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Gold nanoparticles deposited on the windows of a liquid crystal (LC) cell were found to be able to
reduce the surface anchoring energy of the LC, and hence the threshold for its reorientation phase
transition, by 1 to 2 orders of magnitude when a cw pump light was used to excite the local plasmon
resonance of the nanoparticles. The effect was due to the disorientation of LC molecules between
nanoparticles by the plasmon-enhanced local field that softens the effective surface anchoring. A light-
controlled variation of surface anchoring energy could provide new opportunities for optoelectronic

applications of a LC.
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Optical control of liquid crystal (LC) alignment has been
a subject of great interest because of its potential applica-
tions in optoelectronics. Reorientation of a LC by laser
beams has been studied extensively for displays, optical
switching, pattern formation, and induced nonlinear dy-
namics [1]. In most cases, the direct optical torque is used
to reorient molecules in a LC cell. Optical excitation of LC
molecules or dye molecules in a dye-doped LC can
strongly enhance the torque [2-5]. In other cases, an opti-
cally induced conformation change of surfactant molecules
on a substrate can render LC realignment [6-8]. So far,
however, there has been no report on the optical modifica-
tion of the anchoring of LC molecules at a substrate to
facilitate reorientation of a LC in a cell. The anchoring of a
LC is crucial for the performance of LC devices. With
proper design, it can selectively align a LC parallel or
perpendicular to a surface with the desired strength
[9,10]. The anchoring strength, denoted by the surface
anchoring energy (SAE), governs how stable LC molecules
are aligned in a cell [11-13]. Higher SAE aligns the LC
better, but requires a higher external field (electric, mag-
netic, or optical) to “switch on” a LC device [14-18].
Lowering the switching power without sacrificing SAE is
often important for LC device operation. In this Letter, we
report an observation that with the deposition of gold
nanoparticles on a substrate, we can dynamically vary
the SAE by an optical field and drastically lower the
switching power, while keeping the SAE statically un-
changed. The strongly enhanced local field through the
local plasmon resonance between gold nanoparticles
must have disoriented the LC molecules in the surface
layer and caused a reduction of the effective SAE.

We briefly review here the theory behind the optical
reorientation of a nematic LC. For a homeotropic LC
film confined between z = 0 and d with an x-polarized
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beam of intensity / normally incident on it, the total free
energy density of the system is [19]
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in which 6 is the angle between the LC director and the
z-axis, kyjand k33 are splay and bend elastic constants, n,
and n, are ordinary and extraordinary refractive indices,
and W,, with positive integers n describes the SAE. For
simplicity, we assume W,, = 0 for n > 2. Equation (1)
shows that at I = I;,, the LC film undergoes a second-order
structural phase transition, known as the Fréedericksz tran-
sition (FT), that marks the beginning of an optical-field-
induced LC reorientation. The threshold intensity I is

given by
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where Iy = cks3[n2/ng(n? — n3)](7*/d?) is the optical FT
threshold at infinite SAE [19]. A similar derivation for the
magnetic-field-induced FT yields the same expression for
the threshold magnetic field Hy, (parallel to the surfaces) if
we replace T, by Hy, and Ty by Hy = (m/d)(kss/ x,)'/2
in Eq. (2), where y, is the magnetic anisotropy of the
nematic LC. With the simultaneous presence of optical
and magnetic fields along the same direction parallel to
the surfaces, the two fields collaborate in inducing FT,
leading to the following expression of Hy, for a given I:

(1) )24 o
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Here, we explicitly show that W, may depend on 1. If W, (1)
decreases with an increase of I, then H3 will decrease
correspondingly in a way that is faster than linear with /1.
Equation (3) allows the determination of W,(I) from the
measured Hy,(I). This is the method we adopted to obtain
W,(I) for our LC samples.

In our experiment, the LC material studied was
4-pentyl-4’-cyanobiphenyl (5CB). The homeotropic LC
cells were prepared by using N, N-dimethyl-N-octadecyl-
3-aminopro-pyltrimethoxysilyl-chloride (DMOAP) as the
alignment surfactant. Gold nanoparticles were synthesized
by reducing the reaction from chloroauric acid (HAuCly)
and their diameter was found to be ~50 nm [20]. To
prepare a nanoparticle-coated substrate, a clean optical
glass plate was first dipped in the DMOAP aqueous solu-
tion for 30 min, and then immersed in the Au-nanoparticle
solution for 0.5-6 h. The surface density of Au nanopar-
ticles appearing on the plate increased with the immersion
time. After the nanoparticle deposition, the substrate was
again dipped in the DMOAP solution for 30 min allowing
the coating of another layer of DMOAP on the Au nano-
particles to assure homeotropic LC alignment. LC cells
with both windows modified this way and different cell
thickness between 15 and 100 wm were prepared. Cells
without a Au-nanoparticle coating on their windows were
used as references.

Shown in Fig. 1(a) is an atomic force microscopy image
of ~50-nm Au nanoparticles deposited on a substrate over a
time period of 2 h. Figure 1(b) displays the absorption
spectra of 25-um-thick LC cells whose windows were
coated by Au nanoparticles with different Au deposition
times. The absorption peak near 550 nm comes from local
plasmon resonance of the gold particles. Another absorp-
tion peak near 680 nm emerging at high Au-nanoparticle
densities can be attributed to absorption by Au-nanoparticle
clusters [21]. The threshold of FT is marked by the onset of
optical birefringence arising from LC reorientation, which
can be monitored by a probe beam. An example of optical
FT is shown in the inset of Fig. 2(a). The main picture of
Fig. 2(a) displays the measured H3, versus the pump inten-
sity I for a Au-LC cell thatis 47 wm thick and for reference,
apure LC cell of the same thickness. (In the experiment, the
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FIG. 1 (color online). (a) Atomic force microscopy image of
Au nanoparticles on glass prepared by 2 h of deposition time.
(b) Absorption spectra of Au-nanoparticle-coated glass prepared
with various deposition times.

pump was a 532-nm cw beam from a frequency-doubled
Nd:YAG laser, and the probe was a weak 660-nm beam
from a diode laser. As seen in Fig. 1(b), the 532-nm wave-
length is very close to the peak of the plasmon resonance.)
We notice in Fig. 2(a) that at I = 0, Hy, of the Au-LC cell
is only slightly smaller than that of the pure LC cell,
indicating that the anchoring energy of the two cells are
close. Equation (3), with ng = 1.54, n, =1.73, k33 =8.5 X
10~ 7dyn, and y, = 1.2 X 1077 cgs for 5CB [22,23],
allows us to find W, = (0.75 = 0.11) X 107> J/m? and
(1.0 = 0.1) X 1073 J/m?, respectively, for the Au-LC and
reference L.C cells. In the above case, the Au deposition
time in preparing the Au-LC cell was 2 h. The SAE of the
Au-LC cell depends on the Au deposition time, but only
weakly. Increasing the Au deposition time from 0 to 6 h
changed W, at I = 0 from 107 to 0.46 X 107> J/m?. (See
Supplemental Material [24].) As [ increases, thh decreases,
but H3 of the Au-LC cell decreases much faster. Note that
the difference of H2 of the two cases at a given I can reach
more than 1 order of magnitude, corresponding to a signifi-
cant decrease of W, of the Au-LC cell with an increase of 1.
Using the data of Fig. 2(a) and Eq. (3), we find W, versus I
plotted in Fig. 2(b). For the Au-LC cell, W, drops from
0.75X1075J/m? at I =0 to (1.2+0.1)X 1077 J/m? at
I =380 W/cm? (which is the threshold intensity for the
optical FT of the Au-LC cell at H = 0). As a comparison,
W, = 1.0 X 107> J/m? for the pure LC cell is independent
of I within the experimental uncertainty. As a double check,
we measured W,(I) directly using the hybrid LC cell
method [25]. The hybrid LC cell had one window coated
with Au nanoparticles and DMOAP for homeotropic align-
ment and another coated with rubbed polyimide for homo-
geneous alignment. The measured W, versus [ is also
presented in Fig. 2(b), exhibiting good agreement with
that deduced from the H2 (/) measurement.
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FIG. 2 (color online). (a) Measured leh as a function of pump
intensity / for a 47 pum Au-LC cell (blue squares) and a 47 um
pure LC cell (red circles). Lines are theoretical fits. Typical error
bars are shown. The inset shows the dependence of induced
optical birefringence on pump intensity /. The onset of the
optical birefringence at I = I;, marks the Fréedericksz transi-
tion. (b) W, as a function of pump intensity for the 47 um
Au-LC cell obtained from data in Fig. 2(a) and an analysis using
Eq. (3) (blue circles) and by direct measurement using the hybrid
cell method (magenta squares). The lines are fits with Eq. (4).
Inset: W, versus [ for the 47 um pure LC cell.
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The reduction of W, could not come from laser heating.
Absorption of the cw laser light by Au nanoparticles of the
Au-LC cell could increase the temperature of the cell, but
not much more than 1°C. (See Supplemental Material
[24].) Experimentally, it was found that at / = 0, change
of W, with change of the cell temperature by 1 °C is within
the error of the W, measurement.

The reduction of W, with an increase of I can be
qualitatively understood from the sketches in Fig. 3.
Initially, the Au-LC cell has a homeotropic boundary
condition for homeotropic LC alignment in the bulk. If,
however, the homeotropic boundary condition is relaxed
by having part of the LC molecules at the boundary sur-
faces tilted away from the surface normal, the effective
SAE will decrease and so will the threshold of
Fréedericksz transition. In the case of a Au-LC cell, LC
molecules in the effective surface layer (shaded in Fig. 3)
can be reoriented by an optical field much weaker than that
required to reorient the LC homeotropic alignment of the
bulk because of the strong local-field enhancement in the
neighborhood of the Au nanoparticles. A crude estimate
shows that in our case, with 50-nm Au nanoparticles, the
field enhancement is ~30. An energy argument based on
the known elastic constants of 5CB suggests that to reor-
ient a 50-nm surface layer of a nematic LC by 5° in the
presence of local-field enhancement only requires a light
intensity of ~200 W/cm?. The small tilt of surface LC
molecules away from the surface normal helps reduce the
FT threshold significantly.

We can fit the data of W, versus [ in Fig. 2(b) quite well
with the expression

Wo(l) = Woe ™, (4)

The values of W, and [, deduced from the fit are
(0.75 = 0.11) X 107> J/m? and 75 = 10 W/cm?, respec-
tively. The expression shows that the dependence of W, on
I saturates at large I as one would expect from the optically
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FIG. 3 (color online). Schematics illustrating LC molecular
orientations in a LC-Au nanoparticle composite surface layer
without (left) and with (right) a pump beam polarized along the
surface. Orientations of LC molecules between Au nanoparticles
are distorted by the pump field, reducing the anchoring strength
of a LC at the effective surface marked by the green line. Above
the green line, the bulk LC molecules orient uniformly, and if the
SAE is finite, LC molecules at the surface will be tilted away
from the surface normal by the field above the Fréedericksz
transition.

induced reorientation of surface LC molecules, although
quantitatively, why it has the exponential dependence is
not clear.

We now focus on optical Fréedericksz transition (OFT)
with H = 0. To check the dependence of the OFT thresh-
old I on the cell thickness d, predicted by Eq. (2), we
measured [, of Au-LC and pure LC cells of various cell
thicknesses with 2 h of Au nanoparticle deposition time.
Figure 4(a) shows the results. With the 532-nm pump light,
the observed decrease of I, with an increase of d for both
cells agree well with the prediction of Eq. (2) using W, (1)
presented in Fig. 2(b). We notice that /;;, for the Au-LC cell
is more than 1 order of magnitude smaller than that for the
pure LC cell for all cell thicknesses.

To see how W, depends on the pump field enhanced by
the local plasmon resonance around the Au nanoparticles,
we measured Iy, versus d with a 660-nm pump light for Au-
LC cells of different cell thicknesses. The 660-nm beam
was from a diode laser; unlike the 532-nm pump, its
frequency is away from the peak of the plasmon resonance.
The measured result is also presented in Fig. 4(a) in
comparison with that of the 532-nm pump. It is seen that
I, with the 532-nm pump is significantly lower at all 4.
This is due to the stronger local-field enhancement
at 532 nm. We estimated the ratio of the local-field en-
hancements at 532 and 660 nm by assuming that the
enhancement arises from individual 50-nm Au spherical
particles imbedded in a medium with dielectric constants
of —5.2 +2.3i and —10 + 1.1{ for 532 and 660 nm, re-
spectively [26]. From the expression of the local field [27],
we found the ratio to be 1.46, and accordingly the ratio of
the local intensity enhancement at 532 and 660 nm is 2.1.
We then expect W,(Igp) = Wo(2.1 X Is3,). Knowing
W, (Is3,) from Fig. 2(b) and hence W,(I4), We can obtain
1(532 nm) and 1,;,(660 nm) versus cell thickness d from
Eq. (2). The calculated curves shown in Fig. 4(a) agree well
with the measured data.

Higher surface density of Au nanoparticles on the
windows of a LC cell, achieved by lengthening the Au
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FIG. 4 (color online). (a) Thresholds of the OFT of Au-LC
(blue squares) and pure LC (red circles) cells of various thick-
ness pumped by a 532-nm beam, and the same Au-LC cells
pumped by a 660-nm beam (magenta triangles). Lines are fits
with Eq. (4). Typical error bars are shown. (b) OFT thresholds of
Au-LC cells with various Au deposition times and the corre-
sponding threshold reduction factors with respect to a pure LC
reference cell; cell thickness is 25 pm.
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FIG. 5 (color online). (a) “Turn on” behavior of Au-LC (red
squares) and pure LC (blue circles) cells; cell thickness is
47 pm. (b) Decay time 7, of the Au-LC cell versus the final
pump intensity /.

deposition time, reduces the SAE of the Au-LC cell more
because more surface area is affected by local-field en-
hancement. This is seen from the measured /;;, for Au-LC
cells prepared with different Au deposition times ranging
from 0.5 to 6 h, depicted in Fig. 4(a). With a 0.5-h depo-
sition time, [, compared with that of a pure LC cell is
reduced by a factor of 17; with a 6-h deposition time, the
reduction factor increases to 45.

Reduction of the SAE also sharpens the LC response to
an orienting field [28] and speeds up the switch-on re-
sponse of a LC cell [29]. The same effect was also ob-
served with Au-LC cells. We measured the switch-on
responses of Au-LC and pure LC cells of 47 um thickness
(I, = 380 W/cm? and 3300 W/cm?, respectively) by
switching on a 532-nm pump beam to intensities
100 W/cm? above their respective I;,. The observed time
dependences of the optical birefringence signal from the
two LC cells are depicted in Fig. 5(a). The response time of
the Au-LC cell is 50 sec and that of the pure cell is 110 sec.
Weaker SAE is also known to lead to slower recovery time
[30]. We measured the recovery time by monitoring the
decay of the optical birefringence signal from a LC cell
after the above-threshold pump intensity is suddenly re-
duced to a value of I below threshold. The decay was
found to be exponential with decay time constants 7,. In
Fig. 5(b) we plotted 7, versus Iy for the 47 um Au-LC
cell. It is seen that 7, increases with I as W,(I) decreases.
At I = 0, the observed 7;, = 3 sec is the same as that of a
pure LC cell of the same thickness. The model of Ref. [30]
can be used to understand the observation. It predicts 7, =
yd'?/ky3 1 under finite W,, where v is the viscosity coef-
ficient, d’ = d + 2b is an effective cell thickness, and b =
k33/W,. For our Au-LC cell, since W, changes with pump
intensity I, we would expect b = k33/ W, exp(—1/1,), but
actually b should further increase because the surface now
refers to a thin layer composed of Au nanoparticles and
disoriented LC molecules. We simply assume b = ks3/
Woexp(—al/l,), with a > 1 as an adjustable parameter.
As seen in Fig. 5(b), we can indeed use 7, = yd"?/ky3 72
with a = 1.42 and I,, = 75 W/cm? to fit the data well.

In conclusion, we have demonstrated that strong local-
field enhancement from local plasmon resonance between

Au nanoparticles can greatly change the effective surface
anchoring strength of the LC and reduce the threshold of
the Fréedericksz transition of a LC cell by 1 to 2 orders of
magnitude. That a pump light can be employed to signifi-
cantly reduce the switching field strength for LC reorien-
tation and dynamically control the switching could provide
many opportunities for future optoelectronic applications
of a LC.
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