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Abstract

Comprehending the microscopic formation of nitrogen vacancy (NV) centers in nitrogen-doped
diamonds is crucial for enhancing the controllable preparation of NV centers and quantum
applications. Irradiation followed by annealing simulations for a type-Ib diamond with a

900 ppm concentration of isolated nitrogen is conducted along different orientations and at
different annealing temperatures. In these simulations, molecular dynamics (MD) with
smoothly connected potential functions are implemented. MD simulations revealed the dynamic
formation process of the NV center, which was subsequently verified by first-principles
calculations and experiments. The results indicate that vacancies undergo one or multiple
migrations by exchanging sites with neighboring atoms. There are three mechanisms for the
formation of NV centers: direct irradiation-induced NV formation, irradiation with further
annealing to form NV and vacancy migration (VM) during the annealing process. Furthermore,
the results show that both VM and NV center formations are affected by orientations. This study
clarifies the formation of NV centers across multiple scales and provides a solid foundation for
the targeted preparation of NV centers.
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1. Introduction

Nitrogen vacancy (NV) center in diamonds is a complex defect
composed of a carbon vacancy and a neighboring substitu-
tional nitrogen (N) atom [1]. It can achieve nanometer-level
spatial resolution [2] and high sensitivity at the picotesla
level [3] in promising applications such as quantum sensing,
quantum computing [4, 5], biofluorescent labeling [6, 7], tem-
perature sensing [8, 9] and magnetic field measurements [10,
11]. Quantum sensing and computing require shallow NV cen-
ters within several nanometers, while NV centers at slightly
deeper depths, approximately 25 nm, help mitigate the broad-
ening of nuclear magnetic resonance (NMR) signals caused by
spin dispersion [12—14]. In the application of biological ima-
ging, the fluorescence intensity of fluorescent nanodiamonds
is relatively low, mainly due to the smaller absorption cross-
section of NV- centers, which can be improved by increasing
the density of NV~ centers [15, 16]. Thus, managing the pre-
paration of NV centers holds significant importance.

NV centers in diamond can be generated both during
the growth process by chemical vapor deposition [17], high-
energy particle irradiation, ion implantation and femtosecond
laser irradiation, followed by subsequent annealing [18-20].
The combination of irradiation and annealing attracts the most
interest, for its advantages in producing NVs of high con-
centration and large depth [21-23]. The irradiation-annealing
approach usually begins by irradiating a diamond with an
accelerated electron or neutron beam to introduce vacancies
that migrate during the annealing process [23]. The yield of
NV centers highly depends on the energy of incident particles,
the annealing temperature, the concentration of isolated nitro-
gen impurity atoms in diamond and the vacancy concentration
after irradiation.

High-energy particle irradiation and high-temperature
annealing approaches are advantageous for NV center
formation [24], although exceedingly high temperatures can
degrade NV yield. Experimental results show that vacancy
migration (VM) usually begins at around 873 K [25, 26].
Annealing at temperatures between 973 and 1173 K allows
vacancies to move freely within a certain distance, seeking
nitrogen atoms to form NV centers with a concentration lower
than 5 ppm [27]. Increasing the annealing temperature to
1073-1173 K causes vacancies to migrate faster and farther,
enabling them to be more easily grabbed by the neighboring
substitutional nitrogen atoms, thereby allowing the NV cen-
ter concentration to reach saturation [28]. Regarding nitrogen
concentration, in millimeter-level single-crystal diamonds
with a nitrogen concentration of 26 ppm, irradiation with
high-energy electrons and in sifu subsequent annealing res-
ulted in approximately 5 ppm NV~ centers [22]. NV centers
with a concentration of 3 ppm can be produced by ultra-high
energy (155 MeV) electron irradiation in diamonds containing
less than 200 ppm nitrogen [18]. In diamonds with 100 ppm
nitrogen, at most 17.5% of the nitrogen was employed to pro-
duce NV centers, yielding about 17.5 ppm NV~ centers [23].
Simultaneous electron irradiation and annealing can increase
the formation efficiency of the NV center by 117% [21]. To

summarize, there have been numerous experimental studies on
the preparation of NV centers by post-irradiation annealing,
but the current experiments are unable to achieve controllable
preparation of NV centers. Due to the complexity, high cost
of experiments and the lack of theoretical support, it is chal-
lenging to optimize the process parameters experimentally.

However, few investigations have extensively studied the
mechanisms of NV center formation at the atomic level.
Mainwood [29] used semi-empirical molecular orbital tech-
niques to analyze the structure and features of aggregated
nitrogen atoms in diamond. Dedk et al [30] calculated the
charge transition levels of substitutional nitrogen, vacan-
cies and related point defects using density functional the-
ory (DFT) simulations. It was also demonstrated that NV
centers can be formed with nitrogen in the split-interstitial
sites [31]. Molecular dynamics (MD) simulations of irradi-
ation have been used to demonstrate the mechanism of irra-
diation damage in pure diamond [32-34], silicon carbide [35],
etc. However, the insightful understanding of the microscopic
mechanism of the NV center preparation process still lacks
clarity at the atomic scale.

Compared with previous studies, herein, we focus on
revealing the microscopic mechanism and defect evolution
process of NV centers prepared by irradiation-annealing of
type-Ib diamond from a multi-scale perspective combining
MD simulation, first-principles calculation and experimental
verification. Different incident directions ([111], [110] and
[100]) and annealing temperatures (973, 1073 and 1173 K)
are considered. Our research indicates that NV centers can be
formed by three microscopic mechanisms, namely irradiation-
induced NV formation (INF), irradiation with further anneal-
ing (IFA) and VM towards nitrogen to form NV centers,
respectively. To further reinforce the reliability of our MD
findings, DFT calculations and physical experiments were per-
formed, consistently producing results that validated the MD
simulations. These results enhance the understanding of the
formation mechanism of NV centers and provide a strong basis
for the controllable preparation of NV centers, as well as for
further research in the field of quantum information science.

2. Theory and experimental methods

2.1. Interaction potential

The Ziegler—Biersack—Littmark (ZBL) potential [36] and the
Tersoff potential [37] were used to describe short-range inter-
actions and long-range interactions between atoms, respect-
ively. This has also been used to simulate the behavior of nitro-
gen ions implanted into diamond [38, 39]. The expressions
for the potential functions are included in the Supplementary
Information (SI) file. As shown in figure 1, we pioneeringly
created a smooth connection between the Tersoff and ZBL
potential functions (Tersoff-ZBL), with parameters shown in
table S1. Note that the rc and Ag for N-C and N-N interac-
tions were originally derived in this study. Other parameters
were from the reported references, for example, the interac-
tion potential for C—C was from [37], the interaction potential
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Figure 1. Interaction potential energy as a function of distance for (a) C—C, (b) N—C and (c) N-N interactions, respectively. Tersoff and

ZBL potentials are connected by a Fermi-like function.

for N—C was from [40, 41], the N—-N potential was calculated
in [42] and the r¢ and Ag for C—C was from [27].

The formation energy can be calculated using the
following formula [43, 44].

For the vacancy and interstitial,

E, /i (S) = Eq — Eigeat & nafta. (1)
For the substitutional,

Ef (S) =FEq— (Eideal — pHc + ,LLN) ; 2

where Eigeq and Ey are the total energies of the ideal and
defective diamond supercells, respectively. pc and pn are
chemical potentials, which are approximated as the nominal-
ized total energy of atoms in diamond and nitrogen molecules.
Lt 1s the chemical potential of the removed (4) or added (-)
elements required to create ng vacancies or interstitials. The
formation energies of vacancy and <100> split-interstitial in
diamonds were calculated to be 7.47 and 9.77 eV using our
smoothly connected potential. These values agree well with
the results of the reported first-principles calculations that the
vacancy has a formation energy of 7.2 eV [45], and <100>
interstitial has an energy of ~10.23 eV [46]. Since nitrogen
exists in diamond as a substituted atom, we calculated the sub-
stitutional formation energy of nitrogen to be 11.06 eV, well
agreeing with the DFT results (ranging from 10.89-12.0 eV)
[44]. In this study, these agreements prove the reliability and
rationality of the fitted potential function.

2.2. Computational details

A large-scale atomic/molecular massively parallel simulator
code was used to complete the MD simulations [15]. The size
of the models is 60ay x 60ag x 60ay (ay = 3.567 A), con-
taining 172, 800 and O carbon atoms, with the periodic bound-
ary conditions. In these systems, 900 ppm of nitrogen impur-
ity was randomly doped. It should be noted that these sim-
ulations involving 900 ppm nitrogen-doped diamond do not

correspond to experimental irradiation and annealing of such
heavily-doped diamond crystals. The high nitrogen concen-
tration was specifically chosen to facilitate the observation of
NV center formation in the simulations since the formation of
NV centers is influenced by the concentrations of both nitro-
gen and vacancy. In addition, 25 ppm of nitrogen was set in
the central region because carbon vacancies were generated in
the middle area by cascade collisions of the primary knock-on
atom (PKA) atom, as depicted in figure S1(a) of the SI file.
Thus, there is more nitrogen near vacancies produced by irra-
diation. In figure S1(b), the central atom of the model serves as
the PKA atom during irradiation, which is incident from [111],
[110] and [100] orientations with a 15 degree-inclination to
avoid the channeling effects [47]. The MD study is divided into
three parts, namely relaxation, irradiation process and anneal-
ing process. An irradiation energy of 5 keV and room tem-
perature were used in the irradiation process. Afterwards, the
models were annealed at 973, 1073 and 1173 K, respectively.
The detailed calculation settings and temperature variations
over time throughout the entire process are shown in figure
S2 of the SI file. A total of 48 simulations was conducted in
this study for each condition, as listed in table S1. The heat-
ing and cooling rates during the annealing process are both
1 K ps~! and the holding time is 500 ps. An open visualization
tool package was used to analyze and visualize the evolution
of point defects [48]. The Frenkel pairs were identified by the
Wigner—Seitz method [49].

Vienna ab initio simulation package software was used to
perform first-principles calculations [50]. The Perdew—Burke—
Ernzerhof [51] exchange with generalized gradient approxim-
ation correlation functions was used to optimize the basic dia-
mond cell. The calculated lattice constant is 3.571 A, which is
consistent with the measured data (3.567 10\) [52]. We built a
4 x 4 x 4 supercell with 512 atoms, with only the I'-point
considered. The force convergence value was 0.01 eV-A~!
and the cutoff energy was 500 eV. To offer a more precise
depiction of the VM process, we employed the climbing image
nudged elastic band method [53]. The spring constant between
the image states was designated a value of —5.0 eV A2 (the
negative sign activating the nudging effect), a setting that was
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empirically determined to have no effect on the maximum
energy image state [53].

2.3. Experimental details

The adopted rough diamond sample was synthesized by
Zhongnan Diamond Co., Ltd in a cubic press, under 1420—
1720 K and 4.5-6.5 GPa, with Fe—Co—Ni catalyst and its
nitrogen doping level at 10'® ¢cm~3 order of magnitude.
Experimental characteristics were performed on a slice cut
from a high-pressure and high-temperature synthesized dia-
mond. The slice (2.74 x 2.79 x 1.12 mm?) was polished par-
allel to the cubic face to allow a clear view into the growth
sectors {111}, {100} and some of the {110} [54] (as shown in
figure S3(b)). It contains a nitrogen level of 18.5 ppm, determ-
ined based on the in situ Fourier transform infrared spectro-
meter spectra in figure S3 using an empirical formula as ref-
erenced in [16, 55-57]. Details of the calculations are dis-
played in the SI file. The sample was irradiated perpendicu-
lar to the {100} surface (i.e. along the [100] direction) with
10 MeV electrons at a fluence of 1.5 x 10'7 cm~2 using
a 20 kW cascade electron accelerator. The fluence rate is
6.8 x 10'2> cm~2 s~!. The temperature of the sample was con-
trolled using a customized water-cooling unit, ensuring that
the irradiation-induced increased temperature did not cause
the water to boil, thereby preventing any occurrence of high-
temperature annealing. The slice was then annealed for an hour
at 1073 K in a Kejing GSL-1700X tube. A JASCO NRS7500
Raman spectrometer equipped with a Linkam THMS600
thermal stage was used to characterize the sample’s photo-
luminescence (PL) spectra excited by a 532 nm laser, before
and after each step. The PL spectra are shown in figure S4,
with peaks of NV?, NV~ and V° defects around 575, 637
and 741 nm, respectively. We conducted spatial mappings
of NV?, NV~ and V° defects, with peaks at 575, 637 and
741 nm, respectively, over the slices in square regions (approx.
3 x 3 mm?). The entire PL test was performed at ~77 K.

3. Results and discussion

3.1. Migration of vacancies during annealing

A snapshot is presented in figure 2 to demonstrate three pos-
sible states of carbon atoms during the irradiation process
using MD simulation. Detailed results are given in figure S5
in the SI file. The number of point defects generated by irra-
diation in diamond is dependent on the crystal orientation
[58]. As shown in figure S5, the [111] and [100] directions
generate a similar number of defects, with values of 38 and
36.8 ppm, respectively. In contrast, vacancy formation in the
[110] direction is significantly lower, with a value of approx-
imately 20 ppm. The evolution of Frenkel pairs in as-irradiated
nitrogen-doped diamonds in figure S5 aligns with previous
works [32, 58], signifying the suitability of the chosen poten-
tial. During irradiation, some of the carbon atoms move out of
their initial lattice sites, leaving vacancies behind. Displaced
carbon atoms will reach one of the three possible destinations,

Figure 2. Three possible states of irradiated carbon atoms: (i)
substitute another carbon atom (Cgyp) site; (ii) interstitial (C;) site;
(iii) split-interstitial (Cgplii) site. Dashed blue circle represents the
carbon vacancy site induced by irradiation.

depending on the moving distance: (i) substituting another
lattice carbon atom (Cgy, site in figure 2(a)), (ii) becoming
an interstitial atom (C; site in figure 2(b)) or (iii) joining
with another interstitial carbon atom to form a <100> split-
interstitial (Cypjic; site in figure 2(c)). When the proper tem-
perature is reached, vacancies will interact with neighboring
carbon atoms to initiate the VM process.

As characterized in the previous experimental researches
[25, 26, 59], vacancies will migrate during the annealing pro-
cess. Figure 3 shows the microscopic snapshots of anneal-
ing up to 1073 K (the animation can be viewed in the video
1). After irradiation, the B-atom transforms into a carbon
interstitial, leaving a vacancy near the A-atom (depicted in
figure 3(b)). Upon initiation of the annealing process, the A-
atom migrates towards the vacancy and eventually reaches the
B-site at the holding stage at 1110 ps, where the setting tem-
perature is attained (figure S6(c)). Following a 30 ps interval
of temperature maintenance, the A-atom successfully occu-
pies the prior vacancy position (figure 3(d)). This state remains
unchanged until the end of annealing. This reveals the typical
process of vacancies migrating by exchanging positions with
neighboring carbon atoms.

Furthermore, vacancies will experience multiple migra-
tion processes. For example, figure S7 shows that the micro-
scopic process of vacancy migration is four times higher as
the annealing time increases. The average migration distance
between carbon vacancies in diamond is 1.67 A, indicating that
the vacancy is able to interchange with nearby carbon atoms
stepwise, rather than by hopping. However, a more exceptional
phenomenon is also observed, as shown in figure 4. After irra-
diation, the red atom (C-site) become C;, while the A and B
sites beside them become vacant positions (figure 4(a)). An
important event occurs under the impact of annealing at 840 ps
and 1042.8 K, where the red atom recombines into its initial
position (figure 4(b)). Following that, at 860 ps and 1062.0 K,
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Figure 3. (a)—(c) MD snapshots of a single vacancy migration during the irradiation and annealing processes in diamond. Vacancy site is
represented by a dashed blue circle. Red arrow represents one carbon atom (at the A-site) progressively moving to the B-site as the
increased temperature during annealing. Notably, the vacancy undergoes a positional shift from the B-site to the A-site.
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Figure 4. (a)—(c) MD snapshots of an exceptional case of vacancy migration. Dashed blue circles represent vacancies. Red arrows represent
the migration paths. During the annealing process, the red interstitial atom C;j in (a) is drawn back to its initial vacancy site in (b), but
eventually moves to the A-vacancy site and (c¢) continues to move to the B-vacancy site with further annealing. Finally, the vacancy position

shifts from (b) to (c).

the red atom migrates outwards, gradually approaching the
B-site (figure 4(c)). As demonstrated by this example, with
an additional vacancy nearby, the vacancy is more likely to
migrate rather than recombine. Finally, a di-vacancy emerges
in this case. A dynamic video and complete snapshots of
this phenomenon can be found in the video 3 and figure S8,
respectively.

3.2. Formation mechanisms of NV center

Based on the above observations, three mechanisms of NV
center formation are proposed herein, as shown in figure 5,
namely the INF, IFA to form NV, and VM to form NV.
Figure 5(a) shows the detailed mechanism of the INF pro-
cess. The carbon A-atom close to the nitrogen atom can be
knocked out of the lattice site to form a Cgp.i, leaving a
vacancy near the nitrogen atom, and an NV center is formed
after irradiation. In figure 5(b), which demonstrates the IFA

process, in which the A-atom is located near, but not totally at,
another vacancy site (B-site) after irradiation, eventually set-
tling into a C;j site. This NV center is unstable until the anneal-
ing temperature reaches 645.9 K. After annealing, the A-atom
totally replaces the B-site, becoming a vacancy and forming
the NV center with the nitrogen atom. The VM process is
shown in figure 5(c). After irradiation, the C-site becomes
a vacancy, and the A-atom and B-atom will migrate one by
one, as described in the VM mechanism. That is, the vacancy
migrates from C-site to A-site, forming the NV center with
nitrogen. In this case, the vacancy starts to travel towards nitro-
gen at 1072.7 K. After migrating twice, the vacancy reaches an
adjacent position by a nitrogen atom with a closest distance of
1.79 A, as depicted in figure S9. These videos can be found in
video 4-6.

To verify the reliability of the MD simulation results, irra-
diation experiments are conducted with a type-Ib diamond
sample with a nitrogen concentration of 18.5 ppm, as shown
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Figure 5. Three possible mechanisms of NV center formation. (a)INF, (b) IFA to form NV and (c) VM to form NV.

in figure 6. We show the optical images and PL mapping
results of the diamond slice before irradiation, after irradi-
ation and after further annealing. There is a block pattern that
contains a distinct combination of {100}, {110} and {111}
growth sectors (figure 6(al)). These differences in growth sec-
tors are related to the concentration of the substitutional nitro-
gen ([Nj]). The {110} sector has the lowest nitrogen concen-
tration among the three sectors in the IR mapping results in
figure S3(b) of the SI file. This feature provides insight into
discussing the generation process of NV formation. After irra-
diation, the spatial distribution of the body color became more
apparent (figure 6(b1)). NV?, NV~ and V° centers at the PL

peak of 637, 575 and 741 nm were barely detected before irra-
diation (figures 6(a2)—(a4)), but obviously emerged after irra-
diation (figures 6(b2)—(b4)). NV® and NV~ centers with an
intensity below 103 are found to be in greater abundance in the
{111} and {100} regions than the {110} region for the low-
est nitrogen content. This suggests that a considerable num-
ber of NV centers can be generated after irradiation, consist-
ent with previous observations that NV centers can be formed
after ultra-high energy (155 MeV) electron irradiation [18] and
validates the first mechanism observed theoretically. The DFT
calculation of Dedk et al [30] also proved the result. To remove
the carbon atoms attached to nitrogen, only three strong C—C
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Figure 6. Characteristics for a type-Ib diamond sample (al)—(a4) before irradiation, (b1)—(b4) after irradiation and (c1)—(c4) after further
annealing. First column is the optical images and the other columns are PL peak mapping for NV®, NV~ and V° signals. PL peak mapping of
VY is obtained at 741 nm. Note that the PL mappings cover the whole diamond sample area (3 mm x 3 mm). Intensity scale in (a) ranges

from 0-1000, while that in (b) and (c) ranges from 1072 to 108.

bonds need to be broken, whereas in a perfect diamond lat-
tice, four such bonds must be broken to create an isolated
vacancy. This large energy difference results in a strong tend-
ency to produce NVs even during non-equilibrium irradiation
processes, which also shows the reasonability of MD simula-
tions. Furthermore, in the {110} sector, there is less nitrogen,
resulting in a higher presence of vacancy defects, identified as
the VY center (figure 6(b4)).

Figures 6(c2)—(c4) illustrate a significant increase in NV
and NV~ intensity after annealing, with NV~ intensity reach-
ing approximately 107 in the {111} and {100} regions. In addi-
tion, there is a marked increase in the NV center signal in
the {110} region, indicating that annealing indeed serves as
a key driver for the emergence of NV centers, which aligns
with experimental conclusions [21-23, 27, 28]. Concurrently,
in figures 6(c2) and (c3), the signal intensity of the NV cen-
ter in the {110} area stands at a mere 103, while V° exhib-
its a stronger signal than the other two areas. This suggests
that VO cannot be entirely exhausted due to nitrogen con-
centration constraints. This involves the distribution of nitro-
gen concentrations, which is beyond the scope of this art-
icle. Typically, the diamond sample’s nitrogen level stands at
18.5 ppm, diverging from the simulation levels. However, the
experiment confirms its alignment with our theoretical model
even at minimal nitrogen levels, affirming the universality of

our simulation findings. This offers a conceptual framework
for the controllable preparation of NV centers in diamond
samples that possess minimal nitrogen levels.

Both mechanisms, being the second and third ones, involve
processes related to annealing. We calculate the energy bar-
rier of continuous VM towards nitrogen using first-principles
calculations based on MD observations. To examine the ener-
getic restrictions that govern VM, we designed two distinct
pathways, namely Path I and Path II, as depicted in figure 7.
Each pathway provides insight into the energy barriers of the
process. Note that Path I is composed of two sub-paths. In
Path I, the vacancy follows the direction of the chemical bond,
starting from the distal site and eventually converging at the
proximal site to form an NV center. This serves to demon-
strate that the proximity of the vacancy to nitrogen reduces the
energy barrier, making it easier to generate an NV center. The
energy barrier associated with Path Ia is 2.76 eV (figure 7(b)),
which is consistent with previously reported calculations of a
VM energy barrier of 2.80 eV in diamond without nitrogen
impurities [60]. These findings imply that the incorporation
of nitrogen atoms into the crystal lattice has little effect on the
energy required for VM. However, when the vacancy migrates
to a position immediately adjacent to the nitrogen atom (Path
Ib) to form an NV center, the influence of the nitrogen atom
becomes evident with an energy barrier of only 0.71 eV.
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Conversely, in the second scenario, referred to as Path
II, the vacancy migrates directly towards nitrogen in a hop-
ping motion, immediately settling close to the nitrogen atom,
thereby creating the NV center. A significantly higher energy
barrier of 3.54 eV is shown in figure 7(c). Our MD simulations
indicate that the distance between the isolated nitrogen and
the vacancy is negatively correlated with the vacancy’s migra-
tion energy. If irradiation creates vacancies too far away from
the nitrogen atoms, it may be difficult to move next to nitro-
gen. This increased energy requirement implies that during the
formation of NV centers, the vacancy tends to migrate along
virtual chemical bonds present in the diamond crystal lattice
rather than directly towards the neighboring nitrogen atom.
The experiment in figure 6 demonstrates that after annealing,
numerous NV? and NV~ centers appear in diamond, indicat-
ing that many vacancies migrate to promote the formation of
NV centers during the annealing process. These results elu-
cidate the mechanism of VM and post-irradiation annealing to
generate NV centers.

3.3. Effects of annealing temperature

The effects of annealing temperature on the VM and NV cen-
ter formation were explored using MD statistics, as depicted

in figure 8. The results demonstrate that the average migra-
tion temperature of the vacancy is 939.2 K, aligning with pre-
vious findings that suggest that VM occurs within a temper-
ature range of 873-1173 K [22, 23, 25-28, 61]. According
to the experimental results, NV centers form most easily at
around 1073 K [22, 61], and the yield increases by 1.8 times
when the diamond is annealed after low-energy electron irra-
diation at 800 °C (about 1073 K) [62]. As shown in figure 8(a),
the VM efficiency at 973, 1073 and 1173 K is 12%, 20%
and 13%, respectively, for the [111] orientation, 7%, 13%
and 13%, respectively, for the [100] direction and 2%, 15%
and 20%, respectively, for the [110] direction. It is revealed
that 1073 K is the most suitable temperature for forming NV
centers along [111] and [100] directions with little differ-
ence observed between 1073 and 1173 K for the [100] direc-
tion. In contrast, for the [110] orientation, higher temperatures
promote VM.

In terms of the ratio of NV centers to migrated vacancies
(#NV/#migrated-vacancy) in figure 8(b), the [111] direction
has the highest formation rate at 973 K, whereas 1073 K is
most beneficial for the production of NV centers along the
[100] direction. Regarding the [100] direction, the number of
NV centers formed under 1073 K is 29 times that of 973 K
and 14 times that of 1173 K. In the [110] direction, 973 K is
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less conducive to the formation of NV centers, while the num-
ber of NV centers at 1073 K is similar to that at 1173 K. This
observation corresponds with the results of vacancy migration
time at different annealing temperatures shown in figure S11.
The above results show that higher annealing temperature does
not guarantee a higher formation rate of NV centers, which is
also dependent on crystallographic direction. Thus, the anneal-
ing temperature needs to be selected on a case-by-case basis.

Simulation results further reveal that VM and NV forma-
tion is orientation-dependent. The differences in VM and NV
center formations across different orientations were analyzed
using MD simulations, as presented in figure S11. The min-
imum migration temperatures in the [111], [110]and [100] dir-
ections are 613.6, 700.5 and 531.8 K, respectively, following
the trend [110] > [111] > [100]. A previous experiment shows
that vacancies can diffuse within a short range at 773 K in
type-Ib diamond with high nitrogen concentrations [63]. Our
simulation results suggest that the temperature at which VM
occurs varies widely and depends on the crystallographic dir-
ection. Given that the [110] direction yields the fewest vacan-
cies (figure S5) and necessitates the highest annealing temper-
ature (figure S10) for VM, forming NV centers in this direction
proves to be the most challenging. In addition, in figure S11(b),
even though the [111] direction has the strongest potential
to form an NV center through VM, the NV center’s ratio to
total vacancies is less than that of the [100] direction. A pos-
sible explanation is that vacancies in the [111] direction have
a higher probability of creating a double vacancy than those in
the [100] direction, leading to a reduced number of vacancies
for establishing an NV center due to the formation of double
vacancy defects.

4. Conclusion

In summary, the mechanism of NV center formation via an
irradiation and annealing approach in type-Ib diamond has
been demonstrated through MD simulations, first-principles
calculations and experiments. Three formation strategies of
NV centers are identified: INF, IFA to form NV, and VM to
form NV. Our simulations reveal that VM occurs via a step-
wise interchange with nearby carbon atoms at proper temper-
atures. The threshold annealing temperature for VM depends
on the orientation, with average values of 613.6, 700.5 and
531.8 K along the [111], [110] and [100] directions, respect-
ively. It is important to note that a higher annealing temperat-
ure does not guarantee a higher yield of NV center formation
since it also depends on the crystallographic orientation. This
study provides valuable insight into the formation mechanism
and further controllable preparation of NV centers.

5. Future perspectives

In this study, we have successfully revealed the atomic-level
formation mechanism of the NV center in type-Ib diamond,
prepared by irradiation and annealing, from a multi-scale per-
spective. We combine MD simulations, first principles calcu-
lations and experimental verification to systematically clarify

the key processes of NV center preparation, demonstrating the
potential for achieving controlled preparation of NV centers.
In addition, the NV center is closely dependent on the crys-
tallographic orientation of diamond, indicating that it is useful
to regulate the concentration of NV centers according to the
characteristics of the orientation. Critical theoretical founda-
tion and strategy are provided for the more precise, control-
lable and quantitative preparation of NV centers at the atomic
level to reduce the complexity and high cost of experiments.
Looking into the future, the widespread application of NV cen-
ters will increasingly depend on the precise control of their
preparation process. Further research is warranted to address
challenges, such as controllability, stability and quality, from a
cross-scale perspective. Using the proposed models and meth-
ods, we can thoroughly explore the optimization of irradiation
annealing, ion implantation and other processes. As we con-
tinue to optimize and improve the controlled preparation pro-
cess of NV centers, we expect to promote the progress of
NV centers in quantum science and industrial applications in
the future.
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