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Abstract: We investigate the optical Kerr nonlinearity and multi-photon absorption (MPA) 

properties of 4-N, N-dimethylamino-4’-N’-methyl-stilbazolium 2, 4, 6- trimethylbenzene-

sulfonate (DSTMS) excited by femtosecond pulses at a wavelength of 1.43 μm, which is 

optimal for terahertz generation via difference frequency mixing. The MPA and the optical 

Kerr coefficients of DSTMS at 1.43 μm are strongly anisotropic indicating a dominating 

contribution from cascaded 2nd-order nonlinearity.  

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Single-cycle THz pulses with high electric field amplitudes have recently attracted large 

attention since they provide novel opportunities in photonics [1], condensed matter physics [2], 

charged-particle accelerators [3], surface chemistry [4] and biomedical science[5]. The advent 

of transient high-field pulses reaching multiple MV/cm that oscillate at frequencies in the range 

from 1 THz to 10 THz has provided an emerging tool to excite extremely non-equilibrium 

dynamic phenomena by driving phonons or other low-energy collective modes [6]. The most 

prominent laser-based approaches providing such intense THz pulses transients at MV/cm field 

strength are based on nonlinearities in plasma [7], optical rectification (OR) in lithium niobate 

(LN) [8, 9], and OR in nonlinear organic crystals (NOCs) [10–15]. Compared with the other 

two methods, OR in organic crystals offers several advantages: (i) NOCs, including DAST, 

DSTMS, OH1, HMQ-TMS, possess a large 2nd-order nonlinear optical susceptibility at room 

temperature (full comparison for typical nonlinear crystals for THz generation are shown in 

Table 1), resulting in high THz conversion efficiency; (ii) phase matching can be achieved in a 

collinear geometry and it does not require sophisticated pump-pulse shaping; (iii) the THz 

radiation is naturally collimated and aberration-free, which makes it possible to focus the beam 

by a single optics to a diffraction-limited spot and to reach high field strength. Among NOCs, 

4-N, N-dimethylamino-4’-N’-methyl-stilbazolium 2, 4, 6- trimethylbenzene-sulfonate 

(DSTMS) provides very broadband phase matching conditions with a minor phonon absorption 

and can generate octave-spanning spectra up to 26 THz [17], resulting in short pulses with ultra-

high peak fields [11–14]. Since the quest for higher field strength is incessant, upscaling of the 

THz pulse energy calls for increasing pump fluence. However, the THz conversion efficiency 

shows strong saturation effects upon intense femtosecond (fs) pulse pumping in DSTMS [11]. 

To figure out the main limitation factors, it is critical to know high-order nonlinear properties 

of DSTMS going beyond its 2nd-order nonlinear optical susceptibility. The most important of 

them are the Kerr nonlinearity and multi-photon absorption (MPA). 

https://doi.org/10.1364/OA_License_v1


In this article, the Z-scan method is implemented to measure the polarization-dependent 

nonlinear refractive index (Kerr nonlinearity) and the MPA coefficient of DSTMS at the 

wavelength of 1.43 μm, which is close to optimal phase matching condition for THz generation. 

The experimental results show that both MPA and the optical Kerr nonlinearity possess high 

anisotropy. The optical Kerr nonlinearity of DSTMS at 1.43 μm is dominated by the cascaded 

second-order nonlinear effect, while its intrinsic third-order nonlinearity is very weak. 

Table 1. Selection of organic and inorganic nonlinear crystals for THz generation and their most relevant 

parameters: nonlinear coefficient deff, spectral range of the most efficient THz emission, damage threshold, the 

figure of merit 𝑭𝑴𝑻𝑯𝒛 = 𝒅𝒆𝒇𝒇
𝟐 𝒏𝟎

𝟐𝒏𝑻𝑯𝒛⁄  for THz generation [16]. The THz spectral ranges are adopted from 

experimental results in Ref. [8, 14,17-19], and the damage thresholds are quoted for the optimal phase-

matching wavelength in Ref. [20-24]. The nonlinear organic crystals survive higher peak powers due to the 

lower absorption 

Nonlinear 

crystals 

deff  

(pm/V) 

Spectral 

range 

(THz) 

Damage 

threshold 

(GW/cm2) 

FMTHz  

(pm/V)2 

Wavelength of optimal 

phase matching 

(m) 

DAST 240 0.1-10 300 5600 1.5 

DSTMS 230 0.5-26 150 5800 1.5 

ZnTe 66 0.1-3 100 170 0.8 

GaP 24 0.3-7 66.2 17 1.0 

LiNbO3 160 0.1-2.5 12200 1100 1.0 

2. MATERIAL CHARACTERIZATION 

For organic molecular crystal, the nonlinear optical response is decided by molecular 

symmetry. In centrosymmetric molecular crystals, the two-photon absorption (2PA) may be 

forbidden by the symmetry even though the photon energy is sufficient for the 2PA due to 

selections rule based on the parity of the electronic wavefunctions [25]. Since DSTMS is non-

centrosymmetric, it has similar nonlinear optical responses, compared to semiconductors. The 

optical Kerr nonlinearity and the MPA process is determined by the dispersion of the linear and 

nonlinear refractive index [26], which is strongly dependent on semiconductor bandgap. To 

estimate the polarization dependence of the bandgap in DSTMS, we have measured absorption 

spectra using a FTIR spectrometer (Vertex 80v, Bruker Optics Corp.). The studied sample was 

a commercial z-cut DSTMS crystal with a thickness of 0.4 mm (Rainbow Corp.). The bandgap 

for the light polarization along the two nearly orthogonal crystallographic directions ([100] and 

[010]) is obtained from the Tauc plot of measured visible absorption spectra, as depicted in Fig. 

1(a). The bandgap of DSTMS shows a slight anisotropy, resulting in the blue shift of the 

absorption, when rotating the light polarization from the [100] to the [010] axis. The total 

bandgap variation shown in Fig. 1(b) is less than 2%. 



 

Fig. 1. (a) Tauc plot of absorption spectra for the light polarization along the [100] and [010] 
axes. (b) azimuthal angle-dependent absorption edge of DSTMS, here θ is the angle between 

[100] and the light polarization. 

3. Z-SCAN MEASUREMENT 

The scheme of the Z-scan experiment is shown in Fig. 2. An optical parametric amplifier (OPA) 

seeded by a Ti: sapphire amplifier serves as a source of fs pulses with a center wavelength of 

1.43 μm with a duration of 75 fs FWHM at a repetition rate of 1 kHz. The linearly polarized 

OPA radiation passes through a λ/2 waveplate to control the polarization plane and then it is 

focused by the lens L1 with a focal length of 150 mm. The measured focused spot size was 22 

μm (1/e2 intensity radius), and the pulse energy was 20 nJ, corresponding to an incoming on-

axis peak intensity of Iin = 32.9 GW/cm2. 

The DSTMS crystal is mounted on a motorized linear translation stage (Newport Corp.) 

with a scanning resolution of 5 μm. The beam transmitted through the sample and the aperture 

is collimated by the lens L2 and, after a long-pass (LP) filter (Si wafer, to block fluorescence 

due to MPA process) it is focused on a InGaAs photodiode (PD). A lock-in amplifier is utilized 

for the acquisition of the signal from the PD. The Z-scan records the transmittance with a fully 

open aperture (OA), TOA, and the transmittance with a partially closed aperture (CA), TCA as a 

function of the sample position along the beam axis. For all scans, the aperture size for CA Z-

scans is set in a low-fluence limit to the transmittance level of S=0.25. To eliminate scattering 

artefacts due to the surface roughness and imperfections in the DSTMS crystal, both TOA and 

TCA traces were subtracted by OA and CA Z-scan curves measured at low fluence. The OA Z-

scan trace characterizes multi-photon absorption, whereas the nonlinear refractive index (n2) 

can be estimated from the normalized transmittance trace, TCA/ TOA. 

 



Fig. 2. Scheme of Z-scan set-up. L1, L2, L3: lens; PD: photodiode; LP: long-pass filter for 1.43 

μm. θ is the angle between polarization of fs pulses and [100] of DSTMS, as shown in insert 

4. RESULTS AND DISCUSSION 

The measured normalized transmittances of OA and CA with polarization of fs pulses along 

the [100] (blue solid dots) and [010] (red solid dots) directions are shown in Fig. 3. The optical 

Kerr nonlinearity and MPA demonstrate a clear anisotropy. If only one type of MPA dominates 

for a given wavelength, the optical intensity, I (z, R, t) can be described by, 

 
𝑑𝐼(𝑧,𝑅,𝑡)

𝑑𝑧
= −𝛼𝑁𝐼𝑁(𝑧, 𝑅, 𝑡) (1) 

where z is the propagation distance, R is the transverse coordinate, t is time, and αN is the N-

photon absorption coefficient. Relative change of transmission (T − T0) /T0 ≪ 1, Eq. 1 results 

in [27], 

 
𝑇(𝑧)

𝑇0
=

1

1+𝑁−3 2⁄ 𝛼𝑁(𝐼0 (1+𝑧2 𝑧0
2⁄ )⁄ )

𝑁−1
𝑙
 (2) 

where l is the thickness of a NOC, I0 is the peak on-axis intensity at focus, z0 is the Rayleigh 

length. By fitting with Eq. 2, MPA coefficients can be extracted from the curves. Fig. 2(a) 

shows fits for two- and three-photon absorption (N =2 and 3, respectively). Clearly, the 3PA 

model gives the best fitting results for the wavelength of 1.43 μm. This is expected, since the 

doubled photon energy at this wavelength is 1.73 eV, which below the bandgap of DSTMS (see 

Fig. 1(a)).  

In a typical Z-scan measurement, the normalized transmittance, TCA/TOA at a given position 

of sample z is expressed as [28],  

 𝑇(𝑧) =
𝑇𝐶𝐴

𝑇𝑂𝐴
=

∫ 𝑃𝑇(𝑧,𝑡)𝑑𝑡
∞

−∞

𝑆 ∫ 𝑃𝑖𝑛(𝑧,𝑡)𝑑𝑡
∞

−∞

 (3) 

 𝑃𝑇(𝑧, 𝑡) = 𝑐𝜀0𝑛0𝜋 ∫ |𝐸(𝑧, 𝑅, 𝑡) ∙ 𝑒𝑥𝑝(−𝛼0𝐿/2 + 𝑖∆Φ(𝑧, 𝑅, 𝑡))|
2

𝑅𝑑𝑅
𝑅𝑎

0
 (4) 

 ∆Φ(𝑧, 𝑅, 𝑡) =
∆Φ0(𝑡)

1+𝑧2 𝑧0
2⁄

𝑒𝑥𝑝 (−
2𝑅2

𝜔2(𝑧)
) (5) 

where PT (z, t) is the transmitted power through the aperture, c is velocity of light in vacuum, 

ε0 is the permittivity of vacuum, n0 is the linear index of refraction, Ra is the radius of aperture; 

S is the aperture transmittance in linear regime. 𝑃𝑖𝑛(𝑡) = 𝜋𝜔0
2𝐼0(𝑡)/2 is instantaneous input 

power within the sample, I0 (t) is the on-axis irradiance at focus, 𝜔(z) is the beam radius, and  

𝜔0 = 𝜔(0) is the beam radius at focus; ΔΦ0(𝑡) = 𝑘𝑛2𝐼0(𝑡)𝐿𝑒𝑓𝑓  is on-axis phase shift at focus, 

k is wave vector of incident laser beam, n2 is nonlinear refractive index of the sample, 𝐿𝑒𝑓𝑓 =

(1 − 𝑒−α0𝑙) α0⁄  is the effective propagation length within sample, and α0 is the linear 

absorption coefficient with the measured value of about 2 cm-1 in the wavelength range from 

0.7 μm to 1.5 μm [29]. Since the estimated experimental phase shift, 〈ΔΦ0〉  ( 〈ΔΦ0〉 ≅
ΔT𝑝−𝑣 0.406(1 − 𝑆)0.25⁄ , ΔT𝑝−𝑣 is the variant of peak-to-valley in TCA [28]) is smaller than 

0.23π, the normalized transmittance is determined in the limit of small nonlinear phase change 

[30],  

 𝑇(𝑧, 〈ΔΦ0〉) = 1 −
4〈ΔΦ0〉𝑥

(𝑥2+1)(𝑥2+9)
 (6) 

where x = z/z0, 〈ΔΦ0〉 = 〈ΔΦ0(0)〉/√2 is the averaged instantaneous phase ΔΦ0(𝑡) over the 

laser pulse shape with a Gaussian pulse approximation. By fitting with Eq. 6, the sign and value 

of n2 can be obtained from the measured results. 



 

Fig. 3. Normalized transmittance with full open aperture (a) and relative transmittance with 

closed aperture (b) at wavelength of 1.43 μm. 

To figure out the azimuthal angle dependence of the 3PA and the optical Kerr nonlinearity 

of DSTMS, normalized transmittances of OA and CA traces at different azimuthal angles were 

measured by rotating the polarization of incident fs pulses by the λ/2 waveplate. The z-cut 

DSTMS crystal has a large birefringence in the [001] plane with a difference in the group 

refractive index of ∆ng ≈  0.5 [29]. Thus, the orthogonal polarization components of the 

incident pulse become spatially separated already after propagating only 45 μm through the 

DSTMS crystal. This distance is much smaller than the total thickness of our sample (400 μm). 

Therefore, the contributions to the Z-scan signal of the polarization components along the [100] 

and [010] directions can be considered as nearly independent, i.e., the total signal can be 

calculated as a sum of both contributions. Moreover, although DSTMS has a large second-order 

nonlinear coefficient for THz generation, the THz conversion efficiency is below 1% at our 

pump fluence level. Hence, the loss caused by THz conversion is negligible in the CA 

measurements. 

Fitting with Eq. 2 and Eq. 6 gives the 3PA coefficients (γ) and n2 as a function of θ. As 

shown in Fig. 4, both γ and n2 are highly anisotropic at 1.43 μm. When rotating the polarization 

of the electric field from [100] to [010], the value of γ changes from (6.02 ± 0.51) × 10−2 

cm3/GW2 to near to zero ((0.01 ± 0.14) × 10−2 cm3 /GW2). The errors are determined by 95 % 

confidence interval in the fitting. The cos6 θ dependence is depicted in Fig. 4(a). To distinguish 

the highly anisotropic 3PA behavior further, the normalized transmittance, T(0)/T0 (T0 is the 

transmittance out of focus point), as a function of peak intensity at focus point was investigated, 

as shown in Fig. 5. For the polarization of optical pulses along to [100] axis, a significant drop 

in transmittance with increasing peak intensity can be observed, whereas the normalized 



transmittance keeps near to 1 with up to 100 GW/cm2 when polarization along to [010] axis. 

The peak intensity dependent transmittance along to [010] axis was well reproduced by 𝑇(0) =

1 √1 + 2𝛾𝐿𝑒𝑓𝑓𝐼0
2⁄  with the assumption of the 3PA dominating nonlinear absorption. The 

highly anisotropic 3PA coefficients is related to bound electron response in the organic DSTMS 

crystal. As shown in inset of Fig. 4 (a) (the crystalline structure of DSTMS, adopted from Ref. 

[30]), the electric field parallel to the [100] direction (0-degree angle in the experiment) 

polarizes the molecules along their longest axes. In this direction some electronic orbitals can 

have a very large extension and, correspondingly, a large dipole moment naturally causing a 

stronger nonlinear response. The electric field parallel to the [010] direction (90 degrees) is 

applied either along the shorter molecular axes or almost normal to the molecular plane. 

Therefore, a weaker nonlinearity is expected in this direction. 

 

Fig. 4. Azimuthal angle dependent (a) 3PA coefficients and (b) nonlinear refractive index, n2 at 
a wavelength of 1.43 μm. The inset in (a) shows the crystalline structure of DSTMS, and the 

insets in (b) shows the simulated THz-field in the time-domain with pump fluence of 2.6 mJ/cm2 

at 1.43 μm 



 

Fig. 5. Peak intensity dependent normalized transmittance at focus point at wavelength of 1.43 

µm. 

The nonlinear refractive index n2 shows a similar behavior, decreasing from (2.19 ± 0.28) 

×10−5 cm/GW to (0.08 ± 0.34) ×10−5 cm/GW, as shown in Fig. 4(b). In the case of a non- 

centrosymmetric crystal with a large χ(2) nonlinearity such as DSTMS, there are several 

contributions to the total nonlinear refractive index [31],  

 𝑛𝑡𝑜𝑡𝑎𝑙 = 𝑛𝑑𝑖𝑟𝑒𝑐𝑡 + 𝑛𝑆𝐻𝐺 + 𝑛𝑂𝑅 (7) 

where 𝑛𝑑𝑖𝑟𝑒𝑐𝑡 ∝  𝑅𝑒{𝜒(3)} is the contribution from the intrinsic χ(3) nonlinearity; 𝑛𝑆𝐻𝐺 ∝

 𝑑𝑒𝑓𝑓
2 Δ𝑘⁄  is the contribution from 2nd-order cascaded processes duo to second-harmonic 

generation (SHG) [32], deff is the effective nonlinear optical coefficient, ∆k = k2ω − kω is the 

wave vector mismatch; 𝑛𝑂𝑅 ∝  𝑟𝑖𝑖𝑘
2  is the contribution from 2nd-order cascaded processes due 

to combination of optical rectification (OR) and the linear electro-optic (EO) effect [31], riik is 

the electro-optic coefficient. When the incident fs pulses propagate along the [001] axis, both 

type I and type II are far from phase matching for second-harmonic generation. Thus, nSHG 

should be negligible. On the other hand, DSTMS possesses a large nonlinear optical 

susceptibility χ(2) = (430 ± 40) pm/V and an electro-optic coefficient r111 = (37 ± 3) pm/V [29]. 

Moreover, the [100] light polarization fulfills the optimal THz generation conditions. 

Therefore, the contribution from nOR is maximum for the polarization along the [100] direction 

and it should have a cos4(θ) dependence on the azimuthal angle θ. Therefore, the n2 of DSTMS 

as a function of azimuthal angle is given by [33], 

 𝑛𝑡𝑜𝑡𝑎𝑙 ∝  𝑎1𝑐𝑜𝑠4(𝜃) + 𝑎2𝑠𝑖𝑛4(𝜃) + 𝑎3
𝑠𝑖𝑛2(𝜃)

4
, (8) 

 𝑎1 =  𝑅𝑒{𝜒1111
(3)

} + 𝑛𝑂𝑅 , (9) 

 𝑎2 =  𝑅𝑒{𝜒2222
(3)

}, (10) 

  

𝑎3 = 𝑅𝑒 { ∑ 𝜒𝑖𝑗𝑘𝑙
(3)

(1,2)

off-diag

}  

(11) 

Here, a1 is equal to the sum of the intrinsic χ(3) diagonal tensor component for the [100] axis 

and nOR, a2 and a3 are given by the intrinsic χ(3) diagonal tensor component for the [010] axis 

and the off-diagonal components, respectively. The line in Fig. 4(b) shows the best fit of the 



measured n2 using Eq. 8. The contributions from the last two terms are close to zero (a2 = (0.04 

± 0.06) × 10−5 cm2/GW, a3 = (−0.43 ±0.19) × 10−5 cm2 /GW). Therefore, the combination of 

the intrinsic χ(3) process along to [100] and nOR, the value of which is a1 = (2.13 ± 0.37) × 10-5 

cm2 /GW, dominates the n2. 

To extract the contribution from the quasi-χ(3) effect induced by the OR and EO effects, the 

approximations of plane waves and non-depleted pump are assumed. Considering THz-wave 

absorption and non-perfect phase matching, the generated electric field E (Ω, λ, L) at the angular 

THz frequency Ω pumped by an optical pulse with center wavelength λ is given by [16], 

 𝐸(Ω, 𝜆, 𝐿) =
2𝑑𝑇𝐻𝑧Ω2𝐼(Ω)

(Ω(𝑛𝑇𝐻𝑧+𝑛𝑔) 𝑐⁄ +𝑖𝛼𝑇𝐻𝑧 2⁄ )𝑛𝜀0𝑐3 ×
𝑒𝑥𝑝{𝑖(Ω𝑛𝑇𝐻𝑧 𝑐⁄ +𝑖𝛼𝑇𝐻𝑧 2⁄ )𝐿}−𝑒𝑥𝑝(𝑖Ω𝑛𝑔𝐿 𝑐⁄ )

Ω(𝑛𝑇𝐻𝑧−𝑛𝑔) 𝑐+⁄ 𝑖𝛼𝑇𝐻𝑧 2⁄
 (12) 

where 𝐼(Ω) = 𝐼0𝜏𝑒𝑥𝑝(−𝜏2Ω2 2⁄ ) for Gaussian pulse, I0 is the peak intensity; ε0, c is the 

permittivity and light velocity in vacuum; dTHz and L are the nonlinear coefficient for THz 

generation and thickness of the DSTMS crystal; nTHz and αTHz are the refractive index and 

absorption coefficient at THz angular frequency; n and ng are refractive index and group 

refractive index at optical wavelength. By taking the Fourier transform of Eq. 12, the electric 

field of THz pulses in the time-domain can be obtained at the experimental pump fluence of 

2.63 mJ/cm2 at 1.43 μm, as shown in the inset of Fig. 4(b). The on-axis refractive index change 

induced by the THz field along [100] due to the EO effect is given by [34], 

 Δ𝑛𝑂𝑅 = −
1

2
𝑛3𝑟111〈𝐸𝑇𝐻𝑧

𝑝𝑒𝑎𝑘〉 (13) 

〈𝐸𝑇𝐻𝑧
𝑝𝑒𝑎𝑘〉 is the averaged peak electric field of THz pulses within DSTMS. nOR along the [100] 

direction is obtained by 𝑛2
𝑂𝑅 = Δ𝑛𝑂𝑅 𝐼0⁄ , the corresponding value of which is 2.53 × 10−5 

cm2/GW. As mentioned above, nOR(θ) has a cos4(θ) dependence. As Fig. 4(b) shows, the 

simulation results agree well with measured nOR(θ), demonstrating that the nonlinear refractive 

index n2 is mainly originating from the quasi-χ(3) effect due to the OR and EO effect. The 

intrinsic n2 at 1.43 μm should be negligible compared to this contribution. This assumption is 

confirmed by the Z-scan measurements carried out at the wavelength of 1.87 μm (the OPA idler 

signal). For this wavelength the THz generation is negligible due to bad phase matching 

condition and the measured signals for the optical Kerr nonlinearity and the MPA for all 

polarizations are very weak and below the sensitivity of our setup. 

5. CONCLUSION 

We have measured the optical Kerr nonlinearity and the 3PA coefficients of DSTMS at the 

wavelength of 1.43 μm using a single-beam Z-scan method. The experimental results indicate 

that the 3PA and the optical Kerr coefficients of DSTMS at 1.43 μm are anisotropic. The 

nonlinear refractive index n2 is dominated by the cascaded 2nd-order processes due to the optical 

rectification. The intrinsic optical Kerr nonlinearity is negligible compared to the cascaded 

process at the wavelength of 1.43 μm. This finding is further corroborated by the vanishingly 

small optical Kerr nonlinearity and MPA observed in comparative measurements at 1.87 μm 

excitation in the absence of efficient optical rectification.  
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