nature
nanotechnology

LETTERS

PUBLISHED ONLINE: 4 MAY 2014 | DOI: 10.1038/NNANO.2014.82

Nanoscale temperature measurements using
non-equilibrium Brownian dynamics of a

levitated nanosphere

J. Millen, T. Deesuwan?3, P. Barker' and J. Anders™3*

Einstein realized that the fluctuations of a Brownian particle can
be used to ascertain the properties of its environment'. A large
number of experiments have since exploited the Brownian
motion of colloidal particles for studies of dissipative pro-
cesses?3, providing insight into soft matter physics*® and
leading to applications from energy harvesting to medical
imaging”. Here, we use heated optically levitated nanospheres
to investigate the non-equilibrium properties of the gas sur-
rounding them. Analysing the sphere's Brownian motion
allows us to determine the temperature of the centre-of-mass
motion of the sphere, its surface temperature and the heated
gas temperature in two spatial dimensions. We observe
asymmetric heating of the sphere and gas, with temperatures
reaching the melting point of the material. This method
offers opportunities for accurate temperature measurements
with spatial resolution on the nanoscale, and provides a
means for testing non-equilibrium thermodynamics.

Brownian motion is an essential tool for the investigation of
micro- and nanoscale properties and processes in the physical and
life sciences. Experiments are now at the nanoscale, where single par-
ticles can be strongly trapped by optical tweezers, electrostatic and
magnetic traps”!?. The precise control offered by these techniques
has made possible the experimental observation of physical phenom-
ena at previously inaccessible scales. These include measurement of
the non-Gaussian nature of fluids® and the verification of
Landauer’s principle?®, which links thermodynamics with information
theory. Trapping methods have also allowed the observation of bio-
molecular forces*®, the accurate determination of nanoscale particle
properties (such as charge and size!!) and the characterization of
potential landscapes when modified by colloidal interactions, for
example. These experiments have focused on the motion of the par-
ticle and its interaction with the bath. However, the substantial impact
of the surface temperature of a trapped particle on its dynamics has
only recently been studied'>!>. The dynamics of colloidal particles
undergoing hot Brownian motion in a liquid has been characterized
by an effective diffusion constant'?, and spatial asymmetry in the dif-
fusion was shown to enable active Brownian motion'*!>. However,
the observation of hot Brownian dynamics in a gas, where very
large temperature differences can be present, has not been explored.
Here, we report on the measurement of the modified Brownian
motion of a strongly heated trapped nanosphere in the underdamped
(Knudsen) regime, which produces a non-equilibrium gas around it.
A schematic of the experiment is shown in Fig. 1a, and a photograph
of the trap in Fig. 1b.

When the temperature of the surface of a sphere is different from
its surrounding gas, for example when it is heated by the absorption

of light, heat is transferred to the colliding gas particles. Impinging
gas particles at temperature "™ do not in general equilibrate to the
same temperature as the sphere surface at temperature T (partial
accommodation’®). They emerge with a different energy and can be
assumed to be thermally distributed for highly inelastic collisions'?,
with an emerging temperature T°™ # T"™ (Fig. 1c). This change in
temperature implies that the gas is not in thermal equilibrium, as
assumed in the analysis of most optical tweezer experiments. In con-
trast, we derive a model of modified Brownian motion based on two
non-interacting baths, the impinging gas at temperature 7" and the
emerging gas at T°", which interact with the sphere’s centre-of-mass
motion (see Supplementary Section A ‘Impinging and emerging gas
model’). This situation only occurs in the Knudsen regime, where
the mean free path of the gas is much larger than the sphere radius
and hence the gases do not equilibrate in the vicinity of the sphere.
The sphere’s centre-of-mass motion adopts a non-equilibrium
steady state that mediates heat transfer between the two baths.
Importantly, even though the gas is not in equilibrium, the power
spectrum of the sphere’s fluctuating position is of the thermal form
P(0) = QkyTep/M) - T/ (0} — 0?)? + 0Ty, where k is the
Boltzmann constant, M is the mass of the sphere and w) is its trap fre-
quency. The power spectrum is parameterized by an effective centre-
of-mass temperature, Ty, = (T™PI™P 4 T/ + T impy
and an effective damping rate, I’y = "™ + [P,

To study the Brownian fluctuations in thermal non-equilibrium we
used silica spheres with diameters of 105.1 nm and 2.56 um in a dual-
beam optical trap with a wavelength of 1,064 nm. Silica can be heated
as a result of the absorption of trap light by impurities in the material.
At any given pressure, the temperature of the spheres can be con-
trolled by the laser light intensity with an approximately linear depen-
dence'®, T, . oc I In the steady state, T, is determined by the balance
between heating due to laser absorption and cooling due to collisions
with the gas and the emission of blackbody radiation. The exact rate of
heating depends on the prevalence of impurities within the material
and thus varies from sphere to sphere. Even though absorption is
low, high temperatures (~2,000 K) can be reached because of poor
heat transfer to the surrounding gas at low pressures.

The optical trap is well approximated by a three-dimensional
harmonic potential with frequencies in the direction along the
laser focus (w,) and those orthogonal to it (w, and w).
Frequencies range from ~1 kHz to 15 kHz and depend on laser
intensity, the axis of motion and particle size. The trap was placed
inside a vacuum chamber and the motion of the particle was mon-
itored (see Methods) in two spatial directions—axial (z) and radial
(x)—using a quadrant photodetector (QPD, Fig. 1a). The particles
were stable in the trap for many hours.
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Figure 1| Experimental schematic and photograph of levitation
experiment. a, Silica spheres are levitated in a dual-beam optical tweezer
inside a vacuum chamber. Light of wavelength 1,064 nm is coupled into
lenses from single-mode optical fibres, creating an optical trap. The
motion of the levitated sphere is monitored with a camera and a QPD.

b, Photograph of the trapping region with the trapped sphere visibly
scattering trap light. ¢, Schematic showing the temperatures involved in a
collision with a heated sphere: the sphere’s centre-of-mass temperature
(Tepp) and surface temperature (T,), and the temperatures of the
impinging gas particles (T™P) and emerging gas particles (T*™) with
TmP < Ty < ™ < T, d, Typical Brownian motion position trace for a

sur

105.1 nm sphere at 1 mbar.

We varied the laser intensity from 0.3 to 15 MW cm > and

lowered the pressure of the gas in the chamber from atmospheric
to ~1 mbar. The radial position of a 105.1-nm-diameter sphere as
a function of time at 1 mbar is depicted in Fig. 1d, showing the har-
monic motion with Brownian fluctuations. From the axial and
radial position data we calculated and fit the autocorrelation func-
tion (Fig. 2a) and power spectra (Fig. 2b). Fitting the experimental

power spectra to P(w) allows the determination of the effective
damping coefficient I'-/(2m) and the prefactor A = (2kzT()/M
for each spatial direction once a voltage-to-position calibration factor
has been determined for the QPD (see Methods). With this
method the ratio of the effective temperature (T,,) over mass
(M) can be determined for any laser intensity and pressure. As
expected, the trap frequency increases with increasing laser intensity
(Fig. 2¢). In addition, the sphere’s centre-of-mass motion experi-
ences a substantial increase in temperature (Fig. 2c) when compared
to power spectra at increased frequency but remaining at the
initial temperature.

With the measured centre-of-mass temperature T, the temp-
erature of the emerging gas particles, T°", can be deduced using
the fact that the gas particles impinge at room temperature,
T™P =294 K. Also needed to extract T°™ is the damping rate
due to the emerging gas, which we derive in the Supplementary
Section B. This is given by I'™™ =ZI./Tem/Tm "™ where
'™ = (41/3) (MNR*Vpumy /M), m is the molecular mass,
Vpmp = /(8ky T™™P /1) is the mean thermal velocity, N is the gas
particle density and R is the sphere radius!”. The temperature of
the emerging gas particles can now be found by solving
Toy = ((T™9)Y2 4 2 (Tm)2)/((T9)2 4% (1)) for T*™

Figure 3a,b shows the inferred temperature of the emerging gas
surrounding 2.56-pm- and 105.1-nm-diameter spheres as a function
of laser intensity. The typical accuracy of the temperature measure-
ment is 10%. For the 2.56 um sphere (Fig. 3a), strong gas heating is
always observed at 1 mbar, while no measurable heating occurs at
5 mbar. In the latter case, the more frequent collisions of the sphere
with gas particles take heat away from the sphere surface more effi-
ciently. This prevents heating of the sphere surface and the gas emer-
ging from it. Because the larger spheres act as a lens for the trapping
light, a non-uniform intensity profile is expected within it. This is
illustrated by our simulations, shown in Fig. 3c, using generalized
Lorentz-Mie theory and the Optical Tweezers Toolbox'. For particles
of this size one therefore expects an asymmetric surface temperature,
which would lead to a higher on-axis temperature of the emerging gas
particles. Indeed, we measure a considerably larger temperature in the
axial direction than in the radial direction (Fig. 3a), giving unambigu-
ous evidence that at 1 mbar the large sphere is moving through two
baths, the impinging gas at room temperature and the emerging gas
with spatially varying temperature.
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Figure 2 | Two-dimensional Brownian motion and its variation with trap laser intensity. All displayed data are for 105.1 nm spheres at 1 mbar.
a, Autocorrelation function (ACF) of experimentally measured radial position (blue points with grey error bars) and fit with theory (black solid line)
(Supplementary equation (4)). b, Measured axial (black points) and radial (blue points) position power spectra with fits to P(w) (solid lines) over trap

frequency w/2mr. Because of the low damping at mbar pressures, the axial (z) and radial (x) peak frequencies, @, , =

w?, — I'2,,/2, approximate the trap

frequencies , ,. ¢, Measured radial power spectra (points) with fits (solid lines) for three values of trapping laser intensity. From left to right the intensity of
the trapping laser beams is increased by a factor of 2.1 and the peak frequency @, /2w increases with intensity, as expected. If there were no temperature
increase from the initial intensity (red), the peak height would behave as indicated by the grey solid lines. However, it can be seen that the height of the
peak, A/Tcp@? = 2kgTep/MI @2, increases with intensity in comparison to the grey lines, indicating the increase of the centre-of-mass temperature, Tey,,

of the sphere.
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Figure 3 | Analysis of heating as a function of pressure, spatial direction and sphere size. a, Temperature of emerging gas particles (T°™) with trapping
laser intensity for the large spheres in the axial (black squares) and radial (orange squares) directions at 1 mbar, and in the axial direction at 5 mbar (green
triangles). Asymmetric heating is observed at 1 mbar, but no heating occurs at 5 mbar. The shaded areas show linear fits with one standard deviation of

uncertainty indicating that a linear relationship 7™ oc T

sur

oc | holds, as expected'®. b, Temperature of emerging gas particles versus trapping laser intensity for

105.1-nm-diameter (open circles) and 2.56-um-diameter (filled squares) spheres at 1 mbar in axial (black) and radial (orange) directions. Heating of the gas
is clearly observed for both large and small spheres. Shaded areas indicate linear fits with one standard deviation of uncertainty as a guide to the eye.

The red dashed lines in ab indicate the melting temperature of silica (1,873 K; see ref. 20). At intensities beyond the shown data points the spheres leave
the trap. ¢, Field intensity inside the 2.56 pm spheres for two incident counterpropagating Gaussian beams, clearly showing lensing of the light. d, Field
intensity inside the 105.1 nm spheres for two incident counterpropagating Gaussian beams, showing homogeneous intensity throughout the spheres.

e, Measured variation (green squares) of the damping coefficient I'cy, for a 2.56-pm-diameter sphere at 0.5 mbar versus temperature of the emerging gas
particles, ™. Also shown is the theoretical I'cy, (black solid line) with no free parameters, using the experimentally given parameters TP =294 K and

I'mp =763 Hz for 2.56 pm spheres.

The gas surrounding the smaller spheres generally experiences a
much slower heating than that around the larger spheres (Fig. 3b).
This can be understood by realizing that while cooling mechanisms
such as collisions and blackbody radiation scale with surface area,
heating due to absorption from the laser beam scales with
volume. Heating depends on the number of impurities in the
material, and the smaller spheres show a much more varied
heating pattern than the larger spheres. The data presented in
Fig. 3b show one of the strongest examples of heating observed
for the small spheres. In contrast to the larger spheres, no lensing
effects should occur for the smaller 105.1 nm spheres, as shown
by our simulation (Fig. 3d). This agrees well with the experimental
data, which do not indicate significant spatial asymmetry (Fig. 3b).

Figure 3e shows the variation of the damping coefficient I,
with emerging gas temperature T°, together with the theoretical
result for I'-y;. The plot is obtained without any fitting parameters,
showing the consistency of the theoretical prediction. In Fig. 3b,
data points are shown for the large and small spheres up to a
maximum intensity. Beyond these intensities the spheres are
heated so strongly that they melt and leave the trap, thus rendering
further data points impossible. The temperatures corresponding to
the highest observable intensities for both sphere sizes are consistent
with the literature value of the melting temperature of silica (given as
1,873 K (ref. 20)), which is indicated by the red dashed lines in
Fig. 3ab. This independently verifies the measured emerging
gas temperatures.

The relationship between the gas temperatures and the surface
temperature of the sphere is given by a material constant, the

accommodation coefficient @ = (T*™ — T™P)/(T,,, — T™P). The
accommodation coefficient for silica is known?!, and is close to
0.777 for moderate surface temperatures around 300 K. This
allows us to infer the surface temperature of the nanospheres,
T = 294K+ (T*™ — 294K)/0.777. At high temperatures the
accommodation coefficient is not known, and the emerging gas
temperature establishes a lower bound on the surface temperature.
However, independent measurements of the surface temperature
(based on the emitted blackbody radiation) are possible in this
regime??, which would allow the determination of the variation of
the accommodation coefficient.

Finally, experiments with levitated particles, both old** and
new?*?, have faced difficulties reaching low pressures, and it has
widely been believed that heating plays a part in this?*?>. Our data
suggest that heating is the dominant cause for the loss of larger par-
ticles from the trap at pressures higher than ~1 mbar. However,
temperature-independent mechanisms also play an important
role. As already indicated for Fig. 3a, at high enough intensities
the 2.56 pm spheres melt and vanish from the trap. Such loss is
also evidenced by a marked rise of the measured minimum pressure
at which the spheres can still be trapped with increasing intensity, as
seen in Fig. 4a. In addition, we observe that at fixed laser intensity
the level of light scattered from the spheres decays strongly when
the pressure is reduced (Fig. 4b), indicating that evaporation
occurs. The 105.1 nm spheres may also melt at very high intensities,
as indicated in Fig. 3b, but the loss of these spheres at lower inten-
sities and low pressures is the result of a temperature-independent
mechanism, as evidenced in Fig. 4a,b. For example, parametric
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Figure 4 | Minimum attainable pressure. a, Minimum pressure for which
2.56 pm (orange squares) and 105.1 nm (green circles) spheres were stably
trapped versus intensity. These data are averaged over different spheres of
each size (>5) at each intensity. Owing to their strong heating, the 2.56 pm
spheres evaporate at high intensities, leading to an intensity-dependent
attainable pressure. In contrast, the smaller spheres are lost below an
average pressure of 0.95 mbar, regardless of the laser intensity. b, Scatter
plot versus pressure at fixed intensity 1.3 MW cm ™2, showing the total
scattered light intensity from the 2.56 um spheres (orange squares) and
105.1 nm spheres (green circles). At lower pressure, the scatter drops
strongly for the 2.56 wm spheres, indicating that they have evaporated to a
smaller size, while the 105.1 nm spheres show an approximately

constant scatter.

heating, which results from any noise in the system (such as laser
noise and vibrations), can render the trap unstable. Consistent
with this interpretation, it was observed®* that at low trap laser
intensities the limiting pressure is independent of size for a range
of sphere diameters from 50 nm to 2.56 um. It is known that
feedback cooling is a reliable method well suited to correct for
parametric heating?®%.

We have derived and tested a model for the Brownian motion of
a particle in a non-equilibrium gas in the Knudsen regime. Using an
optically levitated nanosphere we performed measurements of the
temperature of the non-equilibrium gas surrounding the sphere at
mbar pressures with a typical precision of 10%. The experiment
allowed us to observe substantial heating of the gas particles emer-
ging from the sphere surface, even for modest trapping laser inten-
sities. Our method can also be used with other trapping techniques,
such as electrostatic or magnetic levitation®, where the particle is
heated by other means. An anisotropic temperature distribution
of the gas surrounding the larger spheres was found, giving testi-
mony to the non-equilibrium nature of the sphere’s centre-of-
mass motion. We achieved a spatial resolution of ~100 nm,
which is greater than that of standard optical imaging techniques.

While the fluctuations of the sphere were used here to provide
information about the bath, they are also a means with which to
determine the properties of the trapped sphere, including its
surface temperature and its accommodation coefficient. Our
results show that a careful distinction between the operating temp-
erature (for example, room temperature), the spatially varying
surface temperature and the sphere’s three centre-of-mass tempera-
tures must be considered in any optical tweezer experiment. This is
particularly relevant for recent experiments and proposals’®?* to
cool the centre-of-mass motion of optically levitated particles with
the aim of reaching the quantum ground state. Using nanospheres
as a local probe of bath properties in other non-equilibrium
environments in the Knudsen regime is a promising tool for
micro-rheology®®, microfluidics® and for the study of aerosols™.
For instance, with nanospheres of smaller size (~10 nm), this
method could be used at nearly atmospheric pressures. The pre-
sented approach also opens up opportunities for exploring the

intermediate regime between the limiting cases of the dilute gas
and dense fluid. This transition can be measured with a method-
ology based on our technique and observations of timescales of
equilibration in the gas, and the onset of memory effects? could
be investigated. Finally, the presented approach provides a starting
point for investigations of non-equilibrium thermodynamics
extending into the underdamped regime, such as testing fluctuation
theorems, studying stochastic thermodynamics®* and entropy pro-
duction?, and exploring the link between thermodynamics and
information theory®.

Methods

Trap set-up and characterization. Silica spheres of diameter 105.1 nm
(Corpuscular) and 2.56 um (Bangs Labs) were trapped. The trap light was split into
two beams of equal power by an acousto-optic modulator (AOM), introducing a
frequency difference of 80 MHz and eliminating interference effects in the trap.
These two beams were coupled into separate single-mode optical fibres, which
entered a vacuum chamber, with the output focused by aspherical lenses of focal
length 1.45 mm to create a trap with a beam waist of ~1 um. One of the fibre-
lens systems was mounted on a translation stage, allowing alignment in three
dimensions. The spheres were introduced to the trapping region using a nebulizer
(Omron NEU22) at atmospheric pressure, as the damping force of the air was
required to load the trap. The spheres were suspended in methanol with very

low particle concentration, and the solution was sonicated in an ultrasonic bath for
at least an hour before trapping to prevent clumping.

Monitoring. The trapped particle was monitored from outside the vacuum chamber
by a CMOS camera (for diagnostics) and a QPD using a microscope with a zoom
of x45 (Fig. 1a). The detectors picked up scattered trapping light. When very

low trap light intensities were required (for the 2.56 um spheres), a weak beam of
532 nm was used to illuminate the sphere, with an intensity of ~0.5 kW cm 2,

as the detector is more sensitive at this wavelength. The QPD allowed us to monitor
the position fluctuations of the trapped sphere in the axial (z) and radial (x)
directions. The orthogonal direction (y) offers the same trapping landscape as the
radial direction when the system is well aligned. Because the QPD measures
intensity fluctuations on its pixels as the particle moves, we were able to measure
movement with nanometre resolution.

Data acquisition and analysis. The pressure in the trap was measured with 15%
accuracy with a Pirani and Bourdon gauge. The trapping light intensity was varied
with an AOM and also monitored by collecting light scattered by the sphere.

An oscilloscope recorded the motion of each trapped sphere at a fixed pressure for
20 s, with a time resolution of 4 ps. The power spectral density P(w) of the motional
data was calculated and analysed using the equation given above, with an additional
constant-valued fitting parameter to account for a non-zero background. To
calibrate the QPD, data sets were taken at high enough pressures that no variation of
T With laser intensity was observed, indicating that the gas surrounding the
sphere was in thermal equilibrium at room temperature (294 K). Each nanosphere
behaved in a different way as a result of variations in manufacture. This means that,
for a given intensity and pressure, different spheres of the same size will reach
different temperatures. However, the trends are consistent across all realizations.

Theoretical model. The sphere interacts in each spatial direction, x, with two
independent baths, the impinging gas and the emerging gas. Collisions between the
gas particles and the sphere are inelastic since the sphere has a large accommodation
coefficient. The gas particles stick on the surface and emerge independent in time
and energy from the impinging gas particles. Both the impinging and emerging gas
are assumed thermally distributed”, with temperatures T"™ and T°™, respectively.
The sphere experiences effective damping force against its motion with damping
coefficient Iy = ™™ + IT™, with the known!” impinging damping coefficient
I"™. For the emerging gas damping coefficient we considered the total drag

force due to each leaving particle on the sphere moving with velocity V' in

three dimensions,

em J“ r“ mN /T cos OV 0ds.

F = ————————C0$
e )0 o 4 imp2k, T

from which we obtained ™™ = Fipg/MV. Details of the derivation are given in the
Supplementary Information.
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