
Brazilian Journal of Physics (2026) 56:35
https://doi.org/10.1007/s13538-025-01973-w

and excitons  [11–13]. These capabilities are especially 
valuable for exploring emergent properties in systems with 
strong correlations, topological order, or reduced dimen-
sionality  [14]. THz-TDS also plays an important role in 
applications spanning electronics and photonics  [15, 16], 
and is well suited for experiments under extreme physical 
conditions, further motivating continued improvements in 
its implementation.

In transmission-geometry THz-TDS, samples are typi-
cally mounted onto metallic holders featuring circular aper-
tures, which define the illuminated region and facilitate 
alignment. Although this geometry is common when prob-
ing a range of material systems—from bulk [17, 18] to thin 
films [5, 19] and 2D materials [20, 21]—the aperture diam-
eter must be carefully selected to avoid undesirable optical 
effects. When the aperture is significantly smaller than the 
THz beam spot, substantial transmission losses and spectral 
filtering can occur. Conversely, if the aperture is too large, 

1  Introduction

Recent advances in coherent terahertz (THz) emission and 
detection technologies have led to the widespread adop-
tion of terahertz time-domain spectroscopy (THz-TDS) as a 
powerful tool for investigating quantum materials and other 
condensed matter systems  [1, 2]. Owing to its broadband 
nature—often spanning substantial portions of the 0.1 THz 
to 10 THz range—THz-TDS enables direct access to low-
energy excitations such as phonons [3–6], magnons [7–10], 
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Abstract
Terahertz time-domain spectroscopy (THz-TDS) provides a powerful platform for investigating low-energy excitations in 
quantum materials. Because these materials are often limited in size, experimental setups typically rely on tightly focused 
beams and metallic holders with small apertures. In this work, we perform a systematic study of how aperture geometry 
influences THz signal transmission in a standard free-space configuration. By analyzing time- and frequency-domain data 
for circular apertures of varying diameters and thicknesses, we quantify the spatial and spectral filtering effects imposed 
by aperture size. We show that small apertures progressively attenuate low-frequency components of the transmitted 
signal, while higher-frequency content remains comparatively unaffected. These effects become especially significant for 
apertures smaller than typical THz beam waists, resulting in amplitude suppression and phase distortions that compromise 
the accuracy of frequency-domain analysis and optical parameter retrieval. To validate these observations, additional 
measurements were performed on a representative quantum material, confirming the practical relevance of the identified 
aperture effects. The transmitted intensity as a function of aperture diameter also provides a straightforward method for 
estimating the beam waist at the focus. In contrast, standard aperture thicknesses do not introduce measurable distortions, 
confirming the adequacy of treating thick, non-resonant apertures as dielectric slabs. These findings establish practical 
guidelines for aperture selection in THz-TDS and underscore the importance of preserving low-frequency response for 
reliable characterization of quantum materials.
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stray or multiply scattered rays may reach the detector, 
degrading signal quality and introducing spectral artifacts. 
Moreover, if the aperture diameter approaches the radiation 
wavelength, diffraction effects become prominent [22, 23]. 
These geometric factors are therefore not merely peripheral 
concerns but play a central role in determining the fidelity 
and interpretability of THz-TDS experiments—especially 
in the analysis of quantum materials whose spectroscopic 
signatures may lie close to the detection threshold.

Small apertures at the apex of tapered metallic tips have 
long served as probes for near-field terahertz imaging, 
enabling sub-wavelength spatial resolution [24, 25]. Con-
versely, regarding far-field experiments, Kumar et al.  [26] 
demonstrated that small apertures, such as pinholes, can act 
as frequency filters, reducing the detectable bandwidth and 
introducing distortions in THz imaging. In contrast to con-
ventional monochromatic optics, where the beam waist is 
fixed by the wavelength, the broadband nature of THz pulses 
means that each frequency component experiences a differ-
ent degree of focusing. Consequently, the beam spot size 
at the aperture becomes frequency-dependent, making the 
transmission spectrum sensitive to the aperture geometry.

The frequency-dependent beam spot at the aperture 
has direct implications for quantitative THz spectroscopy, 
especially in studies targeting the intricate low-energy 
physics of emerging quantum materials. These systems 
often require accurate retrieval of optical conductivity or 
dielectric response over a broad frequency range, placing 
stringent demands on spectral fidelity. For instance, in thin-
film samples exhibiting free-carrier dynamics [27–30], the 
low-frequency components of the pulse—most sensitive to 
conductivity—are particularly vulnerable to diffraction and 
attenuation when the wavelength approaches the aperture 
diameter. Such spectral distortions can compromise the 
extraction of material parameters and lead to misinterpreta-
tions. Depending on the spectral range of interest, a lower 
bound on sample dimensions may therefore be necessary to 
ensure measurement reliability. Understanding the impact 
of aperture geometry is thus critical when designing THz 
spectroscopy experiments.

In this study, we perform a systematic analysis of how 
aperture geometry influences terahertz transmission in a 
standard THz-TDS setup. Circular metallic apertures with 
varying diameters and thicknesses are positioned at the 
beam focus, and the transmitted pulses are recorded under 
identical alignment conditions. By combining time-domain 
and spectral analyses, we extract the beam waist at the focal 
plane and assess how the aperture size affects the transmit-
ted signal across the frequency range. While direct beam-
imaging techniques, such as bolometric cameras  [31, 32], 
offer comprehensive spatial characterization, our approach 
provides a practical and accessible alternative based on the 

beam-blocking principle of knife-edge techniques [33–35] 
for estimating beam parameters and identifying spectral 
distortions. The results offer direct guidance for optimiz-
ing aperture selection and sample mounting in high-fidelity 
THz-TDS measurements—particularly in studies of quan-
tum materials, where preserving low-frequency information 
is essential. To illustrate the practical implications of these 
findings, the analysis is further extended to measurements 
on a representative quantum material using sample holders 
with different aperture diameters.

2  Methods

This section describes the experimental and analytical pro-
cedures employed to investigate the terahertz response of 
circular apertures in a standard THz-TDS setup. We begin 
by outlining the fabrication and geometrical characteriza-
tion of the apertures, followed by details of the time-domain 
spectroscopy measurements. Finally, we present the theo-
retical model used to analyze the transmission spectra and 
extract optical parameters.

2.1  Apertures

The sample holders used in this study consist of metallic 
plates with circular apertures, a geometry well-suited for 
spatially symmetric Gaussian beams. In typical THz-TDS 
experiments, samples are mounted onto such holders so that 
the beam interacts with the material either before or after 
passing through the aperture, depending on the configura-
tion. Here, however, the focus is on investigating the trans-
mission through the apertures themselves in the absence 
of any sample, isolating the effects of aperture geometry 
on the detected signal. The circular shape ensures rota-
tional symmetry and uniform beam truncation, minimizing 
edge diffraction and justifying its widespread use in THz 
spectroscopy.

We employed a set of 10 apertures with diameters rang-
ing from 0.5 mm to 5.0 mm in uniform steps, all fabricated 
from 2 mm-thick aluminum plates. To investigate possible 
cavity or waveguide-like effects, an additional set of 4 aper-
tures with fixed diameter (3.0 mm) and varying thicknesses 
between 1 mm and 6 mm was also studied.

2.2  THz-TDS

All measurements were performed at ambient tempera-
ture and under controlled humidity conditions below 10%, 
typical for laboratory THz-TDS experiments. The setup 
operates in transmission geometry, as illustrated in Fig. 1. 
Infrared laser pulses are split into two optical paths: one 
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directed to a photoconductive antenna (PCA) emitter, which 
generates broadband THz radiation, and the other routed 
through a mechanical delay line that controls the temporal 
overlap between the THz and gating pulses.

The THz beam is focused and subsequently recolli-
mated using a set of off-axis parabolic mirrors. The circular 
apertures are positioned at the beam waist (the focal point 
between the mirrors). Then, the beam is directed onto a sec-
ond PCA for coherent detection. The time-resolved electric 
field is acquired by scanning the optical delay line [2].

The time-domain signal is Fourier-transformed (e.g., 
via the Fast Fourier Transform [36]) to obtain the electric 
field in the frequency domain, enabling spectral analysis. 
Because THz-TDS directly measures the electric field, both 
the amplitude and phase components of the transmitted sig-
nal are retrieved simultaneously. This allows for the extrac-
tion of the complex refractive index using well-established 
frequency-domain models  [37]. To improve spectral reso-
lution, zero-padding is applied prior to transformation [38, 
39]. In the aperture-only measurements that constitute the 
core of this study, no physical sample is present and air 
serves as reference. A brief validation with a quantum mate-
rial is also included; those data are processed with the same 
protocol.

2.3  Transmission Model

To extract optical parameters from the measured signals, 
we adopt a transmission model commonly used in THz 

spectroscopy [40]. In this framework, each aperture is mod-
eled as a cylindrical slab of homogeneous material—in this 
case air—with thickness d, while the absence of metallic 
boundaries serves as the reference condition. This approach 
enables an optical analysis of how aperture geometry influ-
ences the transmitted signal in THz-TDS experiments.

A terahertz pulse normally incident on a planar interface 
undergoes partial transmission and reflection, governed by 
the Fresnel coefficient [41, 42]:

t̃jk = 2ñj

ñj + ñk
,� (1)

where ñj  and ñk are the complex refractive indices of the 
incident and transmitted media, respectively. In this study, 
the aperture is treated as a dielectric slab with complex 
refractive index ña, surrounded by air (ñ0 = 1). The wave 
encounters two interfaces: from air into the aperture region 
(Fresnel coefficient t̃0a) and back into air (t̃a0).

In general, multiple internal reflections within the slab 
may lead to Fabry–Pérot interference  [37]. However, 
because the apertures are modeled as uniform, non-resonant 
air-filled volumes, we neglect such effects. We therefore 
consider only the propagation factor:

pd,j = e2πiñjνd/c,� (2)

which describes both phase accumulation and ampli-
tude attenuation over the slab thickness d, for a complex 

Fig. 1  Schematic diagram of the THz-TDS setup. Infrared laser pulses 
are split into two optical paths: one directed to a PCA emitter, which 
generates broadband THz radiation, and the other routed through a 
mechanical delay line for temporal scanning. The THz pulse passes 

through the sample region—where aperture holders are positioned—
and is detected by a second PCA. The transmitted electric field is 
recorded as a function of time
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although derived here for the apertures, mirror those com-
monly employed in the analysis of bulk samples using 
THz-TDS. When combined with standard strategies such 
as time-domain truncation or windowing  [39], they offer 
a reliable means of retrieving the complex refractive 
index from transmission data in a variety of experimental 
contexts [44].

3  Results and Discussion

The following results correspond to THz signals transmitted 
through circular apertures of varying diameters D. Figure 2a 
presents the time-domain electric field profiles, vertically off-
set for clarity, alongside a reference pulse acquired without 
any aperture (black line). As the aperture diameter decreases, 
the transmitted signal amplitude is significantly reduced 
across the entire waveform, although this attenuation is not 
strictly linear. The corresponding amplitude and phase spec-
tra in Fig. 2b, obtained via Fourier transform, further reveal 
the frequency-dependent nature of this attenuation.

These measurements highlight two main trends. First, 
the reduction in signal amplitude reflects the spatial filter-
ing imposed by the apertures, which increasingly block the 
beam as their diameter shrinks. Second, the spectral con-
tent is not uniformly suppressed: low-frequency compo-
nents are more strongly attenuated, while high-frequency 
components are comparatively preserved—particularly for 
intermediate aperture sizes. This behavior reflects the fre-
quency-dependent beam waist of the focused THz beam, 
where longer wavelengths result in larger spot sizes that are 

refractive index ñj  at frequency ν. Here, c is the speed of 
light in vacuum and ω = 2πν is the angular frequency.

Under these assumptions, the frequency-dependent trans-
mission coefficient becomes

T̃ = Ẽa

Ẽr
= t̃0apd,at̃a0

pd,0
,� (3)

where Ẽa and Ẽr are the electric fields transmitted with and 
without the aperture, respectively.

Applying the model with ña = n + iκ—where n is the 
real refractive index and κ is the extinction coefficient—
and simplifying the product of Fresnel coefficients under the 
weak absorption approximation (n ≫ κ) [43], the transmis-
sion becomes

T̃ (ν) = 4n

(n + 1)2 e−κνd/cei(n−1)νd/c ,� (4)

where the exponential terms account for amplitude attenua-
tion and phase delay relative to free-space propagation.

The experimental transmission coefficient T̃exp(ν), com-
puted directly from the measured fields, can be compared 
to  (4) to retrieve the optical parameters of the aperture 
region. By analytically inverting the model, we obtain:{

n(ν) = 1 + c
νd arg

[
T̃exp(ν)

]
,

κ(ν) = − c
νd ln

[
(n(ν)+1)2

4n(ν)
∣∣T̃exp(ν)

∣∣] ,
� (5)

where arg[·] and | · | denote the phase and amplitude of the 
complex transmission, respectively. These expressions, 

Fig. 2  (a) Time-domain electric field pulses acquired via THz-TDS for 
different circular aperture diameters D, along with a reference mea-
surement without an aperture (black). A systematic reduction in pulse 
amplitude is observed with decreasing aperture size. (b) Correspond-

ing amplitude (solid) and phase (dashed) spectra obtained via Fourier 
transform. Smaller apertures cause substantial attenuation of low-fre-
quency components and induce phase errors. The shaded region high-
lights the spectral range from 0.4 THz to 0.8 THz
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While (7) models the total transmitted power, the experi-
mental observable in our case is the square of the peak 
electric field amplitude. This quantity is proportional to the 
instantaneous intensity of the pulse and, assuming the tem-
poral pulse shape remains approximately unchanged across 
different apertures, provides a reliable proxy for relative 
transmitted power. This assumption is supported by the con-
sistent waveform morphology observed in the time-domain 
signals and is commonly adopted in THz beam characteriza-
tion [48, 49].

We fit the model in (7) to the experimental data using a 
nonlinear least-squares procedure. The retrieved beam waist 
was w0 = 2.36(21) mm, corresponding to a full width at 
half maximum (FWHM) of 2.78(25) mm. The agreement 
between the model and the data supports the assumption of 
a Gaussian beam profile at the focal plane. Minor deviations 
at small aperture diameters may result from edge effects, 
emitter asymmetry, or reduced signal-to-noise ratio in the 
most attenuated signals [49].

3.2  Spectral Response of the Apertures

Following the beam waist estimation from time-domain 
analysis, we now examine in more detail the frequency-
dependent transmission characteristics of the apertures. Fig-
ure 4 presents a two-dimensional colormap of the transmitted 

more strongly blocked by the apertures. Additionally, for 
smaller apertures, the spectral phase remains approximately 
linear but exhibits a noticeable vertical offset compared to 
larger apertures, likely due to increased phase uncertainty 
at low frequencies. While this shift does not affect the over-
all linearity, it may require correction to ensure consistent 
phase referencing across measurements.

We analyze these data from complementary perspectives. 
In the time domain, we use the relative amplitude of the trans-
mitted pulses to extract the beam waist at the focus, provid-
ing a direct measure of spatial confinement. In the frequency 
domain, we examine the detailed spectral response of each 
aperture to characterize their frequency-dependent filtering 
behavior. We then apply a transmission model to extract opti-
cal parameters from the data, an important step for assess-
ing potential challenges when retrieving material properties 
using small apertures in THz-TDS measurements. Addition-
ally, we present results from an independent dataset obtained 
with varying aperture thicknesses to investigate possible 
cavity effects associated with aperture geometry. To further 
demonstrate the relevance of these findings, we conclude by 
examining THz-TDS measurements of a representative quan-
tum material obtained using apertures of different diameters.

3.1  Beam Waist Estimation

To quantify the beam waist at the sample position, we model 
the THz beam intensity profile as Gaussian—consistent 
with the fundamental Transverse Electro-Magnetic mode 
(TEM00)—and analyze the variation in transmitted inten-
sity as a function of aperture diameter. A radial Gaussian 
distribution is described by [45, 46]:

I(r) = I0e−2r2/w2
0 ,� (6)

where w0 is the beam waist radius. When a circular aper-
ture of diameter D is positioned at the beam focus, the total 
transmitted power corresponds to the integral of this dis-
tribution over the aperture area. This yields the analytical 
expression [47]

P (D) = P0

(
1 − e−D2/2w2

0

)
,� (7)

where P0 is the total transmitted power in the absence of 
clipping.

Figure 3 shows the squared peak electric field amplitudes, 
extracted from the time-domain signals in Fig. 2a, plotted as 
a function of aperture diameter. As expected, the transmitted 
intensity rises steeply around the beam waist and gradually 
saturates at larger diameters, where most of the beam propa-
gates through the aperture without obstruction.

Fig. 3  Transmitted intensity as a function of aperture diameter. The 
experimental points (orange squares) represent the squared peak elec-
tric field amplitudes obtained from time-domain THz measurements, 
serving as a proxy for relative transmitted power. The solid black 
line is a fit based on the analytical model for Gaussian beam power 
transmission through a circular aperture (7). The inset illustrates the 
Gaussian beam profile near the focal plane, with the beam waist w0 
indicated, along with its relation to the full width at half maximum 
(FWHM). The fit yields w0 = 2.36(21) mm and a corresponding 
FWHM of 2.78(25) mm
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treated as a dielectric slab of finite thickness, with transmis-
sion evaluated relative to the unobstructed reference. This 
approach reveals how aperture geometry alone can distort 
the retrieval of optical constants in THz-TDS experiments.

Figure  5 presents the extracted parameters as a func-
tion of frequency: (a) transmittance, defined as |T̃ (ν)|2, the 
squared modulus of the complex transmission coefficient; 
(b) real refractive index n; and (c) extinction coefficient κ. 
For larger apertures, both n and κ approach their expected 
free-space values (n = 1, κ = 0), indicating minimal per-
turbation to the THz beam. In contrast, smaller diameters 
lead to pronounced deviations—particularly at lower fre-
quencies—reflecting the impact of beam truncation on the 
retrieved optical response.

These deviations arise from spatial filtering and spec-
tral distortion caused by beam truncation. As the aperture 

spectral intensity as a function of frequency and aperture 
diameter, derived from the same Fourier-transformed data 
shown in Fig. 2b.

The map reveals a continuous evolution of the spectral 
content: as the aperture diameter decreases, the low-fre-
quency portion of the spectrum is progressively truncated, 
while higher-frequency components remain relatively unaf-
fected until very small diameters. This effect reflects the fre-
quency-selective spatial filtering imposed by the apertures, 
governed by the beam’s frequency-dependent waist at the 
focal plane.

To aid visualization, two dashed green lines are over-
laid on the map. The first traces the shifting low-frequency 
boundary of the transmitted spectrum, moving toward 
higher frequencies with decreasing aperture size. The sec-
ond marks the nearly constant high-frequency edge, indicat-
ing that higher-frequency components maintain consistent 
transmission across aperture sizes. These guide lines rein-
force the importance of aperture diameter in preserving 
low-frequency spectral information critical for THz-TDS 
applications.

3.3  Extraction of Effective Optical Parameters

We apply the transmission model from the Methods section 
to retrieve effective optical parameters from the measured 
spectra. Although the apertures contain only air, each is 

Fig. 5  Extracted optical parameters as a function of frequency for dif-
ferent aperture diameters. (a) Transmittance, defined as the squared 
modulus of the complex transmission coefficient. (b) Real refrac-
tive index and (c) extinction coefficient, both retrieved by analyti-
cally inverting the transmission model described in the Methods sec-
tion. For large apertures, the extracted values converge toward the 
expected free-space limits (n = 1, κ = 0). As the diameter decreases, 
both parameters deviate significantly, particularly at low frequencies, 
reflecting the influence of beam truncation and spectral distortion on 
parameter retrieval in THz-TDS

 

Fig. 4  Transmitted spectral intensity as a function of frequency and 
aperture diameter. The colormap is derived from Fourier transforms of 
the time-domain signals [Fig. 2]. As the aperture diameter decreases, 
low-frequency components are progressively attenuated, while high-
frequency components remain comparatively unaffected. Two dashed 
green lines are overlaid as visual guides: the left-hand curve traces 
the shifting low-frequency boundary of the transmitted spectrum, and 
the right-hand curve marks the nearly constant high-frequency edge. 
These features reflect the frequency-dependent spatial confinement of 
the focused THz beam and the corresponding filtering effect imposed 
by the apertures
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the transmitted signal remains unaffected across this range. 
As expected, all curves display the low-frequency attenua-
tion characteristic of spatial filtering through a 3 mm aper-
ture, while the reference spectrum (black) maintains higher 
intensity in this region. Importantly, the phase spectra for all 
aperture thicknesses remain well aligned with the reference, 
further ruling out any significant distortion or delay.

These results indicate that, for the geometry and fre-
quency range considered here, aperture thickness does not 
introduce measurable effects in the THz response. This sup-
ports the assumption made in our transmission model, that 
thick apertures behave as uniform dielectric slabs without 
resonant or cavity-induced artifacts.

3.5  Aperture-Dependent THz Response of a 
Quantum Material

To assess the practical implications of the aperture-depen-
dent effects described above, we performed THz-TDS 
measurements on a representative quantum material using 
sample holders with different aperture diameters: 1 mm, 2 
mm, and 3 mm. This case study aims to validate how the 
geometric filtering observed in empty-aperture measure-
ments manifests in a realistic sample spectrum, directly test-
ing the impact of aperture size on spectral fidelity.

The sample is a natural bulk clinochlore crystal, shaped 
as a 140-µm-thick nearly square slab with lateral dimensions 
of approximately 4 mm. Clinochlore is a van der Waals min-
eral [50] hosting a shear phonon mode near 1.13 THz, which 
we have recently shown to exhibit impurity-tuned optical 

narrows, long-wavelength components are increasingly 
attenuated, and phase shifts appear in the transmitted signal. 
The slab model interprets these effects as effective material 
dispersion and absorption, leading to an increase in κ at low 
frequencies and a broadband upward shift in n.

Importantly, these effective parameters do not represent 
physical material properties but rather artifacts introduced 
by the aperture geometry. In practical THz-TDS mea-
surements, samples placed on small apertures may yield 
retrieved optical constants contaminated by similar effects. 
This highlights the need for careful aperture selection and 
beam characterization when accurate low-frequency optical 
property extraction is critical.

3.4  Influence of Aperture Thickness on THz 
Transmission

We now assess whether aperture thickness influences the 
transmitted signal by analyzing a complementary data-
set acquired with a fixed aperture diameter of D = 3 mm 
and varying thicknesses: 1 mm, 3 mm, 4.5 mm, and 6 mm. 
Figure 6a shows the time-domain electric field profiles for 
each case, along with the reference pulse acquired without 
an aperture (black line). All pulses exhibit nearly identical 
amplitude, arrival time, and overall shape, with no second-
ary features indicative of internal reflections or cavity-like 
interference.

The corresponding frequency-domain spectra are shown 
in Fig. 6b. The amplitude and phase spectra for all aperture 
thicknesses are virtually indistinguishable, confirming that 

Fig. 6  Effect of aperture thickness on THz transmission for a fixed 
diameter of D = 3 mm. (a) Time-domain electric field profiles for 
four different thicknesses, compared with a reference pulse acquired 
without an aperture (black curve). All pulses exhibit similar amplitude 
and shape, with no evidence of delayed features or internal reflections. 

(b) Corresponding amplitude and phase spectra. The aperture spec-
tra are nearly identical across all thicknesses, showing the expected 
low-frequency attenuation due to beam truncation. The phase curves 
remain well aligned with the reference, confirming the absence of cav-
ity-induced effects or dispersive distortions
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and extinction coefficient κ(ν), respectively, retrieved with 
the transmission model from the Methods section using, for 
each aperture diameter, the corresponding empty-aperture 
measurement as the reference. Although derived here to 
describe the apertures as air-filled slabs, the same formalism 
(5) was originally developed for bulk samples [40], such as 
the one analyzed in this section.

The most pronounced differences among the curves 
occur at low frequencies. For the 1 mm aperture, both n 
and κ deviate sharply below 0.3 THz, where the retrieved 
values increase unphysically due to the strong attenuation 
and phase uncertainty in this range. An additional artifact 
appears in κ(ν) between 0.2 THz and 0.3 THz, manifesting 
as a spurious peak absent from the larger-aperture spectra. 
This feature highlights how small apertures can distort the 
retrieved optical constants and potentially lead to misinter-
pretation of material excitations.

Above approximately 0.4 THz, the influence of aperture 
diameter becomes minor. The three spectra converge, with 
the background refractive index for the 1 mm case being 
roughly 5 % higher than those for the larger apertures. The 
extinction coefficients remain nearly identical across all 
cases, except above 1.2 THz, where the 1 mm curve shows 
a modest increase. These results confirm that small-aperture 
effects primarily impact the low-frequency region of the 
spectrum, where accurate retrieval of optical parameters is 
most critical for characterizing low-energy excitations in 
quantum materials.

4  Conclusion

We presented a systematic investigation of how circular aper-
tures influence terahertz transmission in a standard THz-TDS 
setup. By analyzing both time-domain and frequency-domain 
data for apertures of varying diameters, we characterized the 
spatial and spectral filtering imposed by the aperture geom-
etry and demonstrated a practical method for beam waist 
estimation based on transmitted intensity. The retrieved 
waist radius w0 = 2.36(21) mm (FWHM = 2.78(25) mm) 
is consistent with typical focused THz beams in free-space 
systems  [48, 52], providing a quantitative benchmark for 
system alignment and spatial overlap.

Our results reveal that decreasing the aperture diameter 
progressively suppresses low-frequency components of the 
transmitted THz signal, while higher-frequency compo-
nents are comparatively preserved. This frequency-selective 
attenuation reflects the narrowing of the beam waist with 
increasing frequency, which allows higher-frequency com-
ponents to pass more efficiently through smaller openings. 
For very small apertures—particularly those approaching 
or below 1 mm—these effects become especially severe, 

anisotropy that reshapes the polarization state of transmitted 
THz waves [17] and displayed memory functionalities [51]. 
Such properties make clinochlore a prototypical platform 
for developing two-dimensional devices with controllable 
phononic characteristics.

Figure 7 summarizes the measurements performed with 
the three aperture diameters. Panel (a) shows the time-
domain electric field waveforms transmitted through the 
clinochlore sample, where the overall amplitude strongly 
depends on aperture size. The pulse measured with the 2 
mm aperture exhibits a peak-to-peak amplitude approxi-
mately 70 % that of the 3 mm case, while for the 1 mm 
aperture the signal drops to about 20 %. Panels (b) and (c) 
present the frequency-dependent real refractive index n(ν) 

Fig. 7  THz-TDS measurements of the representative clinochlore 
sample performed with different aperture diameters. (a) Time-domain 
electric field waveforms transmitted through the sample using 1 
mm (dark blue), 2 mm (light blue), and 3 mm (green) apertures. (b) 
Frequency-dependent real refractive index n(ν) and (c) extinction 
coefficient κ(ν), both retrieved by applying the transmission model 
described in the Methods section and using the corresponding empty-
aperture measurement as reference
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accompanied by noticeable phase distortions that compro-
mise the accuracy of frequency-domain analysis.

Such effects are especially relevant for the spectros-
copy of quantum materials, whose dimensions are often 
limited and require tightly focused beams. Many of their 
key low-energy excitations—such as phonons, magnons, 
and free-carrier responses—occur at frequencies below 1 
THz, where amplitude suppression and phase errors from 
small apertures can significantly degrade spectral fidelity. 
These distortions can obscure physical features and bias the 
retrieval of parameters like carrier mobility or scattering 
rate, particularly when modeling broadband responses such 
as Drude-like behavior near zero frequency.

We further applied an analytical transmission model to 
extract effective optical parameters—transmittance, refrac-
tive index, and extinction coefficient—from the measured 
spectra. The results showed increasing deviations from free-
space values as the aperture diameter decreased, reinforc-
ing the need for caution when interpreting transmission data 
obtained through narrow spatial filters. This was further 
confirmed by THz-TDS measurements of a representative 
quantum material, which revealed analogous aperture-
dependent distortions in the retrieved optical parameters, 
validating the general conclusions of this study. Our find-
ings establish a practical lower bound for aperture size in 
THz-TDS configurations based on focused beam waist, and 
suggest that accurate optical characterization requires care-
ful control over aperture geometry.

Finally, we verified that aperture thickness, within the 
range tested (1 mm to 6 mm), does not introduce measur-
able spectral or temporal distortions. This supports the com-
mon assumption that thick, non-resonant apertures act as 
simple dielectric slabs, validating their treatment in simpli-
fied transmission models.

In summary, this work offers practical guidance for opti-
mizing aperture selection and sample mounting in THz 
spectroscopy, as well as a compact, non-invasive method 
for characterizing THz beam profiles—directly applicable 
to experimental setups employed in the study of low-dimen-
sional quantum materials.
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