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Abstract

In this article, we explore the effect of two different infrared (IR) laser wavelengths on the optical
properties of trapped nano-diamonds containing high-density ensembles of nitrogen vacancy (NV)
centers. We investigate 975 nm and 1064nm wavelengths for trapping lasers and find that NV
photoluminescence quenching is more prominent for 1064nm illumination than for 975 nm
illumination when simultaneously excited with a 532 nm laser. In order to understand the underlying
mechanism, we develop a rate-equation-based model that takes into account various transition
probabilities. The model suggests that the findings cannot be explained only by imposing modification
ofthe NV charge-state ratio under varied illumination wavelengths, and, thus, we speculate that the
effective ionization and recombination rates associated with NV charge states for the studied samples
are highly wavelength-dependent in the probed regime. Importantly, the results demonstrate that
975 nm laser is desirable for optical trapping of NV-diamonds, especially for NV-based sensing
applications.

1. Introduction

Nitrogen-vacancy (NV) center, an optically active spin defect in diamond, is an excellent candidate for room
temperature quantum sensing [ 1-4] due to its unique properties, such as all-optical spin initialization and spin
readout, relatively long coherence lifetime, high quantum yield, etc [5]. The strength of NVs originates from
their unique level structure. When NVs are excited with a 532nm green laser, the photoluminescence (PL)
spectrum displays two zero phonon lines (ZPLs) at 637 nm and 575 nm corresponding to negatively charged
(NV ™) and neutral charge state (NV’) and a large phonon side-band extending up to 800 nm wavelength [5, 6].
Amongst the two charge states, NV~ is a spin-1 system with a triplet ground state, which can be readily initialized
and readout via an optical excitation, typically with green light at ~532 nm, owing to the inter-system crossing
mechanism [5]. The spin states of NV can be controlled by applying appropriate static and radio-frequency
magnetic fields, transforming this defect into a versatile nanoscopic sensor [7—11]. Interaction of NV centers
with localised surface plasmons in metals results in interesting changes in emission properties [12, 13].
Additionally, nano/micro-diamonds containing NV centers are fully biocompatible [14, 15] with immense
functionalization possibilities [16]. Thus, NVs residing in nano/micro-diamonds can be utilized for diverse
biosensing applications from bio-marking to magnetometry [17-22]. Furthermore, the ability to trap NV
nanodiamonds using optical tweezers provides an additional knob for controlling position and motion of this
sensor [23—26]. Optical trapping is mostly achieved using IR laser beams as the absorption by biological samples
is minimal in this region. However, the presence of IR trapping laser has been consistently shown to significantly
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Figure 1. Schematic of the experimental setup to measure the photoluminescence spectra of trapped nanodiamonds.

lower the NV PL intensity [23, 27-30]. The sensitivity of NVs is inherently tied to the PL efficiency, and thus
finding a reliable trapping laser is essential for performing sensing experiments.

Although NV PL quenching under IR illumination is a well-reported phenomenon [30, 31], there is no
consensus on the underlying mechanism. The quenching is generally attributed to complex charge dynamics in
diamonds [28-30, 32], however, a systematic study comparing the effects of varied IR illumination wavelengths
is unavailable. In this manuscript, we show that two trapping lasers with wavelengths 975 nm and 1064nm have
identical trapping characteristics, but have a visibly distinct influence on the optical properties of NVs.
Specifically, the results demonstrate that in conjunction with green laser for excitation, a 975 nm laser is well
suited for trapping NV nanodiamonds due to two to three times less PL quenching in the relevant power density
regime. Furthermore, by means of simulation, we show that in the infrared regime, the ionization and
recombination rates for the two prominent charge states of the NV center are highly wavelength dependent.
Specifically, the rates are significantly higher for an illumination wavelength of 1064nm than those for an
illumination wavelength of 975 nm, in the presence of a green (532 nm) laser, used as a primary source
excitation.

2. Experimental details

Nanodiamonds (~diameter 0.5 ym, MDNV1umHilOmg, [26] 3ppm NV centers, Adamas Nanotechnologies)
were trapped with optical tweezers using an infrared laser. The optical trap is set up using the optical Tweezer kit
(OTKB, Thorlabs), shown in figure 1. The infrared lasers used for trapping the nanoparticles are passed through
apolarizing beam splitter (PBS). These polarized beams are made to fall onto a dichroic mirror which reflects the
beam towards an objective lens (1.3 NA, 100 x, Olympus, oil immersion). The objective tightly focuses the beam
onto the sample stage.

On the sample stage, a suspension of the microparticles in water is placed between a glass coverslip and a
glass slide. The incident light is partially scattered by the particles in the sample chamber and the forward
propagating beam containing scattered and unscattered light is collected by a condenser(10 x, 0.25 NA, Nikon)
which passes the beam to another IR reflecting dichroic mirror. The subsequent reflected beam is then split into
two orthogonal polarization components by another polarizing beam splitter. The transmitted beam is passed
onto a quadrant photodiode for position detection. To excite the trapped nanodiamonds, a 532 nm green laser
(diode pumped solid state laser) is passed along with the IR through the orthogonal face of the polarising beam
splitter which reflects the polarised green light into the sample chamber similar to the IR beam. The dichroic
mirror partially allows the green light. A CMOS camera in the back focal plane is used for imaging. A visible LED
source is used to illuminate the sample chamber. The nanodiamonds absorb green light and emit red. Therefore,
a 580 nm long-pass filter in the back focal plane is used to filter out all visible wavelengths other than red. This
filtered backscattered light is split by a 50:50 beam splitter. One component is sent to the camera for imaging,
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Figure 2. Energetically possible pathways for excitation, relaxation, ionization, and recombination processes between different energy
levels [28, 33]. Green arrows indicate excitation processes associated with 532 nm(r;), 975nm (/;) and 1064nm (k). The red arrows
represent relaxation processes governed by the excited state lifetimes, the yellow arrows describe ionization and recombination
processes. § is the two-photon ionization mechanism associated with 975 nm.

and the other halfis passed to a spectrum analyzer (Research India, RI Series Spectrometer, Model No. RIFS-
VSS-TEC). Diamond nanoparticles are trapped with two different IR sources emitting at 975 nm (Butterfly laser,
Thorlabs) and 1064nm (diode laser, Lasever) and simultaneously illuminated with a green laser. The emission
spectra of the diamond particles are recorded with the spectrum analyzer at different powers of the lasers. The
two different IR sources are tuned to have similar powers at the sample stage. For each fixed power of IR laser, we
measure the PL by varying the power of the green laser. To record data that is statistically significant as well as to
boost signal-to-noise ratio, we performed measurements on nanodiamond clusters.

3. Modelling

We consider a four-level system as shown in figure 2 to simulate the NV charge dynamics under simultaneous
green and IR illumination. The four-level system [32] is an effective model involving the ground and excited
states of the two charge states of NVs (namely, NV~ and NV°).

For a steady-state scenario, one has to solve the set of rate equations (in the matrix representation). Here I,
and I, in the evolution matrix correspond to the power of green and infrared (in this case, 975 nm) lasers
respectively. The single-photon processes depend linearly on the laser power, whereas the two-photon processes
are quadratic in nature. The ground state and the excited state are denoted by g;, e; for NV~ and g5, e, for NV°.
We treat the system as closed involving only four energy levels in total and impose the condition of conservation
of NV population. We are performing continuous wave experiments at timescales which is substantially longer
than the timescale of underlying physical processes occurring in the system. Consequently, the steady state
condition is a reasonable assumption for the population change rate of energy levels.

—Ln — I;(h + 6) 1p 0 Loy + L;ys 0 s gt 0
1
Igﬁ + Ii%ll —Igal - Iir’Yl — Tip 0 0 0 ey et 0
Il-26 Igal + Iir’}/l —Igrz — Iizrlz 2p 0l &= 1 0
€ et 0
0 0 Igi’z + Iizrlz —IgOQ — I,'/}/z - sz 0 1 (2) 0
| 1 1 1 1 —1]

In the aforementioned evolution matrix, and figure 2, (ry, 1), (I, L), (ki k1) represent the excitation and
relaxation rate of NV~ charge state under the illumination of wavelengths 532 nm, 975 nm, and 1064nm
respectively; suffix 2 has been used to indicate the rates pertaining to N’ Vo charge state. (v, 71, 81), and (2, 725
() denote the rates of ionization and recombination under the presence of wavelengths of 532 nm, 975 nm, and
1064 nm, respectively. The symbol § corresponds to the charge state conversion process from NV~ to NV’ bya
two-photon mechanism under the illumination of 975 nm wavelength. For 1064nm illumination, § = 0 as the
two-photon process leading to the ionization of NV~ from its ground state is energetically unfavorable.

We use experimental as well as reported data to fix as many parameters as possible to ensure that the final
results remain reliable and unique. The excited-state lifetimes were taken to be 21 ns and 12 ns for NV® and
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Figure 3. Power spectral density corresponding to the Brownian fluctuations of an NV bearing microdiamond of 0.5 ym diameter
trapped ina 50 mW laser beam of (a) 975 nm and (b) 1064nm wavelength at the sample plane. The fitted curves according to
equation (1) are shown in a solid black line.

Table 1. The table shows various parameters in the model with their effective values. The
experimental data does not exhibit a nonlinear dependence on laser power, validating that all
likely two-photon processes are irrelevant, at least, in the investigated illumination power

density regime.

Parameters Effective values

T1p 83.33 s

T2p 47.62 jus!

1,1 16.70 x 102 (uW)™!
a 0.70 x 1072 W tpus™!
a 151 X 1072 W s
B 0.28 x 1072 W pus™!
6, 0.45 x 1072 Wt pus™!
" 0.05 x 10> puW s
Y2 0.08 x 1072 W pus™!
I, by ks Ky 0.00 (uW)~2

Kips kaplips Loy 0.00 s~

6 0.00 pW2ps™*

NV, respectively [34]. The ionization rate for 532 nm illumination is chosen to match those reported by Aslam
etal[32]; in both of these studies, the optical setups and, consequently, the laser power densities at the sample
plane are reasonably analogous. The recombination rate for our specific system is the only free parameter under
green excitation, which can be readily evaluated by taking into account the PL ratios associated with the two

states, i.e. %. This ratio was obtained experimentally from integrated, background-corrected PL by splitting
NV
itinto two parts, below (related to NV?) and above (related to NV ™) 650 nm, and was taken as input to our model

(figure 5(c)). Moreover, the data does not show any non-linear behavior as a function of IR laser powers; thus,
the simulation ignores the virtual two-photon process (4, I, b, etc.). The extracted values of the effective
parameters are listed in table 1.

4, Results and discussions

We optically trap a single microdiamond particle in water with two different IR lasers at 50 mW power. The
power spectral densities(PSD) for positional fluctuations of a nanodiamond in an optical trap are shown in
figures 3(a) and (b). The experimentally obtained (PSD) are fitted to the general form for PSD of an optically
trapped particle in a pure viscous medium given by equation (1) [35, 36]. The corner frequency f, is related to the

trap stiffness k as f, = — where +yis the drag coefficient experienced by a spherical particle in the viscous

medium. Since PSD data is recorded as voltage fluctuations in the photodiode, a conversion factor /3’ is
multiplied to convert it from V?/Hzto nm”/Hz.

kT

PSD = 3 (1)

I S
42 (f* + ff).
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Figure 4. Integrated PL (area under the PL curve) plotted against the excitation laser(green) power with simultaneous (a) 975 nm
illumination and (b) 1064 nm illumination shows a decreasing trend with increase in power of IR from 20 mW to 100 mW. The
wavelength dependent PL curves at the corresponding powers of 975 nm and 1064nm are shown as insets of (a) and (b) The green
curve represents the reference PL spectrum under green illumination. PL emission in the absence of IR wavelengths is shown in green
inboth (a) and (b), and their corresponding insets. The markers in plots (a) and (b) represent the experimental data, while the error-
bars result from the time-dependent PL fluctuations (~10%) occurring during the data collection interval. (c) Ratios of integrated PL
intensities at different powers of 975 nm and 1064nm averaged across different powers of the exciting wavelength (green laser).
Subsequently, the lines in (a) and (b) and markers in (c) depict the simulation results.
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From the results shown in figure 3, we find the trap stiffness to be 1.93 4 0.11 pNum ™" and
1.88 £ 0.06 pNum ™' when microdiamonds of diameter 0.5 jsm are trapped with beams of 1064 and 975 nm,
respectively. Similar trap stiffness values indicate that trapping is not affected by changing the wavelength of the
trapping laser. These results signify that the wavelengths do not alter the trapping characteristics; however, NV
PLis considerably modified.

We examine the PL of a diamond excited with a 532 nm (green) laser under different powers of IR
illumination. The PL spectra are recorded in the range of 550 nm to 800 nm to include emissions from both NV°
and NV centers as shown in the insets of figure 4. It is difficult to retain the same cluster in the optical trap
throughout the long experimental duration. This is because the high refractive index of nanodiamonds makes it
conducive for the particle to be removed from the trap. In addition, as the diamonds used in the experiment
contain many NV centers, adding more particles simply increases the PL collection intensities. Therefore, for
each selected cluster, we collect the PL spectrum under only green laser illumination, and the scaling factor is
obtained by taking the ratio of this signal with the reference PL spectrum under green illumination (see green
spectrum presented in the inset of figure 4). The same scaling factor is used to rescale all the other PL spectra
under simultaneous green laser and IR laser illuminations. We obtain the integrated PL for figures 4(a) and (b)
by integrating the photoluminescence intensity over the wavelength range. Additionally, by splitting integrated
PL into two sections, below and above 650 nm, we experimentally determine the PL ratio of the two charge

states, NV’ and NV, respectively. The PL spectrum obtained by illuminating the green laser is plotted in the
insets of figure 4.
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Figure 5. Charge state conversion rates extracted from the model at the maximum power (100 mW) of IR wavelengths - (a) effective ionization
rate [Leg = (ouly + Y 1ir975 + Bilir,1064) - eleTlgl ], and (b) effective recombination rate [Reff = (aalg + % lir97s + Balir1064) - eziizgz]
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(EN V; ) obtained from the experiments and the simulations for varied excitation conditions. In the simulation for solely 532 nm illumination,
NV

weuse PL vy~ = ripe; and PL 0 = 1y, e,, extra terms with the appropriate coefficients are added in the expression with the introduction of

infrared wavelengths.

The primary observation is that the quenching of PL is more pronounced for 1064nm excitation as
compared to 975 nm excitation. Particularly, at the highest achievable green power (~83 W) and IR power
(~100 mW) in our setup, we see an approximate 45% reduction in intensity for 975 nm illumination, whereas,
for 1064 nm illumination, PL intensity reduces by 80%. Additionally, the reduction of PL intensity depends on
the applied power of IR laser illumination. This is summed up in figure 4(c) as ratios of PL intensities under
excitation with the two IR wavelengths averaged over the powers of green laser.

Atfirst glance, it appears that one can match the observations just by obtaining an appropriate PL ratio of the
two charge states for the used IR laser illuminations. This is because the excited state lifetimes of NV~ and NV°
are different and they can indeed affect the overall PL intensity. However, these PL ratios (as shown in figure 5(c))
by themselves are insufficient to explain the degree of quenching observed in the experimental data. Essentially,
the drop in intensity across the whole PL spectrum requires mechanisms that can remove the electron from the
excited state of both of the charge states before they can relax to the ground state by emitting a photon. The
experimental data can only be explained if we take into account the dependence of ionization and
recombination rates on IR wavelengths. The simulations ascertain that under 1064nm excitation both the rates
must be higher than those obtained in the case of 975 nm excitation as shown in figures 5(a) and (b). This
inference also suggests that 975 nm laser excitation is not only suitable to obtain higher count-rates but also to
preserve NV charge and spin states for longer duration. Simple energy arguments are inadequate to justify the
effectiveness of 1064nm laser at inducing rapid cycling of NV charge states, and further investigations are
required to understand the origin of the wavelength-dependent ionization and recombination cross-sections.

The implemented theoretical model is certainly rudimentary and does not involve any mechanism that has
not already been firmly established. Nonetheless, it can definitely be thought of as an effective model with
effective coefficients of the complex system involving multiple-charge states and other defect states such as
nitrogen [37] and surface states [38]. Thus, our speculations imply that some unidentified processes are playing a
major role in determining the charge (and possibly spin) dynamics at the investigated IR wavelengths. Other
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speculations to account for PL quenching include hard-to-probe mechanisms like multiphoton absorption
processes [29], Jahn-Teller like splitting of energy levels due to interaction of the lattice with IR photon [28], and
spin dependent charge state interconversion [29, 31]. However, our data can not prove or disprove any of these
mechanisms. Additionally, our model proposes a possibility of wavelength-dependent dynamics among various
charge states of NVs, which has not been presented in the reported literature. It is currently unclear whether this
phenomenon is only present in nanodiamonds and in samples containing high-density NV ensembles, thus,
systematic wavelength-dependent PL analysis of samples having varied defect concentrations is necessary to
shed more light on the underlying physics.

Diamond with NVs s a standard material used for approaching quantum sensing. The NV centers can be
addressed with a 532 nm laser, while the diamond particle itself can be simultaneously confined within an
optical trap. It is known in the community that 1064nm, which is a standard wavelength for optical trapping,
especially in biological systems, affects the PL intensity when used in conjugation with 532 nm laser. We report
here that another standard wavelength, 975 nm, is a much better choice for optical trapping.

5. Conclusion

In summary, we find that the PL emission from NV nanodiamonds is significantly higher for 975 nm
illumination as compared to that for 1064nm illumination while the optical trap stiffness is comparable for both
the infrared wavelengths. Our simulations suggest, amongst two studied wavelengths, illumination of 1064 nm
laser results in fast charge-state transformations. While the cause of this effect is currently unknown, our
observations establish that a laser of 975 nm wavelength is more suitable for trapping nanodiamonds when its PL
is conjointly utilized.
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