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2D-Polar metals are exceptional nonlinear
transducers at NIR frequencies important
for telecommunications, exhibiting orders
of magnitude improvement over other
metals and industrial standards.

The large nonlinear response results from
out-of-plane symmetry breaking reflecting
the evolution in bonding character across
the heterostructure.

The in-plane symmetry is also important in
determining the polarization state of the
harmonic, enabling applications based on
optical switching.

MRSEC-enabled ability to make, model,
and measure properties of new materials
made record-setting NLO breakthroughs
possible

Unique bonding character and axial 
dipole in 2D-Pmets (above) enable 
record nonlinear susceptibilities at 
near-infrared frequencies (below)
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Atomic-level changes in metal rotation 
occurring at substrate steps (bottom) are 
visible in far-field microscopy (top left) as 
spatially alternating regions with distinct 

polar responses (top right).
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What Has Been Achieved: We have demonstrated nonlinear susceptibilities of 2D polar metals approaching 10 nm/V in the near-IR, which are among the largest in this electromagnetic region and record breaking for metal second harmonic transduction. We have also investigated the microscopic origin of this large susceptibility, which is unexpected based on symmetry predictions. This is enabled by an out-of-plane symmetry breaking with a <0.2Angstrom change in metal-metal bond distance reflecting an evolution in bonding character. The in-plane symmetry resulting from a rotation of the lattice at step edges is evident in polarization-resolved measurements. Importance of the Achievement: The current state of the art for second order nonlinearities is achieved by multiple quantum well structures, which are intrinsically limited to Mid-IR frequencies. We have demonstrated that 2D-polar metals are a promising platform to explore for potentially achieving similar performance in the technologically important Vis-NIR range. We also show an ability to control the polarization state of light based on the atomic structure of the material. This study has also demonstrated the ability to connect nonlinear optical properties with atomic level structure, paving the way for future collaborations in tailoring nonlinear optical properties by controlled synthetic or post-synthetic manipulation of material structure.Unique Feature(s) of the MRSEC/PREM that Enabled this Achievement: MRSEC-enabled ability to collaboratively make, model, and measure NLO properties of new materials made this achievement possible. Publication: Knappenberger et. al., Unexpected Near-Infrared to Visible Nonlinear Optical Properties from 2‑D Polar Metals, Nano Letters, 2020, 20, 11, 8312, 8318, https://dx.doi.org/10.1021/acs.nanolett.0c03481Acknowledgements: This research was supported by the Air Force Office of Scientific Research, grant number FA-9550-18-1-0347, and by the National Science Foundation Graduate Research Fellowship Program under grant no. DGE1255832. This work was also supported by the National Science Foundation, award number CHE-1807999 and under NSF DMR-2011839 through the Penn State MRSEC−Center for Nanoscale Science. Funding for this work was also provided by the Northrop Grumman Mission Systems’ University Research Program, Semiconductor Research Corporation Intel/Global Research Collaboration Fellowship Program, task 2741.001, the National Science Foundation (NSF) CAREER Awards 1453924 and 1847811, the Chinese Scholarship Council, an Alfred P. Sloan Research Fellowship, the NSF DMR-1708972, DMR-1420620, and 1808900, and the 2D Crystal Consortium NSF Materials Innovation Platform under cooperative agree- ment DMR-1539916. Funding for the McMaster work was by AFOSR award FA9550-19-1-0239 and the NSERC Natural Sciences and Engineering Research Council of Canada Discovery Grant program. All electron microscopy was performed at the Canadian Centre for Electron Microscopy. The work at NRL was funded through the Office of Naval Research.
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