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Temperature dependence of the optical Freedericksz transition in dyed nematic liquid crystals
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We investigated the temperature dependence of the optical Freedericksz threshold in nematic liquid
crystals doped with anthraquinone dyes. In the presence of these dyes, the Freedericksz threshold is
anomalously low and exhibits an unusual temperature dependence. A microscopic model is proposed,
according to which the anisotropic orientational distribution and the rotational dynamics of the excited
dye molecules play an important role in the observed phenomena.

PACS number(s): 61.30.—v, 42.65.—k

The reorientation of nematic liquid crystal layers in op-
tical fields has been studied extensively in the past decade
[1]. The reorientation process in transparent films is well
understood by now. In stationary cases, the deformation
of the nematic director pattern is governed by the bal-
ance between the "optical" and elastic torques, originat-
ing from the interaction of the electromagnetic field with
the anisotropic nematic molecules and from the spatial
variations of the director, respectively. A proper con-
sideration of light propagation in the distorted nematic
liquid crystal together with the balance of torques allows
a full account of the rich variety of phenomena occurring
in nematic liquid crystals in optical fields.

On the other hand, in nematic liquid crystal doped
with certain anthraquinone dyes, anomalous behavior
was found which has not yet been explained [2,3]. As re-
ported earlier, by adding a few percent of the dyes 1,8-
dihydroxy, 4,5-diamino, and 2,7-diisobutyl(pentyl)-
anthraquinone (AQl and AQ2, respectively) to a nematic
liquid crystal host, dramatic changes in the action of the
optical field can be observed. Although the light-induced
reorientation processes are qualitatively very similar in
the dyed nernatic liquid crystals and in the transparent
host, the optical Freedericksz threshold for homeotropic
layers is smaller by more than two orders of magnitude in
the former systems than in the latter one. As shown ex-
perimentally, the dye-induced changes of the elastic con-
stants and the refractive indices are not more than a few
percent, hence these cannot be responsible for the order-
of-magnitude reduction of the threshold power. It was
demonstrated, furthermore, that the anomaly is dye
speciIIic and it is not related in a direct way to the
strength of the absorption of the dye. This fact excludes
any interpretations based on laser heating.

In Ref. [3] the reorientation process in the dyed materi-
als was interpreted in a phenornenological way. It was
suggested that in addition to the usual optical torque,
there is a further torque generated by the excited dye
molecules. In order to account for the detailed qualita-
tive agreement between the observations in the transpar-
ent and absorbing layers, it was assumed that the time

average of the dye-induced torque, I d~„ is proportional
to the optical torque, I, ,:

The parameter g is a characteristic of the dye; its value
can be deduced from the optical Freedericksz threshold.

In this Brief Report we present the temperature depen-
dence of the optical Freedericksz transition in nematic
liquid crystals, doped with the above-mentioned anthra-
quinone dyes. It was found that in the presence of these
dyes, the threshold power is not only drastically reduced,
but the character of its temperature dependence is also
modified compared to the case of transparent nernatic
liquid crystals. While in nonabsorbing layers the optical
Freedericksz threshold decreases monotonically as the
temperature is raised [4,5], in the dyed samples a non-
monotonic behavior was seen. Far from the nematic-
isotropic phase transition the threshold power increased;
in the vicinity of this phase transition, however, a steep
decrease of the threshold was detected.

In Fig. 1, we present experimental results, obtained
with 1% of AQ1 and AQ2 dissolved in the nematic bi-
phenyl mixture E63 (BDH product). Homeotropic films
were investigated, using a moderately focused He-Ne
laser beam. The optical Freedericksz threshold P,h was
determined by monitoring the intensity at the center of
the transmitted beam as a function of the input power.
At the threshold, the measured intensity began to de-
crease due to the increase of the beam divergence. Dur-
ing the measurements the samples were thermostated
with an accuracy of 0.2'C or better. Heat-conductivity
calculations showed that, at the threshold, the tempera-
ture rise due to the absorption of the laser radiation was
less than 1'C.

For AQ2, we measured the critical inagnetic field of
the static Freedericksz transition and the absorption
coeKcient, a, as a function of the temperature (Fig. 2).
As we show below, with these data it is possible to evalu-
ate the temperature dependence of the coefficient
characterizing the strength of the dye-induced torque.
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For the dyed layers, the above relation has to be
modified in two respects. First, the attenuation of the op-
tical field within the film has to be taken into account.
This problem was treated theoretically by Tabiryan [8].
He showed that in the plane-wave approximation and for
not too high attenuations (aL & 2) the optical
Freedericksz threshold can be obtained by replacing the
input intensity with the average light intensity in the lay-
er. Second, the dye-induced torque that is, according to
our hypothesis, proportional to the optical torque should
be considered. Hence its presence can be taken into ac-
count simply by multiplying the optical torque with the
factor 1+g. With these modifications the threshold be-
comes

FIG. 1. Optical threshold power as a function of the temper-
ature. a, 1%AQ1 in E63. L = 50 pm, ro =28 pm. b, 1%AQ2 in
E63. L=50 pm, ro =28 pm. c, 1%AQ2 in E63. L=60 pm,
r, =5O pm.

Itrans

Idye( L) th ctL
T)+1 1 —exp( —aL) (4)

The threshold power for a Gaussian beam with spot ra-
dius ro is related to the plane-wave threshold intensity as

Pth —I&hro&g(ro/L) (5)

As outlined above, in order to derive the threshold,
the balance of torques has to be investigated. As is well
known, in the plane-wave limit the threshold intensity for
transparent layers is [6]

n, c~ K3Itrans

L(n —n)

n, cy,Itrans e a ~2 ~2
th p 2 th I th

n0 n n
(3)

where n, and n, are the extraordinary and ordinary re-
fractive indices, respectively, K3 is the bend elastic con-
stant and L is the sample thickness. With the help of the
well-known relation for the Freedericksz threshold in
magnetic fields [7], H,h =(Tr/L)QK~/y, (y, anisotropy
of the magnetic susceptibility), Eq. (2) can be rewritten as

where the factor g gives the correction for transverse
eftects, neglected in the plane-wave approximation.
Khoo, Liu, and Yan [9] calculated this factor, assuming
that the bend and splay elastic constants are equal. For
ro/L=O 8(whic. h corresponds to the geometry of curve c
of Fig. 1), g=1.95. Combining Eqs. (3), (4), and (5), one
obtains

2~th aI.Tl=k —1 with k =pron. g(Ro/L)
1 —exp( —aL)

In Fig. 3 we present g as a function of the temperature,
calculated on the basis of Eq. (6). The anisotropy of the
magnetic susceptibility and the refractive indices, which
are necessary for the calculation of the factor p, are taken
from Jakli et al. [10] and Jakli [11], respectively. (It
should be noted that Jakli's measurements refer to pure
E63, for which the clearing point is about 2 C higher
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FIG. 2. The perpendicular component of the absorption
coe%cient, a, and the magnetic threshold for the Freedericksz
transition as a function of the temperature. The measurements
were carried out on sample c of Fig. 1.

FIG. 3. The parameters g and a/g as a function of the tern-
perature, evaluated from the data presented in Fig. 1 (curve c)
and Fig. 2.
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than for the doped material. To correct for this devia-
tion, we shifted the temperature scale for p by 2 C, thus
data with the same T&z

—T values were used in the evalu-
ation of g. This gave, however, only a small correction,
as )M is only weakly temperature dependent. )

On a microscopic level, the observations can be inter-
preted in the following way. After excitation, the dye
molecules are transformed into a metastable state, in
which the interaction with the surrounding nematic
liquid crystal is different from that in the ground state.
Hence the excited dye molecules can be regarded as a cer-
tain kind of "impurity. " Such an effect was noted already
by Odulov et al. [12], who observed in methoxy-
benzylidene-butyl-aniline (MBBA) a decrease of the
nematic liquid crystal order parameter, due to light-
induced conformational changes of the MBBA molecules.
In order to understand the orientating action of the meta-
stable dye molecules, one should consider their orienta-
tional distribution. While without excitation the orienta-
tional distribution of the dye molecules is cylindrically
symmetric around the nematic liquid crystal director, for
the excited molecules the director is not a symmetry axis
in general. The transition dipole moments of AQ1 and
AQ2 are essentially along the long axes of the molecules.
Therefore, those dye molecules which are aligned along
the polarization direction of the light beam have the
highest probability for excitation, while the ones with a
long axis perpendicular to the polarization are not excit-
ed at all. This selective excitation leads to an orientation-
al distribution, which is not symmetric around the direc-
tor. We suggest that the interaction between the
asymmetrically distributed metastable dye "impurities"
and the nematic liquid crystal host is responsible for the
dye-induced torque and thus for the low-power reorienta-
tion of the nematic.

Although the detailed mathematical description of the
above model is beyond the scope of the present report, we
point out that it is consistent with the phenomenological
relation, Eq. (1). No torque is expected, when the electric
field of the light beam is parallel or perpendicular to the
director, because in these special cases the orientational
distribution of the excited molecules is symmetric around
the director. In the general case, the plane determined by
the director and the polarization is a symmetry plane of
the distribution; hence the torque must be perpendicular
to this plane. The same symmetry properties hold for the

optical torque also.
According to our considerations, the dye-induced

torque should be proportional to the number of excited
molecules per unit volume, which is, in turn, proportion-
al to o.~f, where ~f is the lifetime of the excited state.
However, the thermal rotational diffusion of the dye mol-
ecules has to be taken into account also. At a given mo-
ment, only those metastable dye molecules which have
not yet diffused away significantly from the orientation at
which they were excited contribute to the orienting ac-
tion. As a result of this effect, the torque is reduced by a
factor of rp/(rp+ vf ), where rp is a characteristic time for
rotational diffusion of the dye molecules. Actually, time-
resolved polarization fluorescence studies [13,14] indicate
that in low-viscosity nematic liquid crystals ~o is much
shorter than zf. In this limit, we expect

g —awo —a/D„,

where D, is the rotational diffusion constant.
The quantity a/g is presented in Fig. 3. Far from the

transition temperature it increases with an activation en-
ergy of 0.1 eV, which may be consistent with a corre-
sponding increase of D, . In connection with the decrease
of a/q near the clearing point, we note that a similar be-
havior was found by Dozov, Temkin, and Kirov [14] for
the rotational diffusion coefficient of dimethylamino-4-
nitrostilbene in 4-n-octyloxy-4'-cyanobiphenyl (8OCB).
They interpreted the non-Arrhenius-type temperature
dependence by the collective nature of the orientational
movements of molecules in the nematic phase. A similar
effect may take place in the present system as well. Po-
larized fIuorescence studies may help to clarify this ques-
tion in the future.

In conclusion, we showed that anthraquinone dyes can
modify the interaction of nematic liquid crystals with op-
tical fields dramatically. In the studied materials, the op-
tical Freedericksz threshold has an anomalously low
value and shows an unusual temperature dependence
also. We outlined a microscopic model, according to
which the rotational dynamics of the dye molecules plays
an important role in the observed phenomenon. The
temperature dependence of the rotational diffusion
coefficient is thought to be responsible for the nonmono-
tonic behavior of the threshold.
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