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In a system consisting of photoactive molecules that exhibit light-driven isomerization transformations,
actinic light can diminish or enhance ordering to the extent that transitions from the equilibrium to a more
disordered phase can be brought about isothermally. This feature enables light to be used as a thermodynami-
clike parameter to investigate phase behavior and adds another dimension to the studies owing to the nonequi-
librium character of the isothermal transitions. We have carried out experiments which exploit the combination
of two recent findings, viz., an electric field can accelerate the return to the nematic liquid crystalline phase
from a photodriven isotropic phase; and in a reentrant mesogen, the photoinduced phase can be more ordered.
To photostimulate the nonequilibrium transitions a low power uv radiation �0.1 mW cm−2� has been used.
Unique temperature–electric-field phase diagrams of a liquid crystal exhibiting isotropic–nematic–smectic-A
–reentrant nematic sequence, mapped using light transmission as probe reveal that the electric field influences
all the transitions, but the effect is maximum on the equilibrium reentrant nematic to the photoinduced
smectic-A transition. Temporal measurements have been performed under nonequilibrium conditions to study
the dynamics of both the photochemical and the back relaxation processes across the different transitions. The
electric field is indeed observed to accelerate the thermal back relaxation in each case, and especially the
recovery of the reentrant phase is hastened by three orders of magnitude in time. We explore possible causes
for the acceleration and present a finding which can be associated with one of the predictions of density-
functional calculations for isomerization of azobenzenes.
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I. INTRODUCTION

A system is said to undergo a “reentrant” phase transition,
if a monotonic variation in any thermodynamic field such as
temperature or pressure results in two �or sometimes more�
phase changes and finally attains a state which is macro-
scopically similar to the initial state. This phenomenon is
exhibited by amazingly diverse condensed-matter systems
�1–5�. In liquid crystals �LCs� such a phenomenon was dis-
covered with the observation of a nematic–smectic-A
�Sm-A�–reentrant nematic sequence, in the temperature-
concentration �6� and temperature-pressure planes �7�. LC
systems especially have proved to be very rich in exhibiting
the phenomenon of reentrance involving a diverse number of
phase transitions, namely, nematic–smectic-A �including
double �8� and triple �9� reentrant sequences�, ferroelectric-
ferrielectric, ferrielectric-antiferroelectric smectics �10�, twist
grain boundary–smectic-A �11�, synclinic-anticlinic �12�,
uniaxial-biaxial nematic �13�, and uniaxial–biaxial smectic-A
�14� transformations. Recently �15�, we have demonstrated
that a third albeit nonthermodynamic parameter, viz., actinic
light can be employed to induce the reentrant nematic se-
quence in a system that does not exhibit it in the normal
thermal process. The principle behind this light-induced
phase transition is the phenomenon of reversible photoin-
duced shape transformation of chromophoric molecules,
such as azobenzenes, a topic that has been extensively stud-
ied �16�. The azobenzene molecule has been particularly at-
tractive for photoinduced phase transitions, to be discussed

below, due to its easily accomplished geometric isomeriza-
tion about the azo bond, converting the molecule from E to Z
isomer. For this reason it has been employed for altering
molecular, macroscopic, and even biological properties �17�.
Upon uv irradiation �wavelength of �360 nm, correspond-
ing to the �-�� band of the azo group�, the energetically
more stable E configuration with an elongated rodlike mo-
lecular form changes into the bent Z configuration. The re-
verse transformation can be brought about by illuminating
with visible light ��450 nm, corresponding to the n-��

band�. This latter change can also occur spontaneously in the
“dark” by a process known as thermal back relaxation
�TBR�. The liquid crystalline phase is stabilized by the rod-
like E form, but is destabilized by the bent Z form. There-
fore, the E-Z change generally leads to a diminution of the
transition temperature, which—if substantial—causes an iso-
thermal photoinduced transition from a liquid crystalline
phase, say, the nematic phase to the isotropic phase. Such
light-driven transitions have been observed for a variety of
systems exhibiting different phases �18�. A general feature of
such transformations is that the photoinduced phase would
be more disordered than the equilibrium one. We reported an
exception to such an established principle in a system where
the photoisomerization drives the system to the layered
Sm-A phase from the disordered reentrant nematic present
under equilibrium conditions �15,19�.

The time taken for the phase transition to take place fol-
lowing the isomerization of the photoactive molecules is of
significant interest not only from a basic point of view, but it
also has paramount significance especially for applications
such as storage devices �20�. For the photoinduced nematic-
isotropic �N-I� transition the time �ON required for the*skpras@gmail.com
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change �following the E-Z isomerization� to occur, the typi-
cal duration required is on the order of a few minutes with a
conventional type of uv source, but very fast time scales can
be achieved with a pulsed laser source �19�. In contrast, �off,
the thermal back relaxation time restoring the N phase, takes
much longer �at least an order of magnitude more�. In fact, it
is this longer �off that puts a limitation on the time response
of dynamic optical devices. Although illuminating the
sample with longer wavelength �around 420 nm� light has-
tens the reverse isomerization, the process however increases
the complexity of the system by the requirement of a second
light source and the associated problems of having the align-
ing optics. In this context the recent development �21� that an
applied electric field can accelerate the relaxation to the equi-
librium from the photodriven state is important. We found
that the acceleration is as fast as that could be achieved by
the longer wavelength light and the actual response time can
be fine tuned by controlling the magnitude of the electric
field. In contrast to equilibrium cases, nonequilibrium phase
transitions are yet to be understood, owing to the sheer di-
versity of systems which exhibit such transformations in-
volving physical, chemical, biological, and even sociological
situations �22�. In the photoinduced transitions mentioned
above, the isomerization and the resulting phase change
drive the system away from equilibrium conditions and thus
provide a convenient situation to study nonequilibrium tran-
sitions, and also an additional motivation for the present
work.

In this paper we map out unique temperature–electric-
field phase diagrams obtained under nonequilibrium condi-
tions. We also demonstrate that electric-field-assisted accel-
eration of the back relaxation process is general and
applicable to layered as well as the reentrant systems. More
specifically, we show that the magnitude of the acceleration
for a given voltage is dependent on the nature of the equilib-
rium and photoinduced phases also. We discuss possible
mechanisms for this acceleration by considering among other
things the quantum chemical calculations reported earlier
�23�.

II. EXPERIMENT

The host liquid crystalline material was the binary mix-
ture of the eighth �C8� and the tenth �C10� homologs of the
series 4-�2-cyanoethyl� phenyl-4-�alkoxy� benzoate in 30:70
ratio by weight. While C10 exhibits the isotropic
�iso�–Sm-A–smectic-C �Sm-C� sequence, C8 shows only the
iso-nematic �N� transition �24�. The uv active dopant 4-�4-
ethoxy phenylazo� phenyl hexanoate �EPH� �Kodak Organ-
ics�, also liquid crystalline, acts as the guest compound and
is added at a concentration of 3% �by weight� to the host
material.

Details of the pump-probe beam setup used for the static
and dynamic measurements both in the presence and in the
absence of uv light are described elsewhere �15�. Briefly, the
probe beam �He-Ne laser� intensity transmitted through the
sample was collected using a photodetector and measured
using a digital multimeter. The photoisomerization was
brought about by employing uv radiation from an intensity

stabilized uv source �Hamamatsu� equipped with a fiber-
optic guide and a narrow bandwidth uv-pass visible cut filter
used to select the desired radiation of �365 nm. A program-
mable temperature controlled hot stage �Mettler FP82� was
used to control the sample temperature. The liquid crystal
cell consisted of a pair of indium tin oxide �ITO�-coated
glass plates with a cell gap in the range of 10–12 �m. The
inner surface of one of the glass plate was coated with poly-
imide to get planar alignment and that of the other with
silane solution to promote homeotropic alignment of liquid
crystalline molecules. The cell fabricated using these two
glass plates resulted in a hybrid geometry.

III. RESULTS AND DISCUSSION

A. Static measurements and phase diagram

Figure 1 shows the raw intensity scans obtained for the
pristine sample, and while being illuminated with a low mag-
nitude uv intensity of Iuv=100 �W /cm2 in situations where
an applied electric field is absent or present. The first feature
to note is that all the three transitions, I-N, N–Sm-A, and
Sm-A-Nre, exhibit a lowering of the transition temperature
upon photoisomerization driven by the uv illumination.
However, the magnitude of this shift in the transition tem-
perature �T is least for the N–Sm-A transition, intermediate
for I-N, and maximum for the Sm-A-Nre transformation.
Such an enhanced destabilization of the Nre phase has been
observed by us earlier �19� and argued to be due to a com-
bination of the photodriven nanophase segregation �25� and
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FIG. 1. �Color online� Scans of the laser transmitted intensity as
a function of temperature �a� in the absence of and �b� upon shining
uv light �0.1 mW cm−2�. Panels �c�, �d�, and �e� show the effect of
different magnitudes of voltage when the uv light is simultaneously
present.
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the frustrated spin-gas situation �26�. Recently �21�, we dis-
covered that the magnitude of �T for the I-N transition is
altered if an electric field is applied. This study also found
that the effect is the strongest for dc field and diminishes for
ac field of increasing frequency. Therefore, the present mea-
surements were performed employing only dc voltages. The
scans presented in the upper three panels of Fig. 1 were
obtained by applying the mentioned voltages while simulta-
neously illuminating the sample with uv radiation. Not only
I-N, but the other two transitions also show that application
of the electric field reduces the diminution in the transition
temperature effect imparted by the uv radiation through pho-
toisomerization. A point that must be mentioned is that the
employed material has a positive dielectric anisotropy, i.e.,
��=�� −���0, where �� and �� represent the dielectric con-
stants parallel and perpendicular to the director direction,
respectively. For such a material the nematic director couples
to the electric field and if the voltage is large enough gets
oriented along the field direction. The hybrid geometry of the
sample cell makes the molecules parallel to the substrate at
one surface and perpendicular to it at the other. Therefore, at
least in the two nematic phases, the configuration would be
that of a uniform bend deformation in the absence �and also
for low values� of the electric field. Such a geometry is
known to yield large changes in the transmitted light inten-
sity across the N �or Nre�–Sm-A transition. When the field is
large enough a large majority of the molecules would be
aligned along the field direction resulting in a near-uniform
homeotropic alignment. In such a case, the change across the
transition would be much smaller, which explains a smaller
variation in intensity for the 20 V case shown in Fig. 1. In
fact, the transitions can be clearly followed with dielectric
constant measurements as well, as shown in Fig. 2, and con-
firm the identification of the transformations made using the
light transmission data. However, the signatures become
much weaker for high voltages for the reason mentioned
above and therefore in the rest of the paper we describe
intensity changes for keeping track of the transitions.

Figure 3 shows the temperature–electric-field phase dia-
gram realized from measurements without and with uv illu-

mination. The large influence of photoisomerization on the
Nre-Sm-A transition and the varied influences of the electric
field on the different transitions are clearly seen. The inter-
esting features are that �i� when the voltage is 20 V �field of
�2 V /�m� the photodriven reduction in the transition tem-
peratures is nearly annulled; �ii� the rate at which such an
annulment takes place is not the same for the different tran-
sitions; and �iii� whereas the phase lines obtained without uv
�dashed lines in Fig. 3� represent equilibrium transitions, the
boundaries realized with uv illumination �with or without
voltage, solid lines through the data sets� are nonequilibrium
situations. This is due to the fact that the Z isomers respon-
sible for such a feature revert eventually to the E form spon-
taneously. Therefore, the actual coordinates of the “with uv”
phase lines are dependent on various extrinsic parameters
such as the amplitude of the uv intensity, the E-Z conversion
efficiency of the photoactive guest molecule, etc. We shall
return to these points later.

B. Dynamics

1. ON process

As mentioned in the Introduction, the photochemical tran-
sition �triggered by the equilibrium E to the photodriven Z
conformer�, also referred to as the ON process here, is fast,
occurring on the time scale of minutes in the case of the N-I
transformation. The temporal variations in the transmitted
intensity when the photodriven N-I, Sm-A-N, and Nre–Sm-A
transitions take place from the equilibrium N, Sm-A, and Nre
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FIG. 2. �Color online� Diagram to show that clear signatures of
the transitions are observed in the �a� capacitance as well as �b�
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FIG. 3. �Color online� Temperature-voltage phase diagram. The
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absence of photostimulation. The filled circles are the transition
temperatures obtained when the sample is illuminated with uv ra-
diation. The lines through the data points are only guides to the eye.
Notice that the electric field drastically affects the Sm-A-Nre transi-
tion and that with about 20 V the photoinduced diminution in the
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phases, respectively, are shown in Fig. 4 �during these mea-
surements the sample temperature was maintained 2 °C be-
low the respective equilibrium transitions�. The signatures of
these isothermal transitions are quite similar to their thermo-
dynamics counterparts shown in Fig. 1. Notice that, for all
the temporal transitions, the sample response starts only after
a delay from the instant at which the uv radiation is switched
on. We quantify this in terms of a delay time �d1. It is inter-
esting to note that �d1 values are not very different for the
N-I and Sm-A-N transitions; it is substantially ��factor of 3;
see Table I� faster for the case where E-Z isomerization en-
hances the order in the medium, viz., the Nre–Sm-A transi-
tion. The actual response itself, quantified by �on, is also
faster for the Nre–Sm-A transition, a feature that we had no-
ticed in an earlier experiment also �19�. A possible cause for
this faster disappearance of the Nre phase to the Sm-A phase
could be the photodriven nanophase segregation, a feature
which will be explained in the next section. A second possi-
bility is the fact that the Nre–Sm-A transition is most sensi-
tive to photoisomerization related effects as can, for ex-
ample, be seen in the magnitude of the photodriven shift in
the transition temperature; very large magnitudes of the shift
can be obtained with extremely low levels of uv intensity, a
feature indeed seen in our previous work. This can be inter-
preted to mean that even a small perturbation is enough to
drive the Nre phase to a layered structure, thus achieving a
faster dynamics. This argument is in fact supported by the
thermal back relaxation behavior of the system, to be dis-
cussed below.

2. Thermal back relaxation (off) process

The TBR is generally a slow process, especially with
azobenzenes as the photoactive molecules. The kinetics of
this relaxation to the equilibrium phase from the photodriven
was also monitored using temporal measurements of the
transmitted intensity. Figure 5 displays the TBR process
from the photodriven I, N, and Sm-A to the equilibrium N,
Sm-A, and Nre phases, respectively. Here again the data ex-
hibits a delay time �d2 and a response time �off. The delay
increases in a monotonic fashion with lowering of the tem-
perature, being shortest for the I-N transition and longest for
the Sm-A-Nre transition. But this is not true for the response
time �off. However, the point to be noted is that whereas the
durations have comparable values for the I-N and N–Sm-A
transitions, the recovery of the Nre phase occurs with nearly
an order of magnitude longer delay as well as response
times. Indeed, this last feature has been observed earlier �19�.
A simple inspection of the data �especially the nonmonoto-
nicity of the response times� indicates that the longer dura-
tion for the recovery of the Nre phase cannot be explained as
merely due to a thermally activated process governed by an
exponential variation. In fact, in an earlier work we had pro-
posed �19� that the photocontrolled nanophase segregation
mechanism postulated by the Boulder group �25� in conjunc-
tion with the frustrated spin-gas model of the MIT group �26�
can explain such an observation. We shall recall this argu-
ment briefly here.

First, it may be recalled that the very appearance of the
Sm-A phase in any liquid crystalline phase is expected to be
because of a well-developed segregation of the aromatic and
aliphatic parts of the molecule, while in the normal cases the
segregation is established at the time of the synthesis itself
owing to the chemical structure of the molecule. In contrast,
the photocontrolled nanophase segregation is an on-demand
separation produced when the guest photoactive part of a
�guest-host� system is isomerized. The principle behind this
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TABLE I. The delay and response times for the photostimulated
change across the different transitions.

Transition
�d1

�s�
�ON

�s�

N-I 163 431

Sm-A-N 490 899

Nre–Sm-A 128 194
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FIG. 5. The time-resolved variation in the transmitted intensity
after the uv illumination is turned off, while the sample temperature
is maintained 2 °C below the respective equilibrium transition tem-
perature. The notations used to define the delay ��d2� and the re-
sponse ��off� times are shown. Particularly, notice that the thermal
back relaxation process for the recovery of the Nre phase �Sm-A-Nre

transition� takes much longer than in the case of the other two
phases.
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nanophase segregation �see Fig. 6� is that when the uv radia-
tion is absent the azo molecules are in their rodlike E form
and are thus easily accommodated into the smectic layers.
But the bent form of its photoinduced Z form is disliked by
the rodlike host molecules and is consequently expelled from
within to a region between the host layers.

The frustrated spin-gas model, found to describe the reen-
trant transitions quite well, is essentially designed for mol-
ecules having a strong terminal polar group like the ones in
the host mixture used here. In the Sm-A phase of such sys-
tems, the aim to minimize frustration arising due to possible
ferroelectric and antiferroelectric interactions of the neigh-
boring molecules generates notches in the free-energy mini-
mum. If the situation favors the molecules to permeate or

diffuse from one smectic layer to the next one, the layer gets
destabilized and, consequently, the nematic phase reenters.
On the other hand, if the presence of the triplet dipoles is
favored, the smectic order is stabilized through short-range
dipolar interactions. In the nanophase segregated case, al-
though thermally the Nre phase is the favored one, the dislik-
ing between the bent photoactive molecules �in their Z form�
and the host rodlike molecules stabilizes the Sm-A phase
better. This first manifests as an extended range for the smec-
tic phase when the light is shined �see Figs. 1 and 3�. Second,
in the dynamic sense it makes the escape from the Nre phase
faster �faster �on for the Nre–Sm-A phase� and retards the
recovery of the Nre phase �slower TBR�. This tendency to
avoid the Nre phase is so strong that substantial effects are
seen even for very low powers of the uv intensity. The ques-
tion that may arise at this point is that if the above arguments
are true then why such effects are not observed �at least not
as strongly� for the high-temperature Sm-A-N transition. We
believe that the opposition from the larger thermal fluctua-
tions �higher temperature�, favoring disorder in the medium
reduces the effect. However, the nanophase segregation may
still dominate given a chance and perhaps is the cause for the
faster �off seen for the N-Sm-A transition, in comparison to
that for the I-N transition. As far as the dynamics is con-
cerned, the point to be noticed in Fig. 6�a� is that, in the case
of the relaxation of N from the photodriven I phase, the host
molecules need to simply change their orientation. In the
Sm-A-N case, the back relaxation from the fluid N phase to
the one-dimensionally ordered state of Sm-A may be rela-
tively easier, since the bent photoactive molecules are
present in a fluid environment �Fig. 6�b��. In contrast, the
nanophase segregated Sm-A phase photodriven from the
fluid Nre phase has the bent azo molecules trapped in the
one-dimensional periodic potential of the layered structure
�Fig. 6�c��. Therefore, the recovery of the Nre phase can be
visualized to be more complicated, involving first the trans-
formation of the Z conformers to the E form and then sliding
down to random positions along the director direction to get
rid of the layering. This is what we believe to be the reason
for the longer duration of TBR.

It must be recalled that the presence of the azobenzene
molecules, having weak polarity in the E configuration alters
the process of interaction between the molecules. The triplet-
molecule-induced frustration mentioned above could be re-
duced �Fig. 6�d�� if one of the molecules in the triplet is a
nonpolar one �the effect is not large owing to the low con-
centration of the photoactive molecules used here�. A further
parameter that should be considered is the charge transfer
complex that can get formed �27� between strongly polar
host molecules which act as acceptors and the weakly polar
photoactive molecules as donors. However, what perhaps
plays the major role is the enhanced dipole moment of the Z
isomer ��5D� coupled with its packing constraint owing to
the bent shape. At least in the situation when segregation
occurs, the bent Z conformers would want to pack such that
their bend direction is along the layer normal and therefore
effectively interacting with the host polar molecules aiding
the frustration �Fig. 6�e�� and consequent phase sequences in
the medium. This may be the cause for the enhancement of
the smectic range upon photoisomerization. A caveat that
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FIG. 6. �Color online� �a�–�c� Schematic representation of the
molecular arrangements in the equilibrium �left panels� and photo-
driven �right panels� states. Notice especially the nanophase segre-
gation in the photostimulated Sm-A phase �panel c�. �d� and �e�
Configuration of triplet of molecules, with the cyan �gray� colored
circles representing host polar LC molecules and the red �dark�
colored circles representing the photoactive EPH molecules. The
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interactions. In �d� the EPH molecule is in its E state with negligible
dipole moment and therefore does not cause a frustration in the
triplet, whereas in the Z form it does �indicated by the question
mark in �e�� due to the large value of the dipole moment.
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must be added is that, due to the low concentration of the
photoactive molecules, these effects would be perturbative in
nature.

3. Electric field effect

The temporal variations in the transmitted intensity during
the back relaxation process of the three transitions, upon ap-
plication of voltage of different magnitudes, are shown in
Fig. 7. A common feature seen for all the three transitions is

that the presence of the electric field generally accelerates the
recovery of the equilibrium situation and appears to have a
limiting behavior at larger voltages. A second feature to be
noted is that the profiles become sharper and change their
appearance also with voltage. The former indicates that not
only the delay time, but also the response time is affected by
the voltage. The latter is due to the fact that the system
having a positive dielectric anisotropy and therefore the mol-
ecules would want to get reoriented along the field direction
at sufficiently high voltages. The third feature is that, unlike
for the I-N transition, the transitions associated with the
Sm-A phase exhibit, in comparison to the no-voltage thermal
back relaxation, longer delay as well as response times when
the voltage applied is 1 V. This is clearly seen in the plots of
�d2 and �off as functions of the applied voltage �Figs. 8 and
9�. The influence of the voltage is not only on the duration of
the delay, but also on the response time. This is at variance
with the behavior observed when a surface field is dominant,
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FIG. 7. �Color online� Temporal behavior of the transmitted
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a point that will be discussed later. When the voltage is 20 V,
�d2 for all the three transitions reduces to about 8 s, a value
which is close to the time interval at which the data are
collected �6 s�. The effect of the electric field in diminishing
�d2 is maximum in the case of the N–Sm-A transition: even at
a voltage of 5 V, it achieves this limiting value, as compared
to the values of 55 and 909 s for the I-N and Sm-A-Nre
transitions. However, the largest acceleration in �d2 is seen
for the Sm-A-Nre transition at larger voltages: at least three
orders of magnitude. In contrast, the improvement in the
response times upon application of voltage is more modest.
In the absence of any theoretical model that describes the
influence of an applied electric field on TBR, we have fitted
the data, by excluding the value obtained for 1 V, to an
exponential decay function. As shown by the solid lines in
Figs. 8 and 9, this function fits the data reasonably well. The
reason for both the features, namely, that the exponential
form describes the data and that there is an increase in the
value for 1 V are not clear to us.

Now we look at the possible causes for the acceleration of
the back relaxation when an electric field is present. First, let

us recall that a drastic diminution in the delay time �and not
in the response time� has been observed for the recovery of
the equilibrium N phase from the photoinduced I phase,
when the material is confined in a polymer matrix, and has
been argued to be due to the presence of virtual surfaces at
each liquid-crystal–matrix interface �28�. The virtual sur-
faces create a surface field that is known to enhance the
nematic ordering �29�. In the photoinduced isotropic case,
the surface field produces a paranematiclike situation and
thus reduces the delay time in the return to the equilibrium N
phase, but does not alter the process once the first nematic
droplets appear, and therefore the response time is unaltered.
This is the essential difference between such a virtual surface
field and the external electric field of the present case, with
the latter reducing the delay as well as the response times.
Since the virtual surface field appeals to the molecular an-
choring at such interfaces, the chemical nature of the host
molecules also become important. In the electric field case,
we have previously observed �21� that strong as well as
weakly polar host molecules get significantly influenced.
This provides the first clue that perhaps the dielectric cou-
pling between the host molecules and the electric field may
not be a central factor. Also, as reported already, the influ-
ence of the electric field is limited to dc and very low fre-
quency electric fields, a behavior not expected if the dielec-
tric coupling were to be the reason. These arguments are
further supported by the fact that the other two transitions,
N–Sm-A and Sm-A-Nre, behave essentially in the same fash-
ion, although the difference in the order parameter across
these transitions is not the nematic order parameter. Owing
to the fact that the acceleration of the TBR process is seen in
the equilibrium isotropic phase also �21� rules out a flexo-
electric origin �an effect possible especially because of the
bent shaped Z isomers�. We had previously suggested �21�
that the electrode polarization arising in the experimental
conditions used is perhaps the underlying cause for the ac-
celeration of the TBR. While this may still be operative in
the present case, the different magnitudes of acceleration for
the three transitions and also the values being nonmonotoni-
cal with temperature indicates that there could be other in-
fluences also. An important outcome of these analyses is that
perhaps the electric field directly influences the azobenzene
molecule itself with the host molecules hardly playing any
role. A theoretical model that is under consideration in this
regard is density-functional-theory-based calculations by
Füchsel et al. �23�, which proposes that it is possible to in-
duce the isomerization of azobenzene in the gas phase by an
electric field; this model has been used to explain electric-
field-induced isomerization of an azobenzene derivative on
the gold surface by a scanning tunnelling microscope �STM�
tip �30�. The theory considers that in the presence of an
electric field, the potential-energy surface related to a reac-
tion path can be deformed, thus leading to an effective low-
ering of the isomerization barrier, and is argued to depend on
the orientation of an intrinsic dipole moment �if present� and
also on the polarizability of the molecule. The essential point
is that application of an electric field reduces the potential
barrier between the E and Z isomers and therefore favors a
quicker return of the photoactive molecule to the equilibrium
form. Qualitatively this theory can explain the influence of
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FIG. 9. Dependence of �off, the response time for the thermal
back relaxation process on the applied voltage for the I-N, N–Sm-A,
and Sm-A-Nre transitions. The dashed lines merely connect the data
points to illustrate the nonmonotonic behavior around 1 V. The solid
lines are fits obtained to an exponential decay function performed
by excluding the data for 1 V.

ELECTRIC-FIELD-DICTATED PHASE DIAGRAM AND… PHYSICAL REVIEW E 80, 021703 �2009�

021703-7



the electric field on the static as well as dynamic properties
that we observe in our experiments. It should however be
borne in mind that the actual electric field in our experiments
�even at the highest voltage of 20 V� is three orders of mag-
nitude smaller than in the STM experiments.

Finally, we present in Fig. 10 the transmitted intensity
during the back relaxation process from the photoinduced
Sm-A to the Nre phase for positive and negative signs of the
applied voltage of fixed magnitude �5 V�. The sign is defined
with respect to the electrode kept closest to the uv source.
The asymmetric behavior with the sign of the voltage is ob-
vious. In fact, both the delay and response times are nearly

halved for the negative voltage in comparison with the posi-
tive voltage. Similar behavior is seen for the I-N and
N–Sm-A transitions also, with the actual changes in �d2 and
�off being different. These features are interesting since the
density-functional theory �23� predicts an asymmetric re-
sponse in the cis-trans isomerization with the change in the
sign of the electric field. These situations correspond to what
the authors refer to as model A, in which the intrinsic and
induced dipole moments of the Z isomer are aligned along
the electric field. Here, the orientation of the molecular in-
trinsic dipole moment with respect to the electric field leads
to variation in the voltage required for the isomerization
when the sign of the field is changed. The implications of
such a comparison need to be investigated.

IV. CONCLUSIONS

We have investigated the influence of electric field on the
phase diagram and dynamic properties of photostimulated
transitions in a reentrant nematic liquid crystal. The mapped
out temperature–electric-field phase diagrams reveal that the
electric field influences all the transitions, but its effect is
maximum on the equilibrium reentrant nematic to the photo-
induced smectic-A transformation. The dynamics of both the
photochemical and back relaxation processes across the dif-
ferent transitions have been studied under photoinduced non-
equilibrium conditions. The electric field accelerates the ther-
mal back relaxation in each case with the recovery of the
reentrant phase being about 1000 times faster. Possible
causes for the acceleration have been explored and an indi-
cation that the acceleration may be associated with the
phenomenon predicted by the density-functional theory.
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