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ABSTRACT
Recently, ultrashort laser processing has attracted attention for creating nitrogen-vacancy (NV) centers because this method can create single
NV centers in spatially-controlled positions, which is an advantage for quantum information devices. On the other hand, creating high-density
NV centers in a wide region is also important for quantum sensing because the sensitivity is directly enhanced by increasing the number of NV
centers. A recent study demonstrated the creation of high-density NV centers by irradiating femtosecond laser pulses, but the created region
was limited to micrometer size, and this technique required many laser pulses to avoid graphitization of diamond. Here, we demonstrate the
creation of NV centers in a wide region using only an intense single femtosecond laser pulse irradiation. We irradiated a diamond sample with
a femtosecond laser with a focal spot size of 41 μm and a laser fluence of up to 54 J/cm2, which is much higher than the typical graphitization
threshold in multi-pulse processing. We found that single-pulse irradiation created NV centers without post-annealing for a laser fluence
higher than 1.8 J/cm2, and the region containing NV centers expanded with increasing laser fluence. The diameter of the area was larger than
the focal spot size and reached over 100 μm at a fluence of 54 J/cm2. Furthermore, we demonstrated the NV centers’ creation in a millimeter-
sized region by a single-shot defocused laser pulse over 1100 μm with a fluence of 33 J/cm2. The demonstrated technique will bring interest
in the fundamentals and applications of fabricating ultrahigh-sensitivity quantum sensors.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0137093

I. INTRODUCTION

Nitrogen-vacancy (NV) centers in diamond have attracted
interest in the field of quantum science and technology.1–5 NV cen-
ters have long spin coherence times even at room temperature,6
and their spin state can be optically read out and manipulated. In
quantum sensing with NV centers, magnetic7–9 and electric fields,10

temperature,11,12 pressure,13 and pH14 can be sensed with a high
dynamic range.15

Recently, the formation of single NV centers by femtosec-
ond laser irradiation has been reported.16–18 In the reported study,

femtosecond laser irradiation first created vacancies, which were
moved by thermal treatment or by repeated laser pulse irradiation.
The NV centers were created by the recombination of vacancies and
substitutional nitrogen in the vicinity of the focal point. In addition,
the detailed generation mechanism of vacancy–interstitials pairs was
investigated using a theoretical approach.19 Compared with other
methods such as electron or ion implantation, femtosecond laser
direct writing has the benefit of being able to realize a flexible spatial
arrangement of NV centers in three dimensions by controlling the
shape of the focal spot.16–18,20,21 Furthermore, compared with high-
energy electron irradiation, it does not emit dangerous radiation
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such as x rays. By utilizing these advantages, the laser writing tech-
nique is now widely applied to create different color centers in
other optical materials,22 such as hexagonal boron nitride,23 gallium
nitride,24 and silicon carbide.25

For quantum sensing, creating high-density NV centers in a
wide region is also important for enhancing sensitivity. This is
because the sensitivity scales with

√
N, where N is the number of NV

centers used for the sensing measurement.7 High-density NV cen-
ters are also an excellent model for exploring quantum many-body
physics.26–28 For example, the magnetic sensitivity using ensemble
NV centers is currently realized to 0.9 pT/

√
Hz (AC field)29 and

15 pT/
√

Hz (DC field)30 even at room temperature. The attain-
able sensitivity of the high-density NV ensemble is expected to be
at the femto-to atto-tesla level at room temperature, comparable
to that of ultra-sensitive sensors such as superconducting quantum
interference devices.31 In addition, large-size diamond sensors are
now powerful tools for widefield quantum sensing.27,32 As an excel-
lent biological application, millimeter-scale magnetocardiography
(detection of the magnetic field induced by the cardiac current in
the heart) in living rats was realized using a five-millimeter-sized NV
diamond.33

A recent study demonstrated the creation of high-density NV
centers in a micrometer-sized region by illuminating it with many
laser pulses.34 However, this method requires a long irradiation
time for NV creation in a wide region. Creating NV centers in a
wide region using a few laser pulses is attractive in scientific stud-
ies and industrial applications, but is a challenging problem. To
avoid diamond graphitization, conventional methods focus many
laser pulses with low laser fluence on a narrow region using high-
numerical-aperture (NA) optics.17,34,35 To verify whether NV cen-
ters can be created by only a few pulses in a wide region, high-fluence
laser pulses should be focused using low-NA optics. This condi-
tion will require a femtosecond laser with high pulse energy and a
properly-controlled pulse number.

In the current Letter, we investigate the creation of NV cen-
ters in diamond by highly intense femtosecond laser irradiation
with a Ti:sapphire chirped-pulse amplification (CPA) laser sys-
tem.36 Our CPA system can control the pulse number and real-
ize high fluence even with a large focal spot size. We focused
the laser pulses on a diamond surface with various conditions
(focal shape, laser fluence, and pulse number). After the surface
cleaning with boiling acid, we found that single-pulse irradiation
creates NV centers without post-annealing when the laser pulse
is larger than the typical graphitization threshold. We found the
region containing NV centers expanded by increasing the laser
fluence. Finally, we will report that NV centers were created in
a millimeter-sized area using a defocused spot with high pulse
energy.

II. EXPERIMENTAL
A. Sample information

Three diamond substrates, No. 1, No. 2, and No. 3, were
used for laser irradiation experiments. All the substrates have the
same material properties, that is, a high-pressure–high-temperature
(HPHT) Ib (001) diamond ([N] ∼ 100 ppm) with a natural abun-
dance of 13C isotope (1.1%). The diamond sizes were 4× 4× 0.3 mm3

for No. 1, 3 × 1.5 × 0.3 mm3 for No. 2, and 2 × 2 × 0.3 mm3

for No. 3.

B. Femtosecond laser irradiation system
Figure 1(a) shows a schematic of the fs-laser irradiation sys-

tem. The femtosecond laser irradiation was performed using a
Ti:Sapphire CPA system (pulse width = 35 fs, center wavelength
λ = 810 nm, repetition rate = 10 Hz, maximum pulse energy
= 500 mJ).36 The pulse energy was changed by an attenuator con-
sisting of a half-wave plate and a polarizing beam splitter in the laser
system. The beam size and shape were adjusted by an iris diaphragm
or an optical slit. While the energy was changed by rotating the
wave plate, the size and shape were maintained. After the adjust-
ment, the laser beam was focused onto a diamond substrate by an
off-axis parabolic mirror with a focal length of 165 mm. The laser
polarization was set to a linear polarization almost parallel to [100]
or [010]. In this case, the angles between the polarization orientation
and all the possible NV axial orientations (NV ∣∣ [111] or [111] or
[111] or [111]) became the same. We prepared two focal spots at the
sample position, that is, circle-shaped spots and line-shaped spots,
as shown in Figs. 1(b) and 1(c). These spot images were monitored
using a complementary-metal-oxide-semiconductor (CMOS) cam-
era with a lens pair system in advance. Each spot diameter (2wx, 2wy)
(1/e2 full width in the horizontal and vertical directions) was
(41, 41 μm) and (151, 4.2 μm) from a 2D Gaussian curve fit. Before
the laser irradiation, the laser energy (the laser fluence) was con-
firmed by a pyroelectric energy sensor placed between the parabolic
mirror and the sample. As mentioned below, our laser fluence
is much higher than the graphitization threshold. The high flu-
ence irradiation will induce several defects, such as graphite or
amorphous carbon, on the diamond surface. Therefore, the sample
substrates were cleaned by mixed boiling acid (HNO3:H2SO4 = 1:3,
200 ○C for 1.5 h) to remove these defects after the laser irradiation.

C. Confocal optical system
The laser-irradiated regions were observed using a custom-

built confocal microscope. A continuous-wave (CW) green laser

FIG. 1. (a) Schematic setup for irradiation with ultrashort laser pulses on a diamond
substrate. (b) and (c) Images of a circular and linear laser spot at the focal position
confirmed by the CMOS camera.
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beam (λ = 532 nm) was focused onto the diamond by an oil-
immersion objective lens (NA = 1.45). The excitation laser power
was set to 100 μW, measured before the objective. The photolumi-
nescence (PL) from the sample was collected by the same objective,
filtered by a 552-nm dichroic mirror, and passed through a 50 μm
pinhole. The signal was introduced to either a single-photon count-
ing module for a PL image or a Czerny–Turner monochromator for
a PL spectrum. The position of the objective lens was controlled by
a three-axis piezo stage (25 μm for the optical axial direction and
100 × 100 μm2 for the horizontal region). After 2D raster scanning
at the optimal axial position, we obtained a confocal image of the
laser-irradiated region. The lateral and axial resolutions DR and ZR
of the confocal system were 400 and 1500 nm, respectively, evalu-
ated by the full width at half maximum (FWHM) of the intensity
distribution for each direction. We calculated the effective focal vol-
ume VE as VE = π × (DR/2)2

× ZR = 2 × 10−13 cm3, according to
the analysis given by Ref. 34. For the PL spectrum measurement at
the target position, we used a 150 gr/mm diffraction grating placed
in the monochromator. The spectral range was 350 nm and the
resolution was 0.6 nm.

III. RESULTS AND DISCUSSIONS
A. Creation of NV centers by a single laser pulse

We first examined the pulse number dependence of NV center
creation. Figure 2(a) shows an optical micrograph of the diamond
surface after fs-laser irradiation. In this experiment, diamond sub-
strate No. 1 was used. The upper and lower sides show a series of
circular- and linear-spot-irradiated regions for different input pulse
numbers N. The laser fluence F was fixed at 5 J/cm2 for the circular
spots and 26 J/cm2 for the linear spots. Due to laser-induced graphi-
tization, the irradiated regions were more ablated and became darker
with increasing N. Figures 2(b)–2(d) show confocal scans for circu-
lar spots for N = 1, 5, and 10 after the acid cleaning process. Each
image has a bright circular region with a width of more than 25 μm.
The region for N = 1 shows a higher PL intensity than the regions
for N = 5 and 10. Figures 2(e)–2(g) show typical PL spectra obtained
from the centers of the bright regions in Figs. 2(b)–2(d). The spec-
trum for N = 1 clearly shows spectral features associated with NV
centers.5,37–42 Compared with the spectrum for N = 1, the spectra for
N = 5 and 10 have lower PL intensity, which indicates that the cre-
ation efficiency of the NV centers becomes low due to the increase of
the laser ablation. Note the peaks at around 575 and 630 nm in the
spectra that emerged regardless of the pulse number, and they are
the Raman peaks from the diamond crystal.37

Figures 2(h)–2(m) show images of linear-spot-irradiated
regions for N = 1, 5, and 10, and PL spectra obtained near the centers
of these irradiated regions. The results for the linear spots showed
the same trend as those for the circular spots. Line-shaped regions
that reflect the line spots were observed on the diamond surface. The
region for N = 1 showed a high concentration of NV centers. From a
Gaussian fit, the size of the irradiated region for N = 1 was estimated
to be 51 × 4 μm2. This shows that for a focal spot line-scanned on
a diamond surface, NV centers can be rapidly generated in a wide
region without post-annealing.

Creating NV centers with only a single laser pulse has not yet
been reported. According to previous studies, the first pulse creates
lattice vacancies (GR1 centers), and subsequent processes, such as

FIG. 2. (a) Series of fs-laser irradiated regions with various pulse numbers N. The
upper side is a series of circular laser spots with a fluence of F = 5 J/cm2 and the
lower side is for linear laser spots with F = 26 J/cm2. (b)–(d) Confocal images at
the circular-spot-irradiated regions for N = 1, 5, and 10. Note that the triangular
region with high PL intensity in Fig. (b) corresponds to a bright structure in the
sample and is unrelated to the fs-laser irradiation. (e)–(g) PL spectra around the
centers of the irradiated regions of (b)–(d). (h)–(j) and (k)–(m) are confocal images
and their PL spectra for the linear spots.

thermal annealing16,18 or illumination with a laser pulse train,17,34,35

create more vacancies or combine existing vacancies with substitu-
tional nitrogen atoms. In the current work, however, the NV centers
were created by single-pulse irradiation. This differs from previous
experiments in that (1) the laser fluence was higher than the typi-
cal threshold for diamond graphitization (1–4 J/cm2, depending on
several factors such as the pulse width, pulse number, and center
wavelength),43–47 and (2) the laser pulse was loosely focused (NA ∼
0.02) to obtain a large focal spot. Irradiating a single pulse onto a
pristine diamond surface, both vacancy creation and N-V combi-
nation may occur together at a depth near the laser-ablated region.
In contrast, multi-pulse irradiation will promote diamond graphiti-
zation and prevent the effective creation of NV centers due to the
change in optical properties at the surface.44,48
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The concentration of NV centers at the highest PL inten-
sity positions in the circular and linear spot irradiated regions
for N = 1 [Figs. 2(b) and 2(h)] was estimated to be 1.5 × 1013

and 3.5 × 1013 cm−3, respectively. The typical concentration in a
laser-irradiated region is ∼1 × 1013 cm−3. This concentration was
calculated by comparison with the previously reported PL intensity
for a single NV center in the effective focal volume VE.34 Note, first,
that this estimation depends on the detection efficiency and spatial
resolution of the microscope. Second, generated NV centers were
found only at the diamond surface within the axial resolution ZR
of the system. Since the actual focal volume must be smaller than
the effective focal volume, the actual NV center concentration will
be higher than our estimation. Third, comparing the two images,
the line-spot-irradiated region has a higher NV concentration than
the circle-spot-irradiated region. The differences in the laser fluence
as well as the shape of the focusing beam may influence NV center
generation.

B. Laser fluence dependence
We next investigated the dependence on the fs-laser fluence.

Figure 3(a) shows a series of circular-spot-irradiated regions for
various fluences F ranging from 1.1 to 54 J/cm2 on diamond sub-
strate No. 2. The pulse number N was fixed at 1 for each region.
Figures 3(b)–3(l) show confocal images of the laser-irradiated
regions, indicated by dotted circles in Fig. 3(a). In Fig. 3(b), for
F = 1.1 J/cm2, there was no region with an increased PL intensity.
However, higher-intensity regions for F > 1.8 J/cm2 are present in
Figs. 3(c)–3(l). These results indicate that a threshold for NV cen-
ter creation by single-pulse irradiation exists between F = 1.1 and
1.8 J/cm2. Our estimation is consistent with the typical graphitiza-
tion threshold for a femtosecond laser pulse.43–47 In addition, when
the fluence was increased, the region’s size also increased while
the focal spot size [Fig. 3(m)] was maintained. Figure 3(n) shows the
dependence of the fluence F on the diameter of the region. Here, the
diameter was obtained by analyzing the edge position, which corre-
sponds to the extremum of the first derivative for the radial direction
of the PL intensity distribution. The diameter became larger than the
fs-laser focal spot size (41 μm) at F = 9.6 J/cm2 and reached 100 μm at
F = 54 J/cm2. In Fig. 3(n), we also show the increased NV concen-
tration in each region. This concentration was obtained as follows:
first, the background signal was subtracted from the photon count
for each pixel in the region, where the background was defined as the
average over 10 × 10 pixels on the right-top of each confocal image.
Then, the photon count was averaged over the region of increased
intensity. Finally, the count was divided by the effective focal
volume. The NV concentration started to increase at F = 1.8 J/cm2

and gradually became relatively constant at F ∼ 10 J/cm2 while
repeatedly rising and falling. A single pulse with sufficient fluence
will generate NV centers on a diamond surface over a wide region.

A single laser pulse with high fluence beyond the diamond
graphitization threshold generates an NV-center-fabricated region
over the focal spot size. Although the details of the mechanism
are still under discussion, some possible factors, such as laser-
produced plasma and induced shockwave, may relate to the NV
centers’ creation. When a high-intense pulse is focused on a material
surface, the surface is subject to photon-radiation pressure. The
pressure Pp is estimated by Pp ∼ Ip/c = F/cwp, where Ip is the peak

FIG. 3. (a) Series of fs-laser irradiated regions with various laser fluences
F. (b)–(l) Confocal images at the circular-spot-irradiated regions in the range
F = 1.1–54 J/cm2. The pulse number N was fixed at 1 in each region. (m) Same
as Fig. 1(b). (n) Dependence of F on the diameter (red filled circle) and on the
increased NV concentration (blue unfilled square) in the region when the number
of NV centers increased. The focal spot diameter, 2w = 41 μm, is depicted as a
red dotted line.

intensity, c is the speed of light, F is the fluence, and wp is the pulse
width. For the laser pulse with F = 10 J/cm2 and wp = 35 fs (Ip = 3
× 1014 W/cm2), Pp impulsively reaches 10 GPa. Then, the laser
pulse creates a high-dense plasma and laser ablation occurs.49 Dur-
ing the process, the diamond also experiences high recoiled pressure
by laser-ablated defects Pr. According to the study of femtosecond-
laser-driven shockwave for Al film50 and Si materials,51 Pr is an order
of 10–100 GPa for Ip ∼ 1014–1015 W/cm2. The diamond will also be
subject to high pressure. Depending on the laser fluence, the plasma
distribution and shockwave propagation induced by such high pres-
sure may assist the N-V formation at the laser-irradiated region.
In the current study, plasma formation will occur not only at the
diamond surface but also in the air region just above the surface.
The maximum intensity reached 1.5 × 1015 W/cm2 (F = 54 J/cm2)
at the focal position. According to the Coulomb-barrier suppres-
sion theory,52 the ionization thresholds for ambient molecules (O2
and N2) can be calculated as 8.4 × 1013 and 2.4 × 1014 W/cm2,
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respectively.52,53 Hence, the air molecules just above the diamond
surface will also be ionized by the intense laser field and induce a
plasma state.54,55 The laser-induced plasma in the air also expands
with supersonic velocity and drives shockwaves, which may relate to
the NV creation.

C. Creation of NV centers in a millimeter-sized region
The results shown in Fig. 3 inspired us to create NV centers in

a millimeter-sized region for single-shot irradiation. In Fig. 3(l), we
showed the results for laser pulse irradiation with a spot diameter 2w
(= 2wx = 2wy) of 41 μm and a fluence F of 54 J/cm2. The pulse energy
E corresponds to 0.36 mJ, derived from a simple Gaussian distribu-
tion F = E/(πw2/2). After upgrading the CPA system, our current
maximum pulse energy reached 500 mJ.36 Applying the maximum
energy gives a laser pulse with a larger focal spot and a higher flu-
ence. Figure 4 shows the relation between 2w and F for a given E. For
example, for F fixed at 54 J/cm2, 2w increases from 41 to 1540 μm
when E is increased from 0.36 to 500 mJ (from the blue-filled cir-
cle to the red-unfilled circle in Fig. 4). In addition, with sufficient
laser fluence, the region containing NV centers is larger than the spot
diameter, as shown in Fig. 3(n). Therefore, single-shot laser irradi-
ation can create NV centers in a region with a diameter larger than
1.5 mm. Reducing the fluence while keeping the pulse energy fixed
will increase the spot diameter. For the next example, we consider a
laser pulse with F = 9.6 J/cm2 and 2w = 41 μm (giving E = 0.064 mJ).
Under these conditions, the NV-center-created region became
almost as wide as the focal spot. If the fluence F is fixed at 9.6 J/cm2,
the beam diameter increases to 2w = 3640 μm at E = 500 mJ (from
the blue-filled square to the red-unfilled square). When the fluence
is larger than the estimated threshold for NV creation (in this case,

FIG. 4. Estimated laser spot size at the maximum laser pulse energy. The dotted
lines show the relationship between the focal spot diameter 2w and the laser flu-
ence F at a given pulse energy E, given by F = E/(πω2/2). The blue-filled circle
and square are examples of the relation (2w, F) at the same experimental condi-
tions as in Figs. 3(g)–3(l), respectively. These values move to the positions of the
red-unfilled circle and square if the maximum energy E = 500 mJ is applied while
keeping the fluence constant. The green-filled diamond shows the relation (2w, F)
if 2w is assumed to be 1.13 mm for E = 166 mJ. The gray bar shows the estimated
threshold for NV center production by single-shot irradiation.

F = 1.1–1.8 J/cm2, indicated by the gray bar), a single laser pulse
with a sufficiently large spot diameter will generate NV centers over
a millimeter-sized region.

Based on the above-mentioned discussion, we prepared a laser
pulse of several hundred mJ. However, we must change experimen-
tal conditions to use such a high-energy pulse. When a high-energy
pulse goes through the air atmosphere, it interacts with air molecules
via non-linear optical processes, deteriorating the pulse quality.
We must carry out such a high-energy experiment in a vacuum
(∼5 × 10−2 Pa) [Fig. 5(a)]. In addition, to obtain the high energy
while suppressing the laser damage to the optics, the beam dia-
meter was expanded to 50 mm. If the parabolic mirror with
f = 165 mm focuses this laser beam, the NA becomes 0.15. The
left side of Fig. 5(b) shows the beam profile at the focal position.
The spot size diameter (2wx, 2wy) became (5.7, 4.8 μm). Since the
ideal spot size is calculated to be about 7 μm (in the case of the
Airy disk diameter 2w of the diffraction-limited spot at a uniformly-
illuminated beam, 2w = 1.22λ/NA), our laser beam was well-focused.
Then we observed the beam profile at the defocused position. For
example, the right side of Fig. 5(b) shows the profile at the posi-
tion about 5 mm behind the focus. We confirmed the defocused spot
diameter was about 1.5 mm, enough size to perform the irradiation
experiments.

In the actual irradiation experiment, we applied pulse energy
E = 166 mJ and defocused spot diameter 2w = 1.13 mm (the defo-
cused position was set to 3.7 mm). Here, the diameter was confirmed
by the irradiation mark on an aluminum plate before conducting the
diamond irradiation experiments. The upper side of Fig. 5(c) shows
the micrograph after the single pulse irradiation on diamond sub-
strate No. 3. The irradiated region pattern reflects the laser intensity
distribution, as shown on right side of Fig. 5(b). The region diameter
of 1.08 mm, judging from the microscope scale bar, was consistent
with the above-estimated diameter. Although the intensity distribu-
tion was neither uniform nor Gaussian, we estimated the fluence F
of 33 J/cm2 according to the same procedure discussed in Fig. 4 (the
green-filled diamond). The estimated fluence was much higher than
the graphitization threshold and enough for the high-fluence exper-
iment. The lower side of Fig. 5(c) shows the micrograph after boiling
acid treatment. Although some shaded pattern remained, almost all
of the laser-induced defects were removed.

Figure 5(d) shows a series of confocal images at several regions
on substrate No. 3. While the substrate is 2 mm square, the region
that can sweep at one time is only 100 μm square. It is not prac-
tical to measure the entire substrate. Hence, we measured only 35
images to evaluate the size of the PL-increased region and the dif-
ference between the irradiated and non-irradiated regions. We first
measured one of the four corners as a reference position. Then we
measured several images for other regions by changing the lateral
position using the two-axis micrometer attached to the sample stage.
Here, the mirrored and tilted image of Fig. 5(c) is also overlapped
in the background to clarify to compare the confocal image posi-
tion with the laser-irradiated region. Judging from the boundary
shape of the PL-increased region, the size of the PL-increased region
was consistent with that of the laser-irradiated region. In addition,
no particular PL increase was observed outside the laser-irradiated
region. Figure 5(e) is an image of the area A shown in Fig. 5(d).
We can confirm a part of the boundary area of the PL-increased
region. Figure 5(f) shows the PL spectra measured at points A-1 to
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FIG. 5. (a) Setup for irradiation with a high-energy ultrashort laser pulse. (b) Typical beam profiles at the focal plane (left) and at a defocused plane (right). (c) Micrographs
of the laser-irradiated diamond substrate before (upper) and after (lower) the hot-acid treatment. (d) Confocal images at several positions on the diamond substrate. The
image of one of the four corners was used as a reference position. Then, several images were measured by adjusting the lateral position with the two-axis micrometer
attached to the sample stage. Each confocal image is 100 μm square. The mirrored and tilted image of Micrograph (c) is displayed in the background. (e) and (g) Confocal
images of areas A and B depicted in (d). (f) and (h) PL spectra measured at the points depicted in (e) and (g).

A-3, indicated in Fig. 5(e). Points A-1 and A-2 were selected in the
unirradiated region. Point A-1 showed a typical spectrum on the
pristine diamond surface and did not include the NV center’s signal.
In some cases, we found NV centers’ signal like the A-2’s PL spec-
trum. Point A-3 was inside the irradiated region. The A-3’s spectrum
shows a strong NV centers’ signal, about one-order higher than the
A-2’s spectrum. Figure 5(g) is a close-up of area B in Fig. 5(d), show-
ing the vicinity of the center in the irradiated region. Although the
PL intensity did not uniformly distribute, the entire intensity became
much higher than that of the unirradiated region. The distribution
may reflect several factors, such as the laser profile, the local struc-
ture of the diamond surface, and local nitrogen distribution. We also
confirmed PL spectra at several points (B-1 to B-3) as shown in
Fig 5(f), and all the data showed strong signals from NV centers. For

example, the PL intensity at point B-3 is more than ten times larger
than that of a single NV center, and the corresponding concentra-
tion is at least >5 × 1013 cm−3. Combined with the results of spin
coherence time measurements discussed in Sec. III D, we conclude
that a single-shot femtosecond laser pulse created NV centers in a
millimeter-sized region.

In this experiment, the estimated laser fluence was higher
than 10 J/cm2, which suggests the PL-increased region may expand
compared with the laser-irradiated region, as shown in Fig. 3(l).
Nevertheless, the size of the PL-increased region almost coincided
with that of the laser-irradiated region. One of the differences in
the experimental conditions between Figs. 3 and 5 is whether the
sample-surrounding environment is in an air atmosphere or a vac-
uum. As mentioned in Sec. III B, the presence of a laser-induced
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plasma shock wave caused by air breakdown may affect the creation
of NV centers’ around the laser-irradiated region. As another possi-
ble reason, an air atmosphere may affect the propagation direction
of a shock wave induced on a diamond surface. In any case, the cre-
ation of NV centers was realized in a vacuum. We are continuing
our investigations into controlling the NV center density and the
region’s size.

D. Electron-spin coherence time
The electron-spin coherence time T2 and free induction decay

(FID) time T2
∗ are directly related to the required sensitivity for

AC and DC quantum sensing applications.4,6,26–28 We finally mea-
sured T2 and T2

∗ at the fs-laser-irradiated regions using a spin-
echo sequence and a Ramsey sequence. To measure T2 and T2

∗,
we applied microwave irradiation to the NV centers using a Cu
wire with a diameter of 30 μm placed over the diamond substrate
[Fig. 6(a), left side]. A static magnetic field B0 was applied along one
of four possible N-V axes using a permanent magnet. The right side
of Fig. 6(a) shows a close-up confocal image of area C, in the vicinity
of the center of the laser-irradiated region and close to (<100 μm)
the Cu wire [area C is also shown in Fig. 5(d)]. Figure 6(b) shows the
optically-detected magnetic resonance (ODMR) spectrum measured
at point C-1 in area C. Four peaks split by the Zeeman effect due
to the static field are observed. The peak at 2566 (3190) MHz cor-
responds to the transition between the electron spin states ∣ms = 0⟩
and ∣ms = −1⟩ (∣ms = +1⟩ for the NV centers along the static field.27

The B0 was about 11.1 mT, estimated by using the Zeeman shifts of
the two peaks (624 MHz = 2γB0, where γ = 28.0 MHz/mT is the

electron gyromagnetic ratio). Using the NV centers with ∣ms = 0⟩
↔ ∣ms = −1⟩ transition (indicated by black arrow), Rabi oscillation
of the electron spins was observed to determine the lengths of the π
and π/2 pulses [Fig. 6(c)]. Then, we measured spin-echo signals and
obtained T2 [Fig. 6(d)]. To remove common-mode noise, the mea-
sured S0 (rotational axis of the second π/2 pulse parallel to that of the
first π/2 pulse) and S1 (antiparallel) were subtracted and normalized
as (S0 − S1)/(S0 + S1).6,56 Then, T2 was obtained by fitting to an expo-
nential decay function (∝ exp [−(2τ/T2)]

n), where 2τ is the time
between the first and second π/2 pulses. We measured T2 at three
different points in this region, and the average value was 1.2 μs. We
also measured T2 at three points in the laser-irradiated region with
F = 9.6 J/cm2 [Fig. 3(g)] and the pristine (non-laser-irradiated)
region, and the average T2 became 1.0 and 1.2 μs, respectively.
According to previous studies, T2 for an ensemble of NV centers
scales with the nitrogen concentration [N].28 Based on the nitrogen
content of our sample ([N] ∼ 100 ppm), the expected T2 was 1–2 μs.
Our results are consistent with the results of previous research, indi-
cating that P1 centers (substitutional nitrogen atoms) deteriorate the
spin coherence of the NV centers. We also measured T2

∗ by Ram-
sey sequence at the laser-irradiated region [Fig. 6(e)].28 The T2

∗

was determined by fitting the FID signal to an exponential decay
function (∝ exp [−(τ/T2

∗
)]

n), where τ is the time between the first
and second π/2 pulses. The average value at three different points
was 45 ns, which is also consistent with the expected T2

∗ (∼100 ns
at [N] ∼ 100 ppm).28 These results indicate that the laser ablation
and subsequent surface treatment will not influence the lengths of
T2 and T2

∗. This is beneficial for quantum applications with high
sensitivity.

FIG. 6. (a) (Left) Diamond substrate with a Cu wire to apply microwave irradiation. (Right) Close-up confocal image at area C, in the vicinity of the center of the laser irradiated
region and close to the Cu wire [same as area C depicted in Fig. 5(d)]. (b) CW-ODMR spectrum at point C-1 in area C, depicted in Fig. (a). A static magnetic field of
11.1 mT was applied along one of the possible NV axes. (c) Rabi oscillation pulse sequence (upper) and signal at point C-1 (lower). Based on a sinusoidal curve fit, the
lengths of the π/2 and π pulses were determined. The π pulse length was 60 ns. (d) Spin-echo pulse sequence (upper) and the signal measured at point C-1 (lower). The
details of the data analysis are explained in the main text. The T2 became 1.3 ± 0.2 μs. (e) Ramsey-sequence (upper) and the FID signal (lower). This data was measured
at another point close to C-1. The T2

∗ became 68 ± 9 ns. Data in (c)–(e) are shown as blue dots and the curve fits as red curves.
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IV. CONCLUSION
In summary, the generation of NV centers in synthetic bulk

diamond was investigated using high-fluence and large-spot fem-
tosecond laser pulses. NV centers were effectively created by single-
pulse irradiation. Two focused-spot shapes, circular and linear, were
investigated; the latter may be useful to create NV centers rapidly
over a large region without post-annealing by line scanning. The
size of the created region was expanded for a higher laser fluence,
probably due to laser–diamond surface and laser–air interactions.
Furthermore, the NV center creation over a millimeter-sized spot
was demonstrated by a large defocused spot in a vacuum condition.
We expect that a raster scanning of the defocused spot with a suit-
able mask generates NV centers over a centimeter-sized region in a
short time. The spin-echo and FID signals showed that P1 centers
restricted the length of T2 and T2

∗ for the irradiated region, and
single-pulse laser ablation had little influence on T2 and T2

∗.
The three-dimensional (3D) formation of high-dense NV cen-

ters will be the next step to realize the high-sensitive quantum sensor
by laser irradiation. So far, NV center formation over a large region
has been limited to a few methods, such as electron irradiation and
chemical vapor deposition. The present study showed that the laser
scanning of a linear spot might realize the rapid creation of NV cen-
ters in a 3D region. The ultrashort laser irradiation method may
pave the way for a new approach to creating NV centers over a wide
region.
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