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We present the study of the dynamics of the recently reported photoinduced s@geticaecticA transi-
tion. High resolution time-resolved dielectric dispersion measurements carried out during the photoisomeriza-
tion process demonstrate that the magnitude of the uv intensity mimics the role played by temperature in
determining the behavior of the soft mode relaxation. We also show that the uv intensity dependence of the soft
mode relaxation frequenci in the photoinduced smecti-phase can be described with a functional form
similar to that derived for the temperature dependencégond compare the experimentally determined
critical exponent with the theoretically predicted for the Ising and three-dimensionainiversality classes.
Our study illustrates an interesting feature, namely, the magnitude of light intensity can be treated like a
thermodynamic variable such as temperature and pressure to study phase transitions in general.
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[. INTRODUCTION paper, we describe results of the dynamics of this phenom-
enon and demonstrate that the magnitude of the uv intensity
Owing to many promising features for practical applica-mimics the role played by temperature in determining the
tions, the phenomenon of reversible photoinduced shapeehavior of the soft mode relaxation. The results have been
transformation of chromophoric molecules, such as azobergnalyzed in terms of the theoretical predictions for the Ising
zenes, has been extensively studi#ll The phenomenon is and three-dimension&BD) XY models.
all the more interesting when associated with mesogenic
properties of liquid crystal§2—6], the underlying principle
of which is briefly outlined below. In the absence of uv ra-
diation, the azobenzene molecules exist in their energetically The liquid crystalline host material is 4-1-
more stabléE (also known asrans) configuration, which has (methylheptyloxycarbonyl phenyl 4 -octyloxy biphenyl-4-
a rodlike form and thus supports the formation of liquid crys-carboxylate(well known[14] as MHPOBQ, a chiral mate-
talline phases. Upon illumination with uv light<(360 nm rial exhibiting the following sequence of phase transitions:
wavelength, corresponding to the-7* band of the azo
group, a shape transformation takes place to Zhéor cis)
form. TheZ form due to its bent shape results in the desta-
bilization of liquid crystalline phases or, more specifically, in
the lowering of the phase transition temperatures. The refhe guest, uv-active dopant  compound p-
verse transformation can be brought about by illuminating p-ethoxyphenylazphenyl hexanoate (¢E,5COO-¢-N
with visible light (~420 nm, corresponding to the-7=* =N-¢-OC,Hs, where ¢ indicates a phenyl ring hereafter
band. This latter change can also occur spontaneously in theeferred to as EPH, is from Eastman Organic Chemicals and
“dark” by a process known as thermal back relaxation. All is liquid crystalline exhibiting a nematic mesophase. All the
these features provide a new tool to study phase transitiongsults described in this paper have been obtained on a mix-
in which the transformation takes place isothermally, but isture of 4.99 wt % of EPH in MHPOBC. This mixture exhib-
photocontrolled. Photoinduced effects have been well studts a SmA-Sm<C* transition at 105.8°C. The presence of
ied in systems exhibiting nematic-isotropi@,6,7 and  the SmC* phase was established by polarizing microscopic
smecticC* —smecticA [8,9] transitions. Very recently, we gpservations and from the current response of the sample to
reported[10] a reentrant nematic—smec#ctransition in-  applied electric fields. The uv apparatus used for inducing
duced by light(Notice that in this case, contrary to all earlier photoisomerization is described in an earlier publication
observations, the photoinduced phase is more ordefé®.  [10]. Briefly, the uv radiation from an intensity stabilized uv
discovery in 1989 of the antiferroelectric chiral smedlic- soyrce with a fiber-optic guidéHamamatsu L7212-01, Ja-
(Sm<Cj) phase[11] led to intense activity in the field and pan was used along with a uv bandpass filgG 11, New-
resulted in the identification of the other variants of the preport). An additional IR-block filter was inserted just before
viously discovered ferroelectric chiral smec@c{Sm-C*)  the sample to prevent any effects of heat radiation from the
phase. One of these variants is the sme€fic{Sm-C;)  uv source. The actual powdy, of the radiation passing
phase. This phase has an incommensurate short helical pitthrough the filter combination falling on the sample was
structure[12]. We have recently reported 3] the photoin- measured with a uv power metédamamatsu, C6080-03
duced effects on the Stato SmC* phase transition. In this kept in the sample position.

Il. EXPERIMENT

Iso-SmA-Sm<C?* —Sm-C*-Sm-C y* —SmCj -crystal.
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FIG. 2. Temperature dependence of the relaxation frequégcy

FIG. 1. Temperature dependence of the dielectric constant at and the inverse dielectric strength\¥ of the soft mode across the
kHz in the vicinity of the SmA-Sm<C* transition. The open Sm-A-Sm<C? transition, in the absence of uv radiation. Inset: rep-
circles represent the data collected in the absence of uv radiatioresentative dielectric dispersior”(vs f) scans in thga) Sm-C*
and the filled circles represent the data obtained by illuminating thend (b) Sm-A phases. The solid line is a fit of the data to the
sample with a uv radiation of 9.9 mW/émmagnitude. The peak Havriliak-Negami expression.
point in both the traces signifies the transition point. Notice that

upon uv illumination the peak value of the dielectric constantgnown that, based on the value of the dipole moment ob-
doubles and the transition temperature shifts-tl5°C. Data near tainad from molecular modeling and the fact that the concen-
the Iso-SmA transition, presented in the inset and showing onlyyation of the photoactive compound is quite small, this fea-
T o e s e being the cause for he nreascxincan be rled out
’ y sig 9 "In fact, our analysis led us to conclude that the observed
IIl. RESULTS AND DISCUSSION behavior is caused by the §Iqwer dynamics of the system in
the presence of the uv radiation.

Figure 1 shows the temperature dependence of the low Typical scans ot” vs frequency €” is the imaginary part
frequency dielectric constant without and with an uv il-  of the dielectric constapbbtained in the S and SmeE*
lumination of 9.9 mW/crh magnitude. The dielectric con- phases are shown in the inset of Fig. 2. To extract the relax-
stant increases from both the sides on approaching the Sration frequencyfg and the dielectric strengthe, the data
A-Sm<C? transition and reaches a maximuniat the tran-  were fit to the Havriliak-Negami expressiphe). At all tem-
sition temperature. Such a feature has been attrijd®d 4 peratures we found that the profiles were close to the ideal
to the presence of the soft mode associated with the tilt flucBebye type of relaxation. The temperature dependendg of
tuations. The behavior with and without uv appears qualitaand the inverse dielectric strengthA¥ obtained in the ab-
tively the same, but there are quantitative differences. In thgence of the uv radiation is shown in Fig. 2. Bdth and
presence of uv(a) the transition temperature decreases byl/Ae decrease on approaching the transition from both low
~15°C and(b) there is nearly a twofold increase in the and high temperature sides. This feature is also established in
maximum valudi.e., the value aT ) of €, . The first feature the literature(see, e.g., Ref.14]) and is caused by the soft-
is quite common in the area of photoinduced phase transiening of the relaxation mode connected with the fluctuations
tions[2,6,7], although in the present case, the magnitude iof the amplitude part of the tilt order parameter.
somewhat large considering the fact that the transition is be- Figure 3 shows representative dielectric dispersion scans
tween layered phases. It may perhaps be argued that the reaken at a temperaturd{_,) °C in the absence of uv light
son for the shift in the transition temperature is due to local(t=0 s) and at=10, 14, 19, 24, and 196 s time intervals
heating effects caused by the uv radiation. As mentionedfter turning it on. It is seen that for thte=10 s scan, the
earlier, we took precautionary steps to red(oeeliminate  relaxation frequencythe peak point frequency in each of the
such a possible effect by introducing an IR-block filter be-profiles is lower compared to that for the scan taken without
tween the sample and the uv source. As a further proof of thav light, while fort=14 s it is higher. As we saw earlier, this
fact that local heating effects are unimportant in these experiis exactly the behavior obtained in the absence of uv light,
ments, we have shown in the inset of Fig. 1 the data,oih  but by varying the temperature between the scans. It must be
the vicinity of the isotropic—smectié-transition. Notice that emphasized that when the radiation is turned off, the system
the shift in the transition temperature caused by the uv lightecovers the original peak. As was done for the temperature-
is only 0.5°C. If the shift is caused due to local heatingdependent measuremen¢$vs frequency data were fit to the
effects, this puts an upper limit to such a shift. Since the shifHavriliak-Negami expressiofi6]. At all uv intensities used
seen for the Smi—Sm<C? transition is about 30 times in this study, we found that the profiles were close to the
higher than this value, it must be due to the photoisomerizaideal Debye type of relaxation.
tion related effect and not due to local heating. A possible The temporal variation ofg and Ae upon illuminating
cause for the second feature, namely, in the presence of tliee sample with a wuv radiation of intensityl,,
uv illumination the value ok, atT, increases by a factor of =9.9 mWi/cn? is shown in Fig. 4. This plot shows in detail
2, could be due the reported large increase in the dipoléhe qualitative trend seen in Fig. 3, viz., upon turning the
moment of the azobenzene molecules as a resuthoé-cis  radiation onfg decreases and e increases at the initial
isomerization[15]. But in our previous papdrl3], we have stages of the photoinduced effect, but subsequently a reverse
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FIG. 3. €” vsf scans taken in the S@% phase (1 °C below the 300
transitior), obtained beforet&0 s) and at=10, 14, 19, 24, and F
196 s after the uv illumination is turned on. Notice that on uv
illumination (9.9 mW/crd), initially the relaxation frequencyy 200 |-
(frequency corresponding to the peak point of the profissfts to =
a lower value (=10 s scajpand then to higher values, reaching a T
limiting value for longer time scales. The solid lines indicate the fit = 059
o : . =Ogi-OMO-0—0-0-0—R-C=6-0-0
of the data to the Havriliak-Negami expression. Even for the data oD
obtained at=196 s, the error bar on the different fit parameters is 100 | - A
less than 8%. S
0 10 20 30 40
trend is seen. It is observed that this overall change takes Time (s)

place in about 1 min before attaining the photostationary
state. When the radiation is switched off, the reverse phe- "'--* h | behavior 6. The data. in the vici
nomenon takes place and most important the system recovépé‘n}'?:“on cl)'nhtt e temporal behavior fl? T g at? In t t? viein-
the original values that existed before uv irradiation. Figure'Ttyo ne Uv-light-on sequence on an enlarged scale IS 0“@-'”.
. . he different symbols stand for different levels of uv intensity, viz.,

5(a) shows the time dependence fgf whenl ,,, magnitude ircle f —0- fof. — - triangl ;

f the uv intensity is changedlFor the sake of clarity, the circle for |, =0; open square fok,, =1 mW triangle up forl,,
9 . | he photoind d . ’ h =1.5 mW; triangle down forl,=1.8 mW,; diamond forl,
time regions close to t € p otoin uce transmon areé ShowWL. 3 5> mw; filled circle for l,=5.5mW, filled square forl,,
on an enlarged scaled in Figb.] Similarly, Fig. 6a) [and  _g L.
Fig. 6(b) on enlarged scaleshows the time dependende

whenl,, is changed. Notice that the variaition bk with conclude that such a reversal in the trend signifies that the

time is rTot the.same at a.II uv |pte|j5|t|es. At lower 'ntens't'eSSm-A-SmC* transition has taken place, albeit photoinduced
(I, =<I.; I being a certain critical intensitythe value offg @

FIG. 5. (a) Plot showing the effect of the magnitude of the uv

decreasefFigs. Ha) and 5b)] and Ae increasegFigs. a) and isothermal. Hence, we can say thatthe critical inten-
and Gb)] monotonically with time after the uv light is turned
on. Forl,>I., fg decreases/e increasesimmediately

after turning the radiation on, but reverses its trend after
certain time interval; the time at which the reversal is see
decreases ds, increases. Comparing this data with the tem-
perature dependence of these paramef€ig. 2), we can
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FIG. 4. Time-resolved variation of{) the relaxation frequency
fr, and @) the dielectric strengtiA e when the uv radiatiorfof
magnitude 9.9 mWi/cR) is turned on and subsequently off. Ini-
tially, fg decreasesA e increasegsbut then increase@ecreaseso

a

b

sity to bring about the phase transition lies in the range of
1.0-1.5 mW/crh. It is also seen that as the uv intensity in-
creases, the time at which the transition takes place becomes
Shorter. This is to be expected since the sample response
ecomes fastgishorter response timevhen the uv intensity

is higher. The recovery transition shows the opposite behav-
ior; the higher the uv intensity, longer is the recovery period.
This is again expected since the magnitude of the shift in the
transition temperature as well as the change in the order pa-
rameter would be more for higher uv intensity and thus, the
viscosity-dominated spontaneous recovery needs a longer
period. In Fig. 7, we plof, and 1A e, the saturated values

of the relaxation frequency and the inverse dielectric strength
obtained upon uv illuminatiori.e., in the photostationary
statg, as a function of the uv intensity. Notice the striking
similarity between this diagranfi.e., Fig. 7 and Fig. 2,
which shows the temperature dependence of the two relax-
ation parameters. This suggests that the uv intensity mimics
the role played by temperature. More specifically, we want to
suggest that illuminating with uv intensity is like imposing a
disordering field, as opposed to application of electric and
magnetic fields, which are considered as ordering fields. In

reach saturation. When the uv illumination is turned off, the featuredact, we have recently described the photoinduced nematic-

are reversed as a function of time.
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isotropic transition in the framework of a random field model
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contrast, high resolution specific heat measurem¢g2s
near the SMA—Sm<C?, transition reveal critical fluctuation
effects, characteristic of the 3XY model. By including
corrections-to-scaling terms in the fitting expression, Ema
et al. [20] were able to show that the specific heat data are
consistent with exponen&r values expected for th&XY
model. As stated earlier, the soft mode is associated with the
order parameter fluctuation@n this case tilt fluctuations
. . . . Therefore, the pretransitional critical behavior of the relax-
0 100 200 300 400 ation frequency and dielectric strength of this mode are gov-
Time(s) erned by the susceptibility exponent Hence, borrowing the
expressions used for the temperature dependence of these

. parameters near the SA-Sm-C* transition[21], we can
16} \?/O\?WVJEE%VAT\A@%‘ write froe(T—T.)” and 1Aex(T—T,.)?”. As already seen,
// VA}O\O . =R I, the magnitude of the UV intensity plays the role of
Ry . Therefore, we introduce the following expres-
o B Neq 00T 0 temperature. The , g exp
A 12M@%§E—s.o\ﬁo~o—o‘o—o—gf&8 sions:
3 " N
. \_\ '\.\,\.\.
L o )
'\'\.\. * fo=constrA; (I, — )7, (1)
. . e,
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FIG. 6. (a) Plot showing the effect of the magnitude of the uv Here,A] andA; represent the amplitudes above and below
illumination on the temporal behavior dfe. (b) shows the datain | " the critical intensity to induce the isothermal transition.
the vicinity of the uv-hght-o_n sequ_enc_e on an enlarged scale. SymThe critical exponenty is the same as the exponent that
bols carry the same meaning as in Fig. 5. describes the behavior of the temperature-dependent suscep-

tibility near a critical point, and having a value of 1.24 for
where uv light plays the role of a disordering fig7]. the Ising model and 1.316 for the 3BY model[22]. The

According to symmetry arguments, the 3m-Sm-C (or  solid lines in Fig. 7 show that the expressiaiis and (2)
Sm-C*) transition belongs to the 3XY universality class describe the data well and yieldg=1.23+0.04, which
[18]. However, experiments find that generally this transitionwithin error bar is in agreement with the theoretically pre-
can be well described by an extended mean field model thaticted value for the Ising model. But let us recall that the
includes a sixth-order term of the tilt order paramé¢fed]. In  analysis of the specific heat data using correction-to-scaling

terms seemed to favor th€Y model, although it could not
unambiguously preclude the possibility of describing the
data with the Ising modeJ20]. In fact, we feel that one
cannot rule out the third possiblity of the measured exponent
being an effective one due to the crossover from mean field
(y=1) to 3D XY (y=1.316) regimes. Analysis of our re-
1/Agg sults get complicated also by the fact that there isniori
rule to say that the photoinduced isothermal transition should
behave the same way as a thermal transition. More experi-
ments are necessary to clarify the matter.

In summary, we have performed time-resolved dielectric
dispersion measurements during the photoinduced isothermal
Sm-A to SmC transition. We have demonstrated that the
magnitude of the uv intensity mimics the role played by

FIG. 7. uv intensity dependence aD fs and @) 1/Aes, the  temperature in determining the behavior of the soft mode
saturated values of the relaxation frequency and the dielectrigelaxation. Quantitative analysis of the time-dependent relax-
strength, respectively. The solid lines show the fit done to Egs.  ation parameters have been done and discussed in terms of

and(2), which yieldsy=1.23+0.04 and a critical intensitl. value  the theoretical predictions for the different universality
of 1.220.1 mW/cnf. The inset shows the same data plotted on ag|gsses.

double logarithmic scale after subtracting the constant[paetfirst

term on the right-hand side of Eg&l) and (2)] obtained from the We are grateful to Professor S. Chandrasekhar for many
fitting. The fitting shown as a straight line with=1.23+0.04 as  valuable discussions. We gratefully acknowledge the finan-
the slope, clearly demonstrates the power law nature of the behagial support by the Department of Science and Technology,
ior. New Delhi, under a SERC project.
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