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Terahertz (THz) circular dichroism (TCD) spectroscopy is extensively used to examine the chiral properties of

biological macromolecules and other materials. The rapid advancements in strong-field THz generation and field-

modulated techniques highlights the importance of advancing tunable strong-field TCD spectroscopy technology.

In this study, we designed and implemented an integrated strong-field TCD spectroscopy system. By using a

tilted-pulse-front technique, we generated linearly polarized strong-field THz radiation and achieved linear-to-

circular polarization conversion via a reflective metasurface. The resulting circularly polarized THz radiation

exhibited an ellipticity greater than 0.9 in the frequency range of 0.38–0.61THz, achieving a linear-to-circular

conversion efficiency exceeding 90%. Additionally, the peak electric field strength of the circularly polarized THz

radiation exceeded 100 kV/cm. The proposed system is expected to be instrumental in investigating the chiral

characteristics of materials under strong field conditions and in examining how these characteristics vary under

different field conditions.

DOI: 10.1088/0256-307X/41/12/124201

Circular dichroism (CD) spectroscopy characterizes

chirality by measuring a material’s differential absorp-

tion of left- and right-handed circularly polarized (LCP

and RCP) waves. Biological macromolecules such as pro-

teins exhibit strong CD signals in the terahertz (THz)

frequency range, [1,2] making CD spectroscopy crucial for

determining chiral structures, [3] studying macromolecu-

lar dynamics, [4] cell sensing, [5] and distinguishing between

biological and non-biological materials. [6] In condensed

matter physics, certain quantum materials may display

chiral responses to circularly polarized THz (CP-THz)

radiation. [7] Recent research has also focused on manipu-

lating phonons in materials using circularly polarized THz

light to control their magnetic properties. [8–10] Moreover,

advancements in strong-field THz technology [11–14] have

facilitated investigations into THz-induced effects, such

as non-thermal effects in biological systems, [15] ultrafast

THz thermochemistry, [16] and field-modulated nonlinear

metasurfaces. [17] However, exploring the modulation of the

materials’ chirality under varying field strengths remains

notable yet challenging for traditional weak-field terahertz

CD (TCD) systems.

Generating strong-field CP-THz radiation poses addi-

tional challenges. Existing methods, such as femtosecond

laser pumping in materials like InAs, [18] GaP, [19] NiO, [20]

and spintronic emitters, [21–25] often fail to achieve high

electric field intensities. Although laser-driven, two-color

air plasma sources provide higher field strengths, they

suffer from system complexity and relatively low signal-

to-noise ratios (SNR). [26] Furthermore, linear-to-circular

(LTC) THz wave conversion through transmissive ele-

ments like quarter-wave plates [27] faces challenges related

to the thickness-dependent bandwidth and transmission

losses. Recently, metasurfaces have emerged as a promis-

ing approach for achieving broadband, high-efficiency LTC

conversion. [28–30] Researchers have actively addressed the

challenges related to bandwidth limitations, loss, and dis-

persion. For instance, Ref. [31] proposed a feasible meta-

surface design based on coupled mode theory to achieve

broadband LTC conversion, achieving nearly 100% LTC

conversion efficiency over a substantial bandwidth under

weak-field conditions.
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In this study, we constructed a strong-field TCD spec-

troscopy system. Using the tilted-pulse-front technique,

linearly polarized strong-field THz radiation was gener-

ated with a peak electric field of 150 kV/cm. We achieved

RCP and LCP strong-field THz waves with the LTC meta-

surface device, which exhibited ellipticity greater than 0.9

over a broad frequency range (0.3–0.6THz). The LTC con-

version efficiency exceeded 90%, and the maximum electric

field strength of both the LCP and RCP waves exceeded

100 kV/cm, facilitating the study of chiral characteristics

under varying field intensities.

We employed a birefringent reflective metasurface to

achieve LTC polarization conversion, taking advantage of

its enhanced THz energy efficiency by reducing the trans-

mission loss compared to its transmissive counterparts.

Based on coupled mode theory, [32] the metasurface design

compensates for the frequency dependence of the birefrin-

gent phase dispersion by introducing resonance peaks and

adjusting the phase dispersion curve at nonresonant fre-

quencies. The unit structure of the metasurface is illus-

trated in Fig. 1(a). The incident electric field was decom-

posed into two orthogonal components (𝐸⊥ and 𝐸‖) based

on the polarization direction relative to the longer side of

the Si pillars. The perpendicular component𝐸⊥primarily

underwent planar reflection with linear phase dispersion,

whereas the parallel component𝐸‖ experienced strong re-

flection from both the resonator and the plane. The gaps

between the high-resistivity Si pillars form Fabry–Pérot

resonators, creating an underdamped resonance for dis-

persion compensation.
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Fig. 1. Linear-to-circular conversion THz metasurface. (a) Schematic of the metasurface unit structure; (b) a

4-inch metasurface positioned in the optical path. Electromagnetic simulation results: (c) energy reflectivity, (d)

phase difference, and (e) axial ratio. (f) Fabrication process of the metasurface.

The specific design parameters of the metasurface

are labeled in Fig. 1(a), targeting the frequency range of

0.3–0.55THz, which corresponds to the central frequency

range of the THz source used. The square lattice period

is 230µm; the rectangular Si pillar length has a length of

250µm, a width of 25µm, and a height of 94µm (etch

depth of the Si). Analyzing the simulation results in

Figs. 1(c)–1(e), we observed that within the 0.3–0.56THz

frequency range, the device’s reflectivity remained above

0.98; the phase difference fluctuates within 10% around a

target value of 90∘𝜋/2, and the axial ratio is below 0.1 dB.

A phase difference close to 90∘ improves the ellipticity of

the reflected THz waves, whereas a stable phase difference

contributes to reduced dispersion in the fabricated meta-

surface. These results indicate that the device can theoret-

ically convert linearly polarized THz waves into the desired

circularly polarized waves efficiently within the target fre-

quency range.

The fabrication process of the metasurface is shown in

Fig. 1(f). First, a photoresist layer was spin-coated onto

the surface of a high-resistivity Si substrate to serve as

an etching mask. This was followed by deep silicon ion

etching to create the rectangular Si pillar array. After re-

moving the photoresist, a Ti/Au film with a thickness of

10/200 nm was deposited onto the sample surface using

electron beam evaporation. The Au layer enhances THz

124201-2
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reflectivity, while the Ti layer ensures adhesion between

the Au and Si substrate. The fabricated device is shown

in Fig. 1(b).

Using the metasurface, we developed the optical path

for strong-field THz CD spectroscopy system, as shown in

Fig. 2. Laser pulses generated from a femtosecond laser

amplifier (operating wavelength: 800 nm, repetition rate:

1 kHz, pulse width: 35 fs, and output power: ∼5W) were

used to pump the LiNbO3 crystal, producing vertically

polarized strong-field THz waves. The pulse width was

adjusted to achieve a peak frequency of approximately

0.45THz, focusing the energy distribution more toward

lower frequencies (spectrum shown in the Supplementary

Material). Before the incident beam reaches the crystal, it

is reflected by a grating to create a tilted-pulse-front.

The strong-field THz emission exiting the LiNbO3

crystal is reflected by a silver mirror and collected by an

off-axis parabolic mirror (OAP1). After reflection by the

LTC conversion metasurface, the linearly polarized, par-

allel THz beam is converted to CP-THz. The maximum

THz electric field strength was achieved at the focal point

between OAP2 and OAP3. Polarizers P3 and P4 were po-

sitioned between OAP3 and OAP4, with P3 adjusted to

+45∘ and −45∘ during measurement to collect the 𝐸𝑥 and

𝐸𝑦 components of the CP-THz radiation, respectively. P4

ensures that the THz electric field direction aligns with the

crystal axis of the electro–optic crystal. A 500-µm-thick

⟨110⟩ ZnTe crystal is used as the electro–optic crystal. Af-

ter THz reflection by OAP4, the THz and probe light were

co-focused on the ZnTe crystal, and the THz time-domain

waveform was obtained via electro–optic sampling method.
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Fig. 2. Strong-field terahertz (THz) circular dichroism spec-

troscopy system. The red and blue lines represent the 800-nm

laser path and THz wave path, respectively. The arrows indi-

cate the polarization states of the THz waves. P1–P4 denote

the four THz polarizers in optical path order. Here, LN de-

notes the LiNbO3 crystal, and HWP and QWP refer to the

half-wave and quarter-wave plates, respectively.
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Fig. 3. Generation of circularly polarized terahertz (CP-THz) waves. (a) Signals 𝐸10 and 𝐸20 obtained with

the reference sample in place, with P1 and P2 oriented vertically to align with the polarization of the incident

THz waves. (b) System reference signals indicate predominantly linear polarization. (c) Generated right-handed

circularly polarized THz waveform with the incident THz polarization and metasurface orientation at −45∘. (d)

Generated left-handed circularly polarized THz waveform with the angle set to +45∘.
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Let the time-domain electric field signals obtained at

P3 orientation angles of +45∘ and −45∘ be 𝐸1 and 𝐸2,

respectively. The electric field components 𝐸𝑥 and 𝐸𝑦 can

then be calculated using the following relationships:

𝐸𝑥 ∝ 𝐸1 + 𝐸2, (1)

𝐸𝑦 ∝ 𝐸1 − 𝐸2. (2)

The reference sample, a Ti/Au film layer on the Si sub-

strate, was placed at the LTC conversion metasurface

(LTC position) to precisely adjust the system. While

maintaining the vertical orientations of P1, P2, and P4,

the polarizer P3 was adjusted to +45∘ and −45∘ to collect

the reference time-domain signals 𝐸10 and 𝐸20. These two

signals are illustrated in Fig. 3(a), where the solid gray and

blue dots represent the data points of both signals. The

peak values of the two signals were approximately equal,

confirming that the LTC position was correctly aligned.

The polarized electric field components 𝐸𝑥 and 𝐸𝑦, ex-

tracted from 𝐸10 and 𝐸20, along with the system refer-

ence signal are depicted in Fig. 3(b). The THz waves were

primarily linearly polarized, indicating that the substrate

had minimal effect on the ellipticity of the generated CP-

THz. The entire experiment was conducted in ambient air

without nitrogen or dry air purging at a relative humidity

of about 40%.

After the adjustment, we replaced the reference sample

with the LTC conversion metasurface. The THz energy

reflectivity of the metasurface was measured at approx-

imately 95.12% (details of the method and optical path

are provided in the Supplementary Material). Vertically

polarized THz waves were directed onto the metasurface,

with the linear polarization direction forming a −45∘ an-

gle relative to the metasurface’s grating structure. As with

the reference signal, P3 was adjusted to +45∘ and −45∘

to obtain 𝐸1,RCP and 𝐸2,RCP. The two polarized elec-

tric field components, 𝐸𝑥 and 𝐸𝑦, were calculated using

Eqs. (1) and (2). The synthesized THz waveform is shown

in Fig. 3(c), with its projection in the YOZ plane confirm-

ing the generation of RCP THz waves. By rotating polar-

izer P2 clockwise by 90∘ so that the polarization direction

of the incident THz waves forms a +45∘ angle with the

Si pillars, LCP THz waves were obtained, as depicted in

Fig. 3(d). Additionally, by adjusting the angle of the po-

larizer or the metasurface, elliptically polarized waves can

also be generated if needed.
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Fig. 4. Detailed characteristics of the generated right-handed circularly polarized terahertz (RCP THz) waves. (a)

Frequency spectra of 𝐸𝑥, 𝐸𝑦 , and their difference. (b) Phase difference between 𝐸𝑥 and 𝐸𝑦 . (c) Ellipticity curve of

the RCP waves. (d) CP-THz electric field vector diagrams at several frequencies.

We use the RCP waves as an example to further quan-

tify the obtained CP-THz waves. The two orthogonal elec-

tric field components can be expressed using Eqs. (3) and

(4) as follows:
𝐸𝑥 = 𝑎𝑥 cos(𝜔𝑡+ 𝜙𝑥), (3)

𝐸𝑦 = 𝑎𝑦 cos(𝜔𝑡+ 𝜙𝑦). (4)
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By applying the fast Fourier transform algorithm to the

electric field components 𝐸𝑥 and 𝐸𝑦, we obtained their re-

spective spectral information. The amplitude spectra are

shown in Fig. 4(a). It can be observed that the two elec-

tric field components are nearly identical, with 𝐸𝑥 slightly

larger than 𝐸𝑦 by approximately 3.8%. A substantial sig-

nal drop near 0.55THz corresponds to water vapor ab-

sorption, confirming the system’s high SNR to a certain

extent. Figure 4(b) shows the phase difference spectrum

Δ𝜙 = 𝜙𝑥 − 𝜙𝑦 between 𝐸𝑥 and 𝐸𝑦 components, with

the red dashed line indicating a 90∘ phase difference. In

the range of 0.3–0.37THz, the phase difference increases

rapidly from 0∘ to 80∘ and remains around 90∘ between 0.4

and 0.6THz. The unsmoothed experimental results align

well with the simulated results shown in Fig. 1(d), demon-

strating minimal dispersion across this frequency range.

From the forms of Eqs. (3) and (4), we derived the

mathematical expression for ellipticity in terms of the am-

plitudes and phase differences of the two orthogonal com-

ponents, as shown in Eq. (5):

𝜂 =
𝑎

𝑏
=

√︃
𝑎2
𝑥 + 𝑎2

𝑦 −
√︀

4𝑎2
𝑥𝑎2

𝑦 cos2 Δ𝜙+ (𝑎2
𝑥 − 𝑎2

𝑦)2

𝑎2
𝑥 + 𝑎2

𝑦 +
√︀

4𝑎2
𝑥𝑎2

𝑦 cos2 Δ𝜙+ (𝑎2
𝑥 − 𝑎2

𝑦)2
. (5)

Figure 4(c) shows the calculated ellipticity curve. In the

frequency range 0.37–0.63THz, the ellipticity remained

above 0.8, exceeding 0.9 in the 0.38–0.61THz range. To

more intuitively visualize the generated CP-THz electric

field, THz electric field vector diagrams at selected fre-

quency points were plotted based on the endpoints of the

THz electric field vectors, as shown in Fig. 4(d).

We also calculated the peak electric field intensity of

the generated CP-THz radiation. The calculation method

is similar to linearly polarized THz radiation (as described

in Ref. [33]) and is detailed in the Supplementary Mate-

rial. For RCP, the calculated peak electric field strength

of the circularly polarized electric field was 𝐸RCP =

113.53 kV/cm, with an energy conversion efficiency from

LTC polarization of approximately 93.88%. Similarly,

for LCP, the calculated peak electric field strength was

𝐸LCP = 100.18 kV/cm.

In summary, we combined a LiNbO3 strong-field THz

source with an LTC metasurface device to construct a

strong-field THz CD spectroscopy system. Experimen-

tally, we generated RCP and LCP strong-field THz ra-

diation across a frequency range of 0.3–0.6THz, achieving

an ellipticity above 0.9 and a peak electric field intensity

exceeding 100 kV/cm. Our system shows substantial po-

tential for studying the chiral properties of materials un-

der strong-field conditions and examining the dependence

of material chirality on field strength.
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