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Gold nanorods can be optically trapped in aqueous solution and forced to rotate at kilohertz rates by circularly
polarized laser light. This enables detailed investigations of local environmental parameters and processes, such
as medium viscosity and nanoparticle-molecule reactions. Future applications may include nanoactuation and
single-cell analysis. However, the influence of photothermal heating on the nanoparticle dynamics needs to be better
understood in order to realize widespread and quantitative use. Here we analyze the hot Brownian motion of a rotating
gold nanorod trapped in two dimensions by an optical tweezers using experiments and stochastic simulations. We
show that, for typical settings, the effective rotational and translational Brownian temperatures are drastically
different, being closer to the nanorod surface temperature and ambient temperature, respectively. Further, we show
that translational dynamics can have a non-negligible influence on the rotational fluctuations due to the small size of a
nanorod in comparison to the focal spot. These results are crucial for the development of gold nanorods into generic

and quantitative optomechanical sensor and actuator elements. ~© 2017 Optical Society of America

OCIS codes: (350.4855) Optical tweezers or optical manipulation; (240.6680) Surface plasmons; (160.4236) Nanomaterials; (280.6780)

Temperature.

https://doi.org/10.1364/OPTICA.4.000746

1. INTRODUCTION

The motion of a Brownian particle in solution is strongly affected
by thermal agitation from collisions with the surrounding fluid
molecules, resulting in well-defined random dynamics dependent
on fluid temperature and viscosity. Optical tweezers offer an ideal
platform to study Brownian dynamics because the focused laser
field introduces deterministic optical forces and torques [1-5]. By
recording the movement of a trapped Brownian particle, it is pos-
sible to probe local environmental properties such as viscosity [6]
and temperature [7]. A trapped particle can further work as a
handle to analyze and control biomolecules, enabling detailed
biophysical measurements [8—10].

Gold nanocrystals are highly interesting from the point of view
of optical manipulation and studies of Brownian dynamics
because they are biocompatible and support very strong
light—matter interactions due to the well-known surface plasmon
resonance phenomenon. Consequently, a number of studies on
optically trapped colloidal Au nanocrystals have been reported
in the literature [11-17]. The large electric dipole polarizability
associated with plasmon excitation in fact results in optical forces
and torques that are enhanced to such an extent that Au particles
as small as ~10 nm can be trapped [18] and gold nanorods can be
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propelled to spin at rotation frequencies up to more than 40 kHz
by angular momentum transfer from circular polarized light [19].
Together with their superior refractometric sensing and local
field-enhancement properties, these features make Au nanocrys-
tals potential generic optomechanical sensor and actuator
elements. However, plasmon excitation also leads to strongly en-
hanced electromagnetic fields within the metal nanoparticle, and
this in turn leads to photothermal heating effects that can be or-
ders of magnitude stronger than for dielectric particles of similar
size [20]. Plasmonic heating can be an advantage or a detriment,
depending on the specific application. It is usually a problem in
studies of biological cells and tissues, where a small change in tem-
perature can strongly affect intracellular processes [21], biomolec-
ular transitions [22], and local force measurements [9], but it can
be very useful in applications like drug release [23], gene regula-
tion [21], photothermal therapy [24,25], and thermophoretic
trapping [26]. Naturally, photothermal effects are of particular
concern in applications based on optical manipulation since
the light intensities involved are then typically very high.
Though challenging, measurements of the medium temperature
around optically trapped gold nanocrystals are therefore of both
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fundamental interest and great importance for the development of
various applications.

In this work, we elucidate the Brownian dynamics of gold
nanorods that are trapped and rotated at high frequency in a
2D optical trap formed by a circular polarized focused laser beam
with a wavelength close to the main plasmon resonance wave-
length of the particles. Due to photothermal heating, the trapped
nanoparticle has a much higher surface temperature than the aver-
age temperature of the surrounding water solution. The resulting
temperature gradient then leads to so-called hot Brownian motion
[27-29]. By simultaneously studying the translations and rotation
of a particle, while taking into account the spatially heterogeneous
temperature-dependent solvent viscosity [30] and actual particle
position within the laser focus, we show that the effective
Brownian temperatures, 7, and 7T, characterizing rotational
and translational degrees of freedom, respectively, are drastically
different. The analysis we present is applicable to various other
types of light-absorbing particles and therefore relevant to a wide
range of applications based on optical manipulation.

2. EXPERIMENTS

The experimental setup [Fig. 1(a)] used here is similar to that
described in Ref. [19], but with the additional feature of being
able to probe real-time nanoparticle lateral displacement (x, y)
in the optical trap using a quadrant photodiode (QPD). We pre-
pared gold nanorods with an average size of (84 £ 5) nm x
(164 = 10) nm in aqueous solution according to Ref. [19]
[Fig. 1(a) inset]. The gold nanorod sample has a plasmon reso-
nance centered at 760 nm in solution and the trapping laser wave-
length is 830 nm. A combination of a half-wave and quarter-wave
plate was employed to create an almost perfect circular polariza-
tion in the laser trap [31]. The comparatively large scattering
cross-section of the gold nanorods boosts transfer of both an-
gular and linear momentum. The latter results in strong radiation
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Fig. 1. Measurement of the rotation dynamics of a 2D trapped gold
nanorod. (a) Schematic of the optical tweezers setup. (Inset) Scanning
electron microscopy image of the used gold nanorods. (b) Measured
QPD voltage dependence on immobilized nanorod displacement from
the laser focus at different laser powers. The dashed line shows a fit
to the central linear range of the data measured at 11.7 mW. (c) and
(d) QPD-measured trajectory of a rotating nanorod in the optical trap
(c) and distribution of the rod position (d). The laser power was set at
6.4 mW. (e) PSD of the measured nanorod x displacement. The red
smooth curve is the fitting at f < f,, to obtain the corner frequency.
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pressure, which makes it challenging to achieve stable optical trap-
ping in 3D. As a result, the gold nanorods are trapped in 2D
against a glass slide and rotated about their short axis in a plane
normal to the optical axis [19]. The back-scattered laser light from
the trapped particle is split into two beams. One of the beams is
recorded by the QPD (First Sensor), located at the objective back
focal plane [32,33], and the other beam is passed through a linear
polarizer and collected by a fiber-coupled avalanche photodiode
(APD) connected to a hardware autocorrelator (ALV-5000). This
setup can be used to measure both translational and rotational
Brownian motion dynamics of a trapped nanoparticle with high
temporal and spatial resolution [32,34].

The QPD gives three output voltage signals, Ve, Vi and V,
indicating both total back-scattered laser intensity reaching the de-
tector (Vo) and the displacement of a nanoparticle in the optical
trap with respect to the laser focus (V,, V) [18]. V,and V, can be
converted to particle position in order to track translational
Brownian motion [18]. The conversion was based on calibration
measurements using individual immobilized nanorods (Section 1
of Supplement 1) [32,33] that were scanned through the laser focus
using an XY piezoelectric scanning stage [Fig. 1(b)]. V', and V' are
linearly proportional to the particle displacements, V, = éx,
Vy = by, when the nanorod is within ~250 nm from the laser
focus and varies with laser power. Unfortunately, for a fixed laser
power, & also varies between different nanorods because of their
varying resonant scattering properties, which are highly sensitive
to the absolute size and shape. We found that the measured 4
for different nanorods displayed a variance less than 15% for fixed
laser power. Figures 1(c) and 1(d) show the trajectory and corre-
sponding displacement distribution, respectively, of a rotating gold
nanorod obtained using the average & value from measurements on
several immobilized nanorods. The particle displacement follows a
Gaussian distribution centered at the laser focus, as expected.
According to an harmonic approximation of the optical trapping
potential, the standard deviation of the particle lateral displacement
o is expected to follow 6 = (kg T,/k)'/?, where k is the trap stiff-
ness (force constant). We also calculated the power spectral density
(PSD) of the measured nanorod displacement [Fig. 1(e)]. The PSD
can be used to obtain the corner frequency £, which is determined
by the trap stiffness # and the nanorod translational friction coef-
ficient y,(7,) through f, = k/(27y,), via a fit to PSD(f) =
C/(f* + f?) [35]. Since the conversion factor & is now included
in the fitting parameter C, we can estimate f, directly from the
PSD of V, or V, without converting to absolute displacement.
The intensity profile in the laser focus can also be obtained from
the calibration experiment via a fit of the measured V', (x, y) to a
Gaussian function. This measurement is quite robust since it is
independent of the absolute laser power and properties of the
immobilized nanoparticle. We obtained a laser beam waist size
wy ~ 541 nm for the present experiment. The beam waist and
corner frequency are the main experimental parameters used for
estimating the translational Brownian temperature, as discussed
further below.

Since the dichroic mirror in the setup has different reflectivity
to s- and p-polarized light, the PSD data also reveals the rotational
motion of a trapped anisotropic particle. For an object with
two-fold symmetry, like a nanorod, the PSD will exhibit a peak
centered at fopp = 2/, where £, is the average rotation fre-
quency in the trap. Although the rotation peak is clearly visible in
the trace displayed in Fig. 1(e), it is much more obvious in the
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PSD of V 41> shown in Fig. 2(a). A peak fit to a Lorentzian func-
tion can be used to determine the peak width I', which describes
the fluctuation in rotation frequency. Note that the appearance of
a rotational peak in the PSD of V', or V, implies that the fit to
obtain the corner frequency has to be performed for f* < fpp.

The rotational motion of the nanorod can also be independ-
ently analyzed through the APD/autocorrelator setup. The
intensity of the total back-scattered light emanating from the
nanorod, after passing through a linear polarizer, is 7%, =
Osacpl (%, y)cos? p. Here, 6., cp is the nanorod scattering
cross-section for circular polarization at the laser wavelength,
I(x, y) is the laser intensity at the particle position, and ¢ is the
rotation angle of the nanorod relative to the polarizer [19,36].
The autocorrelation function (ACF) of 7%,, which is directly
obtained from the hardware autocorrelator [Fig. 2(b)], can be fitted
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Fig. 2. Experimentally measured rotation dynamics and estimated
Brownian temperatures of a rotating gold nanorod under varying laser
powers. (a) PSD of the backscattered laser light intensity collected by
the QPD. (b) Autocorrelation plots of scattering intensity after an ana-
lyzer collected by the APD. (c) Laser power-dependent rotation frequen-
cies of nanorods measured by APD and QPD. Error bars reveal the
standard deviations of the autocorrelation fitting (red) and of a
Lorentzian distribution fit to PSD peak (green), respectively.
(d) Power spectrum peak widths of signals shown in (a) and ACF decay
rates of signals shown in (b). (e) Estimated 7, and 7', from the exper-
imental corner frequency /. and ACF decay time 7, respectively. Error
bars represent 95% confidence intervals. The red solid line indicates the
calculated surface temperature of the nanorod while the green solid line
indicates the calculated temperature in solution 110 nm away from the
nanorod surface. (f) Calculated temperature profile around the gold
nanorod when heated by the circularly polarized trapping laser. The yel-
low and white dashed circles indicate the sizes of the laser beam waist and
the movement range of the nanorod center of mass, respectively, with the
latter representing two standard deviations of the nanorod displacement.
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by C(z) = I§ + 0.5I% exp(-7/70) cos(4nf ,,,7), where I is the
average intensity, /; is the amplitude of the intensity fluctuation,
and 7 is the autocorrelation decay time [19]. The rotational fluc-
tuation is determined by the particle rotational friction coefficient
7, and the effective rotational Brownian temperature through
79 =¥,/ (4kpT,), and it relates to the PSD rotational peak width
as I' = (nwzy)".

We measured the PSD and ACF of a trapped rotating nanorod
as a function of applied laser power [Figs. 2(a) and 2(b)]. As in-
dicated previously, the average rotation frequency, f,, can be
obtained either by analyzing the PSD obtained from the QPD
data or by analyzing the ACF of the APD signal. Figure 2(c) dem-
onstrates that the two measurements are in excellent agreement.
Moreover, the rotation fluctuations estimated from the ACF de-
cay rate and the PSD peak width also match well with each other
[Fig. 2(d)]. The agreements is in principle not surprising since
both measurements record the scattering intensity of the rotating
nanorod after a polarizer, and the PSD of a signal essentially is the
Fourier transform of the ACF of the same intensity—time series.

We are now able to analyze the four parameters o, £, f ave?
and 7, (or I'):

o= (kgT,/k)'/?
fe=H#Qry(T)))
Fag = Mop/ @y (T,))
7o = y(T1,)/(4kpT,)

which are all directly or indirectly dependent on temperature
[19,35,36].

The friction coefficient temperature dependence can be found
in Section 2 of Supplement 1. To estimate 7', and 7',, we proceed
as follows: We first note that, for given laser properties, the optical
driving torque M, and the trap stiffness £ are only determined by
the nanorod resonance properties, which are strongly dependent
on the rod size and shape. The two friction coefficients, y, and
7, are also strongly size-dependent. However, the exact size of
the trapped nanorod is unknown in the experiments. We first
solved the equations of £, and 7, to obtain 7', and the nanorod
length from the measured (f ave 7y) at a specific laser power
P = 6.4 mW by assuming that the nanorod diameter is fixed at
84 nm. With the derived particle size, we next calculated 7", and 7,
versus laser power from the measured (f',, 7y). Figure 2(e) shows
that 7', and 7', both increase with laser power. Itis also clear that we
always have 7', < T,. This is expected for a particle performing
hot Brownian motion because the fluid velocity field affecting rota-
tional motion is more localized near the hot particle surface than
the velocity field affecting translation [28].

The T, and T, values we extract from the preceding experi-
ment are crucial to understanding the non-equilibrium dynamics
of a trapped nanoparticle. However, it is not obvious how they
relate to the exact temperature distribution around the particle,
although we can assume that 7', is basically set by the distribution
of temperature within the volume of water that has to move away
from the particle as it moves forward through the liquid [27],
while 7', is mostly dependent on the properties of the solution
very close to the particle surface. To investigate this, we calculated
the temperature profile around a trapped nanorod, assuming the
same particle and trapping parameters as before, using finite
element simulations (FEM, COMSOL Multiphysics) as shown
in Fig. 2(f). Figure 2(e) shows that the calculated temperatures

M
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on and 110 nm away from the nanorod surface are very close
to the measured 7, and 7', at the same laser power. A slight
deviation is not surprising given the uncertainty in particle prop-
erties mentioned previously. In any case, the fast temperature drop
away from the nanorod surface seen in Fig. 2(f) qualitatively
explains why 7', < T,.

3. SIMULATION OF HOT BROWNIAN MOTION

In the analysis of the preceding experimental results, we have
implicitly assumed that the translational and rotational
Brownian dynamics describes independent degrees of freedom.
However, since the nanorod is significantly smaller than the laser
spot, its translational motion will lead to a spatially varying optical
torque and, hence, a fluctuation in the nanorod rotation fre-
quency irrespective of the rotational Brownian motion. The nano-
rod T, thus also contributes in the measured 7',. To investigate
this effect in more detail, we turn to numerical simulations.
The (angular) velocities of hot Brownian nanoparticles are
Maxwell-Boltzmann distributed according to nonuniversal effec-
tive temperatures [29]. This allows for an effective equilibrium
description in terms of Langevin equations. Since the optical heat-
ing affects the translational and rotational movements differently
due to the intrinsic nonequilibrium nature of the phenomenon,
the translational and rotational effective Brownian temperatures
have different values, as also observed in our experiments. For sim-
plicity we still denote the two effective Brownian temperatures by
T, and T',. We should always have 7y < T, < T, < T, where
T’y is the ambient temperature and 7', is the nanorod surface tem-
perature [28]. Given that the rod is trapped in 2D and rotating
continuously, we assume that its in-plane translational motion
is isotropic. The nanorod translational and rotational motions
can then be modeled by the following Langevin equations

(19,36,37]:
mi(t) = -y,%(t) + kox(t) + QkgT 7)) > W (2),
mj(t) = -y (1) + kyy(2) + 2k T,y)' > W, (2),
Jp(2) = =y,0(1) + Moy + ks T,y,) > W, (2). ()

Here, x and y are the in-plane particle positions, ¢ is the rotation
angle, mand J are the mass and moment of inertia, y, and y, are the
translational and rotational friction coefficients [38] as before, and
k. = k, = kare the trap stiffnesses along the two lateral directions.
kg Ty )'? W, (2) and (24 T,y)'\? W, (¢) are the fluctuating
translational force and thermal stochastic torque, respectively, due
to random impulses from the fluid molecules [39,40].

Equation (2) can be solved numerically through a Brownian
dynamics simulation under the non-inertial approximation
(m and ] set to zero). The continuous-time solution is then
approximated by discrete-time sequences x;, y,, @; at t; = iAt,
where At is assumed to be much larger than the friction relaxation

times [37]:
x; =%, - (kxi1 /7)) At + (2D, A0 P,
Vi=Yia - (kyy [r) A + (ZDtAt)l/zwi,y

Mopt(xi-p)/,-_J

r

Q= Qi1 - -At + (2D7At)%u/i,,/,. (3)

Here, w;,, w;,, and w;, are Gaussian random numbers with

zero means and unit variances. D, and D, are the diffusion co-
efficients for translational and rotational motions. The discrete
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time interval Az was selected to be much smaller than the time
scale on which the restoring force acts, ¢, = y,/k [37]. The
nanorod was modeled as a prolate ellipsoid for calculating the fric-
tion coefficients. All laser trapping parameters, including the laser
beam intensity profile, trapping stiffness, and optical torque act-
ing on the nanorod, were selected to mimic actual experimental
conditions. Details of the parameter calculations are given in
Section 2 of Supplement 1.

A. Translational Fluctuations

We first studied how the temperatures affect the translational
motion of the nanorod. According to Eq. (3), only 7", determines
the nanoparticle translational motion. We calculated the nano-
rod trajectory in the optical trap and verified that the rod
follows a confined random walk in a potential of U = kr*/2
[Fig. 3(a)]. The particle position exhibits a Gaussian distribution
with a standard deviation 6, = o, =0= 80.6 nm [Fig. 3(b)] at
T, = 293.15 K. In Fig. 3(c), we also plot the PSD of the particle
x-displacement, which can be fitted by P(f) = C/(f* + f?)
[42] to obtain a corner frequency f, = 91.8 = 8.2 Hz The val-
ues of both ¢ and f', agree well with those predicted from Eq. (1):
0 = 81.6 nm and f, = 93.5 Hz. We further varied 7, and ac-
quired the corresponding o, and f, by fitting the calculated prob-
ability distribution histogram and the PSD of x. Both ¢, and f,
increase with 7', for constant laser power [Figs. 3(d) and 3(e)].

B. Rotational Fluctuations

We next investigate how the temperatures affect the rotational
motion of a nanorod. As mentioned previously, the nanorod
will feel different optical driving torques when it moves within
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Fig. 3. Simulation of the translational movement of a rotating
Brownian gold nanorod in a 2D optical trap. The incident laser
power is set to 5 mW. (a) Translational trajectory of the nanorod.
(b) Probability distribution of the nanorod position along x. The orange
line is a fit to the data using a Gaussian distribution function. (c) Power
spectral density (PSD) of the simulated x displacement. The orange line
is an averaged PSD obtained using Welch’s method to reduce the noise
[41]. (d) and (e) x-displacement standard deviation o, (d) and PSD cor-
ner frequency £, (e) of the trapped nanorod as the translational effective
Brownian temperature 7, varies. The triangles in the plots are
calculated from theoretical formulas while the red circles represent the
results obtained by fitting the calculated probability distribution and
the PSD curve. Error bars in (d) and (e) correspond to 95% confidence
intervals obtained from the fits.
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the trap, ie., Myy; = Moy (x;,y;), because of the Gaussian
distribution of the laser intensity. The nanorod thus has
continuously varying average rotation frequency f,.; =
M o (x5, )/ (27y,). The probability distribution histogram of
[ ae [Fig. 4(a)] is consistent with the nanoparticle position prob-
ability distribution shown in Fig. 3(b). We computed the rotation
frequency and its fluctuation by simulating the experimental mea-
surement, that is, we calculated the intensity of the light scattered
from the nanorod after passing through a linear polarizer, /7, ; =
Osacrl (%, 9;) cos® @, [19]. A typical plot of the calculated 77, is
shown in Fig. 4(b), where both 7', and 7', have been set to room
temperature by assuming that the particle is not absorbing any
energy. The spikes in the curve indicate the fluctuations in the
nanorod position and orientation. We then computed the ACF
and PSD of /Z,. Curve fitting then gives the nanorod rotation
dynamics, f,,, and 7y, as in the experiments.

We next tried to determine the contributions of the nanorod
translational and rotational Brownian motion to its overall rota-
tional fluctuation. First, to isolate the translational contribution,
the thermal noise term representing the nanorod rotational fluc-
tuation in Eq. (3) is omitted (Section 3 of Supplement 1). The
ACF of the calculated 7%, exhibits a well-defined oscillation

[Fig. 4(c)] in accordance with the distinct sharp peak that appears
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Fig. 4. Simulation results of the rotational movement of a rotating
Brownian gold nanorod in 2D optical trap. (a) Probability distribution
of the nanorod rotational frequency. (b) Calculated intensity of the scat-
tered light by the nanorod recorded after a polarizer 7. The intensity
variation indicates the rotational movement of the nanorod. (c) and
(d) ACFs (c) and PSDs (d) of the calculated 7Z,. The autocorrelation
decay and PSD peak broadening result from the rotational fluctuation
caused by nanorod Brownian motion. The orange lines in the ACF plots
represent fits to the data using the theoretically derived correlation func-
tion. The rotation frequency and autocorrelation decay time are obtained
from the fitting. The orange lines in the PSD plots are averaged PSDs
using Welch’s method to reduce the noise [41].
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in the PSD trace [Fig. 4(d)]. However, the translation dynamics
by itself obviously leads to a decaying ACF amplitude and a PSD
peak broadening, verifying the fluctuation in the rotation fre-
quency. Note here that the PSD peak exhibits an asymmetry due
to the asymmetric rotation frequency distribution [Fig. 4(a)].
Second, in order to instead isolate the contribution from the rota-
tional fluctuation, we assume that the nanorod rotates at a fixed
position, namely the laser focus (Section 3 of Supplement 1). This
also results in ACF decay and PSD peak broadening, as expected
[Figs. 4(c) and 4(d)]. However, note that the peak is now sym-
metric since the rotational speed fluctuation follows the Maxwell—
Boltzmann velocity distribution, and that a corner frequency is
not physically defined since the translational motion is excluded
from the simulation. Finally, when both translation and rotation
are considered, a broader peak can be observed in the PSD and
the oscillating amplitude in the ACF decays faster. The extracted
rotation frequencies f,,, and decay times 7 extracted for the
three cases (i.e., translations only, rotations only, or both taken
into account) are indicated in Fig. 4(c) and found to differ quite
significantly. One sees that f,, & f, < f,, which is expected
since M, (0,0) > M, is always valid. More importantly, we
found that 1/75t" ~ 1/} + 1/7}. This interesting result holds
for a variety of different simulation parameter settings and shows
that the translational and rotational contributions to the total
ACEF decay constant contributes “in parallel”. The slight deviation
between the left and right sides of the equation comes from the
fact that we used the autocorrelation fitting formula to describe
the ACFs even though the rotation frequency distribution is not
perfectly symmetric. Similarly, the PSD peak widths I',, T,, and
I, , are related: T, , ® I', 4+ I',. These results thus indicate that
the contributions from translational and rotational Brownian mo-
tion to the rotation fluctuations of a trapped particle can, in prin-
ciple, be clearly separated. Finally, just like in the experiment, we
can also obtain 7', and 7', from the simulated particle trajectory
data using Eq. (1) and compare these values with the actual input
temperatures to Eq. (3). This is further described in Section 4 of
Supplement 1. The comparison indicates differences on the order
of a few percent or less for the settings used. Specifically, using
f,4, and 7t from the experiment as an approximation to f,
and 7} when calculating 7', leads to a slight underestimation
and overestimation, respectively, of the actual effective rotational
temperature.

4. CONCLUSION

To summarize, we have shown that by tracking the translational
and rotational movements of a spinning gold nanorod optically
trapped in 2D, we are able to estimate the translational and rota-
tional effective Brownian temperatures 7, and 7, of the nanorod.
The two temperatures differ very significantly due to the opto-
thermal heating of the plasmonic nanoparticle, and they basically
agree with average medium temperatures sampled at a distance
(~0.1 pm) away from and in very close proximity (~10 nm)
to the particle surface, respectively. In the preceding analysis,
we have assumed that the dependence of medium viscosity on
temperature and the detailed properties of the particle (size, shape,
and optical cross-sections) are known. Further, using stochastic
simulations, we have shown that translational motion can signifi-
cantly influence the determination of the rotational Brownian
temperature. This effect needs to be considered in all measure-
ments of hot Brownian dynamics of trapped nanoparticles.
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