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Abstract

Spoof surface plasmon polaritons (SSPPs) offer a powerful way to confine and guide light
at terahertz and gigahertz frequencies, but their functionality is typically locked by their
static geometries. This study demonstrates the active tuning of SSPP resonances using
nematic liquid crystals (LCs) integrated into metallic grating structures. Through full-wave
numerical simulations, we show that both reorienting the LC director and inducing the
nematic—isotropic phase transition enable the efficient modulation of the SSPP resonance
frequency. In the terahertz regime, tuning ranges exceeding 150 GHz are achieved while
preserving strong resonant absorption. For GHz-scale structures, we identify optimal
configurations—such as partially dielectric-filled grooves topped with an LC layer—that
overcome field confinement challenges and provide practical frequency shifts of several
gigahertz. These results establish LCs as an effective tuning medium for reconfigurable
SSPP devices for future applications in emerging THz and GHz photonics.

Keywords: spoof surface plasmon polaritons; liquid crystals; terahertz; gigahertz; tunable
metamaterials; active plasmonics

1. Introduction

In recent decades, plasmonics has become a major field in photonics, focusing on
the interaction between light and collective electron excitations in metals [1,2]. These
excitations—surface plasmons—were first predicted in 1957 [3], and research in this area
now spans a wide range of resonant phenomena, including surface plasmon polaritons
(SPPs) [4], localized surface plasmon resonances [5], gap surface plasmons [6], surface
plasmon resonances in core-shell nanoparticles [7], surface lattice resonances [8], and Tamm
plasmon polaritons [9,10]. The ability of these excitations to confine light to subwavelength
scales [11] and enhance local electromagnetic fields [12] has led to their wide use in var-
ious applications, including chemical and biological sensing [13-18], surface-enhanced
spectroscopy [19], electromagnetic cloaking [20], subwavelength waveguides [21], metama-
terials [22], photodetectors (improved efficiency) [23], and lasers [24].

Parallel to developments in nano-optics, there has been growing interest in the tera-
hertz (THz) and gigahertz (GHz) frequency bands [25]. These spectral regions are relevant
for applications in security screening [26], medical imaging [27], and wireless communica-
tions. The latter encompasses the development of the new 6G wireless communications
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standard, for which operation in the GHz and THz ranges is being actively explored [28,29].
Conventional plasmonic effects, including SPP resonance, which thrive at optical frequen-
cies, would be prime candidates for manipulating light at these frequencies. However,
metals in the THz and GHz regimes behave as near-perfect electrical conductors (PECs) [30],
which suppress the field penetration and coupling required to sustain conventional SPP
modes [31]. Additionally, in the THz and GHz regimes, the large magnitude of the metal
permittivity causes the surface plasmon dispersion to approach the light line, resulting
in weakly confined surface waves that increasingly resemble free-space radiation. Con-
sequently, conventional SPPs lose key plasmonic characteristics, such as subwavelength
confinement and strong field enhancement, in the THz and GHz regimes.

This limitation has been successfully circumvented by the development of spoof
surface plasmon polaritons (SSPPs) [32,33]. Unlike conventional SPPs that propagate on a
flat metal-dielectric interface, SSPPs are excited on an interface between a dielectric and a
metallic surface with periodic subwavelength corrugations. This structured surface acts as
a metamaterial, the electromagnetic response of which is dominated by its geometry [34,35].
The latter allows for the engineering of a geometry that achieves a near-perfect coupling
efficiency to SSPPs [36].

The excitation of SSPPs, similar to that of conventional SPPs, requires momentum-
matching techniques due to their propagation constant exceeding the wavenumber of light
in free space. A common method employs a prism-based coupler operating on the principle
of frustrated total internal reflection (FTIR) [37]. However, due to the PEC behavior of
metals at THz frequencies, the Kretschmann configuration [38] cannot excite SSPPs, as the
evanescent field cannot effectively penetrate the metal film to excite SSPPs at the metal-
dielectric interface. In contrast, in the Otto configuration [39], a dielectric gap is placed
between the prism and the metal surface, allowing the evanescent field to reach the interface
and enable coupling (Figure 1a), which makes it the more suitable prism-based approach.
Alternatively, more advanced approaches utilize dielectric meta-surfaces to couple SSPPs,
as well as transmission lines with gaps to achieve the coupling of SSPPs to the radiation
mode [40].
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Figure 1. Excitation of SSPP using the Otto configuration (a). Examples of metal grating shapes: 1D
array of rectangular grooves (b), 2D array of rectangular holes (c), symmetric 1D array of compound
mother—son slots (d).

The foundational structures for supporting SSPPs are gratings formed by periodic
corrugations on a metal surface. Among these, one-dimensional geometries such as periodic
groove arrays (Figure 1b) are commonly used in applications due to their straightforward
design and effective wave confinement [41]. Such designs can be extended by modulating
the groove depth [42] or by introducing slanted or two-step grooves, which provide
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additional degrees of freedom for manipulating the dispersion relation. In two dimensions,
arrays of holes or pillars (Figure 1c) and other designs [43] enable polarization control
and light manipulation schemes not achievable with one-dimensional designs. A separate
class of flat one-dimensional structures should also be noted—the single- or double-sided
corrugated transmission lines [44], including profiles with mother—son designs [45]. The
latter configuration (Figure 1d) features a larger ‘mother’ groove housing a finer ‘son’
grating, and is particularly valuable for reaching ultra-strong field confinement [46] while
retaining the advantages of a single-layer fabrication process.

A fundamental distinction of SSPPs, compared to conventional SPPs, is that their
properties are dictated by engineered structural geometry rather than a material’s intrinsic
Drude response, enabling superior control over wavevector, confinement, and propagation
loss [47]. This engineered low loss, combined with strong subwavelength confinement,
makes them exceptionally suitable for integrated photonic circuits, broadband sensing
platforms [48,49], near-perfect absorbers [50], reconfigurable filters [51], and compact
waveguiding applications [52,53].

Like most plasmonic systems, the operational characteristics of an SSPP structure
are intrinsically locked to its precise geometrical parameters post-fabrication, making the
ability to design structures with predetermined or tunable properties a critical aspect of the
field. For applications that require active, post-fabrication control—such as reconfigurable
filters, switches, and modulators—the development of tunable SSPP structures is essential.
Current tuning strategies of SSPPs, and THz/GHz metamaterials in general, primarily rely
on introducing dynamic physical changes to the system. These include the use of a movable
dielectric disturber to perturb the electromagnetic field locally, mechanical actuation to alter
critical dimensions, a metal-insulator transition in VO, thin films [52,54], and modifying the
Fermi energy in a graphene sheet near the SSPP grating through chemical doping [55-57].
The search for efficient, wide-range, and fast tuning mechanisms continues to be a key
research focus.

Liquid crystals (LCs), and nematic liquid crystals (NLCs) in particular, represent
a highly promising class of tunable materials for this purpose. NLCs are mesophases
characterized by the long-range orientational order of their rod-like molecules, described
by a macroscopic director field. The orientation of the director can be reconfigured by
applying external electric, magnetic, and light fields, while the magnitude of the birefrin-
gence can be modulated by temperature [58,59]. This reorientation provides a powerful
mechanism for tuning the optical properties of a system [60-62]. By integrating an LC
cell into an SSPP structure, this effect can be used to dynamically control the device’s
electromagnetic response.

LCs have been successfully used to dynamically tune a wide range of photonic systems,
from optical to millimeter-wave applications [63—-66]. The demonstrated tuning applica-
tions include shifting resonances in metallic nanoantennas [67], modulating propagation in
plasmonic waveguides [68,69], controlling resonant frequencies and beam coupling [70-73],
as well as enabling reconfigurable phase shifters [74], tunable antennas [75,76], and micro-
gratings [77,78], LC-controlled surface plasmon resonance sensors [77], and adjustable laser
cavities [79-81], among others. Additionally, under certain conditions, the anisotropy of
the LC layer can enable the excitation of new surface electromagnetic modes—Dyakonov
waves [82]. The established versatility of LCs in dynamically controlling light-matter inter-
actions highlights their potential for enabling the active tuning of SSPPs. It should be noted
that LCs have previously been used to tune several types of SSPP structures [43,83-85].
Namely, in Ref. [43], continuous tuning from 0.48 to 0.54 THz was reported for a metastruc-
ture with H-shaped metaatoms supporting non-diffractive SSPP propagation. In Ref. [83],
LCs were used to tune a phase shifter based on SSPPs with common-mode suppression
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in the microwave spectral region. SSPP propagation in a gradient dielectric-filled metallic
grating was studied in Ref. [84], highlighting that using LCs can be promising for achieving
continuous tuning in such structures. In Ref. [85], the dispersion of SSPPs was studied
in structures with a corrugated perfect conductor-dielectric interface, highlighting the
potential tunability of SSPP dispersion using LCs. Extending these concepts to the control
of other SSPP structures with LCs therefore shows significant promise.

In this work, we explore the active tuning of SSPPs in the GHz and THz frequency
ranges through the integration of NLCs. In contrast to [43,83-85], the present study investi-
gates LC-controlled resonant SSPP modes in corrugated metallic gratings, demonstrating
the direct tuning of the SSPP resonance frequency in both the GHz and THz regimes.
The dynamic control of SSPP propagation is achieved through two primary mechanisms:
reorientation of the LC director and thermal tuning through the nematic-to-isotropic phase
transition. This study demonstrates efficient modulation of the SSPP resonance frequency
across both the GHz and THz frequency regimes, offering new ways for developing fully
reconfigurable plasmonic devices.

2. Structure Description, Materials, and Methods

When integrating LCs into photonic and plasmonic resonant structures, they are
typically placed in regions of the highest electromagnetic field enhancement to achieve
maximum tuning ranges [65,75]. Since the SSPP resonance in a 1D rectangular grating
(as in Figure 1a) results in a significant electromagnetic field enhancement in the grooves,
we consider an SSPP structure where the grooves are filled with an NLC (Figure 2a).
Reorienting the NLC director n by applying external fields changes the dielectric tensor
¢ = e, 1+ e,n @nin all frequency ranges, including the SSPP frequency. This results in the
SSPP ‘perceiving” a different dielectric permittivity of the grooves, shifting the resonance
frequency. Because the SSPP mode is strongly influenced by the dielectric environment of
the grooves, reorienting the NLC, which changes the effective permittivity experienced
by the mode, affects the electromagnetic energy stored in the grooves (i.e., their effective
capacitance) and in turn shifts the resonance. In order to assess the tunability range of
the resonance frequency in LC-tuned structures, it is often sufficient to investigate the
transitions between the principal orientations of the director, namely the x-planar (n || e,
Figure 2b), z-planar (n || e, Figure 2c), homeotropic (n || ey, Figure 2d), and isotropic
(Figure 2e) configurations.
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Figure 2. Excitation of SSPP in a metal grating with LC-filled grooves (a). Schematic depic-
tion of refractive index ellipsoids in four principal LC configurations: x-planar (b), z-planar (c),
homeotropic (d), and isotropic (e).

The studied structure (Figure 2a) can be considered uniform in the z direction. The
incident electromagnetic wave, polarized linearly in the xy-plane, propagates in the xy-
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plane and forms an angle « with the y-axis in the prism. Due to the uniformness in the z
direction of the structure and the initial conditions, the solution for the electromagnetic
field will also be uniform in the z direction. Furthermore, if the prism is sufficiently large in
the x direction, the structure (Figure 2a) can be considered periodic in the x direction, with
a 2D unit cell in the xy-plane shown in Figure 3.

Perfectly matched layer condition

w
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Periodic port — Y
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Gap
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Floquet Wyroove Floquet
periodic > > ( periodic
condition L condition
Liquid h
crystal groove
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Integration plane —>----=------ -1

Perfectly matched layer condition

Figure 3. Unit cell of the SSPP structure.

The SSPP excitation in the structure was studied by solving Maxwell’s equations
using the finite element method in COMSOL Multiphysics v. 6.2. The reflectance and
transmittance spectra were calculated by integrating the normal Poynting component
above and below the structure, and the absorbance spectra were calculated by integrating
the resistive losses over the volume of the unit cell. The integration planes for reflectance
and transmittance integrals were located 21,y away from the nearest structural elements,
ensuring no near-field contributions, where A,y is the maximum wavelength in the studied
spectra. For the transmittance calculation, a dielectric substrate layer was added, so that
the integration of the normal Poynting component is performed in a non-lossy medium. It
should be noted that in all studied structures the transmittance turned out to be effectively
zero due to the near-PEC properties of the metal layer with a thickness of Ay in the THz
and GHz frequencies, meaning that the material of the substrate does not influence the
SSPP properties if the metal layer is sufficiently thick.

In order to correctly account for the phase shifts of the oblique electromagnetic waves
accumulated over the structure’s period, the Floquet periodic conditions were used. The
phase shifts were derived from the Floquet vector, which is in turn determined from the
periodic port. The semi-infinite spans of the prism in the +y direction and the substrate
in the —y direction were modelled by using Cartesian perfectly matched layers, which
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prevent waves propagating away from the structure from getting reflected back into the
SSPP structure.

The mesh was adapted to reflect the peculiarities of the structure, such as accounting
for a finer resolution at the locations with high near-field enhancement, an increased
dielectric permittivity in the prism and NLC, and a rapid wave intensity change in the
metal. The mesh was additionally made to be compliant with the symmetry requirements in
the perfectly matched layers for correct domain stretching and on the periodic boundaries
for correct element mapping. The obtained numeric results were verified to be stable with
respect to the mesh adjustments.

The high-index prism had a refractive index 1,5, = 1.446 [49], and the air gap’s and
the substrate’s refractive indexes were equal to 1. The metal grating was made of gold,
with the real and imaginary components of the refractive index taken from [86] for the THz
frequency range, while the gold’s conductivity was taken from [52] for the calculations
in the GHz range. The dimensions of the structure are w = 60 um, Wgrppe = 30 pm,
hgap = 70 um, and hgrpove = 25 um. The values of the ordinary (1,) and extraordinary
(n.) refractive indexes of the NLC and the incidence angle « are specified in the following
sections separately.

3. Tuning Spoof Plasmons in THz
3.1. Tuning by Reorienting the LC Director

We first consider a typical LC mixture with a moderately high anisotropy of
An = n, —n, = 0.2 with n, = 1.7 and n, = 1.5—typical values for widely used LCs
in THz such as 5CB and E7 [87]. Figure 4 shows the absorbance (A) and reflectance (R) spec-
tra of the structure for the x-planar, z-planar, and homeotropic NLC director orientations
for the incident wave propagating obliquely at an angle « = 78 degrees.
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1.0
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Figure 4. Absorbance (a) and reflectance (b) spectra of the SSPP structure for the x-planar, y-

planar, and homeotropic NLC director configurations. The insets show enlarged views of the
absorbance peaks.
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The reflectance and absorbance spectra show a single dip and peak, respectively, with
the full width at half-maximum (FWHM) of approximately 0.01 THz, associated with the
excitation of SSPP resonance. The amplitude of the peaks approach unity, highlighting the
high effectiveness of the SSPP excitation and indicating that this structure behaves as a
perfect metamaterial absorber at the SSPP resonance frequency. At the frequencies f far
from the SSPP resonance, the total internal reflection cannot be effectively attenuated by
the SSPP’s excitation, resulting in the reflectance of the structure approaching unity, and
the absorbance nearing zero. Since the transmittance T of the structure is effectively zero,
the absorbance can be derived from the reflectance using a simple relation R+ T + A = 1.
The latter condition was carefully verified for all structures studied in this paper; therefore,
only the reflectance spectra are presented in the subsequent figures for conciseness.

Reorienting the NLC director from the x-planar state to the z-planar or homeotropic
state shifts the resonance peak in absorbance and dip in reflectance spectra towards larger
frequencies by approximately 0.1 THz. The differences in reflectance and absorbance
spectra between the z-planar and homeotropic NLC director orientations are minimal;
therefore, the SSPP is not sensitive to the NLC director reorientation in the yz-plane.

The difference observed in the SSPP’s sensitivity to the NLC director reorientation in
different planes can be explained by analyzing the distribution of the electric field compo-
nents in the structure. Figure 5a—c shows the distribution of the electric field magnitude
and the x- and y- electric field components in the unit cell for frequencies far from the SSPP
resonance (a), near it (b), and directly at the resonance peak (c) for the x-planar director
orientation. The electric field is given in the units of the incident wave’s electric field
amplitude Ey. It should be noted that the Ex and E, plots are snapshots of the electric
field components at a single point of the oscillation phase, while |E| corresponds to the
phase-independent electric field norm. When the frequency of the incident wave is far from
the SSPP resonance (Figure 5a), the incident wave undergoes a total internal reflection at the
prism—gap interface (y = 100 um). Therefore, the electromagnetic field in the prism can be
approximated as an interference of the incident and reflected waves with equal amplitudes

— —
and wavevectors of k = k (sina, —cosw, 0) and k = k (sina, cosw, 0), respectively:

271 pyi
|E| =~ 2Ey cos<pcmmfycosoc> ‘ (1)

The electric field magnitude |E| in the gap (25 pm < y < 100 pm) forms an evanescent
wave that decreases the amplitude with decreasing y coordinates. A noticeable electric
field enhancement is observed near the metal grating (Figure 5a, ¥ ~ 25 um), which
suggests emerging SSPP excitation, even at frequencies far from the SSPP resonance (by
about 0.15 THz). The E, and E; electric field component distributions follow the above-
mentioned considerations, showing a propagating wave in the x-direction and a mostly
standing wave in the y-direction. The E, component is generally stronger than the E, due
to a very oblique incidence angle a.

When the frequency f gets closer to the SSPP resonance frequency (Figure 5b), the
enhancement of the electromagnetic field near the metal grating starts to increase. A
significant electric field enhancement now occurs near the angles of the metal grating,
while the absorbance is still mostly negligible at f = 1.3 THz (Figure 4a, x-planar NLC
director orientation). As the frequency f reaches the SSPP resonance value of approximately
1.356 THz (Figure 5c), the electric field enhancement near the metal grating increases by
more than an order of magnitude. Unlike the cases far from the resonance (Figure 5a), the
E, component of the electric field becomes comparable in magnitude to the E,, component
near the resonance frequency (Figure 5c).
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Figure 5. Distribution of the electromagnetic field components in the structure’s unit cell (see Figure 3)
at frequencies far from resonance (a), near resonance (b), and at resonance (c). Enlarged view of the
area near the SSPP localization at the resonance frequency of 1.356 THz (d). The bracket shown next
to (c) indicates the area that is enlarged in (d). Note the different color scale ranges in panels (a—d).

A closer examination of the electric field distribution at the SSPP resonance frequency
near the metal grating (Figure 5d) shows that the electric field has its maximum enhance-
ment at the edges of the metal grating, reaching a value approximately 30 times the
amplitude of the incident wave’s electric field. Within the NLC layer, the E; component
of the electric field is dominant, while the E, component is enhanced above the NLC cell.
This makes the SSPP resonance sensitive to the xx-component of the dielectric permittivity
tensor €, thus explaining the sensitivity of the SSPP resonance frequency to the reorientation
in the xy- and xz-planes (i.e, n || ex — n || e, and n || ey — n || e;) and the lack thereof in
the yz-plane (i.e, n || e, — n || e;) (Figure 4).

The dispersion relation ky (w) of SSPPs can be approximated by the following equation
(see Supplementary Material S1):

27-(11 Weroove
4iko ( (kx + 504) =53 )
————tan(/€xxkoh =1, 2
wwgroove V Exx an( oo grUOW)n;Z L \/kZ x + zﬂ)z ( )
w w
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where kg = w/cis the free space wavenumber, i is the imaginary unit, and the summation is
carried out across all diffraction orders n € Z. As can be seen from (2), the SSPP dispersion
is dependent only on the e, component of the dielectric permittivity tensor é. Therefore,
reorienting the LC in such a way that maximizes the change in €y, results in the best
tunability range of the SSPP resonance frequency.

Figure 6 shows the dependence of the reflectance spectrum near the SSPP resonance
reflectance dip on the incidence angle « in the case of x-planar NLC director orientation.
Deviation from the optimal incidence angle (¢ ~ 78 degrees) by 3 degrees increases the
minimum reflectance value (i.e., makes the reflectance dip shallower) by approximately
0.04. Overall, an increase in the incidence angle « leads to an increase in the frequency of
the SSPP resonance and to a decrease in its FWHM.

1.0

Figure 6. Dependence of the 1.35 THz SSPP resonance reflectance dip for the x-planar director
orientation on the incidence angle «.

When using LCs to tune plasmonic metastructures, an increase in the optical (i.e.,
finite-frequency) anisotropy of the LC typically leads to an increase in the frequency tuning
range [75]. Therefore, when assessing the LCs’ potential for tuning the SSPP resonance,
it is important to consider the LCs with the largest optical anisotropy values. In the
more explored optical frequency range, the largest reported LC optical anisotropy reaches
approximately An ~ 0.7 [88,89]. While the optical anisotropies An of LCs in the THz and
GHz ranges are generally comparable to such in the optical range [90], the highest reported
LC optical anisotropy in the THz range to this day is within An ~ 0.4 [63,90-92]. Therefore,
in order to assess the maximum achievable tuning range, an NLC with An = 0.38, n, = 1.57,
and n, = 1.95 was used, corresponding to the 1825 LC mixture from [90].

In Figure 7, the reflectance spectra for a high-anisotropy LC are shown. The increased
LC anisotropy naturally leads to an increased SSPP resonance frequency tuning range,
from 1.23 to 1.42 THz. The insets in Figure 7 show how the SSPP resonance reflectance dip
changes with the incidence angle «. It can be seen that the reflectance dips corresponding
to the x-planar and z-planar NLC director orientations have different optimal incidence
angles a: 80 degrees and 78 degrees, respectively. This effect becomes more pronounced
with higher NLC anisotropy values. Nevertheless, choosing an intermediate incidence
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angle « of 79 degrees allows the reflectance dips for both NLC director orientations to
achieve an amplitude of approximately 0.99.

—— a = 78°, x-planar e @ = 78°, Z-planar
—— a =179°, x-planar e @ = 79°, z-planar
—— a =80°, x-planar ..............

1.0 W
0.8
0.6 -
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0.4
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029 011 \ 014}
1 0.04+— ; 0.0 Ludi
1232 1.236 1.424 1428
0.0 T T T T T T '
1.1 1.2 1.3 1.4 1.5

f (THz)

Figure 7. Reflectance spectra of the structure with a high-anisotropy NLC for the x-planar and
z-planar director orientations at different incidence angles a. The insets show enlarged views of the
reflectance dips.

3.2. Tuning by Inducing a Nematic—Isotropic Transition

It should be acknowledged that in the structures studied in the previous section, the
conventional way of controlling the LC orientation, i.e., by applying an external electric
field, can become challenging due to the LC-filled groove being surrounded by metal
from three directions. Alternative strategies for controlling the LC director orientation
are also available, including magnetic-field actuation and modifying the boundary con-
ditions through photoalignment [93-95], dendrimer coatings [96,97], or surfactants such
as CTAB [98,99]. An additional approach for influencing the LC’s dielectric permittivity
tensor is the temperature-induced nematic-isotropic phase transition, which is explored
below. This effect was modeled using the data reported in Ref. [100], where the refractive
indexes 1, and #, of E7 LC mixture were measured at several temperature T points along
the nematic-isotropic phase transition.

Figure 8a shows the calculated reflectance spectrum over a range of temperatures
as the LC transitions from a uniform x-planar state to an isotropic state, while Figure 8b
maps the centers of the SSPP resonance reflectance dips in Figure 8a to the normalized
temperature scale. An increase in temperature below the clearing point T (i.e., T < T¢)
leads to a decrease in the LC’s optical anisotropy, resulting in an increase in the SSPP
resonance frequency from approximately 1.354 to 1.405 THz. As the temperature T reaches
the clearing point T, the optical anisotropy of the LC vanishes completely, and further
increases in the temperature do not shift the plasmonic reflectance dips except for a small
non-monotonic jittering of the dip’s position, dictated by the non-monotonic jittering of the
experimental dependence of the isotropic refractive index n;5,(T) for T > T, in Ref. [100].
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Figure 8. SSPP resonance reflectance dips in the reflectance spectra at different normalized tem-
peratures T/ T, (a). Mapping of the SSPP resonance reflectance dip frequencies to the normalized

temperature (b).

Similar to the case in Figure 4, a moderate LC anisotropy leads to optimal incidence
angles « at different temperature points as shown in Figure 9, allowing for the selection of
a single angle (¢ = 78 degrees) that results in almost-perfect absorbance at all temperatures.
Moreover, the mentioned non-monotonic jittering in the SSPP resonance reflectance dip
frequency’s dependence on temperature can potentially be smoothened by introducing a
distribution of incidence angles «.

1.0

0.8 1

0.6

0.4 4

0.2 1

0.0 . . LU PARA : .
1.32 1.34 1.36 1.38 1.40 1.42 1.44

f (THz)

Figure 9. Dependence of SSPP resonances on the incidence angle « at the temperature points
T/T: ~ 09 (a), 0.99 (b), 1 (c).

In order to assess the maximum achievable tuning range through the induction of the
nematic—isotropic phase transition, we once again consider the high-anisotropy NLC with
An = 0.38, n, = 1.57, and n, = 1.95 [90]. Since data on the temperature dependence of
such high-anisotropy LCs in the THz frequency range is limited, we consider two principal
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states: the x-planar state described by the refractive indexes 7, and ng, and the isotropic
state described by a single isotropic refractive index n;5, = +/(2n2 +n2)/3 = 1.71. The
corresponding reflectance spectra are shown in Figure 10. Naturally, the higher optical
anisotropy of the NLC results in a higher SSPP resonance frequency tuning range (from
approximately 1.23 to 1.35 THz) compared to the case in Figure 8a (from approximately
1.35 to 1.41 THz).

a = 78°, x-planar
—— a=179°, x-planar

a = 78°, isotropic
- a =79°, isotropic

a = 80°, x-planar e a = 80°, isotropic
1.0 = —
0.8
0.6
x

0.4 1

] o2 0.2
0.2 o014 0.1

N
1 004+— . 0.0 +—= ~
1232 1.236 1352 1.356
0.0 T T T T T T T T T
1.15 1.20 1.25 1.30 1.35 1.40

f (THz)

Figure 10. Reflectance spectra for the x-planar and isotropic NLC states for the NLC with a high
optical anisotropy. The main panel corresponds to the incident angle & = 79 degrees; the insets show
the variation in reflectance dips when « is varied from 78 to 80 degrees.

4. Tuning Spoof Plasmons in GHz

It is important to consider possible SSPP tuning in the GHz (or, more precisely, sub-
THz) range, namely within the frequencies of 100-500 GHz. This frequency range is of
particular interest in the context of potential 6G applications. Generally, if the dielectric
properties of the structure have a relatively gradual dependence on the frequency, the struc-
ture can be directly scaled to switch to a different operating frequency range. Since spoof
plasmons operate in a regime where the metal grating can be regarded as a near-perfect elec-
tric conductor both in GHz and THz, simply scaling up the structure in size is a promising
starting point to enable the studied structure to operate in the GHz frequency range.

Figure 11 shows the reflectance spectrum for the structure scaled up 10 times:
w = 600 um, Werpove = 300 pm, heqp = 700 um, and hgroove = 250 pm, where the grooves
are filled with the E7 LC [100], similar to the case in Figure 8. The optimal incidence angle
« was adapted to the changes in the dielectric function of the metal grating and was found
to be 82 degrees, slightly larger than in the THz case above (Figure 8). The frequency
tuning range scales with the operating frequency, allowing the SSPP resonance frequency
to be tuned from approximately 136 GHz at T/T, ~ 0.9 to 141.5 GHz at T > T.. The
distribution of the electric field components E; and E, and the electric field magnitude
|E| in the structure remain similar to the previously described case in the THz regime
(Figure 5).
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Figure 11. SSPP resonance reflectance dips in the reflectance spectra at different normalized tempera-
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tures T/ T, in GHz (a). Mapping of the SSPP resonance reflectance dip frequencies to the normalized
temperature (b).

It should be noted that while it is challenging to achieve a uniformly oriented 250 pm
thick pure NLC cell, recently a method was introduced to obtain polymer—-NLC composite
cells with a fast response time and a thickness of up to 1.5 mm [101]. Similar to polymer-
dispersed liquid crystals (PDLCs), such composites consist of NLC droplets in the polymer
matrix. However, the proposed composites, unlike PDLCs, have a low polymer concen-
tration, similar to polymer-stabilized liquid crystals (PSLCs), resulting in thin polymer
borders between large LC droplets. Such composites unify the best properties of PDLCs
and PSLCs, largely preserving the dielectric and optical properties of the LCs.

While very thick LC cells, as shown above, can be effective in controlling the SSPP reso-
nance frequencies in GHz, it is also important to investigate whether comparable tunability
can be achieved with LC cells of regular thickness. In order to decrease the LC cell thickness
toward more commonly used values (several tens of microns), several approaches can be
considered, out of which the most straightforward one is to directly decrease the depth of
the LC-filled grooves. While decreasing the groove depth, the other parameters (incidence
angle a, gap height hi¢4p, and prism refractive index 1,,;s,,) need to be significantly adjusted
to maintain strong coupling. Figure 12 shows the reflectance and absorbance spectra for
the SSPP structure with the groove depth decreased to hgmoyg = 50 um. The correspond-
ing incidence angle is « = 44 degrees, the gap height is /ig;, = 3200 um, and the prism
refractive index is 1,5, = 1.46.

While the temperature change allows for a gradual tuning of the resonance frequency,
the frequency control range for such a structure is significantly lower. This happens
primarily due to the change in the localization of the SSPP field enhancement (Figure 13a):
it extends far into the gap, away from the grooves, and the SSPP thus becomes much less
sensitive to the optical properties of the NLC layer. In addition to the mentioned shift, the
SSPP becomes much less localized overall, requiring an increased gap height and smaller
incidence angles that barely satisfy the total internal reflection condition. It should also be
noted that the decreased optimal incidence angle a can lead to hybrid mode excitation, as in
Figure 13b at 240 GHz. Therefore, the structures with larger groove depths are apparently
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superior for LC-based resonance frequency tuning; however, reducing the groove depth
may still be preferred to match commonly used LC cell thicknesses, resulting in a trade-off
between SSPP tunability range and practical cell dimensions.

(a) 1.0

0.8

0.6

0.4+

0.2

(b) 0.0

1.025+

1.000

0.975- /
0.950 /

0.925

T/T,

0.900 L y y
243.0 243.2 243.4 243.6 243.8

f (GHz)

Figure 12. SSPP resonance dips in the reflectance spectra at different normalized temperatures T/ T,
for the scaled structure with shallow grooves of /igroope = 50 um (a). Mapping of the SSPP resonance

reflectance dip frequencies to the normalized temperature (b).
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Figure 13. Distribution of the electromagnetic field components in the structure with shallow LC-
filled grooves at the at the resonance frequency of f = 243.32 GHz, corresponding to T/ T, ~ 0.9 (a),
and far from the resonance (b). Note the different color scale ranges in panels (a,b).
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One possible way of achieving an SSPP GHz structure combining a regular-thickness
LC cell and deep grooves of the metal grating is to partially fill the grooves with an isotropic
dielectric filler, leaving only a thin LC layer on top (Figure 14a). Such an approach allows
us to increase the tuning range by more than an order of magnitude (Figure 14b) compared
to the shallow grooves structure (Figure 12). The parameters for the calculation presented
in Figure 14b are w = 600 pum, Wgroope = 300 pum, hepp = 700 pm, hgroope = 250 pm,
a = 82 degrees, and hyc = 50 pm, with a dielectric filler refractive index of n ., = 1.5. In
such a configuration, the LC turns out to be positioned right at the location of the strong
SSPP field enhancement (Figure 15).

(a) w (b) 1.0
0.8
0.6
Zlmax t
Prism 0.4
o 0.2
Liquid hgap ’
tal )
crys aI \‘?M © 0.0 T = ] T T
huc Ih 1.025- i ‘;
lgroove H H H H H
P : : 8%
Dielectric // 1.000 N i/"’_’_‘.
filler g P
Amax < 0.975 P /
Metal grating = 0.950 /‘
Substrate 0.925 - ¢
Zlmax
0900 1 1 1 1 1
----------- 140 141 142 143 144 145 146
f (GHz)

Figure 14. Unit cell of the SSPP structure with partially dielectric-filled grooves (a) and the corre-
sponding reflectance spectra at different temperatures (b). Mapping of the SSPP resonance reflectance
dip frequencies to the normalized temperature (c).
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Figure 15. Distribution of the electromagnetic field components in the structure with partially
dielectric-filled grooves at the resonance frequency of f = 141.8 GHz, corresponding to T/ T, ~ 0.9.

Since decreasing the groove height shifts the SSPP localization upward (Figure 13),
positioning the LC layer above the grooves of decreased height is also a promising structural
configuration for SSPP tuning. Figure 16a shows the details of such a structure, where
the grooves of height hgrope = 200 um are filled with a homogeneous dielectric with a
refractive index of #gjectric = 1.6, while the LC layer with a thickness of ;¢ = 50 pm is
positioned directly on top of the grating. The optimal incidence angle of the electromagnetic
wave in this structure was found to be « = 83 degrees.
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Figure 16. Unit cell of the SSPP structure with the LC layer positioned on top of the grating (a) and
the corresponding reflectance spectra at different temperatures (b). Mapping of the SSPP resonance
reflectance dip frequencies and the normalized temperature (c).

The reflectance spectra for such a structure (Figure 16b,c) remains similar in shape
to the previously considered cases, and the depth of the reflectance dips remains close
to unity, showing that the presence of the LC layer does not hinder the SSPP excitation.
Nevertheless, the SSPP resonance frequency tuning range is substantially lower than in the
case of partially dielectric-filled grooves (Figure 14b), spanning 147.8 to 149.5 GHz. Such
decreased tuning range is likely the result of LC covering only a small portion of the SSPP
electric field localization region (Figure 17). Despite the reduced tuning potential, such a
configuration with an LC layer on top of the grating could turn out to be a more convenient
solution in practical applications.

|E| E E
A g Y 20
600 |- 25 15
500 |- 10
20
400 |- 5
300 15 0
200 - -5
10
100 - -10
-15
ot 5
-20
-100 -
1 1 1 1
0 200 400 600 um

Figure 17. Distribution of the electromagnetic field components in the structure with the LC layer
positioned on top of the grating at the resonance frequency of f = 141.8 GHz, corresponding to
T/T, ~09.

5. Discussion

The results presented in this work demonstrate that nematic liquid crystals represent
an effective medium for dynamically tuning SSPP resonances in the THz and GHz fre-
quency ranges. The ability to shift the SSPP resonance frequency by reorienting the LC
director or inducing a nematic-isotropic phase transition provides a practical route toward
active, reconfigurable plasmonic devices. The importance of developing tunable SSPP
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structures is amplified by the rapidly growing demand for devices operating in the THz
and GHz ranges.

Our results show that SSPPs can be tuned efficiently in THz by both director reorien-
tation and temperature-induced nematic-isotropic phase transition, with tuning ranges
extending over several hundred gigahertz without a significant degradation in reflectance
dip amplitude. In contrast, the LC tuning of the SSPP in the GHz regime presents some
challenges, primarily because the SSPP resonance spans hundreds of microns around the
metal grating, i.e., over the distances much larger than a typical LC cell thickness. Limiting
the LC thickness to the much more commonly used values of less than 50 um significantly
narrows the achievable tuning ranges, as the LC cell covers the area of the electric field
enhancement only partially.

A comparison of different structural configurations for the LC tuning of SSPP res-
onance frequency in THz highlights a set of trade-offs. If the LC-filled grooves of the
metal grating are relatively shallow (Figure 12), the SSPP resonance localization shifts
toward the dielectric gap, so that the electric field enhancement in the grooves is rather
weak (Figure 13), diminishing the SSPP’s sensitivity to the LC director orientation. Such a
shallow-grooved SSPP structure is rather poorly suited for LC tuning, as it shows the weak-
est SSPP confinement among the GHz structures considered in this work. A much more
effective tuning can be achieved if the deep grooves are partially filled with an isotropic
dielectric layer, so that the LC cells are positioned at the very top of the grooves (Figure 14).
In such case, the maximum SSPP electric field enhancement occurs at the top of the grooves,
right where the LC cell is positioned. This allows a significantly larger SSPP frequency
tuning range of approximately 2.5 GHz. Another promising configuration for tuning SSPPs
in GHz is placing the LC layer right on top of the metal grating with dielectric-filled grooves
(Figure 16). While the tuning range for such a structure is lower compared to the case of
grooves partially filled with a dielectric (Figure 14), such a configuration can potentially
be more practical in manufacturing. While LCs in THz and GHz can have significant
absorption, in recent years, many LC compounds were designed specifically for THz and
sub-THz applications [102-109], ensuring high anisotropy and low absorption in these
spectral ranges.

Reorienting the LC director results in a superior tuning range compared to the
temperature-induced nematic—isotropic phase transition; however, the presence of metallic
sidewalls complicates the LC director reorientation by applying external electric, magnetic,
or light fields. Nevertheless, polymer coating the LC cell substrates or doping the LC with
a photoactive dye can provide additional control over the LC director orientation using
photoalignment [93-95,110,111]. In this regard, placing the LC layer above the grating
(Figure 16) facilitates the director reorientation. It should also be noted that while no solid
substrate is present above the NLC, the NLC—air interface can still impose surface anchor-
ing [112] and therefore influence the director orientation in the cell. As one of the possible
practical configurations, a planar LC cell could be reoriented toward the homeotropic state
by applying the DC or low-frequency AC voltage between the metal grating and a conduc-
tive coating added to the prism’s bottom surface. It should be noted that SSPP frequency
was found to be sensitive to the ey component of the dielectric tensor in the LC cell (see
Equation (2)). Therefore, LC director orientation transitions that maximize the change
in eyy result in the largest SSPP resonance frequency tuning ranges. Reorienting the LC
director from the x-planar state to the homeotropic or z-planar state provides the maximum
tuning range achievable for a given LC anisotropy. In order to maximize the tuning range,
a pretilt angle of zero is optimal as it ensures maximum change in the €5y component of
the dielectric tensor during director reorientation. However, a small pretilt angle can be
useful for achieving a threshold-less director reorientation while having minimal impact on
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the SSPP frequency tuning range [75]. In case of the thermally induced nematic—isotropic
phase transition, the optimal orientation of the LC director in the nematic phase is along
the x-axis. The presented equation, Equation (2), can be used for quick estimates of how LC
director reorientation or the thermo-induced phase transition will shift the SSPP resonance
frequency. However, the exact locations and shapes of the reflectance dips, as well as the
near-field distributions, can be obtained only through numerical simulations.

The influence of the SSPP electromagnetic field on the LC director can serve as a
stabilizing or destabilizing factor for the LC director state. In particular, orientations of
the director aligned with the dominant SSPP electric field component are reinforced by
the field, whereas the other orientations may become unstable for strong SSPP resonances.
This effect is especially pronounced in LC-filled grooves, where the SSPP field distribution
is highly confined and largely polarized along the groove axis. Consequently, the x-planar
LC configuration is stabilized by the SSPP field in the grooves and the isotropic state is
largely unaffected, while alternative orientations can be destabilized.

Overall, the studied SSPP structures can find application in reconfigurable THz and
GHz photonic devices, such as tunable spectral filters, switches, and perfect metamaterial
absorbers. In the THz regime, they are well suited for tunable absorbers and modulators
in spectroscopy. In the GHz range, they can be applied as adaptive filters for future 6G
communication systems. Nevertheless, several limitations of the work should be noted.
SSPP tuning via director reorientation was considered without identifying the optimal
configuration of the LC’s boundary conditions, the specifics for applying the orienting
external fields, and other design choices, which are the subject of subsequent research.
Another important limitation of temperature tuning the SSPP structure should also be
acknowledged: the thermally induced nematic-isotropic phase transition is inherently
slow compared to electrical LC director reorientation, significantly decreasing the potential
tuning rate of such a structure. Nevertheless, temperature tuning of the SSPP structure can
be used in applications that do not rely on a fast switch time, for example, in spectroscopy.
Additionally, alternative opportunities for thermal tuning are available. For instance, if the
LC is doped by dye molecules, the temperature can be changed by shining a light that is
absorbed by the dye [113,114]. Alternatively, the orientational scalar order parameter (and,
subsequently, the LC anisotropy) can be controlled by trans-cis isomerization in azo-dye
molecules added to the LC under ultraviolet illumination [115-119].

In addition to LCs, other tunable materials such as vanadium dioxide (VO,) [120-126],
graphene [127-129], and phase-change chalcogenides [130,131] may provide complemen-
tary approaches for SSPP tuning. These materials can undergo reversible changes in
conductivity or refractive index in response to thermal, electrical, or optical stimuli. Never-
theless, the advantage of LCs lies in their continuous tunability, relatively low loss, and
broad operational bandwidth across GHz and THz ranges.

6. Conclusions

We have presented a comprehensive study on the active tuning of spoof surface
plasmon polaritons in the GHz and THz frequency ranges using nematic liquid crystals.
By integrating LC layers into SSPP-supporting metal gratings, the efficient modulation of
SSPP resonance frequencies can be achieved through the reorientation of the LC director
under external fields or by inducing a nematic—isotropic phase transition.

In the THz regime, the reorientation of the LC director in SSPP structures allows us
to tune the SSPP resonance frequency by up to 200 GHz without degrading the resonance
amplitude of the reflectance dips and absorbance peaks. Thermal tuning through the
nematic-isotropic phase transition offers a simpler and more practical method for control,
achieving similar frequency shifts of up to 150 GHz.
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When the structures are scaled to the GHz range, tuning becomes more challenging
because the SSPP field extends over much larger distances relative to the thickness of
typical LC cells. Nevertheless, practical strategies such as partially filling deep grooves
with a dielectric or placing the LC layer above the metal grating can restore the strong
coupling between the LC and the SSPP field. These configurations retain high resonance
quality while enabling frequency shifts of several GHz, which can be used for creating
reconfigurable filters or adaptive components in emerging 6G communication technologies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/photonics13060530/s1, Supplementary Material S1: Derivation
of the SSPP dispersion relation; Continuous SSPP tuning via director reorientation. Note the different
notation and coordinate system used in Supplementary Material S1.
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