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All-atom molecular dynamics simulation of the [Fe(pyrazine)][Ni(CN)4]
spin-crossover complex. II. Spatiotemporal study of a bimorph actuator
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We present an atomistic approach, based on a realistic structure of the compound [Fe(pyrazine)][Ni(CN)4],
which provides a spatiotemporal description of the spin-crossover (SCO) phenomenon. The vibronic coupling
is described through an intramolecular double-well potential, whereas the elastic interactions between the Fe
centers are considered by an additional spin-state-dependent potential. The model is then investigated through
molecular dynamics (MD) simulations. This work is separated into two papers. Part I [S. Mi et al., Phys. Rev.
B 109, 054103 (2024)] reports on the methodology used to simulate the spin transition in the bulk material.
The present Part II addresses the spatiotemporal dynamics (nucleation and growth) of the spin transition in a
bimorph actuator, mimicking the operation of a nanoelectromechanical device. The spin-state configuration and
local strain are calculated to explore both the spatiotemporal aspects of the spin-state switching and the resulting
deformation of the bimorph cantilever, as a function of the cooperativity of the SCO material and the thickness of
the films. We show that the spatiotemporal dynamics deviates from a single nucleation process since additional
domains can be formed due to the lattice bending, whereas the associated elastic stresses lead to longer switching
times and to incomplete transitions. A comparison with classical continuum mechanical theory reveals that the
latter may be no more valid in the case of systems with ultrathin films. Interestingly, due to competing effects
between the spin-state switching dynamics and the natural frequencies of the cantilever, damped oscillations are
observed in the spin-state fraction and in the deformation of the cantilever before reaching a stationary state.
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I. INTRODUCTION

During the past few years, the development of actuator
devices, referring to devices that convert an input source of
energy into controlled mechanical motion, has aroused exten-
sive research interest in the fields of artificial muscles, medical
technologies, and robotic industry [1–3]. Within this broad
field, simple bimorph structures are among the most often
employed systems. These devices, which consist of the super-
position of two strips of a stimuli-responsive and an inactive
material joined together throughout their length, are forced
to bend under external stimulation due to the different strain
arising in the two materials. The most common approach
uses the thermal expansion mismatch of materials under heat-
ing and cooling. However, the potential applications of these
conventional bimetallic actuators are strongly limited by the
fact that the volume change induced by thermal expansion
is generally too small and requires thus large temperature
differences to produce large curvatures. To enhance the am-
plitude of bending, bimorph actuators were thus fabricated,
incorporating materials exhibiting thermally induced phase
transitions, such as the martensitic transition in shape memory
alloys [4,5] or the insulator-to-metal transition in vanadium
dioxide [6–8].
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In this context, spin-crossover (SCO) complexes of tran-
sition metal ions (mostly Fe2+), which exhibit a reversible
solid-state phase transformation between their high-spin (HS)
and low-spin (LS) electronic configurations, have recently
attracted considerable attention. SCO materials usually show
drastic modifications of their physicochemical properties
[9–12]. Notably, for FeII SCO complexes, the metal-ligand
bond lengths are known to increase by ∼10% (i.e., ∼0.2 Å)
when switching from the LS to the HS state [13–15], which
can give rise to an abrupt expansion of up to 22% of the unit-
cell volume [16], indicating the fascinating potential of SCO
materials for their possible integration into bimorph actuators
[17]. This concept has been demonstrated by Shepherd et al.
[18], followed by a series of works on various SCO-based
bimorph structures, including thin films and composites, al-
lowing for the construction of both macroscopic [19–25] and
micro/nanoscale [17,26–30] bending actuators, displaying at-
tractive actuating performance.

From a theoretical point of view, these various bimorph
SCO actuators have been modeled using conventional con-
tinuum mechanical approaches, such as the Euler-Bernouilli
beam theory or finite element simulations, which provide ef-
ficient means for device design. However, these approaches
obviously ignore local, microscopic effects, particularly the
spatiotemporal aspects of the spin transition, which become
increasingly important in micro/nanoscale actuators. In addi-
tion, they rely on a comprehensive preliminary experimental
characterization, having no ability of predicting material prop-
erties. To remove these bottlenecks, atomistic simulations
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appear as an attractive alternative. Up to now, such simulations
employed mostly spring-ball models, investigated either by
Monte Carlo (MC) and/or molecular dynamics (MD) meth-
ods. Notably, such approaches allowed for reproducing the
bending motion of biphasic SCO single crystals, mechanical
interactions between substrates, and SCO films as well as elas-
tic couplings in bimorph, core-shell SCO particles [31–44].

To overcome some limitations of previously employed
atomistic modeling methods, such as the neglect of structural
details and/or some ad hoc assumptions, regarding the time
scale of the simulated events, in this paper, we employ all-
atom MD simulations, relying on the realistic structure of
an SCO compound. We employ an original force field (FF)
able to simulate the SCO behavior, including the couplings
between the electronic and structural degrees of freedom. This
FF has been described in Part I of this work [45], devoted
to the simulation of the thermally induced spin transition of
the bulk [Fe(pyrazine)][Ni(CN)4] SCO compound. This FF is
based on the consideration of the realistic, all-atom structure
of the SCO material and the different interactions within and
between SCO units. More specifically, the intramolecular vi-
bronic coupling is modeled through the consideration of Fe–N
interactions described by a double-well potential. The buildup
of elastic stress induced by the spin-state switching has been
considered by a two-body potential connecting the Fe centers
and involving an elastic energy barrier. The height of this
elastic energy barrier drives the cooperativity within the SCO
structure, which has a direct effect on the nature of the spin
transition. Using this FF, MD simulations have been carried
out in the isothermal-isobaric ensemble using periodic bound-
ary conditions to simulate the thermally induced spin-state
switching in the bulk [Fe(pyrazine)][Ni(CN)4] material. We
found that the model adequately reproduces the main exper-
imental observations, including the switching temperatures,
the thermal hysteresis loop, and changes of various structural
parameters [45].

In the present Part II of this work, we use this all-atom
MD method to investigate the spatiotemporal dynamics of the
spin-state switching in a bimorph, nanoscale actuator made
of the [Fe(pyrazine)][Ni(CN)4] complex and the associated
actuating performance of the device. To form a bimorph struc-
ture, a few [Fe(pyrazine)][Ni(CN)4] layers have been simply
set SCO inactive. The spin-state configuration and the local
strain are calculated in real time together with the deflection
of the bimorph cantilever as a function of the thickness of
the inactive and active part of the structure. By modulating
the strength of the intermolecular interactions, we have also
investigated the influence of the cooperativity of the SCO
material on the switching dynamics and actuation phenomena.

II. MODELS AND METHODS

The present MD simulations are performed using the large-
scale atomic/molecular massively parallel simulator software
package (LAMMPS) [46] using the FF described in Ref. [45].
As shown in Fig. 1, the studied structure consists of a
parallelepiped cantilever composed of 4 × 55 × Ntot (6 �
Ntot � 12) unit cells (along the x, y, and z directions, re-
spectively) of the [Fe(pyrazine)][Ni(CN)4] SCO complex,
corresponding to systems with ∼22 800–44 280 atoms. The

FIG. 1. Schematic view of the studied bimorph cantilever sys-
tem, composed of 4 × 55 × Ntot unit cells (along the x, y, and
z directions, respectively) of the [Fe(pyrazine)][Ni(CN)4] SCO
material.

whole structure is initially prepared in the HS state. One
extremity of the cantilever system was considered clamped.
To do that, two unit cells along the y direction are set as
a rigid body, meaning that the displacement of each atom
is blocked. Along the z direction (i.e., the thickness of the
cantilever), NI [Fe(pyrazine)][Ni(CN)4] layers are set as in-
active, which means that the FeII ions are fixed into the
HS state by replacing the Fe–N double-well potential by
a simple harmonic potential. Finally, the remaining NS (=
Ntot − NI ) [Fe(pyrazine)][Ni(CN)4] layers constitute the ac-
tive (switchable) part of the system, in which the Fe sites can
switch between the HS and LS states. For each simulation,
the structure is relaxed at 100 K, the temperature and pres-
sure conditions being controlled by the Nosé-Hoover method
[47,48]. All calculations were performed under the canoni-
cal (NVT) ensemble, and a timestep of 1 fs was used. The
Voronoi analysis is conducted through the Voro++ software
package [49] to calculate the atomic volume of Fe ions to
identify the local spin state for each complex [45]. The atomic
positions and strain mapping resulting from the simulation
are visualized by means of OVITO software [50]. During the
relaxation process, significant structural deformations appear
due to the large difference of volume between the LS and HS
states. To follow this structural relaxation, the local strain at
each Fe atom is derived by considering the relative motion of
its neighbors [51–53]. In detail, the relative position of two
neighboring sites, denoted j and k, before strain, is given by

�X jk = X k − X j, (1)

where X k and X j are the position vectors of the atomic sites
k and j, respectively, before strain. Accordingly, the relative
position of these two atomic sites after strain is given by

�x jk = xk − x j, (2)

where xk and x j are the position vectors of the atomic sites k
and j, respectively, after strain. Equations (1) and (2) can be
related through the transformation gradient F:

�x jk ≈ F · �X jk . (3)

The strain tensor is then obtained by

E = 1
2 (FTF − I), (4)

where I is the identity tensor.
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FIG. 2. Simulated spin-transition curves of the
[Fe(pyrazine)][Ni(CN)4] SCO compound, showing the thermal
evolution of the HS fraction for different values of the parameter
B, which controls the strength of the elastic interactions (lines are
guides to the eye).

III. RESULTS AND DISCUSSIONS

A. Spatiotemporal aspects of the HS-to-LS relaxation process

First, the thickness of the modeled device is set to Ntot = 8
unit cells. Along the y direction, one extremity of the can-
tilever is fixed, while the other one is free to move. Two cases
are considered: (1) the case of an all-active system (NI = 0)
in which all Fe sites can switch between the LS and HS
states, and (2) the case of a bimorph system (NI = 4) com-
posed of four SCO active (at the top) and four inactive (HS)
[Fe(pyrazine)][Ni(CN)4] layers (at the bottom). As described
in the Part I of our work [45], the cooperative phenomena,
controlled by the height of the elastic energy barrier, are
driven by the value of the parameter B in the expression of
the potential connecting the SCO-active Fe sites:

Ecooperativity

= B

2

(
b0[c0 − (R − RLS )]2 + a0(R − RLS )2

−
√

4J2
0 + {b0[c0 − (R − RLS )]2 + a0(R − RLS )2}2)

,

(5)

where a0, b0, and c0 are parameters that control the concavity
of the double-well potential energy, RLS is the lattice con-
stant of the equilibrium LS state, and J0 is an off-diagonal
element. In the following, except otherwise mentioned, in
the simulations, we set the parameter B to 0.6, which al-
lows us to correctly reproduce the first-order spin transition
curve with a 30-K-wide thermal hysteresis loop centered at
∼290 K, which was experimentally observed for the bulk
compound [Fe(pyrazine)][Ni(CN)4] [54] (see Fig. 2). At this
stage, it may be worth noting that, in ultrathin SCO films,
one may expect a modification of SCO properties [32,55–58],
but these finite-sized effects will be ignored in the present

FIG. 3. Selected snapshots showing the spatial distribution of (a)
the spin-state configuration and (b) the local lattice strain in the all-
active system (NI = 0) at different times during the high-spin (HS)-
to-low-spin (LS) relaxation process at 100 K (for B = 0.6). In (a), the
red and blue balls represent HS and LS sites, respectively. In (b), the
color scale changes from red (tensile) to blue (compressive) strain
through green (initial, zero strain) colors.

calculations because the change of sample geometry which
plays an important role in the finite-sized effect is not consid-
ered in the present simulation.

Figure 3(a) depicts selected snapshots showing the spatial
distribution of the spin-state configuration in the all-active
system (NI = 0), during the HS-to-LS relaxation process at
100 K. In these representations, it is worth mentioning that
each unit cell of the [Fe(pyrazine)][Ni(CN)4] compound is
simply represented by a red (or a blue) ball, depending on
whether the corresponding Fe2+ ion is in the HS (or LS) state.
This is a usual representation employed for spring-ball mod-
els, such as electroelastic, mechanoelastic, or atom-phonon
models, in which the SCO units are represented by ficti-
tious spins or spherical objects. Nevertheless, in this paper, it
is important to remember that a realistic, all-atom structure
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is always considered in the simulations. In agreement with
previous experimental and theoretical observations [59–63],
we find that the HS-to-LS relaxation takes place via a het-
erogeneous phase separation process, characterized by the
nucleation and the growth of a stable LS domain within the
initial, metastable HS phase. In detail, the nucleation of a
LS domain is found to occur at the top left corner of the
system (where no mechanical constraint is applied) at ∼21 ps,
followed by the propagation of a LS/HS phase boundary
throughout the cantilever to reach the opposite rigid border
at t ≈ 60 ps. The nucleation of a LS domain is because the
molecules at the corner of the cantilever need to overcome a
lower energy barrier to switch from one spin state to another
in comparison with those located at the edges or in the bulk.
This phenomenon is different from the observation in Part
I of our work [45] since, for this latter, periodic boundary
conditions have been applied to simulate an infinite system.
In this case, the transformation is homogeneous, and no HS
or LS clustering is expected to be detected during the spin-
state switching. By comparing the fully relaxed lattice (at
t = 60 ps) to the initial HS lattice (at t = 0), we can note
that the complete relaxation of the structure from the HS to
the LS state is accompanied by a sizeable contraction of the
unit cell, which leads to a visible decrease of the size of the
system by 5% along the y direction. For the same time delays,
corresponding snapshots of the local strain in the structure,
calculated from the simulations, are shown in Fig. 3(b). As
the lattice state at t = 0 (full HS state) is taken as the reference
in the present simulation, positive and negative values of the
local strain correspond to tensile and compressive deforma-
tions, respectively. Overall, the simulated strain maps exhibit
similar features to the spin-state configuration, indicating a
clear correlation between the local spin state and the local
strain of the structure. Specifically, as depicted in Fig. 3(b),
a compressive strain region (deep blue color) is observed at
the top left corner of the beam at t = 21 ps, in accordance with
the nucleation of the LS domain. This compressive region then
grows all along the cantilever, following the evolution of the
spin-state configuration displayed in Fig. 3(a). At this stage,
we shall underline that the typical relaxation times observed in
our investigations are of the order of a few tens of picoseconds
(depending on the geometry of the system), which is signifi-
cantly faster than what one would expect for an SCO system
at 100 K [64]. This observation is linked to the fact that the
intramolecular energy barrier was set in our model [45] to
significantly lower values than the experimentally observed
ones, to fit the relaxation time into the timeframe of the MD
simulations. To overcome this drawback, future work may
focus on using coarse-grained or accelerated MD methods
[65,66].

By comparison, Fig. 4(a) depicts selected snapshots of the
spatial distribution of the local spin state during the relax-
ation process in the case of the bimorph system (NI = 4),
composed of four active (top) and four inactive (bottom)
[Fe(pyrazine)][Ni(CN)4] layers. Again, the left extremity of
the bimorph cantilever is kept free to move. We observe that a
LS domain appears at the top left corner of the beam at t ≈ 32
ps, i.e., with a delay compared with the case of the all-active
system (Fig. 3). At this moment, the concentration of these

newly formed LS sites is already found to induce a slight
bending of the cantilever. Later, at t = 67 ps, as the LS domain
grows, a larger macroscopic distortion of the lattice (which re-
sults in a significant deflection of the device) is observed, and
interestingly, a second LS domain is formed in the middle of
the cantilever. As depicted in the local strain mapping shown
in Fig. 4(b), we can rationalize this observation by the fact
that the bending of the lattice generates a compressive stress
within the active part, which results in a local negative strain
(indicated by an arrow at t = 32 ps), favoring the nucleation
of this second LS domain. Finally, from t = 97 to 232 ps,
the two formed LS domains merge and grow until reaching
the rigid edge of the cantilever. Interestingly, in the stationary
state (at t = 232 ps), we observe that a few SCO sites at the
interface between the active and inactive parts of the system
remain blocked in the HS state, presumably because they
are submitted to a permanent tensile stress coming from the
lattice misfit with the inactive (HS) part of the cantilever.
Indeed, as displayed in Fig. 4(b), a detailed observation of the
local strain mapping in the final relaxed state (at t = 232 000
fs) shows that strain gradients exist in both the active and
inactive layers of the cantilever. It appears that the magnitude
of compressive strain slightly decreases within the active part
when approaching the interface. In the same way, the distri-
bution of strain in the inactive part of the structure shifts from
compressive to tensile deformation (from green to red color).
Such a gradient of strain within the structure is an obvious
consequence of the bending of the cantilever. In addition, due
to the existence of the HS/LS interface (between the inactive
and active layers), the mismatch between HS and LS lattices
gives rise to a compressive (resp. tensile) stress in the material
near the interface in the inactive (resp. active) part, indicating
competing mechanical effects between the active and inactive
parts of the bimorph system.

B. Relaxation curves of the molecular spin state

Figure 5(a) compares the thermal relaxation curves, dis-
playing the time evolution of the fraction of HS sites, in
the all-active system (NI = 0) and in the bimorph system
(NI = 4). As shown in Fig. 5(a), the time needed by the
system to reach the relaxed stationary state is considerably
extended due to the presence of the inactive layers. Indeed,
this inactive part (which remains in the HS state) produces
a tensile stress in the active layers, as the latter switch
from the HS to the LS state, due to the lattice misfit at
the interface. As this tensile stress favors the HS state, the
relaxation process is submitted to a law of moderation, result-
ing in a slowdown of the relaxation kinetics. Interestingly, if
both ends of the bimorph are clamped, this effect is further
amplified because the structure cannot relieve any more part
of the tensile stress by the bending movement. Figure 5(b)
depicts the evolution of the HS-to-LS relaxation kinetics in
the bimorph system (with Ntot = 8) upon varying the number
of inactive layers NI from 1 to 7. Remarkably, a consider-
able slowdown of the relaxation kinetics can be observed
when increasing the thickness of the inactive part of the
cantilever. A straightforward explanation is that the increase
of the thickness of the inactive (HS) part contributes to
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FIG. 4. Selected snapshots showing the spatial distribution of (a) the spin-state configuration and (b) the local lattice strain in the bimorph
cantilever (NI = 4), at different times during the high-spin (HS)-to-low-spin (LS) relaxation process at 100 K (for B = 0.6). In (a), the red and
blue balls represent HS and LS sites, respectively. In (b), the color scale changes from red (tensile) to blue (compressive) strain through green
(initial, zero strain) colors.

generating tensile stress on the active part, whereas the in-
creased stiffness of the structure prevents the release of
this stress. These effects result in a longer lifetime of the
metastable HS state in the active layers. Interestingly, as
shown in Fig. 5(b) (black curve), in the extreme case where
NI = 7 (i.e., NS = 1), it appears that only ∼15% of the SCO
sites in the active layers switch into the LS form in the station-
ary state.

Qualitatively comparable results have been obtained from
the simulations of the spin-transition properties of SCO mono-
layers on a substrate (using spring-ball models) or from the
simulations of bimorph nanoparticles in which a SCO core
is surrounded by an inactive shell [32,37–39,42–44,67–70].
These different theoretical investigations have the advantage
to give a description of the elastic mechanisms involved in
the switching process of such hybrid nanomaterials and are
in good qualitative agreement with the different accessible
experimental observations.

C. Deflection behaviors

To investigate the actuating performance of the modeled
bimorph system, we focus on the deflection, which is de-
fined as the distance between the instantaneous and initial
vertical positions of the free extremity of the cantilever. Fig-
ure 6(a) shows the time evolution of the deflection in the
bimorph actuator (Ntot = 8) associated with the HS-to-LS
relaxation process for different thicknesses of the inactive
part (NI ranging from 1 to 7 layers). For each simulated
system, damped oscillations of the deflection of the cantilever
are observed before reaching a stationary mechanical state,
defining the equilibrium deflection. It is worth mentioning that
these oscillations take place on a longer time scale (nanosec-
onds) than the relaxation kinetics of the molecular spin state
[∼100 ps, see Fig. 5(b)], meaning that the spin-state equi-
librium is reached faster than the mechanical equilibrium of
the cantilever. This oscillatory movement presumably comes
from the fact that the fast-switching kinetics of the molecular
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FIG. 5. (a) Time evolution of the high-spin (HS) fraction during
the relaxation process at T = 100 K (for B = 0.6), in the all-active
system (NI = 0) and in the bimorph system (NI = 4). (b) Time evo-
lution of the HS fraction during the relaxation process in the bimorph
system for different numbers NI of inactive layers from 1 to 7.

spin state initially produces an overshoot of the deflection of
the beam, so that the system finally reaches a mechanical
equilibrium state by oscillating at its natural bending fre-
quency. It may be worth mentioning here that similar damped
mechanical oscillations have been recently observed using
time-resolved electron microscopy upon pulsed laser excita-
tion of SCO nanoparticles [71]. We can thus suggest that
those experimental findings might have the same origin as
in the present simulations, i.e., a mismatch between the time
scales of the SCO and the natural stretching frequency of the
particles.

As it can be expected, the equilibrium deflection strongly
depends on the number of inactive layers NI . The black curve
in Fig. 6(b) shows that the equilibrium deflection exhibits
a nonmonotonous behavior as a function of NI and passes
through a maximum (δ ≈ 100 Å) for NI = 4, i.e., when the
thicknesses of the active and inactive regions are equal. Impor-
tantly, the atomistic approach used in this paper allows us to
assess macroscopic/mesoscopic quantities, such as mechani-
cal deflections, which can also be inferred from continuum
mechanics models. Indeed, according to the Euler-Bernoulli

FIG. 6. (a) Time evolution of the deflection of the bimorph
cantilever (Ntot = 8) during the high-spin (HS)-to-low-spin (LS) re-
laxation process (at 100 K, B = 0.6) for different thicknesses of
the inactive part NI ranging from 1 to 7 layers. (b) Equilibrium
deflection of the bimorph actuator as a function of NI deduced from
the present molecular dynamics (MD) simulations and from the
Euler-Bernoulli’s beam theory (lines are guides to the eye).

beam theory [25,72], the curvature (k) of a bimorph cantilever
can be expressed as

k = 6
(
αi�T + �L

L − αs�T
)
(1 + m)2

h
[
3(1 + m)2 + (1 + mn)

(
m2 + 1

mn

)] , (6)

m = hs

hi
, (7)

n = Es

Ei
, (8)

h = hs + hi, (9)

where the subscripts s and i stand for the switchable and
inactive parts of the bimorph system, respectively. Here, �T
is the working temperature range, �L is the change of length
induced by SCO, α is the coefficient of thermal expansion, E
is the Young’s modulus, and h is the thickness. The deflection
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δ can be estimated through the following relationship:

δ = kL2

2
, (10)

where L is the length of the cantilever. Here, Ei = 10.4 GPa
and Es = 13.5 GPa are taken from Ref. [73]. It should be
noted that the first-order HS → LS spin transition causes
a spontaneous strain, which is usually orders of magnitude
larger than the strain induced by the thermal expansion. Thus,
the coefficients of thermal expansion in Eq. (5) are ignored in
the present calculation (αi = ai = 0). By comparison with the
result of our MD simulations, the deflections of the various
studied systems extracted from the Euler-Bernoulli theory are
also displayed in Fig. 6(b). Like our MD simulations, the de-
flection of the bimorph cantilever follows a bell-shaped curve
as a function of NI , reaching a maximum for NI = 4. Overall,
the deflection values obtained from the two approaches are
in good agreement within the range NI = 3−5. As shown in
Fig. 6(b), for lower and higher values of NI , the results from
these two methods show larger deviations. Such a difference
can probably arise from the fact that the effective thermome-
chanical properties are modified when these materials become
extremely thin. Our MD simulations show that only a reduced
fraction of SCO complexes can effectively switch into the LS
state [particularly in the case NI = 7, as shown in Fig. 5(b)],
which can explain why the deflection is smaller than the one
extracted from the Euler-Bernoulli theory.

We have also investigated the effect of the total thickness
(Ntot) of the cantilever on the deflection. To this aim, a ratio of
NI /NS = 1 is selected (i.e., equal thicknesses are considered
for the active and inactive parts), which corresponds to the
case where the bimorph system exhibits the largest deflection
at the thermal and mechanical equilibrium. Bimorph can-
tilevers with sizes Ntot = 6, 8, 10, and 12 (i.e., NI = NS = 3,
4, 5, and 6) were analyzed and the time evolution of the deflec-
tion of these bimorphs was followed. As shown in Fig. 7(a),
we observe that both the amplitude and the period of the
oscillations are reduced when increasing the total thickness
of the cantilever, primarily due to the increased bending stiff-
ness of the whole structure, n.b. the increase of mass acts
in the opposite way. In concomitance, we also observe that
the equilibrium deflection is significantly reduced with the
increase of the total thickness. Indeed, as depicted in Fig. 7(b),
the deflection at the equilibrium state drops from 134 to 72
Å upon increasing the total thickness of the cantilever from
6 to 12 [Fe(pyrazine)][Ni(CN)4] layers. It is worth saying
that, in this case (NI /NS = 1), the main parameter impacting
the equilibrium deflection of thin actuators is the length to
thickness ratio. Additionally, as shown in Fig. 7(b), the equi-
librium deflections extracted from the present MD simulations
are found to be in good agreement with the values calculated
using the Euler-Bernoulli theory, which further validates our
approach.

D. Effect of the cooperativity

The influence of the cooperativity of the SCO mate-
rial on the HS-to-LS relaxation process and the actuating
performance of the cantilever are investigated by varying the
value of the parameter B, which drives the strength of the

FIG. 7. (a) Time dependence of the deflection of the bimorph
cantilever for different thicknesses during the high-spin (HS)-to-low-
spin (LS) relaxation process (T = 100 K, B = 0.6). (b) Equilibrium
deflection of the bimorph cantilever for different thicknesses inferred
from the present molecular dynamics (MD) simulations and from the
Euler-Bernoulli’s beam theory (lines are guides to the eye).

elastic interactions. To this aim, three additional values of B
(B = 0, 0.26, and 1.36) were investigated, which correspond,
respectively, to the case of a gradual spin conversion (with
no hysteresis loop), a transition with a narrow (∼5-K-wide)
hysteresis loop, and a transition with a large (∼130-K-wide)
thermal hysteresis loop, as depicted in Fig. 2.

Figures 8(a) and 8(b) show the time evolution of the
HS fraction in the all-active system (NI = 0) for different
values of B. As B decreases, the shape of the relaxation
curves switches from sigmoidal to exponential (or stretched
exponential), which indicates a change from a strongly co-
operative behavior to a weakly cooperative behavior [74–77].
This lengthening of the lifetime of the metastable HS state in
the highly cooperative case occurs because the strong elas-
tic interactions produce a high energy barrier that needs to
be overcome to relax into the LS state. Interestingly, clear
damped oscillations are observed in the time evolution of
both the HS fraction and of the length of the cantilever, as
shown in Fig. 8(c). The damped oscillation periods of the
spin state are close to those of the length of the cantilever
for each value of B. Moreover, the amplitude and the period
of these oscillations appear to be strongly dependent on the
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FIG. 8. (a) Time evolution of the high-spin (HS) fraction during
the HS-to-low-spin (LS) relaxation process at T = 100 K in the all-
active system (NI = 0) for various values of B. (b) Zoom showing
the time evolution of the HS fraction at short timescales for B =
0, 0.26, and 0.6. Inset: Snapshots of the spatial distribution of the
spin-state configuration at different times (marked by black dots) in
the case B = 0. The red and blue balls represent HS and LS sites,
respectively. (c) Time evolution of the length of the all-active system
(NI = 0) during the HS-to-LS relaxation process at T = 100 K for
various values of B.

cooperative character of the SCO material. Indeed, for low
cooperativity (B = 0), it appears that the spin-state relaxation
time is much faster than the period of stretching oscillations
of the cantilever (Tstretching ≈ 36 ps), which generates an initial

overshoot in the longitudinal deformation of the cantilever.
The latter thus releases the excess mechanical energy by oscil-
lating at the natural stretching frequency of the structure. This
oscillation frequency is found to depend on the strength of the
elastic interactions B. Indeed, we observe that the oscillation
frequency becomes larger when increasing B, which parallels
the increasing stiffness of the SCO material. The damped
oscillations observed in the temporal evolution of the HS frac-
tion show that the molecular spin state is linked to the global
deformation (strain) of the structure, i.e., the oscillation of the
beam provokes an oscillation of the HS fraction. However,
the amplitude of the oscillations (in terms of both HS fraction
and length of the cantilever) are found to be reduced with
B because the switching kinetics between the LS and HS
states becomes slow in comparison with the natural stretching
frequency of the cantilever. As an example, for B = 1.36, the
full relaxation into the LS state is completed in ∼1 ns, which
is significantly longer than the period of stretching oscillations
Tstretching of the structure, so that no oscillations are observed
at all in this case.

Following this study of the all-active, unimorph cantilever,
we have also investigated the effect of cooperativity on the
time evolution of the HS fraction and the deflection of the
bimorph cantilever. To this aim, we have studied the case
NI = NS = 4, which enables the largest deflection to occur,
as discussed previously. The time evolution of the deflection
δ of the cantilever during the HS-to-LS relaxation process
is plotted in Fig. 9(a) for different values of B. The first
observation is that an identical deflection (δ ≈ 100 Å) is
obtained at the equilibrium state, independently of the value
of B. Indeed, since the value of B is tuned for both the inactive
and the switchable layers of the cantilever, the ratio of the
Young’s moduli of the two parts (Es/Ei) remains constant,
which implies no change of the equilibrium deflection [see
Eq. (5)]. However, large damped oscillations of the deflection
are observed before reaching the stationary state. These oscil-
lations to reach the mechanical equilibrium state take place at
the natural bending frequency of the cantilever. Interestingly,
as the cooperativity (B) is reduced, both the amplitude and the
period of the oscillations are increased [see Fig. 9(b)]. This
comes from the fact that the reduction of B implies a softening
of the lattice, which becomes more deformable, thus allowing
larger deflections to occur. In addition, as both the oscillation
frequency and the damping rate are proportional to

√
E , we

observe that the reduction of B also leads to an increase of
the bending oscillation period of the bimorph system, going
from ∼300 ps (∼3.33 GHz) to ∼400 ps (∼2.50 GHz) and
a concomitant decrease of the damping rate when the value
of B is decreased from 0.6 to 0 [Fig. 9(b)]. By comparison,
the time evolution of the HS fraction for the different val-
ues of B is shown in Fig. 10(a). As already mentioned, the
switching kinetics between the LS and HS states is consid-
erably slowed down for large values of B. In the case B =
0, the HS fraction is found to oscillate with two characteristic
periods, Tstretching = 36 ps and Tbending = 400 ps, which respec-
tively correspond to the natural stretching period (as it was
shown through the study of the all-active system) and the
natural bending period of the cantilever. Thus, we find that
the time evolution of the HS fraction faithfully follows the
deformations of the studied bimorph system, clearly showing
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FIG. 9. (a) Time evolution of the deflection of the bimorph
cantilever (in the case NI = NS = 4) during the high-spin (HS)-to-
low-spin (LS) relaxation process at T = 100 K for various values
of B. (b) Evolution of the period and damping rate of the deflection
oscillations as a function of B.

the interplay between the molecular electronic state and the
local stress/strain within the structure. When B is increased,
the amplitude of the oscillations of the HS fraction is largely
reduced (for B = 0.26 and 0.6, only the bending oscillations
of the cantilever have a visible effect on the HS fraction).
Again, this effect arises from the fact that an increase of
cooperativity has the effect of progressively slowing down
the HS ↔ LS switching kinetics, so that the HS fraction will
be first decoupled from the fast-stretching oscillations and, in
a second time, from the slower bending oscillations of the
cantilever. (Note that a slow relaxation kinetics also has the
effect of preventing an overshoot effect in the bending or in
the longitudinal shrinkage of the cantilever, which could lead
to large oscillations.) Finally, as shown in Figs. 9(a) and 10(a),
in the case of a highly cooperative SCO material (B = 1.36),
the full LS state and the equilibrium deflection are reached
within ∼1.4 ns with no oscillations.

IV. CONCLUSIONS

In conclusion, we have performed a theoretical study
to investigate the spin-state relaxation process and the re-

FIG. 10. (a) Time evolution of the high-spin (HS) fraction in
the bimorph cantilever (in the case NI = NS = 4) during the HS-to-
low-spin (LS) relaxation process at T = 100 K for various values
of B. Inset: Snapshots of the spatial distribution of the spin-state
configuration at different times (marked by black dots) in the case B
= 0. The red and blue balls represent HS and LS sites, respectively.
(b) Zoom showing the time evolution of the HS fraction at short
timescales for B = 0, 0.26, and 0.6.

sulting deformation of a bimorph cantilever beam of the
[Fe(pyrazine)][Ni(CN)4] SCO material, through all-atom MD
simulation based on our recently constructed FF. Spatiotem-
poral aspects of the spin transition were investigated by
visualizing the real-time spin-state configuration and the lo-
cal strain on each SCO site during the HS-to-LS relaxation
process. Interestingly, the phase separation process and its
dynamics appear to be significantly influenced by the presence
of the inactive layers of the actuator, which exert tensile stress
on the active layers, while the concomitant bending of the can-
tilever induces the formation of additional LS domains during
the nucleation and growth process. Importantly, the deflection
obtained from our simulations at equilibrium is found to be
in good agreement with that from the Euler-Bernoulli con-
tinuum mechanics model, particularly for sufficiently thick
systems. Interestingly, in some cases, clear stretching and
bending damped oscillations of the cantilever (at the natural
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frequencies of the structure) are observed during the switching
process before reaching a mechanical equilibrium state. The
amplitude and frequency of these oscillations are found to
depend on the total thickness of the cantilever and on the co-
operativity (stiffness) of the SCO material. Oscillations with
particularly large amplitudes are observed in the case of fast
spin-state switching (observed for weakly cooperative materi-
als) presumably due to an initial overshoot in the deformation
of the structure. Remarkably, damped oscillations were also
observed in the time evolution of the HS fraction during the
relaxation process, showing the intimate interplay between the

deformation state of the cantilever and the spin state of the
molecules.
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