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Abstract

HoFeO3 rare earth ferrite exhibits distinctive crystallographic properties; however, its regulatory mechanisms and methods within the terahertz band remain complex. This study employed variable-temperature Raman spectroscopy to explore atomic interactions within the crystal structures of HoFeO3 across various modes, spanning temperatures from 20 to 300 K. The fabrication of HoFeO3 metamaterials was achieved using 3D direct ink writing additive manufacturing technology, accompanied by the design of a three-coordinate spatial intelligent control structure to manipulate terahertz electromagnetic waves. Variable-temperature Raman spectroscopy revealed twelve active peaks, which included the stretching vibrations of Ho and O, the torsion of FeO6, and the stretching vibrations of Fe-O. Notably, these phonons exhibited softening phenomena with increasing temperature. A low transmittance (transmittance <0.1) of terahertz waves at 0.82 THz was attained through the use of 3D-printed double-layer 90° metamaterials. Furthermore, when the double-layer 45° metamaterials were rotated in the E-H plane around the propagation direction as the central axis, the terahertz waves demonstrated a rotational symmetry transmission law at 0.5 THz. This research offers effective materials and construction methods for metamaterials aimed at regulating terahertz electromagnetic waves.

Key words: Additive manufacturing / Metamaterials / HoFeO3 / Terahertz response / Variable-temperature Raman spectroscopy


1 Introduction
Rare earth orthoferrites not only exhibit distinctive lattice dynamic properties but also serve as materials for the development of terahertz wave control devices [1–5]. Significant advancements have been made in understanding the interactions between atoms within the crystal structures of these materials and their regulatory behavior concerning terahertz waves [6–10]. A research team from the Luxembourg Institute of Technology investigated the lattice vibration characteristics of six rare earth normal ferrites using room-temperature polarized Raman scattering and first-principles calculations [11]. Anhua et al. systematically explored the mechanisms for achieving terahertz optical control in rare earth orthoferrite crystals, focusing on spin reorientation induced by ultrafast optical pulses and the modulation of magnon resonance through element doping [12].
Currently, most research emphasizes material preparation and the characterization of performance at room temperature [13]. However, there is a notable deficiency in the systematic investigation of crystal structure evolution below 300 K, which hampers the understanding of lattice distortion and atomic vibration modes in low-temperature environments. Additionally, transmission control methods in the terahertz band are often complex, typically depending on external fields, such as temperature [14,15] and magnetic fields [16,17], or on component doping [18,19], which restricts the freedom of structural design. Although 3D direct ink writing additive manufacturing technology enables the structured design of terahertz devices [20,21], the additive manufacturing process for HoFeO3 and the terahertz response of structured samples remain inadequate [22].
In response to the aforementioned issues, this study examined the interactions among atoms within the crystal structures of HoFeO3 ceramics across various modes at temperatures ranging from 20 K to 300 K, utilizing variable-temperature Raman spectroscopy. Double-layer structured HoFeO3 metamaterial samples were fabricated through direct writing additive manufacturing technology, and a three-coordinate spatial intelligent control structure was developed to modulate the terahertz electromagnetic response of the HoFeO3 metamaterial. The results of the variable-temperature Raman experiments revealed 12 active peaks, which included the vibrations of Ho, the torsion of FeO6, and the stretching vibrations of Fe-O, among others. The designed structured samples demonstrated a stable low transmission region (transmittance < 0.1) within the terahertz band, with the modulation effect closely linked to the variations in structure and angle. This research facilitates the device integration of HoFeO3 ceramic-based terahertz regulation.
2 Experimental methods
In this experiment, HoFeO3 ceramics were synthesized using the solid-state reaction method [23–25]. Five temperature gradients were established: 1400°C, 1450°C, 1475°C, 1500°C, and 1525°C. Following sintering, the surface morphology was examined via scanning electron microscopy (SEM) to determine the optimal temperature [26]. Prior to SEM analysis, pure gold films were deposited using an ion sputtering gold spraying instrument. During observation, macroscopic defects were first scanned at low magnification, followed by high magnification to capture noise-free, undistorted images. When switching samples, focus and contrast were adjusted in real time to clearly reveal the details of grains and pores.
Variable-temperature Raman spectroscopy testing involves selecting a suitable vacuum cover and securely sealing it. The desired temperature is then set using the temperature controller. Once the temperature stabilizes, the test should be repeated four times at each temperature point. The average of the collected data will serve as the final result for that temperature, thereby ensuring reliability and repeatability.
3D direct ink writing additive manufacturing: This study utilizes a self-constructed 3D ink direct writing printing system to achieve micron-level forming accuracy and stable extrusion control. The system features a printing stroke range of 300 mm × 300 mm × 100 mm. Initially, the Polyvinyl Alcohol (PVA) solution is prepared. The prepared PVA solution is then added to the powder and stirred thoroughly. Following this, vacuum deaeration is performed. The mixed ink is transferred to the vacuum deaerator for deaeration and set aside for later use. The printing parameters were as follows: the PVA solution concentration was 10%, the slurry concentration was 50%, the printing speed was 10 mm/s, the nozzle diameter was 100 μm, and the layer height was 80 μm. After printing, the sample is placed in an oven for drying to eliminate residual solvents. Subsequently, the dried body is transferred to a muffle furnace for degreasing, ensuring that the PVA is fully decomposed and removed. After the degreasing process, the muffle furnace is allowed to cool naturally to room temperature. The sample is then retrieved and placed back into the muffle furnace according to the optimal normal burning system for high-temperature sintering. Finally, the sample is cooled with the furnace to room temperature to yield the finished product.
In this experiment, the Zomega Terahertz time-domain spectroscopy (Thz-TDS) system was employed to collect data at 25.5 °C and standard atmospheric pressure. The corresponding frequency domain spectra were subsequently derived using the fast Fourier transform.
3 Results and discussions
Figures 1a and 1b illustrate the direct write printing process. Figure 1c depicts a double-layer structure with an angle of 90 degrees, while Figure 1d presents a double-layer structure with an angle of 60 degrees. Both results exhibit highly uniform lines. The parameters of the printed structure are as follows: the line width is approximately 100 μm, the strand spacing is about 100 μm, the layer height is 80 μm, and the overall dimensions measure 100 ×100 mm. Furthermore, the lines are smooth, exhibiting no breaks or voids along their lengths.
Figure 2 illustrates the electron microstructure of HoFeO3 ceramics subjected to sintering at various temperatures. Figures 2a–2c present the results of the sintering experiments. The microstructure of the ceramics consistently demonstrates a reduction in porosity and an increase in grain growth as the sintering temperature escalates. Notably, there are marked differences in the temperatures at which distinct components achieve their optimal structures. The characteristics of structural evolution in HoFeO3 ceramics are as follows: At a low sintering temperature of 1475 °C, the ceramics display a loose structure characterized by numerous pores, fine grains, and indistinct boundaries. Upon increasing the temperature to 1500 °C, there is a significant reduction in the number of pores, a decrease in average pore size, gradual grain growth, and the beginnings of clearer grain boundary profiles. When the temperature reaches 1525 °C, the voids at the intersections of three grains in the HoFeO3 ceramic are entirely filled, with both pore size and quantity meeting ideal standards. The average grain size markedly increases and becomes uniformly distributed, leading to enhanced structural uniformity. Concurrently, no secondary phase precipitation occurs at the grain boundaries, indicating that the material's sintering state is optimal at this temperature [27].
Variable-temperature Raman testing was conducted using a vacuum hood selected according to the dimensions of the HoFeO3 ceramic wafer. After installing and sealing the vacuum cover, the vacuum pump was activated to establish a vacuum, followed by the activation of the water-cooled liquid nitrogen cooler. The target temperature was set via the temperature controller. Once thermal stabilization was achieved, the Raman test was performed. Each target temperature point underwent four repetitions of the test. The average spectral data was calculated as the final result for each temperature, ensuring reliability and repeatability. The specific data are presented in Figure 3, which indicates that only 12 distinct Raman peaks were observed during the experiment. These peaks correspond to the stretching vibrations of Ho and O, the torsional modes of FeO6, and the stretching vibrations of Fe-O, among others. Figures 4–6 illustrate the Raman spectral correlation results for selected Raman peaks of HoFeO3 ceramics at varying temperatures. Notably, as the temperature increases, a softening phenomenon is observed in these phonons.
The Raman shifts depicted in Figures 4a and 4d exhibit a redshift with increasing temperature. This phenomenon arises from the thermal expansion of the lattice, which elongates the bond lengths between Ho ions and the surrounding oxygen atoms, resulting in a corresponding decrease in vibration frequency [28]. The Raman intensities illustrated in Figure 4b and 4e show a marked increase after 200 K, likely attributable to a reduction in lattice distortion that enhances Raman scattering efficiency. The irregular fluctuations in half-height width presented in Figure 4c and 4f indicate the disorder and non-harmonic characteristics of thermal vibrations, which are influenced by the substantial mass of Ho ions [29].
All modes depicted in Figure 5a, 5d, and 5g demonstrate a trend in which the central value redshifts with increasing temperature. This phenomenon primarily arises from the weakening of the bond force constant due to thermal expansion, leading to a reduction in vibration frequency [30,31]. The intensities illustrated in Figure 5b, 5e, and 5h exhibit fluctuations in the low-temperature region, followed by a significant increase. This increase may result from the enhanced tilt angle of the FeO6 octahedron, which markedly boosts the Raman activity in the rotational mode, thereby elevating the intensity [32]. The half-height width results presented in Figure 5c, 5f, and 5i reveal multiple peaks in the low-temperature region, indicating lattice disorder.
The Raman displacements, with Fe-O as the primary displacement mode, depicted in Figure 6a, 6d, 6g, and 6j, exhibit an overall redshift with increasing temperature. This observation aligns with the principle that thermal expansion results in longer bond lengths and reduced bond strength. As illustrated in Figure 6b, 6e, 6h, and 6k, the Raman intensity reaches a maximum near 220 K before exhibiting a downward trend. This peak corresponds to the combined influences of spin-phonon coupling and lattice softening. The peak widths presented in Figure 6f, 6i, and 6l show significant fluctuations within the 100–150 K range, which may indicate local lattice distortion. The findings in Figures 4–6 show no abrupt appearances or disappearances of Raman peaks during the testing process, suggesting that the HoFeO3 ceramic maintains a stable structure across temperatures from 20 K to 300 K [33,34].
THz-TDS test: In this experiment, the THz-TDS system developed by Zomega Terahertz was utilized to collect terahertz signals at 25.5°C and standard atmospheric pressure. Following the completion of all preparatory work, a reference measurement was conducted without samples. Subsequently, the sample was positioned appropriately on the sample stage, and its initial position was recorded before initiating the measurement and saving the data. The sample stage was then rotated to the specified angle, allowing for the next measurement step. An angular step of 10° was selected to achieve a balance between data accuracy and acquisition time. Figure 7 illustrates three sample stages that rotate around different axes. As shown in Figure 7a, 7e, and 7i, the sample stage is precisely controlled by a microcontroller which drives servo motors. Through gear transmission, the sample is rotated around the X, Y, and Z axes. This enables the adjustment of the incident angle of terahertz radiation relative to the structural components and achieves full-range rotational control in three-dimensional space. Finally, the frequency-domain spectrum corresponding to the time-domain spectrum was obtained using the fast Fourier transform method. The results of the rotation angle and frequency domain, derived from the terahertz wave modulation in different rotation directions within the double-layer HoFeO3 ceramic structure, are presented in Figure 7, while the processed data results are shown in Figures 8 and 9.
The results presented in Figure 7c and 7g indicate that, when rotating in a positive direction along the axes depicted in Figure 7a and 7e, the overall transmittance decreases as the absolute value of the rotation angle increases [35,36]. Based on the motion trajectory of the electric field vector of electromagnetic waves, these waves are categorized into vertically polarized (TE, transverse electric) waves and horizontally polarized (TM, transverse magnetic) waves [37,38]. When electromagnetic waves impinge upon the surface of materials, both reflection and transmission phenomena occur. For oblique incidence of electromagnetic waves from air onto a non-magnetic medium, the transmission coefficients T⊥ and T|| are expressed as
[image: Mathematical equation](1)
[image: Mathematical equation](2)
θi is the incident angle of the electromagnetic wave, and εr is the relative permittivity of the material [39].
Formula (1) represents a monotonically decreasing function over the interval from 0° to 90°, whereas Formula (2) initially increases monotonically before decreasing from 0° to 90°. Based on the initial positions and rotation directions illustrated in Figure 7b and 7f, along with the frequency-domain results presented in Figure 7c and 7g, it is evident that when rotation occurs in the positive direction, the overall transmittance diminishes as the absolute value of the rotation angle increases. This phenomenon can be elucidated through the polarization characteristics of electromagnetic waves and the theory of interface transmission. Electromagnetic waves are categorized into TE (transverse electric, or vertically polarized) and TM (transverse magnetic, or horizontally polarized) waves. When electromagnetic waves are incident obliquely on a non-magnetic medium, the transmission coefficient for TE waves, denoted as T⊥ (Formula 1), decreases monotonically from 0° to 90°, which primarily accounts for the overall reduction in transmission during rotation. The TM wave transmission coefficient T|| (Formula 2) initially increases before subsequently decreasing [40]. Although it does not dictate the overall trend, it influences subtle variations in transmittance within a specific angular range, resulting in a non-linear decline in transmittance and the potential for local fluctuations. As illustrated in Figure 7, the transmittance of all structures in the low-frequency band remains relatively high, with similar fluctuation patterns observed. As frequency increases, transmittance decreases. The rotation direction depicted in Figure 7b exerts a more significant effect on transmittance compared to the directions shown in Figure 7f and 7j. A detailed numerical analysis of select frequency bands is presented in Figures 8 and 9.
As illustrated in Figure 8, the overall symmetry of the double-layer 90-degree structure is relatively robust, with transmittance values remaining consistent when the absolute values of the rotation angles are equivalent. However, at 0.26 THz, the difference between the maximum and minimum transmittance values depicted in Figure 8a is 0.43. In contrast, the differences in maximum and minimum transmittance values for Figures 8 8b and 8c are 0.06 and 0.23, respectively. This trend persists at 0.5 THz, where the transmittance difference in Figure 8d is 0.31, while Figures 8e and 8f exhibit differences of 0.23 and 0.07, respectively. These observations indicate that the rotation direction and angle presented in Figure 7b significantly influence the control of terahertz waves. The contour plot results in Figures 8g, 8j and 8i further demonstrate that symmetry in the high-frequency band remains relatively strong. Notably, at 0.82 THz, as shown in Figure 8g, the transmittance consistently remains below 0.1. At this frequency, transmittance is less sensitive to changes in angle, allowing for the maintenance of a stable low transmittance mode. When the absolute value of the angle exceeds 40°, a stable low transmittance region emerges within the 0.8-1.08 THz band, exhibiting minimal dependence on the rotation angle. Figure 9 illustrates a double-layer structure at a 45-degree angle. Regarding the modulation capability of terahertz waves, the rotation direction depicted in Figure 7b demonstrates superior regulation of these waves. The results presented in Figures 9b and 9e indicate that, near the mid-band frequency of 0.5 THz, the transmittance behavior of terahertz waves exhibits rotational symmetry centered at 90 degrees. The positive and negative transmittance directions at 90 degrees correspond to opposing variation patterns, yet the patterns of their absolute values remain largely consistent.
The results indicate that the transmittance of terahertz waves within the 0.1–1.2 THz band can be effectively modulated by adjusting the rotation angle, as illustrated in the figure. This capability offers a practical approach for low-frequency terahertz modulation. Such a feature is particularly valuable for applications including terahertz filtering and frequency selection, as it allows for the reliable attenuation of specific frequencies without necessitating complex and precise angle adjustments.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 HoFeO3 ceramic additive manufacturing. (a–b) Direct writing additive manufacturing process. (c–d) Direct write additive manufacturing results.



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Microstructure and Raman peaks of HoFeO3 material. (a) Microstructure of HoFeO3 sintered at 1475 °C. (b) 1500 °C. (c) 1525 °C.



	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Raman peak fitting spectra of HoFeO3.



	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Raman peaks with Ho vibration as the primary vibration mode: (a–c) center value, intensity, and full width at half maximum (FWHM) of Ag(1) as a function of temperature. (d–f) center value, intensity, and FWHM of Ag(2) as a function of temperature.



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Raman peaks with FeO6 rotation as the primary vibration mode: (a–i) show the center value, intensity, and FWHM of Ag(3), Ag(5), and B1g(2) as functions of temperature, respectively.



	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Raman peaks with Fe-O motion as the primary vibration mode: (a–l) show the center values, intensities, and FWHM of Ag(7), B2g(5), B2g(7), and B3g(2) as functions of temperature, respectively.



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Terahertz wave modulation structure and results. (a), (e), (i) Sample stages rotating around the X, Y, and Z axes. (b), (f), (j) Initial positions and rotation directions of the double-layer structures with a 90° included angle. (c), (g), (k) Frequency domain diagrams corresponding to the respective double-layer structures with a 90° included angle. (d), (h), (l) Frequency domain diagrams corresponding to the respective double-layer structures with a 45° included angle.



	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Terahertz transmittance obtained by rotating the double-layer 90° structure around three axes. (a–c) Results in the 0.26 THz low-frequency band. (d–f) Results in the 0.5 THz mid-frequency band. (g–i) Contour plot results in the high-frequency band.



	[image: Thumbnail: Fig. 9 Refer to the following caption and surrounding text.]	Fig. 9 Terahertz transmittance obtained by rotating the double-layer 45° structure around three axes. (a–c) Results in the 0.26 THz low-frequency band. (d–f) Results in the 0.5 THz mid-frequency band. (g–i) Contour plot results in the high-frequency band.



4 Conclusions
This study investigated the variation of vibration peaks associated with the rotation of Ho and FeO6, as well as the motion of Fe-O in HoFeO3 ceramics, across a temperature range of 20 K to 300 K using variable-temperature Raman spectroscopy. The temperature-dependent changes in each mode parameter revealed phenomena such as lattice thermal expansion, softening phenomena and spin-phonon coupling. Double-layer ceramic metamaterials with angles of 90° and 45° were successfully fabricated through 3D direct ink writing additive manufacturing technology. The designed intelligent control structure and double-layer HoFeO3 ceramic structure effectively regulated terahertz waves in the 0.1–1.2 THz band. The transmittance decreased as the absolute value of the rotation angle increased. The double-layer 90° structure maintained a stable low transmittance (<0.1) at 0.82 THz and demonstrated wideband low transmittance performance within the 0.8–1.08 THz frequency range. When the double-layer 45° structure rotated in the E and H planes, it exhibited a rotationally symmetrical transmission behavior at 0.5 THz corresponding to the value of the rotation angle. This research provides a foundational design framework for the development of HoFeO3 ceramic-based terahertz modulator devices.
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        Terahertz wave modulation structure and results. (a), (e), (i) Sample stages rotating around the X, Y, and Z axes. (b), (f), (j) Initial positions and rotation directions of the double-layer structures with a 90° included angle. (c), (g), (k) Frequency domain diagrams corresponding to the respective double-layer structures with a 90° included angle. (d), (h), (l) Frequency domain diagrams corresponding to the respective double-layer structures with a 45° included angle.
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        Terahertz transmittance obtained by rotating the double-layer 45° structure around three axes. (a–c) Results in the 0.26 THz low-frequency band. (d–f) Results in the 0.5 THz mid-frequency band. (g–i) Contour plot results in the high-frequency band.
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