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Molecular reorientation of a nematic glass by laser-induced heat flow
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Laser-induced birefringence patterns which break the symmetry of the experimental setup have been ob-
served in a low molar mass anisotropic glass with nematic orientational order under a polarizing microscope.
It is shown that the observed spatial modulations in birefringence can be explained by laser-induced heat flow
and stress, leading to molecular reorientation which is then frozen and stored in the glassy state if the optical
excitation is switched off. The experimental findings can be regarded as a manifestation of heat-flow alignment
caused by a spatially inhomogeneous temperature {i§tD63-651X99)16805-3

PACS numbgs): 42.70.Df, 61.30.Cz, 61.30.Gd

[. INTRODUCTION more phenomenological point of view, the experimental
findings can be regarded as a manifestation of a heat-flow
Since the mid-1980s it has been recognized that besidd¥refringencg 10—-13 caused by a spatial dependence of the
liquid crystalline polymers some low molar mass liquid crys-temperature field. The microscopic mechanisms responsible
tals may also form a glassy state at room temperature eve@r similar effects in gasgd0-12 and ordinary liquid$13],
by Coo”ng at usua”y slow rates of some few Kelvins perhOWe-Ver, differ from thO-Se which are rele-Vant in the-glasse-s
minute [1]. In particular, a binary mixture of two considered here. In particular, the dynamics even of isotropic
B-naphtylesthers was shown to exhibit an anisotropic glass§lasses are rather complgk4—16, and can be expected to
state at temperatures beldly=310 K which results from e more complicated in Ilqgld crystalline glasses. Conse—.
freezing of nematic orientational order. Generally, liquid duently, the present work discusses the effect under quasi-
crystalline glasses offer a promising combination of uniqueStationary conditions. _
optical and other physical properties of ordered mesophases This paper proceeds as follows: In Sec. Il, the experimen-
together with excellent mechanical and fabrication propertied! Setup and observations are presented and discussed in
of noncrystalline organic materials. As an example, it wagnore detail. In Sec. lll, a theoretical model based on an
demonstrated2,3] that photothermal excitation can be suc- €duation valid for both the liquid crystalline nematic and
cessfully applied for reversible holographical storages. Life S0tropic phases is developed for the second rank alignment
times for stored holographic gratings of several years havéenso_r which is as_somated with the_ optical blrefrlngence. A
been obtained and more than 1000 writing, reading, and er&oupling of the alignment tensor with the symmetric trace-
sure cycles have been realized without any dramatic decreal@sS part of the pressure tendstress tensgris considered
in diffraction efficiency on the same spot of the samfgle by mtrodu_cmg a stress—qpt'lcal (_:oeff|C|ent._ This equation is
These optical storage effects have been attributed mainly ten specialized for a uniaxial alignment with a constant sca-
structural relaxation processes affecting the local birefrin/ar order parameter. In Sec. 1V, this equation is applied to the
gence and refractive indices via the mass densignd the expe_rlmental situation. FII’S.'[., the pressure tensor is calcqlated
scalar order paramet@ following photothermal excitation Starting from a local stability criterion and an appropriate
[5]. ansat; fqr the tempgrature field. The reorlgntanon of the
It is the main purpose of the present paper to discuss ho\nematlc d'lrector field is then calpulated analytically for small
light absorption and laser-induced local heating in these negorientation angles and numerically for the general case. In
nematic low molar glasses may cause also molecular reor2€C- V, the experimental observations are compared to the
entations and rotations of the optical axis, which has beeff€0retical predictions, and some concluding remarks are
experimentally verified with the help of polarization micros- 9/Ven.
copy. The observed birefringence patterns are intriguing be-
cause they break the symmetry of the experimental arrange-
ment. It will be shown that the reorientation phenomena can
be explained by stress-optical coupling similar to stress- The investigations were performed with a L®n-thick
induced birefringencg6], where the stress is caused by anematic film of an eutectic mixture of twB-naphtylesters
locally inhomogeneous temperature field. There are closEl], which has been described in more detail in RE2s3].
analogies to well known flow alignmefi7—9] or birefrin-  The phase sequences of the mixture are crystalline
gence but without the need of any material flow. From a— (409 K)— nematic —(413 K)— isotropic. At usual

IIl. EXPERIMENT
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FIG. 1. Experimental setup. The sample is illuminated by a laser
with the polarization parallel to the initial director orientatiog

FIG. 2. Polarization patterns of the frozen-in reorientation. In
the left picture the crossed nichols are parallel to the initial director
orientation, while for the right image the sample has been rotated by
cooling rates of a few K/min, however, crystallization is 15°.

avoided and the material undergoes a glass transition at 310

K. Consequently, the orientational order of the nematicpear different by rotating the sample between crossed polar-
phase is frozen and the glassy state is anisotropic. The mgrers: If the angley between the optical axis of the sample
terial was doped with a small amouf@.1% of a dichroic  and the analyzer is zero, the spot is divided into four parts of
anthraquinone dy¢D37, BDH) to enhance the absorption equal brightness and color, with a Maltesian-like cross along
and to achieve laser heating. It should be noted, howevefhe po|arizer and ana|yzer axes. Forllaﬂz 0’77/2, ...,quar-
that similar effects to those described below have also beejars of two different colors have been observed which are in
observed in samples where optical heating was achieved Rypntrast to the surrounding area. The pattern is then cen-
an additional metallic layer on one of the inner Comainertrosymmetric, where the opposite quarters behave equal. Es-
surfaceq17]. pecially for a rotationy— — i, the quarters exchange their
The sample was sandwiched between two 1-mm-thiclgg|ors.
glass plates, which were separated by Mylar spacers. The These observations can be explained if we assume that the
inner surfaces of the plates were coated with a rubbed polygptical axis within the quarters is rotated around the sample
mer to accomplish the desired homogeneous planar aligrhormal, as will be discussed in Sec. IIl. They are therefore
ment. The cells were filled with the material in the isotropic manifestations of molecular reorientation effects caused by
phase, i.e., above the clearing poliif; =413 K. A nematic  the above mentioned laser heating which occur in addition to

orientation of the glassy material along the rubbing directionthe modulation in density and order parameter under certain
was then achieved by sloi2 K/min) cooling down to a ¢ircumstances.

temperature where the high viscosity of the glass appears
(=360 K). After that, the nematic alignment was frozen by

faster(100 K/min) cooling into the glassy state. Iil. THEORETICAL MODEL FOR THE HEAT
A focused argon-ion laser beam\ €514 nm), which FLOW ALIGNMENT
was modulated with a pockels cell, was used for the thermo- A. Equation for the alignment tensor

optical excitation. The ¥radiusr  of the intensity profile of
the beam was measured tg=60 um. The sample was
illuminated with a single pulse of 20-ms duration on eac
spot at a temperature of 293 K. The incident polarization of TN
the laser beam was parallel to the initial director field; see ai=y15/2au),
Fig. 1. The absorbed intensity leads to rapid laser heating ) ) . .
due to radiationless recombination processes in the dye mowhere u is a unit vector parallel to the figure axis of an
ecules. It was shown that after thermal excitation, a modulaeffectively uniaxial molecule. The symbelt indicates the
tion in properties such as density or order parameter is frozepymmetric-traceless part of a tensor, e.gu= uu—3é,

and remains in the optically heated region, because the struéthere & is the unit tensor. The bracket - -) stands for an
tural relaxation back in a lower temperature state is incomaverage over the molecular orientations. Phenomenologi-
plete[5]. As a result, the optical properties connected withcally, the alignment tensor can be introduced by

density and orientational order, mainly the birefringence, are

modulated and frozen as well, which has been successfully €=€,3, 2
applied for holographic grating recording. In a single beam

experiment as discussed above, a laser-induced [lb8js where € is the symmetric traceless part of the dielectric ten-

with perfect radial symmetry has been obtained at moderat ; ; ; o o .
light intensities (€ 150 W/cn?), which was proved under a Sor which gives rise to birefringence. The coefficiepthar

- , . . acterizes the magnitude of the optical anisotropy.
Eg!;]rqlzmg microscope as well as by diffraction of the laser In particular, in the uniaxial nematic phase in equilibrium,
However, for higher excitation intensitiés 150 W/cnt), one has
diffraction at the induced lens was more complex, and spatial
patterns inside the stored lenses were observed with the help a— \ﬁa o
of the polarization microscope; see Fig. 2. The patterns ap- 23,

The molecular orientation is described by the second rank
palignment tensor

(€

()
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with the directorn (n-n=1) and the magnitude &f) _
=aj, of the alignment tensor, whera.,=+5S with the C=

3 p o Y2
4 Eaeqa kBT ;, (9)
Maier-Saupe order paramet®r (P,(u-n)).

The point of departure for the present considerations igypere 7, in the case of a nematic liquid crystal, should be

the equation of change fa identified with the average(n;+ 7.+ 73) of the three
P Miesowicz viscosity coefficientg,, 7,, and 3. For a typi-
Zat 7;1(®—§§Aa—65)=0, (4) cal nematic _quuid crystal on_e6 has%/n~—§, and Aeq
at =/6S~1. With (p/m)kgT~10"°-10""7 Pa corresponding

to a molecular mass of 2000 or 200, the coefficiénts

o H , iven by Eq.(9) has the same sign and a similar order of
a Landau-de Gennes potential with respect to the alignmery, it de as the value stated above for polymeric materials.

tensor. HereA(T)=1—T*/T, and the ellipses stand for e \ve shall apply Eq4) to a glassy state where the
characteristic coefficients approximately independent of th?/iscosity 7 is very large such that a viscous flow is sup-
temperature,T* is somewhat below the isotropic-nematic ressed. The coefficient, being equal to the difference be-
transition temperature. tween two Miesowicz coefficients, it is likely that the ratio
In Eq. (4), P is the symmetric traceless part of the pres-y,/7 is approximately constant across the glass transition.

sure tensoiP. It is linked with the stress tensar by P= Thys we assume th&t is of comparable size in the fluid and
— 0. An explicit expression foP as a function of the tem- the glassy state.

perature field will be given in Sec. Ill. The relaxation timg

and the lengtk, are considered as phenomenological coef- B. Change of the director in the glassy nematic
ficients.

where®d=A(T)a—---&a. +- - -tr(a@®)ais the derivative of

In a stationary state and when the spatial variatiora of Under equilib_rium conglitions, the alignment.ten_sor in the
, ~ o , ) ~ nematic phase is determined By=®(a)=0. This yields a
can be disregarded, one hds=CP. Then, in the isotropic niaxjal equilibrium alignment tensor of the form of EG),
phas_el where the terms nonlinear in the alignment tensor agiih 4 temperature dependent order paramaggr- S. Typi-
negligible, one has, fof >T*, cal values forS are in the range of 0.4—0.7. When the tem-
. perature is not too close to the nematic-isotropic transition
a=A(T) 'CP, (5) temperature, one may assume that the uniaxiality and the
magnitude of the alignment are not affected by spatial varia-
with a typical pretransitional increase of the coupling propor-tions and orienting torques. Then Ed) reduces to
tional to (T—T*) 1 [19]. For T>T*, this implies

3 q( J ) e
o - \/:a T,— — &A | (nn)—CP=0, (10)
€=e,a=¢e,CP=—2vCP, (6) 27 fagr =0

wherevzé(vHJruL) is an average index of refraction, a6d where it is understood that this equation has to be solved
is the standard stress optical coefficient, e.g., used for polydnder the constraini-n=1.

meric materials. There, a typical value isC2 Scalar multiplication of Eq(10) by n leads to
—1078 Pa! [6]. With v~1 and e,~0.1, this yields the 5
estimateC~—10"7 Pa L. 'ylﬁn—KAn—Can-n=0 (11)

In an isotropic liquid one haB= —27Vv, wherev is the
flow velocity and # is the (sheay viscosity. Then Eq(4) where, by use of Eq8),
becomes equivalent to an equation of change for the align-
ment tensor derived previously within the framework of ir- 3 p 5
reversible thermodynamic$20,21] and from a Fokker- Chp=2 \[Eaeqﬁ kgTC (12
Planck equatiofi22] when the coefficien€ is linked with a

coupling relaxation time coefficient,, by was defined, and the characteristic lengthis seen to be

related to an average Frank elasticity coefficiérdaf a nem-

2Cn=\27,. (7)  atic liquid crystal by
The theory presented in Reff20-22 applies to both the 2 2P
isotropic and nematic phases, and allows one to relate the K=3aggo KeT- (13
relaxation time coefficients, and 7, to the Leslie coeffi-
cientsy, and s, viz. This implies that, in the nematic and liquid phaségijs of

the order of a molecular length, i.&y=1 nm. Again, the
p p constraintn-n=1 has to be obeyed. Equatidhl) for the
=3aZ,—kgT, =2/3agqTap—KgT, 8 : . . :
V1 eqTa o KB V2 V3 eqTap ® vectorn is preferred for analytic calculations. For numerical
computations, however, E¢10) containing the dyadicin
wherep is the mass density andis the mass of a molecule. should be used. It allows the occurrence of typical nematic
As a consequence, Eq§) and(8) lead to defects[23-25.
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IV. APPLICATION TO THE OPTICAL STORAGE o o
EXPERIMENT P=P(r)rr, (16)

A. Thermal stress with r=|r| andr=r/r. Insertion of the ansat{6) into Eq.

In the glassy state where a flow is suppressed, the locdll4) with Vp=rp’ yields the ordinary differential equation
conservation of linear momentufmechanical stabilityre- ap

; 2
quires _r—3/2(r3/2p)/:_p/:_(_) T (17)
\Y

- 3 aT
V-P+Vp=0. (14
for the functionP. The primes denote the differentiation with
Here p=p(T) is the hydrostatic pressure. Due to the localrespect tar. The general solution of Eq17) is
absorption of the laser light shining on the material, there is
a local heating which implies a spatial variation of the tem-

P(r)=r—3?c 2 (s)\sds 32 (r), (@19
perature. Thus one has v al, P 2 per),
_ Ip and requiringP(r) to stay finite a3 —0 givesc;=0.
Vp VT (15 ; . .
aTl,, We consider stationary temperature profiles of the form

T=To+ 8Tf(r), whereT, is the constant temperature of the
where the quantity {p/dT), can be related to thécubio  environment, andT is the temperature rise in the center of
thermal expansion coefficient, and the isothermal com- the beam. Such a temperature profile can be assumed since
pressibility y by (dp/dT)y=al x1. Atypical order of mag- the sample thickness is much smaller than the lateral dimen-
nitude is Ep/dT)y~1CF Pa/K. sions of the laser spot. Consequently, the main heat flow

Next we consider a cylindrical geometry with the axis which determines the radial stationary profile is across the
parallel to the laser beam. For a thin sam{d® wm in the  film via the semi-infinite glass plates, and lateral diffusion
experimenk a spatial variation in the direction of the laser can be neglectef26]. Using Eq.(15), this leads to a scalar
beam can be disregarded. Then all spatial variation is withipressure of the fornp(r)=po+ (dp/dT)ySTH(r).

a plane normal to the beam. Byve denote a position vector Two special cases for a temperature profile are used ex-

within this plane. ~ plicitly. First, T=To+ &Te (""0° where the characteristic
From symmetry arguments one expects tRas of the lengthr is of the order of the width of the laser beam. The
form solution of Eq.(17) is
|
3(ap 3(r\ 7% (3 (r)\? 2
=_| — —| = — | = _e(rlrg)
P(r) 2(aT)V5T[4(rO) Na\r,) |7 € ' (19
|

with the incompletey function forr=<r., and we také’(r)=0 forr>r.. This is motivated

by the observation that the unheated glass in the region out-
x side the critical radius remains solidlike. While the function
y(e,x)= fo e s 'ds. (200 P(r) is allowed to be discontinuous Bt r, the physically
relevant condition Iirp/rc[r3’2P(r)]’ :Iimr\rc[re”zP(r)]’

This will be used in the numerical treatment presented in=0 is obeyed at .

Sec. IVC.
Second, the temperature profile B. Analytic calculation of the director field
) The essential features of the symmetry breaking molecu-
r r : : ) :
Tot oT| 14+2— (1_ _) Cor=r, Ia_r reone_ntauonlare revealed _by an ana!ytlc solution for the
= re c (21  director field which, however, is only valid for small distor-
To ~leo tions. In particular, we consider the case ng+ én where

Ny is constant andSn with n-sn=0 is a small deviation
with the finite range . is used for the analytic calculation in induced by the thermal pressuPecf. Eq.(22) with Eq. (16).

Sec. IV B. For smalk, Eq. (21) is equivalent to a Gaussian In a stationary situation, Eq11) reduces to
profile with 1k radiusry=r./3. -
Solution of Eq.(17), with Eq. (21), leads to KAon+CpyP-ng=0. (23

ap 1(r\2 1/r
7\re) 9l\re

3 The ansatz
P(r)=18(—) 6T }
\

(22

aT sn=a(r)[(r-ng)r—(r-ng)2ng], (24)
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FIG. 3. Density plots of the light intensity generated by the

analytical solution for small director reorientations. FIG. 4. Director field of the numerical solution. At the circular

boundary the alignment is fixed to the initial orientatiof
and use of Eq(16) lead to the ordinary differential equation

C | =sir’(8¢), 8¢ 2k ) (30)
=si , = €,
rira’) —4r2a=——2EP(r). (25) A
o - 3
The solution is Se=€" € el=¢, \[Eaeq(ep- n)(e%-n). (31
a(r)= ia g(L) (26) Here 6¢ denotes the optical phase shlftis the thickness of
427%\r ) the sample, and is the wavelength of the light. Witlp,
_ = (2L/\) €4\/3/284,, @ quantity which is of the order of 1 in
with the experiments, the phase shift becomes
,Cnp[ P 3\ Y\ ap 8= pom(e’-n)(e?-n). (32)
aOZrC? ﬁ = Eaeq —_— ﬁ 5T i ) . .
v %o v For the case of a small distortion of the director field,
(27)  wheren=ny+ én with n given by Eq.(24), one obtains
The functiong(x) is given by Sp= o[ (€°-ng) (€1 ng) + (€°-ny) (€% 8n)
13 +(e%ny) (€7 on)]
4x°—9x4+ ?XZ, x<1 .
9(x)=1 4 (28) = om| 5 sin 2+ axy cos 2|, (33
EX_Z' x> 1.

where— ¢ is the angle between the direction of the polarizer

The homogeneous solutions proportionat fdor r>r . and
to r 2 for r>r, have been chosen such thatand its first
derivative are continuous at=r.. The maximum of the

andn, (i.e. ny- €°=cosy andny- €9=sin ), andx andy are
the components afparallel and perpendicular tg. Density
plots of the resulting intensity witlk according to Eq(26)

function g, occurring atx=~0.810 isgm.~1.785. Thus with  are given in Fig. 3.
the estimate for the order of magnitude ®fand (@p/aT)y
given above, withy3/2a.4~1 and §T~1 K, one has, for

the maximum valuey,,,, of | a(r)],

C. Numerical solution

In order also to calculate the equilibrium solutions of Eq.
(10) in the general case of large distortions, a numerical al-
gorithm based on a finite difference scheme was used. It is
described in detail in Ref23,24]. Its main advantage is that

rc)2
o)
it conforms to the nematic symmetns= —n.

A typical value forr, is ~100 um. The Frank elasticity A Gaussian temperature profile was assumed, and accord-
coefficientK ~ &2 in the glassy state is expected to be con-ingly P(r) as given by Eq(19) was used. In order to model
siderably larger than in the fluid nematic phase, wh&e the kind of threshold behavior observed in the experiment,
~1 nm. The estimate§y~1 or 10 um lead toa,,~=10  where the effect takes place in a region of diametar,
and 101, respectively. In the first case, the assumption thafixed boundary conditions were used. Thus, while in the ana-
the distortion of the director field is small is no longer true; lytical calculations presented in Sec. IV B the pressure was
then the solution to Eq(10) can be found numerically, cf. frozen in, here the alignment is assumed to be fixed outside
Sec. IV C. the heated region.

The intensity transmitted through a sample between As can be seen from Eqll), the type of equilibrium
crossed polarizer and analyzer, oriented parallel to the ungolution depends on how the ratieo=K/C,, compares to
vectorse” ande”, is proportional to the magnitude of the pressure tensor multiplied by the area

A ™ 103( (29



PRE 60 MOLECULAR REORIENTATION OF A NEMATIC GLASS ... 1797

We developed a theoretical model based on an equation
\"0 for the second rank alignment tensor which includes a cou-
pling between the symmetric traceless part of the pressure
tensor and the alignment. The order of magnitude of the
stress-optical coupling coefficient has been estimated by
comparison to well established equations for the isotropic
and nematic phases. The coefficient is proportional to the
ratio of a rotational viscosity to a shear viscosity. This equa-
tion was then specialized for a uniaxial alignment with a
constant scalar order parameter.

For the application of the equation to the experimental
situation, an expression for the pressure tensor was calcu-
lated starting from a local stability criterion and an appropri-

te ansatz for the temperature field. In order to mimic the

ind of threshold behavior observed in the experiment, we
introduced a cutoff at the boundary of the illuminated spot in
fwo different ways: For an analytic calculation valid for

mall reorientation angles, the pressure tensor was taken to

e zero outside the heated regime. In a numerical treatment
the director field was fixed at the boundary of the heated
region.

FIG. 5. Simulated polarization patterns for the numerically cal-
culated director field.

of the illuminated spot. For the given experimental setup an

form configuration with the overall director determined by
the boundary condition. On the other hand, the influence o
the pressure tensor favors a radial director fieldc€1 N,
even configurations with defects can be found, while #or

>1 N the resulting director configurations are of the type g methods lead to similar director fields which exhibit

shown in Fig. 4. As expected, for— the same fourfold o same symmetry that has been observed in the birefrin-
symmetry in the amount of reorientation is found that 0ccurgyence patterns. The predicted polarization patterns agree well
in both the experiment and analytical calculations for Smalk/\/ith the experimental findings. A minor difference is found
reorientation angles. For finite, however, the reorientation .+ the porder between the heated and unheated area: The
in the direction parallel to the orientation is smaller than that, ;i4¢f in the director field results in a boundary that is a bit
in the perpendicular direction. _ __too sharp, while the cutoff in the pressure tensor yields a
Since this additional breaking of symmetry is not found in e diffuse border rim. It should be possible to amend this
the experiment, one can conclude that1 N. The polar-  ghartcoming by introducing a spatial dependent elasticity co-

ization patterns shown in Fig. 5 were calculated from thegtsicientk (r), which is larger in the unheated regime than in
solution found fork=50 N using the Miler-matrix formal- i, center.

ism [27]. For this and smaller values af, the asymmetry From a quantitative point of view, the director field is
can hardly be detected visually. determined by the ratio of the elastic constirib the stress-
optical coupling coefficienC,,. The calculations predict
V. CONCLUSIONS that in the present experiment this ratio is rather large and at

A glassy nematic liquid crystal with an initially homoge- Ie_ast in the order of FON. This seems to be reasqnable
ince it can be expected that the elastic constant is much

neous alignment has been subject to photothermal excitatiof. . : . )
Though the polarization of the incident laser beam was par@/9€r in the glassy than in the liquid crystalline state.

allel to the nematic director, a reorientation of the alignment

took plac_e whi_ch was detected by polarizatiqn microscopy. ACKNOWLEDGMENTS
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