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Modulation of a vector light field has played an important role in the research of nanophotonics. However, it is still a great
challenge to accurately measure the three-dimensional vector distribution at nanoscale. Here, based on the interaction
between the light field and atomic-sized nitrogen-vacancy (NV) color center in diamonds, we demonstrate an efficient
method for vectorial mapping of the light-field distribution at nanoscale. Single NV centers with different but well-defined
symmetry axes are selected and then interact with the same tightly focused light field. The excitation of a single NV center
is related to the angle between the NV center axis and the polarization of the light field. Then the fluorescence patterns of
different NV centers provide the information on the vectorial light field distribution. Subsequently analyzing the fluores-
cence patterns with the help of a deep neural network, the intensity and phase of the light-field vectorial components are
fully reconstructed with nanometer resolution. The experimental results are in agreement with theoretical calculations. It
demonstrates that our method can help to study light-matter interaction at nanoscale and extend the application of vector

light fields in research on nanophotonics.
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1. Introduction

High-precision vector light-field manipulation has been widely
studied in both fundamental physics and applied optics, such as
superresolution imaging!' ™), nanoplasmonics'*®, and topo-
logical photonics” "%, The exact knowledge of the vectorial
light-field distribution at nanoscale is particularly important
for characterizing light-matter interaction and optimizing the
generation of a complex light field. Several methods have been
proposed to detect vectorial light-field distributions with high
spatial resolution. For example, the knife-edge technique!''?!
and near-field scanning optical microscope!’*™"*! use scanning
sharp edges or small tips to obtain the vectorial distributions of
a light field with subwavelength resolution. However, the mea-
surements strongly depend on the geometry and material of
probes!'®. In addition, the movement of an external tip might
induce perturbation to the light field. This high requirement
on the quality of the probes and the experimental process limits
the applications of these methods.

Recently, single-photon emitters, such as single molecules
and color centers, have emerged as a platform to study light-
matter interaction at nanoscale!’’?!l. As one of the most
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promising candidates, the nitrogen-vacancy (NV) center in a
diamond with stable photophysical properties has been applied
for high-resolution electromagnetic field sensing and imag-
ing!?**), Especially, the detection of magnetic field vectors at
nanoscale has been demonstrated with NV centers of different
but well-defined symmetry axes!>*~"),

In this work, we use single NV centers in a bulk diamond as
sensors to detect the vectorial light-field distribution under the
tight focus conditions. Single NV centers of different symmetry
axes are selected and interact with the same light field. Since the
nonresonant excitation of an NV center is related to the angle
between the symmetry axis and the light-field vector, different
fluorescence patterns that contain the vectorial information
on the light field are collected with different NV centers. By ana-
lyzing the fluorescence patterns of different types of single NV
centers with the help of a deep neural network, the intensity and
phase of light-field vector components can be fully recon-
structed. The results match the theoretical expectation. It dem-
onstrates that the atomic-sized NV center can be used as a probe
to detect the vectorial light field with high spatial resolution and
low perturbation. This technique can help to optimize the
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generation of a complex light field and study light-matter inter-  information. Combining the information from the measure-
action at nanoscale. ment with different NV centers, the vectorial distributions of
the light field can be fully reconstructed.

A [100] surface and (110) edge single-crystal diamond plate
that contains four types of NV centers with different axes is
applied in this work to detect the vector light field. Single NV
The principle of our method is shown in Fig. 1(a). The size ofan ~ centers are produced through low dosage nitrogen ion
NV center is actually much smaller than the size of a vector light ~ implanting and subsequent annealing. The depth of NV centers
field. In order to express the principle of our method more is estimated to be approximate 20 nm. The NV centers with dif-
clearly, the sizes of NV centers are deliberately enlarged in  ferent axes are identified through electron spin resonance spec-
Fig. 1(a). The optical excitation efficiency of a single NV center ~ trum. As an example, one of the four possible NV centers in the
is related to the angle between the NV center’s symmetry axis ~ diamond plate is shown in Fig. 1(c). The x and y axes are defined
and the polarization of a light field®**", One example of the ~ according to the edges of the plate. The light field propagates
polarization-dependent excitation of a single NV center is  along the direction of the z axis in our experiments. The sym-
shown in Fig. 1(b), where a linearly polarized light beam is used ~ metry axis of the NV center in Fig. 1(c) is [0 S ‘/3]. The plane

2. Methods and Experimental Results

> 73073
to pump the NV center. The corresponding symmetry axis of the  perpendicular to this axis can be written as /2 - y + z = 0 and is
single NV center is shown in Fig. 1(c). We can see that the col- | oted as M. According to previous research>’ %), the fluores-
lected fluorescence intensity changes with the polarization of  ence intensity radiated by the NV center is proportional to
excitation. By selecting NV centers with different axes and scan-  the projection of the excitation light-field vector in the M-plane.

ning the relative positions between NV centers and the light  The fluorescence emission of a single NV center under the exci-
field, a series of fluorescence patterns can be obtained. Each pat- [30,34]

. . %
tern contains part of the vectorial light-field distribution tation of a light field E can be calculated as

LNV x (ExNV)  j=1234 (1)
(a)
—
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225 315 Therefore, by recording emission of these four types of NV
centers, we can obtain four equations about the light-field vec-
tor E. Mathematically, the light-field vector consists of the
squared electric field components |E,|*, |E,|* and |E,|* and

Fig. 1. (a) Principle of using NV centers to detect the vectorial distributions of the phases ¢,, Py> and .. It means that four equations are
a light field. The single NV centers with different but well-defined axes interact ~ not sufficient to directly solve the light-field vector. Here, we
with the same light field. The corresponding fluorescence emission is then consider that the to-be-detected light field is generated under
analyzed to obtain the vectarial distributions of the light field. (b) Normalized ~ the tight focus condition. Taking this prior knowledge to deduce
fluorescence intensity of the single NV center versus the x-y plane laser the vectorial light-field distribution, the six unknown variables
polarization angle a. ar= 0° corresponds to xaxis. (c) Diagram of the NV center of the vector light field can be solved by the sensing results from
with symmetry axis of [0, */TE , */73] The white sphere represents the nitrogen the four different NV centers. We combine the prior knowledge
atom, the red sphere represents the vacancy, and the blue sphere represents and the neural network to reconstruct the vectorial light distri-
carbon atom. The translucent circle represents the surface perpendicular to bution. This technique is called deep physics prior (DPP).
the NV center axis and is noted as M. Untrained generative models are a class of machine-learning
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Polarization Angle a(°)

071202-2



methods for image reconstruction, such as deep image prior'>!

and deep decoder®). These models do not require any training
data, and only test samples to learn. For example, deep image
prior uses a generative network for image reconstruction, usu-
ally a convolutional neural network. The input of the generative
network makes a fixed random vector; the error function is
defined as the difference between the output of the generative
network and the test sample. By training deep image prior, tasks
such as image denoising, image restoration, and superresolution
imaging can be accomplished with high performance.

We introduce the light-field focusing and NV center sensing
into the deep image prior model to construct the DPP architec-
ture. The input to the model is a random vector, and the inten-
sity and phase of free-space light are output through a fully
convolutional neural network (FCN). The free-space light goes
through a physical process [tightly focused by a high numerical
aperture (NA) object], which is an angular spectral integration
in mathematics, followed by the output of the vector distribu-
tions of the light field under tight focus conditions. DPP directly
models the entire physical process of NV centers interacting
with the tightly focused light field and is embedded in the deep
image prior architecture. The physical process forms a con-
straint on the solution as prior knowledge, allowing us to solve
the vector light-field distribution with an insufficient number of
equations. The DPP deep neural network overview is shown in
Fig. 2(a).

To verify our method, we use NV centers to detect the tightly
focused radially polarized beam, which has been extensively
studied in optical storage””**), laser machining®**), and optical
trapping!*®*']. Based on the theory of focusing of polarized
beams, when the radially polarized beam is tightly focused by
a high NA objective, the electric field in the focal plane can
be written as!*>*’!

E.(r,z) =A fa cos'/20 sin(20)1(0)], (kr sin @)e*=<os dg, (6)
0
and

E,(r,z) = 2iA /a cos'/2@sin? 01(0)] o (kr sin B)e* < 0dg. (7)
0

E, and E, represent the radial and longitudinal components of
the electric fields, respectively. The upper limit of integral
a = arcsin(NA/n). J, and J; are the Bessel function of the first
kind. k = 27/ is the wavenumber of the beam in the medium. A
is the strength at the pupil aperture. The function /(8) describes a
Bessel-Gaussian beam, which can be expressed as!*?!

1(6) = exp [—ﬂ2 (S?“ 9)2}11 (Zﬁ sin 9), ®)
sSin a sSin a

where f is the ratio of the pupil’s radius and the beam waist,
which we take as unity in our configuration. Considering boun-
dary conditions at the interface, the transverse component of the
electric fields has to be continuous across the diamond interface.
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Fig. 2. (a) DPP deep neural network overview. RV, random vector: OBJ, objec-
tive. (b) Calculated intensity and phase distributions of the radially polarized
beam in the focal plane under the tight focus condition (NA = 0.9). The inten-
sity distribution results are normalized by total intensity. (c) Schematic of the
experimental setup with a home-built confocal nanoscopy. PBS, polarization
beam splitter; VR, vortex retarder; GL, galvo scanning mirrors; SPCM, single-
photon counting module; LP, long-pass filter; DM, dichroic mirror; OBJ, objec-
tive; PZT, piezoelectric displacement table. Scale bars in (b) are 200 nm.

. Iy
v

o

N

DM

However, the longitudinal component of electric fields changes
when entering the diamond**), which can be written as

Ezlgl = EzZEZ' (9)

E,, is the z component of the electric fields near the diamond
surface in air, and ¢, is air relative permittivity. E,, is the z com-
ponent of electric fields” inner diamond, and ¢, is the diamond
relative permittivity. Therefore, the change in refractive index
caused by the diamond will decrease the E, component.
Based on the study of focusing near the planar interfacel**),
we use the angular spectrum integration method to calculate
numerical solutions of the vector light distribution generated
by NV centers inside the diamond interacting with a radially
polarized beam under tight focus condition. The calculated val-
ues are shown in Fig. 2(b).

The experimental detection of the light field is performed with
a home-built confocal microscopy system, as shown in Fig. 2(c).
A 532 nm laser passes through a polarization beam splitter and
transform into a p-polarized beam. The beam is then sent to a
vortex retarder (Thorlabs, WPV10L-532). The fast axis of the
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vortex retarder is aligned with the direction of the beam polari-
zation. The radially polarized beam is then generated and
focused on the NV center by an objective (NA = 0.9). The objec-
tive is also used to collect the fluorescence of the NV center. The
fluorescence radiated by the NV center is separated by a long-
pass dichroic mirror (edge wavelength 555 nm) and then sent
to a pinhole. The pinhole can prevent background from the
out-of-focus plane. Finally, the fluorescence of the NV center
is collected by a single photon-counting module after passing
through a long-pass filter (edge wavelength 647 nm). A piezo-
electric displacement table is used to place the diamond and
to select the NV centers with different axes. In this way, the fluo-
rescence patterns of single NV centers with different axes are
obtained. Since the position of the NV center is fixed during
scanning, the variation of the collecting point spread function
can be ignored. The collected fluorescence intensity would be
determined by the interaction between the NV center and the
to-be-detected light field.

The fluorescence patterns generated by NV centers with four
different axes are shown in Fig. 3. Four different types of NV
centers are labeled as NV, NV,, NV;, and NV, in Fig. 3(a).
The corresponding fluorescence patterns are shown in Fig. 3(b).
The pixel size of the images is approximately 34 nm, which is
limited only by the accuracy of the scanning mirror. The results
are a match with the numerical simulations of fluorescence
emission under the excitation of a tightly focused radially polar-
ized beam [Fig. 3(c)]. The small difference between the experi-
mental measurements and calculation values might be caused by
uncontrollable mechanical vibrations during the scanning proc-
ess, the imperfection of the tightly focused light-field distribu-
tion, and the background noise.

With the assistance of the DPP deep neural network, the
three-dimensional vector field distribution of the radially polar-
ized beam under the tight focus condition is reconstructed in
Fig. 4. The intensities of the x and y components in the focal
plane both show two semicircular symmetric distributions.
For the intensity distribution of the z component, there is a
bright spot in the center, surrounded by a weaker ring. As for
phase distributions, there is a significant difference between
the left and right sides of the x component and a significant dif-
ference between the top and bottom sides of the y component.
For the z component, there is a significant difference between
the inner and outer circles. Meanwhile, we can clearly observe
there exists around 0.497 difference at the center in the ¢, dis-
tribution compared to the ¢, and ¢, distribution, where the
theoretical value is 0.57z. The phase reconstruction results show
alower signal-to-noise ratio at the edge of the three components.
This is because NV fluorescence intensities in these areas are
weak. The reconstruction results are in general consistent with
the theoretical calculation values in Fig. 2(b), which demonstrate
that our method can detect the three-dimensional vector light-
field distribution with high spatial resolution. In the future, we
will further improve the accuracy of our method by optimizing
the experimental system and improving the NV center fluores-
cence counting.
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Fig. 3. (a) Four NV centers with different axes in the [100]-oriented diamond
are used to detect the light field. The corresponding coordinate system is set
near NV;. (b) Experimentally obtained fluorescence patterns in the focal plane
with the excitation of a radially polarized beam; the fluorescence is recorded
with the NV centers in (a). (c] Theoretical estimated fluorescence patterns of
NV centers in the focal plane; the fluorescence intensities are normalized by
the maximum value in each image. Scale bars in (b) and (c) are 200 nm.
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Fig. 4. Reconstructed intensity and phase distributions for the three field
components of the radially polarized beam in the focal plane. The intensity
distribution results are normalized by total intensity. Scale bars are 150 nm.

3. Discussion and Conclusion

The vectorial measurement with the NV center can be used as
feedback to optimize the generation of a complex light field. It
will also help to study light-matter interaction at nanoscale. For
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