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4-N, N'-dimethylamino- N-methyl-4’- N'-stilbazolium tosylate crystals were grown by spontaneous crys-
tallization and onto a seed using controlled slow cooling technique. The surface morphology of the grown
crystals has been studied. As shown by X-ray diffraction analysis, the perfection of the structure of the
grown plates depends on the method of obtaining them. The grown crystals were also characterized by
the Vickers microhardness test and etching investigations. The values of microhardness for the crystals
grown by spontaneous crystallization are found to exceed the corresponding values for the crystals
grown onto a seed by 9-11%. There was established a correlation between the values of microhardness
and the character of dislocations distribution in the crystals obtained by both methods. An assump-
tion was made about the 4-N, N'-dimethylamino- N-methyl-4'- N’-stilbazolium tosylate deformation
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mechanism.
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1. Introduction

Effective and dynamically developing fields of
physics such as quantum electronics and photon-
ics call for creation of new materials characterized
by high nonlinear optical coefficients [1]. Inorganic
LiNbO3, KTP, and KDP crystals for a long time
used in nonlinear optics and optoelectronics have al-
ready reached their efficiency threshold [2, 3|. Dur-
ing recent years, molecular nonlinear optical crys-
tals arouse a great interest as promising materials
for optical communication systems. Due to a small
length of chromophores in molecular crystal pack-
ing, these crystals can be used at frequencies up
to terahertz range. High nonlinear optical suscepti-
bility of the molecular structures is due to the ef-
fect of strong polarizability of a cloud of 7-electrons
in the conjugate system of organic molecules. The
electrooptical coefficient of the molecular crystals
is in the range of 100-70 pm/V, which by an or-
der exceeds the corresponding parameters of known
inorganic materials [4].

4-N, N’-dimethylamino- N-methyl-4’- N’-stilbazo-
lium tosylate (DAST) crystals possess unique
properties in the optical range (the coefhi-
cient of nonlinearity di; = 1010+ 110 pm/V at
A = 1318 nm) [5]. These crystals show the maximal
electrooptical sensitivity (r1; = 400 £ 150 pm/V
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at A = 820 nm; 717 = 47+8 pm/V at A = 1535 nm)
and looks promising for optoelectronic processing
of terahertz range signals [6]. In the technologically
significant range from 0.75 pm to 1.65 pm, the
DAST crystals are characterized by a good spectral
transmission [7]. Due to their high thermal stability
(at temperatures up to 300°C) these crystals can
be used in the data transmission systems [§].

DAST belongs to the monoclinic space group C.
(point group m, Z = 4) with the lattice parameters
a = 10365 A, b = 11.322 A, ¢ = 17.893 A, and
B = 92.24° [9]. The molecular packing of DAST
crystals is defined by stilbazolium, the cation, one of
the most efficient chromophores, and tosylate, the
anion, which form a non-centrosymmetric crystal
structure.

DAST single crystals are usually grown from a su-
persaturated solution by the method of slow cool-
ing [9-11]. Several growth methods such as slope
nucleation (SNM)-slow cooling (SC) [12, 13], SNM—
slow evaporation (SE) [8, 14|, SNM-seed-crystal
method (SCM) [15], seed crystal fixing method
(SCF) [16], two zone growth technique (TZGT) [17]
have been applied for growing the DAST crystals.
The use of this promising material is limited by
the difficulties in obtaining homogeneous defect-free
crystals, since such crystals show a noticeable ten-
dency to twinning.
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As a rule, organic crystals belong to soft ma-
terials that may complicate the process of optical
elements fabrication from the crystals [8, 12-14].
Therefore, the investigation of the mechanical prop-
erties of DAST crystals evokes an essential interest.
It should be noted that the available literature data
on the mechanical properties of these crystals are
sparse and often contradictory.

In this paper, we report and analyse the quality
characterization study and the Vickers microhard-
ness investigations of the DAST molecular crystals
obtained under different conditions.

2. Experimental

Growth from low temperature solutions has been
found to be the most suitable for obtaining of high
quality DAST crystals [9]. The studies of DAST sol-
ubility in pure methanol, ethanol, acetonitrile and
various mixed solvents were carried out in [13, 18§].
As seen from these studies, in ethanol, acetoni-
trile and in a mixed solvent of methanol-ethanol,
ethanol-acetonitrile, DAST showed a rather low sol-
ubility. Among pure organic solvents, the highest
solubility of DAST was found in methanol. The sol-
ubility in the mixed solution of methanol-acetone
was on the level of pure methanol [13]. In the bi-
nary system methanol-acetonitrile, the solubility
increased approximately twice or more than the one
in pure methanol [18]. In the case of the methanol
solution, the method of slow cooling was used to
grow DAST single crystals of a plate-like shape, in
which the crystallographic a- and b-axes were on the
developed plane (001) [13]. The rate of the growth
along the a- and the b-axes was higher than the
one along the c-axis. The crystals obtained from the
methanol-acetonitrile mixed solution were thicker
than those grown from methanol [18]. The rate of
the growth along the a- and b-axes was equal to that
of the growth along the c-axis. These results testify
the possibility of morphological control of DAST
crystals by varying solvents during the growth. The
plate-shaped crystals are preferable for efficient ter-
ahertz wave generation. As shown in [19], DAST
crystals with a thickness of 1.0-1.5 mm are effi-
cient for the practical THz application. Methanol
was found to be the most suitable solvent for the
growth of high-quality DAST crystals applied in
electrooptics [9]. DAST was synthesized at Division
of Functional Materials Chemistry SSI “Institute for
Single Crystals® NAS of Ukraine. The DAST pow-
der crystals used for crystal growth was prepared
similar to the described procedure [18] by reac-
tion of 4-methylpyridine, methyl-p-toluenesulfonate
and 4-dimethylaminobenzaldehyde in dimethylfor-
mamide/xylene mixture in the presence of piperi-
dine as a catalyst. Solution containing 3.1 g
DAST/100 g methanol was heated up to 55°C and
held at this temperature during ~ 10 h at contin-
uous stirring to provide complete dissolution of the
substance and ensure its homogeneity. Afterwards
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the temperature in the crystallizer was lowered to
39°C (the equilibrium temperature) at a rate of
0.3°C/h without stirring, and then the solution was
held during 6 h for stabilization. Further, the tem-
perature lowering rate was reduced to 0.5°C/day
until the DAST crystals were spontaneously nucle-
ated. Afterwards the cooling rate was maintained
on a level of 0.2°C/day till the end of the crystal
growth process.

DAST crystals were also grown onto a seed
from supersaturated methanol solution by con-
trolled slow cooling technique in the range from
43 to 30°C. Seed crystals measuring ~ 2 X 2 mm
with a well-defined shape and good transparency
were obtained by spontaneous nucleation. The seeds
were mounted in a holder and immersed to a so-
lution, the temperature of which was by 1° higher
than the equilibrium temperature. The solution was
then slowly cooled to the equilibrium temperature
(39°C) without stirring. During 2 days, the tem-
perature was decreased at a rate of 1°C/day and
then at a constant rate of 0.1-0.2°C/day till the
end of the crystallization process. Thereat, the so-
lution was mixed at a rate of 20 rpm with 20 s re-
verse. Before changing the direction of rotation, the
engine stopped for 7 s. The crystallization period
was 30 days.

The perfection of the structure of the grown crys-
tals was identified with X-ray rocking curves (RC)
by using the method of two-crystal X-ray diffrac-
tometry. The RCs were obtained with a double crys-
tal spectrometer at Cu K,, radiation with a sili-
con monochromator adjusted to the (400) reflection.
The used arrangement allows to pick out a well-
resolved K, line of the X-ray spectrum. To obtain
the RCs in (n, —m) scheme, the (004) reflection of
the DAST samples was chosen, due to its Bragg
reflection angle nearest to that of (400) Si. This sig-
nificantly reduced the RC broadening caused by dis-
persion. The measured values of full width at half
maximum (FWHM) can be compared with the cal-
culated ones obtained in accordance with [20].

The structure perfection of the grown crystals
was also characterized using the metallographic
method. The quality of the crystals was evaluated
taking into account the imperfections and disloca-
tions present in the crystal which appeared during
the growth period. Dislocations were revealed by
selective chemical etching in methanol on the facet
parallel to the crystallographic plane (001). After
etching, the surface was dried using filter paper.
The etching time was 10 s. The revealed dislocation
structure was examined by means of a microscope
Zeiss Axioskop 40 A POL.

Mechanical characteristics of the DAST crystals
were investigated using the Vickers microhardness
measurement. Indentation was realized using PMT-
3 device with a standard tetrahedral indenter, the
loads ranged from 1 to 20 g for indentation time
of 10 s. The hardness study was realized on the
faces (001) of the grown crystals, the diagonals of
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Fig. 1. Photographs of DAST crystals obtained by
(a) spontaneous crystallization and (b) grown onto
a seed.

Fig. 2.

DAST crystals grown by spontaneous crys-
tallization: transmitted polarized light (a), reflected
light: surface (b), growth hillocks (c).

the square impression were parallel to the direc-
tion [100]. Prior to the measurements, the inves-
tigated surface was polished gently with methanol.
The value of microhardness H,, was computed using
the standard relation [21].

The measurements were realized on 10 imprints
at each designated indentation load. The standard
deviation of the measured value of mean microhard-
ness was about 2%.

3. Results and discussion

Figure 1 presents photographs of DAST crys-
tals obtained from supersaturated methanol solu-
tion using slow cooling method by spontaneous
crystallization and grown onto a seed. The crys-
tals have the form of plates with a larger surface
plane parallel to (001). Their maximum dimen-
sions are 4.5 x 4 x 1 mm? and 8 x 6 x 3 mm?,
respectively.

The photographs of the DAST crystals grown
by the spontaneous crystallization, obtained in the
transmitted polarized and in reflected light, are
shown in Fig. 2. Examination in the polarized light
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Fig. 3. DAST crystals grown onto a seed using the
slow cooling technique: (a) transmitted polarized
light, (b) reflected light.

showed that the crystals were optically homoge-
neous and did not contain mother liquor inclusions
(see Fig. 2a). Step-like patterns observed on the
crystal surface point to the directions of interatomic
bonds in the crystal (see Fig. 2b). The morphology
of the growth steps reflects the symmetry of the
(001) face. There are also growth hillocks formed on
this face, revealing a two-dimensional layer growth
mechanism. All the growth spirals have a mono-
clinic symmetry (see Fig. 2c).

A study of the DAST crystals grown onto a seed
in the polarized light shows that they do not contain
optical inhomogeneities (see Fig. 3a). The morpho-
logical features of the surface of their face (001) dif-
fer from those of the relief of the corresponding face
of the DAST crystals obtained by spontaneous crys-
tallization. The surface of the investigated crystals
is either smooth or has rounded steps with mono-
clinic symmetry (see Fig. 3b).

Shown in Fig. 4 are the rocking curves of the
grown DAST crystals. As one can see, a slight
asymmetry is observed for the diffraction curves
recorded for the reflection (004) for the crystals ob-
tained by spontaneous crystallization and onto the
seed, while individual microblocks are absent. The
FWHM value of the rocking curve for the crystals
obtained spontaneously is 151 arcsec (see Fig. 4a).
For the crystals grown onto the seed, the diffrac-
tion maximum of (004) broadens to 323 arcsec
(see Fig. 4b). The authors associated a certain de-
crease in the structure perfection observed in the
studied crystals with the presence of stresses around
the contact of the growing crystals with the seed.

The observed differences in (001) surface mor-
phology of the crystals grown onto the seed and by
spontaneous crystallization (see Figs. 2b and 3b)
seems to be due to relaxation of the interfacial
stresses induced by the seed crystals. Stress relax-
ation can occur via multiple kink formation of the
steps. As a result, roughness of the spiral steps in
these crystals is higher than that in the crystals
obtained spontaneously under the same conditions.
The mean distance between two adjacent kinks on
the surface of the former crystals is smaller than
the interkink distance in the latter crystals. Depo-
sition of a structural unit on the step in the crys-
tals grown onto the seed will have high probability,
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Fig. 4. Rocking curves recorded for DAST single
crystals grown by (a) spontaneous crystallization,
(b) onto a seed (the thin curves are Gaussian ap-
proximation of RCs).

irrespective of the crystallographic direction of the
step. Therefore, the step movement is independent
of the crystallographic direction and results in the
formation of rounded microsteps [22].

Figure 5 presents the photographs of the DAST
crystals grown onto a seed at fluctuations of the
growth rate. A study of the perfection of such
crystals shows that they differ from those ob-
tained without fluctuations of the growth rate.
The photographs made in reflected and transmit-
ted polarized light reveal the presence of stria-
tions and parasitic crystals on the surfaces of the
plate (see Fig. 5a, c¢). These nonuniformities could
arise due to fluctuations of the surface supersatu-
ration [17]. Unlike the samples homogeneous over
the whole volume, these crystals have defects in
the form of cracks. The latter are propagating
in the crystal bulk but do not reach its surface
(see Fig. 5b, d). The emergence of such cracks
may be due to fluctuations in the growth rate
which lead to irregular stacking of the stilbazoli-
ums and the tosylates. Failure in the interleaving of
the sheets of both ions along the crystallographic
c-axis leads to strains in the crystal and to its
cracking.

The rocking curve recorded for the crystal con-
taining defects in the form of cracks (see Fig. 6) has
five peaks. The full width at a half maximum of the
most intensive peaks is 350, 178, and 312 arcsec.
The observed additional peaks recorded for (004)
diffracting planes depict the presence of an inter-
nal structural very low angle grain boundaries in
the crystal grown under the conditions of temper-
ature fluctuations. The tilt angles (i.e., misorien-
tation angle between the two crystalline regions
on both sides of the structural grain boundary)
are ~ 4 arcmin.
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Fig. 5. Defect structure in the bulk of DAST crys-
tal grown onto a seed at fluctuations of the growth
rate: (a, b) — (001) plane, (c, d) — (001) plane;
(a, ¢) — reflected light, (b, d) — transmitted po-
larized light.
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Fig. 6. Rocking curves recorded for DAST single
crystals grown onto a seed at fluctuations of the
growth rate (the thin curves are Gaussian approxi-
mation of RCs).

As found by comparing the half-widths of the
rocking curves of the DAST crystals with the cor-
responding values of other organic crystals [23],
FWHM of the former crystals exceeds those of the
latter. In particular, the value of FWHM of the
rocking curve for LAP crystal is 18.9 arcsec that
complies with the corresponding values for inor-
ganic compounds. Such a difference may be ex-
plained by the fact that the size of organic molecules
in the DAST crystal packing essentially exceeds the
size of molecules in LAP packing. The linear dimen-
sions of stilbazolium and tosylate molecules calcu-
lated using the program Molecular Orbital PACk-
age (MOPAC) are 15 A x6.1 A and 7.4 A x5.4 A
(the length and width of stilbazole and tosylate, re-
spectively). For comparison, it should be noted that
the linear dimensions of the L-arginine molecules,
which together with phosphoric acid and the water
molecule form the LAP compound, are 6.3 A (the
length) and 3.1 A (the thickness) [24].

The crystals containing defects were broken dur-
ing mechanical treatment as a result of the pres-
ence of the cracks in their bulk, and therefore could
not be used to make optical elements. Figure 7
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Fig. 7. Loading curve for (001) plane of DAST
molecular crystal: 1 — on the surface of a plate

grown by spontaneous crystallization, 2 — on the
surface of the plate grown onto a seed.

shows the loading curves for the optically homo-
geneous crystals grown by spontaneous crystalliza-
tion and onto the seed. The behaviour of the de-
pendence of microhardness on the indenter load-
ing is the same for all the samples: at low loads,
the microhardness values rise, whereas at higher
loads they remain practically unchanged. The load-
ing curve shows “the reverse indentation size effect”.
There are two sections on the obtained curves: (i)
in 1-5 g range the value of microhardness essen-
tially depends on the indenter load, (ii) in 10-20 g
range such dependence is weak. The microhardness
values preserved within the whole interval of the
loads seem to be considered an objective character-
istic of the resistance of the material to local de-
formation. Currently, the origin of the “reverse in-
dentation size effect” observed in the DAST crystal
has not been analyzed. The Vickers microhardness
is calculated using the method of restored imprint.
The dimensions of both diagonals d of the imprints
are measured after unloading the indenter. Thereat,
the elastic component of the deformation under the
indenter is not taken into account. Contributions of
the elastic and plastic deformations to the total de-
formation at the low loads are comparable. It may
be assumed that the “reverse indentation size effect”
is associated with the instrument loading error.

The microhardness average values obtained for
the crystals grown spontaneously exceeded the val-
ues for the crystals grown onto a seed, and they
were respectively equal to 32.6 and 28.1 kgf/mm?
(see Fig. 7, (1), (2)). The comparison was made for
the microhardness values which were preserved in
the 5-20 g loading interval. Such results testify that
the studied DAST crystals belong to soft materials,
despite the presence of ionic bonds in the given com-
pound.

Hardness is the ability of materials to resist plas-
tic deformation during indentation. At present, the
mechanism of the plastic deformation of the DAST
has not been determined, but generally, the process
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Fig. 8.

Etch pits pattern revealed on (001) surface
of DAST crystals, obtained by (a) spontaneous crys-
tallization and (b) onto a seed.

of deformation of molecular organic compounds is
of dislocation type. From the literature, there are
known only few studies devoted to the description
of the said defects in dimethylamino stilbazolium
tosylate [13]. Therefore, it is a matter of consider-
able interest to study the dislocation structure and
the character of distribution of linear defects in the
molecular DAST crystals.

In Fig. 8 there are presented the etch patterns
revealed on the face (001) of the grown crystals.
The etch pits are either bright with plain bottoms
or dark with sharp peaks. Their morphology cor-
responds to the crystallographic symmetry of the
examined plane and has the form of irregular par-
allelograms. Therefore, it can be assumed that the
dark etches pits with peaks corresponding to the
emergence of dislocations on the face under consid-
eration. The plain bright pits most probably corre-
spond to the clusters of point defects and reveal the
spots of aggregation of the point defects.

The patterns of the etch pits obtained on the
surface of the DAST crystal grown by sponta-
neous crystallization differ from those of the crystals
grown onto a seed. On the face (001) of the spon-
taneously crystallized samples, there were mainly
observed the light etch pits and only few dark ones
(see Fig. 8a). In turn, on the surface of the crystals
grown on the seed, there were numerous dark etch
pits and only a few light ones (see Fig. 8b). The dis-
location density of the crystals grown onto a seed
was equal to 5.7 x 10* cm 2. The dislocation density
of the crystals obtained by spontaneous crystalliza-
tion was 3.4 x 102 cm~2. Moreover, the surfaces of
such crystals contained a considerable number of
point defects.

The values of microhardness of the crystals ob-
tained spontaneously is by 9-11% higher than those
of the crystals grown onto a seed. The mechanical
strength is directly related to the mobility of the
dislocations in the studied material. Resistance to
the dislocation motion in the lattice is due to in-
teractions with other dislocations, point and sur-
face defects. Information concerning the behaviour
of dislocations in the DAST crystals is very scarce.
It can be assumed that the higher plasticity of the
crystal grown onto a seed is due to the fact that the
main deformation mechanism is not slipping, which
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is limited in the forest dislocation, but the climbing.
The point-defect clusters in the crystals with ionic
bonds are effective stoppers for the dislocation mo-
tion. This, apparently, explains the observed hard-
ening of the crystal obtained spontaneously.

4. Conclusion

DAST crystals with the dimensions 4.5 x 4 X
1 mm?® and 8 x 6 x 3 mm® were obtained by
spontaneous crystallization and grown onto a seed
from a supersaturated solution using a controlled
slow cooling technique. These crystals had the form
of plates parallel to the plane (001). The surface
(001) of the crystals has the form of steps with
monoclinic symmetry. As shown by X-ray diffrac-
tion analysis, the structure perfection of the crys-
tals obtained by the spontaneous crystallization ex-
ceeds the corresponding characteristic of the sam-
ples grown onto a seed. The average microhard-
ness values of the samples obtained by spontaneous
crystallization are by 9-11% higher than the corre-
sponding values of the crystals grown onto a seed
(31.3 and 28.1 kgf/mm?), respectively. Plates grown
by the spontaneous crystallization are character-
ized by extremely low dislocation density, namely
3.4 x 10?2 cm~2. In the crystals grown onto a seed,
the dislocation density is essentially higher and
equals 5.7 x 10* cm 2. The higher plasticity of crys-
tals grown onto a seed might be attributed to the
fact that the main mechanism of dislocation move-
ment in DAST, along with slipping, is climbing.
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