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ABSTRACT We present a simple scheme for the manipulation of light intensity by light

mediated by a dissipative process. The implementation employs the heat released by an optically
excited plasmonic metal nanoparticle to control the size of an isotropic bubble in a nematic liquid
crystal film. The nematic film is designed as a zero-order half-wave plate that rotates an incident
probe light polarization by 7z/2 and is blocked by an analyzing polarizer behind the structure. The

growing isotropic bubble disturbs the half-wave plate and causes the probe to be transmitted

through the modulator structure. Our results demonstrate that dissipative processes may be
advantageously used to control light by light.
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ontrolling light propagation with
light is intrinsically difficult as the
photon—photon interaction cross
sections are almost vanishing.' Thus dielec-
tric media have to pick up the role of
photonic modulators, and a number of dif-
ferent and highly advanced schemes have
been proposed to control the flow of
light by light with the help of nonlinear
optical effects,>* optical resonators,* exciton
polaritons,>® or with the optical response of
a two-level system in a single fluorescent
molecule.” Approaches utilizing photoex-
cited carriers in biased p-i-n diodes provide
high speed switching at GHz frequencies.?
Twisted liquid crystal cells allow for polar-
ization control in light propagation.” Many
of these schemes utilize highly advanced
structures and technologies for realizing
these photonic modulators. Here, we report
on an extremely simple all-optical modula-
tor based on a single metal nanoparticle
embedded in a liquid crystal. The transmis-
sion of a focused laser beam is controlled by
the local phase composition in a liquid
crystalline cell. This phase composition is
varied by an optical signal heating a gold
nanoparticle. The presented modulator can
be easily prepared by simple self-organiza-
tion methods and provides an example of a
slow-speed dissipative switch to control the
propagation of light by light.
Our all-optical intensity modulator is con-
structed as a zero-order half-wave plate
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(see Figure 1 and Materials and Methods
section). Therefore, we utilize a homoge-
neously aligned liquid crystal layer with accu-
rately tuned thickness into which single gold
nanoparticles are embedded.

The birefringence of the liquid crystal
causes a phase retardation 3 (eq 1) be-
tween the electric field components
parallel and perpendicular to the director
according to the ordinary n, and extraor-
dinary refractive index n,,'° the thickness
d of the liquid crystal film, and the vacuum
wavelength 1, of the incident probe laser
beam:

g 27(ne — no)d

P (1

This retardation 8 increases with the
thickness d at a given refractive index con-
trast An = n, — n,, which is specified by the
choice of the liquid crystal. At a retardation
of 5 = ot the liquid crystalline layer acts as a
half-wave plate. This is fulfilled for d = dnin, =
3.2 um thick 5CB layer at T =307 K.'® At this
thickness, the liquid crystal acts as a zero-
order half-wave-plate rotating an incident
polarization of ® = /4 by 71/2, where © is
the polarization angle with respect to the
liquid crystal director.

As the transmitted light impinges on the
analyzer oriented parallel to the incident
polarization, no light is transmitted through
the modulator structure. The transmission
through the whole structure including the
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two polarizers then follows as'"

I8, ©)

T =
lo

=1 —sin’(2@)sin*(3/2)  (2)

An intensity modulator based on a nematic liquid
crystal film thus has to control the thickness of the
nematic phase optically. This can be achieved by a gold
nanoparticle placed on the PVA/5CB interface. While
the gold nanoparticle itself may induce a local distor-
tion of the director structure,’® it only negligibly per-
turbs the local transmission through the cell. If the gold
nanoparticle, however, is placed in the focus of a laser
beam resonant to the wavelength of the plasmon reso-
nance (4, = 532 nm), the heat released by the particle'
will cause a local phase transition from the nematic to the
isotropic phase. The hot nanoparticle therefore generates
an isotropic bubble, which decreases the thickness of the
nematic layer locally and thus causes a smaller retarda-
tion of the field components of a weakly absorbed laser
wavelength 1, (see Figure 1 for a sketch). If this isotropic
bubble extends across the whole film thickness, all light is
transmitted. Consequently, the optically controlled heat
dissipation of the nanoparticle at its plasmon resonance
controls the light transmitted through the modulator
structure between 0 and 100%. As the liquid crystal is
well-ordered on length scales of the probe beam waist,
the total optical contrast is mainly related to the quality of
the polarizers in the modulator structure.

RESULTS AND DISCUSSION

Stationary Response of the Modulator Structure. In the
steady state the phase boundary between the nematic
and the isotropic liquid crystalline phase occurs at a
distance R¢, where the phase-transition temperature
matches the local temperature T(Ro) = T.. Since the
liquid crystal structure is anisotropic, the heat conduc-
tivity is anisotropic as well, and the phase boundary is
nonspherical.'® Further the interface to the PVA film
and to the glass cover slide will distort the temperature
profile."® For simplicity, however, we model the tem-
perature profile to be isotropic such that

Paps 1 20absPinc
AT(r) =T —Ty = = 3
) ") —To Ankr  4Amkr  ww? @)

with P,,s being the absorbed laser power at 4, =
532 nm, T, the ambient temperature, « the average
thermal conductivity of the liquid crystal, P, the
heating power incident on the back aperture of
the microscope objective, gops = 9.6 X 107> m? the
gold nanoparticle absorption cross-section, and w;, =
270 nm the beam waist of the heating laser. Taking all
effects into account that lower the intensity incident on
the particle, P;,c = 100 uW corresponds to Paps = 2.6 uW
(see also the Supporting Information). The changing
radius of the isotropic bubble actually requires a
detailed analysis of the light scattering properties of
the isotropic bubble, which is beyond the simple
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Figure 1. Scheme of the photothermal light modulator. (a)
Side view: The modulator structure consists of a liquid
crystal and a gold nanoparticle heated optically to convert
the liquid crystal from the nematic to the isotropic phase. (b)
Top view: The principle axis of the liquid crystal in the
nematic phase is oriented at 45° to the polarization of the
detection laser. The liquid crystal film of a well-defined
thickness d,i, forms a zero-order half-wave plate.

demonstration targeted here. However, we note that
a detailed modeling of the light scattering at this liquid
crystal structure will allow a detailed study of local
phase transitions in liquid crystals as well, which is a
new and promising field of research for itself.'®"”

Here, we describe the change in the transmission by
assuming that the thickness of the nematic phase is given
by the overall film thickness d,;, minus the radius Rc of the
isotropic bubble created around the gold nanoparticle (see
Figure 1). Under steady state conditions the radius of the
isotropic bubble is given according to eq 3 by Rc = RAT/
[Tc — Tol, where R is the particle radius and AT = AT(R) the
temperature increase on the surface of the particle induced
by the optical heating. Thus the phase retardation is

g - 2mAn {dmin _n
Ad

AT } n

Tc = To
and using eq 2 the transmission through the modulator

structure for an incident polarization of ©® = 7/4 is found
to be

, o2 [TAn|, p AT
T (AT, Ty) = cos </1d [dm.n RTC —To]) (5)

According to eq 5, the transmission depends only on the
particle radius R, the ambient temperature T, and
the temperature increment AT at the particle surface.
Figure 2 (inset) plots the expected transmission for various
ambient temperatures as a function of the particle
temperature rise. At AT = 0 the modulator structure
shows zero transmission, while the transmission becomes
maximal at AT = [T¢ — Toldmin/R. Thus the temperature
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Figure 2. (a) Steady state response: The transmission of the probe laser beam is plotted against the incident heating power. It
is varied sufficiently slowly to achieve a steady state transmission signal of the system at each incident heating power. The
transmission is shown at different temperatures T — T, being 0.11 K (red), 0.21 K (blue), 0.43 K (green), and 0.63 K (black)
below the nematic to isotropic phase-transition temperature T¢ = 307.5 K. The corresponding dashed lines are tangents of
the maximum slopes indicating the linear regime and determining the experimental gain. The gray line is a fit of eq 5 to the
experimental data. The inset shows the theoretically derived transmission as a function of the temperature increase at the
nanoparticle's surface according to eq 5. (b) Gain factors: Comparison of theoretical (line) and experimental gain factors
(markers), which correspond to the maximum transmission increase per temperature and incident heating/absorbed power
(see eq 7). The labels on the right axis correspond to the experimental gain with respect to P;,. (black) and P, (red).

rise required to switch from zero to full transmission
decreases the closer the ambient temperature Ty is to the
phase-transition temperature. The corresponding ab-
sorbed heating power is

M0 = 47K dyin(Tc — To) 6)

abs

Above this absorbed power, no further transmis-
sion changes occur. As the film thickness dn, is
typically 100 times larger than the particle radius R
and the ambient temperature is about 0.1 K below the
phase-transition temperature, it requires a tempera-
ture rise of just 10 K to switch from 0 to 100% transmis-
sion. The calculated transmission curves displayed in
Figure 2 (inset) also reveal that the slope of the transmis-
sion curve is controlled by the ambient temperature. Thus
a small particle temperature variation OAT causes a
strong transmission variation 6.7 if the ambient tem-
perature is close to the phase-transition temperature. The
maximum slope of the transmission function & (eq 5)
therefore defines the gain . (eq 7) of the system; i.e., the
maximum transmission factor change per Kelvin particle
temperature rise at an ambient temperature Ty

1 aAn R

OAT| ., (Tc-ToZ

2

7

This gain factor diverges in case the ambient tem-
perature corresponds to the phase-transition tempera-
ture To = Tc. It decays to zero if the ambient temperature is
far below the phase-transition temperature. The modulator
structure therefore has two control parameters defining
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the transmission. The first is the heating power, which
controls the particle temperature rise and thus corresponds
to the base voltage of an electrical transistor, and second
the ambient temperature, which controls the gain.
Experimental transmission data obtained with a
5CB liquid crystal modulator described above is dis-
played in Figure 2a. Details of the experimental setup
can be found in the Supporting Information and in
ref 16. The graph shows the transmission at various
incident heating powers and different ambient tem-
peratures, To. The ambient temperature is thereby
controlled with a resistive heater attached to the
objective. The experimental data clearly follow the
predicted behavior. The closer the ambient tempera-
ture gets to the phase-transition temperature, the
steeper is the increase in transmission with the incident
heating power. The experimental data can be actually
fitted with eq 5 displaying a good agreement. How-
ever, at low powers deviations occur, which are due to
the fact that the isotropic bubble is smaller than the
beam waist of the probe beam. Between 80 and 100%,
the saturation of the transmission signal with rising
incident heating power is slower than in the experi-
ment because of the spherical shape of the nematic to
isotropic interface. The maximum slope of the curve is
shown in Figure 2b, characterizing the amplification
factor of the modulator structure. The experimental
gain factor .¢" is given by the maximum slope on
the transmission curve with increasing heating power.
The incident heating power can be converted into a
particle temperature rise using the absorbed fraction of
the power (see Supporting Information). This absorbed
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Figure 3. Step response of the optical modulator at T — Ty = 0.2 K: The transmission of the modulator structure is displayed in
response to a step-like switching of the heating laser. (a) The switch-on response is plotted for incident heating powers at 70
(blue), 85 (light blue), 95 (green), 103 (black), 123 (red), and 170 uW (violet). (b) Switch-off response of the modulator structure

at the same incident heating powers as in (a).

fraction of the heating power is given by the fraction of
the absorption cross-section o,,s compared to the illumi-
nated focus area with a radius of 270 nm (see eq 3).
Accordingly, a power of 10 uW incident heating power
corresponds to a temperature increase of about 1 K.
Experimental gain values are given in #W™', since the
temperature of the particle is not exactly known. The
theoretical data is included using the left axis for a gold
nanoparticle with R = 30 nm in a 5CB environment. Both
the experimental and theoretical gain factor agree well in
their dependence on the ambient temperature T,. Thus,
when stabilizing the ambient temperature very close to the
nematic—isotropic phase-transition temperature, strong
changes of the transmitted optical power can be obtained
for very small changes in the incident optical control beam.
This is in contrast to most all-optical modulators demon-
strated before, which control a weak signal with a very
intense control beam. In the case of the presented photo-
thermal modulator, this probe power is only limited by the
absorption of the probe power by the gold nanoparticle.

Dynamic Response of the Modulator Structure. The sec-
ond key factor characterizing the modulator is related
to the dynamics of the switching process. Here, the
switching from zero transmission to the steady state
transmission and back is studied as a function of the
incident heating power. Therefore, the probe laser beam
is focused onto the particle, the heating laser beam is
switched on/off, and the time-dependent probe re-
sponse is recorded at a time resolution of 20 us. At
0.2 K below the phase-transition temperature, 50% of
the transmission is reached after 0.1 ms. The experimental
data are shown in Figure 3 for six different heating
powers and reveal that most of the signal change is
occurring within a few milliseconds.

To quantify the time scale, we plot the time when
half the steady state signal is reached in either the
switch-on or the switch-off process (see Figure 4a). As
found, the switch-on time is about 100 us and almost
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constant for the considered heating power range. The
switch-off time, however, increases with increasing
heating power. This can be qualitatively understood
from the following arguments. We assume, that the
time required to reach half the steady state signal is
mainly determined by the latent heat required to
convert the liquid crystal from the nematic to the
isotropic phase in volume V;,.'® The radius of the
isotropic bubble grows linearly with the absorbed heat-
ing power. The radius R,/ of the isotropic bubble re-
quired to generate half the steady state signal, however,
does not increase linearly with the heating power, since
the relation between heating power and signal is non-
linear (see Figure 2 (inset)). Ry, saturates for heating
powers close to maximum transmission, which means
that the volume to be converted to the isotropic phase in
the switch-on process is almost constant at larger heating
powers. The studied steady state transmission range
between 0.7 and 1 corresponds to this large heating
power regime, and thus no dependence of the switch-on
time on the heating power is observed.

In the switch-off case, however, the initial isotropic
volume before switching the heating power off is still a
linear function of the heating power. The signal drops
from the stationary isotropic bubble radius to the half-
signal radius R;,. Thus the time scale of the switch-off is
still increasing with increasing heating power. The esti-
mated time scales for the switch-on and switch-off
process based on these considerations (see the Support-
ing Information for a detailed calculation) are plotted in
Figure 4a, scaled in y-direction, and confirm the observed
trend. The switch-on and switch-off times differ as differ-
ent processes are responsible for their time scale. The
switch-on time depends on the rate at which the latent
heat of the phase transition is supplied to the liquid
crystal by the incident laser radiation, whereas the switch-
off time results from the transport of the latent to the
environment and thereby on the thermal diffusivity.
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Figure 4. Comparison of experimental and theoretical
switching times at Tc — Ty = 0.2 K: (a) The times required
to change the transmission signal of the modulator by 50%
are plotted for the switch-on (red) and switch-off process
(blue). The dashed lines show the results of the numerical
simulations. The solid lines represent the trend from a
simple analytical model (see Supporting Information). The
markers display the experimental results. (b) and (c) show the
corresponding time-dependent transmission signals obtained
from the simulations using eq 8 to get steady state transmission
at 7 =83% (blue), 7 =92% (black), and & = 100% (red). The
solid lines include a heating effect due to the detection laser,
whereas the red dashed line excludes that effect.

A more quantitative analysis requires considering
the time-dependent heat equation including the phase
transition. The dynamics of a liquid crystal phase transition
involving a moving phase boundary can only be solved
numerically. For this purpose we employ the apparent
heat capacity method.'® This method introduces an ap-
parent heat capacity at the phase boundary consisting of
the heat capacity C of the liquid crystal and the latent heat
Heof the nematic to isotropic phase transition. We assume
a spherically symmetric system neglecting the presence of
the PVA/glass interfaces and the anisotropic thermal
conductivity «, which allows transforming the apparent
heat capacity equation into spherical coordinates

p(cgwfé(r - Tc)) _ 19 (:crﬂ) +5 @®

2 or or
with p being the mass density and 6(T — T the delta
distribution. The term S represents a heat source present in

MATERIALS AND METHODS

Single gold nanoparticles (R = 30 nm) are immobilized in a
thin polymer film (about 20 nm, polyvinyl alcohol, PVA) on a
glass cover slide. The resulting film is rubbed by a lens cleaning
tissue to align the director of a nematic liquid crystal deposited

form of the gold nanoparticle. To be as close as possible to
the experimental conditions, we include a steady heating
effect caused by the probe laser in the source as well. Using
the corresponding boundary conditions, we obtain the
transient temperature profile in the liquid crystal numeri-
cally (see the Supporting Information). To obtain the optical
signal from the temperature profile, we extract the radius
of the phase boundary and employ eq 5. The results of the
numerical calculation are shown in Figure 4b,c for switch-
on and -off process. The shown striking similarity to the
experimental results further reveals the correct trends with
increasing heating power (see Figure 4a). However, the
absolute time scale deviates by a factor of 2. We suppose
that this deviation results from the influence of the probe
laser heating the particle. Neglecting the influence of
the probe laser in the simulations reveals a steeper re-
sponse in the switch-on and the switch-off process as
depicted by the dotted lines in Figure 4b,c. Thus the probe
laser may play an important role for the dynamics of the
optical switching process in the modulator structure. The
deviations between experimental and numerical data
result from the simplifications made to solve the time-
dependent heat conduction equation including a moving
phase boundary and to model the light propagation. Two
of the assumptions are plane wave propagation for the
optical signal and a spherical geometry of the phase
boundary in the heat conduction model. A technically
more defined model will therefore lead to quantitative
agreement. The major physics, however, is already cap-
tured by the simplified theory presented above.

CONCLUSION

We have presented a simple all-optical modulator
based on an absorbing nanoparticle dissipating its
excitation energy as heat. We use an inherently linear
process, the absorption of a single absorbing nanopar-
ticle, to modulate the transmission of a second beam of
light using a driven phase transition of a liquid crystal.
While the speed of the modulating structure is limited
by the phase transition, the main goal of this report is
to demonstrate that dissipative optical processes may
provide a scheme to manipulate light as well. The
performance of the device could easily be improved
by using nanoparticles with a sharper and larger sur-
face plasmon resonance like gold nanorods. Faster
structures using Mach—Zehnder type interferometers
where the optical phase in one interferometer arm is
manipulated by optically controlled heating may
speed up light modulation considerably.

on top of the polymer film.2° The whole structure is covered by a
second cover glass slide also coated with a rubbed PVA layer.
The rubbing directions of both sides are aligned parallel to
ensure a homogeneous, untwisted alignment of the liquid
crystal director throughout the sample. The modulator structure

HEBER ET AL. VoL.8 = NO.2 = 1893-1898 = 2014 ACNJANIC) | 1897

WL

WWwWW.acsnano.org



is assembled utilizing a spacer on one side of the sample to
cause a film thickness variation across the sample with thickness
values between 1 and 10 um. The resulting space between the
two glass cover slides is filled with 2 uL of the liquid crystal 5CB
(4-cyano-4'-pentylbiphenyl) by capillary forces. This liquid crys-
tal cell is placed between two parallel polarizers (a polarizer and
an analyzer). A polarization contrast image of the sample
structure at a wavelength of 14 = 635 nm reveals the homo-
geneous alignment of the liquid crystal molecules'' (see the
Supporting Information).
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