Analysis of complex molecular dynamics in an organic liquid by polarization
selective subpicosecond transient grating experiments

F.W. Deeg® and M. D. Fayer
Department of Chemistry, Stanford University, Stanford, California 94305

(Received 21 March 1989; accepted 27 April 1989)

We present a subpicosecond time resolved polarization selective transient grating (TG)
investigation of pentylcyanobiphenyl (5CB) in its isotropic liquid phase. This system shows
complex molecular dynamics with various contributions to the TG signal. With an excitation
wavelength A.,. = 665 nm one induces an anisotropy in the sample from the electronic and
nuclear Kerr effects. Exciting with A.,. = 575 nm generates an excited state grating because of
two photon absorption. Solvent relaxation around the excited molecule on a few ps time scale
is observed because it spectrally shifts the excited state-excited state transition which is
monitored by the TG signal. In addition, radiationless relaxation leads to local heating of the
sample in a spatial pattern which mimics the optical interference pattern which established the
TG. The heating generates an acoustic standing wave. It is demonstrated that with a single TG
setup, polarization selection allows separation and identification of all of the above-mentioned

physical processes as they are characterized by different symmetries of the nonlinear

susceptibility tensor y'¥

I. INTRODUCTION

The use of the transient grating (TG) technique in the
investigation of physical phenomena has expanded dramati-
cally in recent years.'”> The TG approach has been applied
to, e.g., the study of thermal energy transport,* flow studies
in liquids,® laser induced ultrasonics,® electronic energy
transport in solids and liquids,’ carrier dynamics in semicon-
ductors,® Kerr relaxation phenomena,® and photochemical
reactions.'? In most of these cases the response of the system
has been dominated by one or two easily separable and iden-
tifiable physical effects.

In this paper we present a subpicosecond time resolved
TG study of an organic liquid, pentylcyanobiphenyl (5CB),
which exhibits a complex nonlinear response. We observe
(nonresonant) optical field induced electronic and nuclear
Kerr effects. The electronic Kerr effect is the essentially in-
stantaneous polarization of the electrons by the applied opti-
cal field. The nuclear Kerr effect arises from the small orien-
tational anisotropy induced by the applied field. The time
dependence of the nuclear Kerr effect is determined by the
molecular reorientational dynamics.''~"* 5CB forms a liquid
crystalline phase. Therefore, even above the phase transition
in the isotropic phase studied here, there is considerable lo-
cal order.' The local order is like that found in the nematic
phase, but it does not extend over macroscopic distances.
Unlike simple liquids, SCB reorientational relaxation is not
hydrodynamic, i.e., it cannot be described in terms of the
Stokes—Einstein-Debye model. The nature of the reorienta-
tional dynamics probed by the TG nuclear Kerr effect will be
discussed in detail in subsequent publications.'” Here the
focus is on the separation of the various contributions to the
four wave mixing signal and on the electronic excited state
grating contribution to the signal.

Using light with a wavelength 4 = 575 nm an excited
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state grating is created by two-photon absorption. The elec-
tronic ground state of SCB has a large, permanent electric
dipole moment.'® Upon optical excitation, the dipole mo-
ment changes by 5 to 10 Debye.'® The large change in dipole
moment will cause the surrounding molecules to undergo a
structural reorganization. The unexcited 5CB molecules can
be pictured as a solvent for the excited molecule, and solvent
relaxation occurs in a manner analogous to solvent relaxa-
tion in dilute solutions of chromophores.'” Solvent relaxa-
tion in dilute solution has recently been investigated by ob-
serving ps time resolved changes in fluorescence
spectra.'®20

In the experiments reported here, solvent relaxation is
monitored by probing an excited state—excited state (ES-
ES) absorption of 5CB. Initially, the probe wavelength is
only slightly absorbed. As the solvent relaxes, the ES-ES
spectrum moves onto resonance with the probe wavelength.
Therefore, solvent relaxation manifest itself as a time-depen-
dent growth of the TG signal.

Absorptive heating generates acoustic waves in the sam-
ple giving rise to typical laser induced phonons (LIPS) sig-
nals on a ns time scale. The spatial dependence of the absorp-
tive heating mimics the spatial dependence of the excitation
fringe pattern. The fast, spatially periodic heating of the
sample launches counter propagating acoustic waves, hav-
ing a wavelength which matches the fringe spacing. The
counter propagating waves combine to give a standing
acoustic wave. Thus, there is a spatially periodic, time-de-
pendent oscillation of the sample density. This gives rise to
oscilatory diffraction of the probe beam as the time delay
between excitation and probe is scanned.®

In this paper, we extend an approach of Etchepare et
al.?! who recently showed how to separate the electronic and
nuclear optical Kerr effect (OKE) in a study of CS,. We
demonstrate how to separate and identify all the above-men-
tioned physical effects by a careful study of the polarization
and intensity dependence of the TG signal.
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Il. EXPERIMENTAL DETAILS

The grating experiments were performed with a subpi-
cosecond dye laser system which is described in detail else-
where.?? The dye laser is ultrashort pulse pumped by the
fiber-grating compressed and frequency doubled output of a
modified Spectra-Physics model 3000 mode-locked contin-
uous wave (cw) Nd:YAG laser. The dye laser generates tun-
able 200-300 fs pulses, several nJ in energy, at 83 MHz rep
rate. These pulses are amplified in a three-stage chain
pumped by the frequency doubled output of a cavity dumped
Q-switched mode-locked Nd:YAG laser running at a 1 kHz
repetition rate. Typical amplifying pulse energies are 700 1}
in the green. A saturable absorber between the second and
third amplifier stages suppresses the unamplified dye pulses
and shortens the amplified ones. The two Nd:YAG lasers
are electronically synchronized by a common radio-frequen-
cy (rf) master oscillator for both mode lockers, and the tim-
ing is set by a voltage-controlled phase shifter for the rf into
the amplifying laser’s mode locker. With Rh6G pulse widths
in the range 200 to 300 fs and average pulse energies of 40-50
1J are obtained; for DCM these values are 150 to 250 fs and
10-20 1J. Amplitude fluctuations of the amplified pulses are
minimized with an electronic control system which mea-
sures the intensity of the amplified pulses and uses the inten-
sity to feed back and control the phase of the rfinto the mode
locker of the amplifying laser.?

For the OKE TG experiments described here, the am-
plified pulse is split three ways to yield the two excitation
pulses and the probe pulse. The two excitation pulses, fo-
cussed to 120 um spot sizes, are crossed in the sample at an
angle of 15° to induce a spatially periodic excitation of the
sample (see Fig. 1). The spatially periodic excitation of the
sample acts as a Bragg diffraction grating. The time depen-
dence of the grating is monitored by the 90 um spot size
probe pulse which is incident at the phase matching angle for
Bragg diffraction (slightly noncollinear with one of the exci-
tation beams to achieve spatial separation of the outgoing

scattered 1
probe pulse[}

excitation
puises

(@)

FIG. 1. Schematic illustration of the transient grating experiment. (a) The
crossed excitation pulses (optical interference pattern) generate a spatially
periodic perturbation of the sample. The resulting changes in the index of
refraction create a diffraction grating which Bragg scatters the probe pulse.
The polarizations of all four pulses are controlled in the experiment and are
used to separate and identify contributions to the signal from various phys-
ical processes. (b) Illustration of the polarization configuration used in the
experiments. The E fields of the two excitation beams and the probe beam
are labeled ¢l, €2, and p, respectively. B is the polarization of a polarizer in
the signal (diffracted) beam.

signal beam). The probe pulse can be variably delayed by an
optical delay line which is controlled by a 1 um resolution
stepper motor. The intensity as well as the polarization of all
three beams can be independently controlled by sets of half-
wave plates and linear polarizers. A fourth linear polarizer is
placed in the signal path and allows any polarization of the
diffracted beam to be monitored. Typical pulse energies used
in the experiments were in the range 100 nJ-2 uJ for the
excitation pulses and 40-100 nJ for the probe pulse. One of
the excitation beams or the probe beam is chopped and the
signal, which is picked up by a photodiode or a photomulti-
plier, is fed to a lock-in amplifier. The output of the lock-in
amplifier is connected to a computer which allows signal
averaging by controlling multiple scans of the optical delay
line.

Pentylcyanobiphenyl (5CB) from BDH was filtered
through a pore size of 0.2 um to remove dust particles. The
liquid was placed inside a sealed 1 mm spectrophotometric
cuvette which was inserted into a variable temperature cell.
The cell temperature could be regulated and controlled
within + 0.2 °C. All experiments described here were per-
formed at 42 °C in the isotropic phase of SCB (nematic—
isotropic phase transition temperature 7, = 35 °C).

II. THEORY

The treatment of a four-wave mixing (FWM) process
generally starts with the relationship*

P(w) = X:(Ji; (0,05,05,0,) E; (03) E; (0,) E  (w,)

(D
between the component P, of the induced polarization in the
medium and the components of the electric fields
E,, E,, and E,. This relationship is characterized by the
properties of y{i), the elements of the third-order nonlinear
susceptibility tensor. For the evaluation of a time resolved
experiment a description of the FWM process in the time

domain

+ + +
P[(t)zf dt3f dtZJ dt,

X5 (8 — t3,t — 1t — 1)) E; (13)
XE (6,)E () (2)

is more convenient. Here y)(f — t5,t — t,,t — t,) is the
Fourier transform of )(fji} (@) in Eq. (1). In general one is
interested in the time dependence of  y{)
(t — t;,t — t,,t — t,) because it can provide valuable infor-
mation about the specific molecular dynamics of the sample
under investigation. The symmetry properties of the y* ten-
sor depend on the nature of the observed physical phenome-
na. Since different physical processes are characterized by
different y** symmetries, polarization-dependent FWM ex-
periments can be used to distinguish and separate time-de-
pendent signals arising from the physical processes. The
work described here extends the approach of Etchepare et
al.*' who recently showed how to separate the electronic and
nuclear contributions to the Kerr effect in CS, through a
polarization selective TG experiment.

There exist certain relationships among the elements of
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1™ by virtue of the spatial symmetry class of the material
under consideration. These relations have been tabulated by
Butcher.?* For an isotropic sample like a liquid or glass,
there are 21 nonzero elements of ¥ of which only three are
independent. These are y{1},, ¥{}, and y{3}, with

X =xith —xiih — x3h. (3)
Hellwarth?’ has shown that the Born-Oppenheimer approx-
imation imposes additional restraints on the symmetry prop-
erties of y**. For an isotropic sample the electronic y*(e) is

a scalar and the relationship among the elements of y®'(e)
are given by

(3) (3) (3)

Xit (e) = 3x1ix (e) = 3yia2(€) =3X§%%1 (e). (C)]

X‘”(n) which describes all processes associated with nuclear
motions contains only the two independent elements
i) (n) and y{3), (n), and the relations

X331 (1) = xi3) (n)

=[x (m) =yt (m) ] /2. (5)

With these general relationships due to the space sym-
metry group and the Born—Oppenheimer approximation, let
us now consider the special symmetry properties of y*
which arise from the symmetry of the underlying physical
mechanism which generates y*.

The optical Kerr effect (OKE) has two contributions.
The first is the electronic OKE which is caused by the virtu-
ally instantaneous distortion of the molecular electron cloud
by the applied optical field. The second is the nuclear OKE
which comes about by the slower reorientation of the nuclei
in the optical field. The properties of ¥ (e OKE) for the
electronic OKE are given by the relationships in Eq. (4). It
can be shown'® for the nuclear OKE, that

¥ (nOKE) =a +b, (6a)

X1, (n OKE) =g, (6b)
and with Eq. (5),

¥, (n OKE) = b /2. (6c)

a and b are often referred to as the “isotropic™ and “‘aniso-
tropic” parts of the susceptibility?® as they are the quantities
which are responsible for polarized and depolarized scat-
tered light, respectively. For liquids, theories which relate
the third-order nonlinear susceptibility y* to the linear mo-
lecular polarizability a, have shown the equation

b= —3a (7)
should hold.?* In general, this has been confirmed by experi-
ments. The experimental approach described in this paper

provides a straightforward method to test relation (7). In-
serting Eq. (7) into Egs. (6) gives

x$il (n OKE) = — 2y{}), (n OKE)
= (4/3)x{3}, (n OKE). (8)
We now turn to electronic excited state contributions to

1. Myers and Hochstrasser’” have recently compared dif-
ferent experimental methods which use absorption for the

study of orientational relaxation. Within the general theo-
retical framework of FWM they find

i (ex) = (1/3) (1 + 2r), (9a)

Y5, (ex) = (1/73)(1 —r), (9b)
and

X312 (ex) =r/2 (9¢)

with the anisotropy r defined by
r= (2/5)(1)2[[1."}’7])
= (1/5)(3 cos’(p; ' p;) — 1). (10)

u; and p; are the transition dipole moments of the transition
which is excited and the transition which is probed, respec-
tively. These need not be the same. P, is the second Legendre
polynomial, and the brackets in Eq. (10) stand for angular
average.

We want to discuss several special cases for the relation-
ship between p; and p, and the corresponding y'® tensor. If
w; and p; are parallel to each other, r = 2/5 with Eq. (9),
and we find with Eq. (10),

xith (lex) = 313} (llex) = 3xi3i (Jlex). (11)
If w; and p; are perpendicular to each other,r = — 1/5, and
¥itli (Lex) = (1/2) i), (Lex) = — 2y{3}; (Lex).
(12)
If there is no correlation between p,; and w;, r=0and
Xith (ex) = xii}; (dex) (13a)
and
Y132 (gex) = 0. (13b)

Turning now to acoustic phenomena, there are two
mechanisms for the optical generation of acoustic waves.>¢
The first is local heating in the sample due to optical absorp-
tion and radiationless relaxation. The second is direct elec-
trostrictive coupling of the optical pulses and the acoustic
field of the sample. In isotropic samples both mechanisms
(although distinguishable by their time dependence) have
the same symmetry properties. In addition, a nonpropagat-
ing thermal contribution to ¥ also has the same symmetry
properties. Acoustic waves and a thermal disturbance in-
duce an isotropic local density change characterized by

X (ac) = x13); (ac) (14a)
and
x$31, (ac) = 0. (14b)

The relations (4)—(14) give the constraints that various
physical processes impose on the symmetry of y'®. We have
explicitly considered six different physical situations: Elec-
tronic and nuclear OKE, excited state population character-
ized by parallel, perpendicular, and uncorrelated transition
dipole moments and acoustic waves (thermal disturbance).
Acoustic waves and ““‘uncorrelated” excited state population
result in the same symmetry constraints on 3. “Parallel”
excited state population and the electronic OKE have the
same symmetry properties. In general, however, different

physical processes are described by different y'* symmetries.
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We now want to investigate the implictions of these symme-
try relations on different TG experimental configurations.

The schematics of the TG experiment in Fig. 1 show the
two excitation beams and the probe beam striking the sample
and the generated signal beam. The polarizations i, , k, and /
of the four pulses, which are controlled by polarizers in the
beam paths, determine the elements of y** which are ob-
served.

In an ordinary grating experiment, the two excitation
beams have the same polarization. Let us assume they are
polarized in the scattering plane (in our convention along
the zaxis). If we choose the same z polarization for the probe
beam and the measured signal beam,

P=yihE’EVE®. (15)
Here the superscript stands for the probe beam p and the two
excitation beams el and 2. While discussing the symmetry
properties of the experiment, we will omit the time depen-
dence of the quantities in Eq. (15). If we use a perpendicular

y polarization for probe pulse and detect the signal pulse
through a y oriented polarizer, the observed signal becomes

P=yiL,EPETE®. (16)

Examining Eqgs. (4)-(14), it can be seen that all phe-
nomena discussed contribute to the parallel as well as the
perpendicular probed ordinary grating, although different
phenomena contribute to varying degrees. This configura-
tion does not allow us to suppress or single out a particular
physical process.

In a crossed grating the two excitation beams have per-
pendicular polarization. If we now bring in the probe pulse
with z polarization and measure the perpendicular y polar-
ized signal we obtain

P=xiLEPEE®. (17
The Egs. (13) and (14) show that acoustic waves and the
“uncorrelated” excited state grating do rof generate a signal
in this configuration and that a discrimination with respect
to these contributions is possible. The crossed grating has
been applied to the separation of Kerr effect and acoustic
waves earlier.’

In a generalization of this polarization selective ap-
proach, the two excitation beams have polarizations which
differ by an angle unequal to 0° or 90°. Let us assume the
polarization of one excitation beam is z and the polarization
of the other excitation beam is at an angle a with respect to z,
as shown in Fig. 1(b). Under these circumstances a y-polar-
ized probe pulse induces sample polarizations P, and P,
(and associated signal strengths) along the z and y axes
which are given by

P, =y}, sinaEPE®E® (18a)

and
P, = y{}), cosaEPE'E . (18b)
From Eqgs. (18) we can calculate the polarization along z’

which is at an angle B with respect to the z axis [see Fig.
1(b)] as

F. W. Deeg and M. D. Fayer: Complex molecular dynamics

P,=P,sinf +P,cos 8
= (y{}3; cosasin B + y{3), sin a cos B)
XEPEE, (19)

This general polarization selective TG configuration allows
one to suppress the signal contribution of any process which

is characterized by a specific y* symmetry.

To be specific, let us choose a = 45° to obtain from Eq.
(19),

P, = (y$}), sin B + x$3), cos BYEPE'E <. (20)

With Eq. (20) we can calculate the angle 3, for the signal
polarization which makes a certain contribution to the signal
disappear, i.e.,

Bo=tan"'( = y{3./x{th)- (21
For the electronic OKE, using, e.g., Eq. (4) one obtains
Bo = 135°. We will use the notation (0°/45°/90°/135°) for
this configuration which suppresses the electronic OKE
contribution to the signal. In the notation the four quantities
within parentheses stand for the angles of polarization of the
two excitation beams, the probe beam and the signal beam in
that order. For all processes considered in this paper, Table I
lists the angle 5, in a (0°/45°/90°/83,) polarization configu-
ration which suppresses the response of the given physical
mechanism.

For the interpretation of the signals recorded in the TG
experiments described here, it is also necessary to consider
the explicit time dependence. If we assume that the two exci-
tation pulses are time coincident at thesampleat?’ =1, =1,
and that we can separate excitation and probe processes,
Xin (¢ —t;) = 8(t — 1), Eq. (2) gives

P =E0 [ arxe—1)

XEZ("EP(t"). (22)
To calculate the Bragg scattered energy U(r) of a probe
pulse delayed by 7 with respect to the excitation pulses, it is
necessary to perform the convolution with the probe pulse to
obtain

TABLEI. Signal beam polarization angle £, which suppresses the contri-
bution of the given physical process to the transient grating signal from an
isotropic liquid. The polarizations of the four beams are (0°/45°/90°/8); see
the text.

Physical mechanism Bo

Electronic OKE 135°

Nuclear OKE 56.3°

Excited state grating:

(a) general case, r = r, tan—'{ — 1.57/(1 — 1y ]
() pllw, r=2/5 135°

©) wip, r=—1/5 14.0°

(d) w,; and p,; uncorrelated, r =0 o

Acoustic wave (or thermal perturbation) o°
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+ o
U, () =J atI?(r—1)

t 2

X U dr’ xG (1t — t')Iil(t')] . (23)
In Eq. (23) the light intensities 7 of the pulses are used in-
stead of the electric field amplitudes E and the two excitation
pulses have the same intensities. In Eq. (23), the second
integral represents the convolution of the system response
with the excitation pulses. The first integral is the additional
convolution with the probe pulse.

IV. RESULTS AND DISCUSSION

Complex liquids can display a wide variety of dynamical
phenomena. Here the emphasis is on isolating and identify-
ing the various contributions to the TG signals which arise
from SCB. Of particular interest is the fast time scale reor-
ientational dynamics of 5CB in the pretransitional isotropic
phase. The reorientational dynamics can be examined using
TG observations of the nuclear OKE. The detailed results of
this investigation will be published elsewhere.'’

To separate the electronic and nuclear OKE, the polar-
ization selective approach described in Sec. III was em-
ployed. Figure 2 shows the time dependence of the recorded
TG signals exciting (and probing) with 4., = 575 nm and
with excitation pulse energies U,, = 1 uJ. The curves show
the signal for different angles S of the signal polarization in a
(0°/45°/90°/B8) configuration. The drastic changes of the
shape of the signal demonstrate that processes with a variety
of y'® symmetries contribute to the signal. There exist (at
least) two contributions: a nearly symmetric spike at times
7< 1 ps and a much slower process with a rise time of 4 ps
and a decay on a 100 ps time scale. As shown in Table I, the
electronic OKE signal should vanish for 8 = 135°. Consult-
ing Fig. 2, we see that the spike-like feature at 7 = 0, which is
dominant for 8 = 0°, does indeed get smaller with increasing
f3and goes through a minimum for 8 = 135°. This feature is
the electronic OKE. It time dependence is the instrument
response since the electronic OKE relaxes fast (10~ 15 6)
compared to the pulse widths in the experiment. The fact
that the electronic OKE signal cannot be extinguished com-
pletely is due to its large amplitude and a small depolariza-
tion in the sample cell.

It is interesting to note the difference between Figs. 2(c)
and 2(e). These figures present data taken with experimen-
tal configurations for which the contributions of the elec-
tronic OKE to the TG signal should be of comparable mag-
nitudes. However, these contributions have opposite signs.
In one case [Fig. 2(c)], the polarization due to the elec-
tronic OKE has the same sign as the polarization of the slow-
ly varying process; in the other case [Fig. 2(e)] it has the
opposite sign. The TG signal is essentially proportional to
the square of the nonlinear susceptibility y** [see Eq. (23)].
Therefore, in Fig. 2(c) the electronic OKE appears as a peak
in the signal, while in Fig. 2(e) it appears as a dip in the
signal. Because of the imperfect time resolution of the exper-
iment the signal in Fig. 2(e) does not return to O after the
first maximum.

The nuclear OKE is expected to vanish for 8 = 56 as

410
. ﬁ=00°
1b
- g = 56°
~ ]
0]
:0_-:'..
c
3
a 1cC
| VR
0-4
g
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> 4
*
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£
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2
5o
|
o 1€
- 4
] g = 145°
1f
- B = 170°

-4-20 2 4 6 8
time (ps)

10 12 14 16

FIG. 2. Fast time scale time dependence of TG signals for an excitation
wavelength A_, = 575 nm and excitation pulse energies U,, = 1 uJ. Allsig-
nals are recorded in a (0°/45°/90°/B) polarization configuration with £ as
indicated. The vertical scales are chosen to give all signals the same maxi-
mum amplitude. As the detection polarization, §, is changed, the character-
istics of the signal change dramatically.

indicated in Table I. As shown in Fig. 2(b), however, the
slowly varying process can be easily detected for # = 56° and
actually disappears for 8 = 170° [ (Fig. 2(e) ]. This strongly
suggests that the observed grating is not caused by a nuclear
OKE but rather arises from a different physical phenome-
non. Figure 3 shows an excitation pulse energy dependence
of the TG signal for 8 = 100°, a polarization configuration in
which both effects contribute appreciably to the signal. For a
set spotsize and pulsewidth the light intensity 7 is propor-
tional to the pulse energy. As pulse energies can be readily
measured we will consistently use pulse energies in discus-
sions of intensity effects. Comparing the data for the three
excitation energies, U, , shown in Figs. 3(a)-3(c), itis clear
that the slow process exhibits a different and steeper intensi-
ty dependence than the electronic OKE.
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TG-signal intensity (arb. units)

TTr—T—T—7T——7T——T TV

0 5 10 15
time (ps)

FIG. 3. Fast time scale time dependence of TG signals for an excitation
wavelength 4., = 575 nm and a (0°/45°/90°/100°%) polarization configura-
tion. As indicated the excitation pulse energy changes by a factor of 2 from
(a) to (b) and (b) to (¢). The vertical scales are chosen to give all signals
the same maximum amplitude. The change of the signal shape demon-
strates the different intensity dependences of the electronic OKE and the
excited state grating.

The steep intensity dependence for the slow component
suggests the generation of an electronic excited state grating
by two-photon absorption. Strong two-photon absorption
for A, = 575 nm is not surprising if one consults the one-
photon spectra of cyanobiphenyl (OCB) and octylcyanobi-
phenyl (8CB) shown by David and Baeyens-Volant."
These show a strong lowest energy absorption band centered
at A,,, = 262-281 nm, depending on the solvent polarity.
Because of the low symmetry of the CB molecules (C,) all
one-photon transitions should be two-photon allowed and
vice versa, and the two-photon spectrum should essentially
follow the one-photon spectrum. Therefore, with 4., = 575
nm one would expect to two-photon excite into the red edge
of the lowest-lying absorption band and populate the lowest
excited singlet state .S.

To investigate the magnitude of two-photon absorption
in the sample at the excitation wavelength A_, = 575 nm, a
simple single beam absorption experiment, measuring the
incident and transmitted energy for various light intensities,
was performed. The results are shown in Fig. 4. A plot of the

800
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1 2
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n
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w

(=]
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10 1S 20
1/incident pulse enargy (1/xD

FIG. 4. Absorption of 300 fs light pulses with A = 575 nm and pulse ener-
gies as indicated in a 1 mm thick sample of 5CB. (a) Transmitted pulse
energies vs incident pulse energies. The data points demonstrate the nonlin-
ear absorption in the sample. (b) Plot of incident and transmitted pulse
energies according to Eq. (24b). The straight line through the data points
represents a linear fit as expected for a two-photon absorption.

transmitted light energy U, vs the incident light energy
U,, shows the typical two-photon behavior®

Ui
trans — m (24a)
or
1/ Upns = /U, + yoz,. (24b)

Here z, is the sample thickness, @ is the frequency of the light
and y the two-photon (energy) absorption coefficient. From
a linear fit to the data plotted in Fig. 4(b) one obtains
yozo =11+ 1uJ ~'and y = (3.4 + 0.4) 10~° Js/cm. The
two-photon absorption is corroborated by the blue fluores-
cent light emitted from the sample upon excitation with
moderate to intense light pulses of 4., = 575 nm.
Returning to Fig. 4(b) and comparing that plot with the
typical excitation energies used to generate the signals in Fig.
3, one realizes that the experiments are conducted with in-
tensities at which a considerable amount of the incident light
is absorbed in the sample. Moreover, the light intensity in the
peaks of the optical interference pattern is 4 times as high as
in a single excitation beam, further enhancing the nonlinear
absorption. Because of beam depletion the excitation energy
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dependence of the excited state grating in Fig. 3 is not
« (U?)? [the second square comes from the grating or
FWM configuration, see Eqs. (23)] and the dependence of
the electronic OKE signal is not o« UZ. Because of the large
nonlinear absorption in the sample, the dependence of the
signal on the excitation energy is shallower than expected. In
the limit of negligible absorption, ywz,U;, €1, one can ex-
pect the theoretical U dependence to be observed. For de-
creasing excitation energies, we find the electronic OKE and
the excited state TG signal asymptotically approach a U Zan
U* dependence. For U, < 100 nJ the electronic OKE obeys
a U?law.

The time dependence of the excited state TG signal [see
Fig. 2(d)] is characterized by a rise time of 4 ps. To under-
stand the origin of this rise time, it is neccassary to know the
characteristics of the probing process. A change of the probe
pulse energy U, shows that the signal is linear in the probe
pulse intensity. This is expected for an one-photon process
[see Eq. (23)]. Since the sample does not absorb at 4,

= 575 nm, the probe pulse must be absorbed by an excited
state—excited state transition. Thus, the intensity of the dif-
fracted signal depends on a probe absorption from S, to some
higher lying excited state S,,. If a high-lying vibration of S,
were initially populated, vibrational relaxation to the bottom
of the S| manifold could result in increased probe absorption
and the rise in the signal. However, as mentioned earlier, the
two-photon excitation reaches only the red edge of the low-
est-lying absorption band and does not generate any vibra-
tionally excited states of S|.

A careful study of the absorption and fluorescence spec-
tra of OCB and 8CB in a series of solvents with different
polarity'® points to the explanation. The fluorescence spec-
tra are characterized by a strong red shift of the emission
with increasing solvent polarity. These spectral shifts are
due to a change of the permanent dipole moment of the CB
molecules upon excitation into .S,. The change in the dipole
moment is very large, on the order of 5-10 D. Because of this
large dipole moment change upon excitation, there will be
extensive rearrangement of the “solvent cage” (cage of un-
excited 5SCB molecules). The unexcited 5CB molecules
move under the influence of the new electric field produced
by the change in dipole moment of the excited molecule.”-2°

The known spectroscopy of the class of molecules of
which 5CB is a member strongly suggests that solvent relax-
ation is observed in the excited state TG signal. This behav-
ior is illustrated in Fig. 5. Two photons excite the molecule
from S, to S;. The probe wavelength lies within the region of
the S, to S, absorption. The transition probability from S, to
S, is small for a photon with 4, = 575 nm, and the TG signal
is initially small. Because of the solvent cage reorganization,
all state energies change from the unprimed to the primed
values (see Fig. 5). A strong S| to .S} transition is shifted
onto the probe beam wavelength, giving rise to a strong TG
signal. After the rise of the excited state TG signal which
tracks the solvent relaxation, the signal decays because of
radiative and radiationless relaxation of the S| state to the
S; state.

Examining the polarization dependence of the excited
state TG signal (Fig. 2), we can obtain information about

A

energy

FIG. 5. Schematic diagram of the sequence of steps leading to an excited
state and an acoustic wave transient grating signal. At moderate intensities,
two photons excite the S, state. Solvent reorganization shifts the probe
wavelength onto a strong absorption giving a signal that increases at short
time [see Fig. 2(d)]. Qis a cooperative nuclear coordinate representing the
solvent cage reorganization. At high intensities, a third photon is absorbed
during the excitation process. Rapid radiationless relaxation deposits heat
and launches an acoustic standing wave [see Fig. 6(c) and 6(d)].

the transition dipole moments involved in the excitation and
probe processes. As Fig. 2(f) shows, the excited state TG
signal disappears for a (0°/45°/90°/170°) polarization con-
figuration. With Table I B, = 170° can be used to calculate
the anisotropy of the excited state grating r, = 0.105. Insert-
ing this value into Eq. (10) one obtains {cos(j,"p;))

=0.51. Assuming a well-defined relationship between
w; and p; for all molecules this corresponds to an angle
Yo = 45°between u, and p;. The S, — S, transition in the CB
molecules is polarized along the long axis of the molecule
(z), whereas the S, .S, transition is polarized perpendicu-
lar (x or y).'® Assuming C, symmetry, this means that the
S,— S, transition is two-photon xy polarized and the S, - S,
transition is one-photon x or y polarized. These polarization
assignments are consistent with the (u,-p;) angle y, = 45°
and are therefore in accord with the polarization selective
TG data.

So far we have discussed the behavior of the TG signal
on a time scale of zero to tens of ps. Figure 6 shows the results
of the polarization selective TG experiment on a much long-
er ns time scale. Pronounced oscillations in the TG signal are
observed. These are characteristic of acoustic waves genera-
ted in a LIPS experiment.® A survey of the data in Fig. 6
demonstrates that the LIPS signal disappears for 8 = 0° (or
180°) as predicted by theory (see Table I). It is important to
compare Figs. 6(a) and 6(b). The signal polarization S
changes only by 10° from a to b, but the two signals convinc-
ingly demonstrate the different y'* symmetries of the excited
state and the acoustic wave gratings. For 8 = 170°, which
makes the excited state contribution vanish, there is a strong
LIPS signal (and a contribution at = O from the electronic
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FIG. 6. Slow time scale time dependence of TG signals for an excitation
wavelength 4., = 575 nm and excitation pulse energies U,, = 650 nJ. All
signals are recorded in a (0°/45°/90°/83) polarization configuration with 8
as indicated. The vertical scales are the same in (a)-(d) allowing a direct
comparison of the absolute signal amplitudes. The oscillations in the signal
are caused by an acoustic standing wave generated by heat deposition from
three photon absorption and radiationless relaxation.

OKE), while for # = 180° the acoustic wave contribution is
suppressed and the excited state grating is clearly visible.
Figure 7 shows slow time scale signals for two different
excitation energies U,, . The two signals are scaled to equal
maximum amplitudes. Comparing the contributions of the
excited state grating (at 7 <200 ps) and the LIPS oscilla-
tions in Figs. 7(a) and 7(b), one finds that the relative am-
plitude change for the LIPS signal is much larger than for
the excited state TG signal. Since the excited state grating is
generated by two-photon absorption, we must conclude that
(at least) three photons are necessary to induce the large
LIPS oscillations. This behavior can be understood in a
straightforward manner and is illustrated in Fig. 5. As men-
tioned earlier, with 4., = 575 nm the two photons excite the
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FIG. 7. Slow time scale time dependence of TG signals for an excitation
wavelength A, = 575 nm and a (0°/45°/90°/56°) polarization configura-
tion. As indicated the excitation pulse energy changes by a factor of 2 from
(a) to (b). The vertical scales are chosen to give the signals the same maxi-
mum amplitude. The change of the signal demonstrates the different inten-
sity dependences of the excited state and the acoustic wave grating.

red edge of the S;— S, transition. There is no vibrational
relaxation in the S; manifold which could deposit heat into
the sample and launch an acoustic wave. A third photon
during the excitation pulse, however, takes the molecule
from S, to a higher excited state, and subsequent fast vibra-
tional radiationless relaxation deposits heat into the sample.
In this process, the entire energy of the third photon is trans-
formed into heat which generates a large acoustic wave.
The signal in Fig. 7(a) for the lower excitation energy
shows an appreciable TG signal on the ns time scale in addi-
tion to the low amplitude LIPS oscillations. This indicates
that there is another process contributing to the TG signal
on this slow time scale. There are two possible explanations.
Radiationless relaxation from S, to S, also releases heat into
the sample. The lifetime of S| is relatively short [ < 1 ns (Ref.
16) ] but comparable to the frequency of the acoustic wave.
Under these conditions the heat deposition generates pre-
dominantly a thermal grating with very small or zero ampli-
tude acoustic waves.?® The thermal grating will decay on a
us time scale by thermal diffusion. An alternative explana-
tion is intersystem crossing from S, to the triplet state 7.
The probe would have to detect the triplet state grating
through triplet—triplet absorption. If the transition dipole
for this triplet—triplet absorption is uncorrelated with the
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original S,— S, transition dipole, it can be seen from Table I
that the y'* symmetry of this triplet state grating is the same
as the symmetry of the acoustic wave grating. That is the
corresponding TG signal should disappear for = 0" as
found in the experiment [see Fig. 6(b)]. While the experi-
ments presented cannot distinguish between the two possi-
bilities, the thermal grating is perhaps more plausible. There
will be some radiationless relaxation which can generate the
thermal grating. For the signal to be from a triplet grating,
there must be significant intersystem crossing, the probe
wavelength must fall on a triplet—triplet absorption, and the
triplet-triplet absorption transition dipole direction must
have no correlation with the S;— S| transition dipole direc-
tion. The likelihood of this seems remote.

Asis clear from the data presented so far, the TG signals
for an excitation wavelength A., — 575 nm are dominated
by the two-photon resonance of the 5SCB molecules and ab-
sorption induced effects. The spectrum of the CB mole-
cules'® suggests that these resonant effects should disappear
if the excitation wavelength is shifted to the red. In Fig. 8
polarization selective TG data with an excitation and probe
wavelength of 665 nm are presented. A comparison of Figs. 8
and 2 shows that both polarization and time depedence of
the observed signals are very different. In Fig. 8 there are two
contributions to the TG signal with different y® symme-
tries. In contrast to Fig. 2, the two contributions to the sig-
nals in Fig. 8 have comparable time scales. The vertical lines
at 7 = 0in Fig. 8 have been added to help visualize the small
time shifts of the signal as a function of 8. One finds again a
TG signal due to the electronic OKE which disappears for
B = 135°. The second contribution, which dominates the
signal for 7> 1 or 2 ps, is suppressed for a signal polarization
B = 56°, as predicted by theory for the nuclear OKE.

Itisillustrative to compare Figs. 8(c) and 8(e). In these
two figures the relative amplitude of nuclear and electronic
OKE are comparable. In Fig. 8(e) the induced polarizations
have the same sign, while in Fig. 8(c) they have opposite
signs. The data in Fig. 8(d) are for a (0°/45°/90°/135°) po-
larization configuration and an excitation wavelength
Ao = 665 nm. The electronic OKE signal is absent. Because
of the wavelength, there is no two-photon absorption genera-
ted excited state grating. The signal displays only the time
dependence of the nuclear OKE, and therefore it is possible
to study the reorientational dynamics of the SCB molecules
on all time scales.'® 5CB displays very novel reorientational
dynamics on the time scale of a few hundred fs to 200 ps. A
recent study using these techniques was conducted on a simi-
lar but simpler molecule, biphenyl.?® The results of detailed
temperature studies show that biphenyl behaves “hydrodyn-
amically” following an initial period of librational relaxa-
tion. That is on times longer than two ps, orientational diffu-
sion about the long and short axes of the molecule was
accurately described by the Stokes—Einstein-Debye equa-
tion. The decays at all temperatures are pure biexponentials.
In contrast, SCB yields highly nonexponential decays with
decay rates that change by orders of magnitude as the decay
is observed over several decades. In addition the nonexpon-
ential decay is virtually temperature independent from just
above the nematic phase transition to 50° above the phase
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FIG. 8. Fast time scale time dependence of TG signals for an excitation
wavelength A., = 665 nm and excitation pulse energies U,,. = 1 uJ. All
signals are recorded in a (0°/45°/90°/p) polarization configuration with 5
asindicated. The vertical scales are chosen to give the signals the same maxi-
mum amplitude. The data in (b) is pure electronic OKE while the data in

(d) is pure nuclear OKE. The vertical line at 7 = 0 has been added as a
visual aid to allow an easier comparison of TG data at different 5.

transition. The complete results of the SCB experiments will
be presented and discussed in terms of a model involving the
high degree of local structure which exists in the isotropic
phase of a liquid crystal.'®

To illustrate the different ¥ symmetries of various
physical processes and the isolation of the signals arising
from the physical processes through polarization selective
TG experiments from a different perspective, Fig. 9 shows
the 8 dependence of the TG signal. The curves display data
for a given excitation wavelength and a fixed delay 7 of the
probe pulse with respect to the excitation pulses. The data in
Figs. 9(a)-9(c) were recorded with an excitation wave-
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FIG. 9. Dependence of the TG signal intensity on the signal polarization
angle 3 for different excitation wavelengths 1., and various delays 7 of the
probe pulse with respect to the excitation pulses. The different S depen-

dences in (a)—(d) illustrate the different ¥** symmetries of the various pro-

cesses monitored under the indicated conditions. (a) Electronic OKE, (b)
excited state grating due to two-photon absorption probed by excited state—
excited state absorption, (c) acoustic wave grating, (d) nuclear OKE.

length A,, = 575 nm, while 4., = 665 nm was used to obtain
the data in Fig. 9(d). Figure 9(a) shows the polarization
dependence of the TG signal when the probe pulse arrives
coincident with the leading edge of the excitation pulses.
Under these circumstances only the electronic OKE contrib-
utes to the signal, and a minimum is observed at £ = 135°.
With a fixed probe pulse delay of 14.5 ps [Fig. 9(b)], dif-
fraction is caused by the excited state grating which exhibits
a minimum at # = 170° (or — 10°). The graph in Fig. 9(c),
for a probe pulse delay 7 = 2 ns, records the polarization
characteristics of the isotropic acoustic wave grating which
disappears for B = 0°. The signal in Fig. 9(d) has a mini-
mum at approximately B = 60°, as expected for the nuclear
OKE.

All the data shown in this paper have been recorded

with a (0°/45°/90°/F) polarization configuration. It is im-
portant to emphasize that there is nothing unique about this
configuration. The same kind of experiments can be per-
formed with any configuration which measures a sample po-
larization with contributions from two different nonzero ele-
ments of the y® tensor [see Eq. (19)]. Etchepare et al. in
their OKE investigation of CS,, for example, have applied a
(0°/0°/45°/B) configuration.?' In contrast, a (0°/90°/a/B)
setup, i.e., a crossed grating or polarization grating, does not
work as one measures only y{3),. The fact that there are a
variety of configurations which will work allows us to tailor
the configuration with other considerations, like .S /N ratio,
in mind. In the experiments presented here, the main noise
source is scattered light from the excitation beam which is
nearly collinear with the signal beam. This excitation beam
is 45° polarized, and scattered light from it is blocked if the
polarizer in the signal path is set at 135°. Thus for A,,, = 665
nm, the configuration which suppresses the electronic OKE
and only records the nuclear OKE also provides the best S /
N ratio. Therefore, in general it is possible to choose a polar-
ization configuration which either optimizes the S/N ratio
for the specific physical process of interest or which makes
the /3, of two processes one wants to separate as different as
possible.

V. CONCLUDING REMARKS

We have described a subpicosecond time resolved polar-
ization selective TG investigation of a neat liquid pentyl-
cyanobiphenyl sample. With nonresonant excitation at a
wavelength A,,, = 665 nm one observes a TG signal which
tracks the electronic and nuclear OKE in the sample allow-
ing one to evaluate molecular reorientational dynamics.
Pulses with A,, = 575 nm are resonant with a two-photon
transition of the 5CB molecules inducing an excited state
grating. A large permanent dipole moment change of the
5CB molecules upon excitation induces reorganization of
the solvent cage around the excited molecule. This solvent
relaxation spectrally shifts the excited state—excited state
transition which absorbs the probe beam. Therefore, the TG
signal can follow the solvent reorganization dynamics. The
solvent reorganization is observed to take place on a ps time
scale, and is complete in 4 ps. In addition, at high intensities,
absorption of a third photon populates a higher excited state
which leads to fast vibrational radiationless relaxation, local
heating, and the generation of an acoustic standing wave.

Electronic and nuclear OKE, excited state and acoustic
wave gratings are all characterized by different symmetries
of the nonlinear susceptibility y'® tensor. This leads to dis-
tinct polarization characteristics in TG experiments for the
various phenomena. We have demonstrated that one can
suppress the TG signal from any given physical process by
the right polarization selection, and in addition one can iden-
tify the origin of an unknown physical process by character-
izing the polarization dependence of its TG signal.

It is possible to determine the ¥ symmetry of a process
by, e.g., independent measurements of the signal intensities
in a parallel and crossed grating configuration. However,
with such an approach it is necessary to measure the absolute
magnitude of two signals, which can only be related by
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knowledge of the polarization characteristics of the entire
optical detection setup. In the approach presented here, the
" symmetry can be deduced from a single number, the
polarization angle 3;, which does not require the measure-
ment of the absolute magnitude of the signals.

The method can be readily extended to the investigation
of any physical process in an isotropic sample, allowing its
identification and characterization. In principle, this ap-
proach can also be applied to anisotropic media. For aniso-
tropic media, however, there will be more than the two inde-
pendent elements of y'* which are found for the isotropic
samples [see Egs. (4) and (5)]. The coritribution of a par-
ticular effect to the signal will still depend on the polariza-
tion configuration. In general, however, it will not be possi-
ble to suppress the signal from one process completely.
While this fact reduces, to a large extent, the power and
elegance of the technique, the method may still be useful in
the study of anisotropic media.
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