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Significance

 Nitrogen-vacancy (NV) centers in 
diamond nanocrystals serve as 
powerful nanoscale quantum 
sensors, yet they suffer from 
surface-induced spin decoherence 
and charge instability that limit 
their sensitivity. This study 
demonstrates that an established 
surface modification using a 
core-shell design can serve as an 
approach to enhancing the 
stability and the coherence of NV 
centers. The core-shell design 
significantly increases 
luminescence, reduces the density 
of paramagnetic species, and 
extends NV coherence times by 
up to 3.5-fold. It represents a 
robust, scalable, and facile 
strategy for deploying highly 
sensitive quantum sensors in 
complex biological environments. 
This work provides a foundational 
advancement in nanoscale 
quantum sensing, with 
implications for precision 
diagnostics, cellular imaging, and 
other bioengineering applications.
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Fluorescent diamond nanocrystals can host spin qubit sensors capable of probing the 
physical properties of biological systems with nanoscale spatial resolution. Sub-100 nm 
diamond nanosensors can readily be delivered into intact cells and even living organ-
isms. However, applications beyond current proof-of-principle experiments require a 
substantial increase in sensitivity, which is limited by surface induced charge instability 
and electron-spin dephasing. In this work, we utilize engineered core-shell structures 
to achieve a drastic increase in qubit coherence times (T2) from 1.1 to 35 μs in bare 
nanodiamonds to upward of 52 to 87 μs. We use electron-paramagnetic-resonance 
results to present a band bending model and connect silica encapsulation to the 
removal of deleterious mid-gap surface states that are negatively affecting the qubit’s 
spin properties. Combined with a 1.9-fold increase in particle luminescence these 
advances correspond to up to two-order-of-magnitude reduction in integration time. 
Probing qubit dynamics at a single particle level further reveals that the noise char-
acteristics fundamentally change from a bath with spins that rearrange their spatial 
configuration during the course of an experiment to a more dilute static bath. The 
observed results shed light on the underlying mechanisms governing fluorescence 
and spin properties in diamond nanocrystals and offer an effective noise mitigation 
strategy based on engineered core-shell structures.

quantum sensing | nanodiamonds | qubit coherence | quantum engineering | core-shell

 NV centers in diamond nanocrystals have emerged as powerful optically detectable sensors 
for probing magnetic fields ( 1 ,  2 ), electric fields ( 3 ), and temperature ( 4 ,  5 ) in living 
systems. First applications of diamond-based sensing are emerging in neuroscience ( 6 ), 
developmental biology ( 5 ), cellular physiology ( 7 ,  8 ), and medical diagnostics ( 9 ). However, 
many potential applications relying on diamond nanocrystal-based sensing remain limited 
due to reduced NV fluorescence, caused by charge instabilities, and shortened NV T﻿2﻿-times, 
associated with surface noise ( 10 ).

 Specifically for particles with a size below 100 nm, charge and spin noise associated 
with the crystal’s surface become a dominant factor ( 11 ). Various approaches to improving 
fluorescent and spin coherence in diamond micro- and nanocrystals have been pursued. 
Notably, these approaches include mechanical milling ( 12 ,  13 ) or lithographically ( 14 ) 
etching high-purity bulk diamond to microscale particles, which under dynamical decou-
pling, results in bulk-like T﻿2﻿-times (see SI Appendix, Fig. S1  for a comparison chart). 
Although promising, the microscale size (hundreds of nanometers ( 12 ,  13 ) in the case 
of milling and pillar length of a few micrometers ( 14 ) in the case of lithographic etching) 
of these particles severely limits biological applications. Moreover, the top- down fabri-
cation required in lithography results in a low yield, limited to tens of micrograms, which 
makes the processing of large quantities required for biological labeling prohibitively 
expensive.

 Another approach toward the mitigation of surface noise relies on controlling the 
diamond surface termination, which on highly ordered bulk diamond surfaces, has led 
to a significant increase in spin coherence ( 15 ). However, in diamond nanocrystals a similar 
effect on coherence has yet to be observed. 

Surface Passivation by Engineering Core-Shell Structures

 In nanotechnology, engineered core-shell structures have been established as an effective 
strategy to mitigate adverse surface effects on luminescence. For example, encapsulation in 
a protective shell reduces surface-induced photoblinking in quantum dots ( 16 ) and nonra-
diative relaxation in lanthanide-doped upconverting nanoparticles ( 17 ,  18 ). In principle, a 
similar coating strategy could lead to enhanced qubit coherence by saturating dangling bonds 
and eliminating paramagnetic defects or charge traps located near the particle’s surface ( 18 ). D
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However, extending qubit coherence in core-shell structured parti-
cles has so far remained elusive ( 11 ,  19 ).

 In this work, we explore core-shell structures to efficiently pas-
sivate the diamond surface. Specifically, we investigate dense silica 
shells that have been shown to form chemically functionalizable, 
biocompatible coatings ( 20 ,  21 ). These core-shell structures result 
in enhanced fluorescence rate and a T﻿2  extension that rivals those 
of near-surface NVs in high-purity bulk crystals ( 15 ). 

Optical Properties of Bare and Core-Shell Structured Diamond 
Nanocrystals. As a substrate, we use electron irradiated and 
thermally annealed (850 °C) carboxylated diamond nanocrystals 
with a reported average diameter of 40 to 45 nm and 10 to 12 
NV centers per particle (22). We emphasize that particles from 
the same batch were used to analyze the particles before and after 
coating. The diamond nanocrystals were encapsulated with 18 ± 
2 nm silica shells using an adapted Stöber process with tetraethyl 
orthosilicate (TEOS) to obtain core-shell structured particles 
(23), resulting in milligrams of diamond core-shell particles 
(SI Appendix, Fig. S2 and Section S1). We note that while different 
diamond encapsulation strategies have been developed (23–26), 
we chose a slight modification of the method described in ref. 23 
for its high-density shells.

 Transmission electron microscopy (TEM) reveals dense silica shells 
with homogeneous surface coating for these core-shell structures 
( Fig. 1A   and SI Appendix, Fig. S3 ). Using correlative light-electron 
microscopy (CLEM) imaging to clearly distinguish the diamond core 
(SI Appendix, Fig. S4 ), we demonstrate that fluorescent bare and 
core-shell structures exhibit no significant difference in their core 
diamond size (P  = 0.640). A careful examination further indicates 
that, for a given core size, core-shell particles exhibit a 1.9-fold 
increase in luminescence compared to bare particles ( Fig. 1B   and 
﻿SI Appendix, Fig. S4 and Sections S2 and S3 . See Dataset S1  for the 

entire dataset). Deconvolution of the fluorescence spectra of NV0  
and NV–  suggests a 20% increase in the NV–  fraction, confirming 
that our core-shell structures stabilize the desired negatively charged 
NV center ( Fig. 1C  ). Previous studies ( 27 ,  28 ) point to the existence 
of deleterious diamond surface states that reduce charge stability and 
quench the NV fluorescence signal. Notably, our CLEM and fluo-
rescence spectra studies suggest that silica encapsulation suppresses 
such surface states, as confirmed by recent X-ray absorption spectros-
copy results ( 29 ). We attribute the additional increase in fluorescence 
to a larger photonic density of state in the silica shell compared with 
air ( 30 ).          

Paramagnetic Defect Densities in Core-Shell Structures. We start 
by investigating the type and density of paramagnetic defects present 
in bare and core-shell structured diamond nanocrystals. Continuous 
wave electron paramagnetic resonance (EPR) spectroscopy on 
lyophilized bare and core-shell structured nanocrystals reveals 
the spectroscopic signatures of at least three distinct resonances 
(Fig. 2 A and B). One resonance can be attributed to the presence 
of substitutional nitrogen defects (P1 centers) identified by their 
characteristic hyperfine interactions with the 14N nuclear spin (32). 
The second resonance, henceforth referred to as X-spins, has been 
suggested to correspond either to dangling bonds (33) or negatively 
charged vacancies in the near-surface region (34)—for both defects, 
the expected g-factor lies within the precision of our spectrometer. 
The remaining third resonance can be assigned to a hydrogen atom-
vacancy (H1) complex (35).

 Remarkably, the core-shell structures show a significant reduction 
of all resonances when compared to the bare diamond nanocrystals 
(i.e., X-spin density is reduced by 3.8×, H1 by 2.6×, and P1 by 
1.8×). The depletion in X and P1 defects points toward a 
band-bending at the diamond–silica interface due to changes in 
surface potential ( 36 ). We illustrate this effect by aligning the 
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Fig. 1.   Optical properties of bare and core-shell particles. (A) False-colored TEM of Bare (Top) and core-shell (Bottom) particles. Blue corresponds to the diamond 
core and green to the silica shell (for raw TEM images and size distributions see SI Appendix, Fig. S3). The aggregation of core-shell particles is an artifact of drying 
the solution on the TEM grid (SI Appendix). (B) CLEM measurements of fluorescence of core-shell (green circles) and bare (blue circles) particles as a function 
of their diamond core radius. Solid lines represent a fit to y = ar3, where r is the core radius and a is a fit parameter. Inset: representative TEM of a bare (i) and 
a core-shell (ii) particle, marked in red on the main panel. Although these particles exhibit similar fluorescent intensity, the diamond core radius of the core-
shell particle is smaller. (C) Normalized spectrum (Top) obtained from an ensemble of core-shell (green) and bare (blue) particles. Dashed black lines represent 
deconvolution to NV0 (Left) and NV– (Right) (black lines are extracted from figure 1 in ref. 31). Subtraction (lower panel) of the core-shell spectrum from bare 
spectrum showing a shift from NV0 to NV– in core-shell particles. Spectral decomposition reveals that for bare diamond, 24% of the emission originates from 
NV– and for core-shell structures, 29% originates from NV–.D
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electronic structures of type Ib oxygen-terminated diamond (N 
doped at ~100 ppm) and amorphous silica ( Fig. 2C   and SI Appendix, 
Fig. S6  for band structure and  Fig. 2D   for a schematic representa-
tion). The reported surface electron affinity, χ S﻿﻿  ~ 2 eV, of 
oxygen-terminated bare diamond ( 37 ) leads to a downward 
band-bending that stabilizes P1 and X-spins (left panel). In contrast 
to bare diamond, silica encapsulation results in an upward band 
bending, which depletes P1 and X-spins without affecting the ener-
getically lower laying NV–  charge state (right panel). In addition to 
the depletion of noisy paramagnetic species, the large energy barrier 
(~1 eV) prevents tunneling of electrons deep into the SiO2  ( 38 ), 
which is expected to result in an increased charge stability during 

photoexcitation. We confirm our model with a band bending sim-
ulation based on a solution of the Poisson equation (Materials and 
Methods  and SI Appendix, Fig. S7 and Section S6 ). The resulting 
band structure suggests a 3.8 nm thick P1 depletion layer at the 
diamond–silica interface, which translates into a 44% decrease in 
the number of P1 centers per nanoparticle. As supported by our 
band bending model, our simulation predicts that the NV–  density 
remains unaffected by our core-shell structures. We note that direct 
chemical conjugation of dangling bonds or displacement of para-
magnetic species in the hydrolyzation layer by silica encapsulation 
complement our band-bending analysis and result in a reduction 
of paramagnetic spins at the surface ( 29 ,  39 ). We explore the 

Fig. 2.   EPR of paramagnetic defects in bare and core-shell particles. (A) Continuous wave X-band EPR (g = 2.0031 ± 0.00005) for bare (blue) and core-shell (green) 
diamond nanocrystals with ~70 nm core size. (B) Spectral deconvolution of the EPR signal into contributions from X (g = 2.0032), H1 (g = 2.0028), and P1-spins  
(g = 2.0026), normalized to a sample mass of 1 mg. All measurements were performed at room temperature. See methods and SI5 for details about EPR spectrum 
modeling. (C) Band energy diagram for both oxygen-terminated (Left) and SiO2-coated (Right) diamonds with corresponding affinities (χ). The model shows the 
corresponding spatial dependence of the Fermi level (Ef), conduction band minimum (Ec), valence band maximum (Ev), and substitutional nitrogen (P1; orange). 
The diamond–silica heterojunction exhibits a type 1 band alignment with an upward band bending of diamond energy levels. A conduction band offset (CBO) of 
1.3 eV and a valence band offset (VBO) of 2.6 eV promote confinement of charges to the diamond, as supported by the higher fluorescence of core-shell particles. 
The energies and occupation of X-spins levels are also illustrated as a Gaussian near Ef, positioned within the ~1.95 eV gap between the NV center ground (NV−) 
and excited (NV−) gestates. (D) Schematic depiction of a bare (Top) and a core-shell (Bottom) structured diamond nanocrystal with an NV-qubit (orange) in the 
diamond host blue. Surface spins are indicated in yellow.
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connection between reports of mid-gap states removal and our cur-
rent work in the concluding discussion.  

Qubit Coherence in Core-Shell Structured Particles. EPR 
spectroscopy provides important insights into the presence and 
density of paramagnetic defects in bare and core-shell particles. 
However, ensemble EPR spectroscopy does not account for particle 
heterogeneity and, at least in our case, does not possess the sensitivity 
to directly probe NV-qubits [NV centers have a ~100× reduced 
density compared to P1 centers (22)]. We overcome this challenge by 
selectively probing the NV spins within individual optically resolvable 
diamond nanocrystals. Double electron–electron resonance (DEER) 
measurements confirm the coupling of the NV-qubit to X-spin 
and P1 (SI Appendix, Fig. S8 and Section S7). Fig. 3A show the 
observed T1- times for bare and core-shell diamond nanocrystals. 
The single quantum relaxation time (T1

SQ), which describes 
relaxations between ms = 0 and ms = ±1, sharply increases from 
(114 ± 16) μs for uncoated particles to (379 ± 33) μs for engineered 
core-shell structures. However, double quantum relaxations (T1

DQ), 
the transitions between ms = ±1, remain unaffected by coating (Fig. 3 
A, Inset). This suggests that low-frequency electronic noise is not 
impacted by our engineered core-shell structures.

 Having established that engineered core-shell structures result in 
an increase in qubit T﻿1 , we next investigate its effect on T﻿2 . Spin 
Echo experiments reveal that bare and coated particles exhibit a 
﻿T﻿2  

Echo   of (1.05 ± 0.41) μs and (1.42 ± 0.20) μs, respectively 
(SI Appendix, Fig. S9 C  and E ). Using Carr–Purcell–Meiboom–Gill 
(CPMG) dynamical decoupling ( 40 ) we extend the coherence by 
filtering low-frequency noise with a filter function that is centered 
around ω = πN /T , where N  is the number of π-pulses and T  is the 
total precession time ( 40 ). We find that for bare nanocrystals, T﻿2  
increases with N  only up to a certain level before it saturates 

(SI Appendix, Fig. S9 A  and F ).  Fig. 3B   shows the maximally achiev-
able T﻿2  for twelve different bare diamond particles, with some par-
ticles showing no or marginal improvement with N  (blue data 
points). Interestingly, for core-shell structured nanoparticles (green 
data points) we do not observe a similar heterogeneity in T﻿2  and 
find a significant T﻿2  increase for all eight particles (for N  > 1,000 
we find an average T﻿2  

CPMG   = 70 ± 12 μs). As a consequence core-shell 
structures result in an average 3.5-fold increase in qubit coherence, 
and a 3.2-fold decrease in particle to particle T﻿2  variation (i.e., the 
relative SD is  � (T2)

⟨T2⟩
  = 0.60 for bare and  � (T2)

⟨T2⟩
  = 0.19 for core-shell 

particles), as depicted by the histogram in  Fig. 3 B  , Right ). The 
functional dependence of T﻿2  on N  follows a power law, T﻿2 (N ) = 
﻿T﻿2,echo  N

k  , with k  = 0.53 for core-shell and k  = 0 to 0.47 for bare 
particles. The difference in scaling suggests that the spin-bath noise 
in core-shell structured particles is characterized by longer correla-
tion times compared to bare particles ( 40 ) (SI Appendix, Section S9 ).

 We use CLEM measurements in a similar manner to  Fig. 1B   and 
confirm again that the bare and core-shell particles used for spin 
properties measurements have comparable diamond core diameters. 
 Fig. 3C   shows T﻿1  

SQ   (Upper ) and max T﻿2  times (Lower ) as a function 
of diamond core size for four bare and four core-shell particles. The 
alignment of confocal and TEM images for one out of the four bare 
(Upper ) and core-shell (Lower ) particles is shown in  Fig. 3D   (see 
﻿SI Appendix, Fig. S4 and Section S3  for more details about the 
CLEM process). A P﻿-value of 0.90 indicates that the cores of the 
studied bare and core-shell particles are of comparable sizes, while 
﻿P﻿-values of 1.31 × 10−3  and 1.85 × 10−3  confirm a significant increase 
in T﻿1  and max T﻿2﻿-times, respectively. Although the original particles 
are nominally 40 nm in diameter (SI Appendix, Fig. S3 ), we observe 
that both bare and core-shell particles with measurable spin coher-
ence possess core diameters of 70 nm. While this shift to a larger size 
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(SI Appendix, Fig. S9 and Section S9). Solid lines are fits to a power law as described in the main text. The Inset shows a representative coherence time trace data 
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might be related to the imaging conditions (Materials and Methods ), 
it also underscores the importance of directly assessing the size of 
measured fluorescent particles that might be susceptible to a selection 
bias (SI Appendix, Fig. S1 ). We point out that different characteri-
zation techniques can result in significantly different particle size 
estimations. For example, atomic force microscopy (AFM) measures 
the particle height ( 12 ) whereas TEM measures the particle 
cross-section. In the case of disk-like particles, such as diamond 
nanocrystals produced by ball milling, AFM will, therefore, consist-
ently underestimate the particle size when compared with TEM ( 41 ).  

Quantum Mechanical Description of Bath Dynamics. The 
different performance under CPMG decoupling points toward 
a modification of the spin noise environment in our core-shell 
structured particles. Assuming Gaussian noise, we reconstruct 
the power spectra by deconvoluting the experimentally measured 
CPMG time traces (see ref. 40 and Materials and Methods), which 
results in the solid circles and diamonds in Fig. 4A. In addition 
to the frequency range obtained from CPMG (2 MHz to 25 
MHz), we can probe high-frequency noise (~2.85 GHz) by 
considering the measured T1

SQ spin relaxation times (SI Appendix, 
section S10). In the low-frequency regime (<3.7 MHz), we find 
that the noise power spectra of bare and core-shell structured 
nanocrystals are largely identical, while for higher frequencies the 
engineered core-shell structures show noise reduction of up to a 
factor 4.0×.

 The power spectrum of a spin bath follows a Lorentzian ( 40 ). 
For bare particle we observe a broad power spectrum that fits a 
Lorentzian with short correlation times (τ c﻿﻿ ≤ 1 ns), as would be 
expected for a fast fluctuating surface spin bath ( 42 ). In contrast, 
for core-shell particles this high- frequency noise is significantly 
reduced, revealing a Lorentzian noise spectrum with longer cor-
relations times [τ c﻿﻿ = (46 ± 11) ns], indicating a slower evolving 
spin bath. At low frequencies, the power spectrum deviates from 
a Lorentzian noise model and instead follows a 1/f﻿-like scaling. 

The exponent (a  = 1.7 and a  = 1.6 for bare and core-shell particles, 
respectively) of this 1/f  a﻿-noise is extrapolated from the experimen-
tally observed T﻿1  

DQ   and is in good agreement with results from 
near-surface NV centers in bulk diamond ( 43 ). This suggests that 
charge, rather than spin, fluctuations dominate the low-frequency 
end of the noise power spectrum ( 11 ) (Materials and Methods  and 
﻿SI Appendix, Fig. S10 ) and remain unaffected by our engineered 
core-shell structures.

 Having gained an understanding of the noise spectral properties, 
we next turned our attention to the microscopic origin and quan-
tum mechanical properties of the spin bath. In a Hahn Echo, the 
coherence factor exp  (−χ( t﻿) ) follows a stretched exponential with 
﻿χ( t﻿) ~  t  n   , where the exponent n  implicitly contains information 
about the spin bath ( 44 ).  Fig. 4B   shows four representative examples 
of the time evolution of χ( t﻿)  for bare and core-shell structured par-
ticles. In the case of core-shell particles we find n  ~ 1, which is 
consistent with a Markovian bath where the spatial position of each 
bath spin remains fixed ( 44 ) ( Fig. 4C   and SI Appendix, Section S11 ). 
In contrast, Hahn Echo for bare nanocrystals shows a strikingly 
different behavior, with n  ranging from 0.4 to 2 ( Fig. 4 B  and C  ). 
The observation of n  < 1 suggests that, for bare particles, the bath 
spins do not remain in a fixed spatial configuration, but rather 
change their spatial distribution over time. A similar “spin-hopping” 
effect is known to occur in near-surface NV centers in bulk diamond 
( 45 ,  46 ). Therefore, the n  ~ 1 exponent for core-shell particles sug-
gests that the engineered shells not only reduce the paramagnetic 
defects density, but also reduce spin-hopping within the bath—an 
effect that has been plaguing diamond-based quantum sensing ( 45 ).   

Discussion and Outlook

 Identifying the exact microscopic origin of the surface-related 
paramagnetic species that limit NV coherence in diamond nano-
crystals and near-surface bulk systems remains an outstanding 
challenge. Consistent with our EPR results, recent theoretical 

Fig. 4.   Probing spin bath properties using spectral decomposition and stretching factor spectroscopy. (A) Spectral decomposition of CPMG data from bare 
(blue) and core-shell (green) particles. Gray dotted lines show fits to 1/f a considering DQ data (SI Appendix, Fig. S10). Solid lines show fits for 1/f a plus a single 
(for bare) or a double (for core-shell) Lorentzian, with the addition of white noise (SI Appendix, Fig. S10 for exact fitting details). (B) Four representatives bare 
(Left) and core-shell (Right) echo stretching factors. Gray dashed lines are exponential fits for the random walk regime (the cutoff is marked by the black dashed 
line). Core-shell particles also show ballistic regime fits to n = 3. (C) Distribution of echo stretching factors for bare (blue) and core-shell (green). Data points with 
n ≤ 0.75 (blue box) can be explained by configurational averaging, while data points with n ≈ 1 (green box) correspond to fixed spins’ positions (see SI Appendix, 
Section S11 for more details).D
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work has proposed that surface-related sp2 and sp3 dangling 
bonds are a major source for NV dephasing and charge instability 
( 28 ,  47 ). Our work points to near fermi level mid-gap surface 
states that are depleted during silica encapsulation. Additional 
insights into the nature of these surface states have been provided 
by XAS studies ( 48 ,  49 ), demonstrating mid-gap electronic states 
in oxygen-terminated surfaces, such as those associated with sp2 
groups (~285 eV) and carbonyl groups (~287 eV). During peer 
review, we became aware of recent work by Sandoval et al. ( 29 ), 
which highlights that silica encapsulation induces hydroxylation 
processes that effectively eliminate mid-gap states through the 
formation of silyl-ether bonds (C–O–Si) and other covalent link-
ages. This interpretation complements our reported band bending 
at the diamond–silica interface and connects our results to the 
doubling of spin relaxation time in borane-reduced diamond 
nanocrystals ( 39 ). Core-shell structures suppress mid-gap surface 
states and hence alter the spin bath properties, leading to a signif-
icant increase in NV-qubit coherence. Moreover, the reduction 
of mid-gap states augments reports on low electron mobility in 
the silica–semiconductor interface ( 50 ) that should suppress the 
rate of spin hopping—an effect corroborated by the observed 
stretch factors in Hahn echo measurements ( Fig. 4 B  and C  ).

 We demonstrate that engineered core-shell structured particles 
offer an efficient means to reduce heterogeneity and extend qubit 
coherence. In a central spin model, the qubit coherence is inversely 
proportional to the spin bath density ( 51 ), which puts the observed 
3.5-fold increase in NV coherence in good agreement with the 
3.88-fold reduction of X-defect density obtained by EPR spec-
troscopy. Combining our core-shell structures with dynamical 
decoupling we extended the NV-qubit coherence to 70 μs, which 
approaches the coherence times of near-surface NV centers in 
high-purity bulk diamond ( 15 ). Furthermore, combining optical 
single-particle addressability with NV-based qubit sensing reveals 
that engineered core-shell structures reduce qubit heterogeneity 
and suppress complex dynamics in spatial reconfigurations of the 
spin bath during the course of an experiment.

 The significantly decreased heterogeneity in core-shell struc-
tured particles will be directly applicable to real-world quantum 
sensing experiments where large variations in T﻿1  and T﻿2 , and there-
fore sensitivity, present a challenge to experimental reproducibility. 
Biophysical problems ranging from nanoscale thermometry ( 5 ) to 
the detection of paramagnetic species ( 7 ) to magnetometry ( 8 ) are 
expected to immediately benefit from such novel noise mitigation 
strategies. Depending on the measured particle, the observed 
increase in spin coherence and particle luminescence translates 
into a 4 to 120-fold reduction in signal integration time for the 
detection of a phase-coherent signal and a fivefold to 1,000-fold 
reduction for the detection of an incoherent signal ( 52 ). Being 
able to perform a measurement in a minute that otherwise would 
take hours can make the difference between observing and not 
observing an effect in biology, where measurement time is 
often limited.

 An effective passivation of X-spins and a desired enhancement 
in coherence might be achieved with thinner shells down to a few 
nm in thickness, a mechanism that we are currently investigating. 
Such a reduction in shell thickness will be central for sensing appli-
cations where a minimal spatial separation between the NV-qubit 
sensor and the target is required. Investigating different coating 
protocols and chemistry may further extend coherence and at the 
same time provide deeper insights into the microscopic nature of 
the X-spins. The developed techniques can directly be extended to 
other qubit systems, including color centers in silicon carbide ( 53 ), 
lanthanide-doped nanoparticles ( 54 ), and quantum dots ( 19 ). 
Likewise, other diamond nanostructures where surface-induced NV 

dephasing is a limiting factor, such as in diamond-AFM tips and 
photonic structures, can benefit from a similar passivation approach. 
Additionally, while diamond as a material is biocompatible, dia-
mond nanocrystals have been shown to aggregate in cellular media 
and even be cytotoxic ( 23 ,  26 ,  55   – 57 ). In contrast, silica encapsu-
lation can improve stability and reduce cellular toxicity and inflam-
mation ( 21 ,  23 ,  24 ,  26 ), suggesting that the developed coating 
could help reduce adverse effects on cellular processes. Finally, the 
complex surface chemistry of diamond nanocrystals has limited the 
density of functionalizable surface groups ( 24 ,  58 ,  59 ). In contrast, 
silica surfaces can be functionalized with high efficiency through 
established silanization chemistry ( 20 ). Considered together, our 
core-shell encapsulation will not only improve sensor sensitivity, 
but may also result in probes that are less invasive and more com-
patible with in-vivo and in-vitro studies. Our findings emphasize 
the potential of engineering spin coherence using fundamental 
nanoscience principles to significantly improve the sensitivity and 
applicability of real-world nanoscale quantum sensors.  

Materials and Methods

Diamond Nanocrystals. 40 to 45 nm diamond nanocrystals were obtained from 
Adámas Nanotechnologies Inc. In brief, type 1b microcrystals are manufactured by 
static high-pressure, high-temperature (HPHT) synthesis and contain about 100 to 
200 ppm of substitutional N. These particles are milled, irradiated with 2 to 3 MeV 
electrons, and annealed at 850 °C for 2 h. by Adámas Nanotechnologies Inc. (22).

Synthesis of Core-Shell Particles. The growth of Silica shells on diamond 
nanocrystals was performed using a sol–gel Stöber process (60) from a TEOS 
precursor. To ensure uniform shell growth and prevent aggregation we modified 
a Polyvinylpyrrolidone (PVP) based technique (23, 61) (SI Appendix, Figs. S2 and 
S3 and Section S1).

Characterization of Particles.
TEM. Bare and core-shell diamond nanocrystals were deposited on a Copper 
(formvar carbon film) or Silicon (Si3N4 film) grid while ensuring minimal aggre-
gation (SI Appendix, Fig. S4 and Section S2). Images were taken using an FEI 
Tecnai G2 F30 300kV TEM.
Size analysis. Particle sizes were analyzed with the help of ImageJ (62). A 2-pixel 
Gaussian blur was applied before background subtraction. Thresholding was used 
to convert to a binary image from which the area (A) of an individually resolved 
crystal is calculated and subsequently converted to an equivalent diameter (63) 
(SI Appendix, Fig. S4 and Section S3). We analyze core-shell particles by using a 
two-step thresholding process to separate the darker core from the brighter shell.

CLEM Measurements. For CLEM measurements, nanocrystals were deposited 
on a silicon nitride TEM grid that was placed face-down on a glass coverslip with a 
fabricated coplanar waveguide. The sample was then placed in our home-built con-
focal microscope (SI Appendix, Section S4) for PL and coherence measurements. We 
note that high background signal from the silicon nitride grids was observed dur-
ing PL and spin measurements, potentially leading to a preference toward larger 
particles. Subsequent TEM images enabled us to identify individual particles by 
comparing particle constellations in TEM with those obtained from confocal scans. 
As fiducial markers for alignment of the confocal and TEM images, we used the 
corners and edges of the TEM grid windows, followed by overlapping of bright PL 
spots to the nanocrystals’ TEM pattern for fine alignment (see SI Appendix, Fig. S4 
for more details and CLEM images for PL and coherence measurements). Once we 
identified the particles of interest, high-magnification images were taken.

Photoluminescence. Photoluminescence (PL) was measured for bare and core-
shell particles using our home-built confocal setup (SI Appendix, Section S4). By 
drop casting a mixture of bare and core-shell particles on the same TEM grid, we 
were able to ensure that both particle types were measured under identical con-
ditions (SI Appendix, Fig. S4). Correlation with TEM then enabled us to unambigu-
ously identify each fluorescence spot as either a bare or a core-shell particle. A total 
of 93 individual particles (58 core-shell and 35 bare) were analyzed. The particle 
radius (see size analysis in Materials and Methods and SI Appendix, Section S3) D
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in Fig. 1C was fitted to ar3, where r is the particle radius, and a is a fit parameter. 
We extract a = 0.65 ± 0.11 for bare, and a = 1.20 ± 0.16 for core-shell particles.

Spectrum Analysis. The photoluminescence (PL) spectrum of an ensemble of 
bare and core-shell particles with a core diameter of 70 nm was measured using 
Ocean Optics HR2000+ integrated into our home- built confocal microscope. We 
correct for variations in the particle density by normalizing the observed PL fluo-
rescence spectrum (PL(λ)), i.e., pl(λ) = PL(λ)/ΣλPL(λ). The normalized spectrum 
was then fitted to pl = a[pl (0)] + (1 − a)[pl(−)], where a is a fit parameter with 
the restrictions 0 ≤ a ≤ 1, pl (0) is the PL spectrum of NV0 and pl(−) is that of NV–.

EPR Measurements. EPR measurements were performed using an X-band 
continuous wave EPR spectrometer from Bruker (Elexsys 500) with a 100-kHz 
field modulation and a high-quality resonator ER 4122 SHQE. EPR spectra were 
collected with an incident microwave power of 2 mW, and a modulation ampli-
tude of 0.2 mT, at room temperature. Experimental EPR spectra were decomposed 
into individual resonances. Fitting was done with the help of the EasySpin (64) 
software package which allowed us to determine spectroscopic parameters for 
each individual EPR signal.

Measurements were done on 70 nm particles to ensure that the average par-
ticle matches the ones that were measured for coherence. Results for bare and 
core-shell particles were normalized both by mass and number of particles so 
signals for both samples could be properly compared. See SI Appendix, Fig. S5 
and Section S5 for details about the normalization procedure as well as results 
for 40 nm particles.

Electronic Band Structure. The band structures for diamond nanocrystals and 
amorphous Silica were derived from literature values. We considered a type 1b 
(~100 ppm N impurities) oxygen-terminated diamond nanocrystal with a positive 
electron affinity of ~2 eV and a band gap of 5.5 eV (37). The bulk conduction 
band, EC, lies approximately 1.5 eV below the vacuum level (36, 65) resulting in 
a ~0.5 eV downward band bending (66). The formation energy of P1 centers is 
positioned 1.7 eV below EC and only 0.1 eV below the Fermi level (36, 65, 67). 
The NV– band is located 2.9 eV above the valence band (28, 68, 69). The band 
structure for amorphous Silica featured a large, 9.4 eV band-gap, EC that is located 
0.7 eV below the vacuum level, and a fermi level that lies 5.55 eV above the 
valence band (70, 71). Equalization of the fermi level (ΔEf = 1.45 eV) produced 
the band bending for alignment at the heterojunction. See SI Appendix, Fig. S6 
and Section S6 for more details.
Simulation. The band bending for bare and core-shell diamond nanocrystals 
is obtained by solving the Poisson’s equation that reflects the charge density 
arising from electrons, holes, P1 (or ionized Nitrogen), and charged states of both 
vacancies and NV centers. The boundary condition for the electrostatic potential 
is obtained by assuming charge neutrality deep in the crystal, the formation 
energies and densities of defects are obtained from literature (22, 68, 72, 73), and 
the band bending values at the surface as extracted from the model in Fig. 2C. For 
more details on the simulation, see SI Appendix, Fig. S7 and Section S6.

NV-Based DEER Measurements. To confirm the coupling of these paramagnetic 
species to the NVs in our particles, we performed NV-based DEER experiments 
following the protocol described in ref. 15 and SI Appendix, Fig S8 and Section S7. 
By normalizing the contrast of a DEER measurement with respect to Hahn echo 
decay we remove contributions from other noise sources. Rabi frequency of the 
paramagnetic defects, needed for DEER free induction decay (FID), was measured 
using a correlation-based sequence described in ref. 74. All measurements were 
performed at ~205 G.

Coherence and Relaxation Measurements. All measurements were done in 
two different batches to ensure reproducibility. The first batch was measured using 
nanocrystals deposited on a #1.5 glass coverslip. The second batch was measured 
using nanocrystals deposited on silicon nitride TEM window grids (PELCO 15 nm 
or 50 nm Si3N4, for CLEM). Nanocrystals for measurement were chosen without 
favoring brighter emitters in the confocal imaging. We found this is crucial in 
order to ensure a representation of single nanocrystals with similar core sizes, as 
confirmed by CLEM (Fig. 3 and SI Appendix, Fig. S4).
T1 measurements. SQ and DQ relaxation measurements were performed using 
a sequence adopted from Myers et al. (43). Setting γ as the DQ transition rate 
and Ω as the SQ transition rate, we can extract T SQ

1
=

1

3Ω
 and T DQ

1
=

1

Ω + 2 �
  

(see SI Appendix, Section S8 for details). All relaxation measurements were done 
at low magnetic field (~6.7G) using 24 bare and 23 core-shell particles.
T2 measurements. Coherence measurements were performed using Hahn-
Echo and CPMG sequences illustrated in SI Appendix, Fig. S9 A, Inset. Randomly 
selected bare (n = 12) and core-shell (n = 8) diamond nanocrystals from two 
different batches (glass and silicon nitride grids) were measured for SQ and DQ 
relaxation times at low fields. The external magnetic field was then aligned to 
~185 G for T2 measurements starting with N = 1 (echo). T2 was measured with 
an increasing number of dynamical decoupling pulses up to N > 1,000 or sat-
uration (SI Appendix, Section S9). The max T2 times and corresponding N pulses 
are plotted in Fig. 3B. SI Appendix, Fig. S9 shows the CPMG data collected from 
all the particles for T2 echo and T2 max.
T2 fitting. Coherence data, C(t), was fitted to a stretched exponential decay of 
the form C(t) = ae−χ(t), where χ(t) = (t/T2)n, and a, T2, and n are fit parameters. To 
account for pulse evolution time, we set the initial time, t0, to be equal to the total 
time of π pulses, such that t0 = Ntπ (see SI Appendix, Fig. S9B and Section S9 for 
a numerical simulation validating this protocol). To account for pulse errors, we 
force the fitting parameter a to be monotonous decreasing in N. It is important 
to note that we are using n as a fitting parameter and not based on a model. 
Fixing n = 3, as would be the case of a ballistic phase evolution in a fixed spin 
configuration under dynamical decoupling, would significantly overestimate T2.

Noise Spectral Density.
Theory. The coherence of a qubit is described by C(t) = exp[−χ(t)], where t is the 
total free precession time. Under CMPG decoupling with N π-pulses, χ(t) is given 
by � (t) = −

1

2
∫∞
0

d �

2�
S(�)|�(�, t)|2  , where |λ(ω, t)|2 is the filtering function 

(75, 76). For N ≫ 1, the filtering function presents a primary peak at ω = ω0 
= Nπ/t, yielding C(t) ≈ exp[−S(ω0)t] (SI Appendix, Section  S11). Accordingly, 
measuring the coherence data for different N allows us to extract the spectral 
noise density at different frequencies, ω0. This method is applied for both bare 
and coated diamonds, with corresponding S(ω) shown in Fig. 4A. We emphasize, 
however, that this method assumes linear dependence of χ(t) with respect to t.
Estimating χ(t) from experimental results. To ensure the condition N ≫ 1 
applies, we limit our analysis to CPMG experiments with N > 64. Experimentally 
obtained CPMG time traces (Fig. 3 B, Inset and SI Appendix, Fig. S9) were nor-
malized and data points larger than 1 and smaller than 0 were discarded. The 
spectral density was extracted from these data using the approximation χ(t) = 
tS(ω)/π. The spectrum was binned into 14 logarithmic bins and plotted in Fig. 4A. 
See SI Appendix, Fig. S10 for data before binning.
Plotting DQ, CPMG, and SQ on the same scale. The DQ and SQ relaxation meas-
urements (CPMG dephasing and SQ relaxation) are sensitive to different noise 
sources, i.e., DQ relaxation is sensitive to transverse electric fields at frequencies 
of 18.8 MHz whereas SQ relaxation is sensitive to transverse magnetic at 2.87 
GHz and parallel electric fields. To compare QD and SQ relaxation measurements 
with our noise spectroscopy we follow the procedure described in ref. 43. See 
SI Appendix, Section S10 for more details.
Fitting. Using our measured CPMG and DQ data we can now fit a model for the 
noise spectrum. We follow a modified version of the procedure described in ref. 43.

The noise spectrum of a spin bath is expected to follow a Lorentzian with the 
generic form:

S(�) = Σk

(
Δ2

k
� c,k

�

(
1+ (�� c,k )

2
)

)

,

where Δk and τc,k are the coupling strength and bath correlation time, respec-
tively. The power spectrum corresponding to electric noise is expected to be 
described by 1/f a-noise (11, 15, 43, 77, 78).

The full fitting function for the combined noise is then given by

S(�) = Σk

⎛
⎜
⎜
⎜
⎝

Δ2

k
� c,k

�

�
1+

�
�� c,k

�2
�

⎞
⎟
⎟
⎟
⎠

+
Δe

�
a
,

SDQ(ω) = γ(ω) was obtained as discussed in the T1 measurements and fitting 
section of the methods. The two other parameters, Δe and a, are related to each 
other, such that, Δ = SDQ(ωDQ) × ωa

DQ, where a is a fit parameter. The fitting 
process and results are illustrated in SI Appendix, Fig. S10.
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Echo exponent analysis. A detailed derivation of the functional form of the 
exponent of the coherence factor can be found in SI Appendix, Section S11. The 
obtained stretching factor is the result of Ising interaction between the NV and a 
D-dimensional fluctuating spin bath (42, 45, 46, 77, 79).

In the following, we consider two separate scenarios:
First, we consider a Lorentzian spin bath where the spin position remains fixed 

in space. The stretching factor then takes the functional dependency:

𝜒(t) ∝

{
t
3

t

t≪𝜏 c

t≫𝜏 c

,

Second, we consider a Lorentzian spin bath where the spin position does not 
remain fixed and moved over time. Such a scenario is expected if paramagnetic 
centers of the bath can be ionized under laser excitation. The resulting stretching 
factor is then given by

𝜒(t) ∝

{
t
3D∕2𝛼

t
D∕2𝛼

t≪𝜏 c

t≫𝜏 c

,

where D is the spatial dimensionality of the fluctuators and α is the interaction’s 
scaling with distance (α = 3 for dipole interactions and 2 for point-like charge 
interactions). Note, in our analysis, we consider both scenarios.
Fitting and plotting χ(t) time trace plots. A transition from the ballistic to the 
random walk regime occurs at τC, and leads to a double exponential decay for 
the echo signals. However, in a system with short correlation times, as is the case 
in our diamond nanocrystals (Fig. 4A and SI Appendix, Fig. S10), we would expect 
to be primarily in the random walk regime. This prevents us from using our data 
for an accurate fitting in the ballistic regime. To ensure analysis within the random 
walk regime we only consider evolution times larger than 10τC, which allows 
us to fit this truncated data to a single exponential. The bare and core-shell echo 
time traces were plotted (Fig. 4C and SI Appendix, Fig. S11) using the identity 
Log(χ(t)) = Log(−Log(C(t)). For core-shell particles in the ballistic regime, we also 

plotted guide to the eye χ(t) = 
(

t

T2

)3

 as a guide of the eye.

Statistics. All error bars represent SE unless otherwise noted. T1 relaxation plot 
in Fig. 3A is illustrated using a box and whisker diagram showing the minimum, 
lower quarter (25th percentile), median, upper quarter (75th percentile), and 
maximum points of the given data. Outliers are marked with a red + and corre-
spond to points that are more than q3 + 1.5(q3 − q1) or less than q1 − 1.5(q3 − q1) 
where q1 and q3 are the 25th and 75th percentiles of the sample data, respectively. 
A t-test for the bare (n = 24) and core-shell (n = 23) T1 datasets (Fig. 3A) resulted 
in P = 8.5 × 10−8. A t-test for the bare (n = 11) and core-shell (n = 8) T2-echo 
datasets (SI Appendix, Figs. S9 and S10) resulted in P = 0.03. A t-test for the bare 

(n = 12) and core-shell (n = 8) T2 max datasets (Fig. 3B) resulted in P = 4.6 × 
10−7. All analyses were done using two tails unequal variance t-tests.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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