<]
TUDelft

Delft University of Technology

Sensing of the Molecular Spin in Spin-Crossover Nanoparticles with Micromechanical
Resonators

Dugay, Julien; Giménez-Marqués, Moénica; Venstra, Warner J.; Torres-Cavanillas, Ramén; Sheombarsing,
Umit N.; Manca, Nicola; Coronado, Eugenio; van der Zant, Herre

DOI
10.1021/acs.jpcc.8b10096

Publication date
2019

Document Version
Accepted author manuscript

Published in
Journal of Physical Chemistry C

Citation (APA)
Dugay, J., Giménez-Marqués, M., Venstra, W. J., Torres-Cavanillas, R., Sheombarsing, U. N., Manca, N., ...
Van Der Zant, H. S. J. (2019). Sensing of the Molecular Spin in Spin-Crossover Nanoparticles with
Micromechanical Resonators. Journal of Physical Chemistry C, 123(11), 6778-6786.
https://doi.org/10.1021/acs.jpcc.8b10096

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1021/acs.jpcc.8b10096

SENSING OF THE MOLECULAR SPIN IN
SPIN CROSSOVER NANOPARTICLES
WITH MICROMECHANICAL RESONATORS

Dugay Julien,*T Ménica Giménez—l\/larquésﬁt Warner J. Venstra,! Ramén
Torres-Cavanillas,* Umit N. Sheombarsing,’ Nicola Manca,™¥ Eugenio

Coronado,** and Herre S.J. van der Zant!

T Kavli Institute of Nanoscience, Delft University of Technology, Lorentzweq 1, 2628 CJ
Delft, The Netherlands
TInstituto de Ciencia Molecular (ICMol), Universidad de Valencia, c¢/Catedrdtico José
Beltrdn, 2, 46980 Paterna, Spain

§ Physics Department, University of Genoa, Via Dodecaneso 33, 16146 Genova, Italy

E-mail: julien.dugay@gmail.com; eugenio.coronado@uv.es

Abstract

In the past years, the use of highly sensitive Silicon Micro-Electro-Mechanical can-
tilevers has been proposed as a tool to characterize the spin-crossover phenomenon by
employing fast optical read-out of the motion. In the present work, Fell-based spin-
crossover nanoparticles of the well-knownv|Fe(Htrz)?(trz)|(BF4) complex wrapped with
a thin silica shell of different sizes will be studied by means of silicon micro-resonators.
The silica shell will enhance its chemical stability, while the low thickness allows a
proper mechanical coupling between the cantilever and the spin-crossover core. To

maximize the sensing of the spin-crossover phenomena different cantilever geometries



and flexural modes were employed. In addition, the experimental observation was also
compared by COMSOL numerical simulations, which are in close agreement with them.
The probe of spin-crossover phenomena with micro and nanoelectro mechanical actu-
ators offers the possibility to prepare smart sensing memory devices near/above room

temperature.

Introduction

Micro- and nanomechanical systems can be treated largely within the framework of bulk elas-
ticity theory. This field has been in development for over half a century! with growing interest
driven by the tremendous amount of potential day-life applications.? The development of the
atomic force microscope in the mid-80’s has sparked the advent of micro-nano cantilever-
based platforms for physical, chemical and biological sensing.®> Operation of micro- and
nanoelectromechanical sensors (MEMS/NEMS) involve measurements of static deflections,
dynamical resonant frequency or damping characteristics of the resonators. Their mechan-
ical responses are caused by a gradient of mechanical stress that can be generated i\ by
changes in temperature (in particular for cantilevers made of two layered materials with
different thermal expansion coefficients),% i\ molecular adsorption and interfacial chemical

7

reactions’ or iii\ materials showing solid-state phase transition with an associated lattice

expansion up to 1%.5%9
The high-stress sensitivity of MEMS/NEMS for elaborating smart molecular actuators

10713 with one example reported in 2016 for Silicon MEMS

has been proposed only recently,
cantilevers covered by thermally-evaporated spin-crossover (SCO) thin films.!* In particular,
SCO materials are interesting systems in this respect as they show a substantial change in
molecular volume and shape while adapting to environmental perturbations (c.g., up to 13
%).' This change results from an entropy-driven switching from a low-spin state (S=0, vol-

ume reduced) to a high-spin state (S=2, expanded volume)!® that can be translated into me-

chanical work.'” Moreover, their physico-chemical properties (electronic, optical, mechanic,



magnetic) can be adjusted and tuned to specific target applications by external stimuli such
as temperature and pressure variations, light irradiation, magnetic field '® and electric field '
or chemical species.?’ Further, these materials enable low-cost efficient production and self-
assembly techniques on various substrates.?!22

Two key works demonstrated the realization of micromechanical resonators controlled
by temperature. Urdampilleta and coauthors employed an organic MEM device made of
a polyethylene naphtalate substrate covered with poly(vinylidene fluoride-trifluoroethylene,
sandwiched between two thin layers of aluminum.?® Such a device is associated with a low
Young’s modulus and a high aspect ratio, demonstrating large resonance frequency shifts
(sometimes accompanied with hysteresis loops), dominated by the total surface stress, which
is consistent with our work. Besides, M. Manrique-Juarez et al. demonstrated an upward
bending of the cantilever upon the low-spin to high-spin transition in agreement with the
change in the lattice parameters of their complex (corresponding to a compressive strain
of about -1% estimated along the cantilever length).'* Besides, they reported a decrease of
approximately 66 Hz in the resonance frequency as well as by the drop for the quality factor
around the spin transition. In both cases, the memory effects in SCO films (with thicknesses
ranging between 0.14 and 4 pm) were observed well below room temperature.

In this work, we exploit sensitive Si MEMS cantilevers to study a set of hybrid core-shell
SCO nanoparticles (NPs) by employing fast optical read-out of the motion of microcan-
tilevers. We coated these micro-resonators with thin-films of hybrid SCO@SiO; NPs by
drop-casting method. The NPs were made from the reference one-dimensional (1D) Fe'l-
based SCO complex of formula [Fe(Htrz),(trz)|(BF4) offering notably wide hysteresis in
their physical properties’ transitions even above room temperature.?* 2% These SCO NP
cores, tunable in size, were wrapped with particularly thin silica (SiOg) shell to provide
enhanced chemical stability while allowing mechanical coupling with the cantilevers.?” We
investigated four different cantilever geometries and their respective three lowest resonant

frequency flexural modes for SCO detection. While the cores of the SCO NPs switch from



the low-spin to the high-spin state, a systematic and reversible increase in the cantilever res-
onance frequency was observed. Concomitantly, a drop of the quality factor and of the static
bending of the cantilever was revealed. The experimental observations are corroborated by a
finite element analysis, which quantitatively reproduces the temperature dependence of the

resonant frequencies and static deflections of the hybrid SCO@SiO, NPs.

Methods

Synthesis of hybrid [Fe(HTrz).(Trz)|(BF4)]@SiO, NPs

For the synthesis of hybrid SCO NPs 1 and 2 we followed a modified protocol of the reverse-
micelle synthesis?” developed by Herrera and Colacio and co-workers. Parameters such as the
concentration of SCO precursors Fe(BF,),. 6H20 and 1,2,4-1H-Triazole) and the addition of
the Si1O4 precursor to the organic phase, were selectively modified to respectively tune both,
the size of the SCO core and the thickness of the inorganic shell. In a general procedure,
two microemulsions containing aqueous solutions of the precursors Fe(BFy)2.6 H,O (0.5 mL,
1.25 M in case of NPs 1 and 1.5 M in case of NPs 2 ) and the ligand 1,2,4-1H-Triazole (0.5
ml, 3.75 M for 1 and 4.5 M in 2) were prepared by mixing with an organic solution of
Triton X.100 (1.8 mL, w = 9 for 1 and 2.2 mL, w= 5 in 2), n-hexanol (1.8 mL), TEOS
(0.1 mL) and cyclohexane (7.5 mL). The microemulsions were mixed and left to react for
24 h in 1 whereas were only stirred for 2h in 2. NPs were collected after precipitation by
adding acetone to destabilize the microemulsion, followed by 4 washing cycles with ethanol

to remove the excess of surfactant, and one with acetone. Finally, the powdered samples

were dried at 70 2C for 2 h.

Deposition of NPs on microcantilevers

Tipless silicon cantilevers (All-In-One, Budget Sensors) were used with four distinct geome-

tries listed in the Supplementary Table S2. The cantilevers were decorated with silica (SiO3)
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coated NPs using the drop-casting method (the deposition is performed only on one side of
the cantilever). This deposition technique is well-suited for the present NP systems, since
the SCO active cores are stabilized by a polar SiOy shell. To obtain sufficient coverage,
we adjusted the colloidal solution concentration by the following two steps. First, 5 mg of
dry SCO@SiOy NP powder was suspended in 2 ml of ethanol and stirred in an ultrasonic
bath for 15 minutes. Ethanol has a low boiling point and is polar, and readily disperses the
SCO@SiOy NPs. A concentration of 2.5 mg/ml showed a good stability over time with no
signs of precipitation. In the second step, the suspension was diluted 100 times in ethanol
and dropcasted onto the chip using a micropipette. Excess liquid was removed with ab-
sorbing paper, and most of the remaining solvent evaporated during thermal cycling in the

vacuum, as is discussed in the main text.

Deposition of ethanol on microcantilevers.

A similar device was prepared for acting as a reference for the study by dropcasting ethanol
onto the chip. Excess liquid was removed with absorbing paper, and most of the remaining

solvent evaporated during thermal cycling in the vacuum, as is discussed in the main text.

Measurement of the temperature-dependent mechanical response

Measurement of the mechanical response. An optical lever is used to detect the static and
dynamic displacements of the cantilevers. The cantilevers are placed in a small vacuum
chamber to reduce viscous air friction and potential contamination of the SCO NP layer.
The cantilevers are mounted on a manual positioning stage, which enables the selection of
the cantilever of interest. The resonance modes are excited by supplying the alternating
voltage from a network analyzer (Agilent 4395A) to a piezo actuator (Piezo Systems Inc.)
placed in the vicinity of the cantilever chip. The signal from the PSD was detected by
the network analyzer and recorded on a computer. The measurements are conducted at a

pressure of 2 x 10~% mbar while the excitation voltages are low enough to ensure that the



cantilever vibrates in the linear regime. The static bending of the cantilever is detected by
measuring the dc-component of the PSD voltage using a multimeter (Keithley DMM199).
The incident probe laser power is well below 1 mW, as to eliminate effects of laser heating.

Temperature control details. The temperature of the chip is determined by measuring
the resistance of an NTC placed close to the chip on the Peltier element. A PID controller
is implemented in LabView and a custom-built power amplifier was employed to drive the
Peltier element towards the temperature setpoint. To remain in the quasi-static measurement

1 and the temperature variation

regime, all temperature sweeps are performed at 1 °C.min~
during a frequency response measurement was below 0.1 °C over a range of 15 - 135 °C. This

range covers the temperatures at which the hysteretic SCO was expected.
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Figure 1. Schematic of the optical lever system. PBS: Polarizing Beam Splitter; PSD: Position Sensitive Device;
LED: Light Emitting Diode.

The Figure 1 describes the optical lever system. The output of a temperature-stabilized
laser diode, emitting at 658 nm, enters through a polarizer and passes through a polarizing
beam splitter (PBS) and a quarter wave plate. The beam is directed onto the cantilever of
interest, which can be selected by adjusting position of the vacuum chamber containing the
cantilevers with a micropositioning stage, while monitoring the cantilever position using the

camera. The reflection of the cantilever surface passes again through the A\/4 plate and is



deflected by the PBS onto the Position Sensitive Device (PSD). To detect the mechanical
response, the cantilevers are excited by supplying the output of a Vector Network Analyzer
(VNA) to a piezo-actuator placed near the samle in the vacuum chamber. The magnitude-
and phase response of cantilever to the excitation signal is detected by the network analyzer
and recorded on a computer (see Methods for more experimental details).

Errors in measurements. Besides, the error results on our data is comparable with the
marker size. Indeed, the error on the frequency measurements can be evaluated considering
the spectrum sampling density of the vectorn network analyzer, which was selected at mea-
surement time and corresponded to 10 Hz. the temperature is not calibrated so the error is
evaluated considering the temperature fluctuations (noise) of the temperature sensor, which
are below 50 mK. The error on the COMSOL simulations is not statistical and is given by
the selected convergence criterion, well below 1073, All of these values are not visible in the

reported plots and thus not included.

Results and Discussion
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Figure 2: (a) Resonance frequency of the bare cantilever (chip A, cantilever B, fundamental mode) across the
temperature range of interest. The experiment shows one cycle of controlled heating (red triangles pointing
upwards) followed by controlled cooling (blue triangles pointing downwards). The black solid line represents a
finite element model (see main text). Over the temperature range 15-135 °C the resonance frequency varies by
0.5 %. The associated quality factor is presented in the inset. (b) Adding the solvent (ethanol) causes the overall
response shifting to a lower frequency. After pre-conditioning the cantilever by 15 thermal cycles, the response
stabilizes at a residual frequency shift of -260 Hz.

Before depositing the SCO NPs, the temperature dependence of the mechanical proper-
ties of the bare cantilevers was characterized. Figure 2.a shows the resonance frequencies
of the fundamental mode (chip A, cantilever B), obtained by fitting a harmonic oscilla-
tor to the detected frequency responses. The resonance frequency decreases in proportion
with the temperature (-2 Hz / °C), which is expected from the temperature-dependence
of the elastic modulus of silicon in this temperature range.® The quality factors being al-
most temperature independent, see inset, indicated that the silicon cantilevers vibrate in

8 i.e., the major damping processes occurs in the cantilever,

the intrinsic damping regime,?
while the medium has a negligible effect. Comparable responses were obtained for higher
flexural resonance modes and for the other cantilevers on the same chip (see Supplementary

Figures S4 and S5). A finite element model of the coupled thermal-mechanical problem

captures the temperature dependence of the resonance frequency, as is shown by the black



thin line in Figure 2.a, and is also in good agreement with the other cantilever geometries
(see Supplementary Figures S4 and S5).

We selected NPs based on the renowned |Fe(Htrz)s(trz)|(BF,) (Htrz = 1,2,4-triazole
and trz = 1,2 4-triazolate) SCO material. It was already established that a shell of SiOs
grown around the NP confers robustness and allows functionality.?"*° For the application
in the MEMS sensors, it is important that the interaction of the NPs with the cantilever is
maximized. For this reason, we obtained a set of hybrid SiO2-SCO NPs presenting different
sizes surrounded with a very thin inorganic shell of only a few nm, enough to protect and
preserve the SCO core while allowing for sufficient interaction with native oxide of the Si
cantilever (see Methods for experimental details of the synthesis). The NPs 1 and 2 in
this study exhibit different sizes (prismatic shape with dimensions 87x54 nm and cubic
shape with dimension 28 nm covered with a SiOy shell of 1 nm and 0.5 nm, respectively)
as confirmed by TEM characterization (Supplementary Figure 1). Deposition proceeded by
first suspending the SCO NPs in pure ethanol and drop-casted them on top of the cantilevers
(see Methods for details on NP deposition), additionally as a reference, a device covered with
pure ethanol following the same method was carried out. SEM inspection of for example chip
A, carried out after drop-casting and numerous mechanical measurements as a function of
temperature, demonstrated the presence of non-coalesced SCO NPs onto the chip but also
on all the cantilevers (see Figure S1.b and the Supplementary Figure S7).

The discussion below will focus primarily on NPs 1. Some results on NPs 2 will be
reported for comparison at the end of the section. Drop-casting a suspension of SCO NPs on
a cantilever introduces frequency shifts due to the added mass of the NPs and of the solvent.
To distinguish these effects from signals that are associated with the intrinsic behaviour of
the SCO NPs, we first examined the effect of depositing the solvent. A significant drop of
the resonance frequency was observed after the deposition, which diminished as the solvent
evaporated while cycling the temperature and then stabilized at -260 Hz after 15 temperature

cycles. Figure 2.b shows the stabilized (after 15 cycles) temperature dependence of the reso-



nance frequency (lower curve) in comparison to the bare cantilever (upper curve). The down-
ward shift was attributed to remaining adsorbed solvent molecules, which total mass Am can
be calculated from the frequency shift Af as Am = —2Af/fy x mg, where mg = 23.1 ng
is the mass of the cantilever and f, = 63.93 kHz is the resonance frequency of the bare

cantilever.?! The mass of remaining adsorbed solvent molecules was estimated to of about

0.19 ng.
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Figure 3: Comparison of experimental (a) and simulated (b) thermal hysteresis loops detected in the fundamental
resonance frequency of hybrid resonators. On the left, hybrid SCO NPs (sample 1, see Supplementary Information)
are covering the cantilever type (same sample as in Fig 2). The data presented correspond to the 7" thermal
cycle reproducibly observed after a pre-conditioning (consisting of 15 thermal cycles); the change in frequency
corresponds to the mass addition of 3.44 ng. Simulations were carried out by approximating this mass to a
homogeneously distributed thin layer covering the cantilever where the latter is endowed by the same spin-
dependent physical properties as the SCO NPs 1 (see Table S4 in Supplementary Information). A good agreement
between experimental and numerical results is obtained when the thickness of the thin layer is set to 650 nm.

Figure 3 displays the fundamental resonance frequency recorded after nanoparticle depo-
sition and after thermal preconditioning (6 times reproduced thermal hysteresis loops; same
sample as the one used in Fig. 2).

Considering the resonant frequency shift observed after depositing the NPs by drop-

casting, we evaluate that the mass of the added NPs is equal to 3.44 ng corresponding to
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a frequency shift of 4.8 KHz. This frequency shift corresponds to the subtraction of the
resonant frequency before and after drop-casting of the colloidal solution of SCO NPs and
after stabilization in similar conditions and using the same cantilever (see figures 1.b and
Figure 2.a). This mass corresponds to a NP volume of about 1.9 x 107% mm? in the low-
spin state). Note that the slight shift observed after solvent drop-casting was beforehand
subtracted from the total resonance frequency shift. Assuming that the top face and both
undercut sides of the cantilever are uniformly covered by the NPs and that their lengths
are aligned within the monolayers, we estimated that the thickness of the resulting thin film
falls in a range of 330-360 nm (corresponding to about 6 monolayers (MLs), see calculation
details in Supplementary Information). This estimation seems plausible in view of the SEM
observations reporting the presence of NP islands sometimes thicker than ca. 6 MLs (see
Figure S1.b and Figure S7 in Supplementary Information).

In Figure 3a, a slight decrease of the resonance frequency with increasing temperature of
about 0.34 % over 70 °C (i.e., of about -2.5 Hz /°C) was observed. This value is very close
to the linear contribution revealed earlier from the reference cantilever (of about -2 Hz /°C,
see Figure 2). More remarkable than the background contribution was the appearance of a
well-pronounced and reproducible hysteresis loop in the temperature dependence of the reso-
nance frequency. The transition temperature onset above room temperature is in agreement
with the magnetic measurements obtained on powder samples (see Figure S3 and Table S1
in Supplementary Information) and transport measurements using graphene nanogaps.* We
emphasize that control experiments revealed that hysteresis loops in the resonance frequency
were neither observed for the same cantilever as-received nor after deposition of drops of pure
ethanol (see Figure 2). We thus rationalize that the bistable mechanical response accompa-
nied by wide hysteresis loops correspond to the spin-state dependent physical properties of
investigated hybrid SCO@SiO, NPs.

Another important observation in Figure 3 is the abrupt increase of the resonance fre-

quency when the SCO NPs undergo the LS — H S transition (and vice versa while decreasing
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temperature). This corresponds to a frequency change of about 30 Hz for the cantilever B
of the chip A (or 4.3 x 1072 %). This behaviour seems at a first glance in contradiction with
a recently published work reporting a slight opposite downshift of -0.5 Hz (or 1.18 x 1072 %)
detected using thicker microcantilevers.'* We attribute the observed upshift upon low-spin
to high-spin thermal transition to the predominant role of the surface stress when thin struc-
tures are probed. In particular, the substantial volume increase of the SCOQSiO, NPs in the
high spin-state leads to a larger curvature and therefore effective rigidity of the cantilever.
This in turn causes the increase observed in the resonant frequency. As only one simplified

4 we calculated the

analytical model has been developed to account for this phenomenon,?
resonance frequencies of the hybrid resonators with a finite element-based numerical model.

Indeed, the temperature-dependence of the resonance frequencies of the composite SCO@SiOq
NPs / cantilever was calculated numerically using the structural mechanics module of COM-
SOL Multiphysics 5.2. The cantilever geometry was parametrized in MATLAB and trans-
ferred via LiveLink MATLAB to COMSOL. Both the static bending and the dynamic re-
sponse (multiple flexural modes) were calculated for the four cantilevers, coated with SCO
NP’s films having a variable thickness. The three-dimensional models closely resemble the
genuine cantilever geometry. For convenience the “picket’-shaped end of the cantilever was
simplified to a rectangular shape. The material properties used for the model are listed in
Supplementary Table S2.

This numerical model allows us to simulate genuine stress softening, geometric changes
and temperature dependence of a MEMS device covered by a SCO thin-film of tunable thick-
ness, which were determined by accurate analysis using numerical simulations (see methods
for details). In the calculations, we assume a homogeneously distributed thin NP layer with
a thickness corresponding to the one estimated from the resonant peak shifts. The physical
properties used for the SCO@SiO, NPs are summarized in Supplementary Table S4). The
thin-film thickness is varied from about one hybrid NP monolayer (ML) up to about 5 pm.

The resulting numerical simulations substantiate the experimental upshifts of the resonance
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frequency observed upon LS — HS transition as displayed in Figure 3.b (see the Supple-
mentary Figure S13). The anti-clockwise loop direction observed experimentally is consistent
with our numerical results that also predict an anti-clockwise loop direction for SCO films
with thicknesses below 3.6 and 1.8um respectively for samples 1 and 2. For thicker films
an inversion of the hysteresis loop direction from anti-clockwise to clockwise is expected.
The simulated resonance frequency shift and the relative change in resonance frequency as
a function of temperature are in very good agreement with experimental results if the NP
layer thickness is set to 650 nm. This value is within a factor of two compared to the one
experimentally estimated from the change in frequency.

Numerous parameters can affect the cantilever resonance frequencies such as, 7| fabrica-
tion related factors (geometry of cantilevers, thickness nonuniformity) i\ the surface state
at the interface between the cantilever and the covering material, 4ii| the change of mechan-
ical properties of the covering material (Young’s modulus, mass density, thermal dilatation)
and iv| extrinsic factors (adsorbed masses, ambient pressure and temperature).* When fab-
ricated and measured in similar conditions, it is expected that changes in surface stresses
govern the resonance frequency shift for thin structures when b(width)/h(thickness) >> 1,
while a change in geometry due to elastic deformation or a volume change of a covering layer

will prevail for thicker devices.?3?
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Figure 4: Normalized resonant frequency shift of SCO@SiO,/Si microcantilevers as a function of temperature
for the four cantilever geometries (Chip B and C). The shift and normalization is with respect to the first flexural
resonant frequency of the bare cantilevers. These data were acquired after thermal pre-conditioning (of about 15
thermal cycles) and reproduced multiple times. The wide thermal hysteresis loops in the mechanical responses
near room temperature correlate with the SCO@SiO,/Si NP morphologies. This behaviour has been consistently
observed for the first, second and fifth flexural vibrational eigenmode.

To shed more light on the mechanism behind the frequency changes and hysteresis, similar
experiments have been performed with smaller NPs (sample 2) and with cantilevers with
different b/h ratios. In Figure 4 we present the lowest flexural resonant frequency shifts
as a function of temperature for both NPs, 1 and 2. The temperature-dependent elastic
modulus of the bare cantilevers are eliminated by subtracting the resonant frequency at a
given cantilever geometry before NP deposition with that observed after NP deposition and
normalized to the bare cantilever values, in each case at the same temperature. Remarkably,

for both NP morphologies, clear thermal hysteresis loops are observed for each of the four
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cantilever geometries (see Supplementary Table S2 for cantilever dimensions). Similar anti-
clockwise and wide thermal hysteresis loops are consistently seen, not only for the lowest
flexural eigenmode but also for the second and fifth ones (for the longest cantilevers, see
for instance Supplementary Figure S11). Note that the normalized shift in the resonance
frequency upon spin-transitions follows the cantilever resonance frequency, which increases
when the cantilever length is reduced (from 0.025 % to 0.08 % and 0.08 % to 0.25 % for 1
and 2 respectively as displayed in Figure 4).

The frequency shift arises from the mechanical expansion of SCO NPs upon spin-transition
and the consequent mechanical stress applied to the cantilever surface. The frequency shift is
a result of the dynamical interaction between localized stress and structural deformation, i.e.
it matters if the SCO NPs are located in a node of the eigenfunction of a particular mode or
not. Changing the modes and length makes the nodes to be located in different positions and
thus results in different frequency shift. When comparing the numerical and experimental
results we conclude that smaller cantilevers exhibit the best sensitivity in terms of detection
in the change of surface stress and accompanying shift in the mechanical eigen frequencies
upon the SCO transition, which is in good agreement with our experimental observations
(see Supplementary Information Figure S13). Moreover, a better sensitivity is expected for
higher flexural modes, which is also observable in our measurements (see the Supplementary
Figures S14 and S12 respectively for numerical simulation and experimental results). The
amount of the frequency increase is determined by the balance between the total rigidity
of the structure and the accumulated stress.®® The structural rigidity is determined by the
geometry of the cantilevers; a higher sensitivity is expected for cantilevers with a larger
surface/volume ratio. The accumulated stress is enhanced for the highest vibrational modes
and modified by the change in volume of the NPs upon the SCO transition.

To investigate the SCO temperatures in more detail, we collected the detected transition
temperatures -which turned out to be independent of cantilever geometry and vibration

mode - and plotted them in a histogram. Figure S15 compiles the experimental set of 152
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measured SCO transition temperatures in cooling (7795 blue) and heating (T757H5,

red) modes. The transition temperatures have been extracted for NPs 1 (43 thermal cycles,
black curve ) and 2 (33 thermal cycles, green curve). Statistically a clear NP size effect on
the transition temperatures is demonstrated where the expectation value of TS is 57
°C for 1 while for 2 the transition occurs at T = 72 °C; for T%5<H5 the expectation values
are 85 and 90 °C for 1 and 2, respectively.

These transition temperatures can be compared with those of SQUID measurements as
both approaches employ quasi-static measurements (see Methods). Interestingly, a slight

shift towards lower temperatures and narrower width loops are observed when compared

TLS<—HS THS—>LS

with SQUID measurements. Moreover, ( is size independent and ( is size
dependent), while the opposite behaviour is observed for transition temperatures extracted
from SQUID measurements. One cannot exclude that the differences in sample environ-
mental pressure of the two types of experiments causes the slight mismatch in transition
temperatures: SQUID magnetometry is performed under a few mbar partial He pressure,
while the MEMS measurements resented in this paper were performed under a high vacuum
of about 2.107% mbar. It is known that a decrease of the pressure reduces the transition tem-
peratures of SCO compounds.®*3> However, the downward shift is expected to be negligible
for this pressure range and should occur in a symmetric way,® which is not the case. We
thus speculate that the difference in SCO transition temperatures, when comparing pow-
dered samples (SQUID measurements) and small assemblies of hybrid SCO NPs, may be
due to a difference in interparticle elastic interactions (3D vs. 2D respectively) and/or to the
mechanical coupling with the supporting silicon cantilever. Both contributions could modify
the elastic surface stress resulting in a volume misfit change between the SCO core and the
SiO5 shell of the NPs. Indeed, the interplay between lattice vibrational and mechanical fea-
tures of the core-shell NP as the prominent mechanism for memory effect features.3™3® On

the other hand, one cannot rule out that acoustic phonons emitted from the environment

(not necessarily similar in a SQUID or in a MEMS setup), are more prone to efficiently
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couple to the core-shell NPs phononic density of states spectrum rather than the optical
ones.?® However, a comprehensive theoretical study encompassing the elastic interactions
between core-shell NPs in direct contact with a supporting substrate is not yet available in
the literature. Such effect has thus to be more thoroughly investigated both theoretically
and experimentally.

A change in the surface stress accumulation not only affects the resonance frequency, but
also the static curvature of the cantilever. For this reason, we also detected the static deflec-
tion of the cantilevers by measuring the de-component of the signal from the position sensitive
device (see Figure S10.b in Supplementary Information).?® A rather large background slope
is introduced when heating the setup, which causes a rotation of the chip due to thermal
expansion mismatch. On top, a clear hysteresis is observed in the cantilever curvature,
which occurs at the same temperatures as in the dynamic measurements. The spin-state
dependence of the signal cannot arise from the well-established spin-state dependence of the
optical absorption of the triazole-based SCO compound*! as these compounds absorb a little
bit more (and thus reflect less) at the laser wavelength upon LS — HS crossover, while the
opposite behaviour is observed (e.g. a more reflected signal). As a control experiment, a bare
cantilever was measured in the same conditions, displaying solely the exponential decrease
when increasing temperature (see Figure S10.a in Supplementary Information).

It is also of interest to investigate the damping characteristics of the cantilevers as a func-
tion of temperature. The damping figure of merit is embodied by the quality factor of the
resonance, which represents the ratio between the total energy in the resonance mode and
the energy that is dissipated per cycle. Remarkably, as it is shown in the Supplementary
Figure S8.b, the Q-factor drops upon the LS — HS transition when increasing tempera-
ture, whereas the cantilever vibrates at a higher resonance frequency. In addition for the
smallest SCO NPs 2, we observe distinct minima in the Q- factor near the onset of the spin
transition (see Supplementary Figure S9.b). Furthermore, for both SCO NP sizes and for

all background resonance modes considered, we detect a systematic increase of the Q-factor
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with increasing temperature. In contrast, a linear drop usually occurs for silicon beams as
the temperature is raised due to thermoelastic damping at constant pressure. As far as the
drop of the Q-factor on going from the LS to the HS state is concerned, this behaviour is
not related to the SCO-induced internal stress (where Q would increase with the frequency)
but suggests a significant increase of the damping force when the cores of the NPs are in the
HS state. At this point, we can only speculate that this increase could emanate from the
increased contact area (caused by the larger volume in the HS state) between the SCOQSiO,
NPs and the cantilever, thereby enhancing the friction at the NP-cantilever interface.

While the MEMS devices here were introduced as a characterization tool, we note that
the large volumetric changes of SCO materials present a significant potential for their use as
actuator materials in MEMS and NEMS devices.*?> Compared to the piezoelectric actuators
that are widely deployed in MEMS devices, the strain introduced by the SCO is higher (by
2-3 orders of magnitude), while the presence of hysteretic properties above room tempera-
ture enables new actuator-and-hold schemes. These properties could be harnessed, e.g., by
incorporating metallic heaters in the hybrid MEMS device.*?

During the preparation of this manuscript we became aware of two related works in which
thermo-active MEMS devices were actuated at their resonance frequency by a voltage or
magnetic field while the mechanical vibration detection was performed by piezoresistors. 2344
The first one employed an organic MEM device made of a polyethylene naphtalate substrate
covered with poly(vinylidene fluoride-trifluoroethylene, sandwiched between two thin layers
of aluminum. Such a device is associated with a low Young’s modulus and a high aspect ra-
tio, demonstrating large resonance frequency shifts (sometimes accompanied with hysteresis
loops), dominated by the total surface stress, which is consistent with our work.*> Second,
in a very similar manner as we did, M.Manrique-Juéarez et al. demonstrated an upward
bending of the cantilever upon the LS — HS transition in agreement with the change in

the lattice parameters of their complex (corresponding to a compressive strain of about -1%

estimated along the cantilever length). Besides, they reported a decrease of approximately
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66 Hz in the resonance frequency as well as by the drop for the quality factor around the
spin transition.?! In both cases, the memory effects in SCO films (with thicknesses ranging

between 0.14 and 4 pm) were observed well below room temperature.

Conclusion

In this work, we have used microcantilevers to detect the thermally induced cooperative spin-
state switching of hybrid SCO NPs above room temperature. We have employed fast optical
read-out of the motion of tip-less silicon AFM cantilevers with various geometries ranging
from 500 — 100 4 10 pm in length, 50 — 30 & 5 pm in width, and 2.7 & 1 gm in thickness.
These small resonators have been decorated by drop-casting robust core-shell SCO@S:i0Oy NP
systems with two different morphologies (87x54 nm and 87x28 nm). While the cores of these
hybrid SCO NPs switches from the low-spin to the high-spin state, a systematic and reversible
increase in the cantilever resonance frequency has been observed, consistently for various
cantilever geometries and resonance modes. We have ascribed these hysteretic behaviours
to variations of the surface stress (through the molecular volume change). Concomitantly
with the abrupt resonant frequency upshift in the high-spin state a drop occurs in the
quality factor and the reflected laser power. The former behaviour is related to the enhanced
internal friction, most likely due to the increased contact areas of the NP /cantilever interfaces
upon LS — HS state transition. The latter behaviour is rationalized through the cantilever
bending as expected from the strong lattice expansion of the SCO NP upon the LS — HS
state transition.

We have substantiated the experimental observations with numerical simulations provid-
ing a useful guideline for taking into account thermal effects, interfacial aspects, realistic
cantilever geometry and SCO NP parameters. Associating MEMS/NEMS and cooperative

SCO materials could thus bring new fundamental answers regarding the genuine role of struc-
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tural /mechanical properties of SCO (nano)materials and open up new ways for smart sensing
micro-nano devices retaining memory while operating at room temperature. Remarkably,
this technique holds a high sensitivity already at the state-of-the-art for investigation of
memory effects at the nanoscale comparable to the detection limit of a micro-magnetometer

prototype reported recently as small as 2.107¢ mm? (in terms of particle volume).
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