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the FCPM studies. Because of the advantages of using a
low-birefringence NLC for FCPM imaging, the results in
this Letter are reported for colloids in a nematic ZLI-3412
with �n � 0:08, although we observe qualitatively similar
behavior for colloids in 5CB.

In a planar NLC cell, square platelets align with
one diagonal axis parallel to the rubbing direction (k x̂),
inducing quadrupolar nðrÞ deformations [3], as shown in
Fig. 1(a). This alignment is robust; thermally driven angu-
lar fluctuations of the square’s diagonal axis relative to x̂
have a narrow Gaussian distribution having width <1�.
Although continuous rotations of the platelet-nðrÞ quad-
rupolar structure about x̂ are energetically invariant in an
infinite NLC, the proximity of the bounding surfaces lifts
this degeneracy, and platelets align with their large-area
faces parallel to the glass plates. While observing an
isolated colloid using video microscopy, the amplitude of
the driving voltage U is gradually increased from zero.
Below a threshold U < UR � 1:2 V, no response of the
colloid to the applied field is observed. For UR < U < UF,
where UF ¼ 2:4 V is the Fréedericksz threshold volt-
age for the bulk realignment of nðrÞ, the applied field
induces a slow rotation of the platelet about x̂ [increasing
�, Figs. 1(a) and 1(b)] to an upright orientation (� � �=2).

As shown in Fig. 1(c), during this rotation, NLC elasticity
constrains one of the colloid’s diagonal axes to lie parallel
to x̂, and upon reaching � � �=2, the other diagonal aligns
parallel to the field direction ( k to ẑ). This rotation takes
place at a voltage well below UF, so that nðrÞ away from
the colloid remains intact.
Even when suspended in isotropic fluids, nonspherical

colloids experience electric field-induced torques due to
shape anisotropy if the dielectric constant " of the particle
and fluid differ [4]. Since SU-8 has a lower " at 1 kHz



change of �ðtÞ, t0 is the time at which �ðt0Þ ¼ �0=2, and
�� is a relaxation time. For each U, we extract �� from five

trajectories and average them to obtain �� as a function of

U [Fig. 2(d)]. The statistical uncertainty of �� is less than

10% at all voltages. For comparison, we measured the
respective switching times of the NLC, �n, optically within
the same cell. As shown by the solid line in Fig. 2(d), data
for �n agree with the expected voltage dependence: �n ¼
ð�Rd2=�2KÞ½ðU=UFÞ2 � 1��1, where �R ¼ 0:146 Pa � s
is the rotational viscosity, K ¼ 12:1 pN is the average
Frank elastic constant of ZLI-3412, and d ¼ 11 �m is
the cell gap. At low U, �� closely follows the voltage

dependence of �n, indicating that the mechanical coupling
of the platelet’s orientation to the local nðrÞ is strong.
Above U ¼ 5 V, the difference between �� and �n in-

creases with increasing U due to growing viscous dissipa-
tion associated with shear flow and backflow (arising from
director reorientation), which are both expected to system-
atically increase �� relative to �n. Since �n / d2, cell

thickness allows one to control �� and also the time scale

of rotations around the other axes.
At high voltages above U ¼ 5 V, rotational motion

about ŷ ceases after reaching � ¼ �=2, and is followed
by a rotation about ẑ [decreasing �, Fig. 3(a)] as well as a
�=4 rotation about a body frame vector v̂ orthogonal to

the platelet’s larger-area faces. The latter rotation can be
seen in Fig. 3(a), wherein the projected image of the up-
right platelet decreases from the length of a diagonal
(6:4 �m) to that of a side (4:5 �m). At U > UF, the
colloid also translates vertically from the middle of the
cell to the near-substrate region with splay-bend deforma-

tions occurring over a height � � ðd=UÞ½K=ð"0�"Þ�1=2 �
dðUF=UÞ [8]. The rotational and translational motion is
seen in vertical confocal sections through the upright pla-
telet [left side, Fig. 4] obtained with FCPM polarization
PFCPM?x̂, for which the background NLC is dark and
the square’s position and orientation is imaged using fluo-
rescence arising from the nðrÞ deformations near its
edges. For comparison, the right-side FCPM sections in
Figs. 4(b)–4(d) are taken away from the particle and with
PFCPM k x̂, so that the fluorescence texture indicates spatial
changes of the tilt angle 	ðrÞ and nðrÞ ¼ cos	ðrÞx̂ þ
sin	ðrÞẑ. The splay-bend deformations are visible as bright
bands of width � at the top and bottom of the cell.
The platelet’s translation and rotation can be understood

using simple considerations. Initially, due to strong elastic
nðrÞ gradients and nðrÞ being not parallel to E, the regions
near the cell substrates and next to the upright square’s
edges in the cell midplane are costly in both elastic and



[Fig. 3(a)] further decreases the elastic energy while ac-
commodating the tangential boundary conditions at the
platelet’s four vertical faces (two larger-area faces and two
edge faces). We have observed similar rotations using 5CB
that can result in much smaller �1 � 0. This likely arises
from 5CB’s lower average elastic constant (K � 7 pN) and
significantly larger dielectric anisotropy (�" � 11).

Using image analysis, we probe the dynamics of rota-
tions about ẑ by tracking the rotation of platelet’s projected
long axis in the x̂-ŷ plane as it decreases from � ¼ �=2 to
the equilibrium �1 � 0 [Fig. 3(a)]. Angular trajectories for
U ¼ 6, 8, and 10 V are shown in Fig. 3(b). At late times,
the relaxation is exponential and we characterize the dy-
namics by fitting with �ðtÞ � �1 ¼ �0 expð�t=��Þ over the
range 0 � �ðtÞ � �1 � 0:2 rad. The decay time �� and the
equilibrium angle �1 decrease monotonically with increas-
ing U [Fig. 3(c)]. Although we do not expect a dielectric
torque on the particle when it is already aligned parallel to
the field direction, this in-plane rotation arises from the
elastic interaction of the particle-induced distortions of
nðrÞ and field-dependent director deformations near the
surface. Thus, �1 is dependent on the characteristic thick-
ness of the near-surface region �
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