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magnet~c-sensing applications. One  of the 
drawbacks of the perovskites is that the bulk 

Spontaneous Oscillation and Self-pumped 
MR can be increased by chemical modifica- Phase Conjugation in a Photorefractive 
tion only at the expense of lowering Tc. A t  
oresent. II1R in the ovrochlores onlv occurs 

Polymer Optical Amplifier 
L ,  

below 200 K, but ~t may be posslble to achieve A. Grunnet-Jepsen, C. L. Thompson, W. E. Moerner 

Fig. 4. (A) Feld dependence of the resistance, nor- 
mazed to the zero-fled value for TI, ,Sc,,Mn,O, 
for several temperatures near T,. Data at small neg- 
atvefield values show an absence of hysteress. (B) 
Magnetization versus field. normalized to the value 
at 0.5 T, for various temperatures, (C) Normal- 
ized res~stance versus field for La,,,Ca, ,MnO,, 
TI,Mn,O,, and TI, ,Sc,,Mn,O, at the tempera- 
ture where the intragrain contribution is maximized 
for each sample. 

Optical processing with photorefractive polymers depends on achieving high optical 
gain, which depends exponentially on the product of the interaction length and the gain 
coefficient. By use of several polymer layers to increase the overall interaction length and 
a new high-performance photorefractive polymer composite, the overall optical one- 
pass gain becomes as large as a factor of 5. For a two-layer sample placed in an optical 
cavity made with two concave mirrors, spontaneous oscillation due to two-beam cou- 
pling gain was observed. Because only one pumping beam is required, this configuration 
also acts as a self-pumped phase-conjugating mirror with a reflectivity of 13 percent for 
an applied electric field of 75 volts per micrometer, marking a milestone for this growing 
class of optoelectronic materials. 

T h e  photorefractive (PR) effect refers to 
optically induced redistribution of charge in  
a n  electro-ootic material to oroduce a soa- 
tial ~nodulat ion of the  refractive index, or a 
holograin ( I  ). Inorganic crystals shoa~ing 
the  PR effect have been known for more 
than 30 years, and a variety of applications 
for optical storage and processing have been 
suggested (2) .  A n  intriguing new materials 
class, the  PR polymers, are attractive for 
applications om,ing to their ease of process- 
ing and low cost and, since their inception 
in 1991 ( 3 ) ,  many new materials are show- 
ing the  potential for high performance (4- 

Department of Chemistry and Bochemstry, Univers ty of 
Caforna, San Dego, CA 92093-0340, USA. 

6). T h e  design of a PR polymer requires 
cornbining photocond~~ct ivi ty  and optical 
nonlinearitv in  the same material, and to 
achieve thi;, a n  interdisciplinary combina- 
tion of synthetic organic chemistry, nonlin- 
ear optics, and physical characterization is 
reauired 17). T o  illustrate the  desi, 011 strat- . , " 

egy, the  colnponents of the  material used in 
this study are shown in Fig. 1: ( i )  Charge . . 
(hole) transport is providedYby poly(n-vi11;:1 
carbazole) (PVK); (ii) photoinduced charge 
generation at red wavelengths is provided 
by the  f~lllerene CGS (8); (iii) the  electro- 
optic response is provided by the  nonlinear 
optical chrornophore PDCST,  which is ori- 
ented by an  applied electric field; and (iv) 
lowering of the  glass transition temperature 
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T, is provided by the plasticizer BBP. T h e  
optical properties of this material, denoted 
PVK:PDCST:BBP:C,,, have been reported 
recentlv 19). All PR uolvmers contain the  , ~ ,  
essential filnctiona1it;es discussed i n  ( i )  to 
iiii). either as douants or as moieties co- ~ , ,  

valently attached to a colnlnon backbone 
(10).  

O n e  optical effect particular to  PR ma- 
terials is two-beam couulino, in which two . ", 

coherent laser beams intersecting inside the  
material exchange energy; that is, one beam 
is amplified and the other is attenuated 
(Fig. 2A) .  T h e  sample may be thought of as 
a n  optical transistor, in which a pumping 
beam ( the  power supply) loses energy while 
a signal beam (for example, the base cur- 
rent) is amplified by a multiplicative gain 
factor g upon passage through the  sample. 
This arnulification effect relies in a n  essen- 
tial way o n  the  nonlocal nature of the index 
modulation, which is suatiallv d i s~ laced  
with respect to the opticai interference pat- 
tern inside the material; such nonlocal grat- 
ings are distinctive f e a t ~ ~ r e s  of PR materials 
(1 1 ). T h e  srnall signal gain factor g is given 
by g = exp( rL) ,  where L is the  interaction 
length and r is the  gain coefficient. This 
exponential growth is similar to that which 
occurs in  a laser material, but in  PR poly- 
mers there is n o  stimulated emission. onlv , , 
energy transfer from the  pumping beam. 
Many optical processing applications that 
rely o n  large two-beam coupling gain have 
been urouosed and demonstrated, such as 

L L 

machine learning in neural networks, 11ov- 
elty filters, and flip-flops (1 2) .  Until  now, 
these applications have been restricted to 
the  large gain inorganic PR crystals such as 
barium titanate. Recently, however, poly- 
mer colnposites with two-beam coupling 
gain coefficients in  the range r - 200 cm-l 
(4, 6, 9 )  have been reported (for applied 
electric fields o n  the  order of 100 V/pm) ,  
and these values exceed the  largest r values 

PVK PDCST 

'60 BBP 

Fig. 1. Sample components: charge-transportng 
network poly(n-v~nyl carbazole) (PVK), nonlinear 
optical chromophore 4-piperidinobenzylidene- 
malononitrle (PDCST), the fulerene C,,, and the 
liqud plasticizer buty benzyl phthalate (BBP). 

for inorganic crystals by an  order of magni- 
tude or more. However, the  actual gain g 
has been limited by small sample thickness- 
es (typically L = 100 p m )  and by the  large 
electric fields that  need to be applied. W h a t  
is needed for practical applications is TL >> 
1. W e  now show that by cascading multiple 
thin-film polymer samples in a simple cav- 
ity, the  total optical gain can be made to 
overcome the  total optical losses, resulting 
in  spontaneous oscillation (13).  T h e  con- 
figuration may also be regarded as a self- 
pumped phase-conjugate mirror as de- 
scribed below. 

T h e  concept of using layered structures 
of holographic films to increase the  effec- 
tive material thickness has been suggested 
previously, first for static hologralns (14) 
and rece~ltly for PR hologralns for storage 
(15).  I n  such stratified volume holographic 
optical elements, the  diffraction efficiency 
and angular selectivity were strongly depen- 
dent 011 the  number of layers, their thick- 
ness, and the  interlayer spacing. W e  now 
show that the  same multilayer approach can 
be adopted to increase the  TL product dur- 
ing two-beam coupling in  a PR material. 
For this case, the  theoretical analysis is even 
simpler. Two-beam coupling is a culnulative 
effect, so a signal beam passing through 
each layer will be amplified by the  same 
factor independent of whether or not  any 
other layers are active (provided there is n o  
pump depletion). In  particular, the  inter- 
layer spacing is n o  longer critical. 

T o  demonstrate this principle, we per- 
formed two-beam coupling experilnents o n  
samples consisting of 140-pm-thick films of 
the  high-performance polymer composite 
PVK:PDCST:BBP:C60 (9)  sandwiched be- 
tween I .  I-mm-thick glass slides coated with 
indium tin oxide ( ITO) .  Multilayer struc- 
tures can be easily made by sandwiching 
several such samples together. In  most PR 
polymers, a n  applied electric field is essen- 
tial t o  assist in  charge generation, transport, 

Fig. 2. (A) The expermental geom- 
etry, which used p-polarized 676- 
nm light from a Kr- ion laser The 
beam rat10 was p = /,/I2 = 1000 
and the total ~ntensity I, = 250 mW/ 
cm2 All layers had a thickness of 
140 pm and an absorption coeffl- 
cent at 676 nm of a: = 8 cm-I The 
colmated s~gnal beam was nci- 
dent at 0, = 30' w~th a beam diam- 
eter of d2 = 2 mm For the pump 
beam, 0, = 60' and dl  = 5 mm. (B) 
Two-beam coupling g a r  in a sngle 
sample (I), a two-layer stack (C), 
and a three-layer stack (A) of the 
polymer compos~te PVK:PDCST, 
BBP C,,: symbols represent the 
measured data and the curves a 
model fit (16) 

and establishlne~lt of the  second-order op- 
tical nonlinearity by poli~lg of the  chro- 
mophores. Figure 2A illustrates the  experi- 
mental arrangement for a three-layer sam- 
ple for which a pump (beam 1)  and a signal 
(beam 2) interfere inside the  PR polymer 
structure. All  of the  layers can be connected 
to the  same power supply to provide the  
applied external electric field Eo, or the  
individual lavers call be "activated" seoa- 
rately by a p ~ l y i n g  separate voltages. ?he 
total gain (symbols) as a function of Eo in 
one-, two-, and three-layer samples is 
shown in  Fig. 2B. A t  the  highest Eo studied, 
(single pass) srnall signal gains as large as a 
factor of 5 were observed. Fields LID to 120 
V / p m  have been applied to similar samples 
(9) ,  but because our multilayer sandwich 
was not  carefillly designed to avoid electri- 
cal breakdown, we chose to use lower fields 
for this study. T h e  observed increase in gain 
with the  number of layers is in  very good 
agreement with the  increase due to  a two- 
and threefold increase in the  interaction 
length; that is, the  gain for an  N-layer stack 
of identical samples is gN = (gl)N, where gl 
is the  single sample gain (1 6, 17).  

A few considerations are relevant when 
extending the concept to larger stacks. T h e  
maximum possible number of layers mrill 
ultimately be dictated by the  experimental 
geometry and the  need to overlap the  in- 
teracting beams throughout the  whole 
length. Performance can be improved by 
increasing the  ratio of active to inert mate- 
rial (redLYcing the  thickness of the  coated 
glass slides), and the  reflection losses can be 
reduced by using index-matching gel be- 
tween the  individual samnles. Alternative- 
ly, one could use glass slides wlth I T 0  
coating o n  both  sides. Thls would have the  
advantage both of eliminating the  need for 
index matching fluid and decreasing the  
thickness of the  sample. For materials with 
large trap densities in  which the  counter- 
propagating geometry is used, the  only limit 
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on the thickness of the stack would be the 
total absorotion losses. 

With such large optical gains available, 
we constructed a linear cavitv ootical reso- , . 
nator (Fig. 3, inset) using two concave mir- 
rors. The  principle of operation is based on  
a single beam (I , )  that is incident on  the 
sainple and that will invariably scatter light 
in various directions (because of impurities 
and material im~erfections). Those weak 
beams that are scattered in ;he direction of 
large gain (here, into smaller angles of in- 
cidence) will be amplified due to two-beam 
coupling. (The direction of energy transfer 
was previously fixed by the choice of optical 
polarization and the polarity of the applied 
electric field.) Of all the amplified scattered 
light beams, ollly the beam in the mirror 
cavity will undergo successive amplification 
due to optical feedback. Using a two-layer 
sainple and by increasing the gain (by in- 
creasing E, above a threshold of -45 V/ 
pm) ,  we easily observed the spontaneous 
formation of a cavlty beam by eye on  a time 
scale on the order of seconds. F~gure 4 
shows an example of the temporal evolu- 
tion of the transmitted pump beam IT (dot- 
ted line) and the resonator beam I? (dashed 
line, as measured by recording its reflection 
off the sample) at E, = 65 V / p n .  When 
the pump beam, 11, is turned 011 at t = 1 s, 
the cavity oscillation as measured by 1; 
grows ouicklv to its steadv-state value in 
about i s with a concurrdnt drop in the 
intensity of the transmitted signal beam to 
10% of its initial value. 

A "phase-conjugate" beam, I, (Fig. 4 ,  
solid line),  appears co~unterpropagating to 
the incoming pump (Fig. 3, inset), and 
this beam is delayed slightly from that of 
the cavitv oscillation, but reaches a steady 
state in about the same time. T h e  physics 
resuonsible for the amearance of this 
beam requires explanation. Optical phase- 
conjugation has fascinated scientists for 
almost 50 years (1 8). Popularly referred to 
as "time reversal," a phase-conjugate (PC)  
replica of an optical beam will propagate 
through space with the complex conjugate 
phase of the original beam, which may be 
viewed as propagation backward in time. 
Thus, the P C  of an expanding beam, for 
example, is a focusing beam propagating in 
the opposite direction, and any distortions 
of the optical wavefront experienced by 
the initial beam will be removed when its 
PC traverses back through the aberratillg 
medium (1 9) .  T h e  potential applications 
are many, including the transmission of 
undistorted images through optical fibers 
(or the atmosphere), lensless imaging 
down to submicrometer-size resolution, 
optical tracking of objects, phase locking 
of lasers, refreshing of holograms for long- 
term optical storage, optical interferome- 

try, and image processing ( 1 ,  2, 20). 
Phase conjugation is produced when 

two counterpropagating pump beams in- 
tersect ill a nonlinear material; a third 
beam incident will generate its PC replica. 
T h e  early de~nonstrations of phase conju- 
gation used a time-cons~uning process of 
holographic recording, development, and 
reading with carefully aligned counter- 
propagating plane reference waves. Subse- 
quently, dynamic (real-time) phase conju- 
gation was demonstrated with stimulated 
Brillouin scattering (21 ) and four-wave 
mixing in a nonlinear optical material 
(22) .  A major advance was the develop- 
ment of the self-pumped phase conjugator 
(SPPC) (23) ,  which required a PR mate- 
rial, This device does not require a pair of 
external optical pumps, but instead derives 
the necessary counterpropagating pump 
beams directly from the beams l2 and I3 in 
a PR cavity oscillator (Fig. 3 ,  inset). Thus, 
our PR polymer-based oscillator should 
automatically act as a SPPC, and the beam 
1, should appear after the cavity oscilla- 
tion is established (Fig. 4, solid line). The  
PR polymer sample with its two external 
mirrors is said to  act as a SPPC mirror. 

Figure 3 shows the measured PC reflec- 

tivity R for a two-laver PR polymer stack, 
defined by I, = RI1? As E, is increased, 
the two-beam coupling gain increases rap- 
idly until it reaches a threshold value for 
thd onset of cavity oscillation and phase 
coniueation. Above the threshold, the 

J - 
two-beam coupling gain exceeds the total 
optical losses of about 40% experienced by 
the cavity beam for one complete pass. As 
E _  is increased further, the P C  reflectivitv 
ir;'creases steadily, reaching a value of 13% 
at 75 V/pin. This behavior is in good 
qualitative agreement with the full theory, 
including the effects of absorption and 
high modulation depth (24). Furthermore, 
the PC reflectivitv is virtually indepen- 
dent of the intensity of the incident beam 
(open circles and solid triangles), as ex- 
pected from the standard theory of the PR 
effect (9,  17). For comparison, reflectivi- 
ties near 80% have recently been achieved 
with some inorganic crystals (BaTi03,  
KNbO,, and KTa,_, Nb,03), with growth 
times ranging from 10 to 500 s under 
similar conditions 12 ). ~, 

Several considerations  underlie the oper- 
ation of the SPPC. First. the SPPC is self- 
starting, but with a noticeable delay time 
governed by the amount of scattering and 

Fig. 3. Self-pumped PC reflectiv~ty 20 
R as a functon of E, for a two-layer 
sample of PVK:PDCST:BBP,C,, 
for an incdent intensty of I ,  = 180 
mW/cm"A) and 90 mW/cm2 (O) :? 
No phase conjugation was ob- 
sewed below the threshold of -45 = 
V/pm. (Inset) Experimental ar- 

A 

A 3 
rangement for the linear cavity os- & 
ciator A single pumping beam, I , ,  3 

is ~ncident on the sample S at an 5 

, , $ Is = .: , 

angle of 50" and is partially reflect- P ed, I,, and transmitted, I,. When the g 
electric fleld exceeds a threshold n 
value, the resonator beams, I ,  and o 10 20 30 40 50 60 70 80 
I,, will be set up at an incident angle 
of 28" between the cavity mirrors E, (Vl,um) 

(M) spaced 50 cm apart with a ra- 
dius of curvature of 100 cm. As described in the text, a PC beam I ,  w be generated. 

Fig. 4. Temporal evolution of the 
I ' 
, I  transmitted beam I ,  (dotted line), 
I ' 
I ' the resonator beam I ,  (dashed line), 
, a IT and the PC beam I ,  ( sod  n e )  for E, 
I '  ' 

= 65 Vlpm and I ,  = 180 mWl/cm2, 
with the configurat~on of F I ~  3, in- 

:\\ -A- set, peak / ,  value and / ,  of are /,, and normalized / ,  is scaled to the for 

: ;f clarity. 

i I 

0.0 4 
0 5 10 15 20 
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the  magnitude of the gain. Thus, the  delay 
time of -0.5 s observed in Fig. 4 increases to 
12 s at E, = 46 V/pin. Furthermore, the use 
of additional polymer layers will not decrease 
the threshold for oscillation noticeably un- 
less an  index-matching liquid is used to re- 
duce the reflection losses accordingly. Once 
oscillation has been achieved, however, the 
P C  reflectivity will increase significantly 
faster with EL, for a larger multilayer stack. 
Finally, predicting the threshold for oscilla- 
tion or the value of R from measurements of 
tw o-beam coupling galn is not a simple mat- 
ter. Recent work has shown that these ~ o l v -  

L ,  

mers benefit from gain enhanceinent due to 
very slow motion of the index eratine, which - - 
lnealls that the cavity beam is expected to be 
frequency-shifted from the pumping beam. 
This complicates the theoretical analysis to a 
level beyond the scope of this report (25). 
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Formation of a Silicate 5 Phase with 
Continuously Adjustable Pore Sizes 

K. M. McGrath, D. M. Dabbs, N. Yao, I. A. Aksay, S. M. Gruner* 

The lyotropic L,  phase was used as a template to form nanoporous monolithic silicates 
with continuously adjustable pore sizes. The monolith was optically isotropic and trans- 
parent with a nonperiodic network. The pore size was adjusted by a change in the solvent 
volume fraction rather than by a change of the surfactant. Unlike other silicates, the 
bicontinuous pores were water-filled; removal of surfactant was not necessary to access 
the pores. Measured characteristic dimensions were from six to more than 35 nano- 
meters. For a given solvent fraction, x-ray scattering indicated little variation of pore 
widths, in marked contrast to the polydisperse pores of aerogels. 

S i n c e  the  demonstration that surfactants 
could be used in the  fabrication of silica 
inesophases ( I ) ,  ainphiphiles have been 
used to produce inorganic materials with a 
variety of lnesomorphic structures, includ- 
ing lamellar, hexagonally packed tubular, 
and cubic forms (2-1 2).  Surfactant-induced 
assembly of inorganic structures is now rec- 
ognized as a way to  make novel llanoporous 
materials with larger pore sizes than was 
previously possible. However, techniques 
developed thus far have limited capability 
to produce very large pores of a predeter- 
inined size. Here we describe the  synthesis 
and characterization of a new, random, bi- 
continuous silicate mesomorph for which 
predetermined pore sizes, over a very large 
size range, may be obtained. 

blost procedures for forming meso- 
porous silicates rely o n  the  micelle-form- 
ing properties of a surfactant, typically a t  a 
low surfactant concentration. T h e  addi- 
t ion of a n  inorganic precursor, such as a n  
alkoxysilane, leads to association and  co- 
assembly into a mesophase precipitant 
whose structural dimellsions are con-  

trolled by the  surfactant length. Polymer- 
ization of the  inorganic precursor and re- 
moval of the  surfactant results in  a rigid 
silica shell conforming to  the  structural 
shape of the  mesophase. However, t he  use 
of dilute surfactant solutions limits the  
ability to predict the  topology of the  ine- 
sophase. Also, the  typical product of the  
orocess is a oowder of micrometer-sized 
particles, thereby limiting uses in filtra- 
t ion, optical, or  electronic applications, 
where large-area th in  films or  large uni- 
form lnonoliths of material are reauired. 
Finally, t he  pore volume is filled with 
surfactant: that  is, t he  surfactant must be 
removed before the  pores can  be accessed. 

These difficulties mav be oartiallv avoid- , & 

ed by the  use of high-concentration surfac- 
tant systems in which either the  inorganic 
precu;sors minimally perturb a 
surfactant-water liquid crvstalline (LC) 
structure or the  LC nature of the  system 
may be recovered under appropriate exper- 
imental conditions. as sho\vn bv Attard et 
al. (6). Also, because the  inorganic precur- 
sor does not  precipitate out of solution, the  
resultant material conforms to the shape of 
the container in  which it forms, thereby 
allowing fahrlcatlon of large monol~ ths  of a - 
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