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Figure 3. Deviation between the calculated and the experimental depo-
larization ratios for CH;F plotted as a function of the scaling distance
D, for two near-critical isochores with densities py = 9132.6 mol-m™ and
pu = 9190.7 mol-m™.

depolarization ratio but the deviation from the calculated value
is nearly zero. This indicates the presence of only double scattering
processes in this region. In the next region 102 m < D < 1072
m, however, there is a sharp increase in the deviation which is
due to higher order contributions since according to (4) and (10),
one has I®4,, IV, ~ D2and Ag™ ~aD' +bD? + ..., a, b,
... being the coefficients which depend on the scattering geometry.
And finally, as one approaches very close to the critical point, the

gravity-induced density gradients become increasingly important
for which there is again a sharp increase in the deviation of
opposite sign between the calculated and observed values of A-z71.?
In this region, there is also the influence of the Ornstein—Zernike
factors present in expression 4.

It is interesting to compare the present results for CH;F with
those for Xe and CO, obtained previously in this laboratory.* This
comparison is also shown in Figure 2. It is clear that the behavior
of the A-z7! versus D plots in the critical region is similar for all
the three fluids studied up till now. Although it appears from
this comparison that the observed depolarization ratio increases
as one goes down in the molecular anisotropy of the fluid, this
may also be due to the error in the determination of the optimum
height z as well as due to the uncertainty in the values of the
critical point parameters used in the calculation of the scaling
distance D. For instance, a small increase in z, in the order of
its accuracy for the results of Xe, or the use of recent values for
the critical point parameters!® for CO, gives much less deviations
than those shown in Figure 2.
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We measure the efficiency and phase of picosecond phase conjugate reflectivity by degenerate four-wave mixing for colloidal
gold suspended in water and in glass. Evidence is found for extremely high x® for the gold particles. However, the efficiency
has a power dependence which is not increasing quadratically with pump energy. Small-scale lensing effects become significant
at high pump energies. Additionally, both the glass-based and the water-based colloids show a visible “permanent” bleaching
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effect after absorbing only a few pulses of GW /cm? intensity.
Introduction

In the field of nonlinear optics, there is currently a great deal
of interest in semiconductor and metal colloidal suspensions in
liquid and solid media. These suspensions hold promise, from the
applications perspective, since extremely high optical nonlinearities
are associated with them.!” While they lack the efficiency of
materials such as photorefractives, they have two advantageous
characteristics. First, they have an extremely fast response, on
the order of picoseconds, and second, the optical nonlinearities
of these suspensions are due almost entirely to the suspended
particles, which comprise a volume fraction of only about

' Department of Physics, University of California at Irvine.

Permanent address: Department of Physics, Sofia University, Sofia-1126,
Bulgaria.

$Permanent address: School of Medicine, University of California at San
Francisco, San Francisco, CA 94117,

0022-3654/90/2094-1100$02.50/0

10%-10"* Below the pump intensity region where saturation
effects become significant, our own unpublished data indicate that
the reflectivity of the gold colloid liquid is ~ 1000 times less than
that of CS,. Starting from one of the simplest equations for phase
conjugate reflectivity (R)

R ~ tan? (KL)

where K is defined as the nonlinear coupling coefficient (X is
proportional to x® times the field intensity) and L is the inter-
action length, we consider the low-conversion (low-reflectivity)
limit. In this region, the phase conjugate (PC) reflectivity is
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proportional to the square of K, and we can equate the approx-
imations for CS, and gold colloid samples, correcting for the
reflectivity difference between the two and the actual volume
fraction (~4 X 107) for the gold colloid:

Rau woitoid = Res, X 1072
or
(KauLei)? = (Kcs,L)? X 1073, where Ly = (4 X 10)L
We find, after the substitutions
Kay = (1.6 X 107%)1/2K s,

or, equivalently, that the x® of the gold particle is ~ 10* times
that of CS,. For the current, in-depth theoretical treatment, see
ref 4. The PC reflectivity of the matrix is insignificant at low
intensities but becomes comparable to that of the particles at
higher intensities because of a saturation of the nonlinear sus-
ceptibilities of the particles. Thus, the suspension may be “tailored”
to vary the total optical nonlinearity in the sample.

In this paper, we discuss some of the linear and nonlinear
properties of gold colloidal suspensions based on CW absorption
and picosecond optical phase conjugation measurements.

Experimental Section

Two types of gold colloid samples were used, a water-based
colloid, prepared following the method of Turkevich, and a solid
glass-based sample obtained from Schott glass (sample type RG-6,
1-mm thickness). The water-based colloid had a local absorbance
maximum due to surface plasmons on the gold particles, measured
by a Cary 219 spectrophotometer, of 1.20 cm™ at 519 nm (sample
thickness of 2 mm). Similarly, the absorbance of the Schott RG-6
glass had a local maximum of 4.00 cm™ at 535 nm. This was
superposed on a background absorbance, due to interband tran-
sitions, which becomes noticeable at ~620 nm and increases in
magnitude as wavelength decreases. The width of the peak for
the local maximum was approximately 100 nm for both samples
before bleaching. Bleaching consisted of extended exposure
(several hundred mJ/cm?) of the liquid colloid in a 2-mm static
cell with intermittent agitation so as to achieve uniformity
throughout the sample. This was required for accurate absorbance
measurements carried out later in the spectrophotometer. After
bleaching, the width could not be estimated accurately for the
liquid and postexposure absorbance measurements could not be
made at all for the RG-6 glass due to the very small size of the
irradiated spot.

Optical phase conjugation measurements were made in two
different pump intensity regions. The phase of the nonlinear
susceptibility was measured by means of a nonlinear interferom-
eter, described elsewhere.® A semiconductor colloid glass, whose
x® (both magnitude and phase) was previously determined, was
used in one arm as a reference and a gold colloid sample, whose
phase was to be determined, was placed in the other arm. The
interferometer operated at a wavelength of 532 nm via a CW
mode-locked laser providing 1200 mW of average power at a
repetition rate of 82 MHz. The peak intensities at the sample
were ~ 1-2 kW /cm?,

Since the phase conjugate reflectivities of most high-speed (i.e.,
picosecond response) materials are very low at the low peak in-
tensity levels of CW mode-locked lasers (a few kilowatts per square
centimeter), scattering is comparable to the PC reflectivities of
~10719-10"%. For this reason, a lock-in amplifier was used in
addition to a series of diaphragms to reject scattered light.

A pulsed Nd:YAG laser operating at 2 Hz and 532 nm was
used for the high-intensity PC reflectivity measurements (see
Figure 1). A passively mode-locked oscillator was followed by
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47, 347-357.
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Figure 1. Laser system for high-intensity, picosecond DFWM experi-
ments.
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a pulse selector, two amplifier stages, and a frequency-doubling
crystal. This provides a 25-ps, 532-nm pulse with a diameter of
~2 mm and energies ranging from a few tens of microjoules to
a few millijoules. This pulse is split into four components. Two
counterpropagating pump beams and one weaker probe beam are
arranged in the counterpropagating degenerate four-wave mixing
(DFWM) geometry. The fourth component is used as a reference
signal. The reference signal as well as the phase conjugate signal
is detected by high-voltage vacuum photodiodes; diaphragms are
used to minimize extraneous light. These are scanned by gated
integrators at a 4-ns gate width (long enough to allow for trigger
jitter and short enough to minimize detector of stray light). These
integrators, in turn, are monitored with a computer interface (A/D
conversion), and ultimately the data are manipulated by a DEC
microvax computer.

The water-based colloid suspension was studied both in a static,
closed cell and in a flowing cell in circuit with a 200-cm? reservoir.
The flowing cell arrangement was used in cases where we wished
to minimize the influence of sample deterioration during reflec-
tivity measurements, while the static cell was used for absorption
band measurements before and after sample decomposition.

During some experiments, the bleaching of the gold colloid glass
was monitored by measuring the absorbance in the sample at a
wavelength of 543 nm. This wavelength is well within the ab-
sorption resonance of the colloids and is conveniently provided
by a 1-mW continuous wave HeNe laser. The laser intensity
transmitted through the four-wave mixing region in the sample
was measured by a photodiode, as well as a reference signal. Thus,
this system could monitor the influence of each successive laser
pulse on the absorption of the gold colloid sample. We assumed
that our absorption monitor at 543 nm was approximately indi-
cative of absorbance changes at 532 nm, the wavelength at which
our phase conjugation experiments were carried out.

Results

Data from the high-energy, pulsed YAG laser for gold colloid
glass and water suspensions provided a power dependence of the
phase conjugate reflectivity for intensities ranging up to a few
GW /em? (Figures 2 and 3a). In our initial studies the probe
beam power was ~10% of the pumps, and in later experiments
it was adjusted to be 50% of the pump power. We did not detect
any qualitative difference (due to the probe/pump ratio change)
in the structure of the measured reflectivity power dependence.
At these low overall reflectivities, we did not expect any influence
of pump depletion since a probe intensity comparable to a pump
still would drain the pump by only 0.1%.

Our data for the water-based suspension indicate that the
reflectivity does not vary significantly with pump intensity in the
region of ~500 MW /cm? This does not mean that the PC
reflectivity is constant but rather that it does not vary strongly
and certainly does not vary quadratically with the pump intensity
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Figure 2. Phase conjugate reflectivity of Schott RG-6 gold colloid glass
for high pump intensity, probe/pump ratio = 0.1, low repetition rate,
25-ps pulses for all beams incident (W), pump 1 blocked (O), pump 2
blocked (A), and all beams incident on an undoped glass sample (+).
The flat response for gold glass is largely due to the formation of per-
manent gratings in the sample. All beams are linearly copolarized.

as would be expected for a PC process.

For the water suspension, some experiments indicated a “flat”
spot or local maximum in the intensity dependence at a pump
energy of a few hundred microjoules (corresponding to intensities
of a few hundred MW /cm?). At higher pump intensities, the
reflectivity begins to rise again as a function of pump intensity.
It is difficult to specify this power dependence analytically since,
in our pump energy range, the slopes of the curves vary contin-
uously on a logarithmic scale, but the range is not large enough
to assign an exponential power dependence. At first glance, these
power dependence curves do not display characteristics that would
be associated with the usual approximations’ (i.e., “tangent
squared” and similar power dependences). These results will be
discussed below.

During exposure to the high-power pulsed laser, the Schott
RG-6 glass gold colloidal suspension developed permanent gratings
which caused the “phase conjugate” reflectivity to remain ap-
proximately constant over a wide pump beam energy range. One
partial explanation for this result is the possibility of significant
particle decomposition in the regions of the antinodes of the optical
standing waves. Thus, the total diffraction grating would be the
sum of the linear gratings formed by sample damage and the
nonlinear gratings which still exist at the nodes of the optical
standing waves. If we assume the linear contribution to dominate
in our experiment, we would expect constant reflectivity. In-
terestingly, the total phase conjugate signal is significantly greater
than the sum of the two “separate” permanent gratings, i.e., the
signals detected when one or the other of the pump beams was
blocked. This implies the dominance of the nonlinear contribution,
in direct contradiction to our initial premise. A hand-waving
solution is to say that the nonlinear solution dominates with
saturation of the nonlinearity being the crucial factor in the case
of all beams incident on the sample.

There was also a permanent change in the absorption of the
colloids, both liquid and solid (Figures 4 and 5), upon exposure
to the high-power pump pulses. This appeared as a “bleaching”
of the colloid or occasionally the appearance of a pale bluish spot.
These changes appeared to be permanent. Our data from the CW
spectrophotometer confirmed this; absorbance dropped in the blue
and increased in the red wavelength region.

We measured the change in absorbance in the Schott RG-6
filter, as a function of total laser exposure upon the sample spot,
for two different average laser pulse energies, 0.1 and 1.0 mJ
(Figure 4). Note that, upon interrogation by 1-mJ pump pulses,
the absorbance at 543 nm has permanently dropped from 0.41
to 0.3 after only a few millijoules of accumulated energy. For
the same total laser energy exposure, the lower energy pulses have
done far less damage. The most extreme case, namely, irradiation

(7) Jian-quan, Y.; Guosheng, Z.; Siegman, A. E. Appl. Phys. B 1983, 30,
11-18.
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Figure 3. (a) Phase conjugate signal for water-based gold colloid (+) and
plain water (W) in a 2-mm flow-through cell. (b) PC reflectivity if the
signal from the water and cell is assumed in phase (+) and antiphase (M)
with that of the gold particles. (c) PC reflectivity when water and cell
nonlinearities are assumed to be real and those of the gold particles are
assumed to be imaginary. All beams are linearly copolarized.
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Figure 4. Change in optical absorbance at A = 543 nm of Schott RG-6

as a function of total energy flux from pulsed Nd:YAG laser (A = 532
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with a few hundred mJ/s from the CW mode-locked Nd:YAG
laser, did not result in any change in absorbance although the
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Figure 5. CW absorbance of water-based gold colloid in a 2-mm cell
before (——~) and after (—) sample damage.
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Figure 6. A comparison of the interference of conjugate signals (®) and
reference signals () from Schott RG-6 gold colloid glass and Schott
0G-530 semiconductor colloid glass as a function of delay in the arm of
the nonlinear interferometer. Since the phase of the PC signal from
0OG-530 is known to be negative and real in this region, the phase of
RG-6 must be the same.

accumulated energy was many orders of magnitude larger than
the pulsed laser provided.

At the highest pulse energies, there was also an increase in the
far field of phase conjugate spot size; the transmitted probe pulse
showed a similar phenomenon. Since the transmitted probe pulse
shares this “bloomed™ appearance (generally appearing as a
somewhat distorted series of concentric rings) in the far field, the
most probable cause of the phase conjugate “bloom™ structure is
that it is an accurate replication of the self-focusing or -defocusing
of the probe signal. That this phenomenon occurs at high in-
tensities is expected; the self-focusing or self-defocusing phe-
nomenon is also due to the third-order nonlinear susceptibility.
We neglect the possibility of thermal lensing since the entire phase
conjugate interaction is completed within roughly 50 ps and the
time between successive pulses is 500 ms.

Figure 6 shows phase conjugate signal interference and pump
signal interference from Schott RG-6 gold colloid glass and Schott
0OG-530 semiconductor colloid glass as a function of the change
in path length of one arm of the interferometer (measured by
voltage on a piezoelectric transducer). The path length changes
are necessarily on the order of the optical wavelength and are not
to be confused with “macroscopic™ path length delays associated
with lifetime measurements. Since the maxima and minima of
the two signals coincide and we have measured the phase of x®
of the Schott OG-530 to be negative and real (data to be published
elsewhere) for the CW modé-locked laser’s frequency, intensity
(2 kW /cm?), and repetition rate, we determined that, for these
parameters, the phase of the total third-order nonlinear suscep-
tibility for the gold colloid sample is negative and real. In other
words, for ¥ = ..l ¥ iXimaginary» it Was determined that the
effective Ximaginary is negligible compared to X e and that x,., is
negative. Since the colloid sample is actually a composite system,
we cannot attribute this x® to the particles without further as-
suming that the nonlinear susceptibility of the glass matrix is
insignificant compared with that of the gold particles at this power
level. Evidence supporting this claim is that a plain glass sample
of 1-mm thickness did not provide a detectable phase conjugate
signal when pumped by the CW mode-locked laser of the modified
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Twyman-Green (TG) interferometer. Therefore, we attribute the
negative and real nonlinear susceptibility to the gold particles.

Discussion

Upon laser irradiation, surface plasmons, other intraband
transitions, and interband transitions are excited on the gold
particle. Surface plasmons on a uniform sphere have their res-
onance frequency related to the bulk plasma frequency® in the
first approximation by

Ve, = vpu(L/ (2L + 1))12 L=1223,..

or
O'Ssybulk < Vsp < 0'71Vbulk

For gold, v, = 2 X 10'5 Hz, so the dipole surface plasmon
frequency is 1.16 X 10'5 Hz. The actual absorption resonance
for gold particles in a dielectric is shifted according to the refractive
index of the medium. For our water and glass matrices, this results
in a resonance in the visible region, a typical value for the position
of the peak being A = 520 nm. The most obvious manifestation
of the interband transitions is the yellow appearance of bulk gold
under ambient light.

Our phase measurements on the CW mode-locked system in-
dicated that a negative and real nonlinear susceptibility dominated
at these high pulse repetition rates and low (kW /cm?) peak pump
intensities. A negative and real susceptibility is characteristic of
a thermal grating and is attributed to local heating resulting from
plasmon decay or interband transitions via nonradiative channels.
Since thermal diffusion through the colloid is slow compared to
our 82-MHz repetition rate, the phase grating builds after a
number of laser pulses have passed through the sample and a
thermal equilibrium is established. There are purely electronic
contributions to the nonlinear susceptibilities such as the nonlinear
electronic polarizabilities and the saturation of interband tran-
sitions,>® but these are expected to be very weak at these low peak
intensities. We would expect these effects to be dominant only
during spatial and temporal overlap of the pulses since the elec-
tronic hyperpolarizabilities decay in much less than a picosecond.

It is interesting to do a simple calculation to consider how much
energy might be absorbed by each gold particle in the liquid
suspension.

A water-based colloid solution contains approximately 74 mg
of gold per liter of water. Since the density of gold is 19.3 g/em’?,
this corresponds to a total volume of 4 X 1073 cm? or a volume
fraction (volyyq/Vol,) of approximately 4 X 107, Typical values
for the radius of the gold spheres in such solutions range from
~40 to ~120 A, corresponding to sphere volumes between 2.7
X 107" and 7.2 X 10718 cm®. Electron micrographs indicated that
particles in our solutions had an average radius of 120 A. This
is equivalent to a number of spheres per liter ranging from 1.5
X 10 to 5.6 X 104,

If our laser beam diameter is 2 mm and our sample thickness
is 2 mm, then the volume of colloid interrogated is 8 X 107 cm?,
Equivalently, our beam interacts with 1.2 X 10!! spheres (assume
40-A-radius particles) or 4.5 X 10° spheres (assume 120-A-radius
particles). Since the absorbance or, equivalently, the extinction
is approximately 0.3 and this is almost exclusively true absorption
for particles of this size (the remainder being scattered), we can
say that half of the incident photons are absorbed by the gold
spheres. We consider absorption by the water to be negligible.

So if the power irradiated on the sample in the CW mode-locked
case is 100 mW (at 82 MHz), then 1.35 X 10° photons are
absorbed by 1.2 X 107! or 4.5 X 10° spheres. So, for the case
of the larger spheres, one photon is absorbed by every third sphere
in one laser pulse. It is not surprising, then, that in this intensity
region cumulative thermal effects would dominate the four-wave
interaction.

In the case of the millijoule pulse, that is not at all the case.
Either 4.6 X 104 or 1.2 X 10¢ photons are absorbed per sphere

(8) Kittel, C. Solid State Physics, Wiley: New York, 1987.
(9) Johnson, P. B.; Christy, R. W. Phys. Rev. B 1972, 6, 4370-4379.



1104 The Journal of Physical Chemistry, Vol. 94, No. 3, 1990

if the low-intensity absorbance were to scale to high intensities.
This is equivalent to either 1.8 X 10° or 4.8 X 10* (photons/
particle)/ps during laser irradiation. Remember that the smaller
(40-A radius) particle consists of ~4 X 10% atoms while the larger
(120-A radius) particle consists of ~ 10° atoms. Before discussing
the characteristics of the optical nonlinearities associated with the
millijoule (GW/cm?) laser pulses, we will consider the results of
our sample damage experiments.

We know from our measurement of absorbance changes that,
for pulse energies of ~0.1 mJ, the material begins to decompose;
the rose color of the solution disappears after only a few pulses.
This level of irradiation corresponds to absorption of either 180
(photons/particle)/ps (40-A-radius sphere) or 4.8 X 10° (pho-
tons/particle)/ps (120-A-radius sphere). If each photon contains
2.3 eV of energy and the specific heat for bulk gold at room
temperature is 0.126 J/(g K), then the temperature rise associated
with the smaller (5.2 X 107*® g) sphere and the larger (1.4 X 1071
g) sphere after | ps at 1-mJ pump energies would be about 1000
°C, approximately the melting temperature of gold. By this point,
a significant decrease in the absorbance should occur due to a
saturation of interband and intraband transitions.? If the ab-
sorbance did not decrease, then after the entire pulse has passed
through the sample, a significant fraction of the gold particies
would be melted. (The heat of melting of gold is ~12 kJ/g-mol.)
This temperature rise added onto the ambient temperature ob-
viously means that the temperature at the surface of the spheres
is far above the boiling point of the solvent water.

In discussing the evolution of the particles’ decomposition, we
should also investigate quantum mechanical considerations such
as photoionization at these intensities. In the case of ionization,
we must determine whether the dominant feature of the laser
pulse’s nonlinear interaction with the particle is the field strength,
E, or the energy per photon. Typically, a Keldysh parameter!?

v = (w/eE)(mA)!/?

(where w is the laser frequency, A is the energy gap (or ionization
potential), E is electric field strength of the pulse, and e and m
are the charge and mass of an electron) is used to determine which
feature is dominant. For 4 > 1, muitiphoton effects are dominant
while for ¥ « 1, the field strengths are more important. The
ionization potential for atomic gold is 9.22 ¢V while the work
function for bulk gold is about 5.3 eV. We would expect the small
gold sphere to have an “ionization potential” somewhere between
these two values, probably much closer to the work function since
clusters consisting of an excess of 10° atoms are considered to have
bulk properties.!! We expect that this work function might be
further decreased due to plasma-induced screening. (Recall that
interband transitions in gold are significant for photon energies
exceeding 2 eV.%) For our experimental conditions, this corre-
sponds to the parameter v > 100. Therefore, we would expect
the influence of multiphoton absorption to dominate the nonlinear
photoionization rather than the effect of field strength on tunneling.

For this reason, the ejection of electrons into the adjacent matrix
by means of multiphoton absorption or plasma screening enhanced
(thermionic) one-photon absorption is likely to occur, thus com-
plicating the melting of the gold particles and the boiling of the
solvent water.

If there are 5.6 X 10 120-A-radius particles per liter of solvent,
then there is a center-to-center distance between nearest neighbors
of ~2.4 X 10* A. This is approximately 100 times the particle
size so we would expect that the degradation of the colloid to be
due to a breaking up of the particles rather than aggregation. This
conclusion, in conjunction with our spectrophotometer results
(Figure 5), confirms the results of Ascarelli and Cini!? that there
is a red shift in the absorption resonance as particle size decreases.
Our resonances appear broadened since our sample was liquid,

(30) Keldysh, L. V. Sov. Phys.—JETP (Engl. Transl.) 1965, 20 (5),
1307-1314.

(11) Kreibig, U. In Growth and Properties of Metal Clusters; Elsevier:
New York, 1980.

(12) Ascarelli, P.; Cini, M. Solid State Commun. 1976, 18, 385-388.
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and therefore damaged and undamaged regions were mixed, i.e.,
a broader size distribution.

The high-intensity optical nonlinearities of the particle are also
changed during excitation due to the interband transition induced
free carriers. The refractive index should change due to an increase
in the electron density. The plasma resonance should shift to
higher energy since it increases as the square root of conduction
electron density, although this is partially compensated for by
broadening due to a temperature increase.

It is difficult to determine the intensity dependence of the gold
sphere’s hyperpolarizability without knowing the relative phases
of the nonlinear susceptibility of the water or glass matrix and
the gold particles. We know the relative magnitude of x® for
these matrices (see, for example, Figure 3a); the phase should be
positive and real for the water, quartz, and glass.! We know that
the signal of a glass sample is comparable to the signal from the
colloid sample at intensities above 1 GW /cm?; therefore, the
functional form is strongly dependent on the assumed phase re-
lationship of the nonlinearities of the gold particles and the solvent
(see Figure 3b,c).

We do not necessarily expect the nonlinear susceptibility in the
2-Hz, GW/cm? intensity experiments to have the same phase as
the CW mode-locked experiments. Thermal gratings dominate
the nonlinearities in the low peak intensity, high repetition rate
CW mode-locked laser system, since the time scale for heat
diffusion throughout the colloid allows for cumulative (with respect
to the number of mode-locked laser pulses) nonlinear optical
effects; single-pulse nonlinearities are too weak at these peak
intensities to be detected.

Brorson et al.!3 have measured heat transport in metal films
and found heat to propagate at roughly the Fermi velocity, in-
dicating that thermal effects equilibrate very quickly within the
confines of the metal itself. Nunzi et al.!* have measured pico-
second phase conjugation in metallic films and found thermal
effects to dominate at high intensities, while other researchers have
actually measured the phase of the susceptibility of metallic
colloids in the 100 MW /cm? region and found it to be primarily
imaginary.>*

The measurements referenced above are problematic since
thermal effects, although obviously the result of absorption, result
in a phase grating, corresponding to a real x*®, while an imaginary
x? corresponds to an absorptive or amplitude grating. Our own
pump delay data (unpublished) on gold colloids indicate a decay
time of only a few picoseconds or less. It is possible that the grating
is a thermal phase grating which transfers its heat to the matrix
on a time scale of a few picoseconds. If we assume that the change
in refractive index with respect to temperature (dx®/4T) is much
smaller in the matrix than in the metal particles, then we cannot
exclude the possibility of a thermal grating in our high-intensity
experiments.

We could resolve the phase discrepancies by assuming that the
instantaneous grating created during the four-wave interaction
is an absorptive grating (imaginary x®), which after excitation
is effectively a thermal grating until the excited gold particle
transfers its excess energy to the matrix. This result assigns a
complex phase for x'¥ and allows the possibility of a resolution
of conflicting reports.*!* We plan to carry out our own phase
measurements at high intensities via interferometric methods
analogous to our low-intensity method.$

If we assume that the phase remains imaginary throughout our
intensity range (100 MW /cm?-3 GW /cm?), then the experimental
results, after subtraction of the solvent signal (Figure 3c), indicate
an apparent saturation of one component of the nonlinearity at
~500 MW /cm?, confirming the results of Hache et al.2 At the
highest intensities, from 0.8 to 3.0 mJ, this data shows an apparent
decrease in the signal-to-noise ratio. This may be attributed to
one or more of several possible causes, such as sample inho-
mogeneity, damage during irradiation, or competition of self-fo-

(13) Brorson, S. D.; Fujimoto, J. G.; Ippen, E. P. Phys. Rev. Lett. 1987,
59 (17), 1962-1965.
(14) Nunzi, J. M,; Ricard, D. Appl. Phys. A 1984, 35, 209-216.
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cusing and self-defocusing elements of the total nonlinear sus-
ceptibility. The noise is partially an artifact of the method of
subtraction of the solvent’s conjugate signal. For example, if we
subtract, point by point, our data from a hypothetical y = 4x?
representing the conjugate signal of the solvent in a region where
the solvent signal is ~1/2 of the total signal, our apparent sig-
nal-to-noise ratio decreases by a factor of 2. This effect is even
more pronounced in the case where the particle signal is assumed
in phase with the solvent signal (see Figure 3b). For this reason,
it is difficult to say with certainty whether the saturation of the
reflectivity in the 1-mJ pump energy region is total or partial.
However, it should be noted that there was a significant variation
in the conjugate signal’s far-field transverse spot size and structure,
as observed pulse by pulse, which could result in a variation in
the amount of light collected by the detectors.

If the x'® of the gold particles is due to more than one physical
mechanism or if there is a nonlinear interaction between the
particles and the solvent, then the phase may be intensity de-
pendent. A mechanism dominant at low intensities may saturate
at higher intensities resulting in the dominance of another
mechanism and a possible change in phase. A complete deter-
mination of this functional dependence would clarify the dynamics
of the nonlinear properties of gold spheres. It is already evident
that the nonlinear susceptibility is huge for these particles. The

phase conjugate reflectivity for pumping Au colloidal suspensions
with less than 100 uJ is comparable with that of CS,, currently
the standard of high-speed highly nonlinear materials. Given that
the volume fraction is ~4 X 1075, this indicates a nonlinear
susceptibility for gold particles which is ~4 orders of magnitude
higher than that for CS,.

Conclusions

We have determined experimentally the intensity dependence
of the picosecond phase conjugate reflectivity in gold colloids for
pump intensities on the order of | GW/cm?, investigated the
intensity dependence of sample damage, and determined the phase
of the nonlinear susceptibility of gold colloids via interferometric
methods using a CW mode-locked Nd:YAG laser and have also
recognized the significance of the phase relationship of the non-
linear susceptibilities in a multicomponent system. This is sig-
nificant in an applications environment since the functional in-
tensity dependence could have its shape “tailor-made” by adjusting
the stoichiometry of the constituents.
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The ultraviolet and visible absorption and emission spectra of aqueous solutions of four dyes, 4-amino-4’-cyanobiphenyl, carbostyril
124, coumarin 1, and coumarin 102, and the absorption spectrum of 4-nitroaniline were measured at pressures up to 6 kbar.
The compressions produced red shifts or, in one case, virtually no shifts. The variations of »,, with pressure were reproduced
by linear equations. The largest red shift was for the absorption of 4-nitroaniline, where the slope was =107 cm™! /kbar.
The slopes for the two coumarin dyes were remarkably different, considering the similarity of their structures. Established
theory of dielectric solvation effects on Franck—Condon transition energies was modified to apply to solvents of high dielectric
constant and predicted pressure effects whose magnitude is small compared to observation. A quasi-thermodynamic approach
was more encouraging. Because the charge-transfer excited states are zwitterions, the hypothetical excitation process at
equilibrium is attended by a large decrease in volume due to electrostriction of the solvent. Thus there is marked volume
strain in the Franck-Condon final state. The decrease in volume was estimated for three of the substrates and accounts

for a major part of the pressure shifts.

Medium effects on electronic transition energies have long been
used as probes for solvation energies.”* Especially useful have
been the intramolecular charge-transfer transitions D-R-A —
D*-R~A" and their reverse, where the symbols D and A denote
an electron donor and acceptor group, and R denotes an inter-
mediate structure which provides a resonance pathway.>¢ Such
transitions produce large changes in polar character as the polar
substrate D-R—-A changes to a zwitterion D¥—R—-A~ whose electric
dipole consists of two discrete monopoles. Moreover, London
dispersion interactions with solvent are also relatively large, es-
pecially when the resonance pathway is long’ (as in merocyanine
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dye molecules, for example), and hydrogen-bonding solvation can
be significant, especially when the groups D and A are exposed
to solvent.

In this paper we report the effect of pressure on charge-transfer
transition energies for five substrates in aqeuous solution at 25
°C. The substrates are 4-amino-4’-cyanobiphenyl (1), carbostyril
124 (IT), coumarin 1 (III), coumarin 102 (IV), and 4-nitroaniline
(V); structural formulas are given in Scheme I. Pressures range
up to 4-6 kbar, in which range there are substantial changes in
water properties. At 25 °C, between 1 atm and S kbar, the liquid
density increases by 15.2%,% the dielectric constant by 18.8%,°
and the refractive index by 3.8%.!° Substrates I-1V were
measured both in absorption and emission, while 4-nitroaniline
could be measured only in absorption. The latter substrate pro-
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