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Abstract. We demonstrate large nonlinear terahertz responses in the gaps of
metamaterial split ring resonators in several materials and use nonlinear THz
transmission and THz-pump/THz-probe spectroscopy to study the nonlinear responses
and dynamics. We use the field enhancement in the SRR gaps to initiate high-field
phenomena at lower incident fields. In vanadium dioxide, we drive the insulator-to-
metal phase transition with high-field THz radiation. The film conductivity increases by
over two orders of magnitude and the phase transition occurs on a several picosecond
timescale. In gallium arsenide, we observe high-field transport phenomena, including
mobility saturation and impact ionization. The carrier density increases by up to ten
orders of magnitude at high fields. At the highest fields, we demonstrate THz-induced
damage in both vanadium dioxide and gallium arsenide.

1 Introduction

Developments in high-field terahertz (THz) pulse generation have recently led to the observation of
nonlinear THz phenomena in a several systems ranging from electronic effects in semiconductors to
vibrational nonlinearities in molecular crystals [1-6]. However, there still exist many limitations in
the kinds of nonlinearities observed due to limitations in peak electric field strengths in different
parts of the THz spectrum. In this work, we present a platform for nonlinear THz spectroscopy based
on metamaterial split ring resonators (SRRs). We use the inherent field-strength enhancement in the
capacitive gaps of gold SRRs to initiate large nonlinear responses in a variety of materials. These
effects include a THz-induced insulator-to-metal phase transition (IMT) in vanadium dioxide (VO,),
and impact ionization in bulk gallium arsenide (GaAs). The THz field enhancement due to the
metamaterials changes the properties of the material in the capacitive gaps leading to a global change
in the metamaterial response. The metamaterial structures enhance both the local THz field strength
and the global THz probe sensitivity to the localized response. We use nonlinear THz transmission
and THz-pump/THz-probe experiments to study strong nonlinear responses and their picosecond
dynamics.
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2 Results and Discussion

Figure 1a shows THz electric field enhancement in the gaps of a gold SRR. The field is enhanced by
a factor of 20-30 over a broad range of frequencies (fig 1c), keeping the THz pulse relatively short in
duration in the SRR gaps (fig 1b). The broadband enhancement is due to the close proximity in
frequency of the dipole antenna and LC circuit resonances of the SRR. Upon intense THz excitation,
the enhanced THz field induces a large change in the conductivity of VO,, shorting the SRR gaps, as
evidenced by the suppression of the 0.4 THz resonance at high in-gap field strengths and the shift in
the resonant frequency of the SRR from about 0.4 THz at low in-gap fields to 0.8 THz at large in-
gap fields (fig 1d). Full-wave simulations of the SRR response as a function of in-gap conductivity
(fig 1e) show that the conductivity of the VO, film changes by over two orders of magnitude. Further
dynamic THz-pump/THz-probe studies of the response show that this conductivity change persists
for longer than 100 picoseconds.
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Fig. 1. Nonlinear THz responses of metamaterials on vanadium dioxide. (A) Calculated THz field enhancement
as a function of position at the time delay (2.3 ps) where the maximum field enhancement occurs in the
horizontally oriented gaps. The gold SRRs were 76 um x 76 um with a periodicity of 100 um and they were
deposited on a VO, layer. (B) Simulated time-dependent THz field (red) in the horizontal gaps utilizing
experimental data (blue) as the input incident field. (C) Frequency-dependent in-gap field enhancement obtained
from the ratio of Fourier amplitudes of the simulated in-gap and measured incident fields in (B). (D)
Experimental data showing field-dependent nonlinear THz transmission spectra of SRRs on VO, at 324K. As
the field strength is increased, the transmission at the resonant frequency increases and the resonance nearly
disappears. The dipole resonance frequency redshifts to below 0.8 THz. (E) Full-wave simulations of THz SRR
responses with different in-gap conductivities (assuming the conductivity of VO, only changes in the SRR
gaps). (F) Frequency-resolved THz-pump/THz-probe data obtained through Fourier transformation of
transmitted probe time-dependent field profiles. The transmission is plotted versus frequency and pump-probe
delay. (G) The transmission at 0.4 THz as a function of pump-probe delay corresponding to an in-gap THz
pump field strength of 1 MV/cm at 324 K.

Similar measurements and calculations have demonstrated carrier generation in GaAs. Figure 2a
shows experimental nonlinear THz transmission under different incident field strengths. As the
conductivity in the gap increases, the SRR resonance at 0.85 THz grows weaker and shifts to the
blue. Simulations indicate a change in the carrier density of up to ten orders of magnitude where the
conductivity increases from 1 x 107 (Q-cm)™ to 20(Q-cm) ™ and the mobility decreases by an order of
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magnitude. The change in conductivity is likely due to carrier generation by impact ionization
through which conduction electrons that have been driven to multi-eV energies by the THz pulse

liberate valence electrons to create additional carriers.
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Fig. 2. Nonlinear THz responses of metamaterials on gallium arsenide. (A) Experimental data showing field-
dependent nonlinear THz transmission spectra of SRRs on GaAs at room temperature. The LC resonance of the
SRR is 0.85 THz. As the conductivity in the gap increases, the resonance grows weaker. (B) Full wave
simulations of the THz SRR response with different in-gap conductivities. The conductivity changes over
several orders of magnitude due to carrier generation.

3 Conclusions

We have demonstrated a powerful and general platform for studying highly nonlinear THz-induced
responses from metamaterial-enhanced fields in the gaps of SRRs. In VO,, we studied the THz-
induced IMT, which occurs on a picosecond timescale and persists for at least several hundred
picoseconds. In GaAs, we studied carrier generation by impact ionization yielding changes of in-gap
conductivity of several orders of magnitude. This approach has potential applications in THz
detection and imaging.
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