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Tunable THz absorbers based on LC-tuned Yagi-Uda antennas 

This study examines the structural configuration of Yagi-Uda micro-antenna 

arrays, the resonant properties of which are tunable through nematic liquid crystals 

in the terahertz spectral region. Reorienting liquid crystals by varying the voltage 

applied to the liquid crystal cell allows for control of the reflectance and 

absorbance amplitudes within the 7–12 THz operational frequency range. The 

reflectance and absorbance control ranges are around 50–60% across most of the 

frequency range, notably reaching approximately 90% at 11.1 THz. The optimal 

operational voltage ranges for the presented structure were approximately 1.1–1.9 

V at the lower frequencies and 1.4–2.5 V at higher frequencies. This research 

highlights the potential of such metamaterial designs for efficient and adaptable 

applications in the THz spectrum. 

Keywords: Yagi-Uda micro-antennas; nematic liquid crystals; controllable 

reflectance; metamaterials 

Introduction 

Metamaterials are a key area of exploration in recent scientific research, known for their 

exceptional properties such as negative refraction, cloaking, advanced lensing, dynamic 

tunability in plasmon-induced transparency, and perfect absorption [1–8]. What sets 

metamaterials apart from conventional materials is not their composition, but their 

intricately engineered structures [9–15]. This reliance on structure for their properties 

opens up possibilities for creating innovative devices [16–21] for applications in the 

microwave and optical regions [22–26]. Among the diverse metamaterials, perfect 

metamaterial absorbers (PMAs) have received substantial interest [27–29]. 

Advancements in research have expanded PMAs' capabilities, leading to designs that 

effectively function across a range of electromagnetic spectrum segments, including the 

microwaves, millimeter, terahertz, and visible frequencies [30–34]. 

In the microwave domain, configurations employing copper and iron nanowires with a 



 

 

high length-to-diameter ratio have shown exceptional absorption efficiencies [35, 36]. In 

the terahertz spectrum, materials like graphene have been pivotal in developing effective 

absorbers [31]. Similarly, for the visible spectrum, the use of nanostructured elements has 

demonstrated the versatility of these absorbers [32, 34]. 

Particularly notable are antenna configurations consisting of multiple parallel elements, 

often referred to as Yagi-Uda structures. These structures have been recognized for their 

resonance and directional properties, making them suitable for achieving near-perfect 

absorption at specific wavelengths [37, 38]. These qualities have extended their 

applications beyond traditional communication systems to areas such as electromagnetic 

interference mitigation. 

Bilal et al. [39] introduced a multiband Yagi-Uda metamaterial absorber (YUMA) that 

operates in the X- and Ku-bands of the microwave spectrum. It exhibited three distinct 

absorption peaks at 10.64 GHz, 12.08 GHz, and 14.09 GHz, demonstrating polarization 

control and independence of the incidence angle of the absorbed light. The study 

highlighted the significant role of mutual coupling in the arms of the Yagi-Uda structure 

in this multiband absorption process. 

Integrating liquid crystals (LCs) into metamaterials significantly broadens their 

functional scope [40–42]. Reorientation of LCs opens possibilities for real-time tuning of 

resonance characteristics of the metamaterials in terms of frequency and intensity [43–

45]. In [46], the Yagi-Uda metamaterial absorber's capabilities were enhanced through 

the integration of LCs, showing promise for dynamically manipulating antenna properties 

in the X- and Ku-bands to enable dynamic reconfigurability. 

In our current study, we explore the tunability of 2D Yagi-Uda micro-antenna arrays 

using nematic LCs in the THz spectral region. We propose a structural configuration that 



 

 

enables control of absorbance and reflectance up to 90% with a voltage requirement of 

just 2.5 Volts, illustrating the potential for highly efficient and adaptable metamaterial 

designs. 

Structure description and problem statement 

In this paper, we investigate the dynamic control and tunability of the reflectance and 

absorbance spectra of Yagi-Uda micro-antennas by incorporating LCs, extending the 

design discussed in [39, 46]. The structure under investigation consists of an infinite 

periodic 2D array of Yagi-Uda micro-antennas resting on a dielectric slab (Fig. 1a). A 

thin metal foil forming a ground plane is underneath a dielectric slab to enhance the 

reflectance and absorption of the Yagi-Uda antenna. The material below the ground plane 

has a negligible impact on the resonant properties of the antenna array; therefore, it is 

assumed to be a vacuum for simplicity. The Yagi-Uda micro-antennas are filled above 

with a nematic LC (on top of the dielectric slab), bounded on the other side by a semi-

infinite glass layer. 

 



 

 

Figure 1. The structure and its enlarged fragment (a); unit cell of the Yagi-Uda micro-

antenna array (b). 

The normally incident 𝑦-polarized light, propagating in the negative 𝑧-direction, enters 

the structure from the glass medium and passes through the LC layer before reaching the 

Yagi-Uda antenna array. The LC director has an initial 𝜋 2⁄  twist configuration: at the 

interface with glass the director is aligned along the 𝑥 direction, and near the Yagi-Uda 

antennas the director is aligned along the 𝑦  direction. This twist can be obtained by 

rubbing top and bottom substrates at 90-degree angles and incorporating the appropriate 

chiral dopant. The dimensions of the LC were chosen in a way that the Mauguin regime 

is established. This is achieved when (𝑛𝑒 − 𝑛𝑜)𝐿 is much larger than 𝜆/4, where 𝐿 is the 

thickness of the LC cell, 𝑛𝑜 and 𝑛𝑒 are the ordinary and extraordinary refractive indexes 

of the LC, and 𝜆 is the wavelength in free space. This makes the initially 𝑦-polarized 

wave follow the director twist and reach the Yagi-Uda antennas effectively having 𝑥-

polarization. 

By applying an external electric field along the 𝑧  direction, the LC director can be 

reoriented to establish a homeotropic LC cell configuration, effectively disabling the 

Mauguin regime. This causes the polarization of the incident wave to be polarized 

predominantly along the 𝑦- direction after passing through the LC layer, which in turn 

results in a different resonant response of the Yagi-Uda antennas. In practice, a thin layer 

of conducting polymer, which exhibits high transparency in the THz spectral region, can 

be introduced to facilitate the application of voltage [47]. 

 

 



 

 

Materials and dimensions 

The ordinary and extraordinary indexes of the LC were chosen to be 𝑛𝑜 = 1.7 and 𝑛𝑒 =

2.2, respectively, corresponding to the high-birefringence LC mixtures reported in [48–

49]. The LC layer thickness was chosen to be 𝐿 = 50 𝜇m to facilitate the Mauguin 

regime. The refractive index of glass was also set to 1.7 to avoid additional reflections at 

the LC – glass interface. The Yagi-Uda antenna array and the ground plane are copper, 

with the real and imaginary parts of refractive indexes corresponding to those reported in 

[50]. The antenna consists of a base and five perpendicular arms, each having a width of 

0.5 𝜇m. Together they form the antenna of a length of 𝐿0 = 9 𝜇m, with arms on both 

sides of the base having the lengths of 4 𝜇m (𝐿1), 3.5 𝜇m (𝐿2), 3 𝜇m (𝐿3), 2.5 𝜇m (𝐿4), 

and 2 𝜇m (𝐿5), respectively (Fig. 1b). The thickness of the antenna and the ground plane 

is 35 nm. The lateral periodicity is defined by the square unit cell with the size of 𝑃0 =

10 𝜇m. The dielectric slab has the thickness of 1.6 𝜇m and is made out of a material such 

as flame-retardant glass epoxy FR4 [51] with a relative permittivity of 4.3 and a loss 

tangent of 0.025 [39]. The elastic coefficients of the LC are set to 𝐾11 = 11.1 × 10−12 

N, 𝐾22 = 5.9 × 10−12  N, and 𝐾33 = 17.1 × 10−12  N, corresponding to the E7 LC 

mixture [52]. The LC is assumed to be lossless with the parallel and perpendicular 

components of the static dielectric permittivity of 𝜖∥ = 19.28 𝜖0  and 𝜖⊥ = 5.21 𝜖0 , 

respectively [52], where 𝜖0 is the vacuum permittivity.  

The numeric calculations of light absorption and propagation in the described structure 

were performed using the finite element method in COMSOL Multiphysics, where the 

spatial periodicity of the structure in the 𝑥- and 𝑦- directions was modeled by introducing 

Floquet periodic boundary conditions, and the semi-infinite span of the substrates in the 

𝑧 direction was modeled by incorporating the perfectly-matched layers.  



 

 

Free energy formalism 

When assessing the control range available through the reorientation of the LC, it is 

important to take into account that it is typically close to impossible to achieve full 

director reorientation at the boundaries. This aspect cannot be neglected as the plasmonic 

resonances are most sensitive to the dielectric functions near the areas of maximum 

electric field amplification, that is, in the presented case, near the arms of the Yagi-Uda 

antennas. In order to assess the control range, while accounting for the specified 

restriction, we have considered a case of rigid anchoring conditions for the director at the 

bounding substrates without the effects of easy axis gliding. This approach therefore 

corresponds to the worst-case scenario, since finite anchoring energy or easy axis gliding 

would likely facilitate a more complete degree of the director reorientation. 

To find the director profiles, we start by considering a plane-parallel nematic LC cell 

bounded by the planes 𝑧 = 0 and 𝑧 = 𝐿. The equilibrium director profiles of the nematic 

LC correspond to the minimum of the free energy functional, which can be written in the 

form [53]: 

𝐹 =
1

2
∫ [𝑓(𝜃)𝜃′2 + 𝑔(𝜃)𝜙′2 + 𝐾22

2𝜋

𝑝
(
2𝜋

𝑝
− 2 cos2 𝜃)𝜙′ + 𝜖𝑎𝐸𝑧

2 𝑠𝑖𝑛2 𝜃]
𝐿

0

𝑑𝑧, (1) 

where 

𝑓(𝜃) = 𝐾11 𝑐𝑜𝑠2 𝜃 + 𝐾33 𝑠𝑖𝑛2 𝜃 ,

𝑔(𝜃) = (𝐾22 𝑐𝑜𝑠2 𝜃 + 𝐾33 𝑠𝑖𝑛2 𝜃) 𝑐𝑜𝑠2 𝜃 .
 (2) 

The first two terms in (1) represent the free energy of elastic deformations of the LC, the 

third term takes into account the intrinsic pitch of the chiral nematic, and the last term 

describes the interaction between the LC and the electric field. Here, 𝐾11, 𝐾22, and 𝐾33 

are the coefficients of elastic deformations of the LC, 𝑝 is the intrinsic chiral pitch, 𝐸𝑧 is 

𝑧 -component of the local electric field strength vector, 𝜖𝑎  is the static dielectric 



 

 

anisotropy of the LC, 𝜃 and 𝜙 denote the director angles: 

𝑛⃗ = (cos 𝜃 cos 𝜑 , cos 𝜃 sin 𝜑 , sin 𝜃). 

Primes denote derivatives with respect to the 𝑧 -coordinate. We consider the rigid 

anchoring conditions (strong anchoring) at the boundaries 𝑧 = 0 and 𝑧 = 𝐿: 

𝜃│𝑧=0 = 𝜃0,

𝜃│𝑧=𝐿 = 𝜃0,

𝜙│𝑧=0 =
𝜋

2
,

𝜙│𝑧=𝐿 = 0.

 (3) 

The pre-tilt angle 𝜃0 = 1° ensures that the director reorientation within the LC does not 

have a threshold, allowing for a more gradual response of the director angles to the 

changes in the applied voltage. The free energy functional minimization with respect to 

the distributions 𝜃(𝑧) and 𝜙(𝑧) of the director angles has to be performed, while taking 

into account the equations of electrostatics div 𝐷⃗⃗ = 0  and curl 𝐸⃗ = 0  and the 

corresponding boundary conditions. Accounting for 𝜖̂ = 𝜖⊥1̂ + 𝜖𝑎𝑛⃗ ⊗ 𝑛⃗ , the 

electrostatic equations take the form: 

𝐸⃗ = −∇⃗⃗ Φ
𝑑

𝑑𝑧
[(𝜖⊥ + 𝜖𝑎 sin2 𝜃)Φ′] = 0,

 (4) 

with the following boundary conditions 

Φ│𝑧=0 = 0,

Φ│𝑧=𝐿 = 𝑈,
 (5) 

where 𝑈 is the potential difference applied to the cell. The minimization of the free energy 

yields the Euler-Lagrange equations: 



 

 

𝜃′′𝑓 +
1

2
𝜃′2𝑓𝜃

′ −
1

2
𝑔𝜃

′ 𝜙′2 − 2𝜙′𝐾22

𝜋

𝑝
𝑠𝑖𝑛 2 𝜃 +

1

2
𝜀𝑎𝐸𝑧

2 𝑠𝑖𝑛 2𝜃 = 0,

𝜙′′𝑔 + 𝜙′𝜃′𝑔𝜃
′ + 𝜃′𝐾22

2𝜋

𝑝
sin 2𝜃 = 0.

 (6) 

Here, double primes denote the second derivatives with respect to 𝑧 , and 𝑓𝜃
′  and 𝑔𝜃

′  

denote the derivatives of 𝑓(𝜃)  and 𝑔(𝜃)  defined in (2) with respect to the angle 𝜃 . 

Solving equations (4, 6) along with the boundary conditions (3, 5) results in the 

equilibrium distributions of the director angles 𝜃(𝑧) and 𝜙(𝑧) and the potential Φ(𝑧). 

Since the equations are nonlinear and strongly coupled, they can only be solved 

numerically. 

Equilibrium director profiles 

The distributions of the director angles 𝜃 and 𝜙, and the potential Φ across the thickness 

of the LC cell for different values of the applied voltage 𝑈 are presented in Fig. 2. 

Applying the voltage results in deformations in the 𝜃(𝑧) distribution as it is directly 

coupled with the local electric field, which in turn also causes the corresponding 

deformations in the angle 𝜙(𝑧) . The resulting 𝜃(𝑧)  profiles are symmetric, and the 

deviations of the 𝜙(𝑧) from the initial linear distribution are anti-symmetric with 

respect to the middle of the cell (𝑧 = 𝐿 2⁄ ).  

When the voltage reaches the value of around 1 V, the director angle deformations 

become sensitive to the voltage, which corresponds to a threshold-like behavior smoothed 

by the non-zero pretilt angle 𝜃0. Increasing the voltage to around 4V results in the director 

being oriented homeotropically in the bulk of the LC, while the boundary conditions at 

𝑧 = 0 and 𝑧 = 𝐿 restrict complete reorientation.  



 

 

 

Figure 2. Distributions of director angles 𝜃 (a), 𝜙 (b), and the potential Φ (c) across the 

thickness of the LC cell. 

At moderate voltages up to 2 V, the distribution of the director’s 𝜙 angle remains almost 

linear. However, as the voltages increase, the 𝜙(𝑧) dependence becomes non-linear with 

an increasing inclination at the center of the cell and a decreased inclination closer to the 

boundaries. This is caused by the director aligning along the 𝑧 axis in the center of the 

cell, thus making the 𝜙  angle more and more redundant, almost allowing for a 

discontinuity in the 𝜙(𝑧) distribution which would be possible at 𝜃 = 𝜋 2⁄ .  

For voltages lower than around 1 V, the potential profiles Φ(𝑧)  are roughly linear: 

Φ(𝑧) ≈ 𝑧𝑈/𝐿 (Fig. 2c). However, as 𝜃(𝑧) starts to significantly deviate from a uniform 

distribution at higher voltages, the distribution of the potential across the thickness of the 

LC cell becomes non-linear. 

 



 

 

Reflectance and absorbance spectra, near field enhancement 

Reflectance and absorbance 

The reflectance and absorbance spectra of the Yagi-Uda micro-antenna arrays for 

different applied voltage values are presented in Fig. 3. Reflectance and absorbance 

spectra in the 6–12 THz frequency range are represented by distinct dips and peaks, 

respectively, which correspond to different plasmonic resonant modes being excited in 

the Yagi-Uda antennas. Due to the presence of the metal film forming the ground plane 

(Fig. 1a), the transmittance in the studied structure is negligible, resulting in 𝑅 ≈ 1 − 𝐴 

where 𝑅 and 𝐴 are reflectance and absorbance, respectively. 

  

Figure 3. Reflectance and absorbance spectra for the values of 0, 1.3, 1.6, and 2 V of the 

applied voltage 𝑈. 

While the incident wave is initially 𝑦-polarized, its polarization may change as it passes 

through the LC depending on the value of the applied voltage. Therefore, the term ‘local 



 

 

polarization’ will be adopted to denote the wave's polarization state at its point of 

interaction with the Yagi-Uda antenna. 

When no voltage is applied to the LC cell (Fig. 3, solid line), the absorbance profile has 

several weak peaks at 7.5, 8.3, and 10.1 THz reaching 20% in amplitude. Applying 

voltage to the LC cell disables the Mauguin regime, changing the local polarization. As 

a result, the absorbance increases by 50–60% on average, forming distinct peaks at 7.7, 

8.5, 9.7, and 11.1 THz with an amplitude of up to 90% (Fig. 3, dotted line). 

Near field distribution at 𝑼 = 𝟎 V 

he gradual peaks at the frequencies 𝑓 of 7.5, 8.3, and 10.1 THz at 𝑈 = 0 V (Fig. 3, solid 

line) correspond to the resonances localized around different arms of the antenna. Fig. 4 

shows the corresponding distributions of the electric field components. Here, the electric 

field is expressed in the units of the incident wave’s electric field norm. 

Examining the individual components of the local electric field reveals that even if no 

voltage is applied, the excited modes have different symmetry at different frequencies. 

The mode at 10.1  THz has a symmetric 𝐸𝑥  and antisymmetric 𝐸𝑦  components with 

respect to the horizontal 𝑥-axis, and has a negligible 𝐸𝑧 component. This is a signature 

symmetry of a mode excited by incident light with local 𝑥-polarization [46], which is in 

accordance with the expectation of initial 𝑦-polarized wave being rotated following the 

established Mauguin regime. 



 

 

 

Figure 4. Distribution of the electric field components for 𝑈 = 0 V near the Yagi-Uda 

antennas, expressed in the units of the incident wave’s electric field norm. 

However, not all resonances at the applied voltage of 𝑈 = 0 V have such symmetry. 

Indeed, the peak at 7.5 THz is clearly much closer to having an antisymmetric 𝐸𝑥 and 

symmetric 𝐸𝑦 components with respect to the horizontal 𝑥-axis, which is characteristic 

of the incident light with the local 𝑦-polarization; this indicates that the Mauguin regime 

is at least partially disabled at this frequency due to it being sensitive to the frequency of 

the incident light. The 8.3 THz peak is indicative of an intermediate regime where the 

presence of both 𝑥- and 𝑦- components of the exciting wave results in a combination of 

the mentioned modes, forming an asymmetrical distribution of the electric field. 

Near field distribution at 𝑼 = 𝟐 V 

An increase of the voltage applied to the cell gradually reorients the LC director toward 

the homeotropic orientation. This results in the projection of the optical anisotropy on the 



 

 

𝑥 − 𝑦  plane decreasing, gradually disabling the Mauguin regime. As such, the LCs’ 

ability to rotate the polarization plane of the incident light weakens, resulting in the light 

reaching the Yagi-Uda antennas becoming closer to the initial polarization along the 𝑦-

axis.  

The distribution of the electric field components near the Yagi-Uda antenna, at the voltage 

𝑈 = 2 V, corresponding to the electric field strength of 40 kV m-1, is presented in Fig. 5. 

The resonances, similar to the case of 𝑈 = 0 V, are localized in the arms of the antennas. 

In the case of 𝑈 = 2 V, all resonances have similar symmetry of the local electric field, 

which corresponds to the incident wave’s local polarization being along the 𝑦-axis. This 

indicates that at 𝑈 = 2 V the Mauguin regime is disabled and the light propagates through 

the LC without significant changes in polarization. It should be noted that there is no 

fundamental difference in symmetry between the modes at 9.7 and 11.1 THz. The 

observed inversion of all components' signs merely reflects that the electric field 

components' snapshots were captured at different phases of their oscillatory cycle. 

 



 

 

Figure 5. Distribution of the electric field components for 𝑈 = 2 V near the Yagi-Uda 

antenna. 

 

The absorbance contributions from different components of the system are detailed in 

Fig. 6 for a voltage of 𝑈 = 2 V. Within the resonance peaks, the majority of absorbance 

is attributed to the Yagi-Uda antenna and the dielectric slab, a result of the resonances 

being localized near the antennas. Outside of resonance frequencies, absorbance 

significantly decreases, and the contributions from the Yagi-Uda antenna, dielectric layer, 

and the ground plane become comparable in magnitude. 

 

Figure 6. Breakdown of total absorbance at 𝑈 = 2 V showing contributions from the 

Yagi-Uda antenna, dielectric slab, and ground plane. 

 

Sensitivity to applied voltage 

Figure 7 presents the distribution of the 𝑥 -component of the electric field for three 

selected peaks of 7.7, 9.7, and 11.1 THz at different applied voltages. These peaks 

correspond to the resonances at 𝑈 = 2 V (Fig. 3, dotted line). At a high voltage of 2 V, 

when the director is almost completely reoriented, the 𝑥-component of the electric field 



 

 

is antisymmetric, indicating a clear correspondence to the excitation light's local 

polarization along the 𝑦-axis.  

As the voltage decreases, asymmetries start to reveal, to the point that at 𝑈 = 0 V there 

is no indication of any symmetry with respect to the 𝑥- axis, which is likely a result of 

superposition of different modes, since the excitation wave’s local polarization has both 

𝑥 - and 𝑦 - components. The selected frequencies of 7.7, 9.7, and 11.1 THz do not 

correspond to the resonance frequencies at 𝑈 = 0 V (Fig. 3, solid line), resulting in a 

relatively weak near field enhancement (see Fig. 4 for comparison). 

 

Figure 7. Evolution of the electric field’s 𝑥-component at the frequencies of 7.7, 9.7, 

and 11.1 THz as the applied voltage increases. 

Additionally, Fig. 7 hints that the resonances of higher frequencies start to form at higher 

voltages. To confirm this phenomenon, Fig. 8 presents the dependence of the mentioned 

resonances on the applied voltage. It is apparent that the transition region, while mostly 

being confined within 1–2 V range, shifts toward higher voltages as the frequency 



 

 

increases. Additionally, it reveals that the reflectance can change with voltage with slight 

deviations from monotonicity: the 11.1 THz curve has a barely noticeable bump at 

approximately 1.2 V, and the 7.7 THz curve is very slightly increasing with voltage in 

the 2.5–3 V range. This deviation from the monotonicity is likely caused by the 

superposition of the decreasing monotonic contribution of disabling the Mauguin regime, 

and a much weaker increasing monotonic contribution of the resonances shifting due to 

director reorienting near the Yagi-Uda antennas. 

 

Figure 8. Dependence of the reflectance at 7.7, 9.7, and 11.1 THz on the applied 

voltage. 

Overall, the absorbance and reflectance can be controlled over the broad frequency range 

of 7–12 THz, where the resonances associated with different antenna arms are excited. 

Since the transmittance of the studied structure is negligible due to the presence of the 

ground plane, the control ranges for reflectance and absorbance match. These ranges are 

on average around 50–60% in the mentioned frequency interval, reaching up to 80–90% 

at selected frequencies, i.e., 11.1 THz. 



 

 

Discussion 

The key mechanism for absorbance control in the presented structure is the absorbance 

sensitivity of the Yagi-Uda antenna array to the polarization of the incident THz wave. 

The role of the twisted nematic is to alter the polarization state of the incoming light when 

it reaches the Yagi-Uda antenna array plane. As a result, with different voltages applied 

to the LC cell, the incident light wave has different polarizations upon reaching the 

antenna array plane, allowing one to control the reflectance and absorbance spectra of the 

system by changing the applied voltage. 

At a given voltage and a fixed LC director distribution across the cell, the increase in the 

frequency of the incident wave affects the reflectance and absorbance spectra in several 

ways. First, as the frequency increases, the resonances shift between different arms of the 

Yagi-Uda antennas. Starting from the largest arm at around 7.5 THz, the increase in 

frequency of the incident light leads to a gradual shift of the resonances toward the smaller 

arms. The local electric field enhancement is confined within one or a several adjacent 

arms, however strong resonances occur only when such confinement is centered around 

a single antenna arm. 

The second way the change in the frequency of incident light affects the resonances is 

related to the fulfillment of the Mauguin regime condition 

𝛽 =
(𝑛𝑒 − 𝑛𝑜)|𝑃|

𝜆
≫ 1, (7) 

where 𝑃 is the actual LC pitch, which matches the intrinsic LC pitch 𝑝 for voltages 𝑈 ≲

2 𝑉  (Fig. 2b), 𝜆  is the wavelength of the incident wave in vacuum, and 𝛽  is the 

dimensionless parameter that provides a quantitative measure for the fulfillment of the 

Mauguin regime. Indeed, an increase in frequency means a decrease in the wavelength of 



 

 

the light within the LC medium, better fulfilling the Mauguin regime condition (7); this 

is confirmed by analyzing the spatial symmetry of the electric field components’ 

distribution (Fig. 4).  

Reorienting the LC toward the homeotropic orientation can from one side be viewed as 

effectively decreasing the (𝑛𝑒 − 𝑛𝑜)  factor in the equation for the Mauguin regime 

criterion (7), thus decreasing the Mauguin regime fulfillment indicator 𝛽. On the other 

hand, director reorientation results in the change of the optical properties of the LC near 

the Yagi-Uda antennas. The former control channel is related to the bulk of the LC, as 

the Mauguin regime has to be established along the whole path of the incident light. The 

latter channel, however, is related to the director orientation near the antenna, as the 

resonance is most sensitive to the dielectric tensor in the regions of the strongest field 

enhancement. 

Besides the expected polarization change of the incident light when it reaches the Yagi-

Uda antennas, the change in the applied voltage can also lead to sophisticated effects 

when its action is regarded in context of the frequency-dependence of the Mauguin 

regime fulfillment criterion. Since 𝛽12𝑇𝐻𝑧 ≈ 2𝛽6𝑇𝐻𝑧 , the Mauguin regime at higher 

frequencies can still hold, even if the director profile starts to deviate from the optimal 

𝜋 2⁄  twisted distribution, becoming less sensitive to the voltage changes for relatively low 

voltages (Fig. 8). The decrease in sensitivity in the 1–1.3 V range at 𝑓 = 11.1 𝑇𝐻𝑧 is then 

compensated by an increased sensitivity to the voltages around 1.3–1.8 V. Overall, the 

presented structure provides better opportunities for lower-voltage control of reflectance 

and absorbance in the 7–8 THz frequency interval, while at higher frequencies, the 

voltages of around 1.7 V are best for achieving significant control over the reflectance 

and absorbance. 



 

 

Conclusion 

We have successfully demonstrated how LCs can be utilized to precisely adjust the 

resonance characteristics of Yagi-Uda micro-antenna arrays. The design of a LC-

controlled Yagi-Uda micro-antenna array is presented, where altering the orientation of 

the LC enables the manipulation of both absorbance and reflectance within the frequency 

range of 7–12 THz. This method allows for an average absorbance and reflectance control 

of 50–60% across the 7–12 THz interval, with a peak effectiveness of approximately 90% 

at 11 THz. The operating voltages are found to be approximately 1.1–1.9 V for lower 

frequencies (~7 THz), and 1.4–2.5 V for higher frequencies (~11 THz). This research 

broadens the scope for employing LCs to dynamically enhance and control the resonance 

features of Yagi-Uda metamaterial absorbers, expanding the potential for real-time 

modulation of their properties. 

The authors declare no competing interests. 
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