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Features of terahertz radiation generation and interaction with sodium
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A novel terahertz molecular crystal, sodium acid phthalate (NaAP), has been investigated. The high-Q infrared

(IR) and Raman-active vibrational modes of NaAP crystal in the terahertz frequency range enable the generation

of narrowband terahertz radiation when the medium is excited by ultrashort laser pulses. It has been established

that the spectral characteristics of absorption and refraction in the terahertz range strongly depend on temperature

and crystal orientation. The obtained results suggest that NaAP crystal is a promising nonlinear optical material for

terahertz photonics and optoelectronics.
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Introduction

The terahertz frequency range (0.1−10 THz) attracts

significant scientific and technological interest due to its

unique application possibilities. These include fundamental

studies of new magnetoactive, dielectric, and biological

materials [1], as well as practical tasks such as space

monitoring systems [2], substance identification by their

characteristic spectral
”
fingerprint“ [3], nondestructive test-

ing, and security systems [4]. In recent years, alongside

broadband systems, there has been growing demand for

efficient and compact narrowband terahertz sources. These

are essential for the development of highly selective resonant

spectroscopy, nonlinear terahertz photonics, and advanced

high-speed wireless communication systems.

One approach to creating terahertz sources is based

on nonlinear optical effects in crystals. Various materials

are studied for this purpose: inorganic dielectrics and

ferroelectrics, semiconductors, and organic and semi-organic

molecular crystals. A distinctive feature of molecular crys-

tals is the presence of numerous low-frequency vibrational

modes (phonons) associated with weak intermolecular

interactions. When a crystal is excited by a femtosecond

laser pulse, resonant enhancement of the nonlinear response

at the lattice’s intrinsic vibration frequencies is possible,

allowing efficient conversion of broadband pumping energy

into intense narrowband terahertz radiation [5–7].

Within this approach, a promising class of compounds

is alkaline metal acid phthalates (MAP, where M=K,

Rb, Na, Cs, etc.), long and successfully used in various

optics fields, for instance as electro-optic modulators and

effective monochromators of soft X-ray radiation [8–14].
Their piezoelectric, acousto-optical, and nonlinear optical

properties in the visible range have been studied in detail.

However, despite the lengthy research history, these crystals

remained virtually unexplored in the terahertz frequency

range until recently. Although the possibility of broadband

terahertz generation in sodium acid phthalate crystal was

briefly demonstrated previously [15], the features related

to the resonant phonon response which is key to creating

narrowband sources have not yet been identified or studied.

Our previous investigations of rubidium acid phthalate

(RbAP) [6] and guanylurea hydrogen phosphite (GUHP)

crystals [5,7] confirmed the high efficiency of narrowband

terahertz generation in molecular crystals. In this work,

we present a comprehensive study of sodium acid phthalate

(NaAP) molecular crystal. The aim was to investigate

the anisotropy of the spectral characteristics of terahertz

generation in NaAP crystal — a new efficient medium

for compact, tunable narrowband terahertz sources. The

obtained results help deepen the understanding of sodium

acid phthalate crystals’ potential in terahertz photonics and

optoelectronics.

Methods and materials

Crystal growth

Sodium acid phthalate crystals were grown in 1.5 L

crystallizers by temperature reduction of the solution in the

range from 45 to 40 ◦C. Crystallization solutions were syn-

thesized by dissolving C6H4COOH ·COONa (OCH) salts

in triple-distilled water. Solutions, superheated by 5−7 ◦C

above saturation temperature, were filtered through filters

with 10µm pores to remove mechanical impurities. Growth

was conducted without stirring; seeds were crystals obtained

by spontaneous nucleation.
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Optical and Terahertz Properties Study Methods

To study terahertz transmission spectral properties, a

terahertz spectrometer TeraSmart (TMMenloSystems) with

antennas from TMFraunhofer IIS acting as receivers and

emitters was used. According to the specifications, the

spectral range exceeds 6 THz, dynamic range over 100 dB,

and frequency resolution less than 1.2GHz. Due to

optical response peculiarities of the antenna semiconductor

substrate at around 4THz, a dip occurs in the terahertz

pulse spectrum, limiting the spectral range to 0.2−3.6 THz.

Samples were mounted in a copper holder fixed on the

cold finger of a helium closed-cycle cryostat capable of

cooling samples to cryogenic temperatures below 10 K. The

cryostat core includes an RDK-408D2 cold head (TMSHI
Cryogenics Group) and a nickel-plated cover with window

holes. Sample temperature was monitored by a silicon

diode sensor DT-670-CU (TMLake Shore Cryotronics) with

a temperature range 1.4−500K and accuracy ±22mK.

Terahertz emission spectroscopy, operating under princi-

ples similar to classical terahertz spectroscopy (THz−TDS)
was used to investigate terahertz generation in the samples.

The excitation source was a laser system producing a

femtosecond regenerative titanium-sapphire amplifier beam

SpitfirePro (TMSpectra Physics) with central wavelength

802 nm, pulse duration 120 fs, 1 kHz repetition rate, and

pulse energy up to 1.8mJ. A lens with focal length 280mm

focused the laser beam; the sample was placed 160mm

from the lens to form a spot of diameter ∼ 2.6mm.

Excitation polarization was controlled by a Glan−Taylor

prism and plate λ/2; terahertz polarization was controlled

via a polyethylene grid terahertz polarizer. Terahertz pulses

were detected by a 1mm thick ZnTe (110) electro-optic

crystal in a balanced detection scheme. Terahertz power

was measured using a Golay cell (TMTydex). Experiments

were conducted in a dry-air chamber to avoid absorption

effects due to water vapor.

UV, visible, and near-IR transmission spectral char-

acteristics of grown crystals were studied using an
TMShimadzu UV-3600 spectrophotometer, capable of regis-

tering sample transmission spectra in the wavelength range

185−3300 nm.

Results and discussion

Sodium acid phthalate crystal C6H4(COOH)(COONa)
×1/2H2O belongs to the polar non-centrosymmetric class

mm2 of the orthorhombic system. This crystal differs

from most other acid phthalates by the presence of water

molecules in the crystal structure [16,17]. For aligning the

crystallophysical coordinate system with the crystallographic

one, the symmetry space group B2ab (�41), previously

established in [16,18,19], was chosen. This group represents

a non-standard setting of the space group Aba2 [19]
(transition between the two possible by cyclic permutation

of axes) and was selected to avoid confusion when using

dielectric and optical properties from previous works. The

habit of the grown NaAP crystal is similar to that of other

acid phthalate crystals [6] and is shown in Fig. 1, a, where

the directions of the crystallophysical coordinate axes of

the chosen space group are also indicated. The crystal is

flattened in the direction [001]. The crystallophysical X -axis

is taken to be the [100] direction, which is polar, since the

overall structure of sodium acid phthalate is similar to NH4

and K acid phthalates [19,20]. The normal to the perfect

cleavage plane (001) is taken as axis Z in NaAP crystals.

Optical Transmission Properties of NaAP Crystal

Transmission spectra of the c-cut NaAP crystal were

recorded in unpolarized light in the spectral range

250−2000 nm (Fig. 1, b). In the near-IR region, pronounced

absorption bands are observed with maxima near wave-

lengths of approximately 1130, 1432, 1660, and 1945 nm.

The short-wavelength boundary of the transparency region

(fundamental absorption edge) for the NaAP crystal is

determined at a wavelength of 298 nm. Based on analysis

of the absorption edge using the Tauc method [21], the

forbidden gap width was estimated. Assuming a direct

allowed interband transition Eg was 4.12± 0.03 eV.

Terahertz Transmission Properties of NaAP Crystal

Absorption spectra in the terahertz range were studied

for two orthogonal orientations of the terahertz electric

field relative to the crystal’s crystallo-optical axes, denoted

as X and Y (Fig. 1, a).
For the orientation along the selected direction X at

cryogenic temperature of 10K, six pronounced peaks cor-

responding to active phonon modes are identified in the ab-

sorption coefficient spectrum over the range 0.2−3.25THz

(Fig. 2, a). Due to high absorption levels and the resulting

limited dynamic range of the terahertz spectrometer at room

temperature, only three low-frequency phonon modes are

recorded. To evaluate the temperature dependence of mode

parameters including peaks whose intensity exceeded the

detection limit (truncated peaks) their profiles were qual-

itatively approximated by the Breit−Wigner−Fano (BWF)
function [6]. This function was chosen due to the observed

asymmetry and non-Lorentzian shape of the absorption

peaks in the crystal at low temperature. Approximation

analysis showed that resonant frequencies of all modes

exhibit monotonic shift toward the low-frequency region

with increasing temperature. For example, the central

frequency of the phonon mode located around ∼ 1.6THz,

changes from 1.68 THz at 10K to 1.57 THz at 293K.

For the terahertz electric field orientation along the

selected direction Y at 10K, active phonon modes also

appear in the absorption spectrum, but their number in the

frequency range 0.2−3.5THz is five (Fig. 2, b). As for the

X -direction, the aforementioned approximation procedure

was used for qualitative determination of peak central

frequencies. Phonon modes for the crystallo-optical axis Y

also show
”
red“ shift with increasing temperature. For
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Figure 1. (a) Habit of NaAP crystal and crystallophysical coordinate system XY Z corresponding to the crystallographic abc (a similar

habit can be observed for sodium acid phthalate in works [14,20]). (b) Transmission coefficient T of NaAP crystal in UV, visible, and

near-IR wavelength ranges in unpolarized light (sample thickness was 375 µm); inset shows transmission spectrum in the range from 295

to 315 nm.
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Figure 2. Absorption coefficient spectra by intensity for the two selected directions X (a) and Y (b) of the NaAP crystal with thickness

560 µm in the terahertz frequency range at different temperatures.

instance, the first observed mode in this polarization has

its resonant frequency changing from 1.76 THz at 10K

to 1.67 THz at 293K.

Additionally, Fig. 2 for both crystal orientations shows

an increase in the full width at half maximum (FWHM)
of the absorption line with rising temperature, which can

be explained by thermal atomic motion leading to reduced

coherence of vibrations in the sodium acid phthalate crystal

lattice.

The NaAP crystal exhibits perfect cleavage along the

(001) plane, characterized by the ability to cleave into thin

plates effortlessly. This property enabled preparation of

thin samples in the thickness range from 40 to 256µm.

Reducing sample thickness shortened the beam path in

the crystal and increased the terahertz spectrometer’s dy-

namic range, allowing full resolution of some peaks for

the X and Y directions. However, due to experimental

technical constraints, measurements were conducted outside

the cryostat, i.e., at 293K.

For the X axis in the spectral range 0.2−2.4 THz three

absorption peaks were fully resolved (Fig. 3, a). BWF ap-

proximation yielded precise central frequencies (1.57, 1.85,
and 2.27 THz) and FWHMs of the identified peaks, from

which quality factor parameters Q = ν/1ν were calculated.

For the first, second, and third peaks, Q = 20, 13 and 11,

respectively. For the Y axis, approximation characterized

only the first peak in the studied spectral range with central

frequency 1.67 THz, for which Q = 28 (Fig. 3, b). Notably,
for the thicker sample where approximation used data not

fully resolved within the spectrometer’s dynamic range at

293K similar central frequency values were obtained, con-

firming the appropriateness of the approximation function.
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Figure 3. Absorption coefficient spectra by intensity for the two selected directions X (a) and Y (b) of the NaAP crystal for a set of

samples in the thickness range 40−256 µm (black line with standard deviation) and a sample of thickness 560 µm (red line) at 293K.

A slight discrepancy in the high-frequency slope of the

third peak for the X -direction (2.27 THz) across different

thicknesses is attributable to data loss in the peak center due

to dynamic range limits and subsequent errors in Fourier-

transforming the detected temporal profile of the scanning

terahertz pulse.

Frequency-dependent refractive indices of the NaAP

crystal were also obtained. The refractive index behavior

for sodium acid phthalate matches that of rubidium acid

phthalate [6] features appear near phonon resonances, with

monotonic increase at higher frequencies outside these

regions. Values for the Y axis exceed those for X

in the terahertz range away from resonances (phonon
resonance regions were not quantitatively measured due to

spectrometer dynamic range limits).
The refractive index temperature dependence is also

anisotropic: along the X axis, it increases with temperature,

whereas for the Y -orientation up to ∼ 1.2 THz preceding

the absorption line, changes with temperature are negligible.

At 0.5 THz far from phonon resonances, baseline refractive

index values for the Y and X -axes are: nTHz
Y = 2.58 (10K),

2.58 (100K), 2.59 (201K), 2.59 (293K), nTHz
X = 1.95

(10K), 1.97 (100K), 2.00 (201K), 2.05 (293K).

Terahertz Generation in NaAP Crystal

Terahertz generation in NaAP crystals was performed

using a standard scheme with normal incidence of the

exciting femtosecond laser radiation on the sample surface

and detection of the generated terahertz pulse in transmis-

sion geometry. The excitation source was radiation from

a titanium-sapphire regenerative laser amplifier with central

wavelength 802 nm and pulse duration 120 fs. Experimental

studies of terahertz generation properties covered a wide

sample temperature range from 10 to 293K. Temporal

profiles of terahertz pulses generated in NaAP samples were

recorded via time-resolved pulsed terahertz spectroscopy

based on electro-optic sampling with a delay step corre-

sponding to 50 fs on the time scale. For detailed temporal

profile analysis and subsequent spectral characteristics of

generated terahertz radiation, the optical pumping pulse

energy incident on the sample was fixed at 400µJ. Fourier

transformation of the obtained temporal waveforms enabled

investigation of spectral features of the terahertz generation

process for various selected crystallooptic directions and

sample temperatures.

Fig. 4, a shows characteristic spectra of terahertz radiation

generated in NaAP crystal when both the exciting laser

polarization and terahertz analyzer were oriented along the

selected crystallooptic direction X (hereafter XX configura-

tion). Data correspond to the two extreme temperatures:

10 and 293K. At cryogenic temperature of 10 K in the

studied spectral range from 0.2 to 3 THz, three well-resolved

generation lines are distinctly observed. The second, most

intense peak stands out, with central frequency 1.99 THz

and FWHM of 102GHz. Upon heating the crystal to room

temperature (293K), amplitudes of all recorded generation

lines decrease significantly, by a factor of several times.

For example, in the XX -orientation, the first peak shifts

to lower frequencies with central frequency reducing to

1.59 THz, its amplitude decreases by 1.5 times, and FWHM

increases to 120GHz. The second peak similarly shifts

to lower frequencies reaching 1.92 THz; FWHM grows

to 190 GHz, and amplitude drops by 1.5 times like the

first peak. Critically, the generation line behavior their

central frequencies and relative intensities fully correlates

with absorption spectra data for the corresponding X -sample

orientation, unequivocally indicating the resonant nature of

terahertz generation linked to simultaneous excitation of IR-

and Raman-active phonon modes in the crystal [5,6].

Fig. 4, b presents a similar set of experimental data

obtained under the same conditions as the previous case,

but here the exciting laser radiation was polarized along

60∗ Optics and Spectroscopy, 2025, Vol. 133, No. 9
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Figure 4. Spectra of terahertz radiation generated in NaAP crystal for the XX (a) and Y X (b) cases at 10 and 293K.

the Y axis, while the terahertz analyzer orientation remained

along the X axis (YX configuration). Qualitatively, the gen-

eration spectra in this configuration show no fundamental

differences from the XX case, but quantitative characteristics

undergo substantial changes. In particular, the amplitude of

the first, dominant generation peak at the same central fre-

quency of 1.65 THz in the Y X configuration increases signif-

icantly, by several times, compared to the XX -configuration,

accompanied by noticeable narrowing the spectral width

decreases to 80GHz. Notably, the second and third, higher-

frequency generation lines in this orientation exhibit reduced

amplitudes and slight spectral broadening, with widths

increasing compared to the XX -configuration. Upon heating

the crystal, the Y X -configuration shows less amplitude drop

in peaks relative to the XX -case; central frequencies shift to

1.59, 1.97, and 2.2 THz for the 1st, 2nd, and 3rd peaks,

respectively, with FWHMs increasing to 120, 200, and

290GHz. Also noteworthy is the broadband generation

component observed in the low-frequency spectral region,

approximately from 0.2 to 1.2 THz, which becomes more

pronounced in the YX , configuration this is characterized by

a fast nonlinear optical response of the crystal’s electronic

subsystem [5,6]. This redistribution of generation efficiency

is explained by differences in the material’s dispersive
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Figure 5. Dependence of generated terahertz radiation energy on the exciting laser radiation energy (a) and on the azimuthal angle of

laser radiation polarization relative to the X axis (b) at temperatures of 10 and 293K.

properties for orthogonal directions and, consequently, vary-

ing degrees of phase-matching condition fulfillment. The

optical rectification process efficiency requires matching the

group refractive index of laser pumping (ng) and the phase

refractive index of the generated terahertz wave (nTHz). For
NaAP crystal, refractive indices at the pump wavelength

of 632.8 nm are nx ≈ 1.48, ny ≈ 1.64 and nz ≈ 1.65 [13]
(notably, that work lists the space group as Aba2, whereas

we adopted the B2ab setting, requiring cyclic axis per-

mutation: nx → ny , ny → nz , nz → nx), in the terahertz

range, they are — nTHz
X ≈ 1.95 and nTHz

Y ≈ 2.58 (10K). In
both configurations (XX and YX) the X -component of the

terahertz field is detected. Comparing phase mismatches

indicates that for the YX configuration, it is smaller than

for XX . Since phase matching is satisfied much better in

the YX -configuration, this leads to the observed multiple-

fold increase in the dominant generation peak amplitude

(Fig. 4). Generation efficiency is also significantly

determined by the nonlinear optical susceptibility χ(2)which

exhibits resonant behavior in the phonon mode spectral

region, varying by selected direction for both terahertz

radiation and the pump pulse.

An important additional result is that when the terahertz

analyzer is oriented along the Y axis, the generation signal,

regardless of pumping polarization, was at the noise level.

This effect is also explained by the crystal’s dispersive

properties. For generating Y -polarized terahertz radiation

(nTHz
Y ≈ 2.58) the phase mismatch becomes critically large

for both pump laser polarizations along X and Y . Such

strong dephasing between the pump pulse and gener-

ated wave effectively suppresses the generation process.

Additionally, the complete absence of signal may arise

from selection rules imposed by the χ(2)tensor, whose

components responsible for Y -polarized field generation

may be negligibly small [6].
Fig. 5, a shows results of experimental investigation

into the dependence of terahertz pulse energies generated

in NaAP single crystal on the energy and polarization of

the exciting femtosecond laser radiation for XY - and XX -

installation orientations at 10 and 293K. A key finding

is that at 10K, the recorded terahertz pulse energy is

noticeably higher using the Y X configuration compared

to XX . This same trend in generation efficiency per-

sists upon raising the sample temperature to room level

(293K), though absolute generated terahertz pulse energies

decrease by several times, attributable in part to increased

terahertz frequency absorption and altered phase-matching

conditions. Within the measurements conducted here,

maximum generated terahertz radiation energy reached

52 pJ at optical pumping energy of 500µJ. Notably, these

experiments did not aim at optimization or maximum

conversion efficiency; considering potential further pump

energy increase up to the crystal laser damage threshold,

substantially higher generation efficiency can be anticipated.

The experimentally obtained dependence of terahertz pulse

energies on exciting laser pulse energy, as seen in the figure,

is well approximated by a quadratic function. Such behavior

is characteristic of second-order nonlinear optical response

(quadratic nonlinearity) underlying the observed terahertz

generation, e.g., via optical rectification [6].
Measurement of generation efficiency dependence on

exciting laser radiation polarization orientation relative to

crystallooptic axes was conducted at pumping energy

400µJ (Fig. 5, b). In these measurements, the pump

laser polarization was rotated by 360◦, starting from the

orientation corresponding to the previously described XX

configuration (pump and analyzer polarizations parallel to

the crystal’s X axis) and sequentially passing through all

intermediate angles to return to the initial configuration.

Importantly, for recording average generated terahertz

radiation power in these experiments as in the pumping

energy dependence study a Golay cell was used, with

laser excitation parameters (wavelength, pulse duration, and
energy) kept identical to prior measurements for result com-

Optics and Spectroscopy, 2025, Vol. 133, No. 9
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parability. Analysis of the obtained angular dependences

revealed pronounced anisotropy in terahertz generation

efficiency. Specifically, at sample cryogenic temperature

of 10K, the configuration with pumping polarization along

the Y axis and terahertz analyzer polarization along X

yielded significantly higher generated terahertz radiation

energy — up to 31.2 pJ. Meanwhile, for the orthogonal

pump orientation along X (XX configuration), the detected

terahertz radiation energy was substantially lower, around

7.3 pJ. These observations fully agree with prior data on

terahertz pulse energy dependence on pumping energy,

where the approximating parabolic dependence for the Y X -

configuration lay significantly higher than for XX -indicating

superior nonlinear conversion efficiency. The overall trend

of anisotropic generation and its temperature dependence

persists upon raising sample temperature to room level

(293K). Similar to cryogenic conditions, absolute detected

terahertz radiation energies decrease (to 20.4 pJ for Y X -

oriented pump and 3.3 pJ for XX -oriented pump at 293K).
Nevertheless, even at room temperature, the configuration

with pump polarization close to the Y axis (at X -analyzer)
continues to show substantially higher generated terahertz

radiation compared to pumping polarized along X , con-

firming preservation of pronounced anisotropy in NaAP

crystal’s nonlinear optical response over a wide temperature

range.

Conclusion

This work presents the results of investigating a new non-

linear optical source — the sodium acid phthalate molecular

crystal — and demonstrates for the first time its high

efficiency for narrowband terahertz radiation generation.

It has been established that the presence of a set of high-

quality-factor phonon modes in NaAP crystal, which are

simultaneously IR- and Raman-active, allows the realization

of resonant optical rectification when excited by ultrashort

laser pulses. This enables the generation of terahertz

radiation with a minimal spectral linewidth on the order

of 80GHz. Strong anisotropy of the generation process

is demonstrated: by choosing the polarization of the laser

pump, it is possible not only to increase the overall

conversion efficiency several times but also to control

the distribution of energy among the generated spectral

lines. It is shown that the spectral characteristics of both

absorption and generation strongly depend on temperature,

opening the possibility for temperature tuning of the central

frequency of the emission.

Thus, the demonstrated ability to generate narrowband

terahertz radiation and to control its characteristics via pump

polarization and temperature makes the NaAP crystal a

promising material for creating compact terahertz sources.
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