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We present a review of the different coupling schemes in a planar array of terahertz metamaterials. The gap-to-gap near-field
capacitive coupling between split-ring resonators in a unit cell leads to either blue shift or red shift of the fundamental inductive-
capacitive (LC) resonance, depending on the position of the split gap. The inductive coupling is enhanced by decreasing the inter
resonator distance resulting in strong blue shifts of the LC resonance. We observe the LC resonance tuning only when the split-ring
resonators are in close proximity of each other; otherwise, they appear to be uncoupled. Conversely, the higher-order resonances are
sensitive to the smallest change in the inter particle distance or split-ring resonator orientation and undergo tremendous resonance
line reshaping giving rise to a sharp subradiant resonance mode which produces hot spots useful for sensing applications. Most
of the coupling schemes in a metamaterial are based on a near-field effect, though there also exists a mechanism to couple the
resonators through the excitation of lowest-order lattice mode which facilitates the long-range radiative or diffractive coupling in
the split-ring resonator plane leading to resonance line narrowing of the fundamental as well as the higher order resonance modes.

1. Introduction

The interaction of electromagnetic waves with unstructured
bulk matter is mainly governed by the inherent chemistry
of material, and its properties are usually described in terms
of permittivity and permeability. Recently developed electro-
magnetic metamaterials allow engineered material at the unit
cell level, which has enabled novel methods to manipulate the
electromagnetic properties [1]. Metamaterials have attracted
a tremendous amount of interest because of their exotic
properties such as negative refractive index [2], perfect
focusing [3], cloaking [4, 5], and resonance modulation in
the active and passive modes [6–29]. The electromagnetic
responses offered by metamaterials are unique and are not
found in naturally occurring materials. The fundamental
building blocks of metamaterials are mainly comprised of a
metallic split-ring resonators (SRRs) fabricated on a die-lec-
tric/semiconducting substrate. The operation of most met-
amaterial devices depends on the designs employed to con-
trol the fundamental resonances of SRRs, since the major
tuning of material permittivity and permeability is enabled

by these resonances [6–29]. Apart from the single-SRR
approach, several research groups have explored lateral cou-
pling between nearest neighbor SRRs and its effects on the
resonances [30–42]. It turns out that one of the prominent
schemes to passively tune the metamaterial resonances is
achieved by changing either the intercell distance or the
relative orientation of SRRs with respect to each other. These
studies revealed that the laterally coupled mechanisms pro-
vide an extra degree of freedom for the manipulation of met-
amaterial responses. Moreover, the terahertz frequency range
offers a convenient platform for these studies, since sample
fabrication is straightforward, and terahertz time-domain
spectroscopy (THz-TDS) provides a phase-coherent charac-
terization technique.

2. Coupling Mechanisms in
Planar Metamaterials

The short-range coupling in metamaterials occurs via the
electric and magnetic fields due to the close proximity of



2 International Journal of Optics

the nearest neighbor resonators. The electric field couples
through the gaps of the SRRs, while the magnetic field
couples through the circumference, producing a red shift
or blue shift of the resonance, depending on the nature of
near-field coupling. We employed two different SRR design
schemes to experimentally probe the effect of such coupling.
In the first scheme, the density of the resonators is kept
fixed, while the nearest neighbor interaction between two
SRRs in the unit cell is probed as a function of their sep-
aration and mutual orientation. In the second type of ex-
perimental design, the effect of packing density is also taken
into account. In this case, the number of SRRs excited by
the incident beam varies from one sample to another as
the resonators are collectively brought closer to each other.
Thus, these results highlight the coupling behavior in
metamaterials with low-, medium-, and high-density SRR
arrays.

Recently, it has been demonstrated that near-field electric
and magnetic coupling is not the only mechanism by which
the SRRs in a planar arrangement remains coupled to
each other [38–40]. In addition, there is also long-range
radiative coupling as demonstrated with inductive-capacitive
(LC) resonances by Singh et al. [39] and for higher-order
resonance by Bitzer et al. [38]. This long-range diffractive
coupling occurs when the lattice periodicity of the SRR array
matches the wavelength of incident light at the fundamental
LC or higher-order resonances, leading to a tremendous
reduction in radiation damping that enhances the quality
factor of the coupled resonances.

2.1. Capacitive Coupling between SRR Pairs in a Planar Array.
In this section, we discuss the effect of different gap-to-
gap coupling schemes on the fundamental LC resonances.
The metamaterial samples studied were fabricated on semi-
insulating GaAs substrates by photolithography methods,
electron beam deposition 200 nm thick Au using 10 nm thick
Ti as adhesion layer, and followed by a lift-off process. In
the fabricated samples, each of the metamaterial unit cells
contains two SRRs oriented with their gaps facing toward
each other, as shown in Figures 1(a)–1(d) [29]. The samples
were characterized in transmission using THz-TDS in a
confocal geometry [43], using a bare GaAs substrate as the
reference. The incident THz beam was linearly polarized with
the electric field oriented parallel to the gap-bearing side, as
shown in Figure 1(d).

In Figures 1(a) and 1(b), the two SRRs are individually
identical, and their mutual coupling is controlled by varying
their separation. As the separation between the resonators
decreases from MM1 to MM2, a blue shift of metamaterial
resonance is observed (Figure 2(a)). The coupling can also be
controlled by asymmetry through displacing one of the gaps
but keeping the other gap at the center of the gap-bearing
arm (MM3 in Figure 1(c)), or by displacing both the gaps
but in the opposite directions (MM4 in Figure 1(d)).

While displacing the gaps in MM3 and MM4 from their
original position in MM2, the separation between SRRs
within the unit cell is kept fixed at 2 μm. We observe a red
shift accompanied by a reduction in the strength of the

LC resonance for MM3 as compared to MM2 due to the
asymmetry and a further red shift and strength reduction in
MM4 (Figure 2(b)).

The fundamental LC resonance mode arises because of
the electric currents oscillating around the full circumference
of the SRR loop. The electric currents are excited along
the SRR arms by the incident electric field due to the
asymmetric arm length of the individual elements of SRR
unit cells. The position of the anticipated LC resonance
frequency can usually be described by a simple expression,
ωLC = 1/

√
LC, where L and C are the effective inductance

and capacitance of the individual SRR. In order to have
better understanding of the physical mechanisms related
to the resonant frequency shift from MM1 to MM4, we
simulated the electric and magnetic field distributions using
the numerical solver CST Microwave Studio [44]. Simulation
results reveal that the magnetic field distributions for the
coupled resonators remain almost similar to the uncoupled
SRRs, and therefore, do not contribute to the resonance
frequency shift significantly. However, the electric fields
within the SRR pairs, as shown in Figure 3, clearly go through
significant changes for the various coupled resonators. When
the SRRs are far apart and SRR gaps are aligned, as in
the case of MM1, fringing fields around the gap-bearing
side contribute significantly to the overall capacitance of
the individual resonators, as seen from the electric field
distribution in Figure 3(a). As the separation between SRRs
is reduced, these fringing fields increasingly couple the
individual responses of the rings. Coulomb repulsion occurs
through the fringing fields between like charges in the paired
rings, thereby opposing charge accumulation near the gap
resulting in a reduction of the fringing capacitance in both
rings, as shown in Figure 3(b). This is responsible for the
observed blue shift of the resonance frequency in MM2 as
compared to MM1. When one gap is displaced completely
towards the corner, as in the case of MM3, the Coulomb
interaction between charges in one of the arms of the
paired rings becomes attractive, thereby increasing the net
electric flux density, as shown in Figure 3(c). This produces
additional capacitance between the rings causing a red shift
in the resonance.

For the sample MM4, both the gaps are displaced towards
the corner, therefore, enhancing the Coulomb attraction
between the opposite charges between the paired rings by
maximum extent. This effect gives rise to a larger value of
the coupling capacitance, resulting in maximum red shift
of the LC resonance. The red shift in MM3 and MM4 is
accompanied by a weakening of the resonance, as revealed
by the increased resonant transmission minimum. This is
because of the weak excitation of SRRs with displaced gaps by
the external electric field. Therefore, two apparently indepen-
dent and simultaneous effects are observed: strong capacitive
coupling between SRRs causing resonance frequency shifts
and symmetry breaking in the individual rings causing
variation of the resonance strength. The larger the capacitive
coupling between the paired rings, the larger the resonance
frequency shift. Similarly, the larger the asymmetry of the
rings, the weaker the LC resonance strength due to the weak
coupling of the incident THz radiation with the SRRs.
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Figure 1: Optical microscope images of the fabricated metamaterial samples. (a) In the unit cell with symmetric gap-to-gap coupled SRRs,
the separation is either (a) 10 μm (MM1) or (b) 2 μm (MM2). (c) The asymmetric SRRs with one gap displaced from the center (MM3) and
(d) the SRR array where both gaps are displaced in the opposite direction from the center (MM4). The dimensions of the unit cells and their
features are indicated in the figure. The unit cell periodicity for all the metamaterial samples is identical.
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Figure 2: Measured THz electric field amplitude spectra when transmitting through the metamaterial samples for (a) MM1 and MM2 (b)
and MM2, MM3, and MM4.

2.2. Inductive Coupling in the Metamaterial Array. The effect
of strong inductive coupling was probed in terahertz SRRs
by maintaining a fixed orientation and the capacitive gaps
facing upwards in all samples, which minimizes the effect
of the capacitive coupling [39]. Thus, the metamaterials are
designed to have different periodicity from one sample to
another. Nine sets of samples were prepared with periodicity

of P = 200, 150, 100, 60, 50, 40, 35, 30, and 25 μm, keeping the
geometrical dimensions of the SRR fixed. Figure 4(a) shows
the metamaterial sample with P = 25 μm. The dimensions of
SRR were chosen such that its LC resonance wavelength is
λ ∼ 200 μm (i.e., 1.5 THz) on the silicon substrate. Different
periodicities in samples were designed so that the resonance
wavelength to lattice constant ratio λ/P varies from a value
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Figure 3: The numerically simulated electric field strength distributions for the coupled SRRs: (a) MM1 (b), MM2 (c), MM3 (d), and MM4.
The electric field strength is indicated by the color map at the bottom. The polarity of the induced electronic charges on the SRR arms is
indicated in the figure.

of λ/P = 1 for P = 200 μm to λ/P = 8 for P = 25 μm. Each
metamaterial sample is excited by an incident terahertz beam
with the focal diameter of 3.5 mm, with which the number
of excited SRRs is gradually increased from 960 for P =
200 μm to 61,500 for P = 25 μm. This enables the study of the
inter-SRR packing-dependent coupling and its impact on the
overall collective resonant response in THz transmission.

The measured resonant transmission spectra are plotted
in Figure 4(b). The evolution of the LC resonance was
observed at around 1.5 THz. The resonance was fairly
weak for the 200, 150, and 100 μm periodicities. A strong
resonance feature is observed for the metamaterial sample
with period of 60 μm, and then a gradual broadening of
the resonance was seen for smaller periodicities or higher
packing densities.

The dominant coupling mechanism among SRRs at the
LC resonance with increasing packing density is mainly
magnetic/inductive in nature. The increase in the packing
density leads to spatially closer magnetic loops strongly
coupled to each other. When this happens, the mutual in-
ductance between SRRs tends to reduce the self-inductance
of the SRR loop leading to a reduced effective inductance
and thus an increase or blue shifting of the LC resonance
frequency. Thus, the stronger is the inductive coupling be-
tween the SRRs, the higher the resonance frequency will be,
since each SRR due to mutual coupling reduces the magnetic
flux of its neighbors. The experimental data shows that
stronger (high density) or weaker (low density) magnetic
coupling leads to lowering of Q factor of SRRs as shown in
Figure 4(c). Further, there seems to be an optimal packing
density with periodicity of 60 μm where the SRRs are
coupled to yield the sharpest LC resonance due to diffractive
coupling. This coupling mechanism is explained in detail in
the next section.

2.3. Long-Range Diffractive Coupling in Metamaterial Array.
In this section, we describe the long-range radiative coupling

encountered in the experiment described in the previous
section. We highlight that the inter-SRR distance and its
number density or periodicity can control the Q factor and
the strength of the LC resonance of SRRs. The measured
amplitude transmission in Figure 4(b) shows that the LC res-
onance at 60 μm periodicity yields the narrowest resonance
linewidth. Coincidentally, it also corresponds to a λ/P ratio
of 3.33 which is the refractive index of the silicon substrate
on which the SRRs are fabricated. Thus, we observe a strong
suppression of radiative losses and thus a sharp enhancement
of the Q factor at a certain critical periodicity, Pc, that
exactly matches the SRR resonant wavelength in the silicon
substrate, that is, Pc = λLC/n, where λLC is the LC resonance
wavelength in vacuum, and n is the refractive index of
the substrate material. The sharpening of LC resonance is
mainly due to Wood’s anomaly or the diffractive lattice
mode corresponding to the critical periodicity, the resonant
wavelength, and the substrate index [38–40, 45]. When the
periodicity is further reduced, a gradual decline in Q factor
of the fundamental SRR resonance is observed in Figure 4(c).

The narrowest resonance occurs when the incident light
field corresponds to diffractive grating order (i, j) change

from evanescent to radiative, Pc =
√

(i2 + j2)λ/n; here n is
the refractive index of the substrate in use, (i, j) are the
diffraction grating orders, and λ is the resonance wavelength.
In the experiment, Pc = 60 um corresponds to the lowest-
order (1, 0) diffractive lattice mode. Every time the lowest-
order lattice mode matches either the lower-order funda-
mental LC resonance or higher-order resonances, a sudden
sharpening of the resonance will occur. The narrowing of
the resonance in an optimally packed metamaterial can also
be best understood by the suppression of radiation damping
due to the confinement or trapping of electromagnetic fields
in the metamaterial plane. This mechanism is based on
diffractive coupling during which the diffracted fields are
trapped in the metamaterial lattice, and each SRR radiatively
couples to the neighboring SRR. The lower Q factor for larger
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Figure 4: (a) Microscopic image of the highest-density metamaterial sample. The SRRs are comprised of 200 nm thick Al on 640 μm thick
n-type silicon substrates. (b) Measured transmission spectra of metamaterials with different periodicities. (c) Quality factor extracted from
the measured transmission for different period metamaterials.

periods is associated to an enhanced radiation damping.
The lower Q factor for smaller periods is mainly due to the
mismatch with the lattice mode during which the radiated
fields of the coherently coupled SRRs interfere destructively
in the plane of the metamaterial, leading to higher radiative
losses and increase of nonradiative losses due to a capacitive
and inductive coupling.

Tailoring the periodicity of metamaterials will allow the
design of frequency-selective surfaces with an adjustable Q
factor for metamaterials across the entire electromagnetic
spectrum optimized for various applications. This finding
is important for the development of metamolecule density
and substrate-refractive-index-tuned THz devices and com-
ponents.

2.4. Capacitive and Inductive Coupling for Different Ori-
entation and Separation in Nearest-Neighbor SRRs. In this
section, we probe scenarios where neighboring split rings
have their gap either on the same or on opposite sides
with the change in periodicity [37]. The lowest-order odd
eigenmode and the lowest-order even eigenmodes for two
different excitations are marginally affected, whereas the
higher-order eigenmode experiences a significant spectral
reshaping [37, 46] due to a coherent interaction.

We designed metamaterials composed of three different
supercells each containing four SRRs. The geometrical
arrangement of the SRRs in each supercell is shown in
Figure 5. In the first sample, all SRRs have their gap on
the same side. In a second sample, the SRRs are arranged
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Figure 5: Unit cell of the three types of differently oriented split-ring resonators. The dimensions of all SRRs are t = 6μm, l = 36μm, and
d = 2μm . In the design, the period P is varied.

with vertical mirror symmetry. In a third sample, the SRRs
have the same orientation of their gaps along the diagonal
directions of the supercell. In this work, the effects of the
orientation on the spectral position and the width of each
resonance are investigated. It was observed that control over
the orientation of the SRRs and the periodicity enables
extremely sharp features in the spectrum that are promising
candidates for various practical applications such as sensing
devices.

Simulations were done with the Fourier modal method
[47] using the structure parameters shown in Figure 6
where only the periodicity parameter “P” was swept from
P = 50 μm to P = 39 μm. Figure 6 shows the transmission
for the three configurations as a function of period and
frequency. In all cases, the incident E-field is polarized along
the gap-bearing arms in the y-axis direction as shown in
MM2. The main effects observed in the simulations are the
impact of each configuration, the impact of the periodicity
for each configuration on the spectral positions and the
widths of the resonance, and the occurrence of coherent
phenomena once SRRs are closely spaced. It can be clearly
seen that the fundamental mode LC resonance at 0.5 THz
does not undergo significant change in resonance position or
resonance linewidth, but the higher-order dipole resonance
undergoes a huge spectral change at about 1.5 THz.

Between MM1 and MM2, as the periodicity is reduced,
the resonance at 1.5 THz broadens in MM2, and the same
resonance in MM3 splits and exhibits a very sharp spectral
feature, shown by a white-dotted ellipse. Such large spectral
reshaping prompted us to carry out the experiment in all of
these configurations.

Six samples of planar SRRs (denoted in the following
section as MM1–MM6) were fabricated. As shown in
Figure 5 above, MM1–MM3 are single SRRs with lattice
constant P = 50 μm. MM4–MM6 are single SRRs with the
same symmetry as MM1–MM3 but with reduced periodicity
of P = 39 μm. The measured amplitude transmission spectra
of MM1–MM3 are shown in Figure 7(a). The two significant
dips in transmission are traces from the two lowest-order
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Figure 6: Simulated transmission spectra of the three differently
oriented metamaterials with period, P, swept from P = 50 μm to P =
39 μm.

odd eigenmodes. Significant differences in the spectra are
observed, depending on the orientation of the gap of neigh-
boring SRRs. When comparing the resonances of MM2 with
those of MM1, it can be seen that the LC resonance at 0.5 THz
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Figure 7: (a), (b) are measurement and simulations of differently oriented metamaterials, MM1, MM2, and MM3, for P = 50 μm for
excitation in x direction, (c), (d) are the same but excitation in y direction, and (e), (f) are measurement and simulations for three differently
oriented unit cells with period P = 39 μm.

is red shifted slightly. In contrast, the next higher-order
odd resonance at 1.5 THz broadens, blue-shifts by 84 GHz,
and the transmission increases significantly in MM2. Fur-
thermore, the orientation of the SRRs in the supercell for
MM3 causes only a marginal additional red shift of the
lowest-order eigenmode by 8 GHz and nearly no change on
transmission. The next higher-order resonances suffer from a

severe broadening and a significant increase in transmission
up to 49%. The simulated spectra in Figure 7(b) are in good
agreement with the measurements except the amplitude
transmission depth at the LC resonance due to the limited
resolution of our numerical code. For an incident E-field
perpendicular to the gap-bearing arms, the response of
MM1–MM3 is shown in Figure 7(c). Independent of the
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Figure 8: Microscopic images of the (a) periodic and (b) random single SRR array, (c) periodic and (d) random double SRR array. The
dimensions of the outer ring are the same as in Figure 5 and of the inner smaller ring are the same as in Figure 4(a).

arrangement, all spectra show a strong resonance at 1.33 THz
and have nearly the same spectral dependence. Exactly the
same observation is made in the simulation. This resonance
is the lowest-order even eigenmode.

The experimentally measured transmission spectra for
MM4–MM6 are shown in Figure 7(e). The incident E-field is
polarized along y-axis. Due to reduced periodicity and high
density of SRRs, we observe a different spectral behavior in
comparison with the samples MM1–MM3. In MM4, there
are three distinct resonances, the LC resonance at 0.556 THz,
the next higher-order odd eigenmode at 1.57 THz, and a
third strong resonance at 2.3 THz. This third resonance,
however, is a Wood’s anomaly in the substrate. In MM5,
the lowest-order odd eigenmode appears red-shifted and
has a reduced linewidth when compared to MM4. The
next higher-order odd eigenmodes are broadened and blue-
shifted. In MM6, the lowest-order odd eigenmode is again
marginally further red-shifted. Finally, and potentially most
interesting, the next higher-order odd eigenmode appears
as an extremely sharp feature with a linewidth of only
69.5 GHz, resonating approximately at the same frequency
as the higher-order odd eigenmode of MM4. The resonance
has a high Q-factor of 18.5. This high Q-factor is an
essential property for the achievement of high sensitivity in
planar THz MM sensors, as sensitivity increases with the
sharpness of the spectral resonance feature. In Figure 7(f),
the simulation agrees well with the measurements.

To explain the influence of the arrangement on the
spectral properties of the lowest-order LC resonance mode,
one may evoke analogies to transmission line theory. Placing
SRRs like in MM2 and MM3 will cause an increase of the
effective capacitance as the next neighbor in such situation

provides a parasitic or mutual capacitance in parallel that
would add up with the gap capacitance. The increase in
effective capacitance causes the red shift of the LC resonance.

For the lowest-order even eigenmode when the excitation
field is along x direction, placing the gap on either side of the
SRR has no effect, as this mode is dominantly characterized
by oscillating currents in the side arms of the SRR that have
no gap. Therefore, modification of the resonance conditions
for the SRR is neither observed nor expected.

For the third resonance which is the second-order odd
eigenmode, the resonance shape and position depends on
the chossen period and consequently on the absolute inter-
SRR distance between the neighbors. By taking into account
the fact that the resonance wavelength is comparable to the
chosen interparticle separation, the coherent superposition
of the scattered field by neighboring SRRs causes the strong
modification of the transmission in this spectral domain.
The formation of a subradiant and a superradiant type
mode, depending on the interparticle distance and the gap
orientation, causes a blue shift or a red shift of the resonance
[43]. The superradiant (subradiant) mode also increases
(decreases) the radiation losses of the excited eigenmode
which leads to a broadening (narrowing) of the spectral
resonance.

2.5. Coupling in the Randomly Distributed Metamaterial
Array. In this section, we review the outcome of the
introduction of positional disorder of SRRs in metamaterials
on the quality factor of the fundamental LC and higher-
order dipole resonances. Several existing metamaterials are
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Figure 9: Measured (a) parallel and (b) perpendicular excitation of single-ring periodic and random resonators; (c), (d) are the same for
double-ring resonators. The dash curves are the corresponding phase changes.

anisotropic in nature. However, for most practical applica-
tions across the entire electromagnetic spectrum, isotropic
materials are required, and isotropic medium is sometimes
based on randomly distributed cells in the volume of the
host structure. Much of the previous work on metamaterials
was focused on investigating the unique properties of wave
propagation through periodic structures. There has been a
tremendous desire to explore the collective behavior of SRRs
when disorder is present in either their geometrical dimen-
sions or periodic positioning on the host media [48–52].

The disorder has been studied in the single and the
double split-ring resonators [50]. For single SRRs, only the
outer ring with the same dimensions is retained. The disorder
in arrangement was introduced by manually changing the
lattice points of SRRs in a random fashion during the mask
design. Each of the periodic SRRs was initially at a lattice

position,�rn, where�r = x�i+y�j, and individual SRRs were then

displaced by ± �δx and ± �δy to introduce positioning disorder

as shown in Figure 8. Thus, δr = δx�i + δy�j is used to

define the degree of randomness. In our case, | �δx| ≤ 32μm

and | �δy| ≤ 32μm, leading to a maximum disorder |�δr| ≤

45.25μm, which is equivalent to 85% of the periodicity, P =
53 μm. The random SRRs retain the same number density
as that of the counterpart periodic SRRs, giving the same
metal volume filling fraction, f = 0.25 for the single SRRs,
SR (periodic), and SR-rd (random), f = 0.33 for the double
SRRs, 2SR (periodic), and 2SR-rd (random).

For the random sample SR-rd in the parallel orientation,
as shown in Figure 9(a), no change in the LC resonance
feature is observed compared to that of SR. The next higher
resonance, however, blue-shifts by 16 GHz with a linewidth
broadening by 80 GHz and a significant transmission modi-
fication from 12% to 28%. In the perpendicular orientation,
the lowest-order eigenmode of the random structure, SR-
rd, red-shifts by 34 GHz and broadens by 106 GHz, as
shown in Figure 9(b). This behavior indicates that the dipole
resonance is clearly affected by the positional disorder of
SRRs.

Figures 9(c) and 9(d) illustrate the frequency-dependent
amplitude transmission of the double SRR samples, 2SR
and 2SR-rd. Similar effects are observed in the periodic and
aperiodic double SRRs, as seen for the single SRRs. The
LC resonance of 2SR and 2SR-rd was found identical in all
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respects. The second-order odd eigenresonance at 1.58 THz
blue-shifted by 16 GHz and broadened by 99 GHz, and the
resonance minimum decreased by 17.5%. The lowest even
eigenmode red-shifts by 28.5 GHz and broadens by 49 GHz.
The corresponding phase change spectra are shown in all the
figures.

The character of the LC resonance is independent of
randomness in the positioning of SRRs as its peak frequency
and resonance strength remain unaffected. The response of
the random SRRs at the LC resonance is identical to that of
their periodic counterpart as long as their number density
remains constant by maintaining equal volume metal filling
fraction. The inter-SRR interaction between the individual
elemental SRR is negligible since the collective behavior of
the periodic and the random metamaterials is just a direct
addition of individual SRR contributions.

Unlike the LC resonance, the dipole resonances in the
random structures undergo a change compared to that of
the periodic SRRs. This can be expected due to the different
current profiles for the SRRs at LC and dipole resonance
frequencies. The second odd and lowest even eigenmode
resonances in the transmission spectra of all the SRRs are
due to linear currents in the SRR side arms and have similar
current density distributions. Therefore, those resonances
undergo similar spectral modification when disorder is
introduced in the SRRs. The incident terahertz electric field
excites plasmon oscillations of conduction electrons at the
surface of individual metallic SRR arms that are parallel to
the illuminating field, producing a collection of oscillating
dipoles with a dipole moment. The dipole resonance is due
to the dipole-dipole interaction between the SRR arms along
the direction of the incident electric field. The plasmon
energy and the resonance linewidth strongly depend on
the interparticle distance. The dipole resonance wavelength
in the metamaterial structures becomes comparable to
the interparticle spacing, and as the distance between the
dipoles is varied, there is formation of a coupled plasmon
mode which alternates between superradiative and subra-
diative behavior modifying the resonance spectral width
and causing frequency shifts. The dipole coupling among
the randomized split ring resonators is highly complicated
due to their random positioning with respect to each other
and is influenced by a number of other factors, hence
rendering a straightforward explanation impossible. In the
periodic structures, the coupling between the dipoles is
stronger compared to the randomly distributed SRRs since
the interaction between the oscillating particles is partially
cancelled by the disorder, which leads to weaker coupling
among the dipoles and higher radiative damping. As a result,
broadened and weaker plasmon resonances in the randomly
scattered SRR metamaterials are observed. This is also due
to inhomogeneous broadening that is caused due to the
randomly scattered dipoles.

3. Conclusion

In conclusion, in-plane coupling of terahertz SRRs can ma-
nipulate and tailor the fundamental as well as higher-order

resonances. The near-field coupling via the SRRs electric and
magnetic field causes the fundamental mode resonance to
red-shift and blue-shift, respectively. The mutual orientation
and the separation plays dominant roles in tuning the higher-
order dipolar resonance, leading to excitation of sharp
subradiant resonances that can act like hotspots for sensing
applications. The effect of packing density in SRRs can be
very strong, enabling the design of tunable transmission and
quality factor metamaterials. Long range radiative coupling
also leads to resonance sharpening and electromagnetic
energy trapping in the metamaterial lattice, and these long-
range interactions are mediated by the fundamental-order
diffractive mode of the periodic grating. Thus, the different
coupling mechanisms in planar matamaterials could be
exploited for the development of terahertz devices with
various functionalities.
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