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Nitrogen-vacancy centers in diamond have gained widespread attention as quantum systems that can be applied
in quantum information devices. The excellent properties of quantum devices can be enhanced using prefer-
entially oriented nitrogen-vacancy (NV) centers. However, thus far, orientation control has been achieved only
via chemical vapor deposition. In this study, we demonstrate the creation of preferentially oriented NV centers
via laser writing. The alignment ratio of ensemble NV centers is biased along the direction parallel to [111],

depending on the femtosecond laser polarization, causing an increase of 55 % in contrast to the optically
magnetic resonance signal at maximum compared with 25 % in random orientation. Based on time-dependent
density-functional theory (TDDFT) simulations and experimental observations, such complex polarization
dependence can be attributed to the anisotropy of electron excitation. This technique provides a new optical
fabrication method for engineered materials and devices used in quantum technology.

1. Introduction

Nitrogen-vacancy (NV) centers, composed of nitrogen impurities
adjacent to a vacancy in diamond, have attracted interest for application
in quantum devices such as qubits [1]. The NV center trapping an
electron is called NV~ center and has a long spin coherence time at room
temperature [2]. Moreover, its spin states can be optically detected and
controlled. Unlike a single NV center that is usually applied in
high-resolution quantum sensors [2], quantum computing [3], and
single-photon sources [4] used in quantum cryptographic communica-
tion [5], ensemble NV centers are applicable to ultrahigh-sensitivity
quantum sensors [6] for monitoring magnetic and electric fields, tem-
perature, and stress. The number of NV spins (nyy), ensemble spin
coherence time (T»), and readout contrast (C) are the three crucial
factors determining the sensitivity of a magnetic field detected by
ensemble NV centers [7]. Although the ideal sensitivity is inversely
proportional to the square root of nyy and T,, an optimal nyy
(1015—1018) exists [7]. Furthermore, from the viewpoint of many-body
physics, T» decreases with an increase in nyy [8]. In particular, the
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preferential orientation of the ensemble NV centers in four equivalent
diamond crystallographic axes improves the readout contrast [9].

The conventional techniques for creating high-density NV center
ensembles include electron-beam irradiation [10] and nitrogen-ion im-
plantation [11]. However, in these methods, the distribution of NV
centers in the beam irradiation direction varies [12]. Although
high-orientation NV centers can be formed by nitrogen-doped CVD
homoepitaxial growth on (111) diamond substrate [13], it is impossible
to rearrange the directions of the NV axes after crystal growth. Recently,
Chen et al. reported a single NV formation via femtosecond laser irra-
diation followed by thermal annealing [14] as a possible technique to
overcome these drawbacks. They also observed the axial statistical
distribution of a single NV center using fluorescence measurements
during laser annealing [15]. In this photoinduced method, the NV for-
mation mechanism is presumed to be as follows: first, a vacancy is
formed owing to nonlinear optical effects; second, the vacancy migrates
under thermal treatment; finally, it binds to the substitutional nitrogen
[15]. The advantages of this technique include the non-destructive and
space-selective formation of NV centers via multiphoton absorption and
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its ability to manipulate NV centers in diamond for the desired appli-
cation after crystal growth. More recently, we also demonstrated the
highly efficient formation of ensemble NV centers by optimizing laser
parameters such as pulse width, pulse energy and number of pulses [16,
17]. We also confirmed the formation of NV centers after single-pulse
irradiation without heat treatment [18,19].

As the vacancy migrates isotropically during the aforementioned
thermal process, the formation and migration of vacancies by the laser
polarization direction can be controlled via nonlinear optical phenom-
ena, such as multiphoton absorption, which is similar to NV formation
[20]. The dominant light-matter interaction changes from linear to
nonlinear interaction such as multiphoton absorption and tunnel ioni-
zation, depending on the laser intensity [21,22]. More interestingly,
theoretical studies have shown that the effect of multiphoton absorption
depends on the polarization state [23]. It is also known that the ioni-
zation efficiency of gases such as Ny and O, depends on the linear po-
larization direction [24]. Moreover, in the case of solid materials, the
transmittance [25] and absorbance [26] depend on the polarization
direction, even for optically isotropic materials, such as lithium fluoride
crystals. Such anisotropic phenomena are caused by the relative angle
between the molecular or crystal axis and the electric field direction; this
has been interpreted in terms of the anisotropy of the effective mass [25]
or the third-order nonlinear susceptibility tensor y{® [26]. Another
polarization-dependent anisotropic phenomenon in isotropic materials
such as glass [27,28] also originates from the quantum interference of
multiphoton absorption, resulting from the asymmetry of photoioniza-
tion based on the model of the coherent photovoltaic effect proposed by
Dianov et al. [29].

Although these findings indicate that vacancy formation in the dia-
mond structure depends on the polarization direction, the relaxation of
hot electrons, and energy transfer to the lattice, followed by vacancy
migration and its binding to substitutional nitrogen, should also be
affected by the polarization direction. If the number of pulses is quite
small and the laser pulse width is shorter than the time required for NV
formation in the region close to the defect sites, the orientation of the NV
axis may also be affected by the direction of the electric field. In this
study, we performed first-principle calculations to simulate the response
of a diamond crystal structure excited by an intense electric field.
Further, we investigated the possibility of polarization-dependent elec-
tronic excitation states. In addition, we experimentally demonstrated
that the degree of the NV axis orientation aligned to [111] changed with
the polarization direction.

2. Methods

2.1. Time-Dependent density-functional theory (TDDFT) calculation
methods

In the TDDFT simulation, the open-source TDDFT program package,
SALMON (Scalable Ab Initio Light-Matter Simulator for Optics and
Nanoscience) [35] was used, and a norm-conserving pseudopotential
[36] was employed for electron-ion interactions. The adiabatic local
density approximation (ALDA) with the Perdew-Zunger functional [37]
was adopted for the exchange-correlation potential. In the simulation,
we used a unit cell including 8 carbon atoms and set the periodic
boundary condition. For the coordinate system, a unit grid with a cubic
crystal in a uniform Cartesian coordinate system and a diamond struc-
ture with a lattice constant of 3.57 A were prepared; further, eight
carbon atoms were spatially arranged in a system with a grid size of Dx
= Dy = Dz = 0.18 A, which were spatially divided into 20 x 20 x 20
sections in real space. The number of k-points Ny and the time step size
dt were set to 12% and 0.48 attosecond (as), respectively. The external
electric field was described as an intense pulse with a peak power den-
sity from 1.0 x 10'2t01.0 x 10" W/cm?and a pulse continuing time (#
FWHM = 11 fs) of 30 fs. Owing to computational constraints, the pulse
width was different from that in the experiments (50 fs). The direction of
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the electric field oscillating in the (111) plane, corresponding to the
linear polarization direction 6 was set as 0° at [112]. This direction was
rotated from 0° to 60° (2° intervals) in a positive counterclockwise di-
rection, as seen from [111]. To investigate the interaction between the
diamond crystal and the intense electric field with different directions to
the crystal axis, the number of excited electrons ne(t, 6) at the elapsed
time t was calculated using Eq. (1). It should be noted that the values
obtained from the following equations are values per unit cell volume.
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where A(t) and c are the vector potential and the speed of light,
respectively. u(r)gk and ug(r, t) in Eq. (2) are the Bloch functions of the
ground and excitation states, respectively, indexed by the band index b
and wave vector k. In Eq. (1), the ne(t, 6) was summed over the con-
duction bands (CB) (b =17, 18, ..., 32) and all k-points. In addition, in
Eq. (2), the Py (t) was also summed over the bands occupied by electrons
(occ), where we used the Houston state uj, AQ /C(r) as the reference state
of the projection to define electron excitation [30,38]. The number of
excited electrons in each band ne (b, t, 6) was calculated using

1
nex(b,1, 0) = MZ”%@ (3)
¢k

Furthermore, we calculated the carrier density of states (cDoS)
Dy(E, t, 0) for excited electrons and holes using Egs. (4) and (5),
respectively, to reveal the effect of an intense electric field on the excited
carrier distribution in different directions.
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where VB represents the valence bands. The subscripts ‘elec’ and ‘hole’
denote electron and hole, respectively. In these calculations, the refer-
ence energy was set at the Fermi level. When describing the electron
density at position r in real space as

2
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KT

the polarization dependence of the differences dgig(r, t) (=d(r, t) —
d(r, 0)) from the ground state in a real-space distribution can be
investigated.

2.2. Laser direct-writing of ensemble NV centers

A mode-locked regeneratively amplified Ti: sapphire laser system
(Mira/RegA9000, Coherent) operating at 800 nm was used to create
ensemble NVs inside the diamond samples. We used a high-pressure
high-temperature (HPHT) type-Ib single crystalline (111)-oriented dia-
mond substrate (2.0 mm x 2.0 mm x 0.5 mm, Sumitomo Electric In-
dustries), whose concentration of neutral charge substitutional nitrogen
(P1 center) was estimated to be approximately 29 ppm via FT-IR mea-
surement. Linearly polarized laser pulses were focused through an oil-
immersion objective lens (U Plan S Apo 100x, N.A. 1.40, Olympus) to
a depth of 50 ym inside the diamond sample in a grid with 10 um
spacing. The laser pulse width was measured immediately before the
objective lens by using a scanning interferometric autocorrelator (AA-M,
Avesta). The laser irradiation conditions were set as follows: 2000
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pulses, a repetition rate of 10 kHz, a pulse width of 50 fs, and a pulse
energy of 200 nJ. Under these conditions, no apparent thermal accu-
mulation leading to laser annealing occurred. The polarization direc-
tion, i.e., the azimuthal angle 0 of the electric field, was rotated in the
(111) plane from 0° to 120° (6° intervals) using a half-wave plate. We
also performed the direct writing of ensemble NVs using femtosecond
laser pulses with a circular polarization. Other conditions were set to be
the same as described above. A circular polarization was generated using
a quarter-wave plate. We conducted all experiments at room tempera-
ture (24 °C), and we did not perform thermal annealing.

2.3. Optical detected magnetic resonance (ODMR) measurements

To analyze the axial orientation of the ensemble NVs, ODMR mea-
surements were performed at room temperature using a confocal mi-
croscope equipped with a 532 nm CW laser with an average power of
100 pW. An external static magnetic field of 5.6 mT parallel to [111]
(B°||[111]) was applied using a permanent magnet. For electron spin
resonance (ESR), a microwave field was delivered to the laser-processed
regions using a thin copper wire with a diameter of 30 um; the copper
wire was strung onto the diamond surface (Supplementary Fig. S1). The
details are described in a previous report [39]. Details of ODMR mea-
surement method are shown in Supplementary Information 1. The
alignment ratios along the [111] direction for the originally existing NVs
obtained at the two different positions were averaged. We conducted
three individual measurements following the described procedure. The
typical ODMR signals for both the laser-processed region and the pris-
tine diamond near it were presented in Supplementary Figs. S2—S7. The
sums of each two ODMR signals in the direction parallel to [111] or along
the other three equivalent directions ([111], [111], and [111]) are ob-
tained as Sj111) and Sothers-

2.4. Fluorescence polarization microscope (FPM) measurements

For the FPM measurements, we used an inhouse-built confocal mi-
croscope equipped with a 532 nm CW laser and a photomultiplier tube
detector. The polarization direction ¢ for the excitation laser with an
average power of 10 yW was rotated from 0° to 220° in the (111) plane
of the diamond sample. Details of FPM measurement method are shown
in Supplementary Information 2. The fluorescence intensities for the
laser-processed region and the pristine diamond from FPM measure-
ments are plotted in Supplementary Figs. S8—S10.

2.5. Analysis method for the ODMR signal

The orientation of the NV axes can be identified using the ODMR
signals derived from the NV centers in the direction parallel to [111] or
along the other three equivalent directions ([111], [111], and [111]).
After fitting the ODMR signals using Lorentz functions, the alignment
ratio along the [111] direction R};11)(#) was calculated based on [39], as
follows:

Sy (6)

R[ll]] (0) = S[] 1 (0) + k(e)Smhers (0) 7

Carbon Trends 13 (2023) 100318

is an empirical parameter to correct signal differences owing to the
experimental setup. The detailed procedures to calculate Rj;11)(6) are as
follows: we measured the ODMR signals at each laser-processed region
(Supplementary Figs. S5—S7). Second, the normalized ODMR signals
were fitted by the four Lorentz functions and obtained Sj;11)(¢) and
Sothers(0). Third, we used the k(¢) value to be 1.4 by considering the
microwave application method [39]. Using k(¢) = 1.4, we finally
calculated Ry111)(6) by Eq. (7).

2.6. Analysis method for the FPM signal

Further, we verified the in-plane polarization dependence of the
(111) plane using FPM measurements. The measured fluorescence in-
tensities for the laser-processed region Iny (6, ¢) were normalized using
the value for the pristine diamond Ig (6, ¢). It should be noted that the
angles 0 and ¢ represent the polarization direction of the femtosecond
laser for NV formation and the green laser for fluorescence measure-
ment, respectively. The fluorescence intensities for the laser-processed
region Iny(6, ¢) and the pristine diamond Iy (6, ¢) are plotted in
Supplementary Figs. S8—S10. The normalized intensity, defined as I,(6,
@) (= Inv(0, ¢) /Inig (0, ¢)), was plotted with respect to the polarization
direction ¢ of the excitation green laser and fitted using the following
function:

L(6, ¢) = Ao(0) + A1(0)cos2[p — ¢.(0)] ®

The following analysis was performed to verify the orientation of the
NV axes. The unit vectors along the four bond axes in the diamond
structure, corresponding to the possible orientations of the NV center,
are defined as follows: a :%(1, 1,1),b :%(1, 1,-1),¢ :J%( -1,1,

1), and d = (1,
pi (i=a, b, ¢, d, j=V, H) of NV centers, the p; is in the plane
perpendicular to the symmetry axis of the a, b, ¢, d plane [40] and is
the orthogonally intersecting unit vector with each other. Here, the
indices, i and j, denote the direction along the symmetry axis and the
orthogonally intersecting direction of ‘V’ and ‘H’, respectively. The eight

electric dipole moments are as follows: p,, = Jig( -1, -1,2), pyy =

\/lf(_ 1#170)’ﬂbv :\/Lg(_ 11 - 17 - 2)7”bH :%(1 - 1a0);ﬂcv :%( - 27
_17_1)7”CH :%(07 17 - 1)’”dv :%(_17 _27 _l)and’”dH :%<_
1, 0, 1). Moreover, a unit vector parallel to an electric field can be

— 1, 1). Given the electric dipole moments

described in this coordinate system as E(¢) = <7 J58ing — Jzcos,

%sin(/) - \/LECOS(/), %cosq’)).

In the case of weak excitation such as FPM, perturbation Hamilto-
nian H can be approximated as H ~ —u-E under the electric dipole
approximation. As the fluorescence intensity is proportional to the
density of the excited state, and this density is proportional to the
number of formed ensemble NVs, the polarization-dependent fluores-
cence intensity I,(6, ¢) can be calculated by applying Fermi’s golden
rule. Based on this rule, the fluorescence intensity is proportional to
|ﬂij-E(¢)|2 [41]; thus, L(0, ¢) is represented as:

a()

L0, ) > Zk,.(e)w,j.};((p)\z :a+§(b+c+d)+g A(0)2+B(0)2c052(¢+7—45°> )

i=ab.c.di—=HV

where Sj111)(6) and Soers(0) represent the fitted peak area of ODMR
signals along the [111] and the other three axes, from NV centers induced
by the femtosecond laser pulses with the polarization direction of 6. k(6)

with
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3. Resul
(—c+d), tana(d) = % (10) esults

d 3
A0) = —b+C; . B(O) :%
3.1. TDDFT calculation results

where the indicator of the number of formed ensemble NVs is k;(0) (=a,

b, ¢, d), which is considered a function of §. Comparing the fitting We performed TDDFT calculations to investigate the possibility of
parameters of Ay(6), A1(0), and ¢.(0) in Eq. (8) from the FPM mea- polarization dependence in the electron excitation of a diamond via
surements and the theoretical function in Eq. (9), the values in Egs. (9) nonlinear optical phenomena under an intense light field [30] (see
and (10) are calculated as follows: Section 2.1 in Methods). In the calculation, the laser power densities of

1.0 x 102, 1.0 x 103, 3.0 x 103, 5.0 x 10'3, and 1.0 x 10 W/cm?
corresponded to the maximum electric field amplitudes of 0.3, 0.9, 1.5,
9 0.9, and 2.7 V/A, respectively. Owing to Fresnel reflection loss, the laser
A(9) = ZAl(H)sina(G) 12) power density in the calculation was slightly higher than the actual
experimental value. The polarization dependence of the time-integrated
number of electrons ne(t, 0) excited at various laser power densities is
shown in Fig. 1.

In the calculation, time integration was performed over a pulse width
of 30 fs and normalized using the maximum value. The polarization
direction € corresponding to the electric field oscillating in the (111)

a() = 90° — 24,(6) amn

9
B(9) = ZA] (0)cosa() 13)
Using these values, the polarization dependence of the fluorescence
intensity along the four NV axes can be determined as follows:

_ 9A0(0)R11(0) plane shows the angle from the [112] direction. Under excitation by a

a(0) = 54 4R11(0) a9 laser power density of 1.0 x 10'2 W/em? (Fig. 1(a)), no apparent po-
larization dependence was confirmed. Such results for a low laser power
b(0) = 340(0)[1 - Ruy(0)] 2 A(6) 1s) den'sity are rela’ted to a previously reported ?alculfitio'n for diamond, in
5+ 4Rp1(0) 3 which the nonlinear response of the electronic excitation energy started
at approximately 10> W/cm? [18]. When the laser power density
3A(0) [1 — Ry (9)] 1 1 reached the level at which a nonlinear response could occur, two major
<) = 5+ 4Rp1(0) + §A(9) - %B(H) 16 factors were identified from these calculations. First, at the laser power
density with an order of approximately 10'® W/cm?, the ne(t, 6) has
4(6) = 340(0) [1 — Ry (6)] IA g 1 B0 an remarkable polarization dependence (Fig. 1(b—d)); this is consistent
0) = W 3 )+ NG ©) with the findings of the previous studies that showed the dependence of
the effect of multiphoton absorption on the polarization state [25,26].
where Ry111)(6) is the alignment ratio along the [111] direction obtained Moreover, the degree to which the ne(t, 0) varies with the polarization
using the ODMR measurements and is expressed by the equation, direction 6 depends on the laser power density. This corresponds to the
Ri11)(0) = a/(a + b + ¢ + d). Finally, the polarization dependence of fact that the dominant ionization process changes from multiphoton to
ri(6), representing the alignment ratio along the four NV axes’ di- tunneling as the laser intensity increases [21,22]. When the laser power
rections, can be individually investigated. density exceeded 101 W/cm?, the degree of variation depending on the
polarization direction decreased (Fig. 1(e)), implying that tunneling
ri(0) =ki/(a+b+c+d),(k=a, b, ¢, d) s ionization became dominant. Secondly, the ne(t, ) variation as a
It should be noted that in this analysis method, we only focused on function of the polarization direction was changed by the laser power
the differences in the p; direction owing to the different axes’ orienta- ~ density; for instance, the graph for 1.0 x 10 ‘1/\37/ cm? was convex up-
tions of ensemble NVs formed by the femtosecond laser pulses with ward (Fig. 1(b)), whereas that for 5.0 x 10™ W/cm” was convex
varying polarization direction 6. downward (Fig. 1(d)) for the same polarization direction of 30°. This is
because the higher-order terms in the nonlinear interaction become
more pronounced depending on the laser power density. Given the
symmetry of the ground state of the diamond consisting of sp® hybrid-
ized carbon atoms, the response of electron excitation ne(t, 6) should be
(@) (®) (© (@ (O]
100|'|‘l'|'l__|'|'|'|'|_|'I'|I'l__l'l'l'l'||llll
< )
=098+ - - - - 3 ]
: \ ]
g LY,
= 096 - - - L
5
(9 J7 U U U NV SO W S U SN N S S U SNV WP B S S U S U U Y BV B |

0 15 30 45 600 15 30 45 600 15 30 45 600 15 30 45 600 15 30 45 60
Electric field direction 8 [°]

Fig. 1. Polarization-dependence of the number of excited electrons from TDDFT simulation. Polarization-dependence of the time-integrated number of electrons
nex(t, ) excited by the various laser power densities of (a) 1.0 x 10*2 W/cm? (0.3 V/1°\), (b) 1.0 x 10'®* W/cm? (0.9 V/;\), (©) 3.0 x 10** W/em? (1.5 V/A), (d) 5.0 x
10" W/cm? (1.9 V/A), and (e) 1.0 x 10'* W/cm? (2.7 V/A). Time integration of ne(t, 6) is performed over a pulse width of 30 fs and normalized by the maximum

value. The direction 6 of the electric field oscillating in the (111) plane is the angle from the [112] direction.
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Fig. 2. Calculated carrier density of states (cDoS) of holes (left side) and
electrons (right side) at 15 fs after excitation by the laser pulse with different
polarization directions § = 0° or 30° The Fermi level is set as the reference
energy. The laser power density (maximum amplitude of the electric field) is
1.0 x 10** W/em? (0.9 V/A).

polarization dependent with a period of 60°. However, at any laser
power density, the calculated ne(t, ) did not have a periodicity similar
to a sinusoidal curve; however, it exhibited a complex dependence.
Multiphoton ionization depends on the alignment of the crystal in the
laser polarization direction, arising primarily from the anisotropy of the
dynamic’ effective mass [31]. As the effective mass is expressed as a
second-order derivative of the band energy in reciprocal space, we
calculated the polarization dependence of the excited carrier
distribution.

The calculated career density of states (cDoS) of the excited electrons
and holes at t = 15 fs calculated from Egs. (4) and (5) are shown in
Fig. 2. The laser power density and polarization direction were set to 1.0
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x 10" W/cm? and 0°/30°, respectively. The Fermi level was set as the
reference energy. Comparing the energy level of the excited electrons, a
higher energy level was occupied by the electrons excited in the polar-
ization direction at 0°, even though the same laser power density was
used, indicating that changes in the electronic occupation of the bands
show polarization dependence.

To clarify the detailed changes in the electronic occupation of the
bands after femtosecond laser excitation with various polarization di-
rections, the cDoS of holes (D), poe) and electrons (D, elec) Were
calculated using Egs. (4) and (5), respectively. The color maps for the
cDoS as a function of the polarization direction are shown in Fig. 3. In
this calculation, the laser power density was set to 1.0 x 101 W/cm? or
3.0 x 10'® W/cm?. The arrows with symbols for [En1—Ens] and [Ee1—Eee)
indicate the selected main energy levels of [-4.4, —3.6, —2.9, —2.2] eV
and [+3.6, +4.3, +4.7, +5.2, +5.8, +6.3] eV, respectively. The cDoS
maps for 5.0 x 103 and 1.0 x 10'* W/cm? are also shown in Supple-
mentary Fig. S11. The electrons were excited to higher energy levels by
the higher laser power density; however, the energy levels were not an
indicator of the ease of excitation. In other words, the cDos values at
lower energy levels were not necessarily at their maximum.

To investigate how the excited electrons occupy the bands and how
the polarization direction affects the excitation in detail, we plotted the
cDoS of the main energy levels as a function of the polarization direction
(Fig. 4). The cDoS values at each energy level (Enj—En4 and Eej—Eeg in
Fig. 3) were integrated over a range of +0.15 eV and averaged ([N)p‘ hole

and l~)p, elec)- The plots for 5.0 x 10'® and 1.0 x 10'* W/cm? are shown
in Supplementary Fig. S12. From these graphs, the variation in the cDoS
value at each energy level implies a degree of polarization dependence.
Focusing on the 51,‘ hole> that is, the probability of electron escape, the
degree of polarization dependence was remarkable for 1.0 x 103 and
3.0 x 10'3 W/cm?. Particularly, the ﬁpﬂ hole Values for energy levels of
Enhg (—2.4 - —2.1 eV) and Ep3 (—3.0 — —2.7 eV) were substantially varied
according to the polarization direction. For a laser power density higher

‘_Ee6

(e

¢ EeS

< Ee"
- EeS
- Ee2

—_—
0 20 40 60
Polarization direction &[°]

4

Energy E-E [eV] 2@
(9]
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2 4—
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Fig. 3. Maps for the calculated cDoS of (a, c) holes D, ol (E, t,0) and (b, d) electrons D, ciec(E, t,0) at 15 fs after excitation by the laser pulse with varying po-
larization direction 6. The laser power density (maximum amplitude of the electric field) is (a, b) 1.0 x 10'® W/cm? (0.9 V/A) and (¢, d) 3.0 x 10* W/cm? (1.5 V/A),
respectively. The arrows with the symbols for (Ep1—En4) and (Ee1—Ees) denote the selected main energy levels of (—4.4, —3.6, —2.9, —2.2) eV and (+3.6, +4.3, +4.7,

+5.2, +5.8, +6.3) eV, respectively.
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Fig. 4. Plots of the D, 101e (lower side) and the D, ¢jec (upper side) of the selected main energy levels from Ey; to E4 and from E,, to Eeg plotted in Fig. 3. The laser
power density (maximum amplitude of the electric field) is (a) 1.0 x 10 W/em? (0.9 V/;\) and (b) 3.0 x 103 W/cm? (1.5 V/A) for Ep1—Ens and Ee1—Eeg, respectively.
In these plots, the cDoS values at each energy level (Eni—En4 and Ee1—Eeg) are integrated over a range of +0.15 eV and averaged. The energy levels for (Ey;1—Ep4) and
(Ee1—Eeq) are (—4.4, —3.6, —2.9, —2.2) eV and (+3.6, +4.3, +4.7, +5.2, +5.8, +6.3) eV, respectively.

than 3.0 x 10'® W/cm? the degree of polarization dependence
decreased and the larger ﬁp_ hole Values were successively located from
the deeper initial energy level.

However, the degree of polarization dependence of the ﬁp_ clec 1S
complicated. For example, for a laser power density higher than 3.0 x
10" W/em? the D, elec Of Eeg (+6.2 — 6.5 eV) was the largest and easy

to excite; in contrast, the f)p‘ elec Of Ees (+5.7 — +6.0 eV) was difficult to
excite for every laser power density. Furthermore, energy levels (Ee:
+3.5-+3.8€eV, Eep: +4.2 - +4.5 eV, and Eg) with larger l~)p' elec Appear
to have a larger variation in 5p, elec Values, indicating that the degree of

polarization dependence is larger. This polarization dependence is
remarkable for 1.0 x 10'3 and 3.0 x 10'®> W/cm?2. The degree of the

[111] ) A
o O

V111

O z X
[111]

Difference of electron density

Fig. 5. Spatial distribution of the electron density in a view from [111] direction from TDDFT simulation. Spatial distribution of the difference of electron density
from the ground state dg(r, t) excited by an electric field of 1.0 x 10'® W/cm? with different polarization directions of (A-F) 0° or (G-L) 30° The spatial distribution
of the electron density after 15 fs of excitation in a view from [111] direction is shown. There are six cross-sectional (111) planes with different distances from the
origin. The green arrow and the yellow sphere show the polarization direction projected on the (111) plane and the carbon site, respectively. Schematic of four
diamond crystallographic axes corresponding to the observation direction is also shown.
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polarization dependence of ﬁp_ clec decreased as the laser power density
increased, indicating that the dominant ionization process changed from
multiphoton to tunneling (Fig. 4 and Supplementary S12). More inter-
estingly, the degree of polarization dependence varied with the energy
level even though the laser power density was the same, suggesting that
electron excitation is sensitive to the polarization direction. These re-
sults indicate that the spatial distribution of excited electrons differs
depending on the polarization direction and laser power density.
Consequently, the change in the excited carrier distribution promotes
the anisotropy of the effective mass according to the polarization di-
rection, leading to the anisotropy of excitation in [111], [111], and [111]
directions.

We also calculated the indirect contribution of excitation along the
[111] direction based on the spatial distribution of the excited electrons.
Based on Eq. (6), the spatial distribution of the difference in electron
density from the ground state dgi¢(r, t) excited by an electric field of 1.0
x 103 W/cm? with different polarization directions of @ = 0° or 30° was
calculated (Fig. 5). These figures show the spatial distribution of the
electron density after 15 fs of excitation in a view from the [111] di-
rection. The polarization direction is indicated by an arrow projected
onto the (111) plane. There are six cross-sectional (111) planes at
different distances from the origin along the [111] direction. The dis-
tance between the origin and cross-section (a) is 2.23 A. The distance
between the cross-sections increases by 0.309 A from (a) to (f). In
addition, a schematic of four diamond crystallographic axes corre-
sponding to the direction of observation is shown.

For 6 = 0°, the electron density distribution was linearly symmetric
in any cross-section with the direction of the polarization direction as
the boundary. However, the electron density distribution was not line-
arly symmetric with respect to the polarization direction at 30° Such an
asymmetric electron density distribution is prominently observed in
Fig. 5(h-k). The electron density distributions in Fig. 5(i, j) and 5(h, k)
appear to rotate anticlockwise and clockwise, respectively. In other
words, for & = 30°, the electron-deficient region corresponding to the
blue region is wiggly distributed along the [111] direction moving away
from the origin. Such differences in the spatial electron density distri-
bution along the [111] direction according to the polarization direction
are attributed to the indirect effect of the anisotropy of excitation in the
[111], [111], and [111] directions. Consequently, the polarization
dependence of the NV axis orientation along the [111] direction appears.

Further, we performed a similar simulation of the spatial distribution
of excited electrons in the (110) and (110) planes (Supplementary
Figs. S13, S14). There were seven different cross-sections along [110]
and [110] directions for each polarization direction. Similar to the ob-
servations in the cross-sectional (111) planes, the distribution of the
electron density at 0° viewed from the [110] direction [Supplementary
Fig. S13(a—g)] had symmetry in all cross-sections with respect to the
polarization direction. However, the distribution of the electron density
at 30° was inclined toward the [110] direction, and no significant dis-
tribution was observed in the [110] direction [Supplementary Fig. S13(i,
.

For the distribution of electron density viewed from the [110] di-
rection, there were no significant differences in the spatial distribution
in the cross-sections along the [110] direction according to the polari-
zation direction (Supplementary Fig. S14). In these calculations, the
polarization direction for 0° lies in the plane including the bonds in the
[111] and [111] directions; for 30°, the polarization direction rotates
toward the front of the page. Here, we focus on the electron distribution
changes in the diamond crystallographic axes of [111], [111], and [111].
The difference in electron density along the [111] axis at 0° was slightly
larger than that at 30° Comparing the electron density distributions of
the cross-sections in [Supplementary Fig. S14(a, b, h, and i)] across the
diamond crystallographic axis of [111] and those for the cross-sections in
[Supplementary Fig. S14(d, e, k, and 1)] across the diamond crystallo-
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graphic axis of [111], differences in electron density were observed
depending on the polarization direction. It should be noted that the
relative angle between the diamond crystallographic axis ([111] or
[111)) and the polarization direction is the same. Such polarization-
dependent contributions to the electron density distribution in the dia-
mond crystallographic axes of [111], [111], and [111] can indirectly
affect the change in electron density along [111].

3.2. Analytical results of polarization-dependence of NV axes’ orientation

By observing from the [110] direction, the directions of four NV axes
in the single NV center have been classified into two groups—in-plane
and out-of-plane. A previous study reported that a statistically signifi-
cant bias was observed by terminating the annealing process with real-
time feedback on the fluorescence intensity, although the reason for this
is presently unknown [15]. In contrast, we focused on the orientation of
the ensemble NVs without annealing. As the feasibility of the polariza-
tion dependence of electron excitation under an intense light field was
confirmed by TDDFT calculations, we experimentally explored whether
polarization dependence exists on the orientation of the axes of the
ensemble NVs. In the experiments, we evaluated the polarization
dependence of the orientation of the axes of ensemble NVs using two
different methods. By irradiating femtosecond laser pulses along the
[111] direction, the directions of four NV axes were distinguished from
the [111] and the other three equivalent directions ([111], [111], and
[111]). After the formation of ensemble NVs via femtosecond laser
irradiation without thermal annealing, the laser-processed regions were
analyzed using two different methods—optical detected magnetic
resonance (ODMR) and the fluorescence polarization microscope
(FPM)—as described in Sections 2.5 and 2.6 in Methods. For direct
writing of the ensemble NVs, we used femtosecond laser pulses with
different polarization states—linear and circular (see Section 2.2 in
Methods). Based on the fluorescence map of the sample including a set of

S 1.0

CE ]

2

&08F .

> L J

=

£06 -

2 . .

= I & pristine diamond l
0.4 1 1 1 1 u

=

8

¥l

<

—

2

n

b=

2

3 I o laser-processed ]
04 -

IR IS S S S R S S S S R S SR S S S S S

2.7 238 2.9 3.0
Microwave frequency [ GHz]

Fig. 6. Typical ODMR spectra of both the laser-processed region and the
pristine diamond near the laser-processed region. ODMR spectrum of ensemble
NVs at the region processed by femtosecond laser pulses with the polarization
direction of § = 66° ODMR spectrum at the pristine diamond near the laser-
processed region is also shown. The red and blue curves show the fitted
curves for the ODMR signals in the direction parallel to [111] and along the
other three directions, respectively.
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Typical Rp11) values for circular polarization (red dashed line) is also shown.
The black dotted line shows the R(111) value for random orientation.

laser-processed regions (Fig. S1), we set the measurement position for
ODMR. Typical ODMR spectra of both the laser-processed region for the
polarization direction of & = 54° and the pristine diamond near the
laser-processed region are shown in Fig. 6. The ODMR signals at the
laser-processed region were substantially dropped compared to those for
the pristine diamond.

3.3. Alignment ratio along the [111] NV axis

The alignment ratio along the [111] direction Rj;19;(6) identified by
the ODMR measurements is plotted in Fig. 7. In thls figure, the Rp111)(6)
values obtained using femtosecond laser pulses with not only linear
polarization but also circular polarization are shown. The concentration
of ensemble NVs after the laser irradiation was estimated as 6 x 10
em~2 by normalizing with the fluorescence intensity of a single NV
center in the confocal volume [32]. Here we define the upper bound of
the alignment ratio along the [111] direction using Eq. (7) with k(6) =
1.4 [39]. Therise in Ry111)(0) value up to 0.55 after the femtosecond laser
irradiation for a certain polarization direction § = 66° compared to that
of the random orientation. This corresponds to an increase of 30 % in
contrast to the optically magnetic resonance signal with 0.25 for random
orientation. This results in a 30 % enhancement in the sensitivity of the
quantum sensor because the contrast is linearly proportional to the
sensitivity below the shot-noise limit [7].

Considering that the originally existing NV axis orientation in the
pristine diamond is random, the alignment ratio along the [111] direc-

tion Rﬁ'ﬁt}i“e( ) should be 0.25. Therefore, we can obtain the k(6) value

by k(6) = 3Sl[’1r151t]‘"e( )/SPHstine 9y We measured the ODMR signals at the

others
position 5 ym away from each laser-processed region (Supplementary
Figs. S2—S4) and obtained Sp"m"e( 0) and SP"S1" (9). Unexpectedly, the

111] others
Rﬁrislt]'“e(e) (= Splrisltme( ) / {S"lrisltme( ) +3SPstine (911 varied depending on

others
the measurement positions even in the pristine diamond, which could be
due to the biased orientation in the low NV concentration (~ 6 x 103
em ™). Therefore, we plotted the empirical parameter of k(¢) from the
ODMR signals obtained by the pristine diamond at each measurement
position in Supplementary Fig. S15. As previously reported [39], the
empirical parameter of k(¢) should be carefully determined. Here we
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calculated R11)(0) using k(@) values determined by three different
methods. In Fig. 7, each Rj111)(0) for k(f) = 1.4 was calculated, consid-
ering the microwave application method [39]. In this case, the upper
bound of Ry111)(#) reached the maximum of 0.55 at = 66°. Further-
more, Rj111)(f) was calculated from each k(¢) value for the pristine
diamond 5 ym away from each laser-processed region (Supplementary
Fig. $16). Considering the randomness of the NV axes orientation in the

diamond sample synthesized without control of crystallographic orien-

pristine

tations, the average of R [111) (0) at each measurement position should

be 0.25. A good fitting result of the averaged Rplqsltme( ) = 0.25 was
obtained when k(#) = 3.6. We also calculated Ry;11)(6) for k(6) = 3.6
(Supplementary Fig. S17). In this case, the Rj111)(¢) only increased to
0.32 at @ = 66°, corresponding to a slight enhancement (7 %) of the [111]
orientation of ensemble NVs. The correlation plot between k(6) and
R111)(0) (Supplementary Fig. S18) indicates negative correlation be-
tween these values. This indicates that the increasing rate of Rp11)(6)
after the laser irradiation is larger, as the alignment ratio along the [111]
direction of the pristine NV axis is smaller. The Rp;11;(6) is in a range
from 32 % (k(9) = 3.6) to 55 % (k() = 1.4). Currently, no firm
conclusion was reached regarding the suitable value of k(6) for the
Rpi11)(9) calculation. Therefore, a more detailed investigation is
necessary.

In all plots of Rj11)(9) (Fig. 7, Supplementary S16 and S17), by
rotating the linear polarization direction 6 in the (111) plane, the
Ry111)() value for the linear polarization appeared to oscillate around
that for the circular polarization. This result can be interpreted based on
the fact that the time-averaged electric field of the circular polarization
oscillates in all directions in the (111) plane.

3.4. Polarization-dependence of the orientation of NV axes

Typical plots of the FPM observations of the laser-processed region
for the linear polarization direction § = 90° are shown in Fig. 8. In this
figure, the obtained normalized intensities I,(90°, ¢) by rotating the
polarization direction ¢ of the excited green laser are fitted using Eq. (9).
The red curve shows the fitting function of I,(90°, ¢) = Ao(90°) +
A1(90°)cos2(¢p — ¢.(90°)). Using the fitting parameters of A(90°),
A1(90°), and ¢.(90°), we calculated a(90°), b(90°), ¢(90°), d(90°), and
ri(90°) using Eqs. (10-18). Calculating these values for other values of
polarization 6 can clarify the relationship between the polarization di-
rection of the femtosecond laser and the orientation of the NV axes.

1-20I"I"I"I"I"I'.'I"I‘
L ¢ Experimental data |
1.18 — Fitting function
1.16
114
[¢]
a
= 1.12

1.10

1.08

L L4
1.06 X 1 1 1 1 1 1 1

0 30 60 90 120 150 180 210
Polarization direction of green laser; ¢[°]

Fig. 8. Typical plots from FPM observation of the laser-processed region for the
linear polarization direction & = 90° The red curve shows the fitting function of
1;(90°, ¢) = Ao(90°) + A1(90°)cos2(¢p — ¢.(90°)).
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Fig. 9. Alignment ratio along the four NV axes’ directions calculated from FPM
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that the values of rg, 1y, 1, and r4 represent the alignment ratio along the [111],
[111], [111], and [111] directions, respectively.

Fig. 9 shows plots of r;(¢) and the total value of a(@) + b(0) + c(0) +
d(0) as a function of the polarization direction 6 for NV formation. The
values of rg, 1p, ¢, and r4 represent the alignment ratios along the [111],
[111], [111], and [111] planes, respectively. The total value indicating the
number of NV centers formed by femtosecond laser irradiation changed
with the polarization direction. When the r, value increased, ry, 1., 74,
and the total value decreased. The trends of variations in ry, ¢, and ry4
according to the polarization direction were similar. The fact that the
increase in r, corresponds to a decrease in the total value indicates that
the migration of carbon atoms along the [111] direction is promoted
more than that along the other three directions. Although the alignment
ratio along the [111] direction showed a polarization dependence, no
apparent polarization dependence was observed for the other three di-
rections ([111], [111], and [1T1]). Although previous studies have
revealed that the light-matter interaction changes depending on the
crystal symmetry [25], no apparent differences in the polarization
dependence of the rp, r¢, and ry are observed. A negative correlation
between NV concentration and Rj 1y from Fig. 9 intuitively indicates
that with the polarization inducing [111] alignment, the NV formation
along the other three directions does not likely occur. No major differ-
ence in the trends for the other three directions ([111], [111], and [111])
also indicates that the NV centers along [111] direction are efficiently
formed under a certain polarization condition.

4. Discussion
Although the TDDFT calculations indicate that the polarization

dependence of the electron excitation under an intense light field can
lead to polarization dependence on the orientation of the axes of the
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ensemble NVs, no apparent polarization dependence is experimentally
observed for the three directions ([111], [111], and [111]), except for the
enhancement of the [111] orientation of the ensemble NVs. There are
two possible reasons for this. First, the atomic migration induced by
thermalization after laser irradiation is also a key factor in NV forma-
tion. Optimizing the laser parameters by shortening the pulse width and
minimizing the number of irradiation pulses results in polarization
dependence during NV formation. Furthermore, the pulse repetition rate
is also essential, even though heat accumulation is expected to be
negligible under our experimental conditions owing to the rapid thermal
diffusivity of diamond. Indeed, we recently confirmed that the forma-
tion efficiency of NV centers depends on the pulse repetition rate [18].
The changes in the absorption of laser energy or the distortion of the
diamond lattice during laser irradiation should be clarified.

The second is the complex periodicity or aperiodicity of the effective
mass of excited electrons with respect to the polarization direction.
Previous studies have reported that multiphoton ionization rates [25]
and Keldysh parameters [21,33] are affected by the anisotropy in the
effective mass of the excited electrons. The periodicity of the direction
between the G and K points with good symmetry, similar to that of the M
and K points, corresponds to the polarization dependence of the
light-matter interaction [25]. According to the coordinates of all X, L, W,
U, and K points in the Brillouin zone projected onto the (111) plane
(Supplementary Fig. S19), the periodicity in the direction between the G
point corresponding to the origin and each coordinate point is compli-
cated, particularly at the W and U points. This complexity is one of the
reasons for the complex polarization dependence of NV formation
observed in the experiments. Although the TDDFT calculations showed
different interactions among the [111], [111], and [111] directions, we
could not observe clear differences in orientation among these directions
other than the [111] direction.

5. Conclusions

We concluded that although the polarization dependence of the NV
axis orientation along the [111] direction appeared to have periodicity,
this phenomenon occurred owing to the indirect results from the
anisotropy of the electron excitation in the [111], [111], and [111] di-
rections. Based on the TDDFT simulation results, we gain valuable in-
sights into the significance of polarization direction in nonlinear light-
matter interaction. These findings hold great relevance for the field of
quantum optics. In contrast to the previous studies for the orientation of
the single NV [15], the statistical control for the ensemble NVs will be
more complicated due to the multi-body problem.

Apart from understanding the underlying mechanism, the experi-
mental fact that the alignment ratio along the direction parallel to [111]
increased to 55 % by the simple method of just laser irradiation is sur-
prising. Thus far, we have reported characteristic functions induced by
the femtosecond laser direct-writing technique without any thermal
process such as microscopic phase transformation into graphite with
electric conductivity [34], formation of a large number of NV ensembles
(~ 3 x 10 cm ™) without degradation of their spin coherence time (T5
for pristine diamond: ~ 1.6 ps, Ts after laser-processing: ~ 2.4 ps) [17]
and the diamond crystallinity [18]. However, although the preferential
orientation of NV ensembles was restricted due to low NV concentration
in the present experiments, we anticipate these insights may inspire
approaches to boost the formation of quantum sensing devices by laser
processing.
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