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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 experimentdhgnis-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 cisisomers induced by both the short-wavelength light and the long-wavelength light, which is confirmed by
the experimental results of polarized biphotonic holograp8¥163-18268)11003-2

[. INTRODUCTION in the alignment of thdérans azo molecular axes in the di-
rection perpendicular to the polarization of incident light.
There has been a wide scientific interest in photoisomerTherefore, the reorientation gratings depend on the polariza-
izative organic materials for the studies on nonlinear opticgion of writing interference field. Unlike the resonance ab-
and photonics applications in recent decadészo dyes, sorption grating and the photoisomerizative grating, the
which possessans-cisisomerization property under irradia- Photoinduced reorientation gratings have a very long life-
tion at an appropriate wavelength, are among the most attraéme, even up to several yea’-r%after the exciting lights are
tive photoisomerizative materials due to their high inherenfurned off. Recently, another kind of holographic grating,
optical nonlinearities and their abundant nonlinear opticafurface relief gratm@,‘ “was observed in many azo poly-
behavior€ These materials are commonly incorporated ej-Mers by atomic force microscopy. This grating is formed on
ther as guests into different hogtslymer, liquid crystaf—> the surface_ of a sample and shows a very regularly spa_ced
or as pendant side groups on the polymer main cfgine surface relief struc_ture and does noj[ require any chemical
form various dye-host systems in order to improve their opJ€sistance processing. The.proﬁlg—:- helght_ of the surface grat-
tical properties and investigate their suitability for the appli-ing near 900 nm and the diffraction efficiency of over 42%
cations in photonic devices. By selecting or tailoring both theh@ve been obtained in an azo polymer film by Barrett, Na-
dyes and the host molecules, the dye-host systems can Ensohn, and Roch(ﬁ%_.Some researchers believe that mass
optimized to the desired effe¥tMany nonlinear behaviors transport pla)_/s arole in the_formatlon of the surface grating;
were observed in these dye-host systems and many nonline3pwever, their mechanism is not very clear at present.
optical techniques, such as degenerate four wave mifity, N general, most of the azo molecules undergo isomeriza-
attenuated total reflectionfATR) experiment? photo-  tion, reorientation, and mass transport only wlth absorbing a
refractivé® and photoinduced anisotropy measurentént, Plue or green light, which is commonly provided by bulky
have been used to elucidate the contribution of azo mollaser equipment, such as an’Alaser. This limits the appli-
ecules to the nonlinear effects. cation of these materials for photonic devices, especially for
Since holographic gratings have potential applications fointegrated optical elements. In this paper, we present a type
information  storagé>'® waveguide coupling’ and of grating formation process in azo/polymer films, which op-
optoelectronicd? a large fraction of the studies on azo ma- erates under two color lights, a short-wavelength noncoher-
terials involved in the holographic gratings and considerabl&nt light from Hg light source and a long-wavelength coher-
progress have been achieved in this field. The formation ofnt light from a HeNe laser. With this biphotonic method the
the holographic gratings in the azo materials are mainly decording wavelengths can be extended to about 600 nm and
result of the resonance absorption of the dye molecdles, upwards, where most miniature diode lasers can be used.
trans-cis photoisomerizatiod? or the photoinduced reorien- Moreover, the experimental results of the biphotonic grating
tation oftrans form molecules’2%21The last mechanism is could lead to a better understanding of the photoisomeriza-
predominant in the case of the azo chromophores wition mechanism of the azo molecules.
strongly interacting group&onor, acceptgrthat contribute
to the increase in both the second-order and the third-order
optical nonlinearitie$?? The reorientation process involves
the repeatetirans— cis photoisomerization of the azo chro- It is well known that the azo dyes have the isomerization
mophores and the thermals—trans relaxation, resulting property under light irradiation and heating. Usually two

II. THEORETICAL MODEL
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kinds of isomersfrans andcis, are involved in the isomer- from cis to trans is spatially modulated. As a result, the
ization process for most of the azo molecules, especially thpopulation of thecis isomers is also modulated in the azo
two-ring azobenzengmono-azobenzenederivatives; al- sample, which forms a population grating. The modulated
though some macro azo molecules such as bi-azo moleculesntrast of thecis population grating is described by

may produce intermediate isom@r intermediate produgt
which is thermally unstable and isomerizes easily to the
other two isomers’ The trans isomer and thecis isomer

have different absorption spectra resulting from their differ- . . .
ent structures. Theansisomers are much more stable than |, andl, are the intensities of the short-wavelength light and

cisisomers in natural condition and most azo molecules exisﬁhe Iong-_wavelgngth light, re_spectlveLy;l 2is the modulate_d
in this form3! Therefore, the linear absorption spectrum Ofcontrast in the interference field of the long-wavelength light.

azo molecules mainly shows the absorption features of thghe diffraction efficiency of the grating is proportio.nal to the
trans isomers and mostly lies in the short-wavelength re->quare of the m_odulated ContrM?(t)' 1_'he ph_ot0|somer-
gions (blue-green light and UvWhen thetrans isomers ab- izative rate ofR; is related to the incident intensity 6f (Ref.

sorb the short-wavelength light, they isomerize to tie 32) asRi=o;¢il/iw;, whereo; is the absorption cross

form and the maximum of visible absorption band changesS€ction of therans(i=1) or thecis (i =2) isomer,; is the
uantum yield of the photoisomerization frotrans to cis

In our experiments presented below, an absorption redshift ig ) ) .
obtained. It is suggested that thisisomers of the azo dye in (| —1) or fromcis to trans (i=2), andw; is the angular
polymer films continually absorb the long-wavelength light freauency of the short-wavelengthi<1) or the long-
and return to thetrans form. Also, the cis isomers can wavelength (=1) light. RT.IS a constant at a definite sample
isomerize back to thérans form through thermal process. {emperature. We define Ri/Rr=Ajl;, where A,

The isomerization process of the azo dyes can be simpl?? oi¢i/hwRy, which is determined by the exciting wave-
represented as follows: ength and the molecular characters of ttemsform and the

cis form. For the different azo molecules, théif's are dif-

INy(1)
ol

ANz(t):( )Nz, 3

Ri ferent. From Eqs(2) and(3), one can derive
trans = cis,
Ro.R —AA5l415N
| S ANy(t)= = e (1 [1+ (14 Ayl
whereR; is the rate of the photoisomerizatidrs 1,2 corre- (1+Agl1+Al )

sponding to the photoisomerizations framans to cis and

from cis to trans respectivelyRy is the rate of the thermal
isomerization froncis to trans Based on this model, when (4)
both the short-wavelength and the long-wavelength lights ir-

radiate the azo molecules, we can describe the isomerizatian Thlsﬁresug ?ﬁsirr']bes tr?ettempolral tt)ﬁhal\'”?]; of ”(‘je gﬂr1at-
rate equation as ing after bo e short-wavelength light an e

long-wavelength light irradiate the sample. Wheés 0,
Nl(t): —RyN; (1) + (Ry+ Rr)N,(1), (1) AN,(0)=0 based on Eq), it means that the grating has
not yet formed at the very moment when the two color lights
whereN,(t) andN,(t) are the populations of thigansiso-  are turned on. With the time increasing>0), |ANy(t)| is
mer and thecis isomer, respectively. By a straightforward also monotonically increased. When the time«,
calculation, we obtain

+ Ayl o) Ret]lexy — (1+Aql 1+ Ayl ) Ret ]}

AN A1Az1112Ng
Ny ()= Ret RONo R (AN = A T A2
(D=
Ryt Rot Ry Rot Ry The grating contrast reaches its saturation value. The leading
parts of curves in Fig. (&) (t=0—0.5Ry) and Fig. 1b) (t
xexp[—(Ry+Rx+Rp)t] =0—2/R;) show the temporal evolutions of the grating
(AN,)? for the different values oA;l; andA,l, according
RyN to Eq.(4). It is found that the saturation valufﬂ\lg(oo) of the
N,(t)= RIR.AR. {1-exp[— (R +Ry+R)t]}, grating increases with the increase Afl, and reaches its
1 2 T

@) maximum at eitheA;l,=8 or A;l;=2 when the condition

of Asl,=1+A;l, is satisfied. Moreover, Eq4) shows that
where Ny is the total population of the azo molecules, i.e.,the larger the values &I, andA,l,, the faster the grating
No=N;(t) +Ny(t). In the arrangement of biphotonic holo- builds up.
graphic experiment described in Sec. 1V, the irradiation of From the isomerization model and the above discussion, it
the short-wavelength light is noncoherent and uniform on thés clear that the short-wavelength light has an important ef-
sample, so thé&ransisomers are isomerized uniformly to the fect on the buildup of the biphotonic holographic grating.
cisisomers in space by the short-wavelength light. The longfor the formed grating, it is expected that stopping the irra-
wavelength light comes from a coherent laser, which is firstliation of the short-wavelength light will affect the develop-
divided into two beams and then are incident onto the azenent of the biphotonic grating.
sample in a suitable angle. Due to the spatial intensity modu- Assume the biphotonic grating has been formed, i.e., the
lation induced by the interference of the two long- population of thecis form reaches their saturation valik
wavelength beams in the sample, the photoisomerizatiorr R{Ngy/(R;+R,+R7) in the grating region. At this mo-
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where A; is the same as defined above. Equat{@h de-
scribes the transient variation of the biphotonic holographic
grating after the irradiation of the short-wavelength light
stops. The latter parts of the curves in Figa)l(t=0.5R)

and Fig. 1b) (t=2/R;) show the transient behaviors of the
gratings for the different values &¥;1, andA,l, according

to Eq. (7). It is found that removing the short-wavelength
light causes the grating not to reduce immediately, but to
enhance first and then to decay. The peal\d,| expressed

as

A A1 ,N, — Ayl
(LA A (L1 A TR TF AL+ AL,
is obtained at a time of
Ay 0.5

t

T AF AL A (1T ARy | Ry
for case(a), and

Aly 2

@A+ Al (L A )Rs | Ry

for case(b). Therefore, with the increase &f,l,, the time

for the grating reaching the maximum gets shorter and
shorter; from Eq(7) it also can be seen that the decay of the
grating following the maximum gets faster and faster. More-
over, after the value oA\l , increases to a certain value, the
peak of the grating will vanish.

Ill. SAMPLE PREPARATION AND CHARACTERIZATION

Two kinds of mono-azobenzene molecules, methyl yel-
low (MY, 4-dimethylamino-azobenzepand ethyl orange
(EO, 4-diethylamino-azobenzené-godium sulfonate are
used in our experiments. Their linear absorption spectra are

FIG. 1. Theoretical curves of transient biphotonic gratingt At Shown in Fig. 2. It shows a broad absorption band centered
=0, both short-wavelength light and long-wavelength light irradiatearound 400 nm for MY molecules and around 460 nm for

the azo molecules; d8) t=0.5R;, (b) t=2/R;, stopping the ir-

EO molecules, which are due to tme—#«* and 7— o*

radiation of the short-wavelength light. The curves with differentabsorption§.1

values ofA,l, marked by the right side of the curves are offsetted

vertically in each case okl ;.

ment, blocking the short-wavelength light,}, the isomer-
ization process can be described as follows:

Na(t) == (Ro+Ry)Na(t), (5)

and the solution is

RiNo

T RTR, Rr

exd — (Ro+Ry)t]. (6)

Using Eqgs.(3) and(6), we obtain

The azo molecules are doped into the two kinds of poly-
mers, polymethylmethacrylaté®®MMA) and polyvinylalco-
hol (PVA), respectively, to produce the samples of MY-
PMMA film and EO-PVA film. The preparation procedures
of the samples are as follows. First of all, MY and PMMA
are dissolved separately in chloroform at about 60 °C, and
EO and PVA are dissolved separately in water at about
80 °C. Then, the MY solution and the EO solution are
poured into the PMMA solution and the PVA solution, re-
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 are
separately coated onto cleaned quartz slides and allowed to
dry slowly in a clean and dry cabinet. It should be noted that
volatilizing the solvent too fast may cause the surface of the
films to be uneven. The contents of both the MY in PMMA
and the EO in PVA are 5% by weight, and the thickness of
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FIG. 2. Linear absorption spectra of MY and EO. @ 0.8 Hg light on
20
the two films are both about 1,6m. 207
Thetrans— cis photoisomerization of the azo molecules =
can be induced by both— 7* and7— 7* excitations>* In EO-PVA I
the linear absorption spectra, the incident light intensities ar 0.6+
so weak that the photoisomerization of the azo molecules ar

not obvious. However, if the azo molecules are irradiated by . . . ' . ~ T
an intense light with wavelength at— 7* or 7— @* band, 5500 6000 6500 7000 7500
it is expected that the absorption spectra will change, espe 1
cially in the spectral region of long wavelengths. Figure 30 Wavelength (10! nm)
Eggwa'lsnt(??/v(ijtllflfgtrj(ta?fr(;(;;ihoentr;nfr?glSquigﬁfcxﬁig:tgggzgﬁ- FIG. 3. Transmission spectra with irradiation and without irra-

' diation of Hg light in(a) MY-PMMA film and (b) EO-PVA film.
through a band-pass filt€850—-500 nm before incident onto 979 @ ®
the MY-PMMA and the EO-PVA films. The irradiation of ) )
blue spectral component in the Hg light causes the sampldf°m 350 nm to 500 nm, the Hg light is focused onto the
to absorb light in the long-wavelength regions, where theSamMPple. The long-wavelength lights bf andl,, come from
samples are completely transparent in the absence of the Hy833-nm HeNe laser and both havgolarization. The two
light. The absorption of the MY-PMMA sample can be ex- beams meet and interfere with each other in the same region
tended to 660 nm in the spectrum under the irradiation of th@f the sample as irradiated by the Hg light. The biphotonic
Hg light, and for the EO-PVA sample, the extended wave-9rating is read by another 633-nm HeNe ladgj ¢hat coun-
length of the absorption reaches beyond 750 nm. The dé€rpropagates with the beam. The induced diffraction sig-
clines of the transmission in the long-wavelength regions ar8@l (Is) propagates again the bedg

due to the absorption of theis isomers, of which the popu- Figure 5 s_hows_t_he diffraction signals versus time with
lation increases upon the irradiation of the Hg light in boththe different intensities of 633-nm beam from MY-PMMA
MY and EO molecules. film and EO-PVA film. The experimental results are in good

agreement with the theoretical descriptions on the transient
biphotonic grating formation and development in Sec. I,
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS where the two values a4l (i.e., two different values of\;
for the samd ;) characterize the two samples and the differ-

] ) ent values ofA,l, describe the variation of the intensity
We now present and discuss the results of the biphotonic

holographic grating formed in the azo/polymer films. These

gratings are erasable and distinguished from other gratings in
the azo materials, such as the photoinduced reorientation
grating and the surface relief grating, which are formed by

one photon excitation close to the center of the absorption
band.

The experimental geometry used for the biphotonic ho-
lography is schematically drawn in Fig. #; is the short-
wavelength light that comes from a Hg lamp. After passing
through a bandpass filter with the transmission wavelength FIG. 4. Experimental geometry used in biphotonic holography.

A. Dynamic behaviors of biphotonic holography
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In the experiment, the intensity of the Hg light remains con-
stant but the intensities of the 633-nm light are varied. The
maximum of the saturated diffractions occurs at the 633-nm
beam intensity of about 150 mW/énfor the MY-PMMA
sample and about 100 mW/énfor the EO-PVA sample.
Therefore, by measuring the maximum of the saturated dif-
fraction efficiency of the biphotonic holography, the infor-
mation about therans and thecis molecular characters can
be obtained, which may be useful in understanding the
isomerization mechanism of the azo molecules.

At t=120 s when the diffraction signals increase near to
saturation in both cases of the MY-PMMA and the EO-PVA
samples, the Hg light is blocked. The experimental results
show that the signals grow up once again and then decay
slowly for both samples. As the 633-nm light intensity in-
creases, the growth and the decay of the diffractive signals
become fast, i.e., the diffractive peaks after blocking the Hg
light get narrower and narrower, as predicted by the theoret-
ical description. Moreover, with the intensity variation of the
633-nm light, the height of the diffractive peaks after the
saturation shows a maximum which emerges at the 633-nm
light intensity of about 20 mWi/cffor the MY-PMMA
sample and at about 10 mW/éfior the EO-PVA sample. By
comparing Fig. 5 with Fig. 1, it is found that the experimen-
tal results for the MY-PMMA and EO-PVA samples are con-
sistent with the theoretical curves of case and casdb),
respectively, which reflects the fact that the valueAgfin
case(a) is more than that in cagd) for the samd ;.

The mechanism of the biphotonic holographic grating for-
mation is different from that of one-photonic gratings. The
biphotonic holographic grating can be attributed to the redis-
tribution of thecis isomers of the azo molecules induced by
the excitation of both the 633-nm light and the Hg light. In
our experiment, the sample without irradiation of the Hg
light cannot directly absorb the long-wavelength light to
form the grating because at room temperature the azo mol-
ecules in the films exist mainly in thieans form, of which
the absorptive band lies in the short-wavelength region.
However, the Hg light used in the experiment can isomerize
thetransisomers of the azo molecules to tbie form, which

FIG. 5. Transient diffraction efficiencies of biphotonic hologra- absorbs the long-wavelength light as presented in Fig. 3.

phy under different 633-nm beam intensitiesahMY-PMMA film

When two intense 633-nm HeNe laser beams interfere in the

and(b) EO-PVA film. At t=0, both 633-nm light and Hg light are sample, the spatial intensity modulation of the 633-nm light
turned on; at=120 s, the Hg light is turned off. The signal curves induces thecis—trans photoisomerization to be modulated

are offsetted vertically according to different 633-nm beam intensias well, although thérans— cis photoisomerization is uni-
ties marked by the curves.

form by the irradiation of the noncoherent Hg light. As a
result, the redistribution of theis isomers forms a popula-

for the same samplé.e., sameA,). In the experiment, the tion grating, which diffracts the 633-nm reading beam.

intensity of the Hg light on the film is 8 mW/ciand the

three 633-nm beams have equal intensities, which are
marked by the side of the curves.

At t=0, both Hg light and HeNe beams are simulta-

B. Polarization properties of biphotonic holography

To confirm the mechanism of the biphotonic holographic

neously turned on, the diffraction signals emerge and monograting and to compare with that of one-photon process, the
tonically increase to their saturations. These saturated difpolarization properties of the biphotonic holography are
fractions have a maximum when the 633-nm beam intensitgtudied. At first, we investigate the effects of the polariza-
is varied. According to the theoretical result, the maximumtions of the long-wavelength light on the diffraction effi-
of the saturated diffraction should satisfy the condition ofciency of biphotonic holography. Here the Hg light is not
Asl,=1+A,1,, wherel, corresponds to the intensity of the polarized, the three 633-nm beams have the equal intensity
Hg light andl, corresponds to the intensity of each 633-nmof 20 mW/cnt and have three different polarization configu-
beam. This condition establishes a relation between the maations: (&) all s polarized,(b) beaml is p polarized and

lecular characteA; for the transisomer and thesis isomer.

the otherss polarized,(c) beaml, is p polarized and the
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FIG. 6. Influence of polarization states of long-wavelength light19ht) is (&) s polarized,(b) circular polarized(c) p polarized.

on the diffraction efficiency of biphotonic holography. The Hg light
has no polarization and three 633-nm beams have three polarizatidd slightly stronger than that in others and in cdsethe
configurations: (a) all s polarized,(b) beaml is p polarized and ~ signal is weakest. The reason is that ttensisomers with a
the otherss polarized,(c) beaml,, is p polarized and the othes  strong polarization-selected absorption tend to align them-
polarized. selves to the direction perpendicular to the polarization of the
short-wavelength light488-nm laserafter the isomerization
otherss polarized. The experimental results are shown inof trans«cis reaches its equilibrium. Thus, many manis
Fig. 6. It is found that curvéa) is more intense than curve isomers have to populate in the direction parallel to the po-
(b), and that curvec) is weakest and its intensity is almost larization of the short-wavelength light, although the electric
zero. These results are distinct from that of one photon prodipole moment of theis form is very weak. If the polariza-
cess, in which the signal is also very intense when the polartion of the writing light is the same as the short-wavelength
ization state of writing beams is orthogorfalUnlike the light, the cis isomers absorb the writing light efficiently to
trans form of the azo molecule, theis form has a planar form the grating. Hence, the diffraction efficiency of bipho-
structure and its permanent electric dipole moment can bwnic holography in cas@) is slightly higher than the others.
negligible, so the polarization modulation of the writing in- This experimental result confirms again that the biphotonic
terference field cannot form a nonisotropic grating, and onlyholographic grating is due to the population distribution of
the intensity modulation can induce a population grating. Irnthe cis isomers.
case(a) here, two population gratings can be formed in the
sample by beanh, interfering with bear , and by bean,
interfering with beam .. However, there is just one popula- V. CONCLUSION
tion grating to be formed in cage) because only the inter-  We have studied theoretically and experimentally the
ference between beaiy and beaml, results in the light transient properties of the biphotonic holographic grating in
intensity modulation. Consequently, the signal in cé8es  the trans-cisisomerizative materials. The mechanism of the
more intense than that in cagk). In case(c), due to the piphotonic holographic grating in azo materials can be attrib-
orthogonal linear polarization between beggrand beam,  uted to the redistribution of theis isomers induced by the
as well as between bealy and bear ;, there is no popu- excitations of both the short-wavelength and the long-
lation grating to be formed. Therefore, there is no obviousyavelength lights. This model may also be suitable for other
diffraction signal to be observed. photoisomerizative(or photochromit materials, such as
The influence of the short-wavelength light polarization spiropyrar®?3* bacteriorhodopsif norbornadiené® etc.
on the biphotonic holographic grating is also investigatedThe theoretical description reveals that the biphotonic holo-
Since the Hg light is too weak after passing a polarizer, weyraphic gratings will reach saturation under the irradiation of
adapt a 488-nm Ar laser as the short-wavelength light to two color lights and will emerge a peak after the irradiation
excite the sample. The intensity of the ‘Alaser is fixed at  of the short-wavelength light stops. The condition of the oc-
40 mW/cnt, and three polarization states are studieth) s currence of the maximum diffraction of the saturated grating
polarized,(b) circular polarized, andc) p polarized. Three and the dynamic evolution regularities of the diffraction peak
HeNe lasers are als polarized with the intensity of are also demonstrated by the theory. The experimental re-
20 mWi/cnt in each beam. Figure 7 shows that the polariza-sults on the transient behaviors of biphotonic holography in
tion states of the Af laser do not affect the signal intensity the MY-PMMA film and the EO-PVA film agree well with
notably. In other words, the reorientation of ttransiso-  the theoretical descriptions. The polarization properties of
mers of the azo molecules induced by the polarized shortthe biphotonic holography are studied, and it is found that
wavelength light does not influence the formation of bipho-the signal intensity of the biphotonic holography is influ-
tonic holographic grating significantly. The signal in cége  enced strongly by the polarization configurations of the long-
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wavelength lights but only slightly by the polarization statesdiscussed here may not only be used in photonic devices,
of the short-wavelength light. These results further confirmsuch as optical memory, optical computing, and image pro-

that the biphotonic holography originates from the popula-cessing elements, but may also be useful to study the mecha-
tion grating of thecis isomers. This mechanism is different nism of the isomerization process and to obtain the informa-

from that of one photonic process. The biphotonic gratingtion about molecular characters of isomers.
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