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Transfer of momentum and torque from a light beam to a liquid
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Refraction or absorption of light results in the force and torque, i.e., transfer of momentum and angular
momentum from light to the medium. In transversely inhomogeneous beams, the force per unit fvolagne
have cur+ 0 leading to flow or to nonthermal and nongravitational convection in liquids. The force and the
torque in scattering systems are as strong as in absorbing materials and may allow one to carry out experiments
avoiding thermal effects. Nonlinear optical response of liquid crystals due to this convection is discussed.
[S1063-651%97)03210-9

PACS numbes): 42.70.Df, 42.50.VK, 42.65.5f, 47.27i

I. INTRODUCTION experiment, which was reported if®]. The Laguerre-
Gaussian beam proportional to exp@t+ikz+ime) with
The pressure of light and the problem of the proper choican= =3 was used and the particles of the size about.2rb
of the expression for the electromagnetic-field momenturracquired the rotation spedd/27 about 4 Hz. Smaller par-
density and stress tensor in a medium was a subject of hdicles were reported to join the rotation of the main trapped
discussions since the works of Lorentz, Abraham, andgarticle. The above value of the rotation speed was in agree-
Minkowski; see the relatively modern studigls2]. The ex-  ment with the idea of the balance between the two contribu-
istence of light pressure is especially evident if the light istions to the torque. The first one is equal P/w

considered as a beam of quanta with the flux density =hmP/fiw, whereP is the power absorbed by the particle,
and the second contribution 6777Qr3 is due to viscous
| (quanta/ms)=[S (W/m?)]/[hiw (J)]. (1)  friction (viscosity coefficienty) of the liquid surrounding an

almost spherical particle of the radius
Here and belows=¢,c’EX B is the time-averaged value of ~ An important development of those measurements was
the Poynting vectorkw and k= (%A wn/c)k/k are, respec- reported in[10], where thez component of the orbital angu-
tively, the energy and the momentum of a photoris the  lar momentumm=23 of the absorbed photon was either in-
refractive index, ank=w/c in vacuum.(In [2], this is re- creasedn+o=3+1=4 or decreasedn+o=3—1=2 by
ferred to as Minkovski's form of “crystal momentum” or the spin angular momentum of the photor=S,/i=+1.
“pseudomomentum.) Then the reflection of a beam by a That was achieved by switching the circular polarization
surface back into vacuum results in the buildup of the presfrom right to left. An angular velocitf)/27 about 1 Hz was

surell (force F per areaA), observed and the theoretically predicted ratios 4:3:2 were
confirmed in the experiment.
I[I=F/A=2#klI=2SKw=2S/c. 2 Many theoretical results were obtained in the papers by

Allen and co-workerg§11-13, concerning the relative con-
This fact, evident nowadays, was verified experimentallytributions of orbital and spin angular momenta. Reference
in 1900 by LebedeV{3]; see alsd4]. A lot of work on the [12] contains the discussion of the nonparaxial approxima-
transfer of momentum and torque from the light to individualtion in the theory of the angular momentum of a light beam.
atoms, molecules, and macroscopic particles has been per- In the present paper we discuss the force and study the
formed so far; see, e.d5-7]. The main concern of those torque transferred from light to the volume of the medium as
works was the “differential” motion of the individual par- awhole At first glance it may seem that the corresponding
ticles with respect to the surrounding medium. effects are almost undetectable due to the presence of a large
Transfer of the “spin” part of the angular momentum of quantityc=3x10® m/s in the denominator of the expression
light to the director of a nematic liquid crystdNLC) was  for the pressure @/c, Eq. (2). However, just those effects
observed by Santamatn al.[8]. In that work the rotation of  are responsible for the giant orientational optical nonlinearity
the NLC director was observed, with the angular velocityof liquid crystals(LCs); see, e.g.[14—20. We show here
Q/27 about 0.02 Hz; the power density of the argon laserthat the action of light pressure on a liquid as a whole is both
beam was about:210° W/cn? and the thickness of the cell remarkable and easily detectable. The emphasis of the
was 65um. present work isot on the deformation of the profile of the
Transfer of the “orbital” angular momentum from a laser free surface of liquid under the light pressusee[2—-4] and
beam with a wave-front dislocatiofwith a phase singular- references thereinbut on the creation of steady-state con-
ity) to an absorptive particle was observed directly in thevective flow of the liquid in a confined volume. It may also
be called “convective motion.” We would like to emphasize
here that this is1ot “thermal convection in the presence of
*FAX: (407) 823-6880. gravity,” i.e., this isnot the “convection” in the most usual
Electronic address: boris@mail.creol.ucf.edu sense of this word. The word “convection” in our case is
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FIG. 2. Rotation of a liquid due to the transfer of the photon’s
spin angular momentum via absorption of circularly polarized light.

FIG. 1. Orientation of the liquid crystal as arising from the
noncollinearity of the Poynting vectds and photon momentum pParent, there is a complete balance between the input and
vector#k. output numbers of quanta, energy, and momentum. How-
ever, the deviation of th& direction from theS direction

applied to remind the reader that we discuss essentaty ~91VeS rise to the “lever arms,™ ga/2 for the input quanta
culatory flow of a liquid as opposed, for example, to the and—pBa/2 for th3e output quanta, and the torqli@pplied to
monodirectional Poiseuille-type flow. the volumeV=a" equals
In other words, we have not rediscovered that the light o _
pressure is stronger than it was assumed to be. It is the “soft- T=a’lik(ap)=VpSnlc. ®)
ness” of liquids making them highly responsive to evenop the other hand, the standard expression for the torque is
minute forces that seems so fascinating to us. Besides, we
want to emphasize the importance of the acting force to have T=rxF=rxeE=erxE=dXE=VPXE=VDXE,
nonzero curl. Namely, the effect of the well-knowand (4)
large gravity force on ehomogeneoukquid cannot result in
flow or in convection for the simple reason that the potentiaWhere P=D—&E is the dipole moment of unit volume.
character of this force leads to the buildup of the appropriat&ince D=&,c’kXB/w and E=SxB/B?sc® in a plane
hydrostatic pressure, which completely balances the gravityave, the angle betwedhandE has the same valyeas the
in the steady state. angle betweer and k and the “quantum” and standard
The source of inspiration for the present work was theexpressions for the torque evidently coincide.
observation of the optical processes in dye-dofied, ab-
sorbing NLCs [21-23, where the nonlinearity turned to be Ill. ROTATION OF A LIQUID DUE TO ABSORPTION OF
nearly 100 times larger than for the “standard giant” non- THE PHOTON'S SPIN
linearity [14—20. Originally, we attempted to relate that en- ) ) - 1
hancement to the light-induced convection mechanism. we f the medium has nonzero absorption coefficierim™",
think now that convection was not responsible for the phelor intensity, then the momentunik, orbital angular mo-
nomena observed {21—23. Nevertheless, the results of the Mentumrx7k, and spin angular momentufinok/k of the
present work show that the steady-state flow of a liquidPhotons may be deposited into the small volumef the
induced by transfer of momentum and torque from light to amedium: the forcé=fV=aVSk/w (N) and the spin torque

liquid (and liquid crystals, in particulardefinitely exists as 1= 7V=VaSok/ke (Nm). Hereo==1 for the right or
an independent and strong phenomenon. left circular polarization, respectively. We do not consider

orbital torque in this section.

Let a circularly polarized light of a constant intensity
S,(X,Y,2) = S=const illuminate a cell with weakly absorbing
liquid eL<<1 occupying the space<9z<L (Fig. 2. The

Consider a light beam propagating in a transparent NLC{ransverse boundary of the axially symmetric begin y?
i.e., in an optically uniaxial crystal. An extraordinary wave =Rj is assumed to be very distant from the region of inter-
propagates here in such a way that the group-velocity vectast. Takingp as the density of liquid and the azimuthal ve-
(or the Poynting vecto®) is at an anglgs from the direction  locity u,(r,t) as the measure of the angular momentuivi
of the wave vectok. Taking a small cube of the sizzxa  of the hydrodynamic motion in the small layer of liquid O
X a with the directionz’ along the Poynting vectd® (see <z<L, 0<¢<27, r<r’'s<r+Ar, one may writeAM
Fig. 1), one is ensured that the photons are entering the cube 2wzor2pu¢Ar. Then the equation fodAM/dt expresses
through the facez’ = —a/2 only and are quitting the cube the balance between the angular momentum acquired from
through the face’ = +a/2 only. Since the medium is trans- light and the viscous transfer of angular momentuinfrom

Il. LIQUID-CRYSTAL ORIENTATIONAL NONLINEARITY
AS A LIGHT PRESSURE EFFECT
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one layer to the other. Neglecting the friction with the walls
z=0 andL, one gets

( ) p’
)

Here » (Ns/nf) is the viscosity coefficient andD
=ylp (m?/s) is the kinematic viscosityof the dimensions
of a diffusion coefficient

It is interesting to note that this partial differential equa-
tion with zero initial conditionu,(r,t=0)=0 and with in-
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I'=1/r=D(w/L)>?

For the radiusr =L/, one should consider mostly the
friction with the walls and not between the layers with the
differentr. Then the steady-state solution for the velocity is

u(P:B/rF:LS(aL)/Tranr. (8)

The original assumption of small absorption means that

the factoraL cannot be made larger than 1 in E§). Let us

make some numerical estimations, takiag=1 andr=L
in Eq. (8) and »~102P=10"2 N s/n? (for watep, and

stantaneous switch-on of the spatially homogeneous angd_s3 741015 ad/s forn=0.5um. Taking S=1C% Wicr?

time-independent illuminatior§=0 att=0 andS=const at
t>0, has a self-similar solution. Introducing the dimension-
less independent variablargument é=r/(4Dt)Y? and the
new dependent variabléunction) w(§)=u,/r, one gets the
equation

2 d2W+ 3&+288
13 a2 (3¢+2¢
Here ¢£>0 and the boundary conditions are(&>1)

~Cl4¢£% andw(é<1)~—(C/2)Iné. Indeed, one can neglect
the viscosity at large radius, i.e., &1, and then the first

oaS
-C, C=——-.
w7

(6)

dw
) e

=10° W/m?, one getsu,=5x10"% m/s=0.025um/s. This

is evidently a very small effect. One cannot further increase
the power density of radiation in the absorbing medium. In-
deed, taking the thermal diffusivity coefficient aboyt
~1.5x10 " m%s for water and the thickneds of the cell
about 100um, one gets the thermal relaxation time abeut

~L2?/ yw?~0.7X10 2 s, so that the temperature increase at
aS=S/L=10* W/s cn? is already about 15 °C.

However, one may use a medium with strongly scattering
(but nonabsorbingparticles. In that case the medium still
takes the spin of the incident radiation, but not its energy.
Then a laser beam with the power 10 W focused into a spot

boundary condition becomes evident directly from the Eq.100x 100,um? gives S about 16 W/cn? and the effect be-

(5). This limit is also equivalent to keeping only the term
2£3dw/dé on the left-hand side of Eq6). On the other

comes three orders of magnitude stronger, i,=5
X 10" ° m/s=2.5um/s. Such a velocity may be easily ob-

hand, at small radius or at relatively large time, one carerved by heterodyne registration of the Doppler shift of the

neglect the term £dw/dé and the asymptotic behavior
w(é<1)~—C In¢ becomes evident. This asymptotic limit
corresponds to the almost “rigid-body” rotation,(r,t)
~Q(t)r with the slowly increasing angular velocity of rota-
tion Q(t)=(C/2)Int.

The explicit form of the self-similar solution is

_C (= _, dt
w(@—EL (1-e%) (73
or, in slightly different notations,
c 2
W(§)=Eg [Ei(1£5)é&+1-e %],
o L dt
Ei(1,§2)=fl e ¢ T (7b)

The graph of the dimensionless functia{&)/C versus the
dimensionless argumert follows very nearly both of the
asymptotic expressions: g1 and até=1. For the given
time t, the velocity u,=rw(§) has its maximumu,
~0.5C(Dt)*2in a rather broad interval 0s5¢<1 of values
of &

An approximate way to take into account the deceleratin
influence of the boundariez=0 andL is to add the term
Dd?u,/dZ* to the right-hand side of Eq5). Assume also
the approximatez profile of the velocity asu,sin(mz/L).

scattered radiation.

We will see in the next section, however, that the velocity
of the motion induced by the deposition of the photon’s mo-
mentum itself, or of th& andy components of the “orbital”
angular momentum, may give much larger effects. An esti-
mation of the “gain” factor for the “orbital” torque in com-
parison with the “spin” torque is ZL/\, whereL is char-
acteristic size either of the beam or of the cell. It corresponds
to the notion that the lever arm for the spin of a photon is
very small: aboui/27.

IV. FLOW OF A LIQUID INDUCED BY LIGHT
PRESSURE

Consider now the linearized equations for the hydrody-
namics of incompressible liquid under the influence of an
externally applied forcé(x,y,z) (N/m?); see, e.g.[24—-26.

In this section we neglect the spin part of the torque trans-
ferred from light to the unit volume of the liquid. Then one
gets the Navier-Stokes-type equations

o

PP
+—2+
ay

&2

&Ui
x>

at

972

1 ¢ 0
Ui+; i (9—Xip(x,y,z,t).

€)

gi—|erep(r,t) is the pressure and the velocity vectosatisfies

the continuity equation, which, for an incompressible liquid,
takes the form

Then one may describe the friction effect of the wall as the

term —I'u, added to the right-hand side of E(), where
the inverse relaxation timE=1/7 is

au,

ay

AUy
ax

au,

0z (10
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The boundary conditions are zero for each of the three com- 92 2 92
ponents of the velocity at the walls of the cell: 3= (ﬁ? + a2 + ﬁ)-
u(z=0x,y,t)=u(z=L,x,y,t)=0. (1D Here A, denotes the three-dimensional Laplace operator.
. . o The advantage of the use of consists in the simplicity of
_ Homogeneity of the cell in théx andy) directions makes yno houndary conditions: at both boundaries, both the func-
it natural to use a two-dimensional Fourier expansion for th&;,, jiself and itsz derivative must be equal to zero. The first
solution of this problem: statement is the condition of no slipping of a viscous liquid
and the second one uses the above condition and the incom-
u(x,y,z,t)zf f et kY (ko ky ,2,t) dkedk, pressibility equatior(10). _ _ _
The solution of Eq.(17) may be achieved in a Fourier
(12 representatioriwith respect tok, ,k,). Namely, the solution

whereu is any ofu,,uy,u,,f,,f,,f,,p. Itis natural to de- of the equation

compose the force and the velocity distributions into two 92 2

parts: the part$, ,u, , which lie in the &,y) plane and are (P_ k2> U(z,k?)=H(z,k? (18
perpendicular to the two-dimensionlalvector, and the rest

of thef and_u vectors. . . with the boundary conditions of zero valueslbfandoU/dz

The continuity equation is satisfied automatically for theboth atz=0 andL is

components of velocity perpendicular to the wave vektor
and then the natural expansion for those components is L
U(z,k)=j0 dzQ(z,z' k*)H(z' k), (19

mmz

u(z,t),f(z,t)zmz,l (um(t),fm(t))sm( L ) (13 where the Green’s functio®(z,z’ ,k?)=G(z’,z,k?) satis-
fies the equation
so that the boundary conditions are satisfied. The equation of

. . 2
motion contains no pressure term and becomes

J 2
2 k2> G(z,z' k*)=8(z—2') (20

du 1

d_tm+ Vmlim=" fms  Ym=D(K*+m?*7%L?) (14  and the same boundary conditions. The general expression
for G(z,z',k?) is

and the steady-state responselis=f,/pym-

rL2Y — r__ o
The consideration of thak(y) component of the velocity G(z,2',k%) = 0(z' ~2){Alkz coslkz) = sint(k2)]

u that is parallel tk vector, as well as taking account of its +Bkz sinhkz)}+ 8(z—z')(C{k(L—2)
z componenf{as excited by the force distributidir,t)], is ]
somewhat more complicated since here the pressure term X coshk(L—2z)]—sinfk(L—2)]}

works. Fork# 0, one may express the “longitudinal” com-
ponent of the velocity, = (u- k)/k via u, with the use of Eq.

(10): Indeed, it is easy to verify that Eq21) is a solution at any
z#z' and boundary conditions are satisfied. Four require-
ments, the continuity of5, dG/dz, and 9°G/9z> at z=z2'
and the condition of unit step @fG/dz° atz=z', allow one
to find all the four coefficient®\, B, C, andD. Particular
expressions are simple in principle, but extremely cumber-
some. We have calculated theanalytically with the use of
symbolic computation OMATHEMATICA 3.0; MATHCAD 6.0
also gave the samgomplicated answer.
)u (K Ko .Z,1) We have used the analytical solution Ef9) to find [by
S AN numerical computation of the Fourier integfaP)] the dis-
tribution of the components, ,u, ,u, of the velocity vector
Iy ) 1 42 1 d ik-f u. Figure 3 shows the distribution of, andu, under illumi-
a_t_Dk 1‘?? ‘/’:; fz+(9_27 (16) nation of the cell by a Gaussian beam with the intensity
profile

or, if only the steady state is of interest, one gets an even
simpler equation fou,:

+Dk(L—2z)sinfk(L—-2)]). (22)

u=ik tou,/9z. (15)

The equation(9) for the longitudinal componer, allows
one to eliminate the pressugefrom the subsequent equa-
tions. Finally, introducing a new functio#, one may get the
differential equation

2

1
lﬁ(kx,ky,z,t):(l—pﬁ

S(x,y,z)=(ma?)  Pyexd — az— (x*+y?)/a?],

A3A3u,(X,y,2)=H(X,y,2), f,=aSnc. (22)

Herea is the radius of the beam, which is equal to the half

ho 2 %+a_fy (& . 7 ; (17)  Width by the criteria exp-1) of the maximum, an®, is the
K dz \ ox 9y ax2 " ay?) 2 total power of the beam. Particular values of the parameters
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FIG. 4. Dependence of the maximum value of theomponent
of the velocity of convective motioiium/s) on the ratioa/L for

FIG. 3. Distribution of the velocity vector of the convective absorptional =1 and laser power 2 mw.

motion induced by the absorptiofor scattering of a Gaussian
beam, normally incident in the-z direction, versus radius from
the beam axis and coordinateperpendicular to the cell’s walls.
The radiusa of the beam is the half width by the criteria dxil)
of the maximuma=L/4, and the absorptioaL=1.

transverse size@of the exciting beam is about the thickness
L of the cell. Then the estimation for the spatial derivatives
dldz is aboutw/L andd/dx,d/dy are about 1/2=1/L. As a

result, one gets the estimation for the velocity of convection

wereal =1 anda=0.283_ for Fig. 3. It should be noted that u~LS(aL)n/m*cy. (23
we have plotted all the small arrows with the same length i . . o
Fig. 3. Meanwhile, the values of velocity are the highest a%[/r\]/: SS; éir:atfg;'sth\éal“fehgtfotg_i ?ﬁfiﬁiguvcigclz;gﬁr%erttr?:n
the axis of the beam=0. Actually, for aL=1 the maxi- tactor 2 /y)\ b pt ZrL/)\p For th | L—lyS
mum of u(r=0,z) is localized quite close to the middle of —ai(())(; V\Z:;rﬁ’- I?razoag 100 m. ar?dr el(\)lgzugs?or;va[ter
the cellz=L/2. N : ) T 7=l =

The photons comprising the bed®) have a zera com- one gets the velocity of about am/s, i.e., in surprising
ponent of the orbital angular momentum. Therefore, no rota2dreement with the exact nu_mer_ical calculations. Indeed, the
tion of the liquid around the axis is excited via the scatter- ?r(;?]i(/aecrﬁgfs?ziihoafnthisgrgjrtt!on is somewhat worse for large
ing or absorption of such a beam. However, the fofce The Doppler shift of th@\=.0 5 um scattered radiation
applied to a unit volume has a nonzercomponent. There- ) e )

; for the velocity of the particles 1Qum/s is aboutun/A

fore, thex andy components of the orblta! torque, =y =27 Hz, an e)z;sily meagurable qu?';ntity One may further
a_md_ = ~Xf,, are transferred to the unit volume C-Jf- the 'chreaSé the value of the Poynting vecS:b;I/ three orders of
“r?u'dh sure ?nﬁUQh' thefse Cﬁmpor&ents dedpend explicitly 0magnitude in the experiment if the medium does not absorb
the choice of the origin for th& andy coordinates. More- . .
over, thetotal torque is zero if that origin is chosen at the I'ﬁht butdmerel¥ scattgtrsdlt. Tthen the effect becomes an extra
axis of the beam. It should be reminded, however, that Wé ree orders of magnitude stronger.
are interested in the motion of one part of the liquid relative
to the other. Therefore, the axially localizedcomponent of V- LIGHT-INDUCED CONVECTION IN LIQUID

the force yields a nonzero torqug= —xf, if the origin is CRYSTALS

chosen somewhere in the middle of Fig. 3. It is in this The motion of a liquid crystal is governed by the viscous
choice-of-origin noninvariant sense that we attribute the destress tensor, which is much more complicated than Navier-
picted circulatory flow of liquid to the transfer of theandy ~ Stokes expression for isotropic liquids. Therefore, we will
components of therbital torque from light to the liquid. not present those equations here and will discuss the corre-
The numerical value of the maximum of the generatedsponding effects only at the level of estimations. Viscosity
velocity u, for viscosity »=10"2P (wate) and L  coefficients both for reorientation and for hydrodynamic mo-
=100 um was 9um/s (0.0009 cm/sfor the beam power 2 tion for a typical LC are about 1 P. The absorption coeffi-
mW. Figure 4 shows the dependence of the value of theient may be made as large as necessary by the addition of
maximum of the generated velocity versus the dimension- dyes. However, for the elimination of heating, one may use
less parametea/L. We see a rather fast decreaseugfat  the scattering of light. The first evident possibility is the
larger radii of the beam. The explanation is thab#ét>1 admixture of the scatterin@put nonabsorbingparticles. We
the force may be considered as almost potential. want to note here specially that liquid crystals possess very
Equation(17) is convenient for the estimation of the con- strong intrinsic scattering of light by the thermodynamically
vection strength. Consider, for example, the case where thequilibrium fluctuations of the director. For example, the ex-
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tinction coefficient due to scattering may be as large aswo forces. The first oné= oSr/c is due to the scattering or
10 cmi'! for NLCs; see, e.g.[20]. Moreover, it was pre- absorption of light(o is the corresponding cross section
dicted in[21] and demonstrated experimentdlB8] that the  The second forcé= —6m nru;,q is due to the viscous fric-
ordinary wave in a nematic LC may propagate without dis-tion of an almost spherical particle of the radiusA com-
tortions and deflections at a rather high distance: up to parison ofu;,q=onS6mncr with the expression Eq23)
cm in an experiment similar to that {28]. Then the only for the macroscopic velocity of liquid yields
source of attenuation of the ordinary wave is molecular scat-
tering, which leads to the transfer of momentum and torque
from a light beam to the LC. Umacro La L*No

All the above estimations for the convection velocity, mmO.ZT:O.Z
with the modification of the viscosity coefficient, are appli-
cable to LCs. Hence, in the conditionaL=0.1, P
=2 mW, L about 100um, »~1P for LCs, anca=L/4, one  We see that the velocity;,q of an individual scatterer or
gets a velocityu about 0.1um/s and the gradients of the absorber(particle is larger tharu,,,cin the limit of a low
velocity 7ru/L about 0.003s". This should be compared density of particles and thin specimdow N andL), i.e., for
with the relaxation constant about 1 §* for a 100um LC  an almost transparent liquid specimen, with very rare par-
cell. Therefore, in the typical conditions of strong couplingticles in it. On the contrary, we are interested in this paper in
between the gradients of the velocity and the orientationhe case wheng<Unaco- SUcCh a situation is realized for a
[14], the dimensionless degree of convection-induced reorirelatively thick sample with a large number of scatterers. An
entation may be aboutd~ mu/L y=0.003 rad of the direc- example may be taken of the particles with the size
tor deflection. The phase modulation of the light beam due te<0.5 um, L=100um, o~=r?~1 um? andNLo~1, so
such a reorientation may be abodp~27AnLS6/\, i.e., thatN~10 2 um 3. (Note that it is only for the particle
about 0.6 rad or more, and hence is easily observable. Mor&ize about a wavelength that one may estimaterr?.) In
over, the above estimations correspond to the 2-mW beamhat caseu ..o/ Uing=40 and the macroscopic circulatory
from a He-Ne laser focused into a focal waist>380  flow (convection of a liquid is much stronger than the mo-
=(FWe *M)? um? Since our mechanism of convection tion of an individual scatterer.
exploits only “mechanical”(and not coherenfproperties of
light, one may use 5-W laser diode to increase the effect by VIl. CONCLUSION
an extra factor about 2500.

(24)

The results of the above calculations and estimations

VI. COMPARISON WITH THE MOTION OF INDIVIDUAL show that a light beam with an inhomogeneous transverse
PARTICLES profile of intensity may enforce convection in liquids due to

the transfer of momentum and torque. The phenomenon is

As was mentioned in the Introduction, our main interest isremarkable in strongly absorbing and light-scattering materi-

in themacroscopianotion of the liquid. Meanwhile, the sub-  a|s such as colloids and liquid crystals, both presenting great

ject of a large body of interesting publications in the field ofinterest for modern technologies and fundamental science.
light-induced motion(e.g.,[5—-13)) is the translational or ro-

tational motion of anindividual particle relative to the sur-
rounding liquid. Here we will make the comparison of the
corresponding values of the velocities. The authors are grateful to G. Stegeman and M. Bolshty-

The velocityu;,q of an individual particle may be consid- ansky for stimulating discussions. The research was sup-
ered to be the result of the balance between the followingported by U.S. Air Force Grant No. F49620-95-1-0520.
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