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Effect of the Photoexcitation Wavelength and Polarization on
the Generated Heat by a Nd-Doped Microspinner at the

Microscale

Elisa Ortiz-Rivero, Carlos D. Gonzdlez-Gémez, Ratil A. Rica, and Patricia Haro-Gonzdlez*

Thermal control at small scales is critical for studying temperature-dependent
biological systems and microfluidic processes. Concerning this, optical
trapping provides a contactless method to remotely study microsized heating
sources. This work introduces a birefringent luminescent microparticle of
NaLuF,:Nd3* as a local heater in a liquid system. When optically trapped with
a circularly polarized laser beam, the microparticle rotates and heating is
induced through multiphonon relaxation of the Nd>* ions. The temperature
increment in the surrounding medium is investigated, reaching a maximum
heating of ~5 °C within a 30 um radius around the static particle under

51 mW laser excitation at 790 nm. Surprisingly, this study reveals that the
particle’s rotation minimally affects the temperature distribution, contrary to
the intuitive expectation of liquid stirring. The influence of the microparticle
rotation on the reduction of heating transfer is analyzed. Numerical
simulations confirm that the thermal distribution remains consistent
regardless of spinning. Instead, the orientation-dependence of the
luminescence process emerges as a key factor responsible for the reduction in
heating. The anisotropy in particle absorption and the lag between the
orientation of the particle and the laser polarization angle contribute to this
effect. Therefore, caution must be exercised when employing spinning
polarization-dependent luminescent particles for microscale thermal analysis
using rotation dynamics.

at the microscale, understood as the pro-
cedures of driving a part of the body
or a system above its normal tempera-
ture in a controlled way for a defined
period. They are relevant for a myriad
of experiments such as polymerase chain
reaction,!! digital microfluidics,?! protein
crystallization,l?] mixing,!*] hyperthermia,
or diathermia treatments (i.e., driving se-
lectively malignant cells and tissues up to
the cytotoxic level).l’) Up to now, the in-
crease in temperature in such experiments
has been achieved after the massive incor-
poration of heaters into the system, which
presents the drawback of being an uncon-
trollable method. Nevertheless, in multiple
of these applications, the integration of the
heating source into the studied system re-
quires to avoid excessive heating that could
create undesirable damage in its surround-
ings. In this sense, micro- and nanopar-
ticles appear as real alternatives to carry
out selective, accurate, and efficient ther-
mal treatments in microfluidics.l®! In par-
ticular, the recent development of parti-
cles capable of efficient heat generation
under laser excitation has attracted much
interest in the last few years.”] Particles

1. Introduction

Temperature is one of the most important parameters in life sci-
ences, playing a critical role in many physical, biological, and
chemical processes. Its control is essential in thermal treatments

whose size and appropriate coating or surface functionalization
allow them to be specifically recognized by the cell for single-cell
analysis are particularly appealing.®!

For an efficient thermal performance and better understat-
ing of the process, apart from selecting the appropriate heating
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method, it is necessary to monitor the heating mechanism.!”>*]

In this work, temperature monitoring of thermal effects at
the microscale is carried out by the so-called luminescent
thermometers,['% a popular method that has been widely dis-
cussed in the field of nanothermometry.l'!l

In addition, to achieve full control of the heating process,
a contactless manipulation technique is required since it can
make possible the remote manipulation of heaters at the
micro- and nanoscale, providing full control during the ther-
mal treatment. One of these techniques is optical trapping (OT),
which has emerged as a reliable method for achieving remote
and precise translation and rotational control over micro- and
nanostructures.!'?] OT is based on the optical forces and torques
exerted by a tightly focused laser beam on a single micro- or
nanoparticle due to a momentum exchange or to the field-
induced changes in their polarizability, respectively.['*] The type
of the optically trapped particle (composition, doping ions, con-
centration, etc.) can determine its functionality. For example, if
the particle is doped with lanthanide ions, its luminescence can
be excited by using a trapping laser with an appropriate wave-
length. Then, the luminescence mechanisms of a single particle
can be studied and exploited for different applications. In partic-
ular, particles doped with a high content of Nd** ions are demon-
strated to induce local heating in their surroundings due to mul-
tiphonon relaxation from the excited states of the Nd** ions or
by emission quenching mediated by closely located non-radiative
centers.14] Their performance as heating particles can be deter-
mined by the thermal loading or temperature rate, ¢, which is de-
fined as the temperature increment per unit of power generated
Dby the particle, following the expression:

T (P) =T, +cP (1)

where T, is the initial temperature at room conditions and P is
the applied power of the trapping laser.

In this sense, Bednarkiewicz et al. were the first to demon-
strate the ability of Nd**-doped nanoparticles as nanoheaters, re-
porting a temperature rate of 0.8 °C mW~1."l Thus, a trapped
Nd**-doped microparticle has a high potential as a local heater.

In addition, as light carries not only linear momentum but
can also carry spin angular momentum if the beam is circu-
larly polarized, the rotation of a trapped particle can be achieved
by the induced optical torque.[’] In general, the induced torque
from the transport of the incident waves is conservative and tran-
sient, whereas the torque due to the transport of angular mo-
mentum is non-conservative and can continuously rotate parti-
cles through their absorption, birefringence, or asymmetry.!'®
For a disk-shaped crystalline microparticle, which is a positive
uniaxial birefringent crystal, its optical axis is perpendicular to
the two basal facets of the crystals. When optically trapped by a
single Gaussian laser beam, an optical torque will be generated
due to the non-spherical and birefringent nature of the trapped
microdisk, and torque equilibrium will determine its orienta-
tion within the optical trap. In this case, the stable orientation is
achieved when the microdisk is orientated in its vertical position
and its optical axis is parallel to the electric field vector of the laser
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trapping beam.!'”] The optical torque applied to the birefringent
microdisk is as follows:

AcP
Topt = T (2)
where Ao is the change in polarization, P is the laser power, and
o the angular frequency of the laser beam.

If the trapping beam is circularly polarized, the birefringent
disk-shaped microparticle acts as a waveplate that changes the
polarization state of the incident light, which results in a varia-
tion of the angular momentum and the appearance of a hydro-
dynamic rotational drag that hinders the rotation. When the hy-
drodynamic drag balances the optical torque, the particle reaches
a terminal angular velocity, given by the rotational Stokes drag
torque:!'®]

Tdmg = ? ”R3 (3)
where u is the viscosity of the medium, R the radius of the mi-
crodisk, and Q = 2zf its angular frequency with f the rotation
rate. By equating, 7,,,, = 7, the angular frequency of a hexago-
nal birefringent microdisk is given by:

3 AcP P
o-(3) (22%)- i ¥

where, a = (i ( is a constant that depends on the charac-

teristics of hgilt an gthe morphology of the particle.

Equation (4) shows that the rotational rate of the microdisk,
Q, depends linearly on the optical power, P. In addition, it is af-
fected by temperature through the viscosity of the medium, y =
u(T).["%1 Thus, if there is heating, the microdisk will increase its
rotational rate due to the viscosity decrease with temperature. For
steady-state creeping flow, in an infinite viscous medium, driven
by a rotating particle, the fluid flow at any radius can be character-
ized by an angular velocity.!?%) The technological implications of
this phenomenon are tremendous; a miniature rotating device
can be a powerful instrument to measure properties of micro-
scopic bio-systems.[*!) For example, they have been demonstrated
to be capable of measuring microscopic viscosity,??! studying and
manipulating cells!?}! or to determine the torsional elasticity of
single molecules.**! Their rotation rate can be as high as hun-
dreds of Hz, as in calcite and vaterite microcrystals in fluids.!?
The rotation speed record in an aqueous solution is held by a
trapped gold nanorod, reaching up to 42 kHz (2.5 million revolu-
tions per minute).[?! Consequently, if a luminescent microparti-
cle presents these features, it can be implemented as a remotely
controlled microheater and microrotor capable of increasing the
temperature and, at the same time, stirring its surrounding fluid.
As aresult, it can provide a full control during thermal treatments
or mixture processes in the microscale.

For this application, neodymium-doped particles based on
birefringent inorganic crystalline host matrixes are ideal candi-
dates, particularly fluoride host lattices due to their high photosta-
bility, high brightness, long luminescence decay time, tailorable
and narrow emissions, and low toxicity. However, since this type
of particles has a non-spherical shape and polarized emission,
i.e. orientation-dependent luminescence intensity with respect to
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Figure 1. Characterization of the heating mMDs. a) SEM image of the disk-shaped NaLuF,:Nd>** microparticles and their size histogram in terms of
thickness and diameter of the hexagonal phase. b) Energy levels diagram of the Nd3* ions with the excitation transition at 790 nm, the main radiative
transitions (dark arrows), and phonon relaxations (red curved arrows). c) Excitation spectra detected at 895 nm (violet and green solid curves), and
emission spectra excited at 790 nm (pink and light green dashed curves), of a volume of microparticles and of a single trapped particle, normalized to

the most intense transitions.

the polarization direction of excitation,?’] changes in orientation
with respect to the optical axis of the laser beam while rotating
can affect the amount of absorbed light and laser-induced polar-
izability, reducing the total heating. Therefore, this effect must
be studied, as it can be significant for future applications of this
type of combined microheater-rotors. The aim of this work is to
explore the influence of orientation of a neodymium-doped g-
NaLuF,: 5% Nd** microdisk on local heating of a liquid medium
at the microscale, under linearly and circularly polarized laser
excitation.[>28]

2. Results and Discussion

2.1. Spectroscopic Characterization

In this section, a thorough description of the particles used in this
work and their luminescence processes are presented. Hexago-
nal disk-shaped NaLuF, microparticles doped with 5% Nd** ions
were selected as local microheaters and spinners to study their
heating performance at the microscale. They were synthesized
by a hydrothermal process (see the Experimental Section) and
present a mean diameter and thickness of 3.8 + 0.2 ym and 1.7
+ 0.1 um, respectively, as measured from scanning electron mi-
croscopy (SEM) images (Figure 1a). When one microdisk (MD) is
excited with a 790 nm laser, the emission of the Nd** ions in the
lattice is induced (see the energy levels diagram and transitions
in Figure 1b). The excitation spectrum is depicted in Figure 1c
for both a volume of microparticles and for a single MD optically
trapped in water, obtained by monitoring the maximum emission
wavelength (895 nm) while varying the excitation wavelength in
the region from 750 to 840 nm. The excitation spectra show a
band corresponding to transitions from the ground-state multi-
plet *I, of the Nd** ions to their excited multiplet *Fs ,, with the
maximum excitation wavelength at 790 nm. On the other hand,
the emission spectra present an structured emission band with
two main peaks at 860 and 895 nm corresponding to the transi-
tions of Nd** ions from the excited state *F, , to the ground-state
multiplet *I, ,, split due to the effect of the crystal field. Therefore,
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after 790 nm excitation, the Nd** ions relax from the excited state
“Fs), to the *F;, state and NIR emissions are produced to pop-
ulate the *I; states, supported by multiphonon relaxation to the
ground state *I, ,. Heat is generated with each nonradiative de-
excitation, as the Nd>* ions partially convert the laser excitation
energy into heat by multiphonon relaxation but also due to cross
relaxation to neighboring ions and energy migration to closely
located non-radiative centers.[?°! Consequently, it is expected that
by exciting the Nd** ions at 790 nm, the maximum potential
heat could be generated. For this reason, 790 nm was selected
as the wavelength of the trapping and excitation laser in the ex-
periments performed in this work.

2.2. Analysis of Rotational Dynamics of Single Microheaters

When excited with appropriate photoexcitation wavelengths, mi-
croparticles doped with a high content of Nd** ions are expected
to generate heat by non-radiative deexcitations to the ground
state of the Nd** ions and to transfer it to their surrounding
medium.®! To determine the dependence of the excitation wave-
length and the influence of rotation on the amount of gener-
ated heat at the microscale, a single NaLuF,:Nd** MD was spec-
troscopically characterized and optically trapped and rotated in
water. To evaluate the temperature increment of the medium
produced by the laser excitation of the MD, the thermal exci-
tation spectrum was obtained: An aqueous colloidal dispersion
of Nd**-doped MDs (microheaters) and commercial CdSe quan-
tum dots (QDs) (luminescent nanothermometers) was placed in
a homemade double-beam fluorescence and OT microscope (see
the Experimental Setup section). The so-called thermal excitation
spectrum was measured by trapping a MD with a Ti: Sapphire
tunable laser in the 770-830 nm wavelengths range, while si-
multaneously exciting the luminescent nanothermometers with
a second laser beam at 488 nm to measure the local tempera-
ture increment in the surrounding water. In other words, a single
NaLuF,:Nd** MD stayed under illumination by the tunable trap-
ping laser during the complete duration of the experiment, while

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Characterization of the heating effect. a) Normalized excitation spectrum (black curve) of a single trapped microdisk, detected at 895 nm, along
with its thermal spectrum (blue points), that is, temperature changes at different excitation wavelengths obtained by analyzing the nanothermometer
emission recorded in the surroundings of a trapped MD by a 40 mW laser. b) Rotation frequency as a function of laser power for two different trapping-
excitation laser wavelengths, 790 and 810 nm, corresponding to high and low laser absorption, respectively, as measured in (a). c) Temperature increment
in the surrounding medium of a single MD optically trapped with a 790 nm linearly polarized laser beam (MD static in the trap, purple data) and circularly
polarized beam (MD spinning, pink data) as a function of the applied laser power.

the local temperature in the surrounding region was monitored
Dby the emission of the nanothermometers. It is important to clar-
ify that the 488 nm laser was aligned and focused on the same
position of the trapping spot laser and the objective lenses used
to focus each laser were specially selected to provide comparable
excitation areas (spot sizes A, ~ 2.2 um? and A g ~ 1.7 um?, as
calculated in Section 2 of the Supporting Information). The 488
nm photoexcitation did not excite the Nd** ions in the trapped
MD, only the luminescence of the nanothermometers was ob-
served. Moreover, in the 770-830 nm range of wavelengths and
the low power used (40 mW), the absorption of water is negli-
gible. In addition, for the nanothermometer’s concentration and
488 nm laser power used in this work, no thermal loading of the
mixed solution was produced due to the light absorption of the
nanothermometers (their luminescence band only shifted in the
presence of a trapped heating MD). Therefore, the light-induced
heating should be only related to the MD absorption, which varies
with the excitation wavelength and orientation. This is corrob-
orated in Figure 2a by the overlap between the thermal excita-
tion spectrum (blue circles) and the excitation spectrum of a sin-
gle microdisk (black line). Indeed, the thermal excitation spec-
trum reproduces the spectral shape of the excitation spectrum
of a neodymium-doped MD. Therefore, the optical absorption of
the MD governs the light-to-heat conversion. During the emis-
sion process, the MD delivered heat to its surrounding medium
with a maximum temperature increment of ~2 °C produced by
photoexcitation at 790 nm.
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Once the heating capability of a single trapped MD is demon-
strated, it is crucial to know how the luminescence properties and
orientation of the rotating MD affect the local temperature of its
surrounding medium before further developing an actual appli-
cation. When illumination is performed at a low absorption wave-
length (i.e., 810 nm), the rotation frequency increases linearly
with the applied power following Equation (4), see Figure 2b, as
heating is negligible at this laser wavelength. However, for 790
nm photoexcitation, the rotation frequency of the MD increases
faster than for the non-absorbed wavelength of excitation, fol-
lowing a supra-linear trend that evidences the temperature in-
crease of the surrounding medium. This response is related to
the induced heating at the Nd-doped MD absorbing wavelength,
which leads to a decrease of the medium viscosity, resulting in
higher rotation speeds. However, at low laser powers the MD be-
haves linearly and, as there is no heating, the influence of the
trapping laser wavelength on the angular velocity is negligible
and rotation can be considered only due to the particle birefrin-
gence. This is corroborated in Section 3 of the Supporting Infor-
mation, where the normalized rotation rate of the particle at the
low laser power regime is represented in Figure S3 (Supporting
Information).

The temperature increase of the surrounding medium for the
high-absorbed 790 nm photoexcitation was experimentally de-
termined following the same process previously described (i.e.,
analyzing the red shift of the nanothermometers emission sus-
pended in the surroundings of the MD). As shown in Figure 2c,

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. Simulation results and comparison with experiments. a) Simulation of the water temperature increase in a horizontal plane of a microdisk
(white rectangle) rotating at 0.89 Hz after 1.15 s. b) Simulation of the velocity vector field in the same plane and conditions as (a). c) Estimated
temperature increments for different laser powers of a static and a spinning microdisk, considering different radii of analysis from the center of the
microdisk. d) Zoomed version of (c) to see the deviation between the static and spinning particle results. e) Temperature increment as a function
of the angular velocity for the experimental measurements and simulations considering several areas of radius. f) Zoom of (e), only considering the
experimental measurements and two simulations considering regions of 15 and 20 um of radius.

in the case of linearly polarized photoexcitation, the temperature
in the surroundings of the trapped static MD (i.e. its optical axis
aligned with the electric field vector of the laser trapping beam)
increases linearly with the laser power, at a rate of ¢ = 0.102 +
0.002 °C mW~!, which is of the same order of magnitude as that
reported for colloidal dispersions of Nd-doped nanoparticles and
for similar NaYF,: Er**, Nd** microdisks.[2262830] [t suggests a
reasonable light-to-heat conversion efficiency of the studied parti-
cles, which is then transferred to the surrounding medium. Com-
pared to the static conditions, temperature increases at a lower
rate (0.063 + 0.001 °C mW~!) when the trapped MD is spinning.
This result suggests that rotation affects the process involved in
heat generation and heat transfer to its surrounding medium.
Interestingly, since the heating mechanism is based on the non-
radiative de-excitations produced in the luminescence process
of the Nd** ions, and the luminescence intensity is orientation-
dependent with respect to the polarization angle of the photoex-
citation, the results reveal that the heating process will also de-
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pend on the polarized absorption and emission of the NaLuF,
anisotropic MD.

A simulation with the COMSOL Multiphysics finite-
element analysis platform was carried out to evaluate this
proposed relationship between orientation and heating of
lanthanide-doped MDs. The simulation is detailed in the
Simulation section of Experimental Section. The surface tem-
perature of the MD was calculated from the supra-linear
trend of the experimental angular velocity following the
fitting curve Q(P, T) mentioned previously (see Support-
ing Information for the detailed explanation). Figure 3a
shows the simulated temperature distribution in the water
surrounding the spinning MD (white rectangular section) for a
horizontal cut when rotating at 0.89 Hz. Similar results were ob-
tained at moderately higher rotation rates (data not shown). The
corresponding velocity vector field is also shown in Figure 3b.
However, depending on the applied laser power, P, the rotation
frequency, and the generated heat will vary. For this reason, the
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simulation was performed for different surface temperatures
(calculated from Figure 2b, see Supporting Information), corre-
sponding to the different laser powers applied, with and without
the MD spinning. As shown in Figure 3c and its zoom Figure 3d,
heat diffuses with respect to the distance from the particle and
its variation from the static to the spinning particle is small.
Thus, for this range of velocities, the decrease in transferred
heat cannot be associated with heating dissipation due to the
stirring of the liquid medium. Alternatively, the photothermal
effect observed in this experiment must be associated with the
laser-MD axis misalignment while rotating, which will affect the
absorption of light by the trapped MD and thus be related to
the polarized absorption process. Also, an unequal temperature
distribution around the spinning MD could occur and affect the
overall heating measured in the medium. Furthermore, Figure 3e
shows the temperature increase as a function of the angular ve-
locity for different distances from the heating and spinning MD.
The experimental data obtained from the nanothermometers
emission (violet hexagons and line) are proximal to the 25 and
30 pm radii, as can be appreciated in the amplified Figure 3f.
The experimental radius of detection comes from the 488 nm
laser spot focused by a 0.6 NA objective lens, which excited the
nanothermometers suspended in the water surrounding the
microdisk. Theoretically, the generated spot of w,gq ~2 pum is
comparable to the thickness of the particle (1.7 + 0.1 pum), as
calculated in the Supporting Information. However, the profile
of the 488 nm laser beam can be reasonably extended to the 30
um obtained from simulations, as previous results showed a 50
um profile for a heating 980 nm beam measured with QDs in the
same experimental setup.?!! In addition, the 488 nm laser could
not only excite the nanothermometers in the horizontal plane,
but that suspended slightly out-of-focus in the three-dimensions
surrounding the particle. For this reason, the experimentally
obtained heating of the liquid medium at the microscale is
reduced in comparison to the internal heating of the microdisk
calculated from the supra-linear angular velocity, as expected.
This should be carefully noted to avoid overestimating heating
by the rotation dynamics analysis of luminescent birefringent
particles.

As a future perspective, the use of confocal detection configu-
ration for the emission thermometry would allow an increase in
the spatial selectivity, reducing the discrepancy. This could be a
promising way to experimentally characterize the heating of the
medium in 3D.

3. Conclusion

In this work, a hexagonal disk-shaped NaluF,: Nd** micro-
heater was optically trapped and rotated in water to study its
local heat generation and heat transfer to a liquid medium at
the microscale. The influence of the laser wavelength, power,
and polarization on the thermal effect was studied. The mea-
surement of temperature was achieved by spectral luminescence
thermometry, using nanometric CdSe QDs dispersed in the
medium as thermal probes. When a single Nd-doped microdisk
was remotely trapped with 790 nm photoexcitation, the tempera-
ture of the surrounding water increased linearly with the applied
laser power due to the Nd** absorption, which is maximum at
this wavelength. It was found that the maximum heating was
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achieved when the particle was static in the trap, while the mag-
nitude of transferred heat was smaller for the rotating particle.
Surprisingly, this result was not associated with the stirring of the
medium and fluid displacement, as simulations corroborated.
Alternatively, the difference in temperature increase with and
without rotation can be explained by the orientation-dependent
absorption of the NaLuF,: Nd3*, that is, the angle between the
polarization of the excitation light and the optical axis of the
hexagonal NaluF,: Nd** affect the amount of absorbed light
and laser-induced emission, reducing the total heating. These
results emphasize the importance of polarization for this type
of luminescent uniaxial birefringent crystalline particles for
thermal and microfluidic applications. When working with
these lanthanide-doped particles in the micro or nanoscale, their
orientation with respect to the laser source can be critical, and
in the case of spinning particles, the predicted temperature
change has to be cautiously estimated. Therefore, local thermal
and viscosity changes in a liquid can be calculated from the
rotation dynamics analysis, but it needs to be carefully treated to
obtain the real particle-liquid heat transfer in the surrounding
volume.

4. Experimental Section

Sample Preparation: The NaLuF,:Nd** microparticles were synthe-
sized by the hydrothermal method. Aqueous solution of sodium citrate
and Lu(NO3)3; was mixed under vigorous stirring to form a milky suspen-
sion, into which an aqueous solution of NaF was added to obtain a trans-
parent colloidal. The resulted colloidal was then heated to 220 °C for 12 h.

Experimental Setup: In this section, a thorough description of the ex-
perimental set-up is presented.

An aqueous colloidal dispersion of both MDs and nanothermometers,
stirred to avoid clusters, was prepared in a 120-um height microcham-
ber, which was then placed in a homemade double beam fluorescence
and optical trapping microscope (see Figure 4a for a schematic repre-
sentation of the setup used in this work). The upper part of the experi-
mental setup allowed the OT of a single MD and its rotation (using cir-
cularly polarized light obtained by a quarter-wave plate placed after the
linearly polarized Gaussian beam of the laser). A complementary metal-
oxide-semiconductor (CMOS) camera coupled to the set-up was used to
visualize the motion of the MD. The NaLuF,:Nd3* MDs are positive uni-
axial birefringent crystals whose optical axis is perpendicular to the two
facets of the crystal, so a single trapped MD orientates in its vertical posi-
tion with its hexagonal facets parallel to the propagation direction of the
optical trap. Due to their birefringent nature, when a circularly polarized
beam traps the MD, angular momentum transfer light-to-microdisk oc-
curs, which induces an optical torque and the rotation of the MD. Thus,
the particle rotates with an angular velocity following Equation (4), as it
can be monitored in real time with the camera. Figure 4b shows the rota-
tion of the MD around its longitudinal axis in the form of two chronological
frames. Further, the lower section of the setup allowed the analysis of the
rotation dynamics of the trapped particle and the thermal sensing. The
angular velocity of the MD was obtained by tracking the displacements
of the optically trapped MD with a quadrant photodetector (QPD), which
detected the light scattered by the rotating particle using back focal plane
interferometry. A representative spectrum of the angular frequency is pre-
sented in Figure 4c. To assess the local heating of the Nd-doped MD as
a result of their laser excitation and the heat transfer to their surround-
ing medium, QDs were used as thermal local nanoprobes dispersed in
the liquid.[52%] Due to their reliability and the characteristic temperature-
induced red shift of their luminescence band, QDs are commonly applied
for thermal sensing. Commercial CdSe-QDs were used in this work (Qdot
655 ITK, Invitrogen), of mean size 12 + 1 nm as measured from trans-
mission electron microscopy images (see Supporting Information). Local
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Figure 4. Experimental setup and measurement strategy. a) Schematic representation of the experimental setup for OT. Inset: A zoomed image of
the sample, consisting of a single microdisk trapped in a water dispersion of CdSe quantum dots (QDs). The microdisk is optically manipulated with the
trapping laser, and its visualization was performed with a CMOS camera, as seen in the image sequence in (b). The position of the microdisk and
the rotational frequency are measured with a QPD. c) Representative rotational frequency spectrum. d) The temperature-dependent luminescence of
the CdSe QDs is excited with a 488 nm diode laser and detected using an Ocean Optics spectrometer coupled to the setup.

thermal sensing was performed by analyzing the fluorescence of the QDs
located in the surroundings of the trapped MD. The excitation source was
a 488 nm diode laser focused and aligned on the trapped particle so the
calculated temperature from the QDs emission corresponded to that of
the surrounding medium. The luminescence was recorded with a fiber-
coupled Ocean Optics QE65000 High-Sensitivity Fiber Optic Spectrome-
ter, with a wavelength range of detection of 400-700 nm and a spectral
resolution of 0.4 nm. Two emission spectra measured in the experimental
setup at low and high temperature are displayed in Figure 4d. The central
wavelength of the QDs emission peak shifts linearly toward longer wave-
lengths with increasing temperature at a rate of 0.131 + 0.001T nm K~
(see Figure S1, Supporting Information), which can be used to measure
temperature changes.

Simulations: Heat generation and transport were simulated using the
COMSOL Multiphysics finite-elements analysis platform. To this end, a 50
um-radius and 100 pm-height cylinder was considered to model the water
domain and a 3.8 pm of diameter and 1.7 pm-height small cylinder was
modeled to resemble the disk-shaped microparticle. The axis of the latter
cylinder is perpendicular to that of the water domain.
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To perform a simulation that could be compared with experiments, a
model was configured considering the trapped particle with a rotation pro-
duced by the inherent characteristics of its material. This model includes
the Heat Transfer in Fluids and Solids, the Laminar Flow physics interfaces
as well as the Nonisothermal Flow Multiphysics coupling. Additionally, the
Moving Mesh physics was introduced to consider the rotation of the par-
ticle in the model.

Due to the unknown value of the absorption cross-section of the
NaLuF4:Nd** microparticle, it was necessary to estimate the temperature
on the surface of the particle. This value was introduced in the simulation
as a thermal boundary condition. Moreover, a fixed temperature condition
was considered at the domain’s boundaries. Regarding the laminar flow, it
was not necessary to introduce more boundary conditions apart from the
default ones included by the program.

After the mesh was adequately configured, a time-dependent study was
introduced. It is important to note that the time steps of the studies vary
with respect to the different values of the rotation speed. To calculate the
model for all the laser power values, a comprehensive parametric sweep
was defined.
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