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Abstract: By using a weak modulated laser intensity we have
succeeded in reversibly controlling the dynamics of the spin-
crossover (SC) single crystal [{Fe(NCSe)(py)2}2(m-bpypz)]
inside the thermal hysteresis. The experiment could be repeated
several times with a reproducible response of the high-spin
low-spin interface and without crystal damage. In-depth
investigations as a function of the amplitude and frequency
of the excitation brought to light the existence of a cut-off
frequency ca. 1.5 Hz. The results not only document the
applicability of SC materials as actuators, memory devices, or
switches, but also open a new avenue for the reversible photo-
control of the spin transition inside the thermal hysteresis.

The control of the dynamics of first-order phase transitions is
a very general and appealing problem in a diversity of fields. It
concerns the irreversible character of the processes involved
and makes their control of very high importance from the
fundamental point of view and also for technological appli-
cations. Thus, systems showing propagating-interface phe-
nomena include fluid invasion in porous media, flame fronts,
cracks, domain wall in ferroic materials. Although very
different, their microscopic descriptions share very similar
physics at the macroscopic scale and can be described under
a unifying framework involving competitions between elas-
ticity and pinning by disordered medium. In cooperative spin-
crossover solids,[1–4] the thermally induced first-order transi-
tion involves two spin states, namely the low-spin (LS,
diamagnetic) and the high-spin (HS, paramagnetic) and is
accompanied by a sizeable volume change and thermal
hysteresis loop. For comparison, in magnetic systems, the
control of the interface between ferromagnetic and para-
magnetic domains is made possible thanks to the magnetic
field, which induces the domain-wall motion,[5–7] which may
be reversible under some conditions owing to the presence of
the demagnetizing field created by the dipolar magnetic

interactions. Such a control by a field parameter is no longer
possible in spin-crossover solids, since the macroscopic
interfaces separating the LS and HS states are elastic in
nature. Axial pressure might act as an efficient control
parameter; however its practical realization faces serious
challenges, such as the brittle nature of the spin-crossover
single crystals.[8–10] Among the promising multifunctional
materials, multiferroic systems are of note, these are studied
as a route to harness magneto-electric coupling and enable
a range of applications whereby magnetism (resp. ferroelec-
tricity) can be controlled by an electric (resp. magnetic)
field.[11–13] Interestingly, multiferroic Jahn–Teller switches
have been already reported for Prussian Blue analogues[14–16]

demonstrating the important role of the elastic interactions in
the control of the electronic properties of SC solids. But
elasticity is also at the heart of many other types of phase
transitions, such as in the Mott metal–insulator transition[17]

where it has been shown that the coupling to crystal elasticity
alters the critical properties.

Using optical microscopy investigations,[9, 10, 18, 19] we shown
that by tuning the shining intensity of the microscope, in the
hysteretic region of the spin transition (see Figure 1), the
temperature of the crystal was efficiently shifted and we could
drive the interface position at will between the HS and the LS
phases. However, this preliminary experiment remained
qualitative. Herein, we show for the first-time how we can
achieve an accurate and reversible control of the SC transition
inside the hysteretic region. For that, we implemented a new
experimental setup, in which the illumination of the sample is
made by a laser beam injected through the objective of the
microscope (see Supporting Information). A laser spot of
approximately 8 mm diameter is then formed at the surface of
the crystal (see Figure 1 b) the intensity of which is modulated
using a function generator (see Supporting Information for
the technical details).

The sample was a single crystal (length × width × thickness
� 120 × 15 × 10 mm3) of the SC compound [{Fe(NCSe)(py)2}2-
(m-bpypz)] where py = pyridine and bpypz = 3,5-bis(2-pyri-
dyl)pyrazolate,[20, 21] abbreviated herein as Fe(NCSe)(py)2,
undergoing a thermal first-order transition with hysteresis
between 108.1 K and 114.5 K (see Figure 1a). This crystal is
very robust and presents an exceptional resilience upon
repeated switching.[8] The experimental procedure was as
follows: First, we prepared the crystal in the LS state, inside
the thermal hysteresis loop (see Ref. [18]), at 112.5 K under
a weak intensity of the microscope I� 2.4 mWcm¢2 with the
laser switched off. In the second step, we gradually increased
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the intensity of the microscope lamp, until generating the
nucleation of a macroscopic HS phase (by photo-heating).
Then, we quickly decreased the light intensity so as to stop the
interface motion, and the crystal was left in a stable biphasic

state. In the final step, we modulated (at controlled fre-
quency) the intensity of the laser spot, placed at an extremity
of the crystal, in the LS phase (see Figure 1b), and we
followed the interface response.

In Figure 1b, we selected a few snapshots of the crystal
during periodic illumination at a frequency of 0.1 Hz. The
complete spatiotemporal behavior is shown in the Supporting
Information (movie S1). The pictures taken at times, 9.2 s,
10.8 s, 12.4 s, 18 s from top to bottom, reveal the stability of
orientation of the HS/LS interface during the motion. Fig-
ure 1c shows the time evolution of excitation DI(t) (dotted
red line) and the response of the interface position, DX(t) (full
blue line), obtained after image processing of movie S1, the
details of which are given in Figure S1 and S2 of the
Supporting Information. Two points can be noted. First, the
HS/LS interface performs periodic oscillations (the same
applies for the HS fraction / DX(t)) at the excitation
frequency (n = 0.1 Hz), with a delay Dt� 5 s. The maximum
velocity measured for the front propagation (which depends
on temperature) was approximately 10 mms¢1 and corre-
sponded to the “natural” growth of the HS phase under the
usual warming experiment at 0.2 K min¢1. Second, a global
drift of the average interface position (black curve of
Figure 1c) appears in the beginning of the process before
reaching a new stationary value around 40 s later. This
behavior merely results from the heating effect of the shining
process. These features are also well illustrated by the phase
portrait DX(t) versus DI(t), given in Figure S3, showing an
elliptic behavior, recalling the Lissajous curves used to
characterize phase shifts.[22, 23]

Now, we turn to the energetic aspects of the problem.
When the amplitude of the laser excitation, DImax (at fixed
frequency) is increased, the photo-heating effect increases,
resulting in a linear variation of the front excursion amplitude,
DXmax, with DImax (Figure S4), with a yield DXmax

DImax
� 0.87(�

0.08) mmmW¢1 which is at least one order of magnitude
larger than for photo-control methods based on pulsed laser
excitations, already reported.[24–27] We also carried out experi-
ments at various frequencies of modulation, the results of
which are displayed in Figure 2. At low frequencies, the
excitation efficiently heats the crystal and drives the front

Figure 1. a) Thermal evolution of the HS fraction, nHS, derived from
optical microscopy measurements of Fe(NCSe)(py)2 showing the
hysteresis region. Inset: optical microscopy images of a single crystal
in the LS (bottom), the HS (top) and in the biphasic (middle) states.
b): Selected snapshots of the photo-control of the interface motion for
different intensity values, (1–4 correspond to the times t = 9.2, 10.8,
12.4, and 18 s, respectively. See the complete spatiotemporal evolution
in Supporting Information, movie S1. The vertical broken red line is
given as a reference to locate the interface position). Bright dot on
right hand side in each image is the laser light. c): Time dependence
of the excitation (dotted red line) and the interface’s position (solid
blue line). The black curve shows the average “equilibrium” position of
the HS/LS interface.

Figure 2. Excursion amplitude of the HS/LS interface of Fe(NCSe)(py)2

as function of the frequency (black squares). Inset: DXmax vs.
1/n showing a linear behavior. The intensity of the light modulation
was varied in the interval 0.518–4.86 mW. Solid lines are to guide the
eye.
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oscillations with large excursion amplitudes, DXmax. We have
roughly estimated (see Supporting Information) the temper-
ature increase to be approximately 5 K under illumination at
1 Hz. As depicted in inset of Figure 2, the measured DXmax

linearly depends on 1=n. This confirms that the DXmax is
proportional to the quantity of heat DQin ¼ 1

n ¡ aLS¡DImax,
absorbed by the material, the temperature of which rises by
DQin

Cp
, where Cp is the heat capacity of the material. For higher

n values, we observed the existence of a cut-off frequency, nc

� 1.5 Hz (2P/wc� 0.66 s), above which the HS/LS interface is
no longer able to follow the light excitation signal. Indeed, for
n> nc, the average amount of heat deposited by the laser spot
during the time needed for heat exchange and diffusion
(between 1 and 2.5 seconds) is not sufficient to heat efficiently
the crystal

For a detailed understanding of the previous observations,
we developed a model in which we accounted for all relevant
contributions (schematized in Figure S6) including photo-
heating, thermal diffusion, heat-transfer processes, and spin-
transition dynamics. The equations of motion governing this
phenomenon, can be described by Equations (1)–(3).

Equation (1) is derived from an expansion of the mean-
field free energy of an Ising-like model[28] about power
gradients of the HS fraction.[29] It expresses the spatiotempo-
ral behavior of the SC transition. There, m is the net
“fictitious” magnetization (¢1�m�+ 1) related to the HS
fraction by nHS ¼ ð1þmÞ=2, J = 155 K is the interaction
parameter between the spin states of the Ising-like model,
b ¼ 1

kBT (kB = Boltzmann constant and T= temperature),
Deff ¼ D¢ 1

2 kBTlng is the effective energy gap which includes

the ligand-field energy D = 394 K and the degeneracy ratio
g = 1097 between the HS and LS states (corresponding
entropy change S� 58 J Mol¢1 K¢1), and Dm = 120 mm2 s¢1 is
the effective diffusion parameter of the spin state which
governs the interface speed, v � ffiffiffiffiffiffiffi

Dm

p
. In the stationary and

uniform state, that is, @m=@t ¼ 0 and r2m ¼ 0, Equation (1)
gives the self-consistent mean-field equation
m ¼ tanh b Jm¢ Deffð Þ½ ¤, which leads, using the previous
values, to a first-order transition with thermal hysteresis
ranged between 107 K and 115 K (shown in Figure S7)
approximately centered on the transition temperature
Teq ¼ 2D

kB lng = 112.57 K.
Equation (2) establishes the heat balance between the

crystal and its environment. The first term, in the right-hand
side, expresses the heat transfer from the crystal to the
thermal bath (which is colder and maintained at temperature,
TB = 105 K<T), with a ratio a = 20 s¢1. The second contri-
bution contains the source term, I(x,y,t), accounting for the
deposited heat flow by the laser spot, in which 1 ¼ aHS

aLS
= 0.51 is

the ratio between the HS and LS optical absorptions of the
crystal, and DT = 200 mm2 s¢1 is the thermal diffusion constant.

Equation (3) details the excitation intensity, which
includes the homogeneous intensity of the microscope, I0 =

183 Ks¢1 = 9.6 mW (specific intensity × crystal area), and that
of the Gaussian-shaped-laser spot (size parameter, s = 12 mm,
located at coordinates x0 = 46 mm; y0 = 10 mm) the amplitude
of which DImax = 2.3 mW is modulated at the frequency w =

2.5 rad s¢1 (n = 0.4 Hz). Equations (1)–(3) are resolved using
finite difference method for a rectangular 2D system of size
Lx × Ly = 60 mm × 20 mm (see Supporting Information for the
details of the simulation). Initially (at time, t = 0, the laser is
OFF), the interface is at rest (see panel 1 of Figure 3a). When
the laser is ON, the HS/LS interface performs periodic
oscillations, as demonstrated in the selected snapshots of
Figure 3a. The complete spatiotemporal behavior of the
system: interface position and temperature maps, is presented
in movie S2.

Figure 3. a): spatiotemporal model: snapshots (1)–(4) showing interface oscillations under light modulation recorded at times t =19.3 s, 20 s,
20.6 s, and 21.8 s, respectively. The blue area corresponds to the LS phase the red area to the HS phase. Dashed white circles represent the laser
spot. b) Computed time dependence of the excitation (dotted red line) and the HS/LS interface position (solid blue line). The black curve is the
average position of the HS/LS interface.
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In Figure 3b we plotted the calculated time dependence
of the interface position and that of the light modulation. The
results fairly reproduce the experimental observations of
Figure 1c: 1) the interface responds with delay (the elliptic
phase portrait is shown in Figure S8), and 2) it presents
a global drift of its average position (black curve in Fig-
ure 3b). For a deeper understanding of the front control
mechanism, we illustrated in Figure 4 a the spatial profiles
(along the direction of propagation), of the order-parameter
nHS and temperature (in red) at times: t = 18.461 s and t =

19.291 s (the corresponding laser intensities are 207.71 mW
and 144.20 mW). The apparent correlation between the
temperature and spin state curves is totally counter-intuitive
and results from the photo-thermal history of the system.
Note that at t = 18.461 s the region located at the right of the
interface in the interval (x = 42.5–50 mm) is heated above Teq

(= 112.57 K); this triggers its switching into the HS phase, in
accord with the reaction term of Equation (1), and drives the
interface (Figure 4a; dashed blue curve) to the new position
x = 55 mm at time t = 19.29 s. At this time, the temperature
profile (Figure 4a; dashed red curve) has significantly
decreased, owing to the exchange with thermal bath
[Eq. (2)] and the motion will shortly stop. Clearly, the front
control results from a subtle regulation of the temperature
gradients by light inside the crystal and particularly around
the HS/LS interface region.

We also calculated the excursion amplitude of the HS/LS
interface as a function of the excitation frequency. The results,
summarized in Figure 4b, are remarkably consistent with the
experiments. A cut-off frequency nc� 1.25 s¢1 is obtained and
a linear plot was also found between DXmax and 1/n. We could
determine for the 1D system (see Supporting Information),
the analytical expression of the cut-off frequency, nc ¼ X2

0
4pDT

,
where X0� 50 mm is the initial distance between the interface
and the laser spot. Injecting the experimental value of nc, we
estimated, for the first time, the thermal diffusion of the SC
single crystal as DT = 300 mm2 s¢1. This value is in excellent
agreement with those measured for polymers,[24] DT =

250 mm2 s¢1, which are expected to have similar mechanical
and thermal characteristics to spin-crossover materials.

The substantial benefit of the current method compared
to previous investigations using pulse laser excita-
tions[25, 26, 30–34] lies in the reversible character of photo-control
of the phase transition inside the thermal hysteresis, which
can be monitored using a weak intensity of light. Note that bi-
directional photo-switching inside the thermal hysteresis
using pulsed nanosecond laser excitation was first reported
for the SC sample [Fe(pyrazine)Pt(CN)4],[35] and later on
other type of SC solids,[36] using Raman spectroscopy. While
there is no doubt about the physical mechanism of the LS to
HS photo-transformation, the reverse process inside the
hysteresis is still disputable. The reverse process feeds into the
healthy debate, which was reignited recently by photo-
calorimetric measurements[37] under pulse laser on the [Fe-
(pyrazine)Pt(CN)4] SC sample, leading to a controversy. Of
course, these results should be confirmed by other investiga-
tions, capitalizing as in Ref. [37], on the remarkable advances
of the last two decades, in the chemical synthesis of high
quality single crystals,[3, 38–41] combined with technological
advances in experimental techniques (ultra-fast photo-crys-
tallography,[42–44] time-resolved optical experiments[27, 45]), and
methods of visualization at the nanoscale.[46]

In conclusion, we have experimentally shown that mod-
ulation of a weak intensity of light at a suitable frequency
could reversibly control the spin transition in the thermal
hysteresis interval. The reproducibility of oscillations of the
HS/LS front even after several crystal cycling, during which
the crystal maintained its integrity, suggests potential appli-
cations of SC solids in accurate actuation,[30] micro-position-
ing, and as switching devices. The existence of a cut-off
frequency of about 1.5 Hz and the slow propagation velocity
of the interface (at maximum 20 mms¢1 for thermally induced
transformations) legitimately questions the possibility of
ultra-fast reversible switching of cooperative SC materials at
the macroscopic scale. However, recent studies using ultra-
fast excitations[44] (on spin-crossover solids), showed multi-
scale kinetics, in which the macroscopic HS fraction can be
transformed at the speed of sound. Reducing the size may
increase the interface velocity and enhance the resilience of
the materials, the mechanical stress excess of which induced
by the phase transition could be released more easily,
benefiting from the favorable surface/volume ratio. Another
important objective now is the synthesis of multifunctional
ferroelectric–ferroelastic spin-crossover materials, which can
lead to a remarkable piezoelectric (coupled with magnetic)

Figure 4. a) Spatial profiles of temperature (red) and high-spin frac-
tion (blue) across the interface at t = 18.461 s (solid curves) and
19.291 s (dashed curves). The transition temperature is Teq�112.6 K
(horizontal dashed black line). See main text for a detailed discussion.
b) Displacement of the HS/LS interface as a function of the frequency
of the light modulation. Solid lines are to guide the eye.
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response, with numerous applications for actuators and
sensors.
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