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Blue light second harmonic generation in the organic crystal
ortho-Dicyanovinyl-anisole

Carl H. Grossman, Samuel Schulhofer-Wohl, and Erik R. Thoena)
Department of Physics and Astronomy, Swarthmore College, Swarthmore, Pennsylvania 19081

~Received 29 July 1996; accepted for publication 12 November 1996!

Type I phase matched second harmonic generation~SHG! in the organic crystal
ortho-Dicyanovinyl-anisole~DIVA ! has been measured for a range of near infrared fundamental
wavelengths~855–960 nm!. Turning curves for type I phase matched SHG were derived from
measured refractive index values and show noncritical phase matching at 860. Measured type I
phase matched SHG is in close agreement with the calculated results and gives effective SHG
coefficients ranging from 1.9 to 5.9 times as large asd32 of potassium niobate. ©1997 American
Institute of Physics.@S0003-6951~97!00903-0#

Considerable effort is currently centered on designing
new organic crystals for efficient bulk second harmonic gen-
eration ~SHG! and frequency up-conversion of diode laser
sources.1–3 Molecular second order susceptibilities can be
enhanced by designing compounds possessing a large differ-
ence between the ground state and first excited state dipole
moments, which usually leads to molecular structures having
highly polar ground states.4 These conditions, together with a
desired crystal structure in which the individual molecular
axes are partially aligned along a common axis, present a
natural dilemma. Ground state dipole–dipole interactions
raise the energy of parallel aligned, noncentrosymmetric
configurations compared to antiparallel aligned, centrosym-
metric configurations.5 Such aligned structures have substan-
tial static local fields from the ensemble of ground state di-
pole moments, often shifting the crystal absorption to lower
energies6 and reducing the optical transparency range. For
example, the polar aromatic compound 2-methyl-4-
nitroaniline ~MNA ! possesses a highly aligned polar crystal
structure with exceptional second harmonic7 and
electro-optic8 properties. The absorption peak of MNA is
significantly shifted from 3.5 eV in solution to 2.9 eV in the
crystal,9 limiting the optical transparency to wavelengths
longer than 500 nm~absorption coefficienta,1 cm21).

A compound with a small ground state dipole moment
may be more likely to crystallize into a noncentrosymmetric
structure with little or no dielectric shift in the excitation
energy. If there remains a large difference in dipole moment
to an excited state then enhanced SHG properties can result.
In other words, this crystal would be robust, have a wider
transmission window in the visible and maintain an in-
creased SHG response. Dicyano substituted benzene com-
pounds have been previously studied for their SHG
properties10–12 and possess a microscopic second order sus-
ceptibility comparable to nitroaniline. Crystals of one such
compound, 2-dicyanovinylanisole~DIVA !, produced an in-
tense SHG from a fundamental at 1064 nm.13 Importantly,
though, DIVA molecules have a moderate ground state di-
pole moment~'6.5 debye! and easily form high quality,
stable crystals. The absorption edge is only slightly red-

shifted to about 440 nm (a,1 cm21) due to the low degree
of static dipolar fields.

Here we present measured type I phase matched SHG
data from DIVA crystals and the corresponding tuning curve.
Samples of DIVA crystals were grown from vapor generated
by vacuum sublimation to produce long columnar crystals
with highly flat and parallel facets. The crystal unit cell
structure is monoclinic with space group symmetryP21 and
unit cell parameters a511.532, b55.460, c57.920 Å,a5g
590°,b597.83°.13 Figure 1 shows the molecular orientation
in the unit cell, its relation to the external morphology, and
principal dielectric coordinates. DIVA crystals are optically
biaxial ~2V57062°! with principal dielectricy axis fixed to
the crystallographic b axis and principalx andz axes in the
a–c plane. The principalz-axis orientation was measured
with a polarizing microscope at 15° from the~001! face nor-
mal. In Fig. 1 the vinyl bonds and one of the benzene ring
axes are aligned centrosymmetrically along thez axis. The
large polar response along thez axis ~refractive index of
1.8–2.0! is most likely due to this alignment. The other ben-
zene ring axes are tilted about 50° in a ‘‘herringbone’’ pat-
tern about they axis. This structure is responsible for the
large second order polarizability along they axis for incident

a!Department of Electrical Engineering and Computer Science and Research
Laboratory of Electronics, Massachusetts Institute of Technology, Cam-
bridge, MA 02139.

FIG. 1. Crystal unit cell of Dicyanovinylanisole~DIVA ! ~010! projection.
Crystallographica and c axes form an angle of 97.83° and the principal
dielectricX andZ axes are shown in the measured orientation.
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fields polarized along they and z axes, resulting in large
d23 and d25 SHG coefficients and a substantiald22
coefficient.5 ~The SHG coefficients for theP21 symmetry
class ared14, d16, d21, d22, d23, d25, d34, and d36.!
The experimental configuration described below couples the
termsd21, d23, andd25 to produce SHG along they axis.

Refractive index values were determined at several laser
wavelengths from the angle dependent reflectivity of an ori-
ented crystal. Results were used to fit an approximate Sell-
meier dispersion relation for each of the principal dielectric
directions. The best fit Sellmeier coefficients are given in
Table I and corresponding plots are shown in Fig. 2. The
Sellmeier coefficientsl0 give a rough estimate of the mo-
lecular absorption peak in the crystalline environment of 394
nm. As expected, this is only slightly redshifted from the
absorption peak in solution of 365 nm.

Phase matched blue–green SHG was measured for 18
fundamental wavelengths in the range 855–1064 nm. The
source of fundamental laser radiation was a pulsed, tunable
Ti:sapphire laser end pumped by a frequency doubled
Nd:YAG laser and the direct output of a Nd:YAG laser.
Except for the laser source, the experimental setup was

nearly identical to that in previously published work.14 The
sample was rotated about the principaly axis with a stepper
motor controlled stage. Maker Fringe SHG and phase
matched SHG patterns were measured as a function of stage
rotation angle. The fundamental beam was incident to the
~100! face, propagating and polarized in the principalx-z
plane. Each sample data set was calibrated against a
KNbO3 reference SHG measurement subsequently taken un-
der similar conditions. The only difference between the
sample and reference SHG runs was the combination of cali-
brated optical density filters at the input face of the photo-
multiplier tube’s~PMT! photocathode.

Each data set was fit to the Maker Fringe function relat-
ing the SHG power to the angle of incidence14

P2v5H 512p3

A
deff
2 Pv

2 J tv42n2v cosu2v8
~cosu1nv cosuv8 !~nv cosuv8 1n2v cosu2v8 !

~n2v
2 2nv

2 !~n2v cosu2v8 1cosu!3

3sin2F2pL

l
~n2v cosu2v8 2nv cosuv8 !G , ~1!

wherenv andn2v are the refractive index atv and 2v, u is
the angle of incidence,uv8 andu2v8 are the angles of refrac-
tion given by Snell’s Law atv and 2v, deff is the effective
SHG coefficient,Pv is the incident fundamental power,tv is
the fundamental field transmission factor at the crystal input
face,L is the crystal length,A is the beam cross sectional
area, andl is the fundamental wavelength. A typical data set
and its best fit to Eq.~1! are shown in Fig. 3. In the case of
the KNbO3 reference, data was analyzed from Eq.~1! with
the term deff replaced withd32@(d31/d32)cos

2 ux1cos2 uy#,
where the anglesux anduy are betweenEv and the principal
x and y axes, respectively.15 The effective SHG coefficient
was calculated according to

deff5d32~KNbO3!•A ASample

Areference
. ~2!

As seen in Fig. 4,deff ranges from 1.9 to 5.9~62%! in units
of d32 of KNbO3. The considerable increase in effective co-

TABLE I. Sellmeier coefficients for the principal refractive index values of
DIVA according to the relationn25A1Bl2/(l0

22l2).

Principal axis A B l0

x 0.617 26 1.7027 0.145 62
y 2.4254 0.183 62 0.392 90
z 2.7008 0.660 23 0.395 36

FIG. 2. Refractive index values and Sellmeier Plots for the principal
x, y, andz axes of DIVA crystals.

FIG. 3. SHG as a function of incident external angle around the phase
matched SHG angle atl5948.5 nm. The crosses are measured data and the
solid line is the best fit to Eq.~1!.
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efficient at shorter wavelengths can be attributed to reso-
nance enhancement and a more favorable molecular
orientation. As described earlier, the molecular positions in
the crystalline lattice render the coefficientd23 larger than
d21. Phase matching peaks at the shorter wavelengths occur
with smalleruz value, thus increasing the contribution from
the largerd23 term. In addition, the SHG coefficients in-
crease for second harmonic photon energies approaching the
transition energy of the first dipole allowed excited state.16

Calculations of the phase matched SHG in DIVA crys-
tals were based on the measured refractive index values and
the fitted Sellmeier coefficients. For SHG polarized along the
principal y axis and a fundamental polarized in thex-z
plane, type I phase-matching occurs when

sin2 uPM5nz,v
2

~12nx,v
2 /ny,2v

2 !

~nz,v
2 2nx,v

2 !
, ~3!

whereuPM is the internal polar population angle of the beam
in the principal coordinate system. The dependence ofuPM
on fundamental wavelength was calculated and converted
into the external angles of the~100! crystal face. As shown in
Fig. 5, the calculated tuning curve is in good agreement with
the measured angles of peak phase matched SHG in the fun-
damental wavelength range of 855–960 nm. The type I
phase matched SHG tuning curve shows noncritical phase
matching at 860 nm. However, due to an absorption band
edge at 440 nm, the noncritical type I phase matched SHG is
largely absorbed~a'7.5 cm21!.

In conclusion, the linear optical properties of DIVA
were measured and used to calculate type I phase matching
conditions. Good agreement between calculated and mea-
sured type I phase matching directions has been demon-
strated for fundamental wavelengths ranging from 855 to
960 nm. A large effective nonlinear optical coefficient for
type I phase matched SHG was measured in the range diode
laser sources.
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FIG. 4. Effective coefficient for phase matched SHG in DIVA. The refer-
ence was KNbO2 which has a reported value ford32 of 18.3 pm/V at 1.064
mm.

FIG. 5. Tuning curve for type I phase matched SHG in DIVA. The circles
and crosses are points measured from SHG experiments and the solid line is
determined from the refractive index values and their dispersion. The circles
and crosses correspond to different mirror sets in the Ti:sapphire laser ex-
cept for the data at 1064 nm, which is from the direct output of the YAG
laser.
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