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Optically detected magnetic resonance of nitrogen-vacancy centers in diamond
under weak laser excitation
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As promising quantum sensors, nitrogen-vacancy (N-¥) centers in diamond have been widely used in
frontier studies in condensed-matter physics, material science, and life sciences. In practical applications,
weak laser excitation is favorable as it reduces the side effects of laser irradiation, such as phototoxicity
and heating. Here we report a combined theoretical and experimental study of (near) zero-field optically
detected magnetic resonance (ODMR) of N-V-center ensembles under weak 532-nm laser excitation.
In this region, both the width and splitting of the ODMR spectra decrease with increasing laser power.
This power dependence is reproduced with a model that accounts for the laser-induced charge neutraliza-
tion of N-V~—N* pairs, which alters the local electric field environment. These results are useful for the
understanding and development of N-V-based quantum sensing in light-sensitive applications.
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I. INTRODUCTION

Spin defects in solids with an optical interface are
among the leading platforms for quantum information sci-
ence and quantum sensing. Among the many spin defects,
the negatively charged nitrogen-vacancy (N-V") center in
diamond stands out, exhibiting excellent spin coherence,
bright photoluminescence, and large contrast of magnetic
resonance signal [1]. For quantum sensing applications,
these features bring remarkable sensitivity in detecting
magnetic field [2—4], temperature [5,6], pressure, and other
physical quantities [7,8]. At the same time, the atomic
structure of an N-J center enables spatial resolution down
to the nanoscale, and the ultrastable diamond structure is
compatible with complex biochemical environments [9],
even under extreme conditions, such as megabar pressures
[10] or sub-Kelvin temperatures [11].

Laser excitation provides an efficient and convenient
way to establish the polarization and readout of N-V
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electron spin, and has been widely used in N-JV-based
quantum techniques. However, in practical applications,
laser excitation also brings undesirable effects. For exam-
ple, phototoxicity is a key issue when studying living
cells with fluorescent probes. Recent experiments have
shown that even weak laser excitation could bring adverse
effects to living cells [12,13]. Another side effect is light-
induced sample heating, which is a serious obstacle for
temperature-sensitive applications, such as the character-
ization of superconducting films or magnetic films with
low transition temperatures [11,14—17], and temperature-
controlled cell division during early embryogenesis [18].
A straightforward strategy to reduce laser-induced side
effects is to use laser beams of sufficiently low inten-
sity, but the intrinsic properties of N-V centers, including
charge, spin, and optical properties, have been poorly stud-
ied under weak excitation. Jensen et al reported light
narrowing of the microwave power-broadened magnetic
resonance signals of N-J" centers under a small magnetic
field, which was attributed to the light-induced reduction
of the N-V spin relaxation time (77) [19]. Under optical
pumping, the charge conversion of an N-J center (between

© 2024 American Physical Society
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N-7~ and N-/?) is inevitable [20], and the randomly dis-
tributed charges, either from N-J centers or from nearby
charge traps, creating internal electric fields around the
N-V center [21]. Therefore, it is necessary to consider
both the charge and spin degrees of freedom together and
revisit the magnetic resonance of N-J centers under weak
laser excitation. Recently, Manson et al. made a step in
this direction and showed that the charge conversion of
N-V~—N™ pairs is crucial for understanding the optical
properties of N-V centers in diamond [22].

In this paper, we report a combined theoretical and
experimental study on optically detected magnetic reso-
nance (ODMR) of N-V centers under weak green laser
(532-nm) excitation. Ensembles of N-V centers in nanodi-
amonds, microdiamonds, and bulk diamonds are studied.
When the excitation laser power is much smaller (one
or more orders of magnitude) than the optical satura-
tion power, both the width and the splitting of ODMR
spectra decrease as the optical intensity increases. This
phenomenon is well interpreted with a model that takes
into account the laser-induced charge neutralization of
N-V~—N* pairs in diamond.

II. RESULTS

A nitrogen-vacancy center is formed by a substitutional
nitrogen atom and a nearby vacancy in the diamond lat-
tice. It has two common charge states, N-V~ and N-J?,
with featured zero-phonon lines (ZPL) at 637 and 574
nm, respectively. The negatively charged N-V~ center is a
natural spin qubit, it exhibits spin-dependent optical transi-
tions that enable high-fidelity spin polarization and readout
through optical methods. In contrast, it is more difficult
to initialize and read out the spin state of an N-/? center
(a spin-half system) [23]. Laser excitation induces charge
conversion of N-V centers (between N-V~ and N-J?),
either by two- or one-photon ionization processes [20,24].

The main finding of this work is that the internal elec-
tric field around an N-V center is mainly determined by
its nearby substitutional nitrogen atoms and can be modi-
fied by the excitation light, with the effect becoming more
pronounced in the weak excitation regime. It is gener-
ally believed that the extra electron of an N-V~ center is
captured from a nearby defect, for example, another nitro-
gen atom (P1 center) [22]. In this scenario, the negatively
charged N-V~ center is often accompanied by a positively
charged N*. Although the diamond is electrically neutral
overall, these randomly distributed charges (N-V~, N¥,
and other charge traps) lead to internal electric fields at
the N-J positions [21]. Under laser excitation, the charge
distribution and the associated internal electric field in the
diamond lattice are altered, leading to observable changes
in the optical and spin properties of the remaining N-V
centers, as illustrated in Fig. 1(a).

We start by measuring the PL spectra of N-V centers
under weak laser excitation. Nanodiamonds (NDs) with
ensemble N-V centers are deposited on strontium titanate
(or alumina) substrates and measured in a home-built con-
focal microscopy. The average size of NDs is about 100
nm, with an N-V concentration of about 3 ppm (Adamas
Nanotechnologies). Figure 1(b) shows typical PL spectra
of these NDs, measured at 8.4 K. The ZPLs of N-J~ (637
nm) and N-J° (574 nm) are well resolved. The relative
amplitude of the two peaks shows pronounced dependence
on the laser intensity. We adopt a method described by
Shinei et al. to quantitatively estimate the ratio of remain-
ing N-J~ centers at different laser intensities. The method
takes into account the integration of the ZPL peaks, the
Huang Rhys factor, and the lifetime of the excited state
of both centers (N-/~ and N-/?) [25]. As summarized in
Fig. 1(d), laser intensity plays a role in determining the
charge state of N-J centers in diamond, and weak excita-
tion leads to more N-V~ centers [26]. Note that a similar
phenomenon has been reported [26,27].

Next, we show that the laser-induced charge conver-
sion also strongly affects the N-J magnetic resonance
signal. ODMR spectra of N-V~ centers in diamond are
obtained by monitoring the photoluminescence inten-
sity while simultaneously scanning the frequency of the
applied microwave pulses [1]. Figure 1(b) shows typi-
cal ODMR spectra of the same nanodiamond, exhibiting
a two-dip feature at 2.87 GHz, the value of zero-field
splitting of N-V centers at cryogenic temperatures. The
resonant frequencies and widths are extracted by numeri-
cal fitting, and their power dependence is summarized in
Fig. 1(d). In the weak excitation region, both the split-
ting and the width of the ODMR spectra decrease with
laser power. We measured several different NDs, all of
which show a similar power dependence (see Supplemen-
tal Material [28] for extended data) (see also Refs. [29—38]
therein).

To check whether this observation is a general effect,
three other batches of diamond samples are measured.
First, ODMR spectra of ensemble N-J centers in micro-
diamonds (MDs) and a bulk diamond (S5), with similar
nitrogen concentration (about 200 ppm), are shown in
Figs. 2(a) and 2(b). The laser power dependence of ODMR
splitting and width of these spectra, as summarized in
Figs. 2(d) and 2(e), are similar to that of NDs, indicating
that particle size is not a key factor for this effect.

Secondly, ODMR spectra of another bulk diamond
(E6-2) with similar N-V concentration but more dilute N
concentration (approximately 14 ppm) are measured, as
shown in Fig. 2(c). In this measurement, pairs of coils were
used to compensate for the background magnetic field in
the laboratory. The main feature of these ODMR spectra
is the hyperfine splitting caused by the host '*N nuclear
spins. Numerical fitting considering the internal electric
field and hyperfine coupling is used to extract the ODMR
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Laser-induced charge neutralization of N-V~—N™ pairs in diamond. (a) Schematic representation of the N-/~—N* model.

After the absorption of photons, N-F~—N* pairs could change into N-F°—N° pairs, which leads to a more dilute charge distribution
in the diamond lattice and thus smaller internal electric fields acting on the remaining N-JV centers. (b) PL spectra of a nanodiamond
measured at 8.4 K. The curves are vertically offset for better visibility. (c¢) Zero-field ODMR spectra of the same nanodiamond,
measured at different laser powers. (d) Laser power dependence of the N-V~ ratio and photon count (upper pane), the splitting, and

width of the ODMR spectra (lower pane).

splitting and width. Both parameters decrease slightly with
increasing laser power, as can be seen in the inset of
Fig. 2(f).

Summarizing, key features of N-/ ODMR spectra have
unambiguous laser power dependence. The effect is more
pronounced in the weak excitation region and is closely
related to the nitrogen concentration of the diamond
sample.

To understand these results quantitatively, we adapt the
N-V~—N* pair model [22] developed by Manson et al. and
pay special attention to the internal electric field around N-
V centers [21]. Key points of this model are as follows: (1)
N-Vand N defects are randomly distributed in the diamond
lattice. (2) Each N-V center captures an electron from one
of its nearby N atoms and forms an N-V~—N* pair. (3)
The resonance frequencies of each N-V center are modified
by its local internal electric field. (4) Upon laser excita-
tion, some of the N-V~—NT pairs are charge neutralized,
resulting in more dilute charge density and smaller internal
electric fields for the remaining N-J~ centers.

For simplicity, we assume that an N-J center always
pairs with its nearby N atoms. The local electric field at
the N-V position contains two parts: the electric field from

its paired N* ion (Ey) and the dipole fields (Egipote) from
all other N-J~—N™ pairs. For the nano- and microdiamond
samples, the N concentration (approximately 200 ppm) is
much larger than the N-V concentration (3 ppm), so the
distance between different pairs is much larger than the dis-
tance between the two point charges (N-V~ and its nearby
N™). As a result, the £y component dominates the internal
electric field and the Egipole term can be ignored. Under
these conditions, the splitting and the width of ODMR
spectra of ensemble N-J centers can be related to the N
concentration (see Supplemental Material [28] for detailed
derivation):
2 2
Sopmr ~ 0.42 IOIEI MHz/ppmf, (1)

2
3

2

Wobwmr ~ 0.31 pg MHz/ppm3,

where py is the concentration of the N atoms (in ppm). It
is clear that a dense N distribution leads to a large splitting
and broadening feature to the ODMR spectra. When the
N-V and N concentrations are of the same order of mag-

nitude, for example, in the E6-2 sample, both the Ex and
Egipole terms should be taken into account, but the nitrogen
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(a)c) ODMR spectra of N-J centers in microdiamonds (MDs), and bulk diamonds (S5 and E6-2) under weak laser exci-

tation, see Table I for detailed sample information. The spectra of MD and sample S5 are measured under Earth’s magnetic field. The
spectra of sample E6-2 are measured under zero magnetic field. (d)(f) Laser power dependence of the ODMR splitting and width for

the (d) MD sample, (e) S5 sample, and (f) E6-2 sample.

concentration dependence of ODMR parameters is similar
to the former case.

With the model in hand, we now use numerical sim-
ulations to investigate the effects of nitrogen density and

TABLE I. Details of diamond samples used in this work.
Sample Size [N] [N-7]
ND ~100 nm ~200 ppm ~3 ppm
MD ~1 um ~200 ppm ~3 ppm
S5 3 x3x0.5mm? ~200 ppm 5-40 ppm
E6-2 3 x3x0.7mm? 14 ppm ~3 ppm

laser-induced charge neutralization on the key features of
ODMR spectra. N-J centers and N atoms are randomly
placed in a sphere of 100-nm diameter, and the total num-
ber of N-V centers (and N atoms) is chosen to match the
known defect concentrations. The positions of the ith N-
V center and the jth N atom are denoted as {#;} and {?j },
respectively. The electric field on the ith N-V~ center is

g ¢ P _ i
E = 4 ege, ; 2 ;r ’ @

i ki Ji

\‘ >

Sl

where € is the vacuum permittivity, €, = 5.7 is the rel-
ative permittivity of diamond [30], and ry and r; are
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the distances from the kth N-7~ and jth N* to the N-V
position, 74; and 7;; are the corresponding unit vectors.

This electric field can be decomposed into parallel
(E') and perpendicular (Efx,y}) components relative to
the N-J axis, and it couples to the N-V electron spin
through I, , = d, E|, ,, and T1] = dE, with susceptibil-
ities {du,dl} = {0.35,17} Hz cm/V [21,29]. Specifically,
the axial component of the electric field shifts the resonant
frequency of the N-V center, and the transverse component
splits the resonant peaks. It is worth noting that the coeffi-
cient of the transverse component (d_ ) is much larger than
that of the axial component (d)), resulting in the two-dip
feature of the ensemble N-/ ODMR spectra [21].

The N-V spin Hamiltonian under the electric field is [8]

H; = (Dgs + TIL) 87 + I, (Sy2 - S,%)

+ I0, (SeSy + 85,5x) » 3)
where the Dgs = (27) x 2.87 GHz is the zero-filed split-
ting at room temperature, and S is the N-JV spin operator.
We have ignored the hyperfine coupling to the host 4N
and nearby '3C nuclear spins in the calculation, as they are
constant and do not change under laser excitation. After
the diagonalization of the Hamiltonian, the eigenvalues of
each N-V center and the corresponding resonant frequen-
cies are obtained. For a given defect concentration, the
calculation has been repeated 10° times, and the resonant
frequencies of all N-J centers are taken into account to
obtain their statistical features.

Figure 3(a) presents the probability distribution of the
N-V resonant frequency under different N concentrations.
Although intrinsic spin dephasing and technical broaden-
ing factors (e.g., microwave power broadening) have not
been taken into account, these numerical spectra capture
the key features of the experimentally measured ODMR

(a) : : :
— E 300 ppm 1
| ]
x 200 ppm 1
P 100 ppm |
c ]
o 50 ppm |
> ]
o \/\/ 30 ppm |
LC ]
V 14 ppm |

2840 2880 2920
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FIG. 3.

spectra. The numerical results confirm that a dense N dis-
tribution leads to a large splitting and broadening to the
ODMR spectra, as summarized in Fig. 3(b). The numer-
ical results also fit well with the theoretical formula of
Eq. (1). As an application of this result, one can use the
ODMR splitting and width under zero field to estimate the
nitrogen concentration of unknown diamond samples if the
light illumination is sufficiently well characterized. From
a diamond material growth and N-V~ center generation
point of view, as a large nitrogen concentration is a pre-
requisite for dense N-J centers, it is preferred to maximize
the efficiency of nitrogen to N-J center conversion and
leave few nitrogen impurities (P1 centers) in the diamond
lattice.

In order to directly compare the numerical results
with the experimental ODMR spectra, we incorporate the
effects of N-V spin dephasing and microwave power broad-
ening in the numerical simulation. Considering the effect
of microwave driving, the ODMR spectra are broadened
by a factor proportional to Q%e / (Q%2 + (27 A)?), where Qp
is the Rabi frequency and A is the detuning of the driving
microwave. With the following parameters: N-J~ con-
centration [N-}/~] = 3 ppm, nitrogen concentration [N] =
200 ppm, 1/T5 =2 MHz, and Qp = 27 x 4 MHz, the
simulation results are in good agreement with the exper-
imental ODMR spectra, as shown in Figs. 4(a) and 4(b).
Details can be found in the Supplemental Material [28].

We then consider the role of laser excitation in determin-
ing the key feature of ODMR spectra in the weak excitation
region. First-principles calculations suggest that the energy
required for the N-J® + N® = N-V~—N* reaction is
always negative [39]. Therefore, N-V~—NT pairs are stable
in the dark. Under laser excitation, however, the reverse
process can take place, and part of the N-V~—N™ pairs
are charge neutralized. In our measured samples, this most
likely takes place through a one-photon process [40], as
weak laser excitation is sufficient to induce this effect. The

(b) ‘
,® 15
. 20+ K
T s ¥ 1 ~
=] PO SR R
o) Vo =
c o 7~ <
£ 10} o ©
E . Is
& /" e Splitting =
= Width
ok ‘ ‘ o
0 100 200 300
[N] (ppm)

Numerical results on nitrogen concentration. (a) The probability distribution of N-J resonant frequency under different

nitrogen concentrations ([N-/~] = 3 ppm). (b) Splitting and width of the numerical spectra as a function of the nitrogen concentration.
The dashed lines are fitting results with Eq. (1). Note that spin relaxation, spin dephasing, and other technical broadening factors (e.g.,
microwave power broadening) are not considered in this simulation.
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into the corresponding N-V~ ratio for the simulation. The parameters for the numerical simulation are [N] = 200 ppm, [N-V"]1=3
ppm, 1/75 = 2 MHz and Qr = 27 x 4 MHz. (c) Splitting of the ODMR spectra. (d) Width of the ODMR spectra. The red line are the
fitting result from the simulated ODMR spectra (without light narrowing), while the blue line also considers the light narrowing effect

[19].

equilibrium charge state of N-J centers under laser exci-
tation can be obtained from the experimental data shown
in Fig. 1(d). For the remaining N-V~ centers, we calculate
their ODMR spectra using the method mentioned above.
The laser power dependence of ODMR spitting and width
are shown in Figs. 4(c) and 4(d).

By directly comparing the numerical (red) and exper-

imental (black) results on laser power dependence, we
find that the splitting values agree well from both sides.
However, there is an obvious gap in the ODMR width val-
ues. This discrepancy may be mainly caused by the effect
of light narrowing. As shown in Ref. [19], the width of
ODMR spectra broadened by the microwave will be nar-
rowed because the laser excitation effectively decreases the
N-V spin relaxation time (7). To account for the effect
of light narrowing, we rerun the above numerical simula-
tion but without the effect of microwave power broadening.
The obtained ODMR widths are treated as intrinsic widths
(only the effects of N-V spin dephasing and charge neutral-
ization are considered). Next, we use Eq. (1) from Ref. [19]
to refine the dependence of the ODMR width on the laser
power. This agrees well with the experimental results, as
plotted by the blue symbols in Fig. 4(d).

I11. DISCUSSION

The laser-induced charge neutralization of N-V~—N*
pairs would affect the performance of N-V—based quan-
tum sensing. On the one hand, the fluorescence of N-}?
increases the background level and decreases the spin-
dependent fluorescent contrast of N-J~ centers. On the
other hand, the influence on the splitting and linewidth
can degrade the sensitivity based on ODMR detection,
especially at low magnetic fields. Take the ODMR spec-
tra shown in Figs. 4(a) and 4(b) as examples: when the
laser intensity increases from 13 to 225 wW/ wm?, the
ODMR contrast decreases from 0.036 to 0.026, the ODMR
width narrows from 20.2 to 11.1 MHz and the N-V flu-
orescence counts increase from 170 x 103 counts/s to
2306 x 10° counts/s, resulting in an improvement of the
magnetic sensitivity from 377 to 78 wT/+/Hz. It is clear
that higher laser intensity is preferred to increase the
sensitivity of N-V—based quantum sensors in the weak
excitation regime. For some applications where the laser
intensity is limited by other factors, it is crucial to main-
tain a stable light power. For example, in experiments with
living cells, the light exposure should be less than 20 J/cm?
to avoid phototoxicity [12]. Assuming an experimental
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integration time of 1 min and disregarding other factors
(e.g., wavelength), the safe laser intensity is approximately
3.0 nW/pm?. Therefore, it is necessary to maintain a sta-
ble laser power in biosensing applications of diamond N-V
centers.

The contribution of internal electric fields becomes more
significant at zero and low magnetic fields, so appli-
cations of N-J~based quantum sensors under these cir-
cumstances should pay particular attention to this effect.
For example, zero-field magnetometry [41—43], zero- and
ultralow-field nuclear magnetic resonance [44], magne-
toneurography and magnetomyography [45], temperature
sensing and intracellular sensing [18,46,47], and so on.
Note that, although the light-induced charge-state conver-
sion is a general effect, an external magnetic field could be
applied to suppress the electric field coupling and mitigate
the influence on magnetic sensitivity. We also measured
the laser power dependence of ODMR width under an
external magnetic field about 58 G. As shown in Fig. S6(c),
only a slight narrowing effect has been observed, indicat-
ing a significant suppression on the coupling of the internal
electric field by a large Zeeman splitting. It is worth noting
that the dependence of ODMR splitting on laser intensity
at (near) zero magnetic field cannot be explained by the
light-narrowing effect alone.

In our numerical simulation, we made the simplified
assumption that an N-V" center pairs only with its nearest
nitrogen atom. In fact, with multiple N atoms available,
an N-J center could also pair with other nitrogen atoms.
In addition, the pair “partner” of a particular N-J center
may change over time. Nevertheless, the good agreement
between the simulation and experimental results indicates
that the simplified model captures the key features of laser-
induced charge neutralization of N-V~—N* pairs and the
changes of local electric field environment.

In summary, we experimentally observe unambiguous
laser-power dependence of (near) zero-field ODMR spec-
tra of N-V ensembles in nano-, micro-, and bulk dia-
monds. In the weak-excitation regime, both the width and
the splitting of the ODMR lines decrease with increas-
ing laser power, which is accompanied by a reversible
change of the height of the N-V~ ZPL peak. We use
the N-V~—N* pair model and perform numerical simu-
lations to verify the effect of laser-induced charge neu-
tralization. It turns out that both the laser power and the
nitrogen-concentration dependence can be well understood
with this simple model. These results will be useful in
diamond-based quantum sensing applications, for exam-
ple, probing biological intracellular signals and in studies
of temperature-sensitive thin-film materials.
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