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Fig. 1 Schematic diagrams of the atomic magnetometer. (a) Conventional atomic vapor cell structure; (b) long-range atomic vapor cell
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Table 1 Comparison of the proposed structure with the previously reported structures

Structure Function Material Waveband Efficiency
Ref. [19] Refraction 6° Si0,/LiNbO, Visible light 96.3%
Ref. [20] Refraction 45° Si0,/SiN, Infrared >70%
Ref. [22] Refraction Si0,/Si Infrared >78%
Ref. [23] Refraction Graphene Infrared 40%
This work Refraction 19.48° Si0,/Si Infrared >80%
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Fig. 8 Effect of incident wavelength on optical phase modulation ability. (a) Transmittance when wavelength and silicon nanopillar

radius are changed; (b) phase retardation when wavelength and silicon nanopillar radius are changed
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Abstract

Objective Magnetic brain data play a crucial role in neurological analysis and monitoring human brain health. Various sensors have
been developed to detect magnetic fields resulting from brain activity. These include superconducting quantum interference devices
(SQUID), fluxgate magnetometers, giant magnetoresistive sensors, and atomic magnetometers. Recently, micromachined atomic
magnetometers have gained significant interest due to their small size, affordability, and superior performance. Central to these
magnetometers is the miniaturized alkali metal atomic gas chamber. Chip-scale alkali metal atomic gas chambers present advantages
like smaller size, reduced cost, and higher yield compared to their millimeter-scale glass counterparts. However, atomic
magnetometers based on chip-scale alkali metal atomic gas chambers face challenges due to the short optical range length. While many
solutions have been suggested, achieving a specific light incident angle on the chip remains intricate, and the fabrication consistency is
hard to maintain. Thus, integrating optical systems within alkali-metal atomic gas chambers remains a predominant challenge.
However, the rise of micro- and nano-photonics, coupled with advancements in nanofabrication, has spurred interest in artificial quasi-
two-dimensional electromagnetic material hypersurfaces. These are compatible with modern micro- and nano-fabrication platforms,
paving the way for unprecedented miniaturization of optical systems. Since most chip-scale alkali metal atomic gas chambers
manufactured using MEMS-based processes involve the triple anodic bonding of glass-silica-glass, on-chip integration of metasurfaces
becomes feasible. In this study, a strategy for optical path integration of micromachined alkali metal atomic gas chambers using the
supersurface method is presented. This can achieve a deflection angle of 19.48° with over 80% efficiency. The micromachined planar
structure of the device allows it to bond directly to the atomic gas chamber’s transparent window. This ensures that the vertically
incident light strikes the anisotropically corroded single-crystal silicon sidewall at 19.48°. Consequently, a horizontally incident beam
is directed to interact with atoms along a cavity optical path. The supersurface design aligns with nanofabrication platforms, hinting at
the potential for large-scale production in the future.

Methods In this design, silicon, exhibiting a high refractive index and low loss in the operating band, was utilized as the material
for phase gradient generation. Initially, the effect of the radius of the silicon dielectric column on transmittance and phase was
analyzed using the finite-domain difference method. The super-surface unit for phase gradient generation was designed based on the
established phase diameter relationship and the requirements for the transmittance of the incident light. Subsequently, the scattered

light field in the 2-z plane under the normal incidence of y-polarized light was examined.

Results and Discussions The manipulation of the phase is primarily achieved through changing the radius of the silicon dielectric
column. The layout of the anomalous refractive hypersurface is organized based on the results of the phase distribution (Fig. 4) using
different radii of the dielectric column at a specific column height. The refractive wavefront now propagates along a distinct angle of
19.84° (Fig. 6). This indicates that the simulation results closely align with the design expectations. The requirement for the incident
laser angle in the atomic gas chamber is met without introducing an additional reflector, simplifying further integration of the atomic
gas chamber. Concurrently, the refractive efficiency is observed to be 85% upon normal incidence. However, when z-polarized light
is incident, the efficiency drops to 65% , while the refraction angle remains unchanged. The efficiency discrepancy between the

different polarizations stems from the distinct spatial alignments of the nanopillars along the two coordinate axes.

Conclusions In this paper, a scheme is proposed to integrate an anomalously refractive hypersurface on the surface of an alkali
metal atomic gas chamber, the sensitive core of a miniature magnetometer. This integration aims to make incident light strike an
anisotropically corroded single-crystal silicon sidewall at a deflection angle of 19.48° and direct the horizontally incident beam to
interact with atoms in a cavity optical path oriented along the plane of the substrate. Simulation results indicate that this method
achieves a deflection of the circularly polarized pump beam of 19.48° with an efficiency exceeding 80%. The super-surface, designed
in silicon with a thickness of 500 nm, is compatible with current micro- and nano-manufacturing platforms, offering potential for mass
production. The evolution of high-resolution biomagnetic imaging instruments and portable atomic devices hinges on the
miniaturization of magnetometers. The proposed method integrates these magnetometers using a chip approach, significantly reducing

their size and setting the stage for future advancements in biomagnetic sensing systems.

Key words optics at surfaces; metasurface; abnormal refraction; atomic vapor cell; atomic magnetometer; optical path integration
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