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Abstract: We report few-cycle THz pulses emission from a novel organic
crystal  2,6-diaminopyridinium-4-nitrophenolate-4-nitrophenol (DAP NP
NP). The observed amplitude of the THz electric field from a DAP'NP'NP
crystal is comparable with that from a ZnTe single crystal under the same
optical pumping conditions. Both the waveform and spectra of the THz
radiation from DAP'NP'NP are similar to those from ZnTe. We conclude
that a high quality DAP'NP'NP crystal would be a high potential candidate
in THz generation and applications.
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1. Introduction

Few-cycle terahertz (THz) electromagnetic pulses have attracted much attention because they
have high potential in fundamental studies and practical applications [1]. Inorganic crystals,
such as ZnTe, GaSe:Te, used as THz emitters equipped with ultrafast lasers have become
popular and high signal-to-noise ratio tabletop THz sources around the world [2—5]. Recently,
intense THz pulses have been demonstrated in LiNbO; by using tilted pulse front excitation,
which has extended the applications of THz radiation into the nonlinear region [6,7]. On the
other hand, due to large second-order nonlinear susceptibilities and low dielectric constants
for phase-matching, organic nonlinear optical crystals have received much more attention for
THz generation. Some organic crystals such as DAST, DSTMS and OH1 have been applied
to high-field THz generation [8-10]. However, due to low frequency phonon/resonance
absorption in the THz frequency range, the waveforms and spectra of THz emission from
these novel organic crystals are distorted and hence not preferable in some applications.
Therefore, ZnTe or LiNbO; incorporated with Ti:sapphire lasers are still the most popular
THz emitters currently.

In this study, we demonstrate THz emission from a novel organic crystal 2,6-
diaminopyridinium-4-nitrophenolate-4-nitrophenol (DAP'NP'NP) [11-13]. The field strength
of the THz emission from a DAP'NP'NP crystal is comparable with that from a typical THz
emitter-ZnTe crystal. Few-cycle THz pulses were observed from a DAP'NP'NP crystal, and
both the waveform and spectra from DAP'NP'NP are similar to those from ZnTe.

2. Sample preparation and THz emission experiments

The DAP'NP'NP crystals used in this study were synthesized by slow-evaporation-solution
method with ethanol as a solvent [11]. A photo of the used crystal is shown in the inset of Fig.
1(a) and the thickness of the sample is ~0.41 mm. We used the XRD #-26 scan method to
determine the orientation of the used crystal. As shown in Fig. 1(a), three diffraction peaks
appear at 16.28°, 33.30° and 50.66°. By comparing with structure in the crystallography
database, we confirm that these peaks correspond to the diffracted peaks of (200), (400) and
(600), respectively [14]. Therefore, the result of XRD 6-26 scan suggests that the surface
normal of the used crystal is approximately along the <100>-direction.

In the transmission-configuration THz generation experiments, a commercial Ti:sapphire
oscillator (Femtosource scientific XL.300, FEMTOLASERS Produktions GmbH) operating at
a central wavelength of 800 nm was employed as a pumping source and it produced optical
pulses of 100 fs at a repetition rate of 5.2 MHz. The pump beam was focused on the samples
in a diameter of ~150 pm and pulse energy of 70.7 nJ to generate THz radiation. The
transmitted THz radiation was collimated by two off-axis parabolic mirrors and focused on a
1-mm-thick <110> ZnTe slab for electro-optic sampling. All experiments were performed in a
chamber filled with dry nitrogen gas at room temperature.

3. Results and discussion

Figure 1(b) shows the THz temporal waveforms generated from the DAP'NP'NP crystal in
different polarization-configurations. In the Po,//Pry, configuration, i.e., the polarizations of
optical pulses and THz radiation were parallel to each other, a few-cycle THz pulse (black
line) can be clearly observed and the maximum amplitude of electric field is denoted as
E2N NN As the polarization of optical pulses was perpendicular to that of THz radiation, in
the PopLPry, configuration, a THz pulse with the same temporal shape (red line vs. black

line) and an amplitude of about twice larger, i.e., D\t NN/ EDAPNINY — 1 56/0.72=2.17,
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was obtained. In the experiments, we also used a 1-mm-thick <110> ZnTe slab to generate
THz radiation, under the same conditions as in Po//Pry, configuration. As seen clearly in the
figure, the amplitude of the electric field from the ZnTe slab is about six-times larger than that

from the DAP'NPNP crystal ( EZT/EQN NN =450/0.72=6.25) in the Poy//Pru,
configuration.
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Fig. 1. (a) X-ray diffraction 0-20 scan results of the employed DAP'NP NP crystal. Comparing
with crystallography Database, the diffraction peaks at 16.28°, 33.31° and 50.66° correspond to
the diffracted peaks of (200), (400) and (600), respectively [14]. The surface normal of the
employed DAP'NP NP crystal is approximately (100). The inset shows the photo of the
employed crystal. (b) THz waveforms from a DAP"'NP NP crystal in the configurations of
Popt//Pry, (black) and PoylPry, (red). The THz waveform from 1-mm <110> ZnTe in the
configuration of Poy//Pry, (blue) is also shown as a reference. The inset shows the
experimental configuration and the pumping fluence dependence of THz radiation from a
DAP'NP NP crystal (black point) and the quadratic fitting (red line) in Po,//Pry, configuration.
(c) The corresponding THz emission spectra.

The FFT spectra of the temporal waveforms are shown in Fig. 1(c). We find that the
spectra from a DAP'NPNP crystal (both Pop//Pt, and PoplPry,) show comparable
bandwidth to those from 1-mm-thick ZnTe. We also perform pumping fluence-dependent
experiments to investigate the mechanism of THz generation from the DAP'NP'NP crystal.
As shown in the inset of Fig. 1(b), the THz spectrum power in the Poy//Pry, configuration
shows quadric dependence on the pumping fluence, which indicates that the THz generation
in the DAP'NP'NP crystal is due to the second-order nonlinear optical effect.

To gain more insight into the mechanism of THz generated from a DAP'NP'NP crystal,
we rotated the DAP'NP'NP crystal to perform azimuthal angle scan (¢ -scan) measurements

in the both Poy//Pry, and PoplPry, configurations, as shown in Figs. 2(c) and 2(d),
respectively. In the left part of Fig. 2(c), the THz power ¢ -scan result reveals six-fold

symmetry in the Po,//Pry, configuration. However, by THz waveform polarity analysis (the
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polarity states are marked by “+/-”), although the polarity of the THz waveform reverses
under 180°-rotation of the employed crystal, the polarity ¢ -scan does not follow six-fold

symmetry; that is, the polarity of the THz waveform should reverse under 60°-rotation. On the
other hand, in the left of Fig. 2(d), the THz power ¢ -scan result shows two-fold symmetry in

the Pop L Py, configuration and the polarity also reverses under 180°-rotation.

(a)

acceptor

Main chain direction Main chain direction

Fig. 2. (a) The molecular structure of DAP"NP NP. O (red), H (yellow), N (blue), C (black),
atoms and H-bonds (black dash line) are shown. (b) The crystal structure of DAP'NP NP [14].

(c) Left: The azimuthal angle scan (¢ -scan) of THz power in the configuration of Poy//Prs.

The symbols of “+” and “-” represent the polarity state of the corresponding THz waveform.
Right: the simplified molecular structure of DAP'NP NP. The symbols of “A” and “D”
represent acceptor and donor atoms, respectively. The dashed line represents the direction of
the main chain of DAP*'NP NP. The polarization vectors of L (green) and R (brown) represent

the THz radiation generated in ¢ = 300° and 60°, respectively. (d) Left: The azimuthal angle

scan (¢ -scan) of THz power in the configuration of PopLPry,. The maximum THz power
was generated along the direction of the main chain of DAP'NP NP.

In order to figure out these interesting ¢ -scan results in DAP"NP'NP crystals, we propose

a model based on the strong second-order-nonlinear effect induced by intramolecular charge
transfer between electron donor and acceptor of molecules [15]. The simplified molecular
structure of a DAP"'NP'NP crystal in Figs. 2(a) and 2(b) is shown on the right in Figs. 2(c) and
2(d). The symbols “A” and “D” represent the anionic electron acceptor and the cationic
electron donor atoms in Fig. 2(a), respectively, while the dashed line represents the direction
of the main chain of a DAP'NP'NP crystal in Fig. 2(b) [12]. After optical excitation, the
nonlinear polarization is induced along the molecular chain between the acceptor and the
donor. In the Poy//Pry, configuration, the polarization vectors of “L (green)” and “R (brown)”
represent the THz wave generated in ¢ = 300° and 60°, respectively. As ¢ = 0°, the induced

nonlinear polarizations superimpose and result in a net polarization along the main chain of
the DAP'NP'NP molecules. On the other hand, in the Popel Py, configuration, the direction of
the maximum THz radiation is also along the main chain of a DAP'NP'NP crystal. All
polarities of the measured THz waveform are coincident with the molecular structure of
DAP'NP'NP.
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In general, the nonlinear light conversion efficiency in nonlinear optical materials can be
brought out significantly through their linear spectra. Therefore, we used a micro-
spectrometer, a spectrometer integrated with a commercial optical-microscope, to study the
VIS-NIR transmission spectra at three different positions for the used DAP'NP'NP crystal as
shown in Fig. 3(a). All transmission spectra of these three positions show a cut-off
wavelength at ~500 nm and this cut-off wavelength responds to the energy bandgap of the
DAP'NP NP crystal. Obviously, the measured transmission spectra in the NIR range show
non-negligible differences. At the pumping wavelength, i.e., 800 nm, the measured
transmittance at the three positions are 27.0%, 41.5% and 21.8%, which are coincident with
the transparencies of these three positions, as shown in the insets of Fig. 3(a). This low
percentage of transmission indicates that there are some impurities inside the sample and
these undesired impurities reduce the THz generation efficiency.
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Fig. 3. (a) The VIS-NIR transmission spectra at different positions of the employed DAP'NP
NP crystal. The corresponding photos are shown in the insets and the measured areas (spot
size) are ~100 pum in diameter. (b) The refractive index and the extinction coefficient of a
DAP'NP NP crystal in THz region were obtained by THz time domain spectroscopy.
Comparing with Fig. 1(c), DAP'NP"NP does not show significant absorption up to 5 THz,
which is coincident with the non-distorted few-cycle THz pulse from a DAP"NP NP crystal, as
shown in Fig. 1(b).

To estimate the potential of DAP'NP'NP crystals for high power THz generation
applications, we investigate the effects of thickness and transparency of the samples. First, for
the second-order nonlinear optical process, the amplitude of the electric field of THz radiation
is directly proportional to both the crystal thickness L and optical pump intensity /,, inside

of the crystal, i.e., E,, o< LXI,

)pt
result in the loss of pumping light and diminish the generated THz intensity (Efficiency is the
same since we are claiming that the THz intensity is proportional to the pump intensity). This

means the transmitance 7' of optical pump must be taken into account, i.e., /,, = TX/,, .

The spot size (~150 um) of the pump beam is larger than that (~100 um) used for micro-
transmission spectrum. Therefore, we need to consider that the average transmittance 7,

average

[16]. Second, the undesired impurities inside the samples

and the average value of the transmittance at these three positions is 30.1% ((27.0% + 41.5%
+21.8%)/3 = 30.1%). We estimate that the amplitude of the electric field, E, DAPNPNP of THz

O_LT-Max
radiation from DAP'NPNP in Popil Py, configuration would be 5.25 (a. u.)
P Np Tt - 41.5% 1mm . .
( EDNNTN = AN o i By 565 31200, LM 5550y i 5 highly

average L()'4] mm ' 30 1 % 04 1 mm

transparent (in this study, max transmittance 7,,,, = 41.5%) 1-mm-thick DAP"'NP'NP is used.
This value would be larger than that of 1-mm-thick ZnTe in Pou//Pry, configuration
(EZ =4.5 (a. u.)). Recently, highly transparent DAP 'NP'NP crystals with transmittance of
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75% at 800 nm have been reported [13]. This indicates that the amplitude of an electric field
twice as large as that from ZnTe could be obtained from a high quality DAP'NP'NP crystal.
Furthermore, the linear spectrum of DAP'NP'NP shows higher transmittance around 1000 nm
in the NIR range [13]. Compared with the case using 800-nm optical pulses as the pump, we
propose that it is possible to use the optical pumping pulse output from a Yb-doped fiber laser
to obtain THz radiation with a high electric field. More detailed information about DAP NP
NP crystals, such as refractive index and absorption coefficient in the NIR range, is necessary
for investigating THz applications in the future. In most organic crystals such as DAST,
DSTMS and OHI, some resonance absorptions in the THz range result in complex waveform
and spectra, which is not preferable for applications. We used THz time-domain spectroscopy
to analyze the characteristics of the DAP"'NP'NP crystal in the THz range. As shown in Fig.
3(b), both the refractive index and extinction coefficient do not show substantial absorbance
up to 5 THz in this study. These results are consistent with the observations of non-distorted
few-cycle THz pulses from DAP'NP'NP crystals and indicate that high quality DAP'NP'NP
crystals have high potential in THz applications.

4. Summary

In summary, we have examined THz radiation from organic DAP'NP'NP crystals by using
800-nm optical pulse excitation. The maximum electric field of THz radiation from DAP NP’
NP is comparable to that from 1-mm ZnTe. This indicates that a high quality DAP'NP'NP
crystal could be a candidate for low cost and high power THz applications.
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