
temperature-dependent critical nucleation 
of the stable state in the metastable whase. 
as well as the effect of the quantum nucle- 
ation or tunneling that will give rise to 
temperature-independent transition proba- 
bility at temperatures near zero (11). As 
seen in the inset in Fig. 3, however, the 
lower critical magnetic field (Hc1) for the 
metal-to-insulator transition appears to 
show no sign of saturation down to 1.5 K, 
indicating that a negligible contribution is 
made by the quantum tunneling process in 
the temperature range investigated here. 
The  experimental data for HCI can be ap- 
proximately scaled with an  empirical func- 
tion (Hc1 - Hc1(O)) T", where the critical 
exDonent a was estimated to be in the 
range of ?4 to %, depending on the choice 
of H,,(O). A solid line in the inset represents 
the case in which a = 4/15.  

Finally, we demonstrate the occurrence 
of reentrant metal-to-insulator transitions 
as a consequence of the peculiar electronic 
phase diagram of Fig. 3. Figure 4 exempli- 
fies the resistivitv change in a course of - 
scans within the temperature field plane as 
shown in the inset: First, the crystal of 
Ndl12Sr,12Mn0, was cooled from 300 K 
down to 4.2 K under a field of 7.5 T (route 
I ) ,  and then the maenetic field was de- , , - 
creased down to 4 T whlle the temperature 
was kept at 4.2 K. Then  the crystal was 
warmed up to 300 K (route 11) and cooled 
again down to 4.2 K (route III), while the 
field was maintained at 4 T. Corres~ond-  
ing to such a trajectory in the electronic 
~ h a s e  diagram (inset, Fig. 4) ,  the resistiv- 

Temperature (K) 

Fig. 4. Irreversible reentrant behaviors of resistiv- 
ity in the crystal of Ndl,2Srl,,Mn0, under magnet- 
ic fields. The inset shows the trajectory of the 
scans of the temperature and magnetic field on 
the electronic phase diagram. The difference in 
the resistivity for routes I and 11, Ill around T, = 255 
K is due to the conventional magnetoresistance 
(3) arising from the difference of the field strength 
(4 T and 7.5 T). 

ity shows an  irreversible behavior. In route M. Lifshitz, Eds. (Pergarnon, Oxford, 1981), pp. 427- 

I, the resistivity is metallic over the whole 447; J.  D. Gunton, M. San Miguel, P. S .  Sahni, in 
Phase Transitions and Critical Phenomena, C.  Domb 

temperature range, due to the complete and J .  L. Lebowitz. Eds. (Academic Press. London. 
meliing of the charge-ordered state down 1983), vol. 8, chap. 3; c.'N. R. Rao and K. J .  Rao, 

Phase Transitions in Solids (McGraw-Hill, New York, to O K' as expected from the phase dia- 1987); J.  Feder and D. S. McLachlan, Phys. Rev. 
gram. The  resistivity in route I1 shows a 177, 763 (1969). 
characteristic reentrant behavior. that is, a 2. G.  H. Jonkerand J. H. Van Santen, Physica 16,337 

sequential metal-insulator-metal transi- 
tion, corresponding to the traverse of the 
charge-ordered insulating state as temper- 
ature increased from the supercooled state 
at 4.2 K along route 11. In this field ( 4  T )  
however, the supercooled metallic state is 
metastable and hence cannot be realized 
in such a field-cooline scan as that of 

u 

route 111, where only the metal-to-insula- 
tor transition is observed around 115 K. 
Thus the electronic (and perhaps magnet- 
ic as well as lattice-structural) properties 
of this comwound are remarkablv route 
dependent because of the hysteretic na- 
ture of this first-order phase transition. 
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Chemical Generation of Acoustic Waves: 
A Giant Photoacoustic Effect 

Huxiong Chen and Gerald Diebold 

An anomalous photoacoustic effect is produced when a suspension of carbon particles 
in water is irradiated by a high-power, pulsed laser. The photoacoustic effect has an 
amplitude on the order of 2000 times that produced by a dye solution with an equivalent 
absorption coefficient and gives a distinctly audible sound above an uncovered cell. 
Transient grating experiments with carbon suspensions show a doubling of the acoustic 
frequency corresponding to the optical fringe spacing of the grating. The effect is thought 
to originate in high-temperature chemical reactions between the surface carbon and the 
surrounding water. 

T h e  photoxcoustic effect (1-8) takes place 
when radiation is absorbed by a body: the 
thermal expansion of the body that occurs 
when optical radiation is converted to heat 
causes mechanical motion of the body, 
which, in turn, launches a sound wave into 
the surrounding medium. In this report, we 
describe an anomalously large photoacous- 
tic effect in aqueous suspensions of fine 
carbon particles. We  used a conventional 
photoacoustic apparatus together with a 
pulsed laser to compare the amplitude of 
the effect in carbon suspensions with that 
produced by an absorbing dye solution. Sus- 
pensions of carbon (30 nm in diameter) 
were made by the addition of dry carbon 

Department of Chem~stry, Brown Un~vers~ty, Providence, 
R1 0291 2, USA. 

black (9) to distilled water in a standard 
spectrophotometer cuvette at a concentra- 
tion of 55 mg l i t e r1 .  The  suspensions were 
sonicated in an  ultrasonic cleaning bath for 
30 s until the carbon was uniformly dis- 
persed in the water. 

In preliminary experiments, the photo- 
acoustic effect displayed an  induction peri- 
od where the magnitude of the acoustic 
signal gradually increased as the suspension 
was irradiated by the laser. The cuvette was 
therefore first irradiated with the 15-ns, 
532-nm output of a Q-switched Nd:yttrium- 
aluminum-garnet laser for 3000 shots, with 
the laser operating at 160 mJ per shot. Then 
a small sample of the irradiated suspension 
was withdrawn from the cuvette, diluted 
with distilled water, and placed in a photo- 
acoustic cell equipped with a polyvinyl- 
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idene fluoride (PVDF) film transducer, 
whose output was displayed on a fast oscil- 
losco~e. The laser beam was directed into 
the cell through Pyrex windows in a cylin- 
drical excitation geometry, with the propa- 
gation direction of the laser beam parallel 
to the face of the transducer. 

If the sound ~roduction results from ther- 
mal expansion of the irradiated fluid, the 
magnitude of the photoacoustic signal in the 
weak absorption limit is directly proportional 
to the optical absorption coefficient G of the 
fluid, as is well known from theory and ex- 
periments with dye solutions (5, 10-12). 
We thus compared the signals from carbon 
susvensions with those from nonfluorescent 
aqueous dye solutions, taking the ratio of the 
photoacoustic signal amplitude to the opti- 
cal absorption coefficient as t h e  basis for 
comparison. (The dye used here, malachite 
green, has a lifetime in solution that is sig- 
nificantly shorter than the 15-ns-long pulse 
width of the laser.) Optical absorption coef- 
ficients of undiluted carbon susoensions and 
malachite green solutions in distilled water 
were measured with a conventional spectro- 
photometer. The experiments showed (13) 
that the carbon suspensions, when scaled to 
their ontical absomtion coefficients in the 
photoacoustic cell, gave acoustic signals that 
were as much as 2000 times larger than those 
for the dye solutions. 

Even dilute carbon suspensions (for ex- 
ample, 10 mg liter-') when irradiated with 
a 1 cm in diameter, 100-mJ laser beam, gave 
a distinctly audible cracking noise that 
could be heard from the open end of the 
cell on each firing of the laser. The acoustic 
signal emitted into the air surrounding the 
u Lx 

photoacoustic cell grew steadily in ampli- 
tude as the laser was repeatedly fired, reach- 
ing a maximum typically after about 3000 
shots, coincident with the maximum in the 
signal amplitude detected in solution with 
the PVDF transducer. Electron micrographs 
showed that before irradiation, the samples 
contained agglomerated groups (9) of car- 
bon spheres 30 nm in diameter. The  first 
effect of irradiation was to oroduce new 
particles with a shell-like structure whose 
diameters ranged from 30 to 400 nm; with 
prolonged irradiation, the concentration of 
large particles increased at the expense of 
the original particles. The  production of 
large-diameter particles was accompanied 
by a gradual loss of total carbon in the 
susnension. as evidenced bv a decrease in 
optical absorbance on irradiation, until the 
suspension became transparent. The forma- 
tion of precipitates or other solid reaction 
products was not indicated by the spectro- 
vhotometric measurements. 

Ultrasonic waves were excited in the 
suspensions by first splitting the laser beam 
and then recombinine the two beams in a n 

geometry that produces an optical standing 

Fig. 1. (A) Plot of the diffracted light A 
signal versus time for a gold sol 
showing the initiation of a 28.8-MHz 
standing acoustic wave. The fre- - 
quency of the sound wave corre- .$ 
sponds to the frequency for a grat- P ing with a fringe spacing of 50 pm. 
(B) Corresponding plot of the dif- 
fracted light signal versus time for a = 
carbon suspension. The signal was 2 
taken after irradiation of the solution .g 
with 3000 firings of the laser at 100 E 
mJ per shot. In addition to the nor- 3 
ma1 frequency component of the 
wave at 28.8 MHz, the wave train 
shows a strong component of the 
first overtone, ~ ~ t h  the gold and -10 40 90 140 190 240 290 340 390 440 490 

carbon samples were irradiated by Time (ns) 

a laser beam 1 cm in diameter in a 1 cm by 1 cm by 4 cm magnetically stirred cuvette. For both traces, 
the baseline is the top line of the graticule; the oscilloscope was triggered 10 ns before the firing of the 
laser. Both traces show scattered light reaching the detector at the beginning of the trace. The laser pulse 
energy was 160 mJ in (A) and 100 mJ in (B). The signal in (A) is an average over 32 shots; (B) is a 
single-shot recording. 

wave. Absorption of the optical radiation at 
the antinodes of the electric field produces 
impulsive temperature and pressure increas- 
es in the fluid, which launch high-frequen- 
cy acoustic standing waves. Because acous- 
tic waves have time-devendent densitv 
variations, a probe laser beam directed at 
the Bragg angle to the propagation direc- 
tion of the acoustic wave is diffracted. The 
diffracted beam intensity is proportional to  
the sauare of the densitv variation in the 
sound wave. This method, whereby a grat- 
ing is produced by two laser beams and its 
time evolution is monitored by a probe 
beam at the Bragg angle, is referred to as the 
"transient gratingn-technique (14, 15), also 
known by the acronyms "LIPS" (16) or 
"ISTS" (17). A continuous He-Ne probe 
laser was used together with a fast digitizing 
oscilloscope to record the intensity of the 
diffracted light signal. We  used an  aqueous 
gold sol (18), which has a strong plasmon 
absorption at 532 nm, as a control. The 
experimental waveform from the gold sol 
(Fig. 1A) ean be explained by a simple 
thermal ex~ans ion  model for acoustic wave 
production and is typical of signals that are 
commonly produced by a variety of short- 
lifetime dyes in solution (15, 16, 19). 

The  transient grating signal from a car- 
bon suspension (Fig. 1B) has a component 
not  only at the fundamental frequency 
corresponding to  the optical fringe spacing 
but also at the first overtone. The  over- 
tone was found to have an  induction pe- 
riod as well. As the suspension was first 
irradiated, a weak signal at the fundam&- 
tal frequency was seen. O n  further irradi- 
ation, the diffracted light signal increased 
in intensity, with the magnitude of the 
overtone growing to nearly that of the 
fundamental. Graduallv. over the course , , 
of a few thousand laser shots (at  the radi- 

ation intensitv level and carbon concen- 
trations listed in the caption to Fig. I ) ,  the 
fundamental and overtone signals disap- 
peared together as the solution became 
transparent. 

The photoacoustic effect is generally at- 
tributed to thermal expansion of the irradi- 
ated fluid. Because the thermal expansion 
coefficient of water is nearly linearly depen- 
dent on temperature and vanishes at 4OC, 
we measured the magnitude of the transient - 
grating signal as a function of temperature 
to delineate the importance of thermal ex- 
pansion as the mechanism of sound produc- 
tion. Cooling the cuvette from room tem- 
perature to a few degrees Celsius resulted in 
greatly reduced transient grating signals: no  
diffracted light signal could be detected in 
the range of lo to  4°C. Surprisingly though, 
amplitude measuremenGs of the ultrasonic 
wave produced in the cylindrical excitation 
geometry with the PVDF transducer 
showed no  decrease over the same temper- 
ature range. The amplitude of the sharp 
noise generated above the suspension (mea- 
sured with a conventional electret micro- 
phone) similarly showed no decrease over 
the same temperature range. 

The  gradual reduction in the absorbance 
Lx 

of the suspensions recorded in the transient 
grating experiments suggests that the parti- 
cles are heated sufficiently to cause chemi- 
cal reactions between the carbon particles 
and the surrounding water: when a glass 
U-tube filled with a carbon suspension was 
irradiated, several cubic centimeters of sta- 
ble gases collected above the liquid. A gas 
chromatographic analysis of the trapped 
gases (using a Spherocarb column with 
thermal conductivity detection) indicated 
the presence of H, and CO,  as would be 
produced by the well-known, endothermic 
steam-carbon reaction (20). 
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A model to describe the photoacoustic 
effect that includes chemical reaction must 
include the consumption or liberation of 
thermal energy and volume changes pro- 
duced on the conversion of reactants to 
products. In the case of the steam-carbon 
reaction, the volume change is substantial 
because of the great disparity between the 
molar volume of gases such as HZ and C O  
and liquid water. Consideration of the effects 
of energy consumption and volume change 
in the linearized hydrodynamic equations for 
a fluid (21) gives the acoustic density 6 and 
temperature T as solutions to  the coupled 
equations 

and 

where y is the heat capacity ratio, c is the 
speed of sound, t is time, p is the ambient 
density, p is the thermal expansion coeffi- 
cient, PC is a "chemical" expansion coeffi- 
cient, n is the differential concentration of 
new chetqic.al species formed, h is the ther- 
mal conductivity, Cv is the heat capacity at  
constant volume, H is the "heating func- 
tion" (the energy per volume and time de- 
livered to the fluid by the light beam), and 
p-'. is a chemical potential. The  chemical 
expansion coefficient is a measure of the 
change in fluid density at  constant pressure 
P and temperature T on  conversion of re- 
actants to products, defined by 

where N is the concentration of chemical 
species reacted. The  chemical potential is 
the amount of internal energy per mass 
stored per concentration of chemical spe- 
cies reacted at  constant density and temper- 
ature and is defined as 

where E is the internal energy per mass of 
the fluid. 

Equation 1 is essentially a wave equation 
for the acoustic density, and Eq. 2 is a heat 
equation for the temperature change cou- 
pled through a compressive work term, the 
&/at term in Eq. 2. The  two source terms 
on  the right side of Eq. 1 show that changes 
in either the temperature or the chemical 
composition act identically to launch 
acoustic waves. The  term in Eq. 2 contain- 

ing the chemical potential acts as an energy 
source, or sink, that augments or diminishes 
H. A solution to Eqs. 1 and 2 for a transient 
grating problem, with the heat deposition 
taken as rapid compared with the acoustic 
period, and the evolution of chemical spe- 
cies taken to be of the form n = no[l - 
exp( - t / ~ ) ] ,  where no is the concentration of 
new chemical species produced, gives the 
acoustic density as a sum over three terms 
(221, 

GPEo 
6(?) = ---- [&(t) + g2(0 + S3(Q] COS kx 

CP 

where G is the optical absorption coefficient 
of the fluid, Eo is the energy per area in the 
laser beam, Cp is the heat capacity at con- 
stant pressure, k is the grating wave vector, 
and x is the distance along the grating. T h e  
three density contributions are given by 

( -e - lh i  + cos Z) (6) 

CPPC 
s 3 ( 9  = ( (-1 + cos 0 (8)  

where t^ is a dimensionless time defined as t^ 
= ckt, 'i is a dimensionless rise time defined 
as ? = C ~ T ,  th is a dimensjonless heat con- 
duction length defined as th = hk/pCpc, 5 is 
the fraction of the deposited optical energy 
converted into chsmical energy defined as 5 
= phno/GEo, and h is the change in enthalpy 
per mass of the fluid per change in-the 
concentration of reactants given by h = 

(dhldN),,, where h is the enthalpy per mass 
of the fluid. 

The  term in Eq. 5 for typical values of 
2, in fluids describes a slowly decaying ex- 
ponential wave and a sinusoidal wave, com- 
monly referred to (21) as the "thermal" and 
"acoustic" modes of wave motion. resnec- , L 

tively. The  acoustic mode describes nearly 
adiabatic waves that arise from the rawid 
temperature and pressure jumps following 
heat deposition at  the antinodes of the 
optical beam, whereas the thermal mode 
describes the changes in state variables re- 
sulting from the deposition of heat a t  t h P  
antinodes and their slow decay through 
conduction of heat into the nodal regions of 
the fluid. O n  the time scale of the wave 
shown in Fig. l A ,  the thermal and acoustic 
modes balance each other; on  squaring the 
density, only the fundamental frequency 

corresponding to the optical fringe spacing 
appears in the diffracted light signal. T h e  
effect of chemical reactions, described by 
the 6, term, is to alter only the overall 
amplitude of the signal. T h e  6, term in 
the ex~ression for the acoustic densitv de- 
pends only on  the volume change produced 
by the chemical reaction. As in the case of 
the term, there is no imbalance in the 
amplitudes of the two terms. T h e  62 term in 
Eq. 5, on  the other hand, can become pure- 
ly sinusoidal if the time scale for chemical 
reaction is fast enough for the exponential 
decay term to vanish, leaving only the si- 
nusoidal terms. If the density is described by 
an expression where the sinusoidal compo- 
nent is larger than a n  exponentially decay- 
ing component, then the diffracted light 
signal, proportional to the square of the 
acoustic density, will contain a n  overtone 
of the fundamental frequency. 

For a given quantity of energy, the gas 
volume produced by the carbon-steam reac- 
tion is approximately 8000 times what 
would be produced by thermal expansion of 
water at roo? temperature; that is, the pre- 
factor of the 6, term is over three orders of 
magnitude larger than unity. However, the 
theory given above does not take into ac- 
count either the time for accumulation of 
dissolved gas to form a bubble or the low 
acoustic impedance of a gas relative to that 
of water, the latter governing the rate at 
which a gas can expand against a dense 
fluid. It is thus wossible that. on  a time scale 
of a few hundred nanoseconds, thermal 
exwansion is more imwortant than chemi- 
cal expansion in the production of acous- 
tic waves,Aso that  only 6, (Eq. 6) and first 
term in 6, (Eq. 7) are important in a 
description of the grating. A purely ther- 
mal mechanism for generation of the grat- 
ing signal is indicated by t ts  disappearance 
near 4OC. This interpretation is further 
supported by the appearance of a n  over- 
tone in  the diffracted light signal, which 
requires not  only the dominance of a ther- 
mal mechanism but also a fast decay of the 
exponential term in 6,. In fact, for the laser 
pulse width and the optical fringe spacing in 
the transient grating experiments here, l/ii is 
approximately 5; a rapid decay of the expo- 
nential term and a significant contribution 

n - 
of the first term in 6, to the total acoustic 
densitv are thus exwected. 

The  time scale for the photoacoustic 
effect in the cylindrical excitation geometry 
is given by the diameter of the laser beam 
divided by the sound speed. For the exper- 
iments here, this figure is 7 ILS, which is 
large compared with the time scale for the 
transient grating experiments. Audible sig- 
nals correspond to even longer time scales. 
Thus, a slow but substantial gas expansion 
whose development time is governed by the 
low acoustic impedance of the gas could 
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account for the large magnitude of the 
acoustic signal seen in the cvlindrical exci- 

u 

tation geometry, the audible sound, and the 
failure of both of these signals to disappear 
at low temoerature. The reaction of carbon 
with water takes place at temperatures on 
the order of hundreds of degrees Celsius; - 
thus, the production and expansion of gas 
should be essentially independent of tem- 
perature for a change as small as 10°C. The 
induction period for the photoacoustic ef- 
fect in carbon suspensions can, in all like- 
lihood, be ascribed either to the increased 
reactivity of the new, large-diameter parti- 
cles that are formed during irradiation or to - 
the development of reaction centers in the 
graphitic component of the carbon, as has 
been noted for the steam-carbon reaction 
(23). 

The theory given here for chemical gen- 
eration of the photoacoustic effect should 
be rigorously correct for differential changes 
in the state variables. However, its awwlica- 

L L 

tion to the present rather complicated prob- 
lem, where high-temperature reactions and 
gas expansion are involved, is speculative. 
In addition to chemical reaction, phenom- 
ena such as temwerature-dewendent thermal 
expansion (1 ,  5, 24), nonlinear heat con- 
duction (25), vaporization of fluid around 
the perimeter of the particle (20), and even 
shock-wave formation are possibly involved 
in the generation of the photoacoustic ef- 
fect. The unusual properties of the photo- 
acoustic effect in carbon suspensions, its 
ease of production (26), and its dependence 
on chemical reaction argue for more exper- 
imentation and. most certainlv. for formu- , . 
lation of a more sophisticated theoretical 
model for sound wave generation. 
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Supramolecular Second-Order Nonlinearity 
of Polymers with Orientationally 

Correlated Chromophores 
Martti Kauranen, Thierry Verbiest, Carlo Boutton, 

M. N. Teerenstra, Koen Clays, A. J. Schouten, R. J. M. Nolte, 
Andre Persoons* 

Nonlinear optical chromophores can be organized as orientationally correlated side 
groups of polymers with a rigid backbone. In such an organization, each chromophore 
contributes coherently to the second-order nonlinear response of the polymer structure. 
A first hyperpolarizability exceeding 5000 x 1 0-30 electrostatic units was measured for 
a poly(isocyanide) structure containing -1 00 chromophores by means'of hyper-Rayleigh 
scattering. Electric field-induced second-harmonic generation measurements confirmed 
that the product of the permanent dipole moment and the first hyperpolarizability was 
enhanced for the polymer structure. These results provide guidelines for future efforts to 
optimize supramolecular structures for applications in second-order nonlinear optics. 

Organic molecules are widely regarded as earity are required. Only noncentrosymmet- 
one of the most promising groups of mate- ric molecules (or aggregates) can possess a 
rials for applications in nonlinear optics (1 ). second-order nonlinear response, that is, a 
For several important applications, such as nonvanishing first molecular hyperpolariz- 
electro-optic modulation or frequency dou- ability. Moreover, the molecules cannot be 
bling, materials with second-order nonlin- useful in devices unless they are incorporat- 

ed into a noncentrosymmetric macroscopic 
M. Kauranen, T. Verbiest, C. Boutton, K. Clays, A. Per- structure, which has a nonvanishing sec- 
soons, Laboratory of Chemical and Biological Dynam- ond-order susceptibility, ~h~ achievement 
ics and Center for Research on Molecular Electroni s 
and Photonics, University of Leuven, 8-3001 Heverlgt, of macroscopic ordering is a formida- 
Belaium. ble task, because the permanent dipole mo- 
M. I;]. Teerenstra and A. J. Schouten, Laboratory of Poly- ments of noncentr&ymmetric &olecules 
mer Science, University of Groningen, 9747 AG Gronin- 
oRn. Netherlands. tend to pair in opposite directions to give 
d -  - - - 
R J M Nolte, Department of Organ~c Chemistry, Un~ver- rlse to a centrosymmetrlc macroscoplc 
s~ty of Nljmegen, 6525 ED Nljmegen, Netherlands structure. 
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