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absorption gratings arc =~ 10 times smaller than the index gratings, and (ii) the phase shift of the
index grating is near 90°, which cannot occur via photochromism, heating, or any other process
except photorefractivity.
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ABSTRACT: This paper describes the properties of a new class of materials
exhibiting the photorefractive effect, doped nonlinear organic polymers.
Photorefraction (at 647.1 nm) was established by a combination of hologram
erasability, correlation with photoconductivity and electro-optic response, and
enhancement by external fields in numerous samples (178 to 533 um thick) of
two nonlinear epoxy materials doped with hole transport agents based on
p-diethylaminobenzaldehyde-diphenyl hydrazone  (DEH). Diffraction
efficiencies up to 0.1% were observed at bias fields near 100 kV/cm. A useful
property of these materials is that poling of the nonlinear chromophores is
partially reversible, permitting partial control of the grating readout
independent of the space-charge field formed. The polarization anisotropy of
grating readout is consistent with the photorefractive mechanism. Two-beam
coupling measureiments of hoth absorption and index gratings show (i) the
absorption gratings are ~ 10 times smaller than the index gratings, and (ii) the
phase shift of the index grating is near 90°. which cannot occur via

photochromism, heating, or any other process except photorefractivity.




Photorefractivity in doped nonlinear organic polymers

W. E. Moerner, C. Walsh, J. C. Scott, S. Ducharme’,
D. M. Burland, G. C. Bjorklund, and R. J. Twicg

~ IBM Rescarch Division, Almaden Research Center
K95/801, 650 Ilarry Road, San Josc, California 95120-6099

ABSTRACT

This paper describes the properties of a new class of matcrials exhibiting the photorefractive
cffect, doped nonlincar organic polymers. Photorefraction (at 647.1 nm) was established by a
combination of hologram erasability, correlation with photoconductivity and clectro-optic response,
and enhancement by extcrnal fields in numecrous samples (178 to 533 um thick) of two nonlincar
cpoxy materials doped with hole transport agents based "on p-dicthylaminobenzaldehyde-diphenyl
hydrazone (DEH). Diffraction cfTiciencics up to 0.1% were obscrved at bias fields necar 100 kV/em.
A uscful property of these materials is that poling of the nonlincar chromophores is partially re-
versible, permitting partial control of thc grating rcadout independent of the space-charge ficld
formed. The polarization anisotropy of grating readout is consistent with thc photorcfractive me-
chanism. Two-beam coupling measurcments of both absorption and index gratings show (i) the
absorption gratings are ~ 10 times smaller than the index gratings, and (i) the phase shift of the
index grating is near 90°, which cannot occur via photochromism, heating, or any other process’
except photorefractivity.

1. INTRODUCTION

The photorefractive (PR) effect occurs in certain materials which both photoconduct and show
second-order optical nonlincarity (IYigure 1). The cffect arises when charge carriers, photoexcited
by a spatially modulated light intensity, scparate and become trapped to produce a nonuniform
space charge distribution. The resulting space-charge ficld then modulates the refractive index via
the electro-optic cffect to creatc a phasc grating which can diffract a light bcam. The ingredients
necessary for producing a PR phasc hologram arc therefore: photoionizable charge generator,
transporting medium, trapping sites, and dependence of the index of refraction upon space-charge
ficld. Since the first obscrvations of this cffect in LiNbQO; in 1967', many detailed theoretical and
experimental studies of the cffect have occurred,? and a varicty of novel applications have been
proposed, including high density optical data storage. many image processing techniques, phase
conjugation, beam fanning limitcrs, sirnulations of ncural nctworks and associative memorics, and
programmablc intcrconnection.

The PR cffect, as defined, is distinct from the many other possible mechanisms of forming
gratings in optical materials, such as« photochromism, thermochromism, hcating, excited states,
conventional ™, and so forth?. In any rcport claiming photorcfraction in a new material, the do-
minance of the PR proccss over these many other processes must be conclusively proven. This is

.



crucial, because many of the novel applications of photorefractives ¢ follow from the nonzero grating
phasc shift and the nonlocal nature of the interaction of the material with the light beam.

Until very recently, all materials showing the PR cffect have been inorganic crystals?. For in-
organic crystals, it is wcll-known that the diffraction figurc-of-merit n’ref/e (where n is the optical
index, rer is the cfective clectro-optic cocfTicient, and ¢ is the dc dielectric constant) does not vary
much rom material to material, which is a rcsult of the fact that thc optical nonlinearity is driven
chiefly by the large ionic polarizability. For organic nonlincar matcrials, however, large clectro-optic
cocfTicients are not accompanicd by large DC diclectric constants, thus a potential improvement in
performance of up to a factor of ten is possible with organic photorcfractives®.

Recently, the PR effzct was obscrved in a carefully grown nonlinear organic crystal COANP
doped with TCNQ 7. The growth of high-quality doped organic crystals, however, is a very difficult
process because most dopants are cxpelled during the crystal preparation. Polymeric materials, on
the other hand, can be doped with various molccules of quite different sizes with relative ease.
Irurther, polymers may be formed into a varicty of thin-film and waveguidc configurations as re-
quircd by the application. A report of a photoconducting clectro-optic polymer film with impressive
photoconductivity has appecarcd®, but no PR gratings werc rcported.

The first polymeric photorcfractive material 5.9 was composcd of the nonlincar, epoxy polymer
bisphenol-A-diglycidylether 4-nitro-1,2-phenylencdiamine (BisA-NPDA) ' made photoconductive by
doping with the hole transport agent dicthylamino-benzaldehyde diphenylhydrazone (DEIT). This
paper summarizes the propertics of this material and scveral other combinations of nonlincar po-
l[ymers and charge transport agents that we have found to show the PR cfTect using a combination
of measurements of photoconductivity, nonlincarity, holographic grating formation, polarization
anisotropy, and two-bcam coupling phasc mcasurements. [llere we have chosen to use polymers
which contain covalently bound nonlincar chromophores, and to dope them with small-moleculc
transport agents. Sccond-order nonlincarity is achicved by poling, i.c., by aligning the nonlincar
chromophores in an electric ficld. Thus the polymer provides both the charge generation and the
sccond-order nonlincarity; charge transport occurs via the dopant molecules; suitable trapping sites,
although not deliberately added, turn out to be sufliciently abundant in this particular amorphous
medium.

It should be noted that transport molecule doping of a non-lincar polymer is not the only
conccivable approach to the formulation of a PR polymer. Onc might instcad dopc a charge
transporting polymer such as poly(phenylenc vinylenc) with a non-lincar small molccule, or both
species might be made part of the polymer structure. In addition, the PR responsc might be opti-
mized by addition of a morc cfficicnt charge generating dyc or pigment (scnsitizing agent'') and/or
specific trapping sites for the charge carricrs. Another approach alrcady familiar from work on in-
organics '* would be to utilize a x™ polymer in an clectric field to produce the optical
nonlincarity'3. In a fully optimized matcrial, all four of the required functionalitics can be attached
to the polymer backbone. Our carly attempts to achieve the PR effect did employ all four ingre-
dicnts, but since only two arc sufficient, this work concentrates on a morc complcte characterization
of the simpler system containing only the nonlincar polymer and thc charge transporting agent.
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This paper rcports results on four combinations of two different nonlincar polymérs and three
hole transport agents. The polymers (sec [ig. 2) are diglycidy! ether derivatives of bis-phenol-A or
nitroaniline partially crosslinked with nonlincar chromophores which are nitroaniline derivatives.
The molecular dopants are hydrazones, which because of their low oxidation potentials and extended
n-clectron systems, arc hole transport agents.

Most of the data reported in this paper refer to the combination bisA-NPDA/DELI, although
the properties of the other combinations will be summarized in tabular form. “The component ma-
terials 'were dissolved in propylenc glycol monomethyl cther (or its acetate) in various weight ratios
and films cast by either spin or draw-bar coating techniques. IFor the thick (several hundred micron)
films rcquired for decmonstration of grating formation, a special coating technique was used: the
solution was fed drop-wisc onto two hcated 1TO-glass slides, with partial drying between drops, and
dried and cured further for 30 minutes at 95° C when sufficicnt material had accumulated. Then
the two glass slides were pressed together to form a sandwich structurc with transparent clectrodes
on cither side of the polymer. Crosslinking of the cpoxy groups was deliberately limited by ensuring
that the samples never exceeded 95° C. The partial curing and the presence of some residual solvent
allows considcrablc molecular motion, and permits alignment of the nonlinear chromophores by an
cxternal ficld at room temperature. Thus, with sufficient waiting time, it was possiblc to switch on
and off the clectro-optic response.

3. PHHOTOCONDUCTIVITY

Photoconductivity was mcasured by two different teehniques. Iirst, a conventional two-clectrode
sandwich sample was uscd to determine the dc conductivity change resulting from illumination with
a dye or krypton laser®. Second, the rate of decay of a corona-deposited surface charge on a sample
~ § um thick was mecasurcd'®. This second xcrographic mcthod gives a much morc accurate de-
tcrmination of the conductivity at low intensity, and eliminates the possibility of sample heating.
There was no significant difference between the results from the two methods.

First of-all, the photoconductivity incrcases lincarly with light intensity, with exponent
1.0040.03. Sccond, the photoconductivity incrcases very rapidly with concentration ofi DEIIL, up to
10-12(Q — cm)"' per W/em? at 30 weight %, and its spcctral response follows the absorption spec-
trum of the NPDA chromophore. Thercfore, we conclude that NPDA is acting as the charge gen-
crator, with transport occurring, as cxpected, via the DI dopant molecules.

IFigurc 3 shows thc photoconductive sensitivity (a./intensity) of the bisA-NPDA/DEH material
obtaincd by the xcrographic discharge mcthod's. Below 500 nm where the polymer allows light
absorption in only the surface layer, ncgative charging requires clectrons to move through the bulk
of the samplc to .achieve discharge. The greatly. increased photoconductive sensitivity for the op-
posite casc, positive charging, proves that hole transport is much more cfficient than clectron
transport, as cxpccted.

4. SECOND-ORDER NONLINEARITY

The clectro-optic coclTicients of the samples were mcasurcd at low frequencies (10 - 10,000 117)
using a standard Mach-Zchnder interferometer.  The observed response was proportional to the



applied field E, except for a small amount of hysteresis at fields below 5 kV/em. Upon changing
or reversing the applied field, the observed EO response grows nonexponentially, attaining in a
matter of minutes approximatcly 90% of its long-time (i.c. many hours) value as thc nonlincar
chromophores are aligned. The slow time dependence of the observed EQ response confirms that
the source of the nonlincarity is molecular alignment rather than a Kerr cffcct:  Separate measure-

* ment of the Kerr coefficient at twice the modulating frequency yiclded the result that when the DC

ficld is present, the Kerr contribution to our mcasurement of thc clectro-optic cocflicient was on
the ordcer of one percent.

The right ordinate of Figurc 4 shows the stcady-statc Q) response of a 30 wt. % DEIT mixturc
in bisA-NPDA at 632 nm. For cach valuc of applicd ficld, thec chromophore oricntation was allowed
to cquilibrate’ for ~ 5 min. The measured EQ coeflicient (p-polarized, neglecting birefringence)
Tmess = T3y SiN% 4 1y COs2x is a lincar combination of the longitudinal ry, and transverse fy; = ry coel-
ficicnts where the 3-direction is the direction of the applicd clectric ficld (normal to the film plane)
and a = 32.1° (for n = 1.63) is the anglec of propagation within the film.

Though the data of FFig. 4 were mcasurcd on the samec sample, considerable scatter in O co-
clMicients (25 %) was observed duc to samplc inhomogencity. Scparate mcasurcments of samplc
thickness changes 'f revealed that the piczoclectric cocefficicnt dy ~ + 0.2 pm/V, which may contain
a contribution from clectrode attraction, also madc a small (10-30 %) contribution to thc obscrved
O mecasurements. The data in FFig. 4 arc not corrccted for these obscrvations,

5. PHOTOREFRACTIVE GRATING FORMATION

Thus, three of four necessary ingredients for a PR material (absorption, transport, and EO re-
sponsc) can be casily measured in our polymer mixtures. The polymer would be expected to supply
a large density of traps, which may be polymer chain ends or other defects, but there is no guarantee
that these traps will be suitable for the (ormation of an crasablc PR grating, or that .other photo-
chromic processcs which would overwhelm a PR cffect arc not present. The dominance of the PR
efTfect in our materials has been verified by ficld-dependent and polarization dependent volume ho-
lography® using the gecometry of Iligurc 5. Two mutually coherent (Gaussian “writing” beams at
A, = 647.1 nm with cqual intensitics of 13 W/em? were intersected in the sample at incidence angles
of 30° and 60° (in air), respectively, thus producing interference [ringes with spacing A, = 1.6 ym
oriented 25° from the film plane. A third, much weaker, “rcading” beam directed opposite to the
60° writing beam was Bragg diffracted from the grating formed by the writing becams. The d|ﬂ'ract|on
cfMiciency # was recorded as the ratio of diffracted to incident rcading bcam power.

-

The influence of E, on n is shown in Fig. 4, left scale, wherc at cach point the molccular
alignment was allowed to rcach stcady-statc in the ficld for 10 min. The valuc of
7 = (et LGE,.[24,)? increases rapidly with [, through increascs in both the PR space-charge ficld

Ii.. and the FO response n'r,,, where 1. = 356 um and and G is a polan7at|on and gcomctncal
factor cqual 10 0.86. The PR space-charge ficld in the standard model 2 '7 i »
I‘d + L
I = - . )

‘8C

(14 B) 4 B(1, /15,
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where I, is the component of [, along the grating wavevector, I3 = kKksT/e = 1.0kV/cm and
ke = 2n/A, = 3.9 x 10¢cm-". The insct to Fig. 4 shows # divided by (n*fmes)?, Which should be pro-
portional to EL The solid linc is a lcast-squares fit to I’q. | with two adjustable parameters: an
overall multiplicative factor of =~ 2.5 and B = 0.034 which yiclds the effective density of photore-
fractive traps N, = k3ee.koT/Bc? = 1.9 x 10cm-* (¢ = 2.9). The fit provides a good description of the
shape of the experimental data, even though one might expect that a more complicated ‘model in-
cluding gcminate rccombination or othcr dctails of the ficld dependence of charge gencration and
mobility might be required in this material'®, The maximum [, rcached, at an applied field of 126
kV/cm, from Iiq. | is 26 kV/cm, a valuc which is larger than is generally attainable in inorganic
PR matcrials. Clearly, the low diclectric constant of the polymer allows a larger field for the small
trapped charge density N,, than might be possible in inorganics. The low values of #, on the other
hand, are to be expected due to the short optical path lengths and rclatively small EQ cocflicients
of this particular polymer (scc below).

To further cstablish that the observed gratings werc indeed photorefractive in origin, we recorded
gratings at large applicd voltage, removed the writing beams, and obscrved the diffracted signal as
the applied voltage was altered, with typical results shown in [ig. 6. ['rom a to b, the grating was
recorded for 2.5 min. in a ficld of -84.3 kV/cm which had been applied long in the past.. The
fluctuations in the signal as it riscs to its stcady-statc valuc arc duc to slow changes in the opticat
paths of the writing beams. At b, both writing bcams and the applied ficld were switched off re-
sulting in a rapid decrease in the signal. We attribute this to initial rclaxation of the chromophore
alignment, without loss of the spacc-charge (cxcept for the slow crasure-by the much weaker reading
beam), because the signal returns upon application of ‘a ficld of cither sign (c and d in Fig. 6).
The dynamics for signal rccovery arc consistent with that required for reoricntation of the nonlincar
chromophores and arc far slower than the charging time of the circuit, thus ruling out strong Kerr
effect contributions. At e, onc of the writing beams was turned back on to erasc the space-charge
field in a time of order 30 s, which should be compared with the dark lifetime of order 500 s, limited
by the dark conductivity of the material. Thus, Fig. 6 cstablishes the rclative independence of
spacc-charge formation and crasure from the molccular alignment whosc only purposc is to permit
readout, and reinforces the interpretation in terms of a photorcfractive mechanism. Further, we
remark that an external ficld is required for the generation of a detectable diffraction grating; at-
tempts to write a grating in zcro ficld and then read out with a ficld applicd produced no detectable
signal. The gratings can be crascd multiplc times, most rcadily in an applied ficld with uniform il-
lumination.

6. POLARIZATION ANISOTROPY

Further evidence for the PR mechanism may be obtained from the polarization anisotropy during
readout. After writing with both becams p-polarized or both hecams s-polarized, one may consider
how the diffraction efTiciency depends upon the polarization of the rcading beam. For the general
case of oblique readout from tilted PR phasc gratings'?,

| S
‘ an'riyligd sin 0
Ny = smz = 112 (2)
24(cosa,cos )
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; . a] mnrerlE,d cos 20

Mp = Sin Sl ";2 (3)
22 cos a, cos 0,)

with d the sample thickness, 0, the angle between the grating wavevector and the film plane, 0, the
incidence angle for beam |1, a, the incidence angle for beam 2, and 20, the full angle between ‘beams
I and 2, all in the material. The effective EO cocfMicient (or p-polarized rcadout is

rer = ry3[ cos 8, sin(a, + 0,) + sin 0, cos a,, cos 0,3 + 133 5in 0, sin a, sin 0, @)

Using the standard cstimate for weak poling with lincar chroniophores rafriz=3, the ratio
ne/n. ~ 8.1 for external incidence angles of 30 and 60°. We measurc a polarization anisotropy of
~ 6+ 2, in reasonable agreement.

7. TWO-BEAM. COUPLING AND GRATING PHASIE MEASUREMENTS

Fmal concluewc cvidence for the observation of thc PR cfTect is provided by two-beam coupling
measurements of the amplitude and phasc of both the absorption and index gratings present alter
irradiation. While many mcthods have been proposcd for PR grating phasc mecasurcments, the work
of Sutter ct al. is particularly uscful’, and we follow their approach herc. The experiment involves
writing a grating with two equal-intensity writing becams with two dectectors mcasuring the trans-
mitted intensity of the writing bcams. Aftcr grating formation, the sample itscll is translated lat-
crally, moving the absorption and index gratings present in the material across thc interference
pattern formed by the two writing beams in a time short compared to the writing time” The two
diffracted beams interferc with the transmitted beams, providing a characteristic modulation of the
power reccived at cach detector. A key feature of this mcthod is that while the diffraction efficiency
of the grating may be 10-4, the amplitude variations of cither bcam are much larger, 10-2, since
homodyne detection occurs automatically. The transmitted powers are given by

Py~ 1 =2A cos(dp + kpx) — 2P sin(dhys + k.X) (5)

Py~ 1= 2A cos(thy + kgx) + 2P sin(dhp+ kgX) (6)

1

with A, ¢, the amplitude and phasc of the absorption and P, ¢, the amplitude and phasc of the
index grating.

Mcasurements of this sort on bisA-NPDA/DEH 29 show that all gratings obscrved arc predom-
inantly index gratings. When measurable, the absorption grating is ~ 10 times smaller than the
phasc grating. At high ficld, the phase of the index gratings approach n/2 as would be expected
from the standard photorefractive model?":

] m(li, + ifZy)
phase(li,) = Phasc[ T T T, (7)

Using the valuc of B =I/Ii, from Section 5, an estimate for the trap-limited space-charge ficld
I5,~29.4 kV/cm may be derived. Figure 7 shows a plot of Fq. (7) (solid linc) along with mcasure-
ments of the index grating phase for a sample of bisA-NPDA/DIEIL  The data lollow the general
trend of [iq. (7) with an ofTset that may be due to the limitations inhcrent in applying the standard
photorefractive model to this organic material. In any case, the obscrvation of index gratings offsct
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by = 90% conclusivcly verifies that the material is indeced photorcfractive, as no other phcnomenon
can producc‘ this nonlocal effect without the application of alternating clectric ficlds.

8. GENERALITY AND HIGHER EFFICIENCY PHOTOREFRACTIVE POLYMERS

Preliminary results for scveral other material combinations are shown in Table 1 (30 samples).
In cach casc, sample inhomogencity and partial crosslinking contributed to the range of measured
valucs.

Material bisA-NPDA bisA-NPDA bisA-NPDA | NNDN
Property [DEH [DENTI /DECH -NAN/DEI
oph, units 107721 0.06-12.0 0.02-0.7 0.33 0.2-2.8
(Q—-cm)™}
W [ cm?
n¥rmeas (PM/V) 0.1-5 0.2-1 0.15-1.2 1.4-17
n 5%1077 to 4% 107% to 9 % 10~° 1.2%x 1073 to

5% 1073 10-3 A 1x1073,
at ficld (kV/cm) 125 110 110 85

Tablc |

Of particular interest is the polymer NNIDN-NAN, which (caturcs a higher concentration of
nonlincar moeities and hence a higher nonlincarity'®. Figurc 8 shows the dependence of the holo-
gram difTraction cfTicicncy upon applicd clectric ficld for NNDN-NAN/DEI. The curve is similar
in shape but larger in magnitude compared to that for bisA-NPDA/DEH. It is clear from thesc
results that a wide varicty of polymeric’ photorcfractive matcrials may be fabricated. Ilowever, as
stated above, in cach casc it is nccessary to prove that any gratings observed result from a true PR
cfTect.

9. CONCLUSION

Several of the details of the PR mechanism must be different in these organic polymers than in
the inorganic crystals studied most extensively to datc?. Charge gencration is expected to be highly
field-dependent, and an Onsager'™ or other charge gencration modcl must be considered for appli-
cability. The mobility in thesc materials is rclatively low (c.g., DEIT in polycarbonate resin has a
mobility of 10-7 to 10-% cm?/Vs for this concentration range at room tempcraturc??) and may sct a
limit to the speed of response, although other conjugated polymers can have quite high
mobilities®. The propertics of these materials can be enhanced by the addition of traps and/or
charge- generation agents.  FFinally, we have taken advantage of the ability to turn the polarization
on and off in a material with low glass transition temperature. The resulting dipolar relaxation
process is highly dispersive. TFor most applications, it would be preferable to freeze in permancnt
polarization by fully curing the cpoxy in the dark in the presence of an clectric ficld'® or by using
other nonlincar polymer bindcers poled above a high glass transition temperature.



With the large variety of possible variations in composition of PR polymers that may be envi-

sioned, the ultimate limitations of organic polymers as PR materials cannot be established at this
time. Only by careful scientific study of thc performance and of the microscopic mechanisms can
the future utility of this new materials class be established. In any case, it is certainly clear that
other cxamples of PR polymers will soon be forthcoming from many locations around the world.

10. ACKNOWLEDGEMENT

The authors gratefully acknowledge the synthetic support of B. Reck. This work was supported
in part by the U. S. Office of Naval Research. ‘

11. REFERENCES

"Present address: Department of Physics, University of Ncbraska, Lincoln, Nebraska

I
2.

oA

I1.
12.
13.
14.
15.--
16.
17.

18.

19.
20.

S0P NR

FF. S. Chen, J. Appl. Phys. 38, 3418 (1967). .

Sce P. Gunter and J.-P. lluignard, cds., Photorefractive Materials and Their Applications I &
11, (Springer Verlag, Berlin 1988,9). _

H. I. Eichler, P. Giinter, and D. W. Pohl, Laser-Induced Dynamic Gratings, Springer Scries
in Optical Sciences, Vol. 50 (Springer, Berlin, cidelberg, 1986).

J. Feinberg, Phys. Today 41, 46 (1988). :

S. Ducharme, J. C. Scott, R. J. Twicg, and W. ki, Mocrncr, Postdcadlinc Paper, OSA Annual
Mecting, Boston, MA, November 5-9, 1990.

- K. Sutter, J. Hullinger, and P. Gilinter, Sol. St. Commun. 74, 867 (1990).

K. Sutter and P. Glinter, J. Opt. Soc. Am. B 7, 2274 (1990).

J. S. Schildkraut, Appl. Phys. Lewr. 58, 340 (1991).

S. Ducharme, J. C. Scott, R. J. Twicg, and W. I:. Mocrner, Phys. Rev. Lett. 66, 1846 (1991).
M. Eich, B. Reck, D. Y. Yoon, C. G. Willson, and G. C. Bjorklund, .J. Appl. Phys. 66, 3241
(1989).

D. M. Sturmer and 1. W. llescltine, in The Theory of the Photographic Process, 4th’ed., T.
1. James, ed. (Macmillan, New York, 1977), pp. 194-234.

A. Partovi, A. Kost, E. M. Garmirc, G. C. Valley, and M. B. Klein, Appl. Phys. Lett. 56,
1089 (1990).

0. M. Gelsen, D. D. C. Bradley, iI. Murata, T. Tsutsui, S. Saito, J. Rithe, and G. Wegner,
Synth. Met. 41, 875 (1991).

D. Jungbauer, B. Reck, R. Twieg, D. Y. Yoon, C. GG. Willson, and 1. D. Swalen, Appl. Phys.
Lett. 56, 2610 (1990). .

1. C. Scott and W. .. Mocrner, to be published.

S. Ducharme, J. Feinberg, and R. Ncurgaonkar, IEEE J. Quant. Electron. 23, 2116 (1987).
J. Feinberg, D. Heiman, A. R. Tanguay, Jr., and R. W. Hellwarth, J. Appl. Phys. S1, 1297
(1980); J. Appl. Phys. 52, 537 (1980).

A. Twarowski, J. Appl. Phys. 65 2833 (1989), derived the [, expected in the case of Onsager
geminate rccombination, with a ficld-independent mobility.

1. Kogelnik, Bell Syst. Tech. J. 48, 2909 (1969).

W. Ii. Mocrner and €. Walsh, to be published.



2. G. C. Valley and J. F, Lam, in Photorefractive Materials and Their Applications I, P, Gtinter

and I.-P. Huignard, cds., (Springer Verlag, Berlin 1988), p. 84,
22.0 J. X. Mack, 1..-B. Schein, and A. Peled, Phys. Rev. B 39, 7500 (1989). . -
23. 37 Obrzut, M. J. Obrzut, and F. E. Karasz, Synth. Met. 29, 13103 (1989).

The Photorefractive Effect

Fig. 1. Illustration of photorefractive
grating formation.

Iig. 2. Polymers and transport mole-
cules used in this work. ‘T'he nonlincar
polymers.-arc (A) bisA-NPDA, (B)
NNDN-NANM,  Crosslinking occurs
at the multifunctional amines. The
transport molecules are (C) DEH, (1),
DENH, and (I¥) DECH.
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Fig. 5. Geometry for hologram re-
cording. For definitions of thc angles
uscd, sce text,

FFig. 6. Effect of applicd ficld on grat-
ing rcadout by a wcak rcading bcam:
a-b) writing the grating in the presence
of a (previously applicd) negative volt-
age;, b-c) writing beams and applicd
voltage turncd off; c-d) positive voltage
applicd; d-¢) ncgative voltage applied;
c+) grating crasurc by onc strong
beam.
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.Fig. 7. Index grating phasc versus ficld component along the grating wavevector. The solid curve
1s generated from IEq. (7), and the points arc measured values for bisA-NPDA/DEITL,
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