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ARTICLE

Unprecedented switching endurance affords for
high-resolution surface temperature mapping using
a spin-crossover film
Karl Ridier 1, Alin-Ciprian Bas1, Yuteng Zhang1, Lucie Routaboul1, Lionel Salmon1, Gábor Molnár1✉,

Christian Bergaud2 & Azzedine Bousseksou1✉

Temperature measurement at the nanoscale is of paramount importance in the fields of

nanoscience and nanotechnology, and calls for the development of versatile, high-resolution

thermometry techniques. Here, the working principle and quantitative performance of a cost-

effective nanothermometer are experimentally demonstrated, using a molecular spin-

crossover thin film as a surface temperature sensor, probed optically. We evidence highly

reliable thermometric performance (diffraction-limited sub-µm spatial, µs temporal and 1 °C

thermal resolution), which stems to a large extent from the unprecedented quality of the

vacuum-deposited thin films of the molecular complex [Fe(HB(1,2,4-triazol-1-yl)3)2] used in

this work, in terms of fabrication and switching endurance (>107 thermal cycles in ambient

air). As such, our results not only afford for a fully-fledged nanothermometry method, but

set also a forthcoming stage in spin-crossover research, which has awaited, since the

visionary ideas of Olivier Kahn in the 90’s, a real-world, technological application.
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The recent achievements in nanoscience and nanotechnol-
ogy brought about the growing need for nanothermometry
techniques capable of measuring temperature on a reduced

size scale and often during limited time. In particular, the highly
increased density of electronic components per unit area, together
with miniaturization and high-frequency operation, can lead to
localized (over)heating problems (sic “hot spots”), making ther-
mal management a key factor for determining the performance
and the reliability of integrated circuits1. As such, the develop-
ment of high spatial and temporal resolution thermometry
techniques appears as critical in order to understand the local
thermal processes at work as well as to improve the design of
nanoscale devices2–4.

To reach sub-wavelength spatial resolution, the most pro-
mising techniques are those involving scanning transmission
electron microscopy (STEM)5 or scanning probe microscopy
(SPM), such as scanning thermal microscopy (SThM)6–10.
Although these techniques can afford for temperature mea-
surements down to sub-10 nm length scale5,9, they are often
invasive, require sophisticated equipment and are difficult
to implement or transpose for everyday practical applications.
In addition, their point-by-point data acquisition process
inherently results in slow imaging capabilities.

Contactless far-field optical thermometry techniques, including
infrared thermography (IRT)11, thermoreflectance microscopy12–14,
optical interferometry15, or Raman spectroscopy16,17, represent to
some extent a compromise between overall thermometric perfor-
mance and general applicability. These techniques usually provide
fast (typically ns–µs) thermal-imaging capabilities with diffraction-
limited spatial resolution, and represent the industry standard in
terms of surface thermal imaging18,19. Nevertheless, a recurrent
issue of these different techniques is the requirement for extensive,
surface-dependent calibration procedures (emissivity, thermore-
flectance coefficient, thermal expansion coefficient, etc.) to arrive at
a quantitative determination of the temperature.

Another interesting approach involves the surface deposition of
a temperature-sensitive material, which can be probed remotely,
most often through optical methods. A well-known example is
luminescent thermometry2,20, which is based on the temperature-
dependent emission intensity and/or lifetime of the emitting state
of luminophore species21–23. Another example is the commercially
available liquid crystal thermography (LCT) technique24, for which
the local temperature is inferred from the selective light reflection
of a surface coated with thermochromic liquid crystal materials.

However, these techniques can see their performance deteriorate
rapidly, mainly due to (photo)stability issues. Although these
surface-coating methods can be classified as semi-invasive because
they may involve a potential disturbance in the temperature field,
the integration of temperature-sensitive phase-change materials
(PCMs) appears as a promising approach, offering a multitude of
possibilities in terms of thermal sensitivity, thermometric proper-
ties, and readout25–28.

In this context, molecular spin-crossover (SCO) materials
constitute a promising class of PCM for surface thermometry
and thermal-imaging applications. These compounds, which
exhibit a reversible solid–solid transition between the so-called
low-spin (LS, low-temperature) and high-spin (HS, high-tem-
perature) electronic configurations29–31, are known to display a
drastic change of their optical properties (absorption, refractive
index) under the effect of a temperature variation. Interestingly,
different types of application can be envisaged according to the
characteristics of the thermal spin transition. A SCO thin film
exhibiting a thermal hysteresis loop can be used for thermal
memory applications32, but, a contrario, the absence of hyster-
esis allows for real-time thermometry. Although first proofs of
concept have been reported32,33, the realization of a real-world
SCO-based application was primarily hampered by the weak
reliability and the recurrent problem of mechanical fatigue of
SCO materials upon extended switching, the SCO cycling being
typically restricted to only few/tens/hundreds thermal cycles
before failure. This issue has constituted so far, the long-
standing blocking point for SCO molecules.

In this study, we show that the molecular SCO complex [Fe
(HB(tz)3)2] (tz= 1,2,4-triazol-1-yl) 1, recently synthesized in the
form of high-quality, vacuum-deposited thin films34, overcomes
this major bottleneck. This compound exhibits an exceptionally
high spin-state switching endurance and long-term stability upon
repeated thermal cycling. Taking advantage of this unprecedented
feature, together with its remarkable spin-transition properties
(abrupt SCO above room temperature), we experimentally
demonstrate that thin films of 1 can be used as a high-
performance temperature sensor, probed by optical reflectivity,
for visualizing and measuring the surface temperature. The cap-
abilities of this SCO-based thermal microscopy technique
are quantified on a series of Joule-heated metallic nanowires.
Notably, the possibility of mapping the surface temperature
distribution with a sub-µm spatial, µs temporal, and 1 °C thermal
resolution is demonstrated.
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Fig. 1 Phase-change properties and switching endurance of the thin films of 1. a Molecular structure of complex 1. b Thermal evolution of the optical
reflectivity (λ= 452 nm) of a 200-nm-thick film of 1 on top of a gold microwire (2 mm× 2 µm× 300 nm) after 1, 104, 105, 106, and 107 thermal cycles in air
induced by Joule heating. These data show the large variation of the reflectivity due to the molecular spin-state switching and demonstrate the
exceptionally high resilience of the spin transition over 107 thermal cycles. Time evolution of c the applied electrical current, d the wire temperature, and
e the optical reflectivity on the wire recorded simultaneously at selected times of the thermal-cycling experiment using the Joule-heated microwire.
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Results
Spin-transition properties and switching endurance of 1.
Compound 1 is a molecular SCO complex35 (Fig. 1a) which can
be deposited in the form of high-quality, large-area, nanometer-
thick films by vacuum thermal evaporation34. The resulting
nanocrystalline films are known to be oriented (with the c-axis
normal to the substrate plane), homogenous, and they display a
fully complete, isostructural spin transition centered at TSCO=
63–65 °C (with a slight dependence upon the film thickness)34,36.
Importantly, the thermal spin transition in the thin films of 1 is
known to be relatively abrupt, i.e. 80% of the transition is spanned
over a temperature range of ca. 12 °C, with a narrow (<0.5 °C-
wide) thermal hysteresis loop. The SCO phenomenon is accom-
panied by a drastic change of the optical properties of the films, in
particular of the UV absorbance (Supplementary Fig. 1) as well as
the optical reflectivity (R) on various surfaces (Fig. 1b and Sup-
plementary Fig. 2). The optical reflectivity measured at λ= 452
nm on a 200-nm-thick film of 1, deposited on top of a gold
surface, typically increases by ca. 7% due to the switching from
the LS to the HS state, while it goes down on glass (−4%) and
silicon (−1.5%).

An important and quite unexpected discovery with com-
pound 1 is the existence of an exceptionally high stability and
robustness of the spin-transition properties, as well as a strong
resilience of the material upon extended thermal cycling. First,
from UV absorption measurements, we demonstrated that the
transition temperature, the shape, and the completeness of the
thermal spin transition in the thin films of 1 remain virtually
unaltered over a period of more than 1 year of storage in
ambient air (Supplementary Fig. 3). These optical measurements
have also revealed that the SCO properties are fully preserved
after annealing the films at temperatures as high as 230 °C
(Supplementary Fig. 3). To investigate the switching endurance
of thin films of 1, we first performed successive thermal cycles
using a heating/cooling Peltier stage, while the spin-transition
properties were probed through optical absorbance measure-
ments. Using this time-consuming “classical” approach, the
switching properties of the films are found to be preserved after
more than 10,000 thermal cycles in air (see Supplementary
Fig. 1). Critically, the transition temperature shifts <0.5 °C.

To go further, we used Joule-heated gold microwires as fast
micro-heaters, to expose a thin film of 1 to a large number of
thermal cycles (107) within a reasonable time (<14 h). These
microwires, fabricated on top of a glass substrate by means of
conventional photolithography (PL) methods (see “Methods”
section and Supplementary Fig. 4), were coated with a 200-nm-
thick film of 1 and mounted on a variable-temperature
microscope stage to control the temperature of the entire
substrate. This latter, which differs from the actual temperature
of the heating wire Twire, will be hereafter denoted “base
temperature” Tb. Due to their small thermal mass, these micro-
wire heaters are known to be particularly interesting for
generating fast (<µs), localized heating (T-jumps)32,37. Besides,
the time-resolved measurement of their electrical resistance,
using a custom-built differential resistance measurement
setup37, offers the possibility of monitoring in situ the average
temperature rise of the wire with a sub-µs time resolution
(Supplementary Fig. 4). For our thermal-cycling experiment, the
temperature of the wire was modulated between 50 and 88 °C by
applying 200-µs-long current pulses at a frequency of 200 Hz.
Note that the heating duration (200 µs) was chosen long enough
compared to the thermally activated molecular spin-state
switching time (a few tens of nanoseconds above room
temperature38), ensuring that a full LS–HS–LS thermal switch-
ing cycle was completed for each current pulse. At selected
times, the excitation frequency was lowered to 0.2 Hz in order to

record simultaneously the temporal evolution of the optical
reflectivity (λ= 452 nm) on the heated microwire. As depicted
in Fig. 1c–e, significant jumps of the reflectivity signal are
observed, confirming the occurrence of the spin-state switching
event following the oscillating excitation current. Crucially, the
amplitude of the reflectivity oscillations remains comparable
even after 107 cycles, demonstrating the exceptional robustness
of the spin transition in the thin films of 1. At different time
intervals of the thermal-cycling experiment, the reflectivity
signal on the SCO-coated wire was also acquired as a function
of the base temperature (Fig. 1b). Remarkably, the spin-
transition curves (switching temperature, shape, and amplitude)
remain virtually unchanged after more than 10 million thermal-
switching events.

This is the first time that such an outstanding resilience is
demonstrated for a SCO compound. It is important to mention
that the spin-transition properties of 1 remain unaltered despite a
relatively large volume change (ca. 4.5%) upon the SCO35.
Indeed, as with many PCMs, the pivotal issue is the large
transformation strain, which leads to the build-up of mechanical
stress and, ultimately, to material failure. This inherent fatigability
currently constitutes a common hurdle for the implementation of
various PCMs and molecular switches into demanding techno-
logical applications39–41. The exceptionally high switching
endurance of thin films of 1 must probably arise from a
combination of structural factors. First, the molecular nature of
compound 1 (with only weak intermolecular bonds) and its
processing in the form of high-purity (vacuum-deposited) thin
films are undoubtedly important features that minimize the
transformational stress during the spin-state switching. Most
importantly, as demonstrated for shape memory alloys40,42, and
also suggested for VO2

43, the overall crystallographic compat-
ibility of the two phases appears as a key parameter to achieve
high switching endurance. In 1, this compatibility includes the
isostructural character of the transition (same orthorhombic
space group Pbca in the two phases) as well as a pronounced
anisotropy of the transformation strain, the structural deforma-
tion mainly occurring along the c-axis (Δc/c=+5.6%)35. This
anisotropic deformation allows the crystal lattice to better
accommodate the volume change, through the possible formation
of mismatch-free LS/HS phase boundaries during the spin-state
switching44. On the other hand, as the thin films of 1 are oriented
(with the c-axis normal to the substrate), the transformation
strain is almost zero in the substrate plane45 and the spin
transition thus gives rise to rather small mechanical stress in the
film. While more comprehensive studies still need to be
conducted on these structure–property relationships, the negli-
gible fatigability of 1, together with its remarkable spin-transition
properties, make this compound an ideal candidate for high-cycle
applications, such as thermal imaging.

Working principles of the SCO-based surface thermometer. To
demonstrate the capabilities of our SCO-based thermometer, we
used electron-beam lithography (EBL) to fabricate a variety of
Joule-heated gold nanowires (80-µm-long, 50-nm-thick) on glass
and oxidized silicon chips (see Fig. 2 and Supplementary Fig. 5).
As already demonstrated32,37, their fast temporal response with
their reliable all-electrical operation make these wires ideal test
benches for the development of nanothermometry applications.
The chips were fully covered with a 200-nm-thick film of 1,
grown by vacuum thermal evaporation. It is important to men-
tion that both the deposition conditions as well as the physical
properties of the SCO thin film are not invasive and do not
modify the overall electrical and thermal performance of the
devices (vide infra).
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While a thin film exhibiting a gradual SCO enables continuous
temperature monitoring33 (provided that a careful thermal
calibration of the measured physical properties is performed),
here we suggest another approach. Taking advantage of the
abrupt character of the thermal spin transition, we demonstrate
that thin films of 1 can be used as a binary sensor of the surface
temperature, because a sizeable jump of the optical reflectivity
occurs at the transition temperature TSCO= 64 °C, bringing out a
well-defined isotherm. This property can be advantageously used
to record fast contour maps of the surface temperature
distribution. As shown in Fig. 3a, reflectivity images of a Joule-
heated nanowire on glass were recorded by optical microscopy in
both ON (I ≠ 0) and OFF (I= 0) states of the heating device at
various base temperatures Tb of the glass substrate, such that
ΔR/R= (RON − ROFF)/ROFF images could be obtained for each
Tb. (Supplementary Fig. 6 displays a more complete series of
images.) On these images, two distinct areas are clearly
discernible. One region, close to the nanowire, where the optical
reflectivity has changed following the application of the electrical
current, signaling the thermal switching into the HS state. Beyond
this region, the optical reflectivity remains basically unchanged.
As displayed in Fig. 3a, these two areas are separated by an
isothermal line, with an elliptical shape on glass, on which the
temperature rise is simply given by the difference ΔT= TSCO −
Tb. Heating or cooling the chip at different base temperatures
makes it possible to acquire a thermal contour map with as many
isotherms as desired (Fig. 3b). This simple protocol turns out to
be extremely powerful for determining temperature gradients in a

quick manner, or for locating, at first glance, the existence of hot
spots on the surface (vide infra). A great advantage is that fast
thermal mapping can be achieved without any thermal calibration
of surface properties.

A more accurate method to determine the local heating (for
example for each pixel of the CCD camera) is based on the
comparison of the thermal transition curves, inferred from the
measurement of the optical reflectivity signal over a large range of
Tb, in both ON and OFF states of the heating device. As shown in
Fig. 4a, we applied this procedure to map the temperature
distribution of the same Joule-heated nanowire on glass. As an
example, Fig. 4c displays typical ON-state and OFF-state
transition curves obtained for selected pixels of the reflectivity
images at different distances from the wire. For each pixel, the
value of the local heating was simply deduced from the thermal
shift (ΔT= TSCOOFF − TSCOON), by way of an automated curve-
fitting procedure using sigmoidal functions. As shown in Fig. 4a,
this procedure allows to map the temperature field with a
micrometer spatial resolution, incidentally revealing a slightly
inhomogeneous heating of the nanowire. As deduced from the
thermal map, the application of a current of 4 mA induces an
average heating of ΔTwire= 40.4 ± 0.5 °C on the wire, while
the temperature rise is ΔT= 5.8 ± 0.3 °C at 50 µm from the center
of the wire. (Supplementary Fig. 7 shows experimental and
simulated temperature maps with the corresponding cross-
sections for different applied electrical currents.)

Following the same procedure, Fig. 4d displays the temperature
map (ΔT) of an identical nanowire on top of a silicon substrate,
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heated by the application of an electrical current of 7 mA. (See
Supplementary Fig. 8 for temperature maps and associated cross-
sections at different excitation currents.) As expected due to its
high thermal conductivity, the silicon behaves as a powerful heat
sink. The result is that the heating is predominantly localized on
the 1-µm-wide wire, whereas the surrounding Si substrate
undergoes almost no temperature rise. The high thermal
conductivity of silicon has also the effect of limiting the average
temperature rise experienced by the nanowire (ΔTwire= 19.8 ±
0.6 °C at 7 mA). Another interesting observation is the emergence
of a micrometric hot spot at the connection between the wire and
the gold electrode (see Fig. 4d), certainly due to a degrading
electrical contact. This example nicely illustrates the capabilities
of our technique for localizing, in a straightforward manner,
micrometric hot spots on electronic circuits.

Our experimental results were validated by finite-element
simulations. (N.B. Comparison with other experimental methods
is not relevant here as they involve similar, or higher, uncertainty
than our approach. Notably, electrical resistance measurements
on the nanowires turned out to be ill-reproducible on such small
wires.) Simulations were carried out using material properties
implemented in the COMSOL program (see “Methods” section).
The value of the electrical resistivity of gold, which is the only
adjustable parameter, was fixed from the mean electrical
resistance of the nanowires measured at room temperature
(Re ~ 160Ω). As shown in Fig. 4b, e (see also Supplementary
Figs. 7 and 8), the quantitative agreement between the simulated
and experimental data is excellent, both on silicon and glass
substrates, for the different excitation currents used.

We took benefit from these finite-element simulations to assess
the possible disturbance in the temperature field caused by the
presence of the SCO layer. Under (quasi)static conditions—
typically reached within the microsecond time scale (vide infra)—
we find that the surface temperature differs by <1 °C due to the
presence of the SCO layer (Supplementary Fig. 9). This value

remains comparable with the overall measurement uncertainty.
Obviously, under non-thermal-equilibrium conditions, the tem-
perature difference between the heating element and the thin-film
surface is expected to be larger. In particular, in addition to the
“normal” heat capacity of the SCO film, an excess heat capacity
should be also considered due to the endothermic character of the
LS-to-HS transition (ΔH= 40 J g−1 in 1)35, which can give rise to
a transient thermal damping effect on microsecond time scales
in sufficient thick (µm range) films46. However, this effect,
which becomes undetectable in films as thin as 200 nm, can be
reasonably neglected in practical thermometry applications.
Finally, it should be stressed that these potential artifacts could
be lowered by reducing the film thickness. In this case, the
possible resulting loss of optical contrast could be counter-
balanced by implementing a more sensitive (lock-in or inter-
ferometry) detection system and by choosing the most suitable
probe wavelength in the UV–Vis–NIR spectral range.

Figures of merit of our SCO-based nanothermometer. Using
the above-discussed methodology, we have thoroughly assessed
the achievable thermal, temporal and spatial resolution, which all
constitute critical parameters for a fully fledged thermometer.

To assess the achievable thermal resolution, we performed a
series of measurements to determine the temperature rise in a
given 1-µm-wide area of the glass substrate (in the vicinity of the
nanowire) for three close values of the applied electrical current
(I= 3.5, 3.6, and 3.7 mA). As depicted in Fig. 5a, b, a measurable
temperature shift of about 1 °C is evidenced between the ON-state
curves recorded for the three values of the applied current, and
temperature rises of 22.3 ± 0.2, 23.3 ± 0.2, and 24.9 ± 0.2 °C are
measured, respectively. These measurements demonstrate that
the detection of temperature variations as small as 1 °C is possible
on micrometer-size areas, using a simple CCD-based optical
detection system. In any case, the overall thermal accuracy is
limited to ca. 1 °C due to the existence of a narrow (0.5 °C-wide)
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thermal hysteresis loop in the thin films of 1, and because of
the slight thermal disturbance caused by the presence of the
SCO layer on the heating element. Compared to conventional
thermoreflectance techniques, the presence of the SCO thin film
entails a substantial increase of the optical contrast (ΔR/R), which
implies an enhanced thermal sensitivity and detection limit
around TSCO. Figure 5c, d illustrate, respectively, the typical
temperature dependence of ΔR/R measured on a glass substrate
coated with a 200-nm-thick film of 1, and the thermal evolution
of the corresponding thermoreflectance coefficient κ= d(ΔR/R)/
dT. Far from the spin-transition temperature, the linear variation
of ΔR/R, which is accounted for the ordinary thermal expansion
and associated refractive index change, coincides with a
thermoreflectance coefficient of κthR=−0.036% °C−1. As shown
in Fig. 5d, a sizeable increase of κ is observed due to the spin
transition. The thermoreflectance coefficient reaches a maximum
value of κthR+SCO=−0.35% °C−1 at the transition temperature
TSCO, i.e. the temperature sensitivity is found (at maximum)
10 times greater compared to the conventional thermoreflectance.
A similar gain in terms of thermal sensitivity was evidenced on
various surfaces.

Regarding the temporal resolution, our thermometer is
intrinsically limited by the thermally induced switching dynamics
of the SCO molecules. From recent femtosecond optical spectro-
scopy measurements38, we know that the thermally activated
spin-state switching in the thin films of 1, governed by the LS↔

HS intramolecular energy barrier, occurs within a few tens of
nanoseconds. This time scale thus defines the intrinsic response
time of the film, in terms of optical reflectivity change, to
any variation of temperature. An additional delay between
the temperature rise in the device and the response of the
thermometer can originate from the slow propagation of heat
within the SCO layer, whose thermal diffusivity is rather low
(DT= 2.6 × 10−7 m2 s−1)47. Both numerical simulations32 and
ultra-fast pump-probe measurements38 have demonstrated that
the thermalization of SCO (150–300 nm thick) films, following a
sharp current step or an ultra-short laser pulse, is completed in
<1 µs. Such a temporal resolution is adequate for probing a large
variety of dynamical phenomena, such as heat diffusion processes
or for detecting brief heating events. As an example, Fig. 6a
displays the time evolution of the optical reflectivity signal
(ΔR/R), measured by a gated CCD camera using a conventional
pump-probe approach, on a SCO-coated gold microwire,
following the injection of sharp current pulses with durations
ranging from 10 to 100 µs. (Supplementary Fig. 10 shows the
associated reflectivity images.) Close to the spin-transition
temperature (Tb= 55 °C), a sizeable increase of the optical
reflectivity is observed on the wire, while the same experiment
carried out at Tb= 25 °C (sufficiently far from TSCO) only shows a
barely perceptible increase of the reflectivity—especially for short
excitations. This example once again demonstrates the noticeable
gain in terms of (thermal) sensitivity arising from the SCO
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phenomenon. From the temperature evolution of the optical
reflectivity measured in the OFF-state (I= 0), ΔR/R data acquired
at 55 °C can be converted into ΔT values. Figure 6b depicts the
temperature maps (ΔT) obtained at selected times, following the
application of a 50-µs-long current pulse. These measurements
illustrate the remarkable achievement of imaging the surface
temperature combining µm spatial and µs temporal resolution. In
Fig. 6c, the time evolution of the average temperature rise
measured on the wire by our SCO-based thermometer (data
points) is compared to the temperature profiles deduced from
time-resolved electrical resistance measurements37 (solid lines)
for the three durations of current pulses. As shown in Fig. 6c, the
results from these two experiments are in good agreement.

In terms of spatial resolution, our SCO-thin-film thermometer,
based on the measurement of the far-field optical reflectivity,
involves a diffraction-limited, sub-µm spatial resolution. This was
positively demonstrated through the measurements carried out
on silicon, for which Joule heating could be well resolved on a
1-µm-wide wire (Fig. 4d). To further test the capabilities of our
thermometer, we have also carried out a series of measurements
on wires with truly nanometric dimensions on silicon substrates
(Supplementary Fig. 11), in which the temperature distribution
could be mapped down to 500-nm lateral resolution, but with a
reduced signal-to-noise ratio. This spatial resolution obviously
surpasses that achievable by IRT (see Supplementary Fig. 12),
which remains the most conventional method of thermal
imaging. To achieve even better spatial resolution, it is
worthwhile to mention that the optical information could be
also monitored using SPM techniques such as near-field scanning
optical microscopy (SNOM)32. Besides, as the SCO phenomenon
is also accompanied by a concomitant change of the mechanical,
dielectric, and magnetic properties of the material, other
approaches can be implemented to probe the thermal spin
transition, instead of optical readout. Among them, quantitative
AFM mechanical (Young’s modulus) measurements48,49 can be
used to probe the temperature changes in the SCO-thin-film

thermometer, providing higher spatial resolution, though at the
detriment of the temporal resolution and ease-of-use.

Discussion
After decades of being laboratory curiosities with many potential
applications, the development of this fully fledged surface nano-
thermometer represents a notable breakthrough for the long-
anticipated use of SCO molecules in actual technology. Similar to
the history of photochromic molecules50, the long-standing
blocking point for SCO molecules has been their weak reliability
and, in particular, their low endurance to cycling. Here, we have
demonstrated reversible switching of a thin film of the molecular
complex [Fe(HB(tz)3)2] over 10 million thermal cycles at elevated
temperatures in ambient air. This discovery undeniably constitutes
the decisive step forward real-world SCO-based applications and
should promote fundamental studies to better understand the key
structural parameters at the origin of the resilience/fatigability of
SCO materials.

This excellent reversibility, together with the fast switching
dynamics, strong optical contrast, reliable processing, and
long-term stability, allowed us to turn this SCO film into a high-
performance, nanoscale temperature sensor, which can be
implemented on any surface. Using a simple CCD-based optical
detection, we have operando validated the efficiency and accuracy
of this SCO-based surface thermometer on various Joule-heated
nanowires, in which heat distribution could be mapped down to
sub-µm spatial, µs temporal, and 1 °C thermal resolution. Overall,
this thermal-imaging technique appears as a versatile, cost-
effective method, which has the advantage of simplicity for many
demanding applications, ranging from sub-micron-level compo-
nents to larger devices. Considering these appealing features, we
believe that this approach could be readily incorporated as a
simple, non-destructive test/diagnostic method into routine
device-characterization and diagnostic protocols for a broad
range of microelectronic, optoelectronic, and photonic devices.
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Methods
Nanowire and microwire fabrication. The gold nanowires were fabricated on top
of glass and silicon wafers (Supplementary Fig. 5). The Si wafer was rendered insu-
lating by thermal oxidation of its surface leading to the formation of an uppermost
600-nm-thick SiO2 layer. The fabrication of the nanowires and the electrodes was
divided into two steps. EBL was first used to deposit a 10 nm Ti/50 nm Au bilayer to
form the metallic nanowires. The chips were then completed with an additional PL
process enabling the deposition of a 10 nm Ti/300 nm Au bilayer to build the elec-
trodes. The 10-nm-thick film of Ti serves as an adhesive layer between the Au and the
SiO2 passivation layer. Due to the insulating nature of the glass substrate, a 20-nm-
thick layer of Ge was additionally deposited on top of the polymethylmethacrylate
(PMMA) resist to form a conductive layer, indispensable to perform the e-beam
nano-patterning. Due to their larger size, the microwires used for the thermal-cycling
and time-resolved experiments were fabricated by means of conventional PL methods,
enabling to pattern the wires and the electrodes at the same time32.

SCO sample synthesis and thin film deposition. The bulk powder of 1 was
synthesized as previously described35. The circuits were coated with a continuous 200-
nm-thick film of 1, grown by thermal evaporation at a base pressure of 2 × 10−7 mbar.
The bulk powder of 1 was heated until 250 °C in a quartz crucible and evaporated at a
rate of 0.03 Å s−1. The film thickness was monitored in situ using a quartz crystal
microbalance and ex situ by atomic force microscopy (AFM) and through spectral
reflectance measurements (Filmetrics, F20). The as-deposited films were recrystallized
by a solvent–vapor annealing treatment, resulting in high-quality, homogeneous,
oriented, nanocrystalline thin films34.

Experimental setup. The SCO-coated chip was connected to an input current
source-meter (Keithley 2611A), using an eight-track connector (see Supplementary
Fig. 5), and mounted on a variable-temperature microscope stage (Linkam Sci-
entific Instruments, LTS120) to control the base temperature (Tb) of the entire
circuit. It is important to note that all the electrical characterizations on the
nanowires and measurements were carried out by applying current and not voltage
bias in order to guarantee the reproducible current excitation and resulting Joule
heating. Optical reflectivity images were recorded using an Olympus BX51 upright
microscope equipped with either a ×50 or ×100 magnification objective (numerical
aperture, NA= 0.5 and 0.9, respectively) and a CCD camera (Andor Technology
Clara, 1392 × 1040 pixels of 6.45 µm size). A ×0.5 lens was placed in front of the
camera to increase the field of view. Time-resolved pump-probe reflectivity images
were acquired using a gated Intensified-CCD camera (Andor Technology iStar
DH734, 1024 × 1024 pixels of 13 µm size) triggered by a function generator
(Tektronix, AFG3022C) allowing the generation of time-variable current pulses.
The sample was illuminated by a halogen lamp, but the spectral range was reduced
using a band-pass filter (λ= 452 ± 22 nm). Infrared thermography (IRT) images of
the Joule-heated nanowires were acquired within the 7.5–13 µm spectral range
using a 640 × 480 pixels camera (Micro Epsilon thermoIMAGER TIM 640,
instantaneous field of view of 28 µm). The transient temperature rise of the
microwires was monitored, with a sub-µs time resolution, using a custom-made
differential resistance measurement setup37 (Supplementary Fig. 4), the output
signal being captured with an oscilloscope (Tektronix, DPO3014).

SCO sample characterization. Temperature-dependent absorbance spectra of the
films, deposited on fused silica substrates, were collected at wavelengths between 200
and 800 nm, using a Cary 50 spectrophotometer (Agilent Technologies) and a
heating/cooling stage (Linkam Scientific Instruments, FTIR600). Spectra were
acquired in the 20–120 °C range with a scan rate of 1 °Cmin−1. AFM topography
measurements were performed using a Cypher-ES microscope (Oxford Instruments)
in amplitude-modulation mode in ambient air, using OMCL-AC160TS-R3 (Olym-
pus) probes. Scanning electron microscopy (SEM) images of the metallic wires were
recorded using a JSM-7800F Prime microscope (JEOL) operated at 5 kV.

Finite-element simulations. 2D and 3D temperature distributions in the heating
wires were simulated using the finite-element method (FEM) by numerically solving
the heat equation as implemented in the software package COMSOL. Due to the
small heating area and the relatively narrow temperature range covered, the radiation
losses were considered negligible. This enables a simplified thermal description of the
system, which largely depends on the power input for the heat generation via Joule
heating in the metallic wire, the thermal properties of the materials (see Supple-
mentary Table 1) and the system boundary conditions for the power losses. The value
of the electrical resistivity of gold (1 × 10−7Ωm), which is the only adjustable
parameter, was estimated through the mean electrical resistance of the nanowires
measured at room temperature (Re ~ 160Ω). This value, which is larger than the bulk
value (2.4 × 10−8Ωm), was already reported in the literature51. Owing to the rela-
tively small temperature changes in our experiments, the temperature dependence of
the material properties was not taken into account in the simulations.

Data availability
The authors declare that all data supporting the findings of this study are available within
the paper and its supplementary information files.

Received: 4 March 2020; Accepted: 23 June 2020;

References
1. Cahill, D. G. et al. Nanoscale thermal transport. II. 2003–2012. Appl. Phys.

Rev. 1, 011305 (2014).
2. Brites, C. D. S. et al. Thermometry at the nanoscale. Nanoscale 4, 4799–4829

(2012).
3. Kim, M. M. et al. Microscale thermometry: a review. Microelectron. Eng. 148,

129–142 (2015).
4. Carlos, L. D. & Palacio, F. Thermometry at the Nanoscale: Techniques and

Selected Applications (The Royal Society of Chemistry, UK, 2016).
5. Mecklenburg, M. et al. Nanoscale temperature mapping in operating

microelectronic devices. Science 347, 629–632 (2015).
6. Sadat, S., Tan, A., Chua, Y. J. & Reddy, P. Nanoscale thermometry using point

contact thermocouples. Nano Lett. 10, 2613–2617 (2010).
7. Menges, F., Riel, H., Stemmer, A. & Gotsmann, B. Quantitative thermometry

of nanoscale hot spots. Nano Lett. 12, 596–601 (2012).
8. Kim, K., Jeong, W., Lee, W. & Reddy, P. Ultra-high vacuum scanning thermal

microscopy for nanometer resolution quantitative thermometry. ACS Nano 6,
4248–4257 (2012).

9. Menges, F. et al. Temperature mapping of operating nanoscale devices by
scanning probe thermometry. Nat. Commun. 7, 1–6 (2016).

10. Zhang, Y. et al. A review on principles and applications of scanning thermal
microscopy (SThM). Adv. Funct. Mater. 30, 1900892 (2020).

11. Ippolito, S. B. et al. High spatial resolution subsurface thermal emission
microscopy. Appl. Phys. Lett. 84, 4529–4531 (2004).

12. Tessier, G., Bardoux, M., Filloy, C., Boué, C. & Fournier, D. High resolution
thermal imaging inside integrated circuits. Sens. Rev. 27, 291–297 (2007).

13. Tessier, G., Bardoux, M., Boué, C., Filloy, C. & Fournier, D. Back side thermal
imaging of integrated circuits at high spatial resolution. Appl. Phys. Lett. 90,
171112 (2007).

14. Farzaneh, M. et al. CCD-based thermoreflectance microscopy: principles and
applications. J. Phys. D 42, 143001 (2009).

15. Baffou, G. et al. Thermal imaging of nanostructures by quantitative optical
phase analysis. ACS Nano 6, 2452–2458 (2012).

16. Santoro, M., Lin, J., Mao, H. & Hemley, R. J. In situ high P–T Raman
spectroscopy and laser heating of carbon dioxide. J. Chem. Phys. 121,
2780–2787 (2004).

17. Deshpande, V. V., Hsieh, S., Bushmaker, A. W., Bockrath, M. & Cronin, S. B.
Spatially resolved temperature measurements of electrically heated carbon
nanotubes. Phys. Rev. Lett. 102, 105501 (2009).

18. InfraTec infrared LLC. https://www.infratec-infrared.com (accessed February
2020).

19. Microsanj. https://www.microsanj.com (accessed February 2020).
20. Jaque, D. & Vetrone, F. Luminescence nanothermometry. Nanoscale 4,

4301–4326 (2012).
21. Löw, P., Kim, B., Takama, N. & Bergaud, C. High-spatial-resolution surface-

temperature mapping using fluorescent thermometry. Small 4, 908–914
(2008).

22. Vetrone, F. et al. Temperature sensing using fluorescent nanothermometers.
ACS Nano 4, 3254–3258 (2010).

23. Yakunin, S. et al. High-resolution remote thermometry and thermography
using luminescent low-dimensional tin-halide perovskites. Nat. Mater. 18,
846–852 (2019).

24. Csendes, A., Székely, V. & Rencz, M. Thermal mapping with liquid crystal
method. Microelectron. Eng. 31, 281–290 (1996).

25. Brintlinger, T., Qi, Y., Baloch, K. H., Goldhaber-Gordon, D. & Cumings, J.
Electron thermal microscopy. Nano Lett. 8, 582–585 (2008).

26. Begtrup, G. E. et al. Probing nanoscale solids at thermal extremes. Phys. Rev.
Lett. 99, 155901 (2007).

27. Reguer, A. et al. Probing the local temperature by in situ electron microscopy
on a heated Si3N4 membrane. Ultramicroscopy 110, 61–66 (2009).

28. Kinkhabwala, A. A., Staffaroni, M., Süzer, Ö., Burgos, S. & Stipe, B. Nanoscale
thermal mapping of HAMR heads using polymer imprint thermal mapping.
IEEE Trans. Magn. 52, 1–4 (2016).

29. Gütlich, P. & Goodwin, H. A. Spin Crossover in Transition Metal Compounds
I-III. (Springer-Verlag, Berlin, Heidelberg, 2004).

30. Halcrow, M. A. Spin-Crossover Materials: Properties and Applications (John
Wiley & Sons, Ltd., Leeds, 2013).

31. Bousseksou, A., Molnár, G., Salmon, L. & Nicolazzi, W. Molecular spin
crossover phenomenon: recent achievements and prospects. Chem. Soc. Rev.
40, 3313–3335 (2011).

32. Kraieva, O. et al. High spatial resolution imaging of transient thermal events
using materials with thermal memory. Small 12, 6325–6331 (2016).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17362-7

8 NATURE COMMUNICATIONS |         (2020) 11:3611 | https://doi.org/10.1038/s41467-020-17362-7 | www.nature.com/naturecommunications

https://www.infratec-infrared.com
https://www.microsanj.com
www.nature.com/naturecommunications


33. Salmon, L. et al. A novel approach for fluorescent thermometry and thermal
imaging purposes using spin crossover nanoparticles. J. Mater. Chem. 20,
5499–5503 (2010).

34. Shalabaeva, V. et al. Vacuum deposition of high-quality thin films displaying
spin transition near room temperature. J. Mater. Chem. C 5, 4419–4425
(2017).

35. Rat, S. et al. Solvatomorphism and structural-spin crossover property
relationship in bis[hydrotris(1,2,4-triazol-1-yl)borate]iron(II). CrystEngComm
19, 3271–3280 (2017).

36. Shalabaeva, V. et al. Unprecedented size effect on the phase stability of
molecular thin films displaying a spin transition. J. Phys. Chem. C 121,
25617–25621 (2017).

37. Quintero, C. M. et al. Joule heated metallic microwire devices for sub-
microsecond T-jump experiments. Microelectron. J. 46, 1167–1174 (2015).

38. Ridier, K. et al. Finite size effects on the switching dynamics of spin-crossover
thin films photoexcited by a femtosecond laser pulse. Adv. Mater. 31, 1901361
(2019).

39. Burr, G. W. et al. Phase change memory technology. J. Vac. Sci. Technol. B 28,
223–262 (2010).

40. Chluba, C. et al. Ultralow-fatigue shape memory alloy films. Science 348,
1004–1007 (2015).

41. Jian, J., Chen, A., Chen, Y., Zhang, X. & Wang, H. Roles of strain and domain
boundaries on the phase transition stability of VO2 thin films. Appl. Phys. Lett.
111, 153102 (2017).

42. Song, Y., Chen, X., Dabade, V., Shield, T. W. & James, R. D. Enhanced
reversibility and unusual microstructure of a phase-transforming material.
Nature 502, 85–88 (2013).

43. Lee, D. et al. Isostructural metal–insulator transition in VO2. Science 362,
1037–1040 (2018).

44. Sy, M. et al. Structure-driven orientation of the high-spin–low-spin
interface in a spin-crossover single crystal. Angew. Chem. Int. Ed. 53,
7539–7542 (2014).

45. Mikolasek, M. et al. Complete set of elastic moduli of a spin-crossover solid:
spin-state dependence and mechanical actuation. J. Am. Chem. Soc. 140,
8970–8979 (2018).

46. Ridier, K. et al. Heat capacity and thermal damping properties of spin-
crossover molecules: a new look at an old topic. Adv. Mater. 32, 2000987
(2020).

47. Ridier, K. et al. Spatiotemporal dynamics of the spin transition in [Fe(HB
(tz)3)2] single crystals. Phys. Rev. B 96, 134106 (2017).

48. Shalabaeva, V. et al. Direct visualization of local spin transition behaviors in
thin molecular films by bimodal AFM. Small 15, 1903892 (2019).

49. Hernández, E. M. et al. AFM imaging of molecular spin-state changes through
quantitative thermomechanical measurements. Adv. Mater. 26, 2889–2893
(2014).

50. Irie, M., Fukaminato, T., Matsuda, K. & Kobatake, S. Photochromism of
diarylethene molecules and crystals: memories, switches, and actuators. Chem.
Rev. 114, 12174–12277 (2014).

51. Avilés, F., Ceh, O. & Oliva, A. I. Physical properties of Au and Al thin films
measured by resistive heating. Surf. Rev. Lett. 12, 101–106 (2005).

Acknowledgements
We are grateful to Franck Carcenac and Mario Piedrahita-Bello for help with EBL and
SCO sample synthesis. This work was supported by the European Commission through
the SPINSWITCH project (H2020-MSCA-RISE-2016, Grant Agreement No. 734322),
and by the Micro and Nanotechnologies Platform of LAAS-CNRS (Toulouse, France),
which is a member of the French RENATECH Network. The Ph.D. of Y.Z. is supported
by the China Scholarship Council.

Author contributions
A.-C.B. and Y.Z. realized the spin-crossover thin film deposition and characterization. K.R.
performed the thermometry experiments and analyzed the data under the supervision of
G.M. and A.B., and discussion with L.R., L.S., and C.B. The finite-element simulations were
performed by C.B. The manuscript was written by K.R. and G.M. with comments and input
from all the authors.

Competing interests
A patent covering parts of the manuscript has been filed by the authors.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-17362-7.

Correspondence and requests for materials should be addressed to G.M. or A.B.

Peer review information Nature Communications thanks Sumin Kim and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17362-7 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:3611 | https://doi.org/10.1038/s41467-020-17362-7 | www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-020-17362-7
https://doi.org/10.1038/s41467-020-17362-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Unprecedented switching endurance affords for high-resolution surface temperature mapping using a spin-crossover film
	Results
	Spin-transition properties and switching endurance of 1
	Working principles of the SCO-based surface thermometer
	Figures of merit of our SCO-based nanothermometer

	Discussion
	Methods
	Nanowire and microwire fabrication
	SCO sample synthesis and thin film deposition
	Experimental setup
	SCO sample characterization
	Finite-element simulations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




