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Enhancement of the electro-optic properties in
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The electro-optic properties and their frequency dispersion of the 2-amino-5-nitropyridium monohydrogen L-tartrate (2A5NPLT)
are investigated at room temperature at a wavelength of 632.8 nm. The results show a large increase (more than three times higher)
of the electro-optic coefficient values in the 2A5NPLT crystal compared with the 2A5NPDP crystal, which is one of the first
crystals engineered with the 2-amino-5-nitropyridine highly polarizable chromophore.

1. INTRODUCTION

In the past two decades, extensive research has shown
that organic crystals can exhibit nonlinear and thus
electro-optic (EO) properties that are comparable with or
even better than those of the best inorganic materials.»?
This is due to highly polarizable molecules that involve a
conjugated system of 7 electrons such as polyenes or aro-
matic compounds. Nevertheless, because of their poor
chemical stability and low thermal and mechanical resis-
tance, the use of organic molecular crystals is currently
limited in their industrial application.

To overcome these difficulties, a strategy has been de-
veloped that aims to build cohesive acentric crystalline
structures based on host-guest chemistry.> The attach-
ment of highly polarizable organic cations onto various
anionic matrices leads to short and three-dimensional
(3-D) networks of short hydrogen bonds. Several polar-
izable molecules were selected in this crystal engineering
and particularly 2-amino-5-nitropyridine (2A5NP). A
great number of hydrogen bond salts having a 3-D acen-
tric structure based on polar herringbone motifs were ob-
tained with this push-pull molecule such as dihydrogen
phosphate? or dihydrogen arsenate.’ These salts possess
enhanced stability (chemical, thermal, mechanical) com-
pared with corresponding molecular organic crystals.
Moreover, they exhibit a wider transparency range and
bulky crystal morphology.®”

Unfortunately, as shown recently,®® the EO properties
of the first two compounds did not reach our expectation.
Indeed, the larger value of the effective EO coefficient
that we measured in the 2-amino-5-nitropyridine dihy-
drogen phosphate (2A5NPDP) crystal was equal to 11
pm/V. This value is of the same order of magnitude as

that of the inorganic KDP family type.! As has been
shown in Refs. 8 and 9, the EO properties of the hybrid
organic-inorganic crystals can be attributed mainly to or-
ganic cations (the contribution of the inorganic subnet-
work to the EO coefficient can be neglected). Thus, we
believe that the low EO coefficient value for these crystals
arises from the misalignment between the charge trans-
fer axis of the organic chromophores in the crystal and
the light polarization direction. Indeed, the herringbone
motif, which is favorable to second-harmonic generation,
corresponds to a quite significant misalignment angle (35
deg in the case of 2A5NPDP crystal) and thus yields to
low EO properties.

From the crystal engineering mentioned above, a new
type of hydrogen bond salt structure was discovered.-12
This new material, 2-amino-5-nitropyridinium monohy-
drogen L-tartrate (2A5NPLT), was shown to have
2A5NP* cations nearly aligned with the crystallographic
b axis (see Fig. 1). In the following we propose to char-
acterize the EO properties of this compound to check if
this quite good alignment of the dipole moments yields an
enhancement of the EO properties.

2. PREPARATION OF 2A5NPLT CRYSTAL
AND SAMPLE

High-purity 2A5NPLT salt was synthesized from the dis-
solution of purified 2A5NP (multiple sublimation) and
L-Tartaric acid in hot acetic acid aqueous solution (14 M).
Crystals were grown from solution both by the standard
temperature-lowering method'® and a rapid growth tech-
nique derived from the one developed for KH,PO,.%15
With the latter technique, we obtained single crystals,
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Fig. 1. Projection of the polar structure of 2A5NPLT in the ab
plane showing a quasi-perfect alignment of the 2-amino-5-
nitropyridium cations.

Fig. 2. Orientation of dielectric and crystallographic axes with
respect to each other in 2A5NPLT crystals. The dielectric X axis
is in the (ac) plane at 56° from the crystallographic ¢ axis and
the Y axis lies in the 2A5NP" molecular plane.

several millimeters in size (typically 5 mm X 5 mm X 10
mm), in approximately 3 weeks. The quality of these
crystals was controlled by x-ray diffraction topography.
The arrangement of the optically active molecule in the
structure is highly polar, the charge transfer axis of the
2A5NP™" cation being almost aligned (3.6°) with the di-
electric Z axis (corresponding to the crystallographic &
axis, as seen in Fig. 2). According to Ref. 11, the dielec-
tric X axis is in the (ac) plane at 56° from the crystallo-
graphic ¢ axis and the Y axis lies in the 2A5NP™" molecu-
lar plane. As the 2A5NPLT crystals belongs to the P2,
symmetry group, where the twofold axis is along the prin-

cipal dielectric Z axis, the linear EO properties of this
crystal are described in abbreviated notation by eight co-
efficients, r13, res, 33, '3, a2, 'so, F'41, and r5;. Here
we focus our attention only on coefficients r3, ro3, and
ras for which the contribution of the organic molecule to
the EO properties is the largest.” If the light beam
propagates along the principal X axis, the principal Y axis
or the Z axis and the electrical field is applied along the Z
axis, the field-induced birefringences in (Y, Z), (X, Z),
and (X, Y) planes are given, respectively, by

n23raEz n13rbEz
Anyz(E) == 9 > An.(E) = _T’
nlgrcEz
Anyy(B) =~ (1)

where the effective coefficients r, , r;, and r, are defined
by

n33 n33
’“a:r23*_3r33, rb=r13*_3r33,
ny ni
7’L23
Fe =T13— T3 (2)
ni

Finally, the field-induced phase shift between the two
components of the light polarization can be expressed by

2xL
I'E) = TAn(E), 3)

where L is the crystal length along the light propagation
direction, N\ is the wavelength of the light beam, and
An(E) is the field-induced birefringence in the light path.

Only one sample is necessary for the measurement of
EO coefficients r,, rp, and r.. The sample was prepared
as a parallelepiped with the principal axes X, Y, and Z
perpendicular to the faces. The six faces were optically
polished. Gold electrodes were evaporated on the Z faces
(electric field should be applied along the Z axis) taking
care to let a small surface free of gold (see Fig. 3) to allow

N
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Fig. 3. Schema of the prepared sample used for the EO charac-
terization of the 2A5NPLT crystals. Gold electrodes were depos-
ited on z faces taking care to let a small surface free of gold to
allow the light beam to go through the sample in the Z direction.
This sample allows the measurement of the EO coefficient r,,
ry , and r, for a light beam that propagates along the X, Y, and Z
directions, respectively, and for an applied electric field along the
Z axis.



the light beam to go through the sample in the Z direction
and thus to have the possibility to measure the EO coef-
ficient r,, .

3. EXPERIMENTAL SETUP AND
TECHNIQUE

To determine the EO coefficients r, and r, and their fre-
quency dependence, we used the time response method
(TRM)'%17 with the Sénarmont setup, which allows us to
obtain the clamped (r°) and unclamped (r7) EO coeffi-
cients corresponding, respectively, to the measured coeffi-
cients at short (or high-frequency) and long (or low-
frequency) periods of time. The difference between the
values of r” and rS gives the acoustic contribution to the
EO coefficient. This contribution arises from indirect
modulation of the susceptibility by means of crystal
deformations'® and can be written as

T S _
Tije= = Tijp = 2 pijmndmnk, (4)
m,n

where p;;,., and d,,,; are the components of the elasto-
optic and piezoelectric tensor, respectively.

The method that we used consists in the measurement
of the time response of the EO crystal to a voltage step.
We obtained the latter by switching a large voltage (up to
1 kV) in a short period of time (a few nanoseconds). At
the point of the transmittance curve of the Sénarmont
setup corresponding to the maximum of modulation in-
tensity, the time dependence of the variation of the trans-
mitted beam intensity Ai(¢) induced by the applied volt-
age AV(¢) yields the time response of the EO crystal
under test as

WneffSLIO
refr(t) © AV(2), (5)

Ai(t) = “ond

where ® is the convolution operator and r g(¢) is the ac-
tual value of the EO coefficient. Iy = I, — I repre-
sents the total intensity range of the transfer function
and d is the interelectrode spacing. From the measure-
ment of Ai(¢) and AV(¢), the frequency dispersion of the
EO coefficients can be derived from the ratio of Ai(v) and
AV(v) which were obtained by the Z transform of signals
Ai(t) and AV(¢), respectively'®:

2Nd Ai(v)
Wneff310L AV( V) .

(6)

re(V) =

We also determined the coefficient r, using the Sénar-
mont setup by means of the ac modulation method.'®
Within the TRM, the efficiency of the EO effect in this
configuration [the ratio L/d in Eq. (5) is equal to 1 in this
case, leading to a weak induced phase shift I'] was indeed
not enough to reach a good signal-to-noise ratio.

We have measured the time response and determined
the frequency dispersion of the r, and r, coefficients. We
also measured the value of the r, coefficient for frequen-
cies of the applied electric field that vary between 1 and
10 kHz. We obtained all these data using the 632.8-nm
wavelength of a He-Ne laser. The amplitudes of the ap-

plied voltage that we used were in the 250-500-V range.
The dimensions of the sample were X X Y X Z = 5 mm
X 5mm X 1.1 mm.

4. RESULTS AND DISCUSSION

As an example, Fig. 4 displays a typical record of applied
voltage and corresponding induced optical intensity
variation versus time obtained during EO measurements
when we used the TRM. It corresponds to the case of the
r, coefficient. In the long-time range the optical signal
oscillates with a period that corresponds to the main pi-
ezoelectric frequency resonance.'® The oscillations of the
optical signal tend to vanish for a time longer than sev-
eral tens of microseconds. It is to be noted that these os-
cillations do not exist in the short-time regime (<100 ns)
since acoustic waves need more time to go through the
crystal. In this time range the optical response is flat
(see the inset in Fig. 4). The relatively weak amplitude
of the oscillations and the relatively small difference be-
tween the value of the optical signal at long and short
times indicate that the acoustic contribution to the EO ef-
fect in this material is not strong.

The frequency dispersion of the EO coefficient r, can be
derived, according to Eq. (6), from the ratio of Ai(v) and
AV(v), which were obtained by the Z transform of the
Ai(¢) and AV(¢) signals shown in Fig. 4. This math-
ematical treatment was carried out for both EO coeffi-
cients r, and r;, and the results are plotted in Fig. 5.
The frequency varies in the range from 10 kHz to 200
MHz, limited in the low-frequency part by the duration of
the voltage pulse and in the high-frequency part by the
rise time of the voltage step. On both sides of the acous-
tic resonances, the dispersion of the EO coefficients r,
and r, is flat and the corresponding value of each plateau
allows us to determine the unclamped (low-frequency)
and clamped (high-frequency) values of the coefficients.
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Fig. 4. Typical record of applied voltage (left part) and corre-
sponding induced intensity variation (right part) versus time ob-
tained during EO measurements when we used the TRM, corre-
sponding to the case of coefficient r, in the 2A5NPLT crystal.
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Fig. 5. Frequency dispersion of EO coefficients r, and r; de-
duced from time response measurements.

Table 1. Measured Values of the Unclamped (r7)
and Clamped () Effective EO Coefficients r,, r;,
and r, in 2A5NPLT at 632.8 nm

Acoustic Contributions®

Coefficient T (pm/V) 7S (pm/V) (%)
ro 32 +15 30512 45
Ty 30.3 = 1.2 29 = 1.1 4.5
r 10 + 0.5 — —

“The last column lists the relative acoustic contribution to the EO co-
efficient and is defined by (T — rS/r7).

Table 2. Comparison of the Low-Frequency EO
Coefficients r,, r;, and r, and of the Acoustic
Contributions in 2A5NPLT and 2A5NPDP

Coefficient 2A5NPLT 2A5NPDP
r,T 32+1.5 11+1.2
rpT 30.3+1.2 9.5+1
r.T 10+0.5 0.3+0.04
(r 7 = r,5m,T 4.5% 9%

All these values for r, and r, are reported in Table 1 as
well as the low-frequency (10-kHz) value of coefficient r, ,
which was measured with the ac modulation technique.
As mentioned above it is obvious that the difference be-
tween the high- and the low-frequency values of both co-
efficients r, and r, is weak leading to a less than 5%
acoustic contribution, which means that the EO effect in
this compound originates essentially from electronic and
ionic contributions.

The values of r, and r;, are quite important since they
are larger than those of lithium niobate, for example, r,
= rp = 20pm/V.2% 1In contrast, the value of coefficient

r. does not reach so large a value. This difference be-
tween r, and r, from one part and r, from another part in
the 2A5NPLT crystal is comparable with that observed
for the 2A5NPDP crystal. Table 2 depicts this compari-
son. The anisotropy of the EO coefficient values in
2A5NPLT could be also attributed, as in 2A5NPDP, to an-
isotropy of the organic chromophore in its contribution to
the polarizability.®

5. CONCLUSION

We have measured the frequency dispersion of EO coeffi-
cients r,, ry, and r, of 2A5NPLT crystals. These results
were compared with those of the 2A5NPDP crystal. We
have observed a large increase of the values of the EO co-
efficients indicating a better alignment of the 2A5NP* or-
ganic cations charge transfer axis in the 2A5NPLT crys-
tal. The lattice deformation (giving rise to acoustic
contribution in the EO properties) in 2A5NPLT is weak
and even lower than those in 2A5NPDP. This could be
explained by the denser 3-D hydrogen bond network in
the 2A5NPLT crystal than in the 2A5NPDP crystal. We
can guess, as we demonstrated in the case of 2A5NPDP
crystal,? that the magnitude of EO coefficients ry3, o,
and rg3 is mainly electronic in origin, arising from the 7
electron of the 2A5NP* cations. Thus, contribution to
the EO effect of the counter ions, tartrate anions for
2A5NPLT, and phosphates for 2A5NPDP is negligible for
the EO properties.

The e-mail address for J.-P. Salvestrini is salvestr
@ese-metz.fT.
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