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Transient biphotonic holographic grating in photoisomerizative azo materials
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Transient grating of biphotonic holography is studied theoretically and experimentally intrans-cisisomer-
ization azo materials. The theoretical description of the transient biphotonic holographic grating agrees well
with experimental results in methyl yellow-polymethylmethacrylate and ethyl orange-polyvinylalcohol films.
The mechanism of the biphotonic holographic grating in the azo materials can be attributed to the redistribution
of cis isomers induced by both the short-wavelength light and the long-wavelength light, which is confirmed by
the experimental results of polarized biphotonic holography.@S0163-1829~98!11003-2#
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I. INTRODUCTION

There has been a wide scientific interest in photoisom
izative organic materials for the studies on nonlinear op
and photonics applications in recent decades.1 Azo dyes,
which possesstrans-cisisomerization property under irradia
tion at an appropriate wavelength, are among the most at
tive photoisomerizative materials due to their high inher
optical nonlinearities and their abundant nonlinear opti
behaviors.2 These materials are commonly incorporated
ther as guests into different hosts~polymer, liquid crystal!3–5

or as pendant side groups on the polymer main chains6–8 to
form various dye-host systems in order to improve their
tical properties and investigate their suitability for the app
cations in photonic devices. By selecting or tailoring both
dyes and the host molecules, the dye-host systems ca
optimized to the desired effect.9 Many nonlinear behaviors
were observed in these dye-host systems and many nonl
optical techniques, such as degenerate four wave mixing10,11

attenuated total reflection~ATR! experiment,12 photo-
refractive13 and photoinduced anisotropy measuremen14

have been used to elucidate the contribution of azo m
ecules to the nonlinear effects.

Since holographic gratings have potential applications
information storage,15,16 waveguide coupling,17 and
optoelectronics,18 a large fraction of the studies on azo m
terials involved in the holographic gratings and considera
progress have been achieved in this field. The formation
the holographic gratings in the azo materials are mainl
result of the resonance absorption of the dye molecule10

trans-cisphotoisomerization,19 or the photoinduced reorien
tation of trans form molecules.17,20,21The last mechanism is
predominant in the case of the azo chromophores w
strongly interacting groups~donor, acceptor! that contribute
to the increase in both the second-order and the third-o
optical nonlinearities.22,23 The reorientation process involve
the repeatedtrans→cis photoisomerization of the azo chro
mophores and the thermalcis→trans relaxation, resulting
570163-1829/98/57~7!/3874~7!/$15.00
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in the alignment of thetrans azo molecular axes in the di
rection perpendicular to the polarization of incident light24

Therefore, the reorientation gratings depend on the polar
tion of writing interference field. Unlike the resonance a
sorption grating and the photoisomerizative grating,
photoinduced reorientation gratings have a very long li
time, even up to several years,25 after the exciting lights are
turned off. Recently, another kind of holographic gratin
surface relief grating,26–28 was observed in many azo poly
mers by atomic force microscopy. This grating is formed
the surface of a sample and shows a very regularly spa
surface relief structure and does not require any chem
resistance processing. The profile height of the surface g
ing near 900 nm and the diffraction efficiency of over 42
have been obtained in an azo polymer film by Barrett, N
tansohn, and Rochon.29 Some researchers believe that ma
transport plays a role in the formation of the surface grati
however, their mechanism is not very clear at present.

In general, most of the azo molecules undergo isomer
tion, reorientation, and mass transport only with absorbin
blue or green light, which is commonly provided by bulk
laser equipment, such as an Ar1 laser. This limits the appli-
cation of these materials for photonic devices, especially
integrated optical elements. In this paper, we present a
of grating formation process in azo/polymer films, which o
erates under two color lights, a short-wavelength noncoh
ent light from Hg light source and a long-wavelength coh
ent light from a HeNe laser. With this biphotonic method t
recording wavelengths can be extended to about 600 nm
upwards, where most miniature diode lasers can be u
Moreover, the experimental results of the biphotonic grat
could lead to a better understanding of the photoisomer
tion mechanism of the azo molecules.

II. THEORETICAL MODEL

It is well known that the azo dyes have the isomerizat
property under light irradiation and heating. Usually tw
3874 © 1998 The American Physical Society
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57 3875TRANSIENT BIPHOTONIC HOLOGRAPHIC GRATING IN . . .
kinds of isomers,trans andcis, are involved in the isomer
ization process for most of the azo molecules, especially
two-ring azobenzene~mono-azobenzene! derivatives; al-
though some macro azo molecules such as bi-azo molec
may produce intermediate isomer~or intermediate product!,
which is thermally unstable and isomerizes easily to
other two isomers.30 The trans isomer and thecis isomer
have different absorption spectra resulting from their diff
ent structures. Thetrans isomers are much more stable th
cis isomers in natural condition and most azo molecules e
in this form.31 Therefore, the linear absorption spectrum
azo molecules mainly shows the absorption features of
trans isomers and mostly lies in the short-wavelength
gions ~blue-green light and uv!. When thetrans isomers ab-
sorb the short-wavelength light, they isomerize to thecis
form and the maximum of visible absorption band chang
In our experiments presented below, an absorption redsh
obtained. It is suggested that thecis isomers of the azo dye in
polymer films continually absorb the long-wavelength lig
and return to thetrans form. Also, the cis isomers can
isomerize back to thetrans form through thermal process
The isomerization process of the azo dyes can be sim
represented as follows:

trans �
R2,RT

R1

cis,

whereRi is the rate of the photoisomerization,i 51,2 corre-
sponding to the photoisomerizations fromtrans to cis and
from cis to trans, respectively.RT is the rate of the therma
isomerization fromcis to trans. Based on this model, whe
both the short-wavelength and the long-wavelength lights
radiate the azo molecules, we can describe the isomeriza
rate equation as

Ṅ1~ t !52R1N1~ t !1~R21RT!N2~ t !, ~1!

whereN1(t) andN2(t) are the populations of thetrans iso-
mer and thecis isomer, respectively. By a straightforwar
calculation, we obtain

N1~ t !5
~R21RT!N0

R11R21RT
H 11

R1

R21RT

3exp @2~R11R21RT!t#J ,

N2~ t !5
R1N0

R11R21RT
$12exp @2~R11R21RT!t#%,

~2!

whereN0 is the total population of the azo molecules, i.
N05N1(t)1N2(t). In the arrangement of biphotonic holo
graphic experiment described in Sec. IV, the irradiation
the short-wavelength light is noncoherent and uniform on
sample, so thetrans isomers are isomerized uniformly to th
cis isomers in space by the short-wavelength light. The lo
wavelength light comes from a coherent laser, which is fi
divided into two beams and then are incident onto the
sample in a suitable angle. Due to the spatial intensity mo
lation induced by the interference of the two lon
wavelength beams in the sample, the photoisomeriza
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from cis to trans is spatially modulated. As a result, th
population of thecis isomers is also modulated in the az
sample, which forms a population grating. The modula
contrast of thecis population grating is described by

DN2~ t !5S ]N2~ t !

]I 2
DDI 2 , ~3!

I 1 andI 2 are the intensities of the short-wavelength light a
the long-wavelength light, respectively;DI 2 is the modulated
contrast in the interference field of the long-wavelength lig
The diffraction efficiency of the grating is proportional to th
square of the modulated contrastDN2(t). The photoisomer-
izative rate ofRi is related to the incident intensity ofI i ~Ref.
32! as Ri5s if i I i /\v i , where s i is the absorption cross
section of thetrans ( i 51) or thecis ( i 52) isomer,f i is the
quantum yield of the photoisomerization fromtrans to cis
( i 51) or from cis to trans ( i 52), andv i is the angular
frequency of the short-wavelength (i 51) or the long-
wavelength (i 51) light. RT is a constant at a definite samp
temperature. We define Ri /RT5AiI i , where Ai
5s if i /\v iRT , which is determined by the exciting wave
length and the molecular characters of thetrans form and the
cis form. For the different azo molecules, theirAi ’s are dif-
ferent. From Eqs.~2! and ~3!, one can derive

DN2~ t !5
2A1A2I 1I 2N0

~11A1I 11A2I 2!2 $12@11~11A1I 1

1A2I 2!RTt#exp@2~11A1I 11A2I 2!RTt#%.

~4!

This result describes the temporal behavior of the g
ing after both the short-wavelength light and th
long-wavelength light irradiate the sample. Whent50,
DN2(0)50 based on Eq.~4!, it means that the grating ha
not yet formed at the very moment when the two color ligh
are turned on. With the time increasing (t.0), uDN2(t)u is
also monotonically increased. When the timet→`,

uDN2~`!u→
A1A2I 1I 2N0

~11A1I 11A2I 2!2 .

The grating contrast reaches its saturation value. The lea
parts of curves in Fig. 1~a! (t50→0.5/RT) and Fig. 1~b! (t
50→2/RT) show the temporal evolutions of the gratin
(DN2)2 for the different values ofA1I 1 andA2I 2 according
to Eq.~4!. It is found that the saturation valueDN2

2(`) of the
grating increases with the increase ofA2I 2 and reaches its
maximum at eitherA1I 158 or A1I 152 when the condition
of A2I 2511A1I 1 is satisfied. Moreover, Eq.~4! shows that
the larger the values ofA1I 1 andA2I 2 , the faster the grating
builds up.

From the isomerization model and the above discussio
is clear that the short-wavelength light has an important
fect on the buildup of the biphotonic holographic gratin
For the formed grating, it is expected that stopping the ir
diation of the short-wavelength light will affect the develo
ment of the biphotonic grating.

Assume the biphotonic grating has been formed, i.e.,
population of thecis form reaches their saturation valueN2
5R1N0 /(R11R21RT) in the grating region. At this mo-
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ment, blocking the short-wavelength light (I 1), the isomer-
ization process can be described as follows:

Ṅ2~ t !52~R21RT!N2~ t !, ~5!

and the solution is

N2~ t !5
R1N0

R11R21RT
exp@2~R21RT!t#. ~6!

Using Eqs.~3! and ~6!, we obtain

FIG. 1. Theoretical curves of transient biphotonic grating. At
50, both short-wavelength light and long-wavelength light irradi
the azo molecules; at~a! t50.5/RT , ~b! t52/RT , stopping the ir-
radiation of the short-wavelength light. The curves with differe
values ofA2I 2 marked by the right side of the curves are offsett
vertically in each case ofA1I 1 .
DN2~ t !5
2A1A2I 1I 2N0

~11A1I 11A2I 2!2 @11~11A1I 1

1A2I 2!RTt#exp@2~11A2I 2!RTt#, ~7!

where Ai is the same as defined above. Equation~7! de-
scribes the transient variation of the biphotonic holograp
grating after the irradiation of the short-wavelength lig
stops. The latter parts of the curves in Fig. 1~a! (t>0.5/RT)
and Fig. 1~b! (t>2/RT) show the transient behaviors of th
gratings for the different values ofA1I 1 andA2I 2 according
to Eq. ~7!. It is found that removing the short-waveleng
light causes the grating not to reduce immediately, but
enhance first and then to decay. The peak ofuDN2u expressed
as

A1A2I 1I 2N0

~11A1I 11A2I 2!~11A2I 2!
expF 2A1I 1

11A1I 11A2I 2
G ,

is obtained at a time of

t5
A1I 1

~11A1I 11A2I 2!~11A2I 2!RT
1

0.5

RT

for case~a!, and

t5
A1I 1

~11A1I 11A2I 2!~11A2I 2!RT
1

2

RT

for case~b!. Therefore, with the increase ofA2I 2 , the time
for the grating reaching the maximum gets shorter a
shorter; from Eq.~7! it also can be seen that the decay of t
grating following the maximum gets faster and faster. Mo
over, after the value ofA2I 2 increases to a certain value, th
peak of the grating will vanish.

III. SAMPLE PREPARATION AND CHARACTERIZATION

Two kinds of mono-azobenzene molecules, methyl y
low ~MY, 4-dimethylamino-azobenzene! and ethyl orange
~EO, 4-diethylamino-azobenzene-48-sodium sulfonate! are
used in our experiments. Their linear absorption spectra
shown in Fig. 2. It shows a broad absorption band cente
around 400 nm for MY molecules and around 460 nm
EO molecules, which are due to then→p* and p→p*
absorptions.31

The azo molecules are doped into the two kinds of po
mers, polymethylmethacrylate~PMMA! and polyvinylalco-
hol ~PVA!, respectively, to produce the samples of MY
PMMA film and EO-PVA film. The preparation procedure
of the samples are as follows. First of all, MY and PMM
are dissolved separately in chloroform at about 60 °C, a
EO and PVA are dissolved separately in water at ab
80 °C. Then, the MY solution and the EO solution a
poured into the PMMA solution and the PVA solution, r
spectively, to form the two kinds of mixing solutions of MY
PMMA and EO-PVA. Both the MY-PMMA and the EO
PVA solutions are stirred for 2 h. Then, the solutions a
separately coated onto cleaned quartz slides and allowe
dry slowly in a clean and dry cabinet. It should be noted t
volatilizing the solvent too fast may cause the surface of
films to be uneven. The contents of both the MY in PMM
and the EO in PVA are 5% by weight, and the thickness

t
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57 3877TRANSIENT BIPHOTONIC HOLOGRAPHIC GRATING IN . . .
the two films are both about 10mm.
The trans→cis photoisomerization of the azo molecule

can be induced by bothn→p* andp→p* excitations.31 In
the linear absorption spectra, the incident light intensities
so weak that the photoisomerization of the azo molecules
not obvious. However, if the azo molecules are irradiated
an intense light with wavelength atn→p* or p→p* band,
it is expected that the absorption spectra will change, es
cially in the spectral region of long wavelengths. Figure
shows the difference of the transmission spectra with irra
tion and without irradiation of the Hg light, which pass
through a band-pass filter~350–500 nm! before incident onto
the MY-PMMA and the EO-PVA films. The irradiation o
blue spectral component in the Hg light causes the sam
to absorb light in the long-wavelength regions, where
samples are completely transparent in the absence of th
light. The absorption of the MY-PMMA sample can be e
tended to 660 nm in the spectrum under the irradiation of
Hg light, and for the EO-PVA sample, the extended wa
length of the absorption reaches beyond 750 nm. The
clines of the transmission in the long-wavelength regions
due to the absorption of thecis isomers, of which the popu
lation increases upon the irradiation of the Hg light in bo
MY and EO molecules.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Dynamic behaviors of biphotonic holography

We now present and discuss the results of the biphoto
holographic grating formed in the azo/polymer films. The
gratings are erasable and distinguished from other grating
the azo materials, such as the photoinduced reorienta
grating and the surface relief grating, which are formed
one photon excitation close to the center of the absorp
band.

The experimental geometry used for the biphotonic
lography is schematically drawn in Fig. 4.I 1 is the short-
wavelength light that comes from a Hg lamp. After pass
through a bandpass filter with the transmission wavelen

FIG. 2. Linear absorption spectra of MY and EO.
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from 350 nm to 500 nm, the Hg light is focused onto t
sample. The long-wavelength lights ofI a and I b come from
a 633-nm HeNe laser and both haves polarization. The two
beams meet and interfere with each other in the same re
of the sample as irradiated by the Hg light. The biphoto
grating is read by another 633-nm HeNe laser (I c) that coun-
terpropagates with the beamI a . The induced diffraction sig-
nal (I s) propagates again the beamI b .

Figure 5 shows the diffraction signals versus time w
the different intensities of 633-nm beam from MY-PMM
film and EO-PVA film. The experimental results are in go
agreement with the theoretical descriptions on the trans
biphotonic grating formation and development in Sec.
where the two values ofA1I 1 ~i.e., two different values ofA1
for the sameI 1! characterize the two samples and the diffe
ent values ofA2I 2 describe the variation of the intensityI 2

FIG. 3. Transmission spectra with irradiation and without irr
diation of Hg light in ~a! MY-PMMA film and ~b! EO-PVA film.

FIG. 4. Experimental geometry used in biphotonic holograp
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for the same sample~i.e., sameA2!. In the experiment, the
intensity of the Hg light on the film is 8 mW/cm2; and the
three 633-nm beams have equal intensities, which
marked by the side of the curves.

At t50, both Hg light and HeNe beams are simult
neously turned on, the diffraction signals emerge and mo
tonically increase to their saturations. These saturated
fractions have a maximum when the 633-nm beam inten
is varied. According to the theoretical result, the maximu
of the saturated diffraction should satisfy the condition
A2I 2511A1I 1 , whereI 1 corresponds to the intensity of th
Hg light andI 2 corresponds to the intensity of each 633-n
beam. This condition establishes a relation between the
lecular characterAi for the trans isomer and thecis isomer.

FIG. 5. Transient diffraction efficiencies of biphotonic hologr
phy under different 633-nm beam intensities in~a! MY-PMMA film
and~b! EO-PVA film. At t50, both 633-nm light and Hg light are
turned on; att5120 s, the Hg light is turned off. The signal curve
are offsetted vertically according to different 633-nm beam inten
ties marked by the curves.
re
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In the experiment, the intensity of the Hg light remains co
stant but the intensities of the 633-nm light are varied. T
maximum of the saturated diffractions occurs at the 633-
beam intensity of about 150 mW/cm2 for the MY-PMMA
sample and about 100 mW/cm2 for the EO-PVA sample.
Therefore, by measuring the maximum of the saturated
fraction efficiency of the biphotonic holography, the info
mation about thetrans and thecis molecular characters ca
be obtained, which may be useful in understanding
isomerization mechanism of the azo molecules.

At t5120 s when the diffraction signals increase near
saturation in both cases of the MY-PMMA and the EO-PV
samples, the Hg light is blocked. The experimental res
show that the signals grow up once again and then de
slowly for both samples. As the 633-nm light intensity i
creases, the growth and the decay of the diffractive sign
become fast, i.e., the diffractive peaks after blocking the
light get narrower and narrower, as predicted by the theo
ical description. Moreover, with the intensity variation of th
633-nm light, the height of the diffractive peaks after t
saturation shows a maximum which emerges at the 633
light intensity of about 20 mW/cm2 for the MY-PMMA
sample and at about 10 mW/cm2 for the EO-PVA sample. By
comparing Fig. 5 with Fig. 1, it is found that the experime
tal results for the MY-PMMA and EO-PVA samples are co
sistent with the theoretical curves of case~a! and case~b!,
respectively, which reflects the fact that the value ofA1 in
case~a! is more than that in case~b! for the sameI 1 .

The mechanism of the biphotonic holographic grating f
mation is different from that of one-photonic gratings. T
biphotonic holographic grating can be attributed to the red
tribution of thecis isomers of the azo molecules induced
the excitation of both the 633-nm light and the Hg light.
our experiment, the sample without irradiation of the H
light cannot directly absorb the long-wavelength light
form the grating because at room temperature the azo m
ecules in the films exist mainly in thetrans form, of which
the absorptive band lies in the short-wavelength regi
However, the Hg light used in the experiment can isomer
the trans isomers of the azo molecules to thecis form, which
absorbs the long-wavelength light as presented in Fig
When two intense 633-nm HeNe laser beams interfere in
sample, the spatial intensity modulation of the 633-nm lig
induces thecis→trans photoisomerization to be modulate
as well, although thetrans→cis photoisomerization is uni-
form by the irradiation of the noncoherent Hg light. As
result, the redistribution of thecis isomers forms a popula
tion grating, which diffracts the 633-nm reading beam.

B. Polarization properties of biphotonic holography

To confirm the mechanism of the biphotonic holograph
grating and to compare with that of one-photon process,
polarization properties of the biphotonic holography a
studied. At first, we investigate the effects of the polariz
tions of the long-wavelength light on the diffraction effi
ciency of biphotonic holography. Here the Hg light is n
polarized, the three 633-nm beams have the equal inten
of 20 mW/cm2 and have three different polarization config
rations: ~a! all s polarized,~b! beamI c is p polarized and
the otherss polarized,~c! beam I b is p polarized and the

i-
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otherss polarized. The experimental results are shown
Fig. 6. It is found that curve~a! is more intense than curv
~b!, and that curve~c! is weakest and its intensity is almo
zero. These results are distinct from that of one photon p
cess, in which the signal is also very intense when the po
ization state of writing beams is orthogonal.33 Unlike the
trans form of the azo molecule, thecis form has a planar
structure and its permanent electric dipole moment can
negligible, so the polarization modulation of the writing i
terference field cannot form a nonisotropic grating, and o
the intensity modulation can induce a population grating.
case~a! here, two population gratings can be formed in t
sample by beamI a interfering with beamI b and by beamI b
interfering with beamI c . However, there is just one popula
tion grating to be formed in case~b! because only the inter
ference between beamI a and beamI b results in the light
intensity modulation. Consequently, the signal in case~a! is
more intense than that in case~b!. In case~c!, due to the
orthogonal linear polarization between beamI a and beamI b
as well as between beamI b and beamI c , there is no popu-
lation grating to be formed. Therefore, there is no obvio
diffraction signal to be observed.

The influence of the short-wavelength light polarizati
on the biphotonic holographic grating is also investigat
Since the Hg light is too weak after passing a polarizer,
adapt a 488-nm Ar1 laser as the short-wavelength light
excite the sample. The intensity of the Ar1 laser is fixed at
40 mW/cm2, and three polarization states are studied:~a! s
polarized,~b! circular polarized, and~c! p polarized. Three
HeNe lasers are alls polarized with the intensity of
20 mW/cm2 in each beam. Figure 7 shows that the polari
tion states of the Ar1 laser do not affect the signal intensi
notably. In other words, the reorientation of thetrans iso-
mers of the azo molecules induced by the polarized sh
wavelength light does not influence the formation of biph
tonic holographic grating significantly. The signal in case~a!

FIG. 6. Influence of polarization states of long-wavelength lig
on the diffraction efficiency of biphotonic holography. The Hg lig
has no polarization and three 633-nm beams have three polariz
configurations: ~a! all s polarized,~b! beamI c is p polarized and
the otherss polarized,~c! beamI b is p polarized and the otherss
polarized.
n
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e
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is slightly stronger than that in others and in case~c! the
signal is weakest. The reason is that thetrans isomers with a
strong polarization-selected absorption tend to align the
selves to the direction perpendicular to the polarization of
short-wavelength light~488-nm laser! after the isomerization
of trans↔cis reaches its equilibrium. Thus, many morecis
isomers have to populate in the direction parallel to the
larization of the short-wavelength light, although the elect
dipole moment of thecis form is very weak. If the polariza-
tion of the writing light is the same as the short-waveleng
light, the cis isomers absorb the writing light efficiently t
form the grating. Hence, the diffraction efficiency of biph
tonic holography in case~a! is slightly higher than the others
This experimental result confirms again that the biphoto
holographic grating is due to the population distribution
the cis isomers.

V. CONCLUSION

We have studied theoretically and experimentally t
transient properties of the biphotonic holographic grating
the trans-cis isomerizative materials. The mechanism of t
biphotonic holographic grating in azo materials can be att
uted to the redistribution of thecis isomers induced by the
excitations of both the short-wavelength and the lon
wavelength lights. This model may also be suitable for ot
photoisomerizative~or photochromic! materials, such as
spiropyran,32,34 bacteriorhodopsin,35 norbornadiene,36 etc.
The theoretical description reveals that the biphotonic ho
graphic gratings will reach saturation under the irradiation
two color lights and will emerge a peak after the irradiati
of the short-wavelength light stops. The condition of the o
currence of the maximum diffraction of the saturated grat
and the dynamic evolution regularities of the diffraction pe
are also demonstrated by the theory. The experimenta
sults on the transient behaviors of biphotonic holography
the MY-PMMA film and the EO-PVA film agree well with
the theoretical descriptions. The polarization properties
the biphotonic holography are studied, and it is found t
the signal intensity of the biphotonic holography is infl
enced strongly by the polarization configurations of the lon

t

ion

FIG. 7. Influence of polarization states of short-wavelength lig
on the diffraction efficiency of biphotonic holography. All 633-nm
lights ares polarized, the short-wavelength light~i.e., 488-nm Ar1

light! is ~a! s polarized,~b! circular polarized,~c! p polarized.
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wavelength lights but only slightly by the polarization stat
of the short-wavelength light. These results further confi
that the biphotonic holography originates from the popu
tion grating of thecis isomers. This mechanism is differen
from that of one photonic process. The biphotonic grat
s
m
a-
t
g

discussed here may not only be used in photonic devic
such as optical memory, optical computing, and image p
cessing elements, but may also be useful to study the me
nism of the isomerization process and to obtain the inform
tion about molecular characters of isomers.
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