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Transient stimulated hyper-Raman scattering in an organic crystal
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Transient stimulated hyper-Raman scattering has been observed in an ultrathin organic crystal ( —)2-

(a-methylbenzylamino)-5-nitropyridine (MBA-NP) pumped by picosecond laser pulses. Results were

modeled by an instability theory.

PACS number(s) 42.65.—k

Future photonic devices will require optical materials
that possess extremely large and fast nonlinear
coefficients [1,2]. Nonlinear-optical materials based on
m-conjugated organic materials have the potential to
fulfill some of these basic requirements [3—8] for
nonlinear-optical devices for communication and com-
putation. The organic crystal ( —)2-(a-
methylbenzylamino)-5-nitropyridine (MBA-NP) has at-
tracted much interest because of its extremely large y' '

and high optical damage threshold. In this paper, we re-
port a nonlinear-optical effect of stimulated hyper-Raman
scattering based on y' ' in an ultrathin MBA-NP crystal.
Our observation, which arises from the interactions of
two photons with the optical-phonon modes in
submillimeter-thickness organic crystal, is different from
previously stimulated hyper-Raman scattering observed
in atomic or molecular vapor systems, which is attributed
to transitions between electronic states [9—14].

A typical nonlinear spectrum from ultrathin 600-pm
MBA-NP crystal under 1054-nm, 10-ps pulse excitation
is displayed in Fig. 1(a). The salient feature of the curve
displayed indicates that there are four distinct maxima
located at 527 nm [second-harmonic generation (SHG)],
556 nm, 351 nm [third-harmonic generation (THG)], and
364 nm. The two new spectral features are located at 556
and 364 nm, which are shifted by 992 cm ' from SHG
and THG signals, respectively. However, there was no
observable stimulated signals in the infrared region due
to absorption. Figure 1(b) displays the ir spectrum of a
40-pm-thick MBA-NP crystal and the spontaneous Ra-
man spectrum of a MBA-NP crystal pumped by a 80-
m% cw argon laser at 488 nm. The ir spectrum was mea-
sured with a FTS-40 Digilab fast Fourier transform ir
spectrometer system. The Raman signal was detected by
an optical multichannel analyzer system (EGBcG) in com-
bination with a Triplemate monochromator (Spex Indus-
tries Inc.). The ir spectrum shows that the mode at 992
cm ' is ir active.

Figure 2 shows the intensity dependence of hypersignal
at 2v —

v~ (556 nm) with the 1054-nm pump intensity.
The signal intensity at 556 nm increases rapidly and satu-
rates as shown in Fig. 2.

The temporal behavior of the SHG at 527- and 556-nm
signals of the 1054-nm laser pulse passing through a 1.9-
cm-long MBA-NP crystal have been measured by a 2-ps
resolution streak camera and are displayed in Fig. 3. The
SHG signal has two separate peaks in time generated
from the entrance and exit surfaces, respectively. This
signal is due to the phase mismatching and the interfer-
ence of the signals generated in different positions [15].
Only a sharp peak in time at 556 nm generated from the
exit end of the crystal can be observed. This feature is a
clear signal of stimulated emission pulse. The temporal
distributions of the SHG and 556-nm signals generated
from 600-JMm MBA-NP are similar. Both have one clear
peak with the pulse duration about the same as that of
the pump pulse.

One key characteristic of the measured nonlinear spec-
tral signal is that the intensity ratio of I»6/I~27 is almost
equal to I364/I»i under an input 1054-nm intensity
change from 3X10 to 5X10' W/cm . The intensities at
556 and 364 nm are about one-tenth of the intensities at
527 and 351 nm, respectively. The signal intensity of
SHG frequency 527 nm varies as I2,, ~I . The signal in-

tensity at THG is found to be almost linearly to that at
SHG. Phase-matched second-harmonic generation was
not observed which may be accounted for by the poor
quality of the sample and orientation.

The signal at 3v can arise from both the third-
harmonic generation ( o-y' ') and the three-wave mixing
( 0-y' '). To find out which signal generating process is
responsible for 3v, both transmission and reAection
methods were performed. Our experimental results indi-
cates that the intensity at 3v is linearly proportional to
the intensity at 2v for both cases when the input laser in-

tensity at 1054 nm was high and kept constant. These
observations indicate that the signal at 3v mainly origi-
nates from the three-wave mixing via g' ' from signals at
2v and v. It was estimated experimentally that about less
than 10%%uo of the intensity of the signal at 3v was generat-
ed from THG through g' '. The absorption depths of
both MBA-NP and ZnSe are comparable to the coher-
ence length. A standard model of THG [16,17] was used
to estimate the value of the third-order susceptibility of
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MBA-NP. It was found that the y' ' of MBA-NP is less
than 1% of that of ZnSe, about the order of 10 ' esu.

From experiments, the signals at frequency 3v —
vz

mostly arises from the three-wave mixing with strong sig-
nals at v and 2v —v through y' '. The signal intensity at
3v —v was found to vary as I3„, o-(y' ') I,I2

P P
Therefore, the ratio of the intensity at 2v —v to the in-

10

Mu 8-

6-

T(%)

j 80

40

10'

0.0

2v —vp

I i I ) I

0.5 1.0

4 X10'

S

0— I

320 350 380 527 557

0 l I

500 1000 L500

WAVELENGTH (nm)I

I

w I ~

1000 1100 1200

I1054 (5X10"W/cm' )

FIG. 2. Intensity dependence of output intensity at frequency
2v —

v~ from ultrathin MBA-NP. The solid line is calculated
from Eq. (6) using P~ =0.7 cm ', y =10 4, and
I, /y=1. 67X10 W/cm . There is no observable optical dam-
age in MBA-NP with over 500 shots of 10-ps laser pulses with
peak intensity up to 50 GW/cm .
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FIG. 1. (a) Nonlinear signals from 600-pm MBA-NP in ul-

traviolet and visible spectral regions generated by 1054-nm, 8-ps
laser pulses. Arrows point to the observed salient features. The
intensities from 330 to 370 nm and from 500 to 600 nm
displayed in Fig. 1 have been multiplied by 10 and 10, respec-
tively, for the comparison of the pump-laser intensity. The inset
shows the absorption curve of a 1.9-cm MBA-NP crystal. (b) ir
absorption spectrum of MBA-NP with 40-JMm thickness and Ra-
man spectrum of a MBA-NP crystal pumped by a cw laser at
488 nm.

Besides the possibility of the stimulated hyper-Raman
scattering [12—17] for our observed signal generated at
2v —v, there may be three other possibilities: (1) the
stimulated Raman scattering via 2v; (2) second-harmonic
generation of the stimulated Raman of the pump laser;
(3) parametric hyper-Raman generation of the incident
laser v and its stimulated Raman scattering (v =992
cm I) at 1/(v —vp) =1177nm. However, the later three
possibilities can be ruled out by the following experimen-
tal results.

When an external 527-nm laser pulse with an intensity
comparable to the SHG generated by 1054 nm passed
through the MBA-NP crystal, no signal at 2v —

vz was
observed. When the incident intensity of the primary
pumping laser was kept constant, the output intensity at
2v —

v~ remained almost constant when the intensity at
2v was changed externally. In addition, no significant
Raman signal at 992 nm ' was observed in the spontane-
ous Raman spectrum. These observations rule out the
first possibility. Due to the ir absorption in the possible
Raman line region, no strong stimulated Raman of the
pump laser for 600-pm-thick MBA-NP crystal was ob-
served as shown in Fig. 1. This is the key factor to the
observation of stimulated hyper-Raman scattering. The
lack of the stimulated Raman scattering of the primary
pump laser in the ir region makes the stimulated hyper-
Raman scattering the first nonlinear process in the
MBA-NP crystal pumped by 1054-nm laser pulses.
Furthermore, there was no sinusoidal oscillation, which
is the typical feature of the signal from frequency up-
conversion parametric process, in the temporal distribu-
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where nL, ff is the effective photon occupation number of
laser participating in the hyper-Raman scattering process
in the medium, C=2m~ VHz/A'~ V 5(v}, with VHz the
equivalent hyper-Raman matrix element including the
contributions from pararnetnc hyper-Raman scattering,

aHR the absorption coefficient, V the volume of the sam-

ple, the argument of the 5v —=2vL —
vH&

—
vp, v is the ve-

locity of the hyper-Raman light in the medium, a the ab-

sorption coefficient, v is the phonon velocity, n is

thermal-equilibrium value of n, and I is the inverse

lifetime of phonon n .
The intensities of laser and hyper-Raman scattering are

IL, =AvLcLnL and IHR= gM fivHRUnHR, where the sum

is over the hyper-Raman modes M and cL the velocity of
the laser. Dispersion is neglected where cL =v.

Assuming nz » V ' and nz »nHR, Eq. (2) reduces to
r
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FIG. 3. Temporal behavior of the nonlinear signals generated

from a 1.9-cm-long MBA-NP crystal. (a) SHG signal at 527 nm

(2v); (b) hyper-Raman signal at 556 nm (2v —
v~ ).

tion of the signal at 556 nm. These ruled out the second
and third possibilities. The ir absorption spectrum shows

that there is a strong absorption band about v =992
cm '. Therefore, the signal at 2v —

vp appears to arise

from hyper-Raman scattering of the primary pump laser.
A parametric instability theory introduced by Sparks

[18] for stimulated Raman scattering is modified to quan-

titatively explain intensity dependence of the hyper-
Raman signal at 2v —vp. Using the standard perturba-

tion theory results for the transition rate between energy
states, the equation of motion for the hyper-Raman-
photon and phonon occupation numbers nHR and np are

given as follows:

~nHL —1 2=C [( RnH+ +nV )nt, ffat
—2nHRn~nLeff nH+np V ]

dn HR
vaHRnHR Bx

where n, =(I'z/C)' is the critical value of n; It ca. n be
seen from Eq. (3) that when the effective laser pumping
densities is greater than n„ the phonon density n be-
comes unstable since B(n n}/B—t &0 for all n From.
the experimental point of view it follows that at a certain
critical effective laser density I, =AcoLn„an explosive
build up of the phonon occupation number n, can take
place. The increase in phonons causes a similar increase
in the hyper-Raman Stokes radiation intensity.

Since the hyper-Raman scattering is a three-photon
process in which a system is excited with two photons of
laser at vL and emits one photon at the frequency

2vL —v, the effective photon occupation number of the
laser can be written as

nt, ff=yn, —2g nH„, (4)
M

where n, is the total photon occupation number of in-

cident laser pulse, and the saturation coefficient y is the
effective coefficient of photons of the laser participating
in the hyper-Raman scattering process depending on the
total phonon modes, the intrinsic properties of material,
and the pump-laser intensity. As a first-order assurnp-
tion, we take y as a constant for a small change of
pump-laser intensity in our later calculation. Substitut-
ing Eq. (4) into Eqs. (1) and (2), the equation of motion
for nHR in a steady-state case can be written as

dnHR 2 2
+aHanHR nL, — yn, —2+nHR +2nHR yn, —2g nHR

dx M M
=Pp (nHR+np ) yn;

M

2

—2nHRn~ yn, —2 g nHR.
M
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where P =I /v. Since the phonon velocity v and value of one phonon per volume Vare small, the last term in Eq. (2)
and the terms with V have been neglected in the derivation of Eq. (5).

As the first-order approximation QM n« in Eq. (5) can be formly replaced by Mn, where M is the number of
effective modes and n is the average value of the hyper-Raman-photon occupation number in each mode. Equation (5)
reduces to

dIHR (I«+Ip)(yI; —I«) IH—RIt, (yI, —IHR)/M
HR HRdx I, (yI—; —IHR ) +IHR(yI; —IHR )/M

(6)

where IHR =ficoH&Mn, I,z =AcoHRMn~, and I; =AcoL n;.
A numerical method is used to solve Eq. (6} for the

general case. When IHR is much smaller than I;, the ex-
plicit solution to Eq. (6) is

I« —I„[exp(gx)—1]+I«(0)exp(gx), (7)

where g =P (yI, )/[I, . (yI;) —] with y the saturation
coefficient. The first term on the right-hand side of Eq.
(7} is the amplified spontaneous emission of hyper-Raman
and the second term is stimulated hyper-Raman scatter-
ing. When Px (( I and IHR(0) =0, then I«-I&P&xIr x,
which is the result of the spontaneous hyper-Raman in-
tensity [19].

In Fig. 2 the experimental results on the intensity
dependence of hyper-Raman scattering is fitted using Eq.
(6) as the solid line. In the calculation, the value of
P~

=0.7 cm ' was used which corresponds to
I ' —10 "s. It was estimated from the experiment that

I

the saturation coefficient y —10 . By adjusting the
value of I„excellent agreement has been achieved over
five decades between the theoretical calculation and the
experimental results when input laser intensity is higher
than 1X10 W/cm . When the laser intensity was lower
than 1X10 W/cm, the hyper-Raman signal reduced to
level 10 of the saturation value which is below our ex-
perimental sensitivity.

In conclusion, experimental measurement and theoreti-
cal analysis support the observation of transient stimulat-
ed hyper-Raman scattering in a thin MBA-NP crystal.
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