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ABSTRACT: Measuring temperature in nanoscale spatial resolution either at or far
from equilibrium is of importance in many scientific and technological applications.
Although negatively charged nitrogen-vacancy (NV~) centers in diamond have recently
emerged as a promising nanometric temperature sensor, the technique has been applied
only under steady state conditions so far. Here, we present a three-point sampling
method that allows real-time monitoring of the temperature changes over +100 K and a
pump—probe-type experiment that enables the study of nanoscale heat transfer with a
temporal resolution of better than 10 us. The utility of the time-resolved luminescence
nanothermometry was demonstrated with 100 nm fluorescent nanodiamonds spin-
coated on a glass substrate and submerged in gold nanorod solution heated by a near-
infrared laser, and the validity of the measurements was verified with finite-element
numerical simulations. The combined theoretical and experimental approaches will be
useful to implement time-resolved temperature sensing in laser processing of materials
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and even for devices in operation at the nanometer scale.
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time-resolved thermometry

he measurement of temperature with nanoscale spatial

resolution is an emerging new technology in recent
years,"”” and the development of this so-called nanothermom-
etry is expected to have important impacts in various fields of
science and technology. An ideal nanothermometer should be
not only accurate but also applicable over a wide temperature
range and under diverse environmental conditions, and the
measurement time should be short enough to allow following
the time evolution of the system under interrogation. A number
of luminescence-based nanothermometers have been developed
in the past using nanosized particles such as semiconductor
quantum dots, rare earth doped oxides, luminescent nanogels,
and so forth."” Gold nanoparticles® and fluorescent nano-
diamonds (FNDs)*~” are new additions to the application. Of
particular interest is the FND, which contains negatively
charged nitrogen-vacancy (NV~) color centers as built-in
fluorophores. The center has recently been demonstrated to
play a significant role in several core branches of science such as
quantum optics, spintronics, magnetic sensing, and bioimag-
ing.*'* The ground state of NV~ is a spin triplet formed by
two unpaired electrons with a crystal field splitting of 2.87 GHz
separating m, = 0 and m, = +1 sublevels. Interestingly, the spin
states of NV~ can be optically polarized and coherently
manipulated by microwave radiation, a technique known as
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optically detected magnetic resonance (ODMR), even at the
single molecule level. "> As the spin properties of NV~ are
sensitive to environmental temperature changes,*”"">"" the
FND can serve as a quantum thermometer. This unique
property, together with its chemical inertness, mechanical
robustness, excellent photostability, and inherent biocompati-
bility, makes FND appealing for a wide range of applica-
tions.'*”

A typical method to realize the NV-based nanothermometry
is to measure the thermal shifts of the ODMR peaks. However,
it is time-consuming to acquire the whole ODMR spectrum
and postdata processing is required to determine the peak
position. Although coherent control methods have made it
possible to conduct temperature measurement with ultrahigh
precision at thermal equilibrium,>*"® applications of the
techniques to real-time temperature monitoring or mapping
of the temporal temperature profile of a system far from
equilibrium are still a challenge. Here, we present a three-point
sampling method that not only allows determination of the
temperature change by more than 100 K on the fly but also is
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able to stroboscopically probe the temporal evolution of
temperature down to 10 ys resolution. The method is based on
two previous observations for bulk diamond that the widths
(typically 10 MHz) of the ODMR peaks only vary by less than
10%, whereas their peak positions are shifted by more than 20
MHz over 300—700 K.'*'® Assuming a constant width, one can
determine the temperature shift by measuring the changes of
the fluorescence dip at three preselected frequencies without
scanning the whole ODMR spectrum. This enables real-time
measurement of the temperature changes over +100 K with
respect to a known initial temperature and, more importantly,
the study of nanoscale heat transfer dynamics in a pump—probe
configuration with a pulsed heating source.

In applying NV~ centers for time-resolved luminescence
nanothermometry, we chose to use FNDs of ~100 nm in
diameter as the temperature sensor and gold nanorods (GNRs)
with a diameter of 10 nm and a length of 41 nm as the photon
energy absorber. The FND prepared for this work has a NV~
density close to 10 ppm, or ~900 NV~ centers per 100 nm
particle.'® The GNR, on the other hand, has an intense
longitudinal surface plasmon resonance (SPR) band peaking at
~800 nm,"® which is well separate from both the excitation
wavelength (500—600 nm) and emission wavelength (650—800
nm) of the NV~ centers.”® We first employed near-infrared
light to achieve highly localized heating of the GNRs in
aqueous solution and then applied the three-point method to
monitor local temperature changes with single FNDs. Pump—
probe-type experiments were subsequently carried out to
determine the nanoscale heat transfer rates using microsecond
laser pulses. Results of the measurements were finally compared
with finite-element numerical simulations.

Results and Discussion. The experimental setup com-
prised a confocal fluorescence microscope coupled with two
microwave sources and two continuous-wave (CW) lasers
operating at the green (532 nm) and near-infrared (808 nm)
regions for the excitation of FND and GNR, respectively
(Figure 1a). A thin gold wire delivered the microwaves to the
FND samples spin-coated on a glass coverslip to induce the
transitions between the m, = 0 and m, = +1 sublevels of NV~
centers.”*” To avoid detachment of the particles from the
coverslip when the local temperature was largely changed by
laser heating, the FNDs were covalently coated with cationic
polymers such as polyarginine,”® and so they could be firmly
anchored to the negatively charged glass surface through
electrostatic attraction. Additionally, to ensure long-term
observation of the same particles under investigation, which is
imperative to the present measurement, a three-dimensional
(3D) confocal fluorescence tracking technique has been
implemented.** This was achieved by feedback controlling a
three-axis piezo-scanning stage on which a 100X microscope
objective was mounted, with a user-developed program to
maintain constant fluorescence intensities at the center (x =y =
0) as well as four selected points (x = +50 nm and y = +50
nm) in the point spread function of the fluorescence spots
(Figure 1b). Realtime tracking of the movement of an
interrogated FND can be made indefinitely, as long as it
moves less than the maximum tracking speed (450 nm/s) and
stays within our capture range of 30 X 30 X 10 ym? in x, y, and
z directions (Figure lc).

Figure 2 displays typical ODMR spectra taken with a data
acquisition time of ~3 min for a single 100 nm FND particle on
a glass coverslip. Both the microwave and the 532 nm probe
laser were run in CW mode, and the resultant fluorescence
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Figure 1. Experimental setup and single particle tracking. (a)
Schematic diagram of the experimental setup. APD, avalanche
photodiode; BS, beam splitter; DM, dichroic mirror; CCD, charge-
coupled device; L, lens; M, mirror; and Obj, objective. Red dots on the
glass coverslip denote FNDs. (b) Fluorescence image of a single FND
particle spin-coated on a glass coverslip, acquired by confocal
microscopy. The profile is well described by a Gaussian point spread
function. Changes in the fluorescence intensity at the peak center (x =
y =0) and at +50 nm from the center in both x and y directions are
analyzed with a computer program and used to determine the position
of the particle in three dimensions. (c) Three-dimensional tracking of
a single FND particle over a time period of 40 min.
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Figure 2. Spin transition. ODMR spectra of a 100 nm FND spin-
coated on a glass substrate, obtained with three different microwave
powers (20, 120, and 400 mW). All the spectra can be well fitted with
either one or two Lorentzian functions (black and green curves).

photons were detected at each microwave frequency by an
avalanche photodiode. At room temperature, a dip with a depth
of ~9% was found at @, = 2868.4 + 0.1 MHz. It split into two
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components (Am; = +1) due to the presence of localized
crystallographic strain and they could be well fitted by two
Lorentzian functions. The dips were significantly broadened as

the microwave power was increased from 20 to 400 mW, at
which the spectrum exhibited a single Lorentzian-like profile
with a depth of ~18% and an effective width of y = 12.7 MHz.
Taking the thermal shift of the ODMR peak as AD/AT =
—0.075 MHz/K,"* the error involved in the curve fitting to find
@, corresponds to a temperature measurement uncertainty of
~1 K

Three Point Method. To expedite the thermometric analysis,
we measured the fluorescence intensities at three frequencies
only, where f, and f, are the frequencies at the half depth of the
dip at a known temperature, and f; is a far-off resonant
frequency at which the microwave has no observable effect on
the ground state spins of the NV~ center. Two assumptions are
made in this three-point method: (1) an ODMR spectrum is
effectively composed of either one or two Lorentzian peaks and
(2) the widths of the peaks are insensitive to temperature
changes. To simplify the analysis, we first consider an ODMR
spectrum consisting of only one Lorentzian peak with a
constant width 2y, thus f; = @, — y and f, = @, + y (Figure 3a).
Starting with the Lorentzian function
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Figure 3. Three point method. (a) Pictorial presentation of the three-
point method based on an ODMR spectrum consisting of only one
peak. The peaks before (blue) and after (red) temperature change are
both Lorentzian and have the same width, although their heights may
differ. Overlaid on the spectra are three frequencies (f;, f,, f3) chosen
for the intensity measurement and Y, denote the points where the
normalized sampled heights were measured. (b) Timing sequences of
the laser irradiation, microwave excitation, and fluorescence detection
in the three-point method. The separations between initiation (init)
and detection pulses are all 1 us. The typical number of cycles was n =
70000 in this experiment.
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where A/y is the peak height, theoretical treatments as detailed

in Supporting Information show that the temperature-depend-
ent peak shift (§) can be calculated by
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L -1
Y, = 3 2
L—1I, (4)
_ I3 - 11
L ()

where I, I,, and I; are the fluorescence intensities measured at
points f;, f,, and f;, respectively, and I, is the fluorescence
intensity at the center frequency of the shifted peak (Figure 3a).
Experimentally, I, cannot be known without scanning the
whole ODMR spectrum; however, the ratio R can be
determined without knowing it as

12_11
213 - 12 - I1

(6)

Under the condition that 15 < (2)"/?, the solution in eq 2
takes a negative sign. Given y = 12.7 MHz as shown in Figure 2,
a working range of up to AT = +160 K can be inferred from
the thermal shift measurements of Toyli et al."> and Plakhotnik
et al.” At I8l < 7, eq 2 can be approximated by

12_11

5=—y
g _12_11

(7)

In cases where the ODMR spectrum cannot be fitted with a
single Lorentzian function and the simple model introduced
above is invalid, one can generalize the above analysis to treat
more complicated cases (See Supporting Information and
Figure S1 and S2 for further details). Alternatively, the spectral
shift can be deduced by finding numerically the inversion of
R(6), that is, 5(R), based on the measured intensities and the
prescanned ODMR spectra (Supporting Information Figure
S3).

An advantage of this three-point method is that it possesses a
built-in ability for self-correction of signal fluctuation. Shot-to-
shot fluorescence intensity fluctuations and background noises
can be effectively eliminated because they are common in both
the numerator and denominator terms of eq 6. Experimentally,
the three-point method is easily implemented by using two
microwave synthesizers whose output frequencies (f; and f,)
are preselected according to the prescanned ODMR spectra.
Fluorescence signals of the third frequency (f;) are then
collected when both the microwave sources are switched off.
Figure 3b illustrates the pulse sequences of the laser excitation,
microwave excitation, and photon detection at the three
frequencies. The measurement rejects low-frequency fluctua-
tions up to 2.5 kHz, as each cycle took only ~400 yus. Given a
photon count rate of 1 X 10° counts/s at each probed
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frequency, the shot-noise-limited sensitivity of this method was
estimated to be ~2 K/(Hz)"/? which could be readily achieved
in experiments (Supporting Information Figure S4). Further
improvement of the sensitivity is possible by increasing the
photon counting rate, together with the use of a better
microwave antenna such as a lithographic antenna that will
yield more stable and deeper ODMR dips.

We may compare the present approach with a previous
method developed by Kucsko et al.®> who sampled four points
of the ODMR spectrum to extract the thermal shift. Assuming a
linear response of the fluorescence intensity in ODMR to
temperature, they achieved a temperature measurement
precision of ~0.1 K in 4 s using a high photon counting rate
and a coplanar waveguide for microwave excitation. However,
the working range of the method is limited to about +15 K (or
+1 MHz in thermal shift) due to the linear temperature
dependence assumption. In comparison, our method is about
3X lower in sensitivity but has a much wider (~10X) working
range, and the analytical relationship between the frequency
shift and the measured fluorescence intensities is available even
at large temperature changes, that is, eq 2. Moreover, the
method is extendable to time-domain measurement by
performing pump—probe-type experiments using a pulsed
laser as the heating source.

Temporally and Spatially Resolved Nanothermometry. As
a proof-of-principle experiment, we first employed the FNDs to
measure the nanoscale temperature of a system at the steady
state. We spin-coated the NV-based temperature sensors on a
glass coverslip and submerged them in GNR solution within a
microchannel (~1 mm height, ~2 mm width, and ~8 mm
length). Selecting a single FND particle in the channel, we
acquired its ODMR spectra in the solution with a total volume
of ~20 uL and an optical density (OD) of ~10. A drastic
change of the solution temperature from 298 to 405 K was
recorded as the GNRs were heated by the CW near-infrared
(NIR) laser with its power increasing from Py = 0 to 10 mW
(Figure 4a). These temperatures were deduced based on the
calibration curve provided by Toyli et al.'* over 300—700 K. It
is noted that the highest temperature (405 K) measured in this
experiment substantially exceeds 373 K, that is, the normal
boiling point of water, imoj)lying that superheating of the GNR
solution has occurred.”>*® Thanks to the poor spectral overlap
between these two nanomaterials (Supporting Information
Figure S5), no noticeable quenching of the FND fluorescence
by GNRs was observed. Furthermore, the effect of heating the
GNR solution by the green laser alone (power less than 10
UW) was negligible.

We next characterized the time-dependent temperature
response of the GNR solution using the three-point method
and a mechanical shutter to control the on/off status of the 808
nm laser. With Py = 7.8 mW, a quick rise of the solution
temperature by ~90 K in 30 s was achieved and it rapidly
dropped back to room temperature within the same time
interval when the laser was turned off (Figure 4b). In contrast,
it took about 10 min for the temperature of the GNR solution
(OD ~ 1) of 1 mL volume to reach its steady state value (AT
~ 40 K at Pyp = 0.6 W) using the same laser without focusing
(Figure 4c).”’ It is noteworthy in Figure 4a that the widths of
the ODMR peaks stay nearly the same over the temperature
variation range of 298—405 K, strongly supporting the basic
assumption of the three-point method.

The availability of the three-point method allowed us to
measure the nanoscale heat transfer rates by performing
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Figure 4. Superheating water. (a) ODMR spectra of an FND particle
submerged in aqueous solution containing 10 nm X 41 nm GNR
heated by an 808 nm laser with its power varying from 0 to 10 mW.
(b) Modulation of the temperature of the GNR solution (20 uL and
OD ~ 10 at 808 nm) in a microchannel by turning the laser (Py =
7.8 mW) on and off every S min. (c) Photothermal measurement of
the GNR solution (1 mL and OD ~ 1 at 808 nm) in a cuvette. The
808 nm excitation laser with an output power of 0.6 W was turned on
for 1S min and then off to reveal the energy absorption and heat
dissipation processes.

pump—probe-type experiments. First, to ensure good spatial
overlap between the pump (808 nm) and probe (532 nm)
lasers, the lateral and axial point spread functions (PSFs) of
these two laser beams at the foci (i.e., r = z = 0 as indicated in
Figure Sa) were closely examined by collecting their respective
scattered light from a gold nanoparticle of 80 nm in diameter.”®
Second, the heating laser was switched on and off using an
acousto-optic modulator with a response time of S ns. Third,
the widths of both the initiation and detection laser pulses were
reduced to 10 us (Figure Sb) in order to achieve the highest
possible temporal resolution at the expense of sensitivity.
Fourth, the FNDs were covalently conjugated with cationic
polymers (such as polyarginine*’) to prevent attachment of the
positively charged GNRs to their surfaces. Finally, the focus of
the 808 nm laser beam was intentionally separated from the
FND by a distance (r) of more than 1 ym to avoid direct
heating of the temperature sensor and reduction of the ODMR
dip depth due to the NIR excitation.”

Figure Sc shows results of the temperature measurement as a
function of the delays between pump and probe laser pulses at
Pyr = 39 mW and r = 1.0 and 1.5 um. By fitting the
experimental data to the exponential recovery function AT = A
+ B[1 — exp(—t/r)] for the temperature rising and the
exponential decay function AT = A + Bexp(—t/7) for the
temperature falling, we determined a time constant of 7 = 12 +
1usatr=10umand 7 =18 + 3 us at r = 1.5 um for the
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Figure S. Temporally and spatially resolved nanothermometry. (a)
Pictorial presentation of the experiment using an 808 nm laser for the
heating of GNRs in water and a single FND particle for temperature
sensing. The separation between FND and the 808 nm laser beam
focus is denoted as r and the distance from the water—glass interface
(and the 808 nm laser beam waist) to the point of interest is denoted
as z. (b) Timing sequences of the 532 and 808 nm laser irradiation,
microwave excitation, and fluorescence detection for time-resolved
temperature measurement. All numbers are in units of microseconds
and both the microwave and detection pulses are in synchronization
with the 532 nm laser pulses. (c) Time evolution of the heat
dissipation for a GNR solution irradiated with a pulsed 808 nm laser
(Pxir = 3.9 mW) at z ~ 0 um and r = 1.0 and 1.5 um. Solid curves are
best fits of the experimental data to exponential recovery and decay
curves with the same time constants, amplitudes, and offsets.

heating with a pulse duration of 100 us and an interpulse
interval of 200 us (Figure Sb). Note that these two measured
time constants should not be associated with the rate of the
energy loss of the heated GNR particle to its environment (i.e.,
water and the glass substrate), because the process has been
predicted to occur within 1 ns due to phonon—phonon
coupling.>***' They should instead represent the time required
for the heat to dissipate out of the laser excitation region,> of
which the measured local transient temperatures can be
properly defined in the microsecond time scale.

Numerical Simulations. To verify the validity of the time-
resolved temperature measurements and to understand the heat
transfer in the nanometer and microsecond scales, we carried
out numerical simulations. Our theoretical modeling was based
on the assumptions that (1) the attenuation of the laser beam
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can be properly described by an effective absorption coeflicient
a of the GNR solution, (2) the energy absorbed by the GNRs
are totally released as heat to water within our probing time of
10 ps, and (3) melting and thus reshaping3’3"34 of GNRs do not
occur during the course of the measurements. For simplicity,
the model took only the laser-induced heat source and the
conduction dissipation into consideration. We solved the heat
conduction equation by finite element analysis with the
COMSOL program (Multiphysics) for a uniform medium
heated by a focused Gaussian laser beam in the cylindrical
coordinate at z > 0 as>>3¢

P_de_T _ 0’ T(r, z, t) + ldT(r, z, t) N 0*T(r, z, t)

k ot or’ roor oz*
N al(r, z, t)
k (8)
where the laser intensity profile was approximated by
2 2
W,
I(r, z, t) = Io(t)(—o) exp —2( 4 ) - az
W(Z) w Z) (9)
with
. 2
w(z) = wy, |1 + (—Zz]
wgh (10)

in which r and z are the radial and axial coordinates, p, C, k,
and n are the density, specific heat capacity, thermal
conductivity, and refractive index of the liquid, respectively,
wy is the Gaussian beam waist, 1 is the wavelength of the
heating laser, and I () is the intensity at the center of the laser
beam at its waist and is related to its total power by Py(t) =
awily(t)/2. At the water—§lass interface, the following two

boundary conditions apply®

T(r,z=0,t) =T(r,z=0, )

{50) %)
aZ r,z=0,t : aZ r,z=0,t (12)

where the subscript “s” denotes the substrate. Given the values
of the parameters pC, = 4.18 J/em*K, k = 0.58 W/m-'K, and n
= 1.33 for water, k, = 1.3 W/m-K for the coverslip glass, & ~
230 cm™ for the GNR solution, and 4 = 808 nm, w, ~ 0.23
um, Py(t) = 0 or 3.9 mW (depending on the laser on or off) for
the heating laser, we obtained the temporal profiles of the GNR
solution from the numerical simulations under the boundary
conditions of AT = 0 K at z = —0.5 and 1.0 mm and r = 3.0
mm. The simulated time constants for single exponential
decays are =20 ys at r = 1.0 gym and 7 = 25 ps at r = 1.5 pum
(Figure 6a), compared with our experimental observations of
12 and 18 ps, respectively. The agreement between simulation
and experiment is satisfactory, considering that the probing
laser pulses are 10 ys in width and the intensity distribution of
the heating laser beam is highly heterogeneous due to the tight
focusing. The overall differences between the simulated and
measured results in AT are within +2 K without any free
parameter adjustment in the simulations (Figure 6b).

In Figure 6a, we also show how the solution temperature
varies with the distance of r = 0—3 pm at z = 0 ym when the
number of the heating laser pulses increases (up to 30), as
predicted by the theoretical simulations. The prediction of a

(11)
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Figure 6. Numerical simulations. (a) Temporal and spatial profiles of
the laser-heated GNR solution, simulated by solving the heat
conduction equations described in text and COMSOL. (b)
Comparison of the measured and simulated spatial dependences of
the temperature rises at z = 0 as a function of r at the steady state (i.e,,
at 5900 us). Inset: Two-dimensional temperature profile in the r—z
plane near the laser heating region. Scale bar is 2 ym.

decrease in the amplitude of the temperature modulation as r
increases is in line with our experimental observations. At r = 0
pum, the temperature decay clearly consists of two components,
fast (r; = 1.2 us) and slow (7, = 25.8 us), with an amplitude
ratio of 3:2. The former is contributed by the rapid laser
heating and subsequent energy loss in the excitation region,
whereas the latter is due to the slower rate of the heat
dissipation out of the laser focal volume. At r > 3 um, the
amplitude of the fast component is too small to be seen (data
not shown). Figure 6b illustrates the r dependence of the
temperature rise at z = 0 and the steady state (i.e., at 5900 us).
The corresponding temperature profile in the r—z plane is
shown in the inset. As noted, the temperature distribution in r
can be better represented by error functions® than reciprocal
functions for a point thermal source. The hottest spot in this
laser-heated region is at z = 0 ym and r = 0.50 pm with a
temperature rise as high as 44 K (Supporting Information
Figure S6). Superheating of the aqueous solution near the
water—glass interface can thus be established when the laser
power is increased to Py = 7.8 mW or higher, as illustrated in
Figure 4a.

It is instructive to compare this work with two previous
studies on similar topics. Richardson et al.*> performed a set of
experiments on photoheating of 20 nm gold nanoparticles in a
water droplet (~2 mm in diameter) with a CW 532 nm laser, a
mechanical chopper, and a thermocouple for temperature
measurement. They obtained a light-to-heat conversion
efficiency of ~1 and a heat loss time constant of 7 = 83 s.
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Cordero et al.*® measured the time-resolved temperature rise of
a thin water layer due to infrared laser excitation (wavelength of
1480 nm) using rhodamine B as the thermometer. The laser
had a beam waist of 5.3 ym at the focus and passed through the
sample with a thickness of 1 mm. The authors achieved a spatial
resolution of 1.7 pm, as limited by the magnification of the
microscope objective as well as the number of pixels on the
camera sensor, and a temporal resolution of 2 ms as limited by
the camera sensor’s sensitivity that determined the maximum
frame rate. The present experiment takes the thermometric
measurements to the next level.

Conclusion. In this work, we have developed FND into a
nanoscale luminescence thermometer for both temporally and
spatially resolved temperature sensing with the hosted NV~
centers. Using microliter GNR solution as a test platform, we
demonstrated the utility of a three-point method for practical
temperature measurement with single FNDs submerged in the
medium. A precision of better than +1 K over a temperature
variation range of 100 K within a measurement time of 30 s was
readily achieved. Furthermore, by employing a pulsed near-
infrared laser as the heating source and the three-point method
to shorten the interrogation time, a temporal resolution of
better than 10 ps has been established through pump—probe-
type measurements. Such technological developments have
enabled us to study highly inhomogeneous heating of water in
the focal volume of a tightly focused laser beam by direct
temperature measurements and to observe superheating of
aqueous solution near the water—glass interface at the
nanoscale. Further improvement of the technology is possible
by increasing the photon counting rates and the use of a
lithographic antenna for microwave excitation.” The method is
expected to find practical use as a new tool to investigate
nanoscale heat transfer, a process of not only fundamental
interest but also technological importance.’” The present study
represents the first demonstration of thermometric inves-
tigation at the nanometric length scale with microsecond time
resolution. It adds an important new dimension to the use of
NV~ centers in diamond for quantum sensing development and
applications.>®*’

Methods. Carboxylated FNDs were produced by high-
energy ion irradiation of synthetic type Ib diamond powders
(Micron+, Element Six), followed by thermal annealing, air
oxidation, and oxidative acid washes.'® They were covalently
conjugated with poly-L-arginine using water-soluble carbodii-
mide cross-linkers.”> GNRs surface-coated with cetyltrimethy-
lammonium bromide (CTAB) were obtained from Nanopartz
and used without further modification and purification.

Optical Setup and Temperature Measurement. The
experimental setup consisted of a modified commercial
confocal microscope (IX-71, Olympus) equipped with a
diode-pumped solid-state laser (DPSS, Coherent) and a Ti-
sapphire laser (3900S, Newport) operating at 532 and 808 nm,
respectively (Figure 1a). The 808 nm light was first reflected by
a short-pass dichroic mirror (725dcspxr, Chroma) and then
combined with the 532 nm light at a long-pass dichroic mirror
(545dcxr, Chroma). They were focused onto the samples on a
glass coverslip via a 100X oil-immersion objective (IX-71,
Olympus) with a numerical aperture (NA) of 1.4, which also
served to collect FND fluorescence for detection. The objective
was mounted on a three-axis piezo-scanning stage (P733.3DD,
Physik Instrumente), allowing for the implementation of a 3D
confocal fluorescence tracking technique to achieve long-term
observation of the same particle under investigation. To acquire
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ODMR spectra, a thin gold wire (25 ym in diameter) delivered
the microwaves from a frequency synthesizer (PTS 3200,
Programmed Test Sources) and a microwave amplifier (5183,
Ophir) to excite the FNDs. The wire was situated in close
proximity (within 20 gm)*” to the glass coverslip where the
specimen was prepared in a microchannel constructed with two
glass bars, an adhesive frame, and high vacuum silicone grease.
Both the microwave and the 532 nm probe laser were run in
CW mode, and the fluorescence photons (675 + 37 nm) were
detected at each scanning microwave frequency by an avalanche
photodiode (SPCM-AQR-1S5, PerkinElmer).

Real-time monitoring of the temperature changes with the
three-point method was conducted by modulating the
intensities of the microwaves from two frequency synthesizers
(PTS 3200, Programmed Test Sources; 120004, Giga-tronics)
with two fast switches (ZASWA-2—S0DR+, Mini-Circuit)
(Supporting Information Figure S7) and pulsing the lasers
(532 and 808 nm) using two acousto-optic modulators (1250C,
Isomet) in double-pass configuration (Supporting Information
Figure S8). Two additional 808 nm laser notch filters were used
to reduce the background noise level when heating the GNR
sample solution with the NIR laser. The spatial separation
between the heating and detection laser beams was determined
based on their scattered light images with an electron
multiplying charge-coupled device camera (IXON, Andor).
All the laser powers reported herein were obtained after
correction of the transmission of the light through the high NA
objective lens in CW mode.*’
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