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Determining the internal temperature of an optically levitated nanoparticle in vacuum by
doped-Er**-ion luminescence
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In recent years, optically levitated systems have emerged as an important platform for conducting fundamental
physics studies and precision measurements. The internal temperature of the levitated nanoparticles plays a
critical role in determining the measuring sensitivity and decoherence of the system. In this study, we perform

experiments on the internal temperature of a rare-earth-doped nanoparticle a-NaYF,:Yb*" /Er*" levitated in an
intermediate vacuum. To determine the internal temperature of the nanoparticle, we measure the luminescence
intensity ratio of the thermally coupled levels of the doped Er** ions. Our results show that the internal
temperature of the optically levitated nanoparticle increases as the air pressure decreases and that there is a

coupling between the internal temperature and center-of-mass motion of the nanoparticle levitated in vacuum.
We also find a correlation between the slow rise in internal temperature and the abrupt loss of the levitated
nanoparticle, which can be used to guide stabilization of the optical trap.

DOI: 10.1103/PhysRevA.108.033503

I. INTRODUCTION

Optically levitated optomechanical systems, which operate
at room temperature and in an isolated environment, offer
immense potential for applications in fields such as quan-
tum physics, materials science, nonequilibrium dynamics, and
ultrasensitive sensing [1-3]. The precise measurement and
control of particle dynamics are essential for these systems.
However, the high internal temperatures pose a significant
challenge as they can limit the force sensitivity or coherence
of macroscopic quantum states and even result in trapping
instability [4,5].

Several internal temperature measurement methods have
been proposed for levitated nanoparticles, including analyz-
ing the center-of-mass (COM) motion [6,7], displacement
sensing [8], nitrogen vacancy thermometry [9-11], and lu-
minescent thermometry by Yb*":YLF nanocrystals [12].
Among these methods, luminescence thermometry based
on nanoparticles doped with rare earths stands out due to
its remarkable features [13]. It exhibits high-temperature
sensitivity, a wide temperature range, and noninvasive and
noncontact measurement capability, which make it ideal for
nanoscale temperature analysis [14,15]. The luminescence
properties such as luminescence intensity, lifetime, peak shift,
and spectral broadening of rare-earth-doped nanoparticles can
be effectively utilized for thermometry [16]. Notably, lumi-
nescence intensity ratio thermometry has gained widespread
adoption due to its reliability and simplicity.

Furthermore, the synthesis of the host matrix NaYF, can be
precisely controlled to obtain nanoparticles with sizes suitable
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for single-beam optical trapping [17]. Its high refractive index
and low optical absorption are also beneficial for optical levi-
tation experiments [18,19]. Another advantage is the efficient
upconversion luminescence of the codoped host matrix ma-
terial NaYF, due to the large absorption cross-section Yb**
ions and resonance energy transfer properties of Yb** to
Ert jons [20]. In addition, rare-earth-doped nanoparticles
can be cooled with anti-Stokes luminescence, giving them the
potential to levitate in high vacuum with excellent thermal
control ability [12,21]. Therefore, rare-earth-doped nanopar-
ticles with upconversion luminescence are promising to be
employed to monitor and control the internal temperature
of levitation systems, notably for nonequilibrium dynamics
experiments [22].

This study investigates the optical levitation and
temperature sensing of rare-earth-doped nanoparticles
NaYF4:Yb** /Er** in an intermediate vacuum. The internal
temperature of the nanoparticles can be determined by
analyzing their upconversion spectra at different air pressures.
The coupling between the internal temperature and the
COM temperature has been observed by measuring the COM
motion of the nanoparticles. Notably, it has been observed that
the internal temperature of levitated nanoparticles gradually
increases before being abruptly lost from the optical trap.
These findings suggest that the rare-earth-doped nanoparticles
offer a convenient and reliable temperature-sensing capability,
which is interesting for nonequilibrium physics investigations.

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1(a). To trap a
nanoparticle in the vacuum chamber, we utilize a continuous
wave laser (Laser Quantum OPUS, A = 1064 nm) with a
power of 150 mW, which is focused through a high numerical

©2023 American Physical Society
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FIG. 1. (a) Schematic diagram of the setup for a levitated
nanoparticle in vacuum (M, mirror; DM, dichroic mirror; BS, beam
splitter; PBS, polarizing beam splitter; HWP, half-wave plate; EF,
edge filter; L, lens). (b) The typical PSD of a levitated nanoparticle
at 5 mbar. (c) Upconversion spectra of a levitated nanoparticle in
vacuum under 1064-nm laser excitation and 1064- and 976-nm laser
coexcitation.

aperture objective (Nikon, NA = 0.95). To excite or heat the
levitated nanoparticles, a fiber laser (Connet Laser VLSS,
A = 976 nm) with variable power is employed. The nanopar-
ticles used in the experiments are NaYF4:20%Yb>* /2%Er**
nanocrystals with the cubic crystal phase synthesized by the
hydrothermal method, and the Yb** /Er** dopants enable ef-
ficient upconversion luminescence. The size is determined by
scanning electron microscopy images to be 153 + 26 nm, as
detailed in Appendix A. The motion of a levitated nanoparticle
along the x, y, and z axes is measured with the interfero-
metric detection scheme [23] by collecting scattered light in
the forward direction with an aspheric lens (NA = 0.6). The
luminescence of the levitated nanoparticle is collected in the
backward direction with the same objective and measured
with a spectrometer (Princeton Instruments, SP2750). There-
fore, the spectra and COM motion of nanoparticles levitated
in vacuum can be observed simultaneously.

We set the z axis of particle motion in the longitudinal
direction, and x and y are transverse, where x is parallel to the
polarization direction of the 1064-nm laser and y is perpen-
dicular. The COM motion of the levitated nanoparticle in an
optical trap in each direction (x, y, and z axes) is approximated
by a damped harmonic oscillator model [24]:

mé(t) + mTog(t) + mQq(t) = Frua(t), (1)

where m is the mass of the nanoparticle, g is the position, I'y is
the damping rate, €2 is the natural oscillation frequency, and
Fiycq 1s the random fluctuating force generated by the collision
of air molecules with the nanoparticle.

The power spectral density (PSD) of the position ¢ is given
by [25]

2kB nom r 0

$,.(Q) = .
" mo(Q2 - @2) 4 22

2

Here, kg is Boltzmann constant, T.op, is the COM temperature
of the nanoparticle. The signal from the balance detector is
converted into the displacement of a levitated nanoparticle
according to the calibration factor determined by the equipar-
tition theorem [24]. The typical PSD obtained from a levitated
NaYF4:Yb** /Er** nanoparticle is shown in Fig. 1(b). The
oscillation frequencies Q2o = /kip/m are related to the trap
stiffness kyap = ¢E3/w?, where « is particle polarizability,
Ey is the electric field intensity, and w is the beam waist
radius [26]. Typical natural oscillation frequencies 2¢/2m are
126.6, 157.2, and 49.8 kHz in each direction (x, y, and z,
respectively).

As shown in Fig. 1(c), the upconversion emission spectra
of rare earth-doped nanoparticles NaYF4:Yb** /Er** are ob-
tained under 1064-nm laser excitation and 1064- and 976-nm
laser coexcitation. The upconversion emission of nanoparti-
cles is attributed to the energy transfer process from doped
Yb** ions to Er** ions. The energy mismatch between the
excitation wavelength of 1064 nm and the energy level of
Yb** can be compensated by the phonon assist in the host
lattice [27]. Since the absorption cross section of doped Yb**
ions at the resonance wavelength of 976 nm is larger than
that of 1064 nm, more efficient upconversion luminescence
is produced under the excitation of the 976-nm laser [28]. The
existence of nonradiation phonon relaxation in the upconver-
sion luminescence process also results in heat generation in
nanoparticles, which we believe is the primary cause of the
rise in internal temperature of the nanoparticles in the optical
trap.

III. INTERNAL TEMPERATURE

Since the luminescence of rare-earth-doped nanoparticles
depends remarkably on the temperature, the internal tempera-
ture of a NaYF,:Yb>* /Er** nanoparticle levitated in vacuum
can be easily obtained from upconversion spectra. The ba-
sic principle is that the population of the thermally coupled
energy levels of rare-earth-doped nanoparticles follows the
Boltzmann distribution, and its emission intensity is propor-
tional to the population [15].

As shown in Fig. 2(a), the energy levels ’H,, »2 and
4S3/2 of the doped Er*" ions are thermally coupled, which
are frequently employed for luminescence intensity ratio
thermometry [13]. The green emission spectra of levitated
nanoparticles doped with Er** ions at different air pressures
are collected, and the spectra are smoothed and normalized
at 540 nm [Fig. 2(b)]. The green emission bands (A1-A2) and
(A2-13) are attributed to the energy level transition of Er**
ions from the excited states Hjj,, and 4S5, to the ground
state 4115/2, respectively [29,30]. The specific values of Al
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FIG. 2. (a) Schematic diagram of the transition of thermal coupling energy levels of Er** ions. (b) Luminescence spectra of the
NaYF,:Yb>* /Er** nanoparticles at different air pressures. (c) The internal temperature of the levitated nanoparticle trapped by the 1064-nm
laser and irradiation by the 976-nm laser at different air pressures. The solid lines are fits to the data according to Eq. (4).

(515 nm), A2 (535 nm), and A3 (546 nm) follow a common
convention used in other luminescence thermometry studies
[31,32]. It is found that the integrated intensity of the green
emission band (A1-A2) increased significantly with decreasing
air pressure, which indicates a higher internal temperature
of the nanoparticles. The luminescence intensity ratio of the
thermally coupled energy levels is described by the following
equation [33]:

In(Rm) = 1 L AE 1 +C 3)
n = In — = - — s
fum I kg Tint

where Ty is the internal temperature, and I, and I; are the
integral luminescence intensity of the emission bands (A1-
A2) and (A2-A3), respectively. AE is the gap of thermally
coupled energy levels, and the constant C is related to the
emission rates and the integration boundary in the spectrum.
Therefore, the internal temperature of the nanoparticles can
be obtained from the spectra of Er’* ions. The parameters
AE = 743(5) cm~! and constant C = 2.73(2) of the lumi-
nescence thermometer are calibrated by the heating platform,
as detailed in Appendix C.

As shown in Fig. 2(c), the dependence of the internal
temperature of a levitated nanoparticle on the air pressure
under 1064-nm laser excitation or 1064- and 976-nm laser
coexcitation, where the internal temperature is calculated us-
ing Eq. (3) with the calibrated parameters. The error bars
are derived from the uncertainty of the thermometer calibra-
tion coefficient and the standard deviation of the data from
repeated measurements. Since the experimental particles are
nanoscale and have good thermal conductivity, it is expected
that the internal temperature distribution is uniform.

The heating of the levitated nanoparticles is due to the
absorption of the laser, while the heat dissipation is attributed
to the collision of air molecules, black-body radiation, and the
radiative relaxation from the energy level transitions [12,34].
In order to simplify the model, the heat dissipation from
black-body radiation and the luminescence of nanoparticles is
neglected, as detailed in Appendix D. When the heating and
dissipation of the system reaches a balanced state, the internal
temperature of the levitated nanoparticles is given as [11]

T =Ty + Cheat/pairv (4)

where the heating coefficient Gy is
2ToN hasOaps Y — 1
y+1

L5 1s the power density of the laser, N is the number of
Yb*t ions in a single nanoparticle, o, is the absorption cross
section of Yb3* ions, ag ~ 1 is the thermal accommodation
coefficient, r is the radius of the nanoparticle, v &~ 500 ms !
is the mean speed of air molecules, p,; is the air pressure,
y = 7/5 is the ratio of specific heat for air, and Tp = 293 K
is the environmental temperature.

The fitting results show that the absorption cross sec-
tions oghs Of YB3 at 1064 and 976 nm are 1.06(26) x 1022
and 1.10(20) x 1072 cm?, respectively. The results take
into account the uncertainty in nanoparticle size and ther-
mal accommodation coefficient, which are consistent with
the average of different particle measurements, as detailed
in Appendix D. In this study, a simplified model with large
parameter uncertainties is employed. Nonetheless, the absorp-
tion cross section of Yb®>T ions in a single nanoparticle is
successfully measured with the optical levitation system. No-
tably, the obtained results exhibit comparability with previous
reports on the absorption cross section of Yb** ions [28,35].

In a high vacuum, optically levitated nanoparticles will
only emit black-body radiation for heat dissipation. However,
the doping concentration of nanoparticles cannot be reduced
down to the level where the luminescence is detectable and
the absorption is low enough to achieve equilibrium with
the black-body radiation. Therefore, optical cooling solids
based on anti-Stokes fluorescence under suitable wavelength
excitation may be required to achieve high vacuum levitation
of rare-earth-doped nanoparticles with upconversion lumines-
cence.

®)

heat = b=
OlgT[l" v

IV. COM TEMPERATURE

Due to interaction between the levitated nanoparticles and
the air molecules in the surrounding environment, the COM
motion of a levitated nanoparticle will be affected by its inter-
nal temperature [6]. To investigate the coupling between the
internal temperature of the nanoparticle and its COM motion,
the COM dynamics and upconversion spectra are measured
simultaneously at different air pressures. The absolute inter-
nal temperature of the particle 7j,, can be deduced from the
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FIG. 3. (a) The COM temperature and internal temperature of
a levitated nanoparticle trapped by a 1064-nm laser at different air
pressures. (b) The coupling constant K between internal temperature
and COM temperature of a levitated nanoparticle trapped by a 1064-
nm laser at different air pressures.

upconversion spectrum, and the COM temperature Tcom of
the nanoparticle can be resolved by fitting the PSD curve. As
shown in Fig. 3(a), the COM temperature and the internal tem-
perature of a levitated nanoparticle are both increasing with
the air pressure decreasing, and the rise in COM temperature
is less than the rise of the internal temperature.

In order to quantify the coupling between the internal tem-
perature and the COM motion, the coefficient K is introduced
[36]:

_ ATcom

T — T
K = _ COM 0
ATim

Tint_TO '

(6)

The coefficient K is the ratio of the COM temperature rise to
the internal temperature rise, while 7j is the initial COM tem-
perature and internal temperature. The coefficient K along the
x and y axes at different air pressures is plotted in Fig. 3(b) and
the averaged values of K are 0.36(6) and 0.29(5), respectively.
This result can be explained with the two-bath model that
describes the coupling of the internal temperature of a lev-
itated nanoparticle to its COM motion [6]. In the Knudsen
regime, a levitated nanoparticle is heated above room tem-
perature by absorbing laser. The impinging gas molecules
collide with the hot nanoparticle in an inelastic way, and the
emerging gas molecules are scattered by the nanoparticle with
higher energy. These emerging gas molecules act as another
thermal bath with a high effective emerging temperature that
contributes to the COM motion of the levitated nanoparticle.
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FIG. 4. The time-dependent internal temperature of a levitated
nanoparticle under the radiation of different powers of a 976-nm laser
at 20 mbar.

The thermal accommodation coefficient «, represents the
heat transfer rate by collision between air molecules and
nanoparticles, and the relationship between K and «, is K =
7 /(mw + 8)ag, which is derived from the approximation of
the two-bath model [6,36]. Therefore, the thermal accom-
modation coefficients «, for the x and y axes are calculated
as 1.26(21) and 1.03(17), respectively. This value is approx-
imately the maximum accommodation coefficient o, =1,
which means that the air molecules collide with nanoparticles
in a completely inelastic way, and also represents the maxi-
mum coupling between the internal temperature and the COM
motion of a levitated nanoparticle. The value calculated from
the two-bath model slightly exceeds the maximum value of 1,
which is probably due to the desorption of ligand molecules
from the levitated nanoparticle surface at high temperatures
and thus increases the energy of the emerging gas molecules.

V. PARTICLE LOST

Similar to previous reports on nanodiamonds,
NaYF,:Yb** /Er** nanoparticles used in this experiment can
also been stably levitated at air pressure from the atmosphere
down to 10 mbar and generally escape from the trap between
1 to 10 mbar [9,34,36]. There are many hypotheses about the
reasons for particle loss at decreased air pressure, including
Kramer’s escape [9], particle burning [37], temperature
distribution inhomogeneity [38], and anisotropic overheating
[36], but a clear understanding of the mechanisms is still
lacking.

To further understand the escape of nanoparticles, we heat
a levitated nanoparticle with the 976-nm laser and monitor
its internal temperature to examine the stability of trapping.
Due to the low spectral acquisition efficiency of the device,
the temporal resolution of the temperature measurement is
limited to 10 s. This time interval of measurement is much
longer than the temperature rise of the nanoparticles due to
laser absorption, so the initial rapid temperature rise process is
not observed. In Fig. 4, we show the time-dependent internal
temperature of a nanoparticle levitated by a 1064-nm laser
in a vacuum at 20 mbar. The error bars are derived from the
uncertainty of the thermometer calibration coefficient.
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Under the excitation of 1, 2, and 4 mW of a 976-nm laser,
the internal temperature of nanoparticles increases immedi-
ately and then remains stable. With the increase of the 976-nm
laser power to 6 mW, a slow heating process lasting more
than 80 s can be observed in addition to the initial rapid
heating process. Moreover, when the internal temperature of
the NaYF,:Yb>* /Er3+ nanoparticle exceeds 500 K, it is sud-
denly lost from the optical trap. More experimental data on
the escape of levitated nanoparticles from optical traps are
available in Appendix E. Although the specified parameters
are different, both of them follow the same pattern of slowly
increasing internal temperature before escaping. The experi-
mental results also show that the 976-nm laser acts by heating
the nanoparticles to increase their internal temperature, which
causes them to escape from the optical trap. In the absence of
the 976-nm laser, the same effect can be achieved by reducing
the ambient air pressure to reduce thermal dissipation, which
also increases the internal temperature of the nanoparticles.

It is noticed that there is a strong correlation between the
slow increase of the internal temperature and the escape of
nanoparticles from the optical trap. The high internal temper-
ature not only affects the COM motion of NaYF,:Yb>* /Er**
nanoparticles but also may trigger complex structural or mor-
phological transformations, which have a negative impact on
the stability of the trapping. However, more research is still
needed to gain a comprehensive insight into the internal-
temperature-related loss mechanisms. Although this study
focuses on levitated rare-earth-doped nanoparticles, the re-
sults regarding nanoparticle escape from optical traps could
be extended to other types of nanoparticles, such as nanodi-
amonds and SiO; nanospheres. It is worth noting that the
heating effect of a laser on nanoparticles goes beyond the non-
radiative relaxation from energy level transitions and includes
the optical absorption of host material and impurity defects
[7,34,37,39]. Therefore, different types of nanoparticles may
also escape from the optical trap due to laser-induced heating
effects leading to an increase in their internal temperature.

VI. CONCLUSION

In summary, we have observed the upconversion lumines-
cence of rare-earth-doped nanoparticles NaYF,:Yb*" /Er**
optically levitated in an intermediate vacuum. The internal
temperature of a levitated nanoparticle can be calculated from
thermally coupled energy level emission ratios, and the re-
sults indicate that a decrease in air pressure leads to an
increase in internal temperature. The coupling between the
internal temperature and the COM temperature of a levitated
nanoparticle has also been examined experimentally. In ad-
dition, the escape of nanoparticles from the optical trap is
found to be strongly linked to the increase in the internal
temperature. Thus, the solid-state laser refrigeration based
on anti-Stokes luminescence is a promising strategy to ad-
dress the heating problem associated with optical trapping of
NaYF,:Yb** /Er** nanoparticles in high vacuum.
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APPENDIX A: MORPHOLOGY CHARACTERIZATIONS

As shown in Fig. 5, the morphology of nanoparticles is
characterized by scanning electron microscopy (SEM).

APPENDIX B: NATURAL FREQUENCY OF COM MOTION

The relationship between the natural oscillation frequency
of nanoparticles in the optical trap and the beam waist radius
w is given below [26]:

Qo = JaES/m/w.

Therefore, the oscillation frequency is inversely proportional
to the waist spot radius. The parameters of the focused laser
spot are listed in Table I.

The mass m of a single nanoparticle is calculated based on
the size of the nanoparticle and the uncertainty is estimated
according to the error propagation formula. The size of the
laser spot focused by the objective is measured using the
razor blade method. The position where the laser intensity
is reduced to 1/¢? is defined as the waist radius, which is
0.739(10) and 0.635(9) um in the x and y axis directions,
respectively, while the Rayleigh length zy is 1.385(27) um.
The experimentally measured COM motion frequency ratio
of the levitated nanoparticle between the x, y, and z axes is
2.54:3.16:1. The different spot sizes along the x- and y-axis
directions give rise to the variation in the resonant frequen-

(BI)

TABLE I. The parameters of the focused laser spot.

Quantity m (kg) wy (um)  w, (um)  zo (um)
Value 7.6 x 10718 0.739 0.635 1.385
Uncertainty 39 x 10718 0.010 0.009 0.027
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FIG. 6. (a) Emission spectra of Er’* ions are measured on the
thermal platform at different temperatures of 300-500 K. (b) Depen-
dence of the emission intensity ratio [In(Ryum)] of the Er** ions on
the inverse of temperature (1000/T). The parameters of the lumines-
cence thermometry can be obtained by fitting the data measured by
the thermal platform.

cies of the nanoparticles. Compared with the x- and y-axis
directions, the light field along the z-axis direction is less
focused, resulting in a smaller optical trap stiffness along
the z-axis direction. Therefore, the resonant frequencies of
nanoparticles in the z-axis direction are significantly lower
than those along the x- and y-axis directions [40].

APPENDIX C: LUMINESCENCE THERMOMETRY

To obtain the parameters in the luminescence ther-
mometry, the luminescence intensity ratio of a single
NaYF,:Yb** /Er** nanoparticle is calibrated via a thermal
platform. The sample is monodispersed on the wafer and
keeps in good contact with the thermal platform, which is
set at a temperature of 300-500 K. After the sample reaches
thermal equilibrium with the thermal platform, the sample
luminescence spectra are measured. In Fig. 6, the lumines-
cence intensity ratios of the samples at different temperatures
are calculated, and a linear fit is made to the inverse of the
luminescence intensity ratio versus temperature [33,41]:

M2 1()dA
lum = u = ex (_£> +B’ (Cl)

[ 1Gydn kg T
AE 1000
— X
1000 x kg T

In(Rum) = +C. (C2)

The results of the fit show that the slope of the line is
—1.07(1); therefore, AE is 743(5) cm~! and the constant C
is 2.73(2).
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FIG. 7. (a)—~(h) The dependence of the internal temperature of
different rare-earth-doped nanoparticles on the air pressure under the
excitation of a 1064-nm laser.

APPENDIX D: Internal Temperature

To derive the dependence of the internal temperature of
a levitated nanoparticle on the air pressure, a gas collision
thermal dissipation model is used here. The sensitizer Yb**
ions have a larger absorption cross section relative to the ma-
trix material as well as Er>* ions [42], and it can be assumed
that the absorption of rare-earth-doped nanoparticles is mainly
from Yb?* ions. Therefore, it is reasonable to assume that the
absorbed power is linearly related to the number of Yb** ions
in the nanoparticle. The laser power absorbed by a levitated
nanoparticle can be expressed as [43]

Paps = NlasOaps, (D1)
where N is the number of Yb’* ions in a single nanopar-
ticle, I, is the power density of the laser, and oy is the
absorption cross section of Yb** ions. The specific value of
N is estimated by the size of the nanoparticles as well as the
doping concentration of Yb>* ions. First, the diameter d of
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FIG. 8. The absorption cross sections at 1064 nm for Yb*" ions
of different nanoparticles. The error bars in the figure are derived
from the standard deviation of the repeated measurements of the
spectra, as well as the uncertainty of the nanoparticle size and the
heat accommodation coefficient.

nanoparticles is determined as 153(26) nm, based on the char-
acterization of SEM images, and their volume V = ‘3—‘7t(d /2)3
can be calculated. Then, the number N, of NaYF, unit cells
is obtained from the ratio of the volume of nanoparticles to
that of a single unit cell, which is N = V/ag. The typical
lattice parameter for cubic NaYF, crystal is a. = 5.51 A
[44]. Finally, the number of Yb** ions contained in a single
nanoparticle, N, is obtained by considering the doping con-
centration (20%) of Yb>* ions, which is N = 2N x 20% =
nd’/15a2.

The heat dissipation power of a levitated nanoparticle by
the collision of air molecules is [11,34]

1/T;
Peona = %nr%—)pair;ﬁ;<l—m - l)s (D2)

-1

where o, is the thermal accommodation coefficient, r = d/2

is the radius of the nanoparticle, v is the mean speed of air

molecules, p,; is the air pressure, y is the ratio of specific

heat for air, Tj, is the internal temperature of the nanoparticle,
and Ty is the environmental temperature.

The power dissipated by the nanoparticle to produce ra-

diative relaxation luminescence by energy level transitions is
[45]

We

—PabSa
W + W

Pem = anabs = (DS)

TABLEII. List of parameters for calculating the absorption cross
section of Yb** ions.

Quantity Value Uncertainty
r 77 nm 13 nm
o 1.03 0.17
N 4.5 x 10° 2.3 x 10°
Las 10" W/cm? —
Ty 293 K —
v 500 m/s —
y 7/5 —
a. 551A —
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FIG. 9. (a) The internal temperature of a levitated nanoparticle
and the COM temperature in the z axis direction. (b) Coupling con-
stant K between the internal temperature of a levitated nanoparticle
and the COM temperature in the z axis direction.
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FIG. 10. (a)—(f) More examples of levitated nanoparticles escap-
ing from optical traps. These levitated nanoparticles undergo a slow
rise in their internal temperature before escaping from the optical
traps at different air pressures, with or without the presence of a
976-nm laser.
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ng is the internal quantum yield of the nanoparticle,
while W, and W, are the radiative and nonradiative re-
laxation rates of the excited state, respectively. For typical
NaYF4:20%Yb>* /2%Er** nanoparticles with cubic phase,
the inner quantum yield is generally low and thus can be
neglected [46]. In addition, the black-body radiation of the
nanoparticles also can be negligible in the relative low-
temperature range (<400 K). Therefore, when the system
temperature is stable, the laser heating power of the nanopar-
ticles is balanced with the air conduction power, i.e., Pyps =
Peona- As aresult, according to Egs. (4) and (5), the absorption
Cross section o,ps can be expressed as

agnr213 y+1 lSagagt") y+1

Oabs = mm heat = 16Tyl mcheat-
In Figs. 7 and 8, the heating coefficient Gy, can be obtained
by fitting the experimental data, and thus the absorption cross
section of Yb** ions can be calculated.

The parameters used to calculate the absorption cross sec-
tion of Yb>* ions are listed. The radius r of nanoparticles
is obtained from SEM characterization and the uncertainty
is derived from the statistical results of multiple nanoparti-
cles. The thermal accommodation coefficients a, are derived
from the experimental values for nanoparticles in Fig. 3
of the manuscript. The number N of Yb*' ions in a sin-
gle nanoparticle is calculated based on the size of the

(D4)

nanoparticle and the uncertainty is estimated according to
the error propagation formula. The laser power density I
irradiated on the nanoparticles is an estimated value based on
the laser power and the spot size. The parameters v, y, and a,
are taken from the literature [42,43]. The parameters AE and
C, which are used to calculate the internal temperature of the
levitated nanoparticle, are derived from the fitted calibration
data. These parameters are summarized in Table II.

APPENDIX E: PARTICLE MOTION

As shown in Fig. 9, for temperature coupling constant
measured in the z axis, there are similar results to the x and
y axes. The temperature coupling constant K for the z axis is
0.32(5).

In Fig. 10, the internal temperature of the levitated
nanoparticles before escaping from the optical trap shows a
significant change. Although the air pressure, the rate of heat-
ing up, and the maximum temperature that these nanoparticles
can reach before escaping from optical traps are different, they
are all the same in that the internal temperature undergoes a
slow increase process. This also suggests that the effect of the
976-nm laser on the nanoparticles is to heat the nanoparticles
rather than to change the optical trap leading to the escape of
the nanoparticles.
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