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Both sum- and difference-frequency generation in organic materials are demonstrated
and explored under conditions where all three waves (~& and ~2 ingoing and ~&+ ~2 out-
going) are resonant with molecular transitions. The experiments are carried out in cen-
trosymmetric media in which a small electric field is used to distinguish the polar sub-
lattices. Unique electric field dependences of the parametric signals were discovered.
The spectroscopic line narrowing and dephasing-induced coherent-emission resonances
of these y

&2~ processes make them useful new spectroscopic methods.

PACS numbers: 78.40.Ha, 33.55.+c, 42.65.Cq

We report the first experimental observation of
both sum- and difference-frequency optical pa-
rametric processes under fully resonant condi-
tions. These are also the first sum- and differ-
ence- generation measurements in molecular
so1ids. The fully resonant condition refers to
the outgoing wave and both of the ingoing waves
being in resonance with specific vibrational-elec-
tronic transitions of the molecular system. These
results are the realization of some recent pre-
dictions. '

Most organic solids that are composed of dipo-
lar molecules are nevertheless centrosymmetric
so that the second-order dipole susceptibility

vanishes identically. The sublattices formed
by translations of each of the polar molecules in
the unit cell have a finite g

' . The sublattice
g~2~. can be fully utilized in second-order nonlin-
ear processes which involve electromagnetic ra-
diation chosen to be resonant with vibrational-
electronic transitions of only that sublattice. The
transitions of the different sublattices are dis-
tinguishable in the presence of a dc electric field
directed along appropriate crystallographic di-
rections. ' The same considerations apply if the

polar molecules are substitutionally dissolved in
a host lattice consisting of nonpolar molecules.
This is the type of system used for the experi-
ments reported here which consist of sum- and
difference-frequency generation in the system
azulene (the "resonant" polar molecule) in naph-
thalene (the host) induced by a dc electric field.
The relevant level scheme appropriate to the re-
ported experiments consists of the electronic
ground state (So) of azulene, and the vibration-
less levels of the first and second excited elec-
tronic states (S, and Ss) of azulene at 14651 cm '
and 28048 cm ', respectively. The sum- and
difference-frequency experiments correspond to
generating light at frequencies near to the 8, —S,
and 8, —S, separations, respectively.

The formulas for the susceptibilities given in
Ref. 1 for three-level systems are readily adapt-
ed to the present situation by adding the energy
shift 4p ~ E for each transition and summing over
the orientations of the two sublattices. The val-
ues of 4 p ~ E are known from previous studies of
the Stark effect in this mixed crystal. ' The sus-
ceptibilities for sum- and difference-frequency
generation are

x
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The transition dipoles are denoted by p, , ; the difference in permanent dipole moment is ~p, , = p,.

+,, = co,. —~,. ; and I,, corresponds to the homogeneous linewidth of the indicated transition. The
generated waves are obtained from the square of the ensemble average of g,„'"+y „, or ydff f

'"
+ g» '" where y„, '" is the nonresonant contribution.

The experimental arrangement consisted of two dye lasers pumped by the same frequency-doubled
Nd-doped yttrium aluminum garnet lasers. Both lasers could be narrowed with etalons and pressure
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tuned. Both beams were brought to a common
focus on the igb cleavage plane of the naphthalene
sample crystal immersed in liquid helium. The
static electric field was applied either in the di-
rection of the b axis or, with use of transparent
electrodes, perpendicular to the gb face. The
latter arrangement gave best results, allowing
phase matching by rotation of the crystal around
the b axis. Spectra could be obtained with use of
other faces and with various polarizations of the
laser beams.

With both lasers fixed on resonance, the ex-
pression for sum-frequency generation predicts
that the signal will first increase quadratically
with the applied field just as in conventional elec-
tric-field-induced second-harmonic generation. '
Figure 1 shows a series of spectra taken with ~
fixed and ~, pressure tuned over the 8,-S,
resonance for various settings of the applied
field. The inset shows the quadratic behavior of
the peak sum-frequency signal in the region of
Iow dc field strength. The higher fields separate
the two sublattices completely and the peak in-
tensity becomes independent of the dc field
strength, while the signal at the center drops to
zero (Fig. I). With both lasers detuned from
resonance a nonresonant background signal could
be observed which was more than a factor of 1000
weaker than the resonant signal and displayed
quadratic dependence on the applied dc field
strength. The linewidths of the resonances in
Fig. 1 are 0.5 cm ' corresponding to the inho-
mogeneous linewidth of the 2-0 transition, ' the

outgoing field resonance.
Spectra similar to those in Fig. 1 were obtained

in sum and difference frequency with ~, scanned.
An example is given in Fig. 2 for difference-fre-
quency generation with the dc field chosen to in-
troduce a Stark splitting that is much less than
the linewidth. &, was scanned for various de-
tunings of ~,. The plot of the peak intensities
versus the detuning (inset) reveals a resonance
with 3.5 cm ' width resulting from the twofold
convolution of the 2.0-cm ' homogeneous line-
width of the 0-1 transition' with the bandwidths
of the dye lasers (-0.7 cm ' without the etalons).
We have also directly observed the 0- 1 reso-
nance in both sum- and difference-frequency gen-
eration using narrow-band lasers. The reso-
nances in Figs. 1 and 2 show the inhomogeneous
width of the 0-2 transition. This result is ex-
pected from theory for the present case, where
l» is larger than the inhomogeneous width. For
systems with inhomogeneous broadening much
larger than I'», l », and ~», the ensemble aver-
age predicts line-narrowed resonances depending
only on the homogeneous parameters if there is
positive correlation between S, and S,.' Another
interesting feature predicted for spectra in dif-
ference-frequency generation are dephasing-in-
duced coherent-emission (DICE) or extra reso-
nances. ' These resonances should appear with
increasing temperature when pure dephasing pro-
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FIG. 1. Resonant sum-frequency generation in dc
fields. The ~& laser scan is shown for various dc fields
wi:th ~& fixed on resonance. (Etalon markers spaced
by 1.1 cm"' are shown on the frequency axis. ) Note
that the widths of the resonances correspond to the
inhomogeneous width of the Sp S2 transition and not to
the width of the Sp Sf transition over which ~& is being
tuned. Inset: The peak intensity of a sum-frequency
signal as a function of dc field strength for low fields.
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FIG. 2. Resonant difference-frequency generation in
dc fields: The ~2 laser scan is shown for various de-
tunings of ~&. The dc field was fixed at 50 kV/cm di-
rected along the c ' axis of the naphthalene crystal (~&
and 2 were polarized along 5 and &p, respectively).
Inset: The peak intensity of the difference-frequency
signal shows a resonance corresponding to the Sp —Sq
transition convoluted with the laser widths. The solid
line is a fitted I orenzian.
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cesses set in.
Our measurements have revealed that the dipole

moment changes +p'py and &pp2 are in the same
direction, since detuning of , to the lower-en-
ergy component of the 0-1 transition in the dc
field resonantly enhanced the lower-energy com-
ponent of the sum-frequency signal and vice ver-
sa. The absolute values of 4p for both transi-
tions are known from Stark experiments to be
very simi1ar' and hence we expect &p to be less
than 0.1 D.

In conclusion, we report the first observation
of high-resolution spectra with use of fully reso-
nant second-order parametric processes. Both
sum- and difference-frequency signals have been
obtained. The use of centrosymmetric host ma-
terials in combination with Stark-effect switching
of resonances promises to be very useful and a
widely applicable spectroscopic method. The
sigmoid shape of the field dependence of the non-
linear signal is unique. Although in this case
the levels 0 and 1 were electronic states, the ex-
periment can also be accomplished in the same
configuration with vibrational resonances thereby
allowing vibrational spectroscopy to be carried
out by detecting visible light. The experiments
naturally have nanosecond time resolution and

involve the detection of coherent signals distant
from the laser wavelengths. Extensions to pico-
second time resolution are straightf orward.
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