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ABSTRACT: The magnetic hysteresis property during the spin transition of

spin-crossover (SCO) materials holds great promise for their applications in N
spin electronics, information storage, thermochromic, and nanophotonic
devices. Existing studies often measured the averaged property of a bulk
sample consisting of lots of individuals. When considering the significant
heterogeneity among different individuals and the inevitable interparticle
interactions, ensemble measurement not only blurred the structure—property Detectionbeam
relationship but also compromised the intrinsic hysteresis property and
cyclability. Herein, we employed a recently developed surface plasmon
resonance microscopy (SPRM) method to measure the thermal hysteresis
curve of single isolated SCO nanoparticles. The thermal-induced spin
transition was found to alter the optical contrast of single SCO nanoparticles, which was optically readout using SPRM in a
quantitative, nonintrusive, and high-throughput manner. Single nanoparticle measurements revealed an intrinsic transition
temperature that was independent of the temperature scan rate and superior stability after over 11 000 cycles of single SCO
nanoparticles. Correlations between the hysteresis and the size and morphology of the same individuals further uncovered the
significant nanoparticle-to-nanoparticle heterogeneity with implications for the size—property relationship and rational design of
SCO materials with improved performance.

Laser power (mW)
10 0 30

Normalized AlgpR (1.U.)

Heatingbeam : : : ;
295 300 305 310
Temperature (K)

B INTRODUCTION

Due to the excellent bistable property and memory effect, spin
crossover (SCO) in transition metal complexes has received

individuals remains inevitable (to some extent) under many
circumstances. SCO is a collective and cooperative phenomen-
on that largely depends on the interaction between adjacent spin

intensive attention in broad fields for spin electronics,
information storage, thermochromic and nanophotonic devices,
and microactutators."™® Upon suitable external stimulations
such as temperature, pressure, electrical field, or light, SCO
materials could undergo an electronic spin state transition from
the low-spin (LS) state to the high-spin (HS) state
accompanying the significant changes in many physical
properties, including magnetism, electrical conductivity, optical
properties, mechanical properties, and so on.””'" Depending on
the strength of the cooperativity effect, some SCO materials
show hysteresis loops in the temperature-dependent magnetic
curves with different transition temperatures upon heating and
cooling processes. This memory effect lays the foundation for
their potential use in information storage,1 switching devices,>*
and sensors.'” Therefore, SCO materials of large hysteresis
loops centered at room temperature are of essential importance
and have been widely pursued.>"

Existing studies on SCO materials have mostly focused on the
averaged hysteresis behavior of ensemble samples consisting of
millions and even billions of SCO nanoparticles.'*™"* Although
great efforts have been made to synthesize nanomaterials with
good monodispersity and a narrow distribution in terms of
size,"”~** morphology,”*** crystallinity,”> and surface chem-
istry”® by different strategies, heterogeneity among different
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centers. Consequently, it has been well documented that the
hysteresis was highly sensitive to several structural features such
#2728 morphology, and crystallinity;*”*°
property relationship could be blurred or even biased by simply
correlating the averaged hysteresis with the averaged structures
in an ensemble sample. Technical advancements have allowed
for a reduction of the sample amount using micromechanical
resonators,>’ micromagnetics,32 and microelectrodes.”® Thus,
the average property of a smaller (microscale) assembly of
nanoparticles can be accessed. Despite these developments, it is
clear that measuring the hysteresis of single nanoparticles
represents an effective way to access the intrinsic hysteresis
property by removing the heterogeneity.

Early attempts focusing on the spin transition of an individual
microparticle, a nanoparticle, and even single molecules were
summarized in an excellent review article in 2014.>> According

as size, the structure—
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to the readout signal, existing techniques generally fell into two
categories: electrical recording and optical imaging. In the first
category, the conductivity of a single SCO molecule was directly
measured by creating an electrode—molecule—electrode
junction in a scanning tunneling mic1‘oscope.34_3’6 The tiny
tunneling current was recorded to reveal the conductivity and
thus the spin state of single molecules. This concept was
subsequently used to randomly deposit single nanoparticles in
two opposite electrodes with a gap as small as 10 nm.>” When
placing a graphene layer underneath a SCO thin film, the
electrical transport property of graphene was found to be
regulated by the spin state of SCO upon thermal stimulation
accomganied with increased graphene mobility at the high-spin
state.” In a recent study, a gold core was introduced to form Au
core@SCO shell nanocomposites, resulting in a >1000-fold
enhancement in the conductivity ratio of a SCO thin film
between different spin states.”* A functional tip was introduced
in atomic force microscopy to sense the electron density of the
molecule during the spin transition process.”” While electrical
recording exhibited superior sensitivity, it required further
advancements to improve the throughput, which is the strength
of optical methods. Because the spin transition often alters the
optical properties (such as the color and refractive index) of
SCO materials, the hysteresis curve of SCO has been
investigated by many optical and spectroscopic techniques
including Raman,” fluorescence,”’ plasmonic scattering,'”
transmission bright-field (BF),**~*” surface plasmon resonance
(SPR),*® and differential interference contrast (DIC).*’
Bousseksou and co-workers developed a soft lithographic
patterning method to fabricate an array of isolated nano-
composites containing SCO nanomaterials mixed with fluo-
rophores.*’ Down transition from HS to LS quenched the
fluorescence emission due to the overlapping emission spectrum
of the fluorophore and the absorption spectrum of SCO
materials at LS. The greatly improved throughput allowed for
comparing the hysteresis behaviors of many different nano-
composites in one experiment. In order to avoid the use of
external fluorophores, the different dielectric constants between
HS and LS have been adopted to indicate the spin transition
optically. For example, the image contrast of single SCO
microparticles (diameters of 5—10 ym) was found to increase as
aresult of a LS-to-HS transition under a DIC microscope.”” For
single SCO crystals with a size of tens of micrometers, a
traditional bright-field microscope was applicable to trace the
nucleation and phase transition dynamics with sufficient spatial
and temporal resolutions.*”*® Because of the sensitive depend-
ence of the SPR phenomenon on the dielectric constant of the
materials, SPR was also introduced to measure the reduced
dielectric constant at the HS state by detecting the resonance
angle of a thin-film sample™® or the resonance wavelength of a
thin layer of powder."” In addition to electrical and optical
approaches, Zewail et al. employed four-dimensional electron
microscopy to monitor the dynamic phase transition of single
SCO nanoparticles upon light stimulation.>

The past decades have witnessed exciting developments of
advanced optical microscopy for characterizing the physical
property and chemical activity of single nanoparticles because of
the noninvasive feature and superior compatibility to regular
reaction conditions.”””> For example, a SPRM has been
developed by others and us to detect and image individual
nanoparticles based on its dielectric constant, which is an
intrinsic physical property of all materials.>™>° By taking
advantage of the fact that a material is often subject to dielectric

constant change during chemical reactions and phase
transitions, we recently demonstrated the capability of SPRM
for studying a variety of chemical processes of single nano-
particles including electrochemistry,”> photocatalysis,”® and
microboiling.”” The near-field plasmonic enhancement has
also rendered superior sensitivity for imaging single nano-
particles as small as 20—50 nm depending on their dielectric
constant. In addition to the dielectric constant, the SPRM signal
of single nanoparticles also depends on its volume because
SPRM relied on the interference between the propagating
surface plasmon polaritons and the scattering wave of single
nanoparticles. The latter is highly sensitive to the volume of a
nano-object. According to the quantitative dependence of the
single nanoparticle’s SPRM signal on its volume, the electro-
chemically induced dissolution kinetics of single silver nano-
particles was resolved in a previous work.”®

In the present study, we built an optimized apparatus that
integrated a local heating system into the SPRM configurations.
The addressable and programmable local heating allowed for
controlling the cyclic increase and decrease of the local
temperature at any location and at any moment. Upon
temperature increase, it was found that the LS to HS transition
indeed increased the SPRM signal of single SCO nanoparticles,
leading to a sudden jump in the image contrast. By analyzing a
series of time-lapsed SPRM images during cyclic temperature
scanning, the thermal hysteresis curve of single SCO nano-
particles can be obtained in a quantitative, nonintrusive, and
high-throughput manner. Quite heterogeneous hysteresis
behaviors were found for different individuals whose morphol-
ogy was subsequently characterized in a one-to-one manner with
the help of in situ electron microscopy, thus demonstrating a
powerful strategy for understanding the size—property relation-
ship at the single nanoparticle level. By correlating the size and
transition curves of multiple individuals, it was found that the
transition time increases with increasing size. Because the local
heating was 2 orders of magnitude faster than the phase
transition, the present approach allowed for determining the
intrinsic phase-transition kinetics that was independent of the
temperature scan rate. Furthermore, excellent stability lasting for
over 11 000 cycles was observed for single SCO nanoparticles.

B RESULTS AND DISCUSSION

[Fe(NH,-trz);|Br, was selected as a model material because it is
a promising SCO material with thermal hysteresis at room
temperature. [Fe(NH,-trz),]Br, nanoparticles were synthesized
by the conventional reverse micelle method,”” followed by
comprehensive characterization of the morphology and relevant
magnetic hysteresis property with conventional techniques.
Scanning electron microscopy (SEM) images revealed irregular
morphologies and broad size distributions ranging from 100 to
3000 nm (Figure S1). Thermally induced spin transition were
examined by differential scanning calorimetry (DSC), UV—vis
spectrometry, and a superconducting quantum interference
device (SQUID) (Figure S2). When heating the bulk [Fe(NH,-
trz);]Br, sample from 270 to 330 K, a LS to HS transition
occurred at 308 K (Tup). The transition temperature was 300 K
(T4own) during the cooling process, resulting in a typical
hysteresis loop with a width of 8 K (Figure S2a). The LS—HS
transition was accompanied by a color change from pink to
white (Figure S2b) due to the spin-allowed d—d transition band
at 540 nm in the LS state. The magnetic response confirmed the
high magnetic moment of the HS state and a thermal hysteresis
around room temperature (Figure S2c). These results were well
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Figure 1. (a) Schematic illustration of monitoring the thermal-induced spin transition of SCO nanoparticles with SPRM. (b) Time-lapsed SPRM
images of the single SCO nanoparticle, and (c) corresponding power of the heating beam (red curve) and SPRM intensity of the SCO nanoparticle
(blue curve) in a representative spin transition cycle. (d) SPRM intensity as a function of laser power of heating beam (up axis, red), and calculated
temperature of the SCO nanoparticle (down axis, blue). SEM image of the particular SCO nanoparticle is shown in the inset, and scale bar is S00 nm.

consistent with previous reports,” suggesting successful syn-
thesis of SCO nanomaterials.

While the above-mentioned conventional characterizations
illustrated the average property of the ensemble sample, we
subsequently demonstrated the capability of a home-built
optical apparatus for quantitatively measuring the thermal
hysteresis curve of single [Fe(NH,-trz);]Br, nanoparticles. As
shown in Figure la, the apparatus was developed by
incorporating a focused 1064 nm beam onto the gold-coated
coverslip (for local heating due to the gold absorption) in an
inverted SPRM, which used another collimated 680 nm beam
for monitoring the optical contrast. In a typical experiment,
individual SCO nanoparticles were evenly and sparsely
deposited on a gold-coated glass coverslip via drop casting
(Figure S1). In order to avoid the influence of humidity and
oxygen, the coverslip was dried and sealed in a N, glovebox
(Figure S3). The coverslip was then placed on an inverted
SPRM equipped with a 60X oil-immersed objective (N.A. =
1.49) for SPRM imaging (see ref 57 for details on SPRM).
Under the illumination of a low-power 680 nm beam in a typical
Kretschmann configuration, surface plasmon polaritons (SPPs)
were generated and propagated along the gold—N, interface.
The interaction between single SCO nanoparticles and the SPPs
created a wave-like pattern with parabolic tails (Figure 1a),
which represented the point-spread function of SPRM.*
According to the previous theoretical and experimental
studies,**>>**% the intensity of the wave-like pattern in the
SPRM image was quantitatively dependent on the dielectric
constant and the volume of this particular nanoparticle.

In order to regulate the local temperature, another high-power
1064 nm laser beam was focused to form a 0.87 ym spot (full
width at half-maximum) on the gold film. Because of the strong
absorption of the gold film, it immediately increased the local
temperature of the gold film depending on the beam power
(Figure 1a, red beam). When the power of the heating beam was
modulated in a triangle waveform, periodic heating and cooling
of the local environment surrounding a single nanoparticle of
interest can be achieved within ~50 ys in water according to our
previous study”” (Figure S4). The gold film played two roles in
the study. It was not only the necessary optical interface to excite
SPPs (for 680 nm detection beam) but also the substrate to
enable local heating (for 1064 nm heating beam). Note that the
heating effect of the detection beam is negligible because its
power density (0.1 yW/um?) was S orders of magnitude lower
than that of the heating beam (32 mW/um?). In addition, the

power of the detection beam was kept constant during the entire
experiment.

In order to monitor the thermally induced spin transition, the
detection beam was always illuminated on the gold film and
time-lapsed SPRM images were continuously recorded by the
camera at a rate of SO frames per second (fps). At a certain
moment, the power of the heating beam started to linearly ramp
up from 0 to 32 mW in 3 s and then back to 0 mW in another 3 s
(red curve in Figure I, see SI for details on the synchronization
between the camera and the heating laser). By doing so, the local
temperature underwent a cyclic modulation accordingly. When
the power decreases, the temperature immediately decreases
without lagging because the thermal equilibrium was achieved in
50 s while the frame rate was 20 ms. The representative SPRM
images and the corresponding optical intensity of a single SCO
nanoparticle nearby the heating spot as a function of time are
shown as the snapshots in Figure 1b and the blue curve in Figure
Ic, respectively. A comprehensive movie was also provided in
the SI (Movie S1). The optical signal remains constant until 2.22
s (23.7mW, t,). Further increasing the heating power resulted in
a rapid jump of the optical signal (¢, — t;) to another plateau (;
— t,), a typical sign of a phase transition between two stable
states. Decreasing the power recovered the optical signal
beginning at 5.28 s (7.6 mW, t,) with slower transition kinetics
(t4 — ts). When plotting the SPRM intensity as a function of
heating power (Figure 1d, up axis in red), the thermal hysteresis
of an individual SCO nanoparticle was obtained optically, which
was consistent with the conventional thermal hysteresis curve
measured from the magnetic field of the ensemble sample
(Figure S2c). First, the downconversion in the cooling stage
occurred at a much lower heating power, an indicator of
hysteresis. Second, the upconversion process was faster than the
downconversion process in both cases. Note that the superior
sensitivity of SPRM is essential. When using the conventional
BF and DIC microscopes to monitor the same process, there was
no detectable change during the transition (Figures SS and S6).
Also note that the wide-field feature of SPRM allows for
monitoring the spin transition of tens of nanoparticles
simultaneously. The throughput can be further improved
using different optical configurations with a larger field of view.

From Figure 1c it is clear that the HS state exhibits higher
optical contrast than the LS state. This observation was
consistent with a previous study in which the spin transition
of the same material was investigated using a DIC microscope.*’
Because of the limited sensitivity of DIC, the measurement was
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previously employed on microparticles with a size of S—10 ym.
Despite the different sensitivity and thus different size of the
objects, it is valid for both DIC and SPRM that the optical
contrast depends on the dielectric constant and volume. It has
been well documented that the LS-to-HS transition resulted in
increased volume® and decreased dielectric constant'® due to
the reduced material density®' and electronic polarizabilities.’*
Since increased optical contrast was observed in both cases for
the same material, it was concluded that the volume expansion
played the dominate role for this particular material.

The last step to complete the thermal hysteresis curve is to
convert the heating power to the local temperature of the
nanoparticle. A standard pure material, lauric acid, with known a
melting point of 316.8 K was introduced to establish the
conversion. A 0.1 mm thick film of lauric acid was fabricated on
the gold-coated coverslip via drop casting in an oven. When
illuminating the heating beam onto the gold film, a circular
region centered at the spot was heated up to beyond the melting
point of lauric acid (Figure 2a). For example, under the heating

(a) (b)

R (um)

8
6.
4 1 9
2.
0

24 32 40
Laser power (mW)

0 2 6

d (‘111m1
Figure 2. (a) BF images of the lauric acid layer under heating with
different laser powers. Red dot shows the location of the heating beam.
(b) Scatter diagram of the melting radius versus the laser power of the
heating beam. (c) Corresponding AT versus distance (red scatters) and
fitted temperature distribution (black curve).

of a 32 mW beam, a circular zone with a radius of 4.9 ym was
observed under a conventional bright-field microscope due to
the altered optical property of the liquid. A highly reproducible
radius was observed in 18 consecutive heating and cooling cycles
with a standard deviation of 0.05 pm (Figure S7). It was clear
that the local temperature at the 4.9 um apart position
(circumference) reached 316.8 K. A higher heating power
leads to a larger melting range as shown in Figure 2b, allowing us
to create a temperature calibration map as a function of heating
beam power P (mW) and the distance to the heating point d
(um),” T =P/32%(52.8/d + 13.3) + 293 (Figure 2c). Using this
equation one was able to determine the local temperature at any
location with known heating power. Therefore, the SPRM
intensity of the SCO nanoparticle versus laser power curve in
Figure 1d can be converted to that versus temperature (bottom
axis). The spin-transition temperatures (T, and Tyo,) in
Figure 1d were 307.5 and 297.1 K, respectively. These values
were similar to those from ensemble measurements (Figure S2),
demonstrating the validity of the calibration method. Note that
the presence of alayer of lauric acid in the calibration experiment
slightly influenced the heat transfer because the film did not exist
in SCO experiments. As a result, a slight and systematic error
should be taken into account when calculating the absolute

temperature from the model. However, the relative temperature
of a local region of interest as a function of laser power and
illumination position should be valid and reliable.

The optical readout of the single nanoparticle’s thermal
hysteresis exhibited several strengths when compared with the
conventional magnetic field measurement on bulk materials.
First, it allowed us to investigate the intrinsic spin transition
kinetics because the heat transfer time within a 1 um particle
could be improved by 6 orders of magnitude than thatina 1 mm
bulk sample.®* In order to minimize the influence of heat transfer
in an ensemble experiment, an extremely slow temperature scan
rate (~0.1 K/s) was often applied.”® It not only extended the
experimental time but also compromised the transition
temperature and kinetics. For example, when collecting the
DSC curves of as-prepared bulk sample, it was observed that the
transition temperature was significantly dependent on the
temperature scan rate. Increasing the rate leads to higher T,
and lower Ty, (Figure 3a and red triangles in Figure 3c),

b K.
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Figure 3. (a) DSC spectra of bulk SCO powder reveal a significant
dependence of the transition temperature on the temperature scan rate.
(b) In single nanoparticle experiments, the transition temperature is
independent of the temperature scan rate. (c) Spin transition
temperature extracted from DSC (S mg, red triangles) and SPRM
(single particle, blue triangles) under different temperature scan rates.
Up/down triangles show the temperature for the up/down transitions
of SCO materials, respectively.

challenging the determinations on the intrinsic transition
temperatures. For single nanoparticle measurement, in contrast,
excellent thermal hysteresis can be observed under a temper-
ature scan rate as fast as 20 K/s (Figure 3b), 200 times faster
than that in conventional techniques. It was not only time saving
but also revealed intrinsic transition temperatures that were
independent of the temperature scan rate (Figure 3b and blue
triangles in Figure 3c).

The second strength of the single nanoparticle measurement
is that it allowed for evaluating the long-term stability during
consecutive cycles, an important factor that regulates the lifetime
of SCO-based devices. In conventional SQUID measurements,
it often took several hours to complete one cycle. It was thus
unaffordable to test lots of cycles. Because each cycle takes only
2 s or even shorter in our approach, 10000 cycles can be
completed in §.5 h. Figure 4a shows the T, and Ty, in 11 000
consecutive cycles, which reveals extraordinary stability. Subtle
fluctuations were due to the room temperature floating in 6 h. It
was supported by the observation that T, and Ty, fluctuations
were synchronized. The AT (TuP — Tyown), however, is quite
stable (Figure 4b), indicating the structural stability of as-
prepared SCO materials during 11 000 cycles. Furthermore, it
also provided a method to evaluate the long-term cyclability of
broad types of SCO materials. The remarkable stability was also
observed in [Fe(HB(1,2,4-triazol-1-yl);),] SCO film by Joule
heating in a very recent study.’

Lastly, the spatial resolution of SPRM allowed one to correlate
the hysteresis curve of a single SCO nanoparticle with its size
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Figure 4. Temperatures at the up (T, red scatters in a) and down
transition (T4, blue scatters in a) and corresponding AT (b) in
11 000 consecutive cycles.

and morphology, thus offering a bottom-up strategy to explore
the size—property relationship. After the optical measurements,
the very same individuals were addressed under SEM to
characterize the size and morphology (Figure S1). The SEM
image of the particular nanoparticle discussed in Figure 1 is
displayed in the inset of Figure 1d. It not only provided
indisputable evidence showing that the hysteresis curve indeed
came from a single SCO nanoparticle but also revealed the
significant heterogeneity among different individuals. Such
correlation provides solid evidence showing that the thermal
hysteresis can be observed on a single isolated SCO nanoparticle
as small as 197 nm (Figure S10). Two-step hysteresis was
occasionally recorded for an isolated nanoparticle (Figure S11).

Figure S shows the LS-to-HS transition kinetics upon heating
of 11 individuals in a region of interest and the corresponding
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Figure S. LS-to-HS state transition kinetics of 11 single SCO
individuals under the same temperature jump from 295 to 305 K.
(Inset) Corresponding SEM image of each individual, and frame rate of
the camera is 328 fps. Scale bar: 3 pm.

SEM images of each of them. The kinetic curves indicate the
nucleation in the induction stage and the transition in the switch
stage. This two-stage process was consistent with previous
studies on the kinetics of microsized SCO particles.””*” By
correlating the switching time with the equivalent diameter of
each individual, a positive dependence was observed with a
Pearson correlation coefficient of +0.8. These results indicated
that it took longer for a larger nanoparticle to complete the
transition process. The slope, 9.1 um/s, was found to be

consistent with the speed that was typically observed on large
crystals with a size of tens of micrometers (1—20 um/s).®
Despite the statistically positive correlation, different individuals
with a similar size sometimes exhibited variations in the
nucleation and transition times, suggesting the influence of
interior structural features, such as the crystallinity, grain, and
boundary, on the spin transition kinetics.””*°

In order to demonstrate the generality, another SCO material,
[Fe(Htrz),(trz)](BF,), with a spin transition temperature of
370 K was investigated.”® When increasing the power of the
heating beam to 160 mW, a local temperature of 390 K was
achieved. Reversible SPRM signals of single
[Fe(Htrz),(trz)](BF,) nanoparticles were recorded during the
heating and cooling cycles, resulting in a thermal hysteresis curve
as shown in Figure 6. The SEM images of the same individual are
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Figure 6. Optically recorded hysteresis curves of another typical SCO
nanoparticle, [Fe(Htrz),(trz)](BF,). Corresponding SEM images of
each nanoparticle are shown in the inset. Scale bar: 500 nm.

displayed in the inset. Note that due to the laser heating process,
the present technique is capable for studying the SCO materials
with a transition temperature above room temperature and
below 600 K. Further increasing the temperature would locally
melt the gold film and irreversibly damage the substrate. The
vacuum chamber and cooling stage that are compatible with
optical microscopes are commercially available. When incorpo-
rating the advanced cooling stage, the present technique should
be also applicable for SCO materials with a spin transition
temperature significantly below room temperature.

B CONCLUSION

In summary, we demonstrated the capability of a home-built
optical microscope to quantitatively investigate the thermal
hysteresis of single SCO nanoparticles. A single nanoparticle
study exhibited several unique strengths. First, since the heat
transfer time within the nanoparticle was significantly reduced, it
uncovered the intrinsic spin-transition kinetics of a single
nanoparticle. Second, it enabled the discovery of the excellent
stability of single [Fe(NH,-trz);]Br, nanoparticles after 11 000
consecutive cycles. Third, by correlating the hysteresis property
and size of the very same individuals, this study provided a
general strategy to explore the size—property relationship. The
generality was finally demonstrated by showing the applicability
of SPRM for investigating other SCO nanomaterials with a
higher transition temperature. In addition to SCO materials, we
further foresee the applications of the present method in many
other temperature-induced phase transitions, such as thermo-
chromism and thermoelectric effects.

B METHODS

Materials and Characterization. The [Fe(NH,-trz);]Br, and
nanoparticles were synthesized following the method reported by ref
59. A 0.27 g amount of FeBr, (Alfa Aesar) and 0.31 g of NH,-trz
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(Heowns) were dispersed in 1 mL of deionized water (18.2 MQ-cm).
Then 0.5 mL of tergitol (NP9, Sigma) was added in both solutions at
323 K. Subsequently, the two solutions were quickly mixed and
sonicated for S min. A 20 mL amount of ether (SCR) was added to
terminate the reaction. The white precipitates turned pink after washing
with 293 K ethanol (SCR) and were dried in a 293 K vacuum oven for
12 h. SEM (Phenom), SQUID (MPMS-XL-7), DSC (Mettler Toledo),
and UV-—vis spectroscopy (Shimadzu UV-3600) were used to
characterize the as-synthesized SCO nanoparticles.

The [Fe(Htrz),(trz)](BF,) particles were synthesized following the
method reported in ref 68.

Sample Preparation. A 0.1 mg amount of SCO powder was
dispersed in S mL of filtered ethanol (SCR); then 20 uL of SCO
suspension was dropped onto the 47 nm gold-coated coverslip
(HIPIMS, GCEMarket), which underwent rinsing immediately. The
coverslip was then dried and encapsulated in a glovebox filled with N,
(Mikrouna). A lauric acid solid layer on a gold-coated coverslip was
fabricated by dropping 20 uL of lauric acid liquid onto the coverslip
after melting 1 g of lauric acid powder (TCI) in a 323 K oven, and the
layer formed gradually as the temperature decreased to 293 K.

Optical System. The experiment was carried out on the home-built
SPRM base on an inverted optical microscope (Ti—U, Nikon). A two-
deck configuration was used to locally heat the gold film (upper deck)
and detect the change of the single SCO nanoparticles (lower deck). A
1064 nm near-infrared laser (Nd:YAG) served as the heating beam,
which was controlled by the optical tweezers system (Aresis, Tweez
250si) and focused onto the gold film through a 60X oil-immersed
objective (N.A. = 1.49). Another p-polarized 680 nm beam (super-
luminescent light emitting diode, Q-photonics) was used as the
detection beam. The collimated beam illuminated the gold film with a
certain angle (to excite SPPs) through the same objective. SPRM
images were shown on a charge-coupled device (CCD, PIKE F-032B)
by collecting the reflection beam, and a filter (NENIR30B, Thorlabs)
was used to keep most of the 1064 nm from entering the camera. The
light source for bright-field imaging was a green light emitting diode
(530 nm, Thorlabs). A detailed description of the optical system can be
found in our previous study.”’
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