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ABSTRACT
The aim of this paper is to provide the reader with a review and current state of the art of the fabrication of high T2 coherence
diamond, optimised by the use of double electron- electron resonance (DEER) spectroscopy. Using DEER, we study the formation,
transformation, and annealing of paramagnetic defects in as-grown CVD diamond and after post-processing. Electron irradiation
leads to the formation of an additional S= 1/2 resonance in the DEER spectrum, which we consider to be a composite X ensemble.
By tracking the concentrations of X and P1 point defects during annealing from 650◦C to 1200◦C, we find that the X ensemble
initially consists of a mixture of V− spins and interstitial spins, which disappear at about 650◦C. Vacancies migrate during
annealing, forming clusters that persist to∼1000◦Canddisappear upon annealing at 1200◦C, contributing to theX ensemble signal.
We have developed a model of the influence of the mixed spin bath on the coherence of NV centers, which includes independent
couplings with P1 centers, V−, divacancies, and interstitials. Detailed DEER studies allowed us to reveal and resolve a weak signal
from two additional S = 1/2 species associated with hydrogen: NVH− and consistent with a substitutional hydrogen defect, which
overlaps the vacancy spectral line. Taken together, these results show that theNV-DEERmethod is a powerful tool for investigating
paramagnetic defects in diamond with high precision and nanoscale resolution, essential for material optimisation. The achieved
high T2 coherence time is consistent with the spin bath model, and the crystals reach the quality required for advanced quantum
sensing applications.
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Introduction

itrogen-Vacancy (NV) centers in diamond have long been
tudied and employed as sensors for a wide range of applica-
ions, including precision magnetometers [1, 2] and gyroscopes
3, 4], as well as in nanoscale nuclear magnetic resonance (NMR)
pectroscopy [5], biological and temperature sensing [6]. The
ost common route to fabricate such sensors is chemical vapor
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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deposition (CVD) growth [7] with controlled nitrogen incorpora-
tion, followed by post-processing, i.e., high-energy irradiation and
annealing [8] to increase the conversion of nitrogen intoNV− cen-
ters. Electron [9], neutron [10], or proton [11] irradiation creates
vacancies in the crystal lattice, which migrate during annealing
to form NV− centers. However, particle irradiation damages the
lattice and degrades spin properties; for example, one study
reported a broadening of the NV-center spin-resonance linewidth
se, which permits use, distribution and reproduction in any medium, provided the
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ith increasing electron-irradiation dose during post-processing
12]. Although this workflow is well studied, sensor development
ypically focuses on the properties of the diamond after annealing
13]. By contrast, the characteristics of the material and the NV
nsemble immediately after irradiation have received much less
ttention. However, the defects present in diamond after the
rowth can also be considered as precursors for the final material
uality. To address this issue, we focus on all of the NV fabrica-
ion stages, especially on the intermediate stage, examining the
hanges in diamond defects immediately after irradiation and
heir systematic transformation during annealing. Rather than
ptimizing a specific irradiation or annealing protocol, the goal of
his work is to identify the defect species that constitute the spin
ath at each stage of NV fabrication. By resolving themicroscopic
omposition and spin dynamics of the defect environment, our
tudy establishes a framework for future optimization of CVD
iamond growth and post-processing strategies based on the
ctual spin-bath landscape revealed here, extending beyond the
onventional consideration of substitutional nitrogen alone [14].
ecause spin coherence and, as a result of, resonance linewidths
re determined by interactions with this surrounding defect bath,
nderstanding the spin environment is necessary for improving
he performance of NV ensembles. Finally, we achieve T2 times
hat reach the spin bath limit, and lead to material that is ready
o use in quantum sensing applications.

arly photoluminescence (PL) studies demonstrated the creation
f optically active centers such as GR1 (neutral vacancy, V0), ND1
negatively charged vacancy, V−) [15, 16], and interstitial-related
efects, including 3H [17], during the irradiation process. These
orks established and identified their optical transitions and
nnealing behavior. Some of these defects have electron spins that
ffect, via the spin bath, the spin properties of NV− centers and
imit their coherence and subsequently sensing applications [18].
arly electron paramagnetic resonance (EPR) studies identified
− (ND1) as an S = 3/2 [19] center and reported additional
aramagnetic centers such as nickel (HPHT diamond) [20],
hosphorus [21], and nitrogen-related clusters [22].

he conventional method for studying paramagnetic centers in
olids is electron paramagnetic resonance (EPR) [23]. Owing
o its limited spin sensitivity, conventional X-band CW EPR
pectrometers [24] typically requires on the order of 1012–1013
pins, i.e., tens of ppb to a few tenths of a ppmwhen averaged over
millimeter-scale diamond sample. In addition, classical EPR
rovides no intrinsic spatial resolution, as the signal is integrated
ver the entire sample volume. In contrast, double electron-
lectron resonance (DEER) spectroscopy based on the coherence
f NV centers [25] combines high spin sensitivity [26] with spatial
electivity enabled by confocal optical addressing. The probed
olume is defined by the confocal excitation volume of the NV
enters (typically on the order of a few cubic micrometers),
llowing localmeasurements of spin concentrations and enabling
he investigation of individual layers of multilayer CVD diamond
amples. Importantly, NV-based DEER enables direct quantifica-
ion of paramagnetic spin densities without requiring calibration
o an external reference standard. Single-NV implementations
f DEER have further demonstrated the capability to detect
ndividual proximal paramagnetic spins via dipolar coupling
27]. Previously, DEER in diamond has been used to quantify
ubstitutional nitrogen (P1 centers) [28] and to detect the NVH−
of 16
defect [29]. Recently, DEER has also emerged as a powerful tool
for characterizing some of the paramagnetic defects in diamond
before and after NV centers’ formation during the annealing
process [30].

In this work, we employ DEER spectroscopy [31, 32] as the
main tool to characterise the defects across the three stages of
defect formation: before irradiation; after irradiation, but before
annealing; and after annealing. The main aim of the paper is
to establish an experimentally determined and DEER-monitored
sequence of paramagnetic defect transformations during CVD
diamond post-processing. Specifically, our work tracks how CVD
growth conditions and subsequent electron irradiation introduce
a vacancy/interstitial-related paramagnetic ensemble, how this
ensemble further evolves upon annealing, and how these changes
correlate with the NV-center coherence, with specific emphasis
on the formation of newly monitored defects. In particular,
we focus on the negatively charged vacancy V− (ND1) and
report the first DEER detection of resonance consistent with
substitutional hydrogen in diamond [33]. A Hamiltonian-based
model is employed to interpret the DEER spectra and to account
for contributions from vacancies, NVH−, and other paramagnetic
species.

We studied a set of CVD home-grown diamond samples, using
MW-PECVDmethod, with various nitrogen concentrations. Fur-
ther on, we fabricated staggered diamond layers and structures,
fabricated from one deposition run, that permit to study on the
same samples the mechanism of defect and NV generation with-
out being influenced by the condition and reproducibility of the
growth apparatus, such as vacuum conditions before the growth,
leak rates, etc. To this end, we prepared the following samples:
S1 (1–4 ppm, four nitrogen-doped layers staggered in a vertical
structure, separated by nitrogen-free buffers), S2 (∼10 ppm, single
nitrogen-doped layer), S3 (25–40ppm, four nitrogen-doped layers,
staggered in a vertical structure, separated by buffers). These
samples differed, for example, by the growth temperature that
is essential for defining the growth mechanism and N uptake
and NV/N formation during the CVD diamond growth. DEER
spectroscopywas applied to these samples to detect paramagnetic
defects before and after electron irradiation. We also used a
commercial CVDmonolayer sample S4 (∼1 ppm initial nitrogen)
as a reference sample. For the reference sample S4, we tracked the
complete sequence from electron irradiation through stepwise
annealing between 650◦C and 1200◦C, monitoring the formation,
transformation, and annihilation of paramagnetic centers at
each stage. Additional irradiation-induced defects not associated
with nitrogen were detected, revealing their influence on NV−

center coherence. We compared the T2 coherence time at all
measurement stages and assessed the contribution of various
paramagnetic defects formed by post-processing to the NV cen-
ters’ coherence. We studied not only the defects induced by
post-processing but also H-related defects, which are formed
during the CVD growth.

Thus, NV-DEER enables quantitative analysis of paramagnetic
defects in CVD diamonds at the nanoscale, including less
noticeable species such as substitutional hydrogen. This method
allowed us to track how defects arise and transform during
irradiation and annealing, as well as how they affect the spin
properties of NV centers.
Advanced Functional Materials, 2026
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FIGURE 1 Growth design and nitrogen incorporation trends in CVD diamond samples. (a) Schematic of the multilayer diamond structure used
for samples S1 and S3, composed of alternating nitrogen-free (buffer) and nitrogen-doped layers (L1–L4) grown on type-Ib HPHT substrates. (b) Confocal
z-scan photoluminescence of a representative multilayer sample showing clear optical contrast between nitrogen-free and nitrogen-doped layers,
confirming successful layer stacking. (c) Growth temperature dependence of NV incorporation and NV/NS conversion efficiency for the low-nitrogen
sample S1. (d) Growth temperature dependence for the high-nitrogen sample S3, demonstrating the opposite trend.
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Results and Discussion

.1 CVD Growth and Post-Processing

hree types of CVD diamond layers were grown for this study
n commercially available type-Ib HPHT substrates cut from a
ingle Sumitomo crystal and polished by Almax Easylab (samples
1, S2, and S3). Two of the samples (S1 and S3) were designed
s multilayers composed of alternating nitrogen-free (buffer) and
itrogen-doped layers (L1–L4) (Figure 1a), while S2 contained
nly one buffer and one nitrogen-doped layer. The multilayer
rchitecture was chosen to enable controlled variation of the
rowth temperature within a single diamond sample, allowing
ystematic investigation of the effect on nitrogen incorporation
nd NV formation while minimizing sample-to-sample variabil-
ty. In particular, if the study is conducted in several runs, the
eproducibility of conditions is not guaranteed. For example,
he history of the reactor walls strongly influences the growth
rocess, and similarly, the position of the sample relative to the
lasma also affects the crystal growth and settings for temperature
easurements. Therefore, multilayer growth offers significant
dvantages when comparing the spin properties of the samples.

efore diamond growth, all substrates were cleaned in a stan-
ard hot H2SO4: KNO3 acid mixture for several hours and
ltrasonicated twice in ultrapure water to remove graphitic and
dvanced Functional Materials, 2026
amorphous carbon residue from the diamond surface. Each
sample was then loaded into the CVD reactor and subjected to
a 20-min oxygen plasma etch at 100 Torr in a 2% O2: H2 mixture
to prepare the surface for growth. Oxygen plasma treatment was
used to remove the surface polishing-induced damage, etch the
non-diamond carbon impurities as well as the diamond material
close to dislocations teaching the surface. We optimized this
technique previously, allowing us to reach the near atomically flat
surfaces [34].

The diamond buffer layers were then deposited at 140 Torr
using a 3% CH4: H2 gas mixture with the substrate temperature
maintained at 880◦C. The nitrogen-doped layers were grown
under the conditions summarized in Table 1.

Growth parameters were selected to study how tempera-
ture and nitrogen concentration affect substitutional nitrogen
(NS) and NV center incorporation and their spin properties.
The relative nitrogen fraction in the gas phase compared to
CH4 was approximately 3600 ppm for S1, 12 000 ppm for
S2, and 24 000 ppm for S3. The total thickness of each
structure was kept below 50 µm (Figure 1b) to ensure opti-
mal microwave coupling during spin resonance. Microwave
accessibility across all layers is confirmed by nearly iden-
tical π-pulse durations (within ≈10%) at fixed microwave
power.
3 of 16
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TABLE 1 Growth conditions of samples.

[N2], sccm [H2], sccm [CH4], sccm T, ◦C

S1(L1) 0.072 480 20 700
S1(L2) 0.072 480 20 720
S1(L3) 0.072 480 20 840
S1(L4) 0.072 480 20 850
S2 0.012 99 1 800
S3(L1) 0.072 97 3 710
S3(L2) 0.072 97 3 760
S3(L3) 0.072 97 3 800
S3(L4) 0.072 97 3 850
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ll nitrogen-containing layers yielded ensembles of NV− centers
ith concentrations between 10–50 ppb, determined via the pho-
on count-rate saturationmethod [35]. After synthesis, all samples
nderwent initial characterization by DEER spectroscopy to
ssess the influence of gas composition and growth temperature
n the P1 center concentration and NV− conversion efficiency.

nterestingly, S1 and S3, grown at different at different tem-
eratures, exhibited opposing trends in NV incorporation and
V/NS conversion ratio as a function of growth temperature
Figure 1c,d). In S1, the NV incorporation rate decreased with
ncreasing temperature, consistent with previous reports [36].
n contrast, S3, grown at 10-fold higher nitrogen concentration,
isplayed an enhanced conversion efficiency, suggesting a dif-
erent temperature dependence at high nitrogen partial pressure
han was previously reported. Changes in growth kinetics with
itrogen addition were observed in earlier studies [7], indicating
hat both temperature and nitrogen fraction strongly influence
itrogen incorporation mechanisms. Following the initial mea-
urements, all samples were electron-irradiated at an energy of
MeV with a dose of 1018e/cm2, at a temperature below 40◦C.
ost-irradiation characterization was performed using the same
et of optical and spin-resonance techniques to evaluate changes
n defect structure and electronic properties.

commercially available monolayer diamond type IIa CVD
iamond from Evolve Diamond (S4) served as the reference
ample in this work. S4 contained 1 ppm P1 centers and ≈

0 ppb NV− centers, and no other detectable impurities, as
erified by Photoluminescence (PL) and DEER spectra. The
eference sample S4was used as received and did not undergo any
rradiation or annealing treatment prior to this study. All samples
ere measured before and after irradiation, which showed no
ignificant changes in NV content. Here, “NV content” refers to
he optically detected NV− signal under our readout conditions
continuous optical excitation), which may differ from the dark
harge-state equilibrium after irradiation. To study the thermal
volution of the NV centers conversion and other properties
Sections 2.2 and 2.3), the reference diamond S4was subsequently
nnealed stepwise at 650◦C, 850◦C, 1000◦C, and 1200◦C for 2 h
t each temperature in a home-built high-vacuum chamber.
V− centers concentration was tested on each step (Table 2)
nd revealed significant enhancement at 1200◦C. Such behavior
bserved at higher annealing temperatures (≥1000◦C) is consis-
of 16

i

tent with vacancy release from vacancy clusters and stabilization
of the NV− charge state, as reported in recent high-temperature
annealing studies [37–40].

2.2 Irradiation-Related Defects in DEER and PL
Spectroscopy

2.2.1 Photoluminescence Spectroscopy

To identify optical centers and monitor defect evolution, PL
spectroscopy was used first alongside DEER measurements.
The as-grown CVD samples exhibited only the characteristic
NV−emission with the zero-phonon line (ZPL) at 637 nm and
NV0 emission with the ZPL at 575 nm [41] (Figure 2a,b). No
other visible defect-related luminescence was detected within the
550–900 nm range.

After electron irradiation, an additional ZPL at 741 nm appeared
(Figure 2b) in the low-nitrogen samples (S1, S2, and the reference
S4). This emission corresponds to the GR1 center (the neutral
vacancyV0) in diamond [42]. The appearance ofGR1 confirms the
successful creation of vacancies and provides a convenient optical
marker for irradiation-induced lattice damage. Its presence in
samples with low P1 concentration (1–10 ppm) indicates a short-
age of available electron donors, preventing full conversion of V0

into V−. This does not imply the absence of negatively charged
vacancies, but rather the coexistence of V0 and V− charge states.
In contrast, the high-nitrogen sample S3 ([P1]≈30 ppm) showed
no GR1 emission (Figure 2a), consistent with efficient vacancy
charging due to donor availability.

Upon thermal annealing, the GR1 intensity gradually decreased
and disappeared after treatment at 1000◦C (Figure 2c), consistent
with the migration and aggregation of vacancies into divacancy
complexes [43].

2.2.2 DEERMethodology

DEER is a pulsed magnetic-resonance technique that quantita-
tively probes dipolar coupling between two classes of paramag-
netic spins, denotedhere asA (probe spins) andB (pumped spins).
In DEER, the A spins generate a spin echo, while a resonant π-
Advanced Functional Materials, 2026
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TABLE 2 NV− centers concentration of the S4 sample vs annealing temperature.

Annealing T 0◦C 650◦C 800◦C 1000◦C 1200◦C

[NV−], ppb 11 ± 5 30 ± 5 38 ± 10 50 ± 20 200 ± 20

FIGURE 2 Photoluminescence spectra of CVD diamond samples before and after irradiation and during annealing. (a) The high-nitrogen sample
S3(L4) ([P1]≈ 30 ppm) was recorded before and after electron irradiation. No GR1 signal appears. (b) PL spectra of the medium-nitrogen sample S2 ([P1]
≈ 10 ppm) before and after irradiation, showing the emergence of the GR1 center’s ZPL at 741 nm, characteristic of neutral vacancies (V0). (c) Evolution of
the PL spectrum of the low-nitrogen reference sample S4 ([P1] ≈ 1 ppm) through successive stages: as-grown, after irradiation, and following annealing
at 650◦C–1000◦C.
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ulse applied to the B spins perturbs their magnetic dipole field,
roducing a modulation of the echo amplitude. This modulation
ncodes the dipolar interaction strength, spatial distribution of
spins, and thus their concentration. For two electron spins

eparated by a vector r, the secular dipolar interaction is [23]:

Ĥdip =
𝜇0

4𝜋

𝜇2
BgAgB

r3
(
1 − 3cos2𝜃

)
ŜAZ Ŝ

B
Z, (1)

ith θ is the angle relative to the external field. When a π-pulse
lips a B spin, the local dipolar field at an A spin changes sign,
hifting the accumulated phase during the spin-echo evolution.

or an A-Spin Echo Sequence of Length 2τ, the Accumulated
ipolar Phase Is

𝛿𝜑 =
𝜇0

4𝜋

𝜇2
𝐵𝑔𝐴𝑔𝐵

ℏ

(
1 − 3cos2𝜃

) 2𝑇

𝑟3
𝜎𝐵, (2)

here T is the DEER pump-pulse delay, and σB = ± 1/2 is the
-spin projection [32].

veraging over a three-dimensional spin bath [44] with density
yields an exponential DEER decay. Following previous work,

he normalized DEER intensity is

𝐼𝐷𝐸𝐸𝑅 (𝑇) = exp

[
−
2𝜋𝜇0𝜇

2
𝐵𝑔𝐴𝑔𝐵

9
√
3ℏ

𝑛𝑇

⟨
sin

2 𝜃

2

⟩
𝐿

]
, (3)

here the factor ⟨sin2 𝜃

2
⟩L accounts for the finite excitation

andwidth via convolution with the spin-resonance line shape
(f). Equation (3) provides a direct quantitative link between
he experimentally observed DEER contrast and the B-spin
oncentration.
dvanced Functional Materials, 2026

i

The probability that a B spinwith detuning Δ is flipped by a pump
pulse of duration tB is given by the Rabi formula:

PR (Δ, tB) =
Ω2

Ω2 + Δ2
sin

2

[
1

2

√
Ω2 + Δ2tB

]
, (4)

where Ω is the resonant Rabi frequency. The effective excitation
of the entire B-spin ensemble is the convolution:

𝑃𝐵 (𝑓𝐵, 𝑡𝐵) = ∫
+∞

−∞
𝐿 (𝜉) 𝑃𝑅 (𝑓𝐵 − 𝜉, 𝑡𝐵) 𝑑𝜉 (5)

Substituting Equation (5) into the exponent of Equation (3) yields
the general DEER formula including spectral broadening:

IDEER (fB, tB, T) = exp

[
−
2𝜋𝜇0𝜇

2
BgAgB

9
√
3ℏ

nTPB (fB, tB)

]
. (6)

This expression makes explicit that the DEER response is
governed by the spectral tuning of the pump-pulse frequency,
the duration of the inversion pulse, and its temporal
placement within the echo sequence, as well as by the
density of the target spins that contribute to the dipolar
field.

In the context of the theoretical framework above, the nitrogen–
vacancy (NV) center in diamond provides a practical realization
of the A spin. Its electronic spin can be optically initialized
and read out, enabling precise detection of the dipolar-field
changes induced by selectively driving the surrounding para-
magnetic impurities, which act as the B spins. When these
neighboring spins (most commonly P1 centers or other defect-
related species) are inverted by a resonant microwave pulse,
the resulting change in their dipolar field leads to a measur-
able modulation of the NV spin-echo amplitude. Interpreting
this modulation through the DEER formalism allows one to
extract the spectral characteristics and local concentration of
5 of 16
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FIGURE 3 DEER spectroscopy of CVDdiamond samples before and after irradiation. (a) Pulse sequence of the double electron–electron resonance
(DEER). (b) Energy-level diagram of the P1 center (S = 1

2
, I = 1) showing the three allowed hyperfine transitions. (c) DEER spectrum of the laboratory-

grown sample S1(L1) ([P1] = 3.8 ppm) before irradiation, exhibiting only the P1 transitions, allowed as well as forbidden. (d) DEER spectrum of the
reference diamond S4 ([P1] = 1 ppm) before irradiation, exhibiting only the P1 transitions, allowed as well as forbidden. (e) DEER spectrum of S1(L1)
after electron irradiation, revealing the new resonance X. An additional intermittent feature below ∼185 MHz is observed in Figure 3e. As it does not
correspond to any known defect transitions and is not reproducible across measurements, it is attributed to an experimental artifact and excluded from
the quantitative analysis. (f) DEER spectrum of S4 after irradiation, likewise showing a dominant X-line and suppressed P1 intensity. (g) Position of the
X-center resonance as a function of magnetic field. The linear dependence (yellow dashed line) with slope 2.8 MHz/G confirms the 𝑆 = 1∕2 nature of
the X ensemble.
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he B-spin ensemble, thereby revealing the nanoscale magnetic
nvironment that determines NV coherence in diamond. One
imitation of the DEER measurements is that only B-spins with
ufficiently long T2 to be coherently driven by the RF pulses
ontribute to the signal; very short-lived spins may therefore be
nderrepresented.

.2.3 DEER Spectroscopy in Diamond

uilding on this methodology, we applied DEER spectroscopy to
irectly detect and quantify paramagnetic defects created during
ample processing. The pulse sequence was based on a Hahn-
cho protocol (Figure 3a)with an additionalπ-pulse applied at the
esonance frequency of the target spin ensemble. This pulse flips
he spins of the target species, modifying the local magnetic field
xperienced by the NV− probe and producing a measurable drop
n its echo amplitude. This method allows investigating samples
ith high spatial resolution [45],which is necessary formultilayer
amples in our case.

efore irradiation, all samples exhibited the characteristic P1
enter transitions (Figure 3b) arising from substitutional nitrogen
of 16
(N0
S, S = 1

2
, I = 1) [46]. These transitions were modeled using

the established spin Hamiltonian for the P1 defect:

HP1∕h =
ge𝜇B

h

→

B g
→

S +
𝜇N

h

→

B
→

I +
→

S A
→

I +
→

I Q
→

I , (7)

where A and Q are isotopically symmetrical matrices with A∥ =
114 MHz,A⊥ = 81 MHz,Q⊥ = − 3.97 MHz. Because of symmetry
the quadrupole interaction is simplified as Q⊥Sz2.

Simulated spectra using these parameters (blue dashed lines in
Figure 3c,d) accurately reproduce the experimentally observed
triplet pattern corresponding to the mI = + 1, 0, − 1 transitions
of P1 centers. One of the important issues in this model is the
externalmagnetic field (

→

B). P1 centers haveC3v symmetry because
of the Jahn–Teller effect [47] and are distributed along all four
diamond axes equally as NV−-centers. In this case, we need to
calculate energy levels for all four projections of the magnetic
field. To make this easier, we always aligned the B-field along
one of the diamond axes and have only two projections due to
symmetry. That is why the spectrum of the P1 center contains 6
resonances (three for each projection). Magnetic field alignment
Advanced Functional Materials, 2026
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long a single ⟨111⟩ axis was verified for each DEERmeasurement
sing NV ODMR (see Supporting Information Section 3).

o calculate transition probabilities between spin states, we
ncluded the microwave (MW) interaction in the system’s Hamil-
onian and applied the rotating wave approximation (RWA) [48].
pecifically, the total Hamiltonian was constructed as the sum
f the ground-state spin Hamiltonian Hgs (which is HP1 here
nd HX,HV− , HNVH− or HH further in the text) and the MW
nteraction termHMW . The general formof the totalHamiltonian
s:

H = Hgs +HMW = Hgs − 𝛾e
→

𝑆
→

𝑏MW cos 2𝜋fMWt, (8)

here
→

𝑏MW and fMW are the amplitude and frequency of the
scillating microwave field, respectively. To evaluate transition
robabilities, the total Hamiltonian was transformed into the
igenbasis of Hgs using a unitary transformation U. This yielded
he transformed operators:

H0
gs = U†HgsU,

H0
MW = U†HMW U, (9)

H0 = H0
gs +H0

MW

he resulting operator H0 describes transitions between the
ystem’s eigenstates. The RWA was then applied to the matrix
lements hij of H0, allowing us to ignore rapidly oscillating
erms and keep only those near resonance. Transitions were
onsidered allowed when the matrix element |hij| > 10−1. For
hese transitions, the coupling strength was estimated from the
abi frequency as: Fij ≈ |hij|/2ℏ ≈ ΩR/2 . In our model, we also
ccounted for the angles of the MW and external field as fit
arameters.

n addition to the expected P1 resonances, samples (S1–S3 in all
ayers) showed a broad, weak feature near 275 MHz at a field of
98 G Figure 3c). It could be caused by the forbidden transition
f P1 center as it correlates with the Hamiltonian-based fit model
Figure 3c). However, it might also be due to hydrogen related
efects as grown in our diamonds as they have transitions in the
ame frequency ranges (see Supporting Information Section 8).

he reference sample S4 revealed only P1 center’s peaks in DEER
pectrum with no extra features. This observation does not imply
he absence of hydrogen in the sample, but rather indicates that
ydrogen-related paramagnetic centers are below the detection
imit of our DEERmeasurements or exist inmagnetically inactive
onfigurations. Therefore, all resonances observed in this sample
efore irradiation can be fully described by the P1 Hamiltonian
lus aminor contribution froma forbidden transition at 304MHz,
hich was covered by the model fit, with no evidence of vacancy-
ype centers at this stage (Figure 3d).

fter electron irradiation, a new strong resonance appeared near
he center of the DEER spectra in all samples (Figure 3e,f). The
orresponding frequency shift with magnetic field follows the
lectron gyromagnetic ratio γ = 2.8 MHz/G, confirming an 𝑆 =
∕2 center (Figure 3g). The peak is therefore assigned to defects
dvanced Functional Materials, 2026
that are related to irradiation with g ∼ 2 that we denote as X-
centers, rather than to a single species. We discuss the X-defects
later in the text. The spectra can be quantitatively described by
a combined spin-Hamiltonian model including both P1 and X
transitions:

HP1+X∕h = HP1∕h +
ge𝜇B

h

→

B g
→

S, (10)

where we assumed S = 1/2 and g = 2.0027. A g-factor was taken
for the negatively charged vacancy V− in previous works [19].
From this work, it is known that the actual electron spin of the
V− defect is S = 3/2. However, as noted there, its EPR response
is effectively indistinguishable from that of a spin-1/2 system.
Because the defect has Td symmetry, the zero-field splitting
vanishes, and all allowed transitions collapse into a single line
that behaves as an effective − 1/2↔1/2 transition. For this reason,
in the present analysis, we treat V− as an effective spin-1/2 center.

Simulated spectra using these parameters reproduce the full
experimental line shape: the P1 triplet transitions, plus the new
central X-line. This confirms that the observed spectra arise from
the coexistence of P1 centers and an additional paramagnetic
ensemble with a nearly free-electron g-factor.

Our study shows that attributing X resonance solely to V−

is incompatible with the full temperature-dependent behavior
under annealing, discussed below. To examine this further, we
analyzed the defect evolution in the reference sample S4 where
no H-related defect was present. In the as-irradiated state, the
expected donor balance [P1before = P1after + X] is not satisfied:
although S4 initially contained 1 ppm of P1 centers, the DEER
measurement yielded 3.7 ppm of X centers after irradiation.
Even under the hypothetical assumption that X corresponds
exclusively to V−, applying the required factor of 1/2 to convert
the effective spin-1/2 DEER concentration to the actual density of
an S = 3/2 vacancy defect: [V−]true =

1

2
[X]DEER (see Supporting

Information Section 2 for details of the averaging correction)
still yields ≈1.8 ppm of V−, far exceeding the available donor
population. Thus, the X resonance cannot originate from V−

alone.

Additional evidence arises from the annealing behavior. Upon
heating to 650◦C, the X concentration drops to approximately
1 ppm. This temperature range is in the range of or above thewell-
established annealing of interstitial-related defects [49]. While
isolated interstitial defects in diamond [50] are generally known
to exhibit S = 1 (with high symmetry) and no established
S = 1/2 interstitial centers have been reported, the dramatically
decreasing of the X resonance at the characteristic interstitial-
annealing temperature [51] introduces an apparent inconsistency:
X displays a clear S = 1/2 signature, yet its thermal behavior
tracks that of interstitial-related defects. This mismatch indicates
that X cannot correspond to a simple interstitial. Instead, the
data are more consistent with X being a composite or complex
defect that includes an interstitial component or is structurally
related to an interstitial configuration which spin concentration
is altered by annealing at the mentioned concentration, probably
forming more complex structures around vacancies. This point
is not extensively studied in the literature. Taken together, the
imbalance in paramagnetic centers accounting, the necessary
7 of 16
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FIGURE 4 Evolution of X-center and donor concentrations revealed by DEER spectroscopy. (a) DEER spectrum of sample S4 after 1200◦C
annealing, showing that the X-center resonance remains of comparable amplitude to the P1 center transitions, indicating the persistence of a small
residual paramagnetic population. (b) DEER-decay pulse sequence used to quantify spin-bath concentrations and dipolar coupling strengths between
NV centers and surrounding paramagnetic defects. (c) DEER decay curves on X resonance of sample S4 recorded after successive annealing steps from
as-irradiated to 1200◦C, demonstrating the progressive reduction of the X-center signal. (d) Schematic qualitative illustration of the dominant defect
populations and processes inferred from the DEER and PL measurements at different annealing stages. Green boxes demonstrate defects the diamond
contains; Violet boxes shows processes during annealing; Red points represent temperatures in our study. (e) The loss of the total number of paramagnetic
defects (detected in DEER) shows a nearly linear scale with the nitrogen level (P1 centers) before irradiation.
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re
acancy-spin correction, and the annealing behavior all indicate
hat X is not a pure vacancy defect but instead a composite signal
rising fromamixture of V− and interstitial-related contributions.

hotoluminescence data support this interpretation: at 650◦C, the
R1 (V0) line remains strong, implying that most vacancies were
ot annealed out. At 800◦C, the DEER-derived X concentration
emains roughly constant (∼1 ppm), but the GR1 emission nearly
isappears, consistent with the formation of divacancies V−

2

52] (or other V-related complexes [42]) that contribute to the
ame S = 1/2 resonance as a part of S = 3/2 spectrum [43].
t 1000◦C, the concentration of X-defect started to decrease
o 0.7 ppm. Finally, after 1200◦C, the X-signal was crucially
educed to the P1’s contrast level (Figure 4a), but was still
resent in the spectra. Its concentration was estimated as
.1 ppm, matching the known temperature of vacancy clusters
−
n (>1200◦C). These correlations demonstrate that the post-
rradiationDEER resonance is a superposition of several vacancy-
nd interstitial-related centers evolving sequentially with
hermal treatment: 0◦C ∶ (V− + I) → 650◦C ∶ (V−) → 800◦C ∶

V− + V−
2 ) → 1000◦C ∶ (V−

2 + low V
−
n ) → 1200◦C ∶ (low V

−
n ).

n all these concentrationmeasurements, amodified DEER pulse
cheme was used. By varying the delay of the π-pulse (Figure 4b),
e obtained DEER-decay curves from which the average dipo-
ar coupling (Equation 6) and hence the spin concentration
ere extracted. We measured X center’s content evolution by
his method (Figure 4c). To aid the discussion, we include a
chematic summary of the dominant defect species and processes
nferred from our DEER and PL data across the annealing
equence (Figure 4d). This schematic reflects the experimentally
bserved trends and annealing thresholds, rather than a detailed
icroscopic defect census.

nother observation is that in all samples, the P1 concentration
ropped after irradiation, even in high-nitrogenmaterial, indicat-
of 16

at
ing partial transfer of an electron to another defect (for example,
all in X resonance) and transition to an interstitial state [53].
Moreover, in the intermediate-nitrogen sample (S2) and the high-
nitrogen sample (S3 – with all layers), the sum of themeasured P1
andX concentrations remained below the initial P1 level (Table 3),
suggesting additional “P1 losses”. That is opposite to samples
with low nitrogen content (S1(L4), S4), where the paramagnetic
center grew after irradiation. We considered this decrease in P1
centers and revealed that the dependence of the “P1 losses” is
equal to the difference between initial P1 content and the sum
of P1 centers after irradiation and X concentrations. Interestingly,
the “P1 losses” depend on the initial P1’s content across samples,
showing an approximately linear correlation (Figure 4e), i.e., the
higher the initial P1 concentration is, the higher the spin losses
are after post-processing by annealing, supporting a nitrogen-
driven redistribution mechanism. We excluded isolated nitrogen
interstitials that were reported in previous work [54] as they have
𝑆 = 1∕2, are visible in EPR spectra with hyperfine splitting, and
must be distinguished in our DEER spectra. From all these facts,
we can conclude a formation of previously theoretically predicted
diamagnetic nitrogen-interstitial pairs [55, 56] or non-activated
previously experimentally observed nitrogen-vacancy [57] pairs,
non-visible under our DEER conditions.

For comparison, MeV electron irradiation of diamond is known
to produce vacancy concentrations on the order of 0.1–5 ppm,
as reported in optical absorption studies [58]. The X-center
concentrations observed here are consistent with this range,
while reflecting the presence of multiple irradiation-induced
defect species.

2.3 Coherence Time Analysis

The spin coherence time T2 of the NV ensemble was investigated
in all samples (S1–S4) in both cases: just after growth and
after electron irradiation. After irradiation, we studied coherence
Advanced Functional Materials, 2026
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TABLE 3 Concentration before and after irradiation of spin defect in our samples.

[P1] before
irradiation, ppm

[P1] after
irradiation, ppm

[X] after
irradiation, ppm

[NV−] before
irradiation, ppb

[NV−] after
irradiation, ppb

S1(L1) 3.8 ± 0.7 <<1 1.1 ± 0.1 39 ± 10 56 ± 20
S1(L2) 4.1 ± 0.5 <<1 2.3 ± 0.1 35 ± 10 54 ± 20
S1(L3) 3.5 ± 0.5 <<1 3.0 ± 0.1 22 ± 10 17 ± 10
S1(L4) 1.6 ± 0.5 <<1 3.0 ± 0.1 7 ± 3 10 ± 3
S2 10 ± 0.5 6.0 ± 0.7 2.0 ± 0.3 1 ± 0.5 9 ± 3
S3(L1) 39.0 ± 2.0 14 ± 0.8 4.0 ± 1.0 90 ± 20 100 ± 20
S3(L2) 37.0 ± 3.0 12 ± 1.3 7.8 ± 1.0 130 ± 20 130 ± 20
S3(L3) 37.0 ± 2.0 12 ± 1.3 6.5 ± 1.0 140 ± 20 150 ± 20
S3(L4) 26.0 ± 1.0 11 ± 1.3 4.0 ± 1.0 110 ± 20 120 ± 20
S4 (ref) 1.0 ± 0.5 <<1 3.7 ± 0.5 11 ± 5 13 ± 5

FIGURE 5 Spin coherence properties of NV− ensembles in CVD diamond before and after irradiation. (a) Hahn-echo decay measured on the
reference sample S4 (before irradiation). (b) Pulse sequence of the Hahn-echo and DEER protocols used for T2 characterization. (c) Correlation of
the ensemble T2 with P1 concentration in as-grown samples, together with the classical dipolar-bath model. (d) Hahn-echo decay of the sample S4
after irradiation. (e) Dependence of T2 on the combined defect concentration [P1] + [X] after irradiation, fitted with the corrected spin-bath model
including the composite X-ensemble (V− + interstitial-related defects). (f) Variation of T2 (green symbols) and X-center concentration (pink symbols)
as a function of annealing temperature for sample S4. (g) Universal model describing all T2 results from as-grown, irradiated, and annealed samples
using the combined bath expression. S1, S2, S3, S4 – names of samples used in this paper (see Section 2.1).
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ynamics followed by stepwise annealing of the commercial
eference crystal from Evolve diamonds (S4). All samples had a
atural 13C abundance 1.1%. NV−, NV0, NVH− concentration was
n the range of<< 1 ppm, sowewon’t consider them in coherence
roperties analysis.

efore irradiation, all samples were tested for T2 by Hahn-echo
59] decay of NV− centers (Figure 5a,b), and demonstrated T2
caling inversely with the P1 concentration (Figure 5c). The
dvanced Functional Materials, 2026
dependence is well described by a dipolar spin-bath model in
which decoherence arises from magnetic noise generated by the
P1 electron spins [18]:

1

T2

= a [P1] + 1

T2
13C

. (11)

Here, a is the dipolar coupling constant and T2, 13C ≈ 700 µs,
which represents the upper limit imposed by the 13C nuclear-
9 of 16

ve C
om

m
ons L

icense



s
⋅

p
u
b

F
m
n
e
t
n
[

w
A
d
t
“
r
d
i
i
b
d

T
e
t
s
t
∼

∼

t
c
o
t
t

0

t
m
c

T
d
a
m
i
s
c
t
c
V
w
[
d
c

1

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202532037 by U
niversiteit H

asselt, W
iley O

nline L
ibrary on [18/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reati
pin bath [60]. Fitting yields a = (5.5 ± 0.3) × 10−3 (ppm
µs)−1 , in good agreement with previous reports for high-
urity CVD diamond [18]. This confirms that decoherence in
ntreated samples is determined exclusively by the P1 spin
ath.

ollowing electron irradiation, the P1 concentration decreased
arkedly in all samples, accompanied by the appearance of
ew paramagnetic centers (Section B). Simultaneously, the NV-
nsemble coherence time collapsed (Figure 5d), confirming that
he irradiation-induced centers act as an additional magnetic-
oise bath. The dependence of T2 on total defect density [P1] +
X] is well described by an extended model (Figure 5e):

1

T2

= a [P1] + e ([X]) + 1

T2
13C

, (12)

here X denotes the ensemble of irradiation-induced defects.
linear fit yields e = (2.1 ± 0.5) × 10−2(ppm ⋅ µs)−1 . As

iscussed in Section B, the X-ensemble includes both nega-
ively charged vacancies V− and all interstitial-related defects
I”, so that [X] = [V−] + [I]. The coefficient e, therefore,
epresents the effective decoherence strength of this mixed
efect population. Note that in the dipole model, we do not
nclude the concentration of hydrogen-related defects, discussed
n Section D, as their contribution to the decoherence will
e minimal compared to other spin defects, in particular X
efects.

o resolve the individual contributions, we used the annealing
xperiment on sample S4, where both T2, and the concen-
rations of all paramagnetic species were measured at each
tep. Immediately after irradiation, T2 shortened from 150 µs
o ∼25 µs. After annealing at 650◦C, T2 the increases to
80 µs, while the X-center intensity decreases from 3.7 ppm to
1 ppm, consistent with the removal of interstitial defects at
his temperature [49]. As we discussed in Section B, the real
oncentration of V− is two times lower than the DEER-detected
ne. Using the corrected concentration of V− at 650◦C, T2 at
hat step, and a basic equation analogous to (12), we can extract
he decoherence coefficient for V−: b = 1∕T2−1∕T213C−a[P1]

[V−]
= (1.5 ±

.4) × 10
−2

(ppm ⋅ 𝜇s)
−1. This value is significantly larger than

hat for P1 centers, which may be attributed to the higher spin
ultiplicity of V− defects, S = 3/2, resulting in stronger dipolar
oupling to NV centers.

o quantify the contribution of interstitial-related defects to
ecoherence, we first estimate the relative fractions of V−

nd interstitials in the as-irradiated S4 sample. DEER decay
easurements yield a total X-center concentration of 3.7 ppm
n the just-irradiated state. After annealing at 650◦C, the X
ignal is reduced to ∼1.0 ppm and is dominated by V− centers,
onsistent with the removal of interstitial-related defects at this
emperature. Assuming that the number of V− centers does not
hange significantly between irradiation and the first anneal, as
0 centers in ZPL spectra changed for 11% only (see Section B),
e take [V−]irr = 1.1 ppm) and therefore assign the remaining
I]irr = 2.6 ppm to interstitial-related spins. Using the extended
ecoherence model (12) and the previously determined V−

oefficient b, we separate the effective post-irradiation slope e into
0 of 16
vacancy and interstitial contributions and estimate interstitial-
related defects decoherence: d = 1∕T2−1∕T213C−a[P1]−b[V−]

[I]
≈

(1.2 ± 0.3) × 10
−2

(ppm ⋅ 𝜇s)
−1. The comparatively large value of

d may be partly overestimated, since a fraction of the interstitial-
related defects are DEER-invisible (e.g., S = 1 interstitials
[61]), yet still contribute magnetic noise to NV-center
decoherence.

Subsequent annealing at 800◦C yielded only minor additional
recovery of NV coherence with T2 = 90 µs. In this temperature
range, vacancies are expected to become mobile and begin
to aggregate into divacancies and higher vacancy complexes
[43]. This trend is confirmed experimentally by the pronounced
reduction of GR1 luminescence in the PL spectra (see Section B),
indicating the removal or transformation of isolated V0 centers.
In the DEER spectra, the X resonance decreases from∼1.0 ppm to
∼0.7 ppm, while T2 remains nearly unchanged, suggesting that
the reduction in isolated V− is largely compensated by the for-
mation of divacancy-type defects. The divacancy (V2

−) coupling
constant c was extracted from the 1000◦C data, where the defect
spectrum is dominated by V2

− and the model reproduces the
partially recovered T2 values: c = 1∕T2−1∕T213C−a[P1]

[V2
−]

≈ (5.0 ± 1.7) ×

10
−3

(ppm ⋅ 𝜇s)
−1 .

The most substantial recovery of long coherence times occurs
only after high-temperature treatment above 1200◦C, where
T2 approaches ∼120 µs and the residual S = 1/2 X-signal
is reduced to ∼0.1 ppm. This behavior is consistent with the
progressive conversion of vacancy clusters into more benign
complexes at elevated temperatures. Previous work [50] has
already shown that T2 does not fully return to its as-grown
value after irradiation and annealing, in agreement with our
observations.

The full temperature-dependent evolution of the NV coher-
ence can then be described by a universal decoherence model
(Figure 5g):

1

T2

= a [P1] + b [V−] + c [V2
−
] + d [I] + 1

T2
13C

. (13)

The resulting relative strengths a:b:c:d ≈ 1:2.73:0.91:2.18 cap-
ture the progressive evolution of the spin bath from isolated
nitrogen spins to complex vacancy and interstitial aggregates
and form the quantitative basis of the universal model used in
Figure 5g.

2.4 Hydrogen-Related Resonances and
Composite Defect Modeling

While the main DEER spectra captured the dominant X-
center response, closer inspection revealed additional side-
resonances in the vicinity of the main peak. These features,
likely arising from hyperfine-coupled hydrogen-related defects,
were reproducible across all laboratory-grown samples (S1–
S3) and indicated the presence of secondary spin species not
accounted for by the primary X-center model. To clarify their
origin, we performed high-resolution DEER measurements with
0.2 MHz steps with finer frequency steps (Figure 6a). These
Advanced Functional Materials, 2026

ve C
om

m
ons L

icense



FIGURE 6 H-related defects investigation. (a) Zoom of X-resonance in the DEER spectrum of the as-irradiated S1(L4) sample. The solid line
shows the Lorenz fit with 3 frequencies. (b) Zoom of X-resonance in the DEER spectrum of the as-irradiated reference sample S4 was fitted just by the
Lorenz function. The magnetic field was different in the two cases. (c) Energy levels of the substitutional hydrogen in diamond. (d) Energy levels of the
NVH−center.
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eatures were absent (Figure 6b) in the reference diamond (S4),
onfirming that they are not intrinsic to the P1 or vacancy
enters.

his difference is consistent with the fact that our CVD-
rown samples already exhibited weak additional signals in
heir pre-irradiation spectra, likely originating from hydrogen-
elated defects incorporated during growth. To identify the
ature of these side-resonances, we compared their hyperfine
plitting with known hydrogen-related centers in diamond. Two
andidates fit the observed frequency ranges: substitutional
ydrogen (HS ) that was previously observed in EPR spectrum
33] (Figure 6c) and the NVH− defect that was previously
bserved in DEER spectrum [29] (Figure 6d). Both are 𝑆 =
∕2 systems that can overlap spectrally with the vacancy (V−)
esonance and therefore produce composite features in DEER
pectra.

mong all samples, S2 exhibited the strongest side resonances,
onsistent with its unusually high hydrogen-to-methane ratio
99:1) during growth, which suggests enhanced hydrogen incor-
oration. This interpretation is supported by earlier studies [7,
2], which demonstrated that increasing the doping impurity-
o-methane ratio (in their case nitrogen) significantly enhances
mpurity incorporation in CVD diamond. By analogy, the pro-
ounced hydrogen-related features observed in S2 are plausibly
ttributed to more efficient hydrogen uptake under its growth
onditions. It should be noted that in other samples (S1, S3)
e found mainly NVH defect, but could not determine their
oncentration from the growth at different temperatures due to
he fact the detected resonances were not sufficiently pronounced
o allow for quantitative analysis.
dvanced Functional Materials, 2026

i

To examine these features in detail, we recorded fine-step DEER
scans at five different positions on the S2 surface (Figure 7).

All spectra displayed side-peaks around the main X-line, but
their splitting patterns varied slightly between spots. Two
distinct behaviors were identified: doublets with ≈ 17 MHz
hyperfine separation, and doublets with ≈ 13 MHz hyperfine
separation.

Spectral modeling showed that the first group is perfectly
reproduced by the composite substitutional-hydrogen + V−

model [HH +HV− ] (Figure 7a), while the second matches the
NVH− + V− model [HNVH− +HV− ] (Figure 7b). The fits used
literature hyperfine parameters [29, 33] and treated only the
magnetic-field alignment and overall amplitude as free parame-
ters. The Hamiltonian of the substitutional hydrogen was taken
from [33]:

HH∕h =
ge𝜇B

h

→

B g
→

S +
→

S A
→

I , (14)

where A(H)∥ = 17.9 MHz, A(H)⊥ = − 2.2 MHz, g = 2.0028. We
used this Hamiltonian in model [HH +HV− ] to explain spectra in
some points. The Hamiltonian [29] for NVH− center:

HNVH−∕h =
ge𝜇B

h

→

B g
→

S +
→

S A (H)
→

I +
→

S A (N)
→

I , (15)

where A(N)∥ = 2.94 MHz, A(N)⊥ = 3.1 MHz, A(H)∥ =
13.69 MHz, A(H)⊥ = − 9.05 MHz, g = 2.0024. In our sample, the
dominant isotope is 14N so defect NVH− has 𝑆 = 1∕2, I (H) = 1∕2

and I(N) = 1. HNVH− was also used for the explanation of
sides in some of our samples. This Hamiltonian accounts
for the double hyperfine splitting arising from both nuclei;
11 of 16
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FIGURE 7 S2 sample’s spectra of X-defect with side details. (a) Points that were fitted with the substitutional hydrogen+ vacancymodel; (b) Points
that were fitted by NVH−+ vacancy model; for the sample after the irradiation.
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FIGURE 8 Schematic of the confocal microscope used for DEER
and PL measurements, showing laser excitation and fluorescence collec-
tion paths, microwave delivery via a wire antenna, and the applied static
magnetic field.
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owever, in our spectra, we could not resolve 14N hyperfine
plitting.

ith these two Hamiltonians, we achieved excellent agreement
ith the experimental data: two of the five S2 spectra were
est fitted with the [HH +HV− ] model, while three matched
he [HNVH− +HV− ] model. Even though A(H)∥ differs only by
few MHz between these two cases, our spectral resolution is
ufficient to distinguish this (see Supporting Information Section
). Hence, both hydrogen-related defects are present in our
iamonds and interact withNV centers in diamond due to dipole-
ipole coupling. The absence of similar features in the reference
ample supports the conclusion that these species originate
rom hydrogen incorporation during CVD growth rather than
rom post-irradiation processes. Together, these results show
hat the spin environment in hydrogen-rich CVD diamonds is
ore complex than in nominally pure materials, containing at
east two distinct paramagnetic hydrogen species: consistent with
ubstitutional hydrogen and NVH−, that contribute to the DEER
ignal.

Methods

.1 CVD Diamond Reactor and Growth
onditions

iamond layers were synthesized using a commercial PE-CVD
ystem (ASTeX PDS17). Substrate temperature was monitored via
disappearing-filament pyrometer and verified by an external
R pyrometer. High-purity process gases were used: hydrogen
H2, 6N–9N purity) and methane (CH4, 6N–9N purity) served
s the main reactants, and nitrogen was introduced through a
% N2: H2 premix. All flow values reported in this work have
een converted to equivalent pure N2 flow rates. Gas delivery
as controlled by standard mass-flow controllers. The reactor
perated at pressures of 100–150 Torr depending on the layer
ype (buffer or doped). We estimated the total depth of as-
rownmultilayer diamonds as also 41.2 µmwithMutitoyo Linear
auge (LGK-0110). Individual layer’s depth might be estimated
y growth time (12 h for the total diamond, and 0.5 h for each
itrogen-doped layer, 2.5 h for each buffer layer) that leads to
.8 µm for each nitrogen-doped layer and 8.6 µm for each buffer
ayer.
2 of 16
Details of growth conditions for each layer are provided and
discussed in Section 2.1.

3.2 Annealing Chamber

A home-built high-vacuum annealing chamber was used for the
post-irradiation thermal treatment of sample S4. The chamber
employs a CeraQuest ceramic heater (PBN/PG/PBN stack) pow-
ered by an external supply. Temperature was monitored using
an IRIS PI1MLO41T1800 infrared pyrometer. Each annealing step
was performed for 2 h at 650◦C, 850◦C, 1000◦C, and 1200◦C.
After each step, the sample was re-characterized by DEER, PL,
and Hahn-echo measurements to track the evolution of defect
populations and NV spin properties.

3.3 Optical Setup

DEER measurements were performed using a custom-built
confocal microscope (Figure 8), which allows for microwave
(MW) application. The setup enables precise optical excita-
tion and readout of NV− centers, along with MW control of
their spin states. A static magnetic field of approximately 80–
Advanced Functional Materials, 2026
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10 Gauss was applied using a permanent magnet, aligned
long one of the four possible NV− center orientations in the
iamond.

ptical excitation was provided by a 532 nm laser (HÜB-
ER Photonics), typically operated at ∼6 mW before the
bjective lens (Olympus NA = 0.95). The laser beam was
ocused onto the diamond sample, and fluorescence from the
V− centers was collected and directed to a single-photon
etector (Excelitas Technologies/SPCM-AQRH-14) for signal
cquisition.

icrowave pulses were generated by an arbitrary waveform
enerator (Keysight/M8195A) and amplified using an
mplifier (Mini-circuits/ ZHL-272+). The pulses, typically
150 ns in duration, were delivered to the diamond via a
hin-wire antenna placed close to the sample surface. All
xperiments were conducted at room temperature under ambient
onditions.

hotoluminescence (PL) measurements were performed
sing a spectrometer (Andor/ Kymera 193i-A) integrated
nto the same confocal setup described above. Optical
xcitation was provided by a 532 nm laser, allowing the
etection of photoluminescence from optically active defects in
iamond with zero-phonon line (ZPL) wavelengths longer than
32 nm.

.4 DEER Spectra Resolution

n the pulsed NV-DEER measurements, the NV center (spin
) was operated in a Hahn-echo sequence, while a rectangular
icrowave π pulse was applied to the target spin ensemble (spin
) at the center of the echo. The DEER spectrumwas obtained by
canning the microwave frequency of spin B with a step size of
.2 MHz and recording the corresponding change in the NV echo
mplitude.

he fundamental sensor-limited frequency scale is set by the
V Hahn-echo coherence time T2. For T2 = 2.5 − 150 µs,
he corresponding Fourier-limited frequency scale 1/T2 is 0.4–
.007 MHz, which is substantially smaller than the MHz-wide
pectral features observed in this work and therefore does not
imit the experimental linewidth.

he spectral selectivity of the driven spin ensemble is determined
y the finite inversion profile of the rectangular π pulse. For
π= 200 ns, the corresponding Rabi frequency is f = 1/(2tπ) =
2.5 MHz. This sets the characteristic frequency scale over which
fficient inversion occurs. Consequently, the experimentally
bserved DEER linewidths arise from the convolution of the
ntrinsic spectral distribution of the spin ensemble (including
nhomogeneous broadening and dipolar coupling distributions)
ith this finite inversion selectivity. In our measurements, the
itted linewidths (FWHM ≈ 3–4 MHz) are therefore consistent
ith intrinsic broadening of the spin ensemble combined with
he finite Rabi-limited excitation bandwidth, rather than being
imited by the NV coherence time or the discrete frequency
ampling.
dvanced Functional Materials, 2026
4 Conclusion

In this work, we presented an extensive investigation, providing a
full analysis of the formation, transformation, and spin dynamics
of defects in N-doped CVD-grown diamond, at all stages of
processing: from controlled growth to electron irradiation and
stepwise annealing.

The goal of this work is to advance the current understanding
of CVD diamond optimization for NV-based quantum sensing
and to provide the wider community with an extended spin-
bath model as an alternative to the widely accepted picture
in which the T2 spin coherence depends primarily on the
substitutional nitrogen, or P1-center, spin bath used in previ-
ous works. In particular, we identify other dominant param-
agnetic defects that arise during CVD diamond growth and
post-processing, especially electron-beam irradiation and anneal-
ing. With a concentration uncertainty of about 10%, which
we believe is low enough to perform qualitative and semi-
quantitative studies, we pinpoint the defects influencing the T2
times and discuss possible mechanisms behind their formation
and transformation. This information is important for quantum
devices such as magnetometers and for a wide range of sensing
applications.

By systematically varying the growth conditions, we synthesized
a set of multilayer and monolayer samples with nitrogen con-
centrations ranging from 1 to 40 ppm. We then used DEER and
PL spectroscopy to identify and quantify their paramagnetic and
optical defects.

Before irradiation, the P1 centers were the dominant spin
bath, and the coherence time T2 followed a well-known T2 ∝
1

[P1]
dependence. After irradiation, new paramagnetic centers

appeared, collectively denoted as X-centers, whose DEER spectra
revealed an S = 1∕2 character and a g-factor consistent with
vacancy-related defects. Annealing experiments showed that
these X-centers evolve through successive stages: initially, a
mixture of V− and interstitial-related defects, which disappear
near 650◦C, followed by divacancies that persist to ∼1000◦C and
finally almost disappear at 1200◦C. This sequence provides a
microscopic view of how the spin bath evolves during defect
engineering and affects NV coherence. A universal decoherence
model was developed, including separate coupling constants
for P1, V− and divacancy baths. The extracted spin coherence
decay coefficients reveal that interstitial-related defects cou-
ple to NV spins even more strongly than isolated vacancies,
explaining the sharp T2 degradation observed immediately after
irradiation.

In addition to vacancy-type centers, hydrogen-related defects are
consistent with a substitutional hydrogen defect and NVH− were
detected through high-resolution DEER spectroscopy, and their
spectrawere reproducedusingmulti-spinHamiltonianmodeling.
Their presence correlates with hydrogen-rich growth conditions
and introduces local spin noise that can further influenceNV spin
properties.

Overall, this work clarifies how paramagnetic defects form,
transform, and interact in CVD diamond under irradiation and
13 of 16
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nnealing. By combining nanoscale spin-resonance spectroscopy
ith optical and structural analysis, we demonstrate that NV-
ased DEER measurements can provide nanoscale access to
idden defects in diamond, even when they are invisible to
onventional optical methods. This approach enables direct
ssessment of defect populations relevant for quantum sensing,
agnetometry, and spin-based devices. Our results highlight
hat controlling the balance between P1, vacancy, and hydrogen-
elated defects, rather than simply maximizing NV density, is
he key to achieving long spin coherence in engineered diamond
ystems.

hile the present study focuses on bulk CVD-grown material,
ome of the vacancy- and hydrogen-related defects identified
ere are expected to also occur in nitrogen-implanted CVD
iamond with shallow NV systems; however, the additional
nfluence of implantation damage and surface-induced effects
ntroduces a distinct spin environment, making this regime a
atural subject for future investigations using the NV-DEER
ethodology demonstrated here.
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