PHYSICAL REVIEW E VOLUME 56, NUMBER 2 AUGUST 1997

Photoinduced molecular reorientation of absorbing liquid crystals
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The phenomenon of photoinduced molecular reorientation of absorbing nematic liquid crystals is analyzed
in a macroscopic general framework and with a specific molecular model. The photoinduced torque responsible
for the reorientation is shown to describe a transfer of angular momentum from the molecule center-of-mass
degrees of freedom to the rotational ones, mediated by molecular friction. As a consequence, a photoinduced
stress tensor is predicted to develop together with the torque in the illuminated fluid. A molecular expression
of the photoinduced torque is derived with a rigorous procedure, valid both for a pure material and for a
dye-liquid-crystal mixture. This torque expression corrects those reported in previous works on the same
subject. The photoinduced torque is evaluated analytically in a simple approximate limit.
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[. INTRODUCTION example, using thermal phenomena, have been ruled out by
experiments. The following two main questions are therefore
When light travels through an anisotropic medium, angudeft open: first, what is the microscopic mechanism respon-
lar momentum is exchanged between matter and opticaible for the large change in the optical torque, and second,
wave. The mechanism of this exchange is based on the amthere does the angular momentum come from?
isotropy of the material polarizability. On one hand, indeed, In Ref.[7], Jmossy presented a molecular model of the
light polarization and propagation, which determine the andye effect. The physical picture behind his model provides,
gular momentum carried by the electromagnetic wave, arén our opinion, a plausible answer to the first of the above
affected by the medium birefringence. On the other handguestions. However, we think instead that the answer to the
since the induced material pOlariZ&ti@h is not parallel to second question given in Réﬂ] is not correct. As a conse-
the optical electric fieldE, a net torque per unit volume quence, we believe that the expression of the anomalous dye-
P X E acting on the medium is developed. An explicit calcu- jnquced optical torque deduced in RET] is also slightly
lation shows that the optical torque corresponds exactly t@,correct. Moreover, the analysis of RET] is limited to the
the angular momentum deposited by 'Iight in the unit volume .aca of LC-dye mixtures, but we believe that the phenom-
so that the total angular momentum is always conserved. .00 \would be qualitatively unchanged in the case of pure

In most materials, the effect of the optical torque is hardly,. .- ; ; -
detectable even when generated by the intense light of a Iaslfli?ht absorbing LC. In this work, we analyze theoretically

M e absorption effects to find a satisfactory answer to the
beam. In nematic liquid crystali.C), on the contrary, the uestion of angular momentum conservation and to correct
optical torque of a laser beam can easily induce a Iargg 9

change of the molecule average orientation. This effectand generalize the expression of the anomalous optical

known as light-induced molecular reorientation, is at the bajorqug publishgd in Reﬁ.?]. . .
This paper is organized as follows. First, in Sec. Il, our

sis of the LC giant optical nonlinearity, and was the object of > M X )
extensive investigations in the last fifteen yefirs analysis is carried out at a macroscopic level. We use sym-

The above picture of angular momentum exchange pemetry and continuum theory to obtain general results, valid
tween light and matter breaks down when applied to an efwhatever the correct microscopic picture of the effect is.
fect discovered a few years ago by [ndasyet. al. [2], l\!ext, in Sec. lll, we present an extended version of
which attracted considerable interd8-15]. It was found Janossy’s molecular model, which includes explicitly the LC
that a small amount of dye dissolved in a nematic LC inmolecule rotational dynamidén the model of Ref[7], only
order to make it light absorbing can change the opticablye molecules are considered explicitlifhis extension al-
torque by a large factor. Depending on the specific dye utilows us to deduce the LC torque balance from the model
lized, the optical torque can be enhanced by one or two oritself, with no additional assumptions, as shown in Sec. IV.
ders of magnitude, or it can be canceled out, or even signEach term in the molecular balance of torques is then iden-
inverted[3—6]. In all cases, however, the birefringence of thetified with a phenomenological torque. The correct molecular
material was measured and found approximately unchangeéxpression of the torque resulting from the model is thus
On the other hand, light absorption by itself does not givedetermined with a rigorous procedure. Our expression is
rise to angular momentum exchange in a dichroic mediunvalid also for a pure absorbing material. In Sec. V, the torque
(in the plane-wave limit and for linear polarizatiorThere-  expression is cast in a form suitable for explicit calculations.
fore, the angular momentum lost by light does not corredn Sec. VI, the energy balance is discussed briefly. Finally, in
spond anymore to the induced torque. All proposed explanaSec. VII, the model is solved in an approximate limit where
tions of the dye effect based on a macroscopic approach, f@an analytic approach is possible.
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Il. MACROSCOPIC ANALYSIS 7,=—vy,nx(dn/dt), the electromagnetic torqueyn,, in-

In a transparent nematic LC, the optical eIectromagneti(f:md_'”gI the. poladr}zatmn opt!cal torque a';d heveﬂtua!lyd thed
torque acting on the molecular director(due to polarizabil- static electric and/or magnetic torques, and the photoinduce

; ; o i torque 7y,.
'ty anisotropy is given by Equa?ion(3) describes the change in time of the angular
€a momentum associated with molecular orientation, within a
Tem= (P X E>:E<(H'E)(HXE)>, (1)  given volume element in the LC. To have angular momen-
tum conservation, each torque appearing on the right-hand

wheree,=n2—n? is the optical dielectric anisotropp, and  Side of Eq.(3) must obey the following equatidri 7]:

n, being the extraordinary and ordinary refractive indices, J
respectively, and the angular brackets denote time average (7)i==—(€nkMnSik) + €inkthk. (4
over an optical cycle. X

As reported in the Introduction, when the LC is light ab- whereej, is Levi-Civita antisymmetric tensot,, is a stress

Sé%rb(';])g’mi t;;?ér(;%téceil t‘i“j“eof no;c?:lgsgtiigy?nﬁ;efc? tensor associated with fluid displacement with no director

. . ph™ o~ Tem: . ) . . .

the additional anomalous effect related to light absorption, iertat'On’ ands is another. material tensor. Equa}tlén)
tates that each torque acting on the molecular director has

here named photon absorption-induced torque, or in brieWO assible originsti) an angular momentumn exchange di-
“photoinduced” torque. All experimental results are consis- POS3 9 'ang . 9
tent with the following expressiof2—5; rectly with the director field in the surroundings, as in the
g exp ' term given by a total divergencéj) an angular momentum
¢ exchange, within the current volume element, with other de-
Tph=4—<(n -E)(nXE)), 2 grees of freedom that transport linear momentum and there-
& fore appear in the expression of the stress tensor. These are

which is identical to that given in Eqil) except for the essentially the fluid flow, i.e., the molecule center-of-mass

substitution ofe, with a new dimensionless material constantd€grees of freedom, and the electromagnetic field.
{. This constant is proportional to dye concentration and de- On!y the elastic torque_e| has both klnd-s of contrlbutlons.
pends on the molecular structures of both dye and LC. Irj "€ ViScous torquer, is given by the antisymmetric part of
some guest-host systems it may reach values 400 timdQe viscosity stress tensor, and therefqre it describes an an-
larger thane, for a dye concentration below 1% in weight. gular momentum exchar!ge with the _fIU|d _flow. The electro-
Moreover,{ can also be negative, contrary &g, which is magnetlt_: torggf can be included entirely in the stress-tensor
always positive at optical frequencies. term, with ;"= (DiE;+BiH,)/4m— &;;(DnEn+ BpHp) /87
The similarity between Eq2) and Eq.(1) is not acciden- [18]. Not depending on spatial gradients, the photoinduced
tal: the dependence of the optical torque on the electric fielderduerpnh must also correspond to a stress tensor. Therefore,
E and directorn is fully constrained by symmetry, in the angular momentumhconservatlon requires thgt a_photom-
limit of small light intensity and assuming that the material duced stress tensaf" should also exist in the illuminated
response is local and nonmagnetic_ Symmetry a|one' hov\ﬁbsorbing LC. When it is not Spatlally Uniform, such a stress
ever, does not tell us the physical meaning of the constarf€nsor could give rise to an anomalous photoinduced flow.
Z, and it does not allow us to estimate its value or find itsWWe have no experimental information on the symmetric part
relationship with other material constants. For transparen®f tf]'. Its antisymmetric part is instead determined by Egs.
liquid crystals, all this can be achieved using thermodynam{2) and (4):
ics and the constitutive equations of a uniaxial dielectric. A
thermodynamic approach is, however, useless in the case of tph:i«n -E)(NE;—n{E))). ©)
the photoinduced torque, because the effect is the result of 8w U
light absorption, which is an irreversible process. A micro-
scopic molecular model is therefore required to determinélthough it depends on the optical electric field, this photo-
the physical meaning of and to estimate its value. Never- induced stress tensor cannot be associated with a momentum
theless, it is useful to set first the problem in the model-flux carried by the electromagnetic wave, which is already
independent frame of continuum theory. fully taken into account by;™. Therefore, it must be a “me-
The torque balance equation controlling the molecular dichanical” stress tensor, describing short-range forces ex-
rector dynamics in the presence of fields and light can b&hanged through the material surfaces, similar to those giv-
written as follows[16,17: ing rise to pressure or viscosity, and acting on molecule
center-of-mass degrees of freedom. The photoinduced
torque, therefore, must correspond to an angular momentum
transfer from the molecule center-of-mass degrees of free-
dom (flow) to the orientational one&irectoy.
The left-hand side of this equation describes the inertial con- The difference between the electromagnetic torque and
tribution, usually negligible in practice, but included here tothe photoinduced torque becomes even more evident at the
make the physical meaning of the equation more evident. Osample boundaries. The electromagnetic stress tensor does
the right-hand side we included the following: the elasticnot vanish outside the sample and is approximately continu-
torque ), which is a complicated function of the molecular ous across the boundary. The volume integral of the electro-
director gradients[16,17], the viscous torque, given by magnetic torque over the whole LC sample can be therefore

d?n

N XW =Tot 7, Temt Tpn- (3
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traced back to the entering flux of angular momentum carrie@cule undergoes a fast internal relaxation involving vibra-
by the electromagnetic wave outside the sample. On the corional and conformational degrees of freedom. We make the
trary, the photoinduced stress tensor vanishes suddenly whassumption that this relaxation does not perturb significantly
crossing the sample boundaries, because the conétenmt the orientatiors of the molecule. Moreover, we assume that
zero outside the sample. The discontinuity of the stress terthe molecule relaxation brings the excited electronic level off
sor corresponds to a mechanical force acting on the samptesonance with light, so that stimulated emission can be ne-
bounding walls. If such mechanical force is not compensatedlected. Under these hypotheses the transition rates are given
by the elastic and/or viscous contributions, it must be finallyby

balanced by the sample holder. If the illuminated LC cell is

suspended so that nothing opposes its free rotation, the an- 1

gular momentum that enters the system as a whole will be We(8) =~ Wqy(8)=p(s)T(S) = Te(s). (7)
given by the ordinary electromagnetic torque only, with no €

anomalous enhancement. . .
For theJ,, we assume that the molecule orientational

dynamics can be described as a rotational Brownian motion,
with rotational diffusion constant®, [20—-22. The rota-
Consider a linearly polarized light wave passing throughtional diffusion is considered here in the Einstein-
an absorbing nematic LC obtained by disso|ving a Sma|§m0|UChOWSki limit, where the angular—velocity distribution
amount of dichroic dye in a transparent host. For simplicityfollows adiabatically its quasiequilibrium asymptotic limit
we will assume that the system is spatially uniform. We sup{22], and therefore needs not be considered explicitly. More-
pose that host and dye molecules are rodlike, and denof@ver, we assume that the molecule orientation drifts under
their main molecular axis with a unit vectsr Moreover, we  the effect of a potential enerdy ,(s) describing the interac-
assume that only one excited electronic state of the dye i#on both with neighbor molecules and with external fields.
important. Therefore we have to consider three populationdhe environment is supposed to be still, on average; i.e.,
of molecules, i.e., ground and excited state dye moleculetere is no fluid flow. These assumptions lead to the follow-
and nematic host molecules, which will be identified with thelng expression:
index a=g,e,h, respectively. The number af molecules
per unit volume and solid angle at tihe@nd orientatiors is — prp—
denoted a$ ,(s,t). The total number ofr molecules per unit Ja=7 Dana_ﬁ(VUa)fa ®)
volume is therefore given by, = fd(Qf,. The total number
of dye molecules per unit volume is denoted as
Ng=Ng+Ne.
Although we are considering here the case of a dye-L

mixture, it should be emphasized that the model is valid alsohe rotational drift under the effect of the potential
in the case of a pure light-absorbing LC, i.e., to a LC made To make Eq(8) fully defined, however, we aiso need an

. . . explicit expression for the orientational potential ener
of dye molecules. All equations in the model can be appheq‘fJ P P b 9y

=y (em) () ; -
to such case just by settirig=0 andN,=0 (except for Sec. tiaﬁ .d\(/evsecriné?z S?rl\éaoriiﬁt;tigﬁal 'invtv:ri’rlilLtjeL(Y:u:Zrﬂ;r?tggst?ons
VII, where the replacemerit—g must be done, instead 9 '

Dynamical equations for thé, can be obtained starting and_UEfm) is the potentifil energy due to externz_il e_Iect_r omag-
from the continuity equations in angle space: netic f|eIQS. The latter is independent of the distributibps
(if local-field effects are neglectgdand therefore can be
of, — considered as given. The intermolecular interactions are here
W+V-JQ=WQ, (6)  described with a mean-field approach. Assuming additivity
of intermolecular interactions, we have

IIl. MICROSCOPIC MODEL

(no sum ovewr is implied herg where the first term accounts
or the orientational random walk and the second term for

whereV is the angular part of the ordinary differential

operator, the vectord (s) are the rotational currents, and U(a”(s)= 2 de’fﬁ(s’)UaB(s,s’), 9)

W,(s) are the light-induced net transition rates between dif- B=h.g.e

ferenta’s [19]. The host molecules are not subject to tran-

sitions, i.e.,W,=0. W, (W,) is the rate of electronic transi- whereU ,4(s,s’) is the potential for the interaction of mol-

tions giving rise to excited-state(ground-state dye  ecules of the kindy and B, respectively oriented as and

molecules at orientatios minus the rate of transitions re- s’.InU g4, the interaction energy has been already averaged

moving excited-statgground-state dye molecules at the over all relative center-of-mass molecular positions. Inde-

same orientation. pendently of the specific intermolecular interactiokk, s
Next, we need *“constitutive” equations for th&, and  has the following general symmetry propertiésit depends

J, . For the former, let us suppose that dye molecules have ans ands’ only through the scalas-s’; (ii) it is symmetric

transition dipole for light absorption parallel to their asis  for molecule exchange, i.eJ,4(s,s") =Ug.(s’,9).

The absorption probability per unit time of a molecule in the  Substituting Egs(7) and(8) in Eq. (6), we obtain a closed

ground state is then given Ip(s) = o((s-E)?), whereo isa  set of nonlinear integral-differential equations for the mol-

molecular constant. The decay probability per unit time isecule orientational dynamics. They generalize the model re-

instead given by the excited-level lifetime, independent ported in Ref[7], as they include explicitly the orientational

of orientation. Immediately after absorption or decay, a mol-degrees of freedom of host molecules.
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IV. MOLECULAR TORQUE BALANCES _
) . . o J dQsxVa(s)=0, a7
The rotational current, at a given orientatios is related

to the molecule average angular velociby, b . . .
9 9 aity, by valid for any functiona(s). To prove thats; vanishes we

J(s) make use of the general symmetry properties of intermolecu-
o

w,(S)=sX ay (100 lar interaction potentiall .. By Eq. (9), indeed, we have

The angular velocityw, considered here can be formally 7i=2 dQJ dQ'f,(s)fg(s")SX VU 4(s:S")

defined as the average over the partial angular velocity qua- ap

siequilibrium distribution for a given orientatia Note that du

this definition is not equivalent to the time-averaged angular => de dQ'f,(s)fg(s")sXs’ “‘f

velocity of a molecule followed along its motion. ap d(s-s")
Rewriting Eq.(8) in terms ofw,, we obtain

fdn'fdm (s)f,(s)s' X dYsa
= S S)S XSy 77—
KT _ Ba P “ d(s’-s)
~ 5 @a~SXV[U,+KTInf,]=0. (12)

dU.g

=—> de A f () o(8')sXS' 5

This equation has a simple physical interpretation: it is the @B (s-s')
average torque balance for allmolecules oriented & The

first term in EQ.(11) is the microscopic friction torque expe-

rienced by a rotating molecule having average angular velocthereforer, = 0. The vanishing ofry and 7; corresponds to

ity w,; the second term is the torque due to the free energyhe statement that the sum of all internal torques exchanged
U,+kTInf,. Since the potentiall , = U®™+U{), the free-  petween molecule orientational degrees of freedom vanishes.
energy torque includes the external torque due to electraNote that 7 would not vanish exactly anymore if spatial
magnetic fields and the internal torque due to the equilibriungradients were included in the mean-field potential. The re-
interaction with surrounding molecules. The entropy contri-sidual nonzero value would then account for the elastic
butionkTInf,, accounts for the orientational diffusion of mol- torque.

ecules. Inertial terms are neglected in the balance, consis- We are thus left with the balance between the average
tently with the use of Einstein-Smoluchowski equations ofexternal electromagnetic torque and the average friction

=—T.

rotational diffusion. torque, i.e.,
To obtain the balance of the average torques acting on all

molecules per unit volume, we multiply the left side of Eq. 7i+ Tem=0. (19

(12 timesf,, integrate the result over the whole solid angle,

and then sum oves=h,g,e. Thus we obtain This equation, obtained from the molecular model, must cor-
respond to the macroscopic E¢B) for the balance of

Ti+ Temt i+ 74=0, (120  torques. In the latter, we set,=0, because we assumed that

there are no spatial gradients, and we neglect the inertial

where term on the left-hand side. Identifying the molecular expres-

sion of the electromagnetic torque appearing in @8§) with
KT the macroscopic one appearing in , We obtain
= > f d0f,~—w, (13 P ppearing in E8)
a=h,g,e Da
Tt="Ty+ Tph- (19
is the total molecular friction torque, . .
At a molecular level, therefore, both viscous and photoin-
L duced torques must be interpreted as friction torques. The
Tem™= — E f dQf ,sXx VUﬁfm) (149 reason why the photoinduced torque is associated to friction
a=hg.e is that light absorption results in a continuous rotational drift
of dye molecules, as will be shown in the next section. A
molecular friction torque corresponds to an angular momen-
tum transfer between a rotating molecule and its neighbor
= > fdeasxﬂjg) (15)  molecules, due to intermolecular interactions. For a single
a=hg.e molecule, we might expect such exchange to be both with
. . ) ) ] center-of-mass and orientational degrees of freedom of
is an internal torque due to intermolecular interactions, andneighbor molecules. However, the total average friction
torque 7 is entirely exchanged with the center-of-mass de-

is the total electromagnetic external torque,

__ dOf sx VKkTInf 16 grees qf freedom. Inpleed, it plays the role of an external

Td a:;,g,e “ “ (16) torque in Eq.(18), which describes the balance of angular
momentum for all molecule orientational degrees of free-

is a torque associated with orientational diffusion. dom. This interpretation of the photoinduced torque is

We now prove thatry=0 and 7;=0. The first result de- clearly consistent with the results of the macroscopic analy-
scends from the mathematical identity sis of Sec. Il
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V. PHOTOINDUCED TORQUE MOLECULAR fore molecule angular velocity, is not at all incompatible
EXPRESSION with stationary orientational distributiorfs,. Even with no
N : light absorption, the average angular velocity of molecules is
To simplify our analysis, let us suppose now that an ex- . .
: ; L not equal to the angular velocity of the molecular director,
ternal field, for example, a static magnetic field, balancesexce t when thev are both zero
everywhere the optical torqu@ncluding the photoinduced b y :

contribution), so that the molecular director is at equilibrium, Since at steady statey,= 7¢ and w, =0, from Eq. (13)
. i ; . . we obtain the following molecular expression of the photo-
i.e.,dn/dt=0. The electromagnetic torque,, will then in-

clude both the static magnetic torque and the ordinary optica{Pduced torque:

torque due to polarization. Moreover, the viscous torgle KT KT
vanishes. Therefore, the photoinduced torque molecular ex- Ton= _j dQ(f — ot f—e
pression is given by the whole friction torque, i.e., P 9Dy ¢ °De ©
Ton= 71, Wherer; is given by Eq.(13). KTN KTN

The molecular director being still, the system can reach a =— 9:9_ e,;e, (23
steady state. The equations describing the steady state are Dy De
obtained from Eqs(6) by settingdf ,/dt=0. Let us consider

first the case of zero light intensity and external fields. Thervhere the overbar here denotes average over all orientations.
we haveW .=0 andU®M=0 and Egs.(6) are formally If the dye diffusion constant is independent of the electronic
a (23 ’ N

solved by the Boltzmann distribution state, i.e.,De=Dy=D, then we havery,= —(KTNy/D) o
B wherew = (N.w.+Ngyw,)/Ngy is the average angular veloc-
fEYGQ):/-\ae_Ua T, (20 ity of all dye molecules. For typical values of the photoin-

duced torque achieved in the experiments, we estimate

where A, are normalization constants. In particulag=0 w~10° rad/s.
aangeq)zo' as without light no dye molecules are excited,  gqyation (23) could be used to calculate explicitly the
while Aq andA;, are fixed by the dye and host number den-pnotoinduced torque by solving E¢6) to find the distribu-
sities Ng and Np,. Actually, Egs.(20) are a set of self- {ions f_ and then using Eq€8) and (10) to calculate the
consistent Maier-Saupe integral equations, since the dIStrIbL(li-ngmar velocitiesw,, . However, this is a very difficult task
tions % appear also in the mean-field expression, in Edif no approximations are introduced. We do it now by assum-
(9). If Eqg. (20) is inserted into Eq(8), we obtainJ,=0and  ing that the system deviation from equilibrium is small.
thereforew,, =0 and 7,,=0, as expected. More precisely, we require thaft, and f, be very small

Let us now introduce the light wave and the external Magtompared to‘}f’) or ng)_ This is verified in two casesi) if
netic field. It is convenient to seft,=f(")+f,, where the ine tota) dye concentration is small, i.&4<N,, for any
f(? are a set of auxiliary Boltzmann distributions defined asyalue of light intensityii) if light intensity is small, so that
fe<fy andfé«fg, for any value of dye concentration, and
in particular in the case of a pure light-absorbing LC. Since
where U, are now the total potentials. The normalization the functionsf,; are small, they can be cgm;i))letely neglected
constantsB,, are defined in the same way as thg: in when calc_:ulatlng the me_an-fleld potentlalé‘& . Moreover,
particularA,=0, so thatfg°)=0. We point out that the aux- the_phc_)tomduced torque is als_o §ma|| and thgre_fore_the mag-
o . (0) _ netic field used to balance it is weak. This implies that
iliary functionsf,’ are not exactly equal to the equilibrium uem be al lected with 4. Theref
distributionsf*®. The contribution to the rotational currents h“ can be aiso mﬁ?}’ffieﬁ) M Irespec h - here ]?r?,
J,. due to the Boltzmann term&® vanishes identically. t (?) approximatiorf, =T, is valid, and the mean fields
Therefore, the currents can be written as U, can be identified Wlth- their equml:.).rlu.m I|m|F. The po-
tentials US) calculated using the equilibrium distributions
£(°9 are independent of the functiori§ and can be consid-
ered as given functions

Another expression for the torque,, can be obtained

For host molecule¥V,=0 and Eq.(6) is satisfied by set- from Eq.(23), with the help of Egs(10), (17), and(22), and
ting simply f/=0; i.e., the total distribution is given exactly neglectingu®™ with respect toJ:
by a Boltzmann functionf,=f{"). ThereforeJ,=0 and
w,=0. This is not the case of dye molecules. In fact, the
photoinduced transition term&, and Wy= —W,, provide a
nonzero source to the current fields, in Eq. (6). Conse-
quently the dye currentd, and J4 and the corresponding With the same approximations, Ed§) are rewritten as
angular velocitiesw, and wy do not vanish, even at steady
state, as pointed out already in Rigf]. This implies that dye 2. Dec =) (e 4 ¢7 1
molecules are continuously rotating as a result of photoin- ~ DeVfet V- (feVUe ) =—p(fg"+fg)+—fe,

f(aO):Bae*Ua/kT, (21)

—, D, —
3u= =D VT~ = (VU (22)

= [ A0S (RFUOL U, o

duced transitions and of intermolecular interactions. We em- € (25
phasize that such rotation is totally unrelated to the angular D 1

velocity of the molecular directafwhich vanishes at steady D V2! + V. (f.VUD) = p(fI+f/)——F..
statg. A steady-state nonzero rotational current, and there- 97 9 KT 9 -9 9 v o ®
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Since the mean field®)’ and U{’ can be considered as VIl APPROXIMATE ANALYTICAL EXPRESSION
given, Egs.(25) are linear in the unknown functiorf§ and OF PHOTOINDUCED TORQUE

fg. They can be solved rather easily, either with numerical | this section, an analytical expression of the photoin-
methods[7], or with approximate analytical methods as gyced torque parametéris obtained in the limit of small

shown in Sec. VII. Next, inserting the solutions in E84)  gye anisotropy and small light intensity. To this purpose, we
and calculating the integral we may obtain the photoinducegheeq first to introduce an explicit expression of the mean

torque value. _ _ fields U andU). A reasonable choice is provided by the
Equation(24) is equal to the “naive” expression that one ¢;ooqarg Maier-Saupe form

would write immediately by considering the populations of
d_y_e moleculef involved.in t,r’1e photoinduced electronic_tran— U= — Ly, SNy(s-n)?, (29)
sitions as an “external field” acting on the molecular direc- @
tor. This “naive” point of view was adopted by several au-
thors working on this subject, but it was rejected in Ré&.

Moreover, the “naive” argument cannot be applied in a

whereS is the host order parameter angh,ugn are coeffi-
cients describing the dye-host orientational interaction

. - .strength. Equatiori29) and the following equations in this
straightforward way to the case of a pure absorbing LC, as i3gction can be applied also to the case of a pure absorbing
the experiments reported in R¢fL0]. In this work, we jus- LC if the labelh is replaced withg.

tify the “naive” approach with a rigorous derivation, valid The limit of small dye anisotropy is here obtained as a

also for a pure LC. truncated power expansion in the parameténg, and

We point out that the expression af, given by Eq.(24) S ' X
: . Uh, supposed small. To first order, the mean fle\u@
is not exactly the same as that reported in Réf.[at Eq. and Ug) in Eqgs. (25 can be completely neglected. when

(17)]. In Ref.[7], an additional factop. was introduced, due ) ey , .
to an analysis of angular momentum conservation, which iffalculating the functions, andf, . Moreover, for small light

our opinion is not correct because it does not take into acintensity, the ternf; can be neglected comparedfig® on
count rotational friction and the center-of-mass contributionthe right-hand side of Eq$25). After these approximations

to the angular momentum balance. Our expression is instea&f€ introduced, the solution to Eq25) can be sought in the
substantially the same as that given in Etp) of Ref.[7],  form f,=a,+b,(s-€)? wheree is a unit vector oriented as
where it is interpreted as an internal torque between dye aniihe optical electric field. Three of the four coefficieatsand

host molecules, but not identified with the observable photob,, are then determined by the equations themselves. The last
induced torque. one can be determined by imposing the conservation of the

total dye number densitidy. Thus, we obtain

VI. MICROSCOPIC ENERGY BALANCE Ng

r_ 2 Te 2
Being associated with a continuous rotational drifts of dye fe=2,(E >1+6DeTe[2DeTE+(S &)1+ OlerS),
molecules, the photoinduced torque requires a continuous
dissipation of free energy in the system. This energy is sup- fro_d (E?) Te oD 4|1 28
plied by the absorbed light. To see it, consider the power g an 7 1+6D,7e eTe™3 Dy
dissipated per unit volume by the friction torques:

+0(UgpS). (30)

D
+D—e(S'e)2

T g

k kT J
P= > f dQ —wlf,= >, f do—J, -=. (26
a=g.e Da a=g.e Da fa Substituting Eqs(29) and (30) into Eq. (24), we obtain the
photoinduced torque. As expecteg, turns out to be given
Next, the factod , /f, is calculated by means of E(). The by Eq.(2), with the material constant given by
result is then integrated by parts, obtaining

_ 16w N TeNp, D¢ 40 5)?
| B (=45 ds—1+6DeTe Ueh D_gugh (UpaS)©.
P= > [ dQUY+kTInf,)V-J,. (27) (31)

a=g,e
The factoraNy is related to the absorption coefficientg

At steady state, according to Ed$), we can substitute the and «, for extraordinary and ordinary waves, respectively,
transition ratew,, for the divergence of,, obtaining by the following relationship:

C(Neaet2n,ay)

aCh 8mhv (32

szdn[(ug>+lenfe)—(ug>+kT|nfg)]we. (28)

We are now in the position of identifying the molecular pa-
This equation states that the power dissipated in the systerameters, which are most important in determining the
to sustain the photoinduced torque is equal to the orientastrength of the photoinduced torque, for a given dye concen-
tional free energy provided per unit time by the light-inducedtrationNy. One is the absorption cross secti@nwhich can
electronic transitions. Of course this energy is only a fractiorbe easily determined from linear absorption measurements.
of the total energy absorbed from light in the system. Another one is the characteristic decay timgof the non-
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equilibrium dye distributions, which in our approximation is while rotational diffusion or friction is not. This is the con-
given by 74= 7./(1+6D.7.), and which can be determined sequence of the implicit assumption made in R&f)] that

by means of time-resolved fluorescence experimgds A rotational diffusion is very slow, and therefore that
third parameter quantifies the chang@ occurring in the fé= —f¢ [this assumption is used in Egd.2) and (13) of
intermolecular interactions of a dye molecule with its envi-Ref.[10]]. Note that, within this approximation, the ground
ronment when it is electronically excited. In our approxima- state populatiori is never really at steady state, because its
tion it is given by Au=[Uep—Ugn(De/Dg) INy; i.e., it de-  relaxation is actually controlled only by diffusion. This is not
pends on both the mean-field change and the change in therealistic approximation for continuous-wave illumination.
rotational diffusion coefficient®, or equivalently in the Note, moreover, that the “friction coefficient’ defined in
friction coefficientskT/D,. Preliminary experimental re- Ref.[10][Eqg.(6)]is not a true friction coefficient, but rather
sults indicate that the contribution Bf,/D (not considered a ratio between friction and mean-field strength.

in Ref.[7]) can be quite important. The factdw is clearly

the most sensitive to the molecular structures of the dye

guest and also of the nematic host. It could be obtained in- VIIl. CONCLUSIONS

dependently using time-resolved fluorescence and absorption
experiments. If the reasonable values~0.1 eV, 74~ 1 ns,
and the absorption coefficierni~100 cm ! are assumed,
we obtainZ~ 100, which is the observed order of magnitude
in the most effective guest-host mixtures.

The role of friction was recognized already in REEQ],
where the study of light-induced reorientation of a bidimen-
sional nematic Langmuir film of absorbing molecules is re-
ported. The material constituting the film is pure, not a mix-
ture. The reported effect can be considered as th

aidimensiotr;]al anglc?g of thf deffe%t s(t)udiedl in this p_?per'model with a rigorous procedure; this expression corrects
owever, the model presented in REI0] is also not quite that reported in Ref[7]; (iii) we identified the role of mo-

correct. Indeed, it is based on the incorrect assumption thal 5" riction behind the angular momentum transfer de-
the average angular velocity of the molecules is equal to thgcribed by the photoinduced torqui;) an approximate ana-

angular velocity of the molecular director, i.e., of the center i1 ovnression of the photoinduced toraque has been
of the orientational distribution. By applying our E@4) to y P P d

In summary, the main results of the present work are as
follows: (i) we have shown that the law of angular momen-
tum conservation imposes the existence of a photoinduced
stress tensor, acting on the LC flow variables, together with
the photoinduced torque acting on the molecular director; if
spatial modulations of light are present so that the stress-
tensor gradients give rise to volume forces, a measurable
photoinduced flow should be possibl@;) a molecular ex-
ression of the photoinduced torque valid also in the case of
pure absorbing LC has been derived from a microscopic

the problem of Ref[10], a different expression for the light- derived.
induced friction torqud’, is obtainedinstead of Eq(17) of
Ref.[10]]. In the notations of Ref.10], we obtain ACKNOWLEDGMENTS
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