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Abstract

We present a theoretical and experimental study on coherent coupling between a split ring resonator
(SRR) metamaterial and dielectric substances. The resulting optical properties of the coupled system
are similar to those observed for electromagnetically induced transparency or plasmonic induced
transparency. We describe the local field interaction between the metamaterial and the dielectric by
analytic and numerical means and evidence the validity of our model by measuring the terahertz
transmission spectrum of a-lactose-monohydrate coupled to an SRR metamaterial.

1. Introduction

Electromagnetically induced transparency (EIT) is a comprehensively investigated quantum interference
effect, where a narrow-width transmission window is induced by destructive interference between a
broadband bright mode and a narrow-width dark mode. In consequence, this leads to a minimum of
absorption for light at frequencies close to the resonance frequency of the dark mode[1]. Adjacent to
a high transmission, high dispersion can be observed near the resonance frequency enabling slow light
applications. Recently the underlying concept of EIT has been applied to metamaterials (MM) and lead
to an analog that was termed plasmon induced transparency (PIT)[2, 3]. Here the bright and dark modes
were excited in plasmonic structures that acted as an electric dipole and an electric quadrupole. The
concept of PIT is a beneficial approach for overcoming the high losses in MM at optical frequencies and
paved the way for a new generation of sensors and slow light applications [2, 3]. Here, we combine
the approaches of EIT and PIT in a hybrid structure by coherently coupling the broadband absorption
mode of a plasmonic metamaterial to the narrow-band absorption mode of a dielectric. For this purpose
we utilized an SRR structure that provides strong local fields in the capacitance gap and thus allows
one to efficiently couple the enhanced electric fields to the narrow absorption line of a dielectric. We
theoretically determined the mutual interaction between the plasmonic and dielectric resonance by an
analytic model that described both the SRRs and the dielectric as two-level systems. Furthermore, we
evidenced the theoretical model in a proof-of-principle experiment by measuring the hybrid coupling
between an SRR metamaterial and a-Lactose-monohydrate in the THz-regime.

2. Theory

As discussed above, the strong enhancement of the electric field in the gap of the SRRs can be exploited
to efficiently couple the local fields between the MM and the two-level system (2LS). To quantify the
mutual interaction we followed a model developed in references [4, 5]. In this model, the coupling is
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Fig. 1: a) Sample structure and profile with indicated SRR-dimensions. b) Analytic calculation of the
experimental parameters of the real part (black dashed line) and the imaginary part (red solid line) of the
susceptibility.

described by an empirical coupling constant £. Following this approach, we obtained for the local fields
[4, 5] of the 2LS Eg) = Fext + LPyiv and Ef) = Fexy + LP1o for the MM, respectively. Hereby,
Pyv and Ppo are the macroscopic polarizations of the coupled MM and 2LS respectively, which are
related to the coherence p, the particle densities Ny, 12 and the dipole transition moments gy, 12 by
Pyvi2 = Nuwgi2 - #viM,12 - pvu,12- The behavior of an ensemble of 2LS in the ground state can
be described employing the Maxwell-Bloch equations [4, 5]. Since the SRRs can be described as an
ensemble of bosons we can derive similar expressions for both systems [4, 5]:

p12 = —i(A12 —iv12)p12 — i%ES) )]
pvm = —i(Avm — 7ymm) pmm + Z'M\;LM E(L2) 2

Hereby, Ao MM = w — w2 v are the detunings, ., viv are the dampings of the 2LS and the MM,
respectively. The susceptibility x of the combined MM-2LS shown in Fig. 1 (b) can be obtained by these
formulas as described in Ref. [4, 5]. The imaginary part , which describes the absorbance of the hybrid
system at the resonance frequency wi2 = wyv can be approximated to:

NaS Nuspan (4 (Lpazpnrns /1)*NapNasv
YMM (Lpagparne /)2 NiaNarar + yi2yavm

3

The value of x” is inverse proportional to . On the other hand, we observe that a strong coupling,
represented by £, and a low damping ;2 results in a low absorption at the resonant frequency since the
second term in the brackets approaches one. In consequence, a high £ and the condition 15 << yvm
induce a pronounced minimum for x” and hence a maximum for the transmission.

3. Analytic, numerical and experimental results

To demonstrate the effect of resonant coupling between the MM and the 2LS, we investigated a system
of SRRs and a-Lactose monohydrate (Lactose) on a bencocyclobutene (BCB) substrate as depicted in
Fig. 1(a). a-Lactose monohydrate possesses a narrow absorption line at a frequency of v15 = 0.53 THz
due to molecular vibrations. To investigate the physical behavior of the hybrid structure, we performed
numerical calculations with CST Microwave Studio. We modeled BCB as lossy dielectric and the gold
SRRs as lossy metal. For the description of lactose we assumed a Lorentz model with parameters derived
from the geometric and physical properties of the experimental samples. We fabricated the samples
by photolithography. To grow a thin lactose film we performed a quick crystallization process from a
supersaturated lactose solution. We measured the spectral transmission of the SRR metamaterial without
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Fig. 2: Spectral transmission of the metamaterial with lactose (solid line) and without lactose (dashed
line). (a) experiment, (b) numerical calculations and (c) analytic results.

lactose and with lactose by using a standard THz time domain system. The electric field was polarized
parallel to the gaps of the SRRs. Fig. 2(a) shows the spectral transmission of the SRR metamaterial with
lactose (solid line) and without lactose (dashed line). The sample with lactose reveals a Mie-resonance of
the SRRs at 1.6 THz and a vibrational resonance of the lactose at 1.37 THz, which indicate the existence
of two constituent parts on the sample. Furthermore, we observed that the SRR resonance frequency
approximately matched the Lactose absorption resonance at wyy ~ wiz = 27 - 0.53 THz. Due to the
coherent coupling between the SRR resonance and the absorption resonance of lactose we observed a
characteristic EIT-like transmission at a frequency of 0.53 THz. This is evidenced by a discrete increase
of transmission within the broadband resonance of the SRRs. The narrowband transmission peak exactly
occurred at the resonant frequency of the lactose absorption. As a further confirmation of the EIT-like
effect, Figs. 2(b) and 2(c) show excellent agreement between the experimental data and the numerical
and analytic results, respectively and prove the observation of coherent coupling.

4. Conclusion

We experimentally demonstrated resonant coupling between the broadband absorptive excitation mode
of a plasmonic SRR metamaterial and the narrow-band absorption mode of a dielectric («-lactose-
monohydrate). We found that coherent coupling between the two modes leads to the hybrid analog
of electromagnetically induced transparency (EIT). We supported the experimental observations by nu-
merical simulations and developed an analytic model that described the mutual interaction between the
metamaterial and the dielectric. Both, the numerical and analytic data showed excellent agreement with
the experimental results.
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