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potentially powerful organic material for intense terahertz (THz) Two-Stage Growth Procedure ®1OO —DAST
generation, 2-amino-S-nitrotoluene (MNA) has not been exten- HHHHHH S 8o =MNA
sively used as a THz source because of challenges associated with O,N Me I i éeo _8:;

synthesizing large single crystals of the material. We report a \C[ 3ok <

consistent two-step process for growing large single crystals of NH, 240

MNA that are suitable for high intensity terahertz (THz) MNA B Ué_, -

generation via optical rectification of IR light. Our process includes \ A

initial sublimation growth of thin sheets or needles of MNA,
followed by solution phase slow evaporation growth using the
sublimated crystals as seeds. To demonstrate the usefulness of
MNA as a nonlinear optical crystal, we characterize the THz generation properties of MNA and compare these results to state-of-
the-art organic THz generators such as OH-1, 4-N,N-dimethylamino-4’-N'-methylstilbazolium 4-methylbenzenesulfonate (DAST),
and N-benzyl-2-methyl-4-nitroaniline (BNA). We further determine the dependence of THz intensity on crystal thickness and pump
wavelength, determine the THz efficiency at different pump powers, and report the THz refractive index and absorption coeflicient.
These results demonstrate that high-quality MNA crystals provide a useful source for high intensity THz generation.
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1. INTRODUCTION

2-Amino-S-nitrotoluene (MNA) was identified as early as 1981
as a potentially powerful molecular building block for
nonlinear optical (NLO) applications, due to its large
microscopic hyperpolarizability." The large hyperpolarizability
results from highly asymmetric charge correlated excited states
of the 7 electronic structure of the molecule. However, MNA
crystal growth efforts over the past ~40 years have been unable
to generate large, high-quality crystals needed for NLO
applications. To circumvent these crystallization challenges, a
benzyl group was added to MNA to form N-benzyl-2-methyl-
4-nitroaniline (BNA) nearly 20 years after the molecular
building block of MNA was introduced.” This additional
benzyl group enhances the crystallization properties of MNA,
and made it possible to produce large single crystals of BNA.
The addition of the benzyl group in BNA, however, increases
the packing volume of the molecule without significantly
increasing its hyperpolarizability, thus leading to lower packing
density of BNA when compared to the crystal structure of
MNA. The lower density of chromophores in BNA’s crystal
structure reduces the potential NLO efficiency.’ Even so, BNA
has in recent years become a widely used NLO crystal,
particularly for intense terahertz (THz) generation.*”® When
pumped with near infrared (NIR) light, BNA produces a broad
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THz spectrum with much greater efficiency than inorganic
crystals like ZnTe and GaP.*

THz spectroscopy is a powerful tool for many sensing,
imaging, and communications applications due to the unique
interactions that THz radiation has with different materials.
Many of the emerging applications of THz spectroscopy
require the generation of intense THz pulses with a broad
spectrum. Intense THz light can be efficiently generated via
optical rectification in organic NLO crystals, where NIR
frequency light is down-converted to THz frequencies. For
efficient THz generation, organic NLO materials must have
high molecular hyperpolarizability and pack in a non-
centrosymmetric alignment in the crystal state. One of the
most significant challenges in developing new organic THz
generators is the need to grow large single crystals (>3 X 3 X
0.5 mm®) that can be irradiated for THz generation. As
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described above, growing large, high-quality crystals for
nonlinear optical applications has been a long-standing
challenge for many potentially useful organic crystals such as
MNA.

In this work, we present a two-step growth process that
enables the formation of large MNA single-crystal plates (up to
20 mm X 20 mm with 0.5 mm thickness) that are suitable for
THz generation and other NLO applications. Our new method
involves an initial sublimation growth procedure that forms
medium sized sheets or needles of MNA that are ~0.1 mm
thick. These thin single-crystal sheets or needles can then be
used as seed crystals for crystal growth via a slow evaporation
protocol. The large MNA crystals show THz generation
properties that surpass those of its derivative BNA when
pumped with 1250 nm light, and rival those of red-orange
organic crystals like 4-N,N-dimethylamino-4'-N’-methylstilba-
zolium 4-methylbenzenesulfonate (DAST) and OH-1, making
it one of the most efficient yellow THz generators to date. The
higher molecular density of MNA in the crystalline state helps
explain the improved THz generation capabilities when
compared to BNA.

2. EXPERIMENTAL SECTION

2.1. Single-Crystalline Thin Sheet Growth. Previously, Dam-
man and co-workers developed a method for growing thin sheets of
MNA fused to glass substrates.” In their report, they showed that
these films were active for second harmonic generation. Growth of
larger crystals of MNA has once been mentioned in the literature,"’
but no detailed methods for crystal growth were described and there
are no additional reports of the use of large MNA crystals. Our early
attempts to grow large crystals of MNA via slow evaporation methods
failed to give any suitable single crystals. We therefore turned our
attention to sublimation techniques, which we believed could provide
single crystalline materials for THz generation studies and for use as
seeds for large crystals growth.'"

Figure 1 shows the sublimation setup and as-grown MNA sheets. In
our experimental setup (Figure 1a), sublimation and crystal growth
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Figure 1. (a) Sublimation setup for single crystal growth. (b) Thin
single crystal sheets and (c) needles of MNA grown via sublimation.
Small grid squares are ~1 X 1 mm*

occurred by heating 7 g of MNA (obtained commercially from
Combi-Blocks Inc.) in a 400 mL beaker to 136.6 °C for 16 h, followed
by crystal growth at 129.6 °C for 7 h. The single crystals grown via
sublimation were of two forms — thin sheets and thin needles (see
Figure 1b,c). Following this technique, we regularly obtained MNA
sheets with 3 mm X 3 mm to S mm X 5 mm in size with thicknesses
of 70—150 pm. Thin MNA sheets can be used directly for broadband
THz generation, but thicker crystals (in the range of 300—600 ym)
are required for higher-power THz generation.

2.2. Slow Evaporation Growth. To grow larger surface area and
thicker MNA crystals, commercially available MNA was first purified

by being dissolved in CH,Cl, and filtered through a short plug of
silica gel. Removal of solvent gave MNA of sufficient purity for slow
evaporation growth studies. Using the long needles that were grown
via our sublimation method as seeds (see Figure 1c), larger crystals
were grown over a period of several days via slow evaporation from
concentrated solutions of MNA in acetone. In this manner, we
routinely obtained MNA single crystals of S mm X $S mm X 0.2 mm,
or larger, in size. A large area as-grown MNA crystal is shown in
Figure 2a, and a cut and polished crystal is shown in Figure 2b. A total

Figure 2. Large single crystals of MNA grown via slow evaporation
with MNA seed crystals. (a) As grown. (b) Cut and polished.

of 33 large MNA crystals were grown to demonstrate the
reproducibility of the method (see Supporting Information for crystal
images). This is the first report of the growth of large single crystals of
MNA suitable for intense THz generation.

2.3. X-ray Diffraction Characterization. The structure of these
high-quality MNA crystals was determined by single-crystal X-ray
diffraction (SC-XRD) (see Section 2 of Supporting Information for
experimental details). We confirmed that our MNA crystals grew in
the monoclinic crystal system in space group CC, consistent with the
reported structure in the Cambridge Structural Database (CCDC ID:
643907). We also used these structures to evaluate molecular
alignment within MNA. Ideal molecular alignment of an NLO crystal
is head-to-tail alignment in which the molecular hyperpolarizability
vectors lie in the same direction as the polar axis of the crystal. The
angle, 6, between the polar axis and the hyperpolarizability vector is
19.5° as illustrated in Figure 3a. Using 6, the order parameter
(cos39p) can be calculated, with a value of 1 indicating ideal
alignment. We calculated the order parameter for MNA to be 0.84,
which is comparable to the value of the common NLO crystal DAST
(0.83) and is higher than its derivative BNA (0.64).>"

An important consideration in the design of organic crystals for
THz generation applications is the growth direction of the crystalline
materials. To determine the indices of the largest face of the crystal,
diffraction from the main face was recorded in reflection geometry
and compared with the simulated MNA powder pattern (see Section
2 of Supporting Information). As Figure 3b shows, the main
contributions to the pattern are from the (020) and (040) planes,
which indicates that the main crystal face of MNA is (010). The
molecular hyperpolarizability vectors align very well with this plane, as
seen in Figure 3a. Because ideal THz generating organic crystals
should have the sum of the molecular hyperpolarizability vectors
oriented in plane with the irradiated crystal face, our MNA crystals
grow in an ideal direction for THz generation applications.

All of our crystals were thus irradiated on the (010) face for THz
generation. To determine the THz light polarization with respect to
the molecular alignment, we face-indexed a strip of one of the large
single crystals that had been used for THz generation as indicated in
Figure 3¢ and described in Section 2 of Supporting Information. As
Figure 3d shows, the polarization direction of the light is precisely
parallel with the plane of the molecules.

3. TERAHERTZ GENERATION EXPERIMENTS

MNA crystals were characterized for THz generation using the
three-parabolic mirror focusing system described in our
previous work.'* In brief, NIR laser pulses of wavelength
1250 nm were obtained from an optical parametric amplifier
that was pumped with 800-nm light from a Ti:sapphire laser
system. The 1250 nm light pulse duration was ~100 fs with 0.7
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Figure 4. (a) Time traces of MNA at 1250 nm compared with DAST and OH-1 at 1450 nm. (b) Spectra of each of the crystals in (a). (c) Time
traces MNA compared with GaP and BNA at 1250 nm, with an inset of the same comparison at 800 nm. (d) Spectra of each of the crystals in (c),

with an 800 nm inset.

m]J per pulse and a 1/¢* beam diameter of ~7.6 mm. These
NIR pump pulses were directed to the MNA (or other) THz
generation crystal. The generated THz waves were passed
through a pair wire-grid polarizers and focused using a set of
three off-axis parabolic mirrors to a GaP electro-optic sampling
(EOS) detection ensemble. The GaP EOS ensemble consisted

of a 100 pm thick (110) GaP crystal fused to a 1 mm (100)
GaP layer to avoid signal-echoes from the thin GaP and
provide a more accurate characterization of the generated THz.
A ~100 fs 800-nm probe pulse, with a variable relative delay
compared to the THz pulse, was used to read out the THz
electric field waveform via electro-optic sampling in the (110)
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Figure S. (a) Time traces of thick MNA crystals at 1250 nm with thicknesses ranging from 250 to 600 ym at 1250 nm. (b) Spectra of crystals used
in (a) at 1250 nm. (c) Time traces of thick MNA crystals ranging from 250 to 600 gm at 800 nm. (d) Spectra of crystals used in (c) at 800 nm.

GaP. Due to the pulse duration, the THz detection bandwidth
with this setup was restricted to ~6 THz. To compare THz
generation from other NLO crystals DAST, OH-1, and GaP,
we used the identical setup and nearly identical laser
parameters; we kept the pump pulse energy constant but
adjusted the pump wavelength to 1450 nm for both DAST and
OH-1 (where they generate THz more efficiently).

THz pulses and spectra of 510 ym thick MNA and the other
NLO crystals are plotted in Figure 4. When pumped with 1250
nm light, MNA produces high field strengths on the order of 1
MV/cm (see Figure 4ab). It has a broad, smooth spectrum,
with its highest peak at 1 THz, and one main absorption dip at
2 THz, with frequency content extending out to S THz. With
its high generated field strengths, MNA compares favorably
with state-of-the-art red THz generation crystals DAST and
OH-1, each with a similar thickness of ~400 pm, and
significantly exceeds the THz output of a 320 ym thick GaP
crystal (see Figure 4a,b). Each crystal was tested using a pump
fluence of 1.32 mJ/cm?”. These strong THz pulses demonstrate
that MNA is comparable to many state-of-the-art THz sources.
It is potentially the most powerful yellow THz generator to
date, making it useful in specific THz spectroscopy
applications.

We also provide a direct comparison of THz generation
from MNA compared to yellow BNA (which was derived from
MNA). Figure 4c,d shows a direct comparison between MNA,
BNA, and GaP, all pumped at 1250 nm still using a pump
fluence of 1.32 mJ/cm? Similar thicknesses were used for BNA
and MNA (~500 um).® MNA and BNA produce similar
Fourier amplitudes above 2 THz, however MNA produces
significantly stronger THz below 2 THz, resulting in a peak-to-
peak field strength ~1.6X higher than BNA. The insets to
Figure 4c,d show a comparison between MNA and BNA
pumped at 800 nm, with a spot size of 9 mm and a pump
fluence of 1.26 mJ/cm® Due to marginally better phase
matching, BNA generates slightly stronger THz when pumped

with 800 nm light, with both crystals producing similar spectral
content below 2 THz.

We also recorded THz generation with both 1250 and 800
nm pump wavelengths using MNA crystals with various
thicknesses. The pump fluence for 1250 nm was 1.34 mJ/cm?,
and for 800 nm it was 2.2 mJ/cm? As shown in Figure Sa,b,
good phase matching was observed at 1250 nm and all
thicknesses produce intense THz pulses with fairly broad
spectra. In general, thicker crystals produce larger amplitudes
at lower frequencies. Figure Sc,d shows THz generation from
the same crystals when pumped at 800 nm. Less optimal phase
matching at THz frequencies above 2 THz results in mainly
lower frequency components for crystals thicker than 300 pm.
For both pump wavelengths, the 600 pm thick crystal
produced the largest THz electric field strengths.

To better understand phase matching at longer NIR pump
wavelengths, we measured THz generation of a 400 ym thick
MNA crystal from 1250 to 1550 nm and with a pump fluence
of 0.66 mJ/ cm?. Figure 6a shows the peak field strength as a
function of pump wavelength. 1250 nm enables the maximum
generated field strength, and we see an initially surprising dip
in generated THz at 1450 nm. This dip can be explained by the
increased absorption in MNA at 1450 nm, where the green line
in Figure 6a shows the transmittance of the IR pump light.
Figure 6b shows generated spectra for each pump wavelength,
with the inset showing normalized spectra. Our data indicate
that only the spectral amplitude is significantly influenced by
pump wavelength in this range.

We also measured the THz generation efliciency by
measuring the THz pulse energy with a pyroelectric detector
as a function of pump fluence at both 1250 and 800 nm pump
wavelengths (Figure 7). At a maximum fluence of 1.3 mJ/cm?,
MNA produces THz with up to 3% efficiency when pumped
with 1250 nm. Due to the suboptimal phase matching, the
efficiency drops by an order of magnitude when pumped with
800 nm.
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Lastly, we performed THz transmission measurements to
extract the refractive index and absorption coefficient over the
range of 1—5 THz."® Figure 8a,b shows the extracted refractive
index and absorption coefficient of MNA (red circles), with a
Lorentz oscillator fit overlaid (blue line).'® The refractive index
and absorption coefficient of MNA show main features at 2.1,
2.7, and 4.2 THz, explaining dips in the MNA generation
spectra shown in Figures 4—6 above. Over this entire
frequency range, the absorption coefficient for MNA is less
than 250 cm™!, which contributes to the broad and smooth
THz spectrum that MNA produces.
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Figure 8. (a) THz refractive index and (b) absorption coefficient of
MNA (red dots), with Lorentz oscillator fit (solid blue line) showing
three main features at 2.1, 2.7, and 4.2 THz.

4. CONCLUSIONS

In conclusion, we have developed an effective method to
consistently grow large single crystals of MNA (S mm X S mm
thin plates) by a two-step crystallization process. Our two-step
method involves initial sublimation growth of high purity, thin
needle crystals via sublimation, and these needles serve as seed
crystals for slow evaporation growth in concentrated solutions
of purified MNA in acetone. Our MNA crystals show THz
generation efficiency that rivals and surpasses that of
commonly used BNA, an MNA derivative. Our studies
confirm that MNA is an excellent and readily available
candidate for high intensity and broad THz generation, as
MNA is commercially available and doesn’t require the
additional synthetic steps required for synthesizing BNA.
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