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Effects of oblique incidence on terahertz responses of planar
split-ring resonators”
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Effects of oblique incidence of terahertz waves on the response of planar split-ring resonators are investigated, both
experimentally and by simulation. It is found that the incident angle dependent phase delay and coupling conditions of
neighboring split-ring resonator (SRR) units play important roles and greatly change both the transmission and reflection
spectra for the resonant feature of linear charge oscillations. Our results show that the SRR structure-supported magne-
toelectric couplings at oblique excitation are trivial and can be ignored. A highly symmetric response is found in the
cross-polarization effects, which may manifest the bianisotropic properties of the SRR system but this needs further study.
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1. Introduction

Metamaterials have been attracting more and more
attention, especially between the microwave and optical
frequencies,!'#! because of their exotic electromagnetic prop-
erties, which mainly depend on artificial subwavelength geo-
metric structures. The split-ring resonator (SRR) is the most
popular building block in the design and implementation of
different metamaterials.'>~8 Planar SRRs are generally char-
acterized for normal incidence with the magnetic field in the
plane of the SRRs. Under this configuration, a so-called LC
resonance can be excited by an electric component, induc-
ing transient circular currents in SRRs. Oblique incidence
is another way to excite LC resonance, with magnetic com-

[9-

ponents directly penetrating the SRRs.[*~1?] Because of the

bianisotropic property of SRRs, oblique incidence can also

[13-15] producing a perpendic-

cause cross-polarization effects,
ular electric field component relative to the incident linear po-
larization. Although all the material constituents consisting
of SRRs could be nonmagnetic, macroscopic magnetoelec-
tric couplings exist in SRRs under electromagnetic excitation,
and the effects can be attributed to induced electric dipoles
in the plane of the SRRs and to magnetic dipoles normal to
the SRRs’ plane, which together create scattered electromag-

16.17] The contri-

netic waves with orthogonal polarizations.
bution of electric dipoles to the cross-polarization effect de-
creases with increasing incident angle, while that of the mag-
netic dipole component increases. The cross-polarization ef-
fects are highly associated with the symmetry of the geometric
structures and could be studied in a frame of optical activities

resulting from the extrinsic 3D chirality.!'”:!8] While further
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study, both in theory and experiment, is still needed to under-
stand the physics in these observations, the fact that metamate-
rials based on SRRs can be used to manipulate the propagation
of electromagnetic waves is very promising for various func-
tional device applications.

In this paper, we report our study of the effects of oblique
incidence on the resonant responses of terahertz (THz) pla-
nar SRRs with both experiment and simulation under different
configurations. In contrast to normal incidence,!!*! three addi-
tional effects arise from the SRRs’ responses to obliquely in-
cident linearly polarized THz waves: (i) the magnetic compo-
nent in the incident field directly induces electric polarization
in each SRR unit, (ii) the out of phase excitation of SRR units
by an obliquely incident wave front sweeps cross the SRR ar-
ray and influences the coupling efficiency between neighbor-
ing units and, (iii) the projection of incident THz field onto
the SRR plane changes at different incident angles. Specit-
ically, we checked the angle-dependent transmission proper-
ties of incident terahertz waves with the electric component
parallel to the gap-bearing sides of SRRs at both p and s po-
larization. We also investigated the incident angle dependent
cross-polarization effects with the projection of incident wave
vectors parallel to the gap-bearing sides of SRRs for both p
and s polarization. Our results show that the direct magnetic
excitation plays only a minor role and the coupling between
excited neighboring units can be very important but is also
orientation dependent. The cross-polarization effects are sym-
metric for both p and s polarization incidence, in both trans-
mission and reflection measurements, but show strong incident

angle-dependence.
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2. Method

The SRR unit is comprised of structured gold film coat-
ing on high resistivity silicon substrate of 500 wm thickness.
As shown in Fig. 1(a), the SRR cells are arranged on a square
lattice with period P = 60 pum, the side length L is 44 um, the
width w of the metal lines is 5 pm, and the gap G in the split
ring is 3 pum.
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Fig. 1. (a) Unit cell of the SRR array. (b) Configurations for transmission
measurements with p- and s-polarized incidence and rotation axes, respec-
tively. (c) Arrangement for investigation of cross-polarization effects.

Terahertz time-domain spectroscopy (THz-TDS) was em-
ployed to characterize the electromagnetic response as a func-
tion of incident angle 8 when the incident terahertz electric
field was parallel to the gap-bearing sides of SRRs for p and
s polarization, as shown in Fig. 1(b). The p or s polarization
means that incident electric field lies in or is perpendicular to
the incident plane, respectively. The linearly polarized tera-
hertz wave was generated by a photoconductive antenna, and
the incident polarization could be changed by rotating the an-
tenna. Planar SRRs were put on a rotation stage to manipulate
the incident angle. The transmitted terahertz electric fields in
the same polarization state as the incident ones were detected,
and each transmission spectrum was normalized by the trans-
mission spectrum of the silicon substrate at the same incident
angle. The experimental spectra were compared with simu-
lation results by the split field finite difference time domain
algorithm (SFM-FDTD).[2%2!] In the simulation, the substrate
was characterized with permittivity of 11.7, and the gold was
treated as a perfect metal.

Since the simulation results were quite consistent with
those of experiments, we used the SFM-FDTD to study the
cross-polarization effects. As shown in Fig. 1(c), when the
projections of incident wave vectors are nonzero and parallel
to the gap-bearing sides of the SRRs, the polarization states
of both the transmitted and reflected terahertz electric field
changes and perpendicular components are produced with po-
larization orthogonal to the incident ones. We characterize the
electromagnetic responses by transmission matrix ¢ and reflec-
tion matrix r, which is defined as follows:

Top Ips Tpp Tps
t = pp °p , r= pp "p , (1
Igp Iss T'sp Tss
¢ . .
Emn = tmnEIlla E{nn = rml’lE[l'U (2)

where m and n correspond to p and/or s polarization, E de-
notes electric field, and the superscript i, t and r denote in-
cidence, transmission and reflection, respectively. Diagonal
elements characterize electric field components parallel to the
incident ones, and nondiagonal elements characterize perpen-
dicular electric field components.

3. Results and discussion
3.1. Effects of oblique incidence on transmission spectra

Figure 2(a) shows the experimentally measured transmis-
sion spectra normalized by the transmission of the Si substrate
for p polarization, defined in Fig. 1(b), at several incident an-
gles. Figure 2(b) is the simulation results. The experimen-
tal measurements agree very well with the simulation results.
The projection of incident terahertz electric field E, in the
SRRs plane is parallel to the gap-bearing sides of the SRRs,
and two resonances are observed. The LC resonance is at
around 0.41 THz, and basically independent on the incident
angle, while the high frequency resonance, usually attributed
to the linear charge oscillations in the side arms of SRRs, red
shifts from 1.22 THz to 1.16 THz when the incident angle in-
creases from 0° to 60°, which indicates that the inter-SRR in-
teraction is more important for resonance induced by the lin-
ear charge oscillations.!'>%2] Oblique incidence causes phase
delay between the excitation of SRRs along the x direction.
For an incident angle of 60°, the phase difference of the in-
duced charge oscillations at the resonant frequency 1.2 THz
between the neighboring SRR unit is about 74.8°, calculated
by 360Psin 0 / A1y, This phase retardation effect reduces both
the resonant strength and frequency, and comes from the cou-
pling of charge oscillations between neighboring units along
the x direction, which was further confirmed by measurements
of the SRR array samples with the same unit size but different
periods and found that this effect, due to asynchronous excita-
tion, was smaller for larger periods. For the LC resonance at
0.41 THz, a minor reduction of the resonant strength was ob-
served and the resonance frequency remained the same, which
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indicates that the intrinsic resonant property is dominated by
each SRR unit’s structure rather than the array’s geometry.
This fact also suggests that the magnetic coupling between
neighboring units is small in our planar SRR arrays.

For the excitation by the s-polarization (see Fig. 1(b)),
the oblique incidence produces little influence on the transmis-
sion fields, as shown in Figs. 2(c) and 2(d), and less significant
changes occur at both resonance at 0.41 and 1.2 THz. In this
case, the magnetic field component of the incident fields can
directly drive the LC resonance, but the electric vector is still
parallel to the SRRs plane, regardless of the incident angle.
Closely inspecting the resonant peak at 0.41 THz and compar-
ing to the results of p polarization, it can be concluded that

the electric response driven directly by the incident magnetic
fields is quite weak and produces negligible effects. For the
resonance at 1.2 THz, the excitation condition for charge os-
cillations along the x direction is unchanged by the incident
angles, and therefore, the resonant peaks remain almost the
same except for a slight blue shift in simulation data, which
may come from the superposition with a resonance of higher
frequency. The slight differences between the measured and
simulated data are probably from the imperfections in the fine
structure of our samples.

Our SFM-FDTD simulation results are very consistent
with experimental measurements. Therefore, we used simu-
lation to further investigate the cross-polarization effects.
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Fig. 2. (color online) Measured and simulated transmission spectra normalized by the transmission of the bare substrate for p- and
s-polarized incidence at several angles. (a) Experiment results for p polarization; (b) simulation for p polarization; (c) experiment for

s polarization; and (d) simulation for s polarization.

3.2. Cross-polarization effects

The measurement configuration shown in Fig. 1(c) was
used to check the cross-polarization effects for p- and s-
polarization incidence at oblique angles. The simulated am-
plitudes of the transmission and reflection matrix elements in
Eq. (1) are shown in Figs. 3 and 4, respectively, at several inci-
dent angles. In these calculations, we extended the frequency
range to 2.0 THz and normalized the spectra to the incident
spectrum; that is, the substrate effect was included.

The data in Fig. 3(a) are virtually the same as those in

Fig. 2(b) except for the different normalization conditions.
Figure 3(b) shows the co-polarization transmission spectra of
the s-polarization incidence at different angles. A major res-
onance at about 1.07 THz comes from the well known linear
charge oscillation along the y direction, and its resonant fre-
quency is not incident angle dependent, but there is a notice-
able broadening due to changed couplings in the x direction.
It is clear that a minimum dip at 0.41 THz gradually develops
as the incident angle increases, induced by the magnetic flux
from incident fields penetrating through SRRs.
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Fig. 3. (color online) Simulated amplitudes of the transmission matrix elements at several incident angles. All data are normalized by

the incident spectrum.
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Fig. 4. (color online) Simulated amplitudes of the reflection matrix elements at several incident angles. All data are normalized by the

incident spectrum.

The interesting results are the cross-polarization re-
sponses: in Fig. 3(c), the s-polarized transmission is produced
by the incidence of p polarization, and in Fig. 3(d), the p-
polarized transmission results from the incidence of s polariza-

tion. Both spectra are surprisingly similar except for a scalar

proportional factor, although we have known that the excita-
tion mechanisms in the two cases are quite different. For p-
polarized excitation, the circular transient current excited in
each SRR unit oscillating at 0.41 THz also contributes to the
polarized radiation in the y direction; the antisymmetry of the
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current oscillations in the side arms of the SRRs for the reso-
[19

nance at 1.2 THz can also form a magnetic dipole!'®! and in-
duce a perpendicular electric field component. For s-polarized
excitation, the electric dipoles excited directly by the incident
magnetic field result in the LC resonance; the phase delay
along the x direction of the charge oscillations in the side arms
generates an asymmetric charge distribution, leading to not
only LC resonance but also high frequency resonance. 3 Fur-
ther understanding of the symmetry in the cross-polarization
responses will require detailed analysis of the bianisotropic
properties of the SRR arrays.

In Figs. 4(a) and 4(b), we show the co-polarization reflec-
tion spectra of the p- and s-polarization incidence at different
angles. The resonant dips in the transmission correspond to the
reflection peaks, indicating that the induced charge oscillations
in SRRs at these resonant frequencies re-irradiate the THz
fields with a phase shift from the incident waves. The nondi-
agonal elements, 7y, and rps, are identical and have the nearly
same profiles as the transmission counterparts, fsp and #s. This
is not strange, because for all the induced cross-polarized sig-
nals, whether they appear in the forward or backward fields,
the ones with the same polarization state must originate from
the same oscillation source located in the SRRs. The reason
why the two components 7, and 7 are so highly symmetric
needs further study.

4. Conclusion

In conclusion, the terahertz responses of a planar SRR
array excited by oblique incidence in a few special configura-
tions are investigated, both experimentally and by simulation.
For transmission of co-polarized components, it is found that
the phase delay due to the tilted wave fronts on the SRRs plane
play a significant role, and so do the couplings between the ex-
cited neighboring SRR units, but the magnetoelectric coupling
resulting from the direct excitation of the magnetic compo-
nent of incident fields is less important. The cross-polarization
effects show a very interesting symmetry, which could result

from the bianisotropic properties of the SRR systems, which
needs further study.
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