2D 

material like graphene can impact a 3D material like 
diamond through the mediation of a 0D NV defect 
in situ , presenting a unique framework for future ex- 
plorations of material interfaces [39 ]. 

SUPPLEMENTARY DATA 

Supplementary data are available at NSR online. 

ACKNOWLEDGEMENTS 

This work was partially carried out at the University of Sci-
ence and Technology of China (USTC) Center for Micro and 
Nanoscale Research and Fabrication. 

FUNDING 

This work was supported by the National Natural Science 
Foundation of China (T2125011, 12125504, 12274396), the 
National Key R&D Program of China (2018YFA0306600), the 
Chinese Academy of Sciences (GJJSTD2020 0 0 01, QYZDY- 
SSW-SLH004, Y201984, YSBR-068), the Innovation Program 

for Quantum Science and Technology (2021ZD0302200, 
2021ZD0303204), the Anhui Initiative in Quantum Information 
Technologies (AHY050 0 0 0), Hefei Comprehensive National 
Science Center, the Fundamental Research Funds for the Central 
Universities and the New Cornerstone Science Foundation 
through the XPLORER PRIZE. 

AUTHOR CONTRIBUTIONS 

J.D. and F.S. supervised the project and proposed the idea. Z.Y.,
Y.H., X.K., F.S. and J.D. designed the experiments. Y.H., Z.Y. and
X.K. prepared the setup. X.Y., P.Y. and Y.W. prepared the diamond
sample. W.T. and L.G. prepared the graphene sample. Y.H. and Z.Y.
performed the experiment and data analysis. Z.L. and Z.Q. per- 
formed the first-principles calculations. Y.H., Z.Y., X.K., Y.L., F.S. 
and J.D. wrote the manuscript. All authors analysed the data, dis-
cussed the results and commented on the manuscript. 

Conflict of interest statement. None declared. 

REFERENCES 

1. Degen C, Reinhard F, Cappellaro P. Quantum sensing. Rev Mod
Phys 2017; 89 : 035002. 

2. Maze JR, Stanwix PL, Hodges JS et al. Nanoscale magnetic 
sensing with an individual electronic spin in diamond. Nature
2008; 455 : 644–7. 

3. Balasubramanian G, Chan IY, Kolesov R et al. Nanoscale imag- 
ing magnetometry with diamond spins under ambient condi- 
tions. Nature 2008; 455 : 648–51. 

4. Barson MSJ, Peddibhotla P, Ovartchaiyapong P et al. Nanome- 
chanical sensing using spins in diamond. Nano Lett 2017; 17 : 
1496–503. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf076#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf076#supplementary-data
http://dx.doi.org/10.1103/RevModPhys.89.035002
http://dx.doi.org/10.1038/nature07279
http://dx.doi.org/10.1038/nature07278
http://dx.doi.org/10.1021/acs.nanolett.6b04544


Natl Sci Rev, 2025, Vol. 12, nwaf076

aterials at the 
–6. 
under ambient 

ing single dia- 

etry in a living 

Phys 2017; 89 : 

1 etic resonance 
0. 

1 sonance spec- 
9 : 561–3. 

1 sonance spec- 
 96 : 025001. 

1 troscopy under 

1 onance detec- 
Science 2016; 

1 ling of a single 

1 ntum magne- 
ett 2014; 113 : 

1  coherence of 
rface environ- 

1 face nitrogen- 
115 : 087602. 

1  surface noise 
 spectroscopy. 

2 -state qubit in 

2  vacancy pho- 
ntum sensing. 

2 id-state qubits 
18 : 1317–23. 

2 e 2009; 462 : 

2 raphene films. 

2 wn monolayer 
4. 

2 on of shallow 

Appl Phys Lett

2  the electronic 
. Carbon 2016; 

2 ning near-field 

2 etermining the 
ev B 2016; 93 : 

3 n-bath dynam- 
mmun 2012; 3 : 

3 e detection of 
ett 2014; 113 : 

3 lgorithm with- 

3 t in suspended 

3 ayer graphene. 

3 ilibrium optical 

3 ged graphene: 
3. 

3 spins in silicon 

3 d-out of intrin- 
re. Nat Mater

3 tion-controlled 
nterfaces. Nat

© hina Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative 
C y/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original 
w

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/12/5/nw

af076/8063946 by D
ESY-Zentralbibliothek user on 06 M

ay 2025
5. Thiel L, Wang Z, Tschudin MA et al. Probing magnetism in 2D m
nanoscale with single-spin microscopy. Science 2019; 364 : 973

6. Xie T, Zhao Z, Kong X et al. Beating the standard quantum limit 
conditions with solid-state spins. Sci Adv 2021; 7 : eabg9204. 

7. Dolde F, Fedder H, Doherty MW et al. Electric-field sensing us
mond spins. Nat Phys 2011; 7 : 459–63. 

8. Kucsko G, Maurer PC, Yao NY et al. Nanometre-scale thermom
cell. Nature 2013; 500 : 54–8. 

9. Degen CL, Reinhard F, Cappellaro P. Quantum sensing. Rev Mod
035002. 

0. Mamin HJ, Kim M, Sherwood MH et al. Nanoscale nuclear magn
with a nitrogen-vacancy spin sensor. Science 2013; 339 : 557–6

1. Staudacher T, Shi F, Pezzagna S et al. Nuclear magnetic re
troscopy on a (5-nanometer) 3 sample volume. Science 2013; 33

2. Du J, Shi F, Kong X et al. Single-molecule scale magnetic re
troscopy using quantum diamond sensors. Rev Mod Phys 2024;

3. Shi F, Zhang Q, Wang P et al. Single-protein spin resonance spec
ambient conditions. Science 2015; 347 : 1135–8. 

4. Lovchinsky I, Sushkov AO, Urbach E et al. Nuclear magnetic res
tion and spectroscopy of single proteins using quantum logic. 
351 : 836–41. 

5. De Lange G, Wang Z, Riste D et al. Universal dynamical decoup
solid-state spin from a spin bath. Science 2010; 330 : 60–3. 

6. Mamin H, Sherwood M, Kim M et al. Multipulse double-qua
tometry with near-surface nitrogen-vacancy centers. Phys Rev L
030803. 

7. Bluvstein D, Zhang Z, McLellan CA et al. Extending the quantum
a near-surface qubit by coherently driving the paramagnetic su
ment. Phys Rev Lett 2019; 123 : 146804. 

8. Kim M, Mamin H, Sherwood M et al. Decoherence of near-sur
vacancy centers due to electric field noise. Phys Rev Lett 2015; 

9. Sangtawesin S, Dwyer BL, Srinivasan S et al. Origins of diamond
probed by correlating single-spin measurements with surface
Phys Rev X 2019; 9 : 031052. 

0. Monge R, Delord T, Proscia NV et al. Spin dynamics of a solid
proximity to a superconductor. Nano Lett 2023; 23 : 422–8. 

1. Henshaw J, Kehayias P, Basso L et al. Mitigation of nitrogen
toluminescence quenching from material integration for qua
Quantum Sci Technol 2023; 3 : 035001. 

2. Zheng W, Bian K, Chen X et al. Coherence enhancement of sol
by local manipulation of the electron spin bath. Nat Phys 2022; 

The Author(s) 2025. Published by Oxford University Press on behalf of C
ommons Attribution License ( https://creativecommons.org/licenses/b
ork is properly cited. 
Page 7 o
3. Lui CH, Liu L, Mak KF et al. Ultraflat graphene. Natur
339–41. 

4. Yuan G, Lin D, Wang Y et al. Proton-assisted growth of ultra-flat g
Nature 2020; 577 : 204–8. 

5. Suk JW, Kitt A, Magnuson CW et al. Transfer of CVD-gro
graphene onto arbitrary substrates. ACS Nano 2011; 5 : 6916–2

6. Haruyama M, Okigawa Y, Okada M et al. Charge stabilizati
nitrogen-vacancy centers using graphene/diamond junctions. 
2023; 122 : 141601. 

7. Melios C, Centeno A, Zurutuza A et al. Effects of humidity on
properties of graphene prepared by chemical vapour deposition
103 : 273–80. 

8. Tisler J, Oeckinghaus T, Stöhr RJ et al. Single defect center scan
optical microscopy on graphene. Nano Lett 2013; 13 : 3152–6. 

9. Pham LM, DeVience SJ, Casola F et al. NMR technique for d
depth of shallow nitrogen-vacancy centers in diamond. Phys R
045425. 

0. Bar-Gill N, Pham LM, Belthangady C et al. Suppression of spi
ics for improved coherence of multi-spin-qubit systems. Nat Co
858. 

1. Sushkov A, Lovchinsky I, Chisholm N et al. Magnetic resonanc
individual proton spins using quantum reporters. Phys Rev L
197601. 

2. Tang W, Sanville E, Henkelman G. A grid-based bader analysis a
out lattice bias. J Phys Condens Matter 2009; 21 : 084204. 

3. Du X, Skachko I, Barker A et al. Approaching ballistic transpor
graphene. Nat Nanotech 2008; 3 : 491–5. 

4. Han W and Kawakami RK. Spin relaxation in single-layer and bil
Phys Rev Lett 2011; 107 : 047207. 

5. Pogna EAA, Tomadin A, Balci O et al. Electrically tunable nonequ
response of graphene. ACS Nano 2022; 16 : 3613–24. 

6. Wang Y, Ni Z, Li A et al. Surface enhanced raman scattering of a
effects of annealing in vacuum. Appl Phys Lett 2011; 99 : 23310

7. Widmann M, Lee SY, Rendler T et al. Coherent control of single 
carbide at room temperature. Nat Mater 2015; 14 : 164–8. 

8. Gottscholl A, Kianinia M, Soltamov V et al. Initialization and rea
sic spin defects in a van der Waals crystal at room temperatu
2020; 19 : 540–5. 

9. Grisolia M, Varignon J, Sanchez-Santolino G et al. Hybridiza
charge transfer and induced magnetism at correlated oxide i
Phys 2016; 12 : 484–92. 
f 7

http://dx.doi.org/10.1126/science.aav6926
http://dx.doi.org/10.1126/sciadv.abg9204
http://dx.doi.org/10.1038/nphys1969
http://dx.doi.org/10.1038/nature12373
http://dx.doi.org/10.1103/RevModPhys.89.035002
http://dx.doi.org/10.1126/science.1231540
http://dx.doi.org/10.1126/science.1231675
http://dx.doi.org/10.1103/RevModPhys.96.025001
http://dx.doi.org/10.1126/science.aaa2253
http://dx.doi.org/10.1126/science.aad8022
http://dx.doi.org/10.1126/science.1192739
http://dx.doi.org/10.1103/PhysRevLett.113.030803
http://dx.doi.org/10.1103/PhysRevLett.123.146804
http://dx.doi.org/10.1103/PhysRevLett.115.087602
http://dx.doi.org/10.1103/PhysRevX.9.031052
http://dx.doi.org/10.1021/acs.nanolett.2c03250
http://dx.doi.org/10.1088/2633-4356/ace095
http://dx.doi.org/10.1038/s41567-022-01719-4
http://dx.doi.org/10.1038/nature08569
http://dx.doi.org/10.1038/s41586-019-1870-3
http://dx.doi.org/10.1021/nn201207c
http://dx.doi.org/10.1063/5.0143062
http://dx.doi.org/10.1016/j.carbon.2016.03.018
http://dx.doi.org/10.1021/nl401129m
http://dx.doi.org/10.1103/PhysRevB.93.045425
http://dx.doi.org/10.1038/ncomms1856
http://dx.doi.org/10.1103/PhysRevLett.113.197601
http://dx.doi.org/10.1088/0953-8984/21/8/084204
http://dx.doi.org/10.1038/nnano.2008.199
http://dx.doi.org/10.1103/PhysRevLett.107.047207
http://dx.doi.org/10.1021/acsnano.1c04937
http://dx.doi.org/10.1063/1.3665624
http://dx.doi.org/10.1038/nmat4145
http://dx.doi.org/10.1038/s41563-020-0619-6
http://dx.doi.org/10.1038/nphys3627
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	RESULTS
	CONCLUSIONS
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	AUTHOR CONTRIBUTIONS
	REFERENCES

