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ABSTRACT: Optical magnetometers based on alkali vapors, such
as rubidium, are among the most sensitive technologies for
detecting and characterizing magnetic fields. Following the recent
effort in miniaturizing atomic-based quantum technologies, the last
years were marked by a growing interest in developing integrated
quantum nanophotonic circuits for a vast range of applications.
Motivated by the attractiveness of such chip-scale integration, we
present and experimentally demonstrate an integrated magnetic
sensing platform, based on a nanophotonic-chip interfaced to a
microfabricated alkali vapor cell. Magnetically induced circular

n

dichroism in rubidium vapor is measured using a planar structure that spatially resolves the handedness of incoming photons
depending on their spin. The presented approach paves the way toward further integration of highly sensitive magnetometers, with
potential for future applications, such as in high-spatial resolution magnetic vectorial imaging.

KEYWORDS: integrated photonic, dielectric nanoantenna, atomic physics, magnetometry

hip-scale integration of atomic vapors with photonic
systems provides a fundamental building block for
quantum devices and sensors. Alkali vapors, such as rubidium
(Rb), are extensively being used in several important fields of
research and applications such as slow and stored light,'
nonlinear optics,2 quantum computation,3 generation of single-
photons,4 radio frequency detection,” atomic clocks,’® or
magnetometry.” Several miniaturized rubidium systems have
been demonstrated over the past few years, including atomic-
cladded waveguide,g_m antiresonant hollow core waveguide,14
and coupled atomic-plasmonic systems.””~'” Aside from
providing a path toward mass production, the high level of
integration of these chip-scale configurations greatly enhances
light—vapor interactions. As an example, tight confinement of
light in a nanoscale waveguide can lead to strong atom-light
interactions enhancing nonlinear processes, paving the way for
applications such as few photons communication system by all-
optical switching.®
However, integration and miniaturization come at a price,
and the extreme confinement of light in an atomic cladded
waveguide is typically followed by broadening due to short
time interactions (transit time broadening), increased Doppler
broadening (due to large photon momentum), and Van der
Waals position-dependent shift.” In order to develop an
efficient miniaturized atomic nanophotonic chip with perform-
ance competing with its free-space equivalent, one needs to
circumvent these issues. Doing so, two research paths are
explored. The first is to develop a fully integrated solution such
as a nanophotonic tapered waveguide with a larger optical
mode,"® analogous of tapered fibers. A fully integrated platform
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has the advantage of higher miniaturization, smaller footprint,
and dense integration of more devices on a single chip.
However, the high confinement of the light in this platform
imposes a short interaction time with the atoms, which may
limit some applications.

Alternatively, one may take advantage of the cladding vapor
chamber to achieve free-space interactions where the light is
coupled in and out of the chip using grating couplers. In this
case, additional optical elements, for example, mirrors, should
be used to couple the light back to the photonic chip.'”*° The
main advantage of this approach is the straightforward
implementation of a free-space layout, but this comes at the
expense of complexity, a lower degree of integration, and also
losing the ability to tailor the properties of the light field, for
enhanced light—vapor interactions.

Highly sensitive alkali-based optical magnetometers rely on
the ability to precisely control and detect the state of
polarization of light. In integrated devices, the magneto-optic
rotation requires precise phase matching between the TE and
TM modes of the waveguide,21 which is challenging to be
achieved in highly confined asymmetric waveguides. To
circumvent this challenge, we have adopted a hybrid approach
and demonstrated an integrated hybrid platform for chip-scale
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alkali-based magnetometers, in which a microfabricated Rb cell
is interfaced with a photonic chip. The magnetic sensing
scheme used here is based on magnetically induced circular
dichroism in Rb, in which two orthogonal circular polarizations
are experiencing a large difference in their absorption spectrum
in the presence of a magnetic field>*>* The information
imprinted on each circular polarization is then retrieved using
an integrated guided wave photon spin sorter (PSS), which
spatially resolves the handedness of the incident photons by
driving them toward different waveguides, depending on their
spin. The presented platform can be further expanded, and an
array of PSS can be integrated on-chip, providing a path for
future applications in high spatial resolution magnetometry,
near-field vectorial imaging, or magnetically induced switching
and tuning.

B RESULTS

Design and Characterization of PSS. The general idea
behind the optical measurement of a magnetic field using
atoms can be summarized as follows. Prior to the interaction,
the atomic spins are randomly oriented. These spins can be
aligned using a nearly resonant light beam, which polarizes the
atomic spins to a long-lived ground substate by optical
pumping. Then, this oriented atomic state undergoes Larmor
spin precession under the ambient magnetic field. This
precession modifies the optical absorptive and dispersive
properties of the atomic medium and can be measured by
recording the changes in the transmitted light. Highly sensitive
schemes are based on nonlinear magneto optic rotations
(NMOR), reaching a sensitivity as low as a few femtotesla,™*
even in 1 mm long miniaturized Rb cells.

The basic principle of NMOR-based magnetometers is
based on measuring the change of the state of polarization of
the light interacting with the atomic ensemble, as a function of
the magnetic field. In free space, measuring the polarization
rotation (magnetically induced circular birefringence) is
straightforward using a half-waveplate and a polarization
beam splitter. An alternative way is to measure the change of
ellipticity of the interacting light (induced by magnetically
dependent circular dichroism) by differentiating the signals of
left and right circularly polarized light.*

Measuring circular dichroism in an integrated platform can
be achieved using a PSS, which discriminates the handedness
of incoming photons and spatially separates them depending
on their spin. Our PSS device, presented in Figure 1a, consists
of a single dielectric nanoantenna, supporting an electric Mie
dipolar resonance at the wavelength of interaction with the D,
line of Rb (780 nm), coupled to a waveguide by near-field
interference. The nanoantenna, when excited by a circularly
polarized light, acts as a rotating electric dipole, resulting in
unidirectional excitation of a waveguide mode.”® Our device
was fabricated on a standard silicon wafer with a 250 nm thick
silicon nitride layer grown on a 2 ym thick thermal oxide. The
radius of the nanoantenna is about 300 nm. The separation
from the middle of the waveguide to the close edge of the
antenna is 300 nm, and the gap between the waveguides is 400
nm. These parameters were determined by finite-difference-
time-domain (FDTD) simulation.

The device was characterized by focusing a light beam from
the top. The polarization of the incident beam was varied using
a linear polarizer (LP) and a rotating quarter waveplate
(QWP) prior to the focusing objective, as shown in Figure 1b.
Doing so, the polarization of the incident light can be varied
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Figure 1. (a) Sketch presenting the principle of operation of the PSS,
which spatially distinguishes the incoming photons depending on
their spin. The inset shows a scanning electron microscope image of
the fabricated device, with a 1 um scale bar. (b) Sketch of the
experimental setup for characterization of the device. (c)
Experimentally measured intensity at the output of the two
waveguides as a function of the angle between the QWP and LP
axes. The components of RCP and LCP as calculated from the Jones
calculus are also presented.

from linear polarization to right circular (RCP) or left circular
polarization (LCP), depending on the relative angle between
the fast axis of the QWP and the LP.

The intensity at the output of both waveguides was
measured and plotted as a function of the relative angle
between the LP and the QWP. The result, depicted in Figure
lc, shows a typical sin?(¢) dependency of the collected
intensities, showing that the RCP component of the incident
light is mostly coupled to the “right” waveguide, whereas the
LCP component of the incident light is mostly coupled to the
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“left” waveguide. For comparison, the RCP and LCP
components at the output of the QWP, calculated using
Jones matrix are also presented. Despite the imperfection in
creating a pure circular polarization, we found a good
agreement between the measured output and the calculation.
The discrepancy observed in the experiment may be attributed
to interferences due to a misalignment of the optical setup, the
generation of imperfect circular polarization by using the
QWP, and fabrication imperfections. The latter case might lead
to crosstalk between the output of the waveguides.
Microfabricated Cell. In order to interface the Rb vapor
cell with the PSS, we have constructed a micromachined
silicon-glass vapor cell, as shown in Figure 2a. The cell consists

a Experiment Optical windows
chamber
&
4
i
/5
. |
Rb reservoir
Getter Silicon 4
1.4 mm
1.005 |
C
= Small cell
= Reference
S 1
&
Z
£ 0.995
-l
o
N
=
£ 0.99
£
=]
Z.
0.985
-6 -4 2 0 2 4 6

Detuning [GHz]

Figure 2. (a) Picture of two Rb cells, prior to cutting, showing the
interaction chamber and dispenser chamber with a Rb reservoir pill
and a ring-shaped getter. (b) Sketch of the Rb vapor cell presenting its
dimensions. (c) Measured transmission spectroscopy through the cell,
presenting the D, lines of naturally abundant Rb vapors in our cell,
compared to the absorption in a 7 c¢m long reference cell at room
temperature (not to scale). The inset in (c) shows a photograph of
the cell on top of the photonic chip.

of a 1.4 mm thick silicon frame in which two chambers are
drilled all the way through the silicon and are connected by a
single channel. The chambers are round, with a diameter of 4.2
mum, as illustrated in Figure 2b, and they are designed to have a
clear optical access. In one chamber, a rubidium dispenser pill
is inserted, as well as a ring-shaped getter. The Rb cell is then
sealed, using two borosilicate windows that are anodically
bonded inside a custom-made vacuum chamber at about 10~°
Torr. Finally, the Rb is heat-activated by focusing a 1.5 W
diode laser at 830 nm onto the pill for a time duration of 10—
20 s. Another version of the cell, containing a second getter
inserted in the Rb interaction chamber is also presented in
Figure 2a. The measured spectroscopy of the cell, presenting
the D, resonant lines of naturally abundant Rb, is shown in

Figure 2c. The cell is then placed on top of the photonic chip
(inset in Figure 2c) for magneto-optic measurements. In the
future, the Rb cell can be directly integrated on the chip, for
example, by direct glass-to-silicon wafer bonding,””

Circular Dichroism Measurements. Next, we check the
ability of the PSS to measure circular dichroism induced in the
Rb vapor cell. Figure 3a shows the experimental setup, in
which a linearly polarized light, resonant with the D, line of
Rb, is sent through the cell into the photonic chip. A uniform
magnetic field of about 400 G was applied, parallel to the light
propagation direction, using two ring-shaped neodymium
permanent magnets. The light was focused onto the PSS
nanoantenna using a X microscope objective with a numerical
aperture of 0.14. The incident light was focused to a spot size
of about 7 pm diameter, which covers uniformly the
nanoantenna and a part of the coupling waveguides. In the
future, a metalens can also be integrated into the device,
eliminating the need for an external microscope objective and a
complex alignment. In fact, a metalens with a focal distance of
a few millimeters operating in this spectral range was recently
demonstrated by our group.”® After an interaction with the Rb
vapor, the information contained in the RCP and LCP lights
was spatially separated by the PSS and coupled to the opposite
waveguides. The light was collected at the output of the
photonic chip by lensed fibers and sent to a detector. Two
polarization beam splitter fibers were connected, prior to the
detector (not shown in Figure 3a), in order to select only the
light coupled to the fundamental transverse electric mode of
the waveguides. The measured spectroscopy at the output of
each waveguide is presented in Figure 3b. The different spectra
sensed by photons, depending on their spin can be efficiently
retrieved. The graph also shows the theoretical spectra,
calculated by solving the optical Bloch equations. The good
agreement between the measured results and the theory can be
observed. Also, despite the large illumination, polarization
insensitive coupling by near-field scattering directly to the
waveguide is negligible.”® This measurement shows that the
integrated device can be used to efficiently discriminate
between the RCP and LCP components of the linearly
polarized light, acting as an integrated photonic spin sorter.
The measured spectra can be also differentiated to obtain the
typical error signal used in dichroic atomic vapor laser locking
technique,” as presented in Figure 3c.

Magnetic-Field Measurements in a Microfabricated
Cell. Finally, we turn into the magnetic field measurements. A
schematic drawing of the experimental setup is presented in
Figure 4.a, in which the atomic-photonic chip is placed inside a
set of custom-made Helmholtz coils in order to minimize the
ambient magnetic field. In this experiment, the cell was heated
to about 90 °C and a nearly resonant linearly polarized laser
beam is focused onto the PSS after interaction with the Rb
atoms. The light was collected at the output of the waveguides
and the difference signal was recoded, as a function of the
magnetic field, which was scanned around zero, in the
direction of light propagation. The characteristic dispersive
shaped curve is presented in Figure 4b. The linear, central
portion of this curve can be used for measuring the ambient
magnetic field, where the measured circular dichroism is
directly proportional to the magnetic field.

The presented signal-to-noise ratio (SNR) can be further
improved by minimizing the mechanical instabilities, for
example, by gluing the collecting fibers,"” and also by usin
magnetic shielding, in addition to the Helmholtz coils.***
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Figure 3. (a) Sketch of the experimental setup in which two permanent magnets are used to generate a uniform magnetic field of 400 G. (b)
Experimental and theoretical transmission spectroscopy of Rb at the output of the device showing spatially resolved signal from the RCP (upper
graph) and LCP (lower graph) components of the linearly polarized input light. (c) The error signal obtained by subtracting the normalized signals,

presenting the typical dispersive shape.
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Figure 4. (a) Sketch of the experimental setup in which the device is measured inside Helmholtz coils. (b) Measured circular dichroism presenting
the typical dispersive shape of NMOR. The solid blue line is a fitting curve.

Furthermore, the SNR can be improved by increasing the
collection efficiency of the nanoantenna, either by tight
focusing on the disk nanoantenna or by using a different
geometry. Other approaches can be used to implement an
efficient PSS, for example using inverse design method.

B DISCUSSION AND CONCLUSION

In summary, we have demonstrated an integrated platform for
measuring nonlinear magneto-optic rotation in alkali vapors.
This platform consists of a microfabricated Rb cell
implemented on top of a photonic chip. The magnetically
induced circular dichroism in Rb atoms is detected using a
single dielectric nanoantenna coupled to a waveguide, acting as
an integrated photonic spin sorter (PSS). Overall, miniatur-
ization and integration of advanced sensing schemes that are
relying on polarization-dependent light—matter interaction
requires the development of new concepts and techniques,
which are not based on traditional bulky and discrete optical
components, such as linear retarders, polarizers, and quarter-
wave plates. The optical response of nanostructures can be
used to develop integrated polarimeters with a reduced
footprint,”**°

Our demonstration of an integrated magnetic quantum
sensor based on hot alkali vapors is an important step toward
the development of fully integrated quantum sensors and
systems. Potential applications can range from a nanophotonic
chip for quantum magnetic sensing, to even more challenging
devices such as integrated cold atoms chip, where an integrated
dichroic atomic vapor laser locking technique can be used as a
part of the integrated laser cooling system. In the future,
micrometer to nanometer rubidium cells can also be
implemented on chip, providing even higher spatial resolution,
paving the way for development of high spatial resolution near-
field mapping of magnetic fields and the microscale and

perhaps even the nanoscale.
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