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Abstract
Spin-crossover (SCO) solids have been studied for several years due to their fascinating
physical properties and their potential applications as optical switches and reversible
high-density memories for information storage. Through this article, we will examine in
details the effects of substrate’s lattice parameters, on a deformable spin crossover membrane,
simulated using an electro-elastic model taking into account the volume change at the
transition. The molecules of the membrane can be either in the low spin state (LS) or the high
spin state (HS), while those of the substrate are electronically neutral. Magnetic properties of
the SCO membrane and the pressure distribution as a function of the lattice parameter of the
substrate have been investigated. We demonstrated that the thermally induced first-order spin
transition is significantly affected by the structural properties of the substrate, where a rise in
the lattice parameter of the latter lowers the transition temperature and reduces the width of the
thermal hysteresis loop. The investigations on the spatiotemporal aspects of the spin transition
in the membrane demonstrates that the nucleation and growth processes are sensitive to the
structural properties of the elastic misfit between the substrate and the SCO membrane.
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1. Introduction

SCO compounds [1] are molecular solids able to switch
between two spin states, namely, the low spin state (LS) and
the high spin state (HS), having different magnetic, mechani-
cal, optical and vibrational properties. The switching between
the LS and HS states can be realized by applying external stim-
uli such as pressure [2, 3], temperature [4], magnetic field [5]
and electric field [6], etc.

4 Author to whom any correspondence should be addressed.

The spin-crossover SCO compounds, in particular those
with octahedral symmetry where the metal ion is coordinated
to nitrogen atoms, are among the most studied molecular
switchable materials. The case of Fe(II)-based SCO materi-
als, with 3d6 configuration, is the most common in litera-
ture, with a total spin equal to S = 2 and S = 0, in HS and
LS states, respectively. In these ferrous SCO compounds, the
five d-orbitals of iron(II) are then split into three t2g and
two eg orbitals. According to the strength of the ligand field,
Δ = E

(
t2g

)
− E(eg), the metal ion can be in the LS (resp. HS)
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state whenΔ is much stronger (weaker) than the electrons pair-
ing energy. The resulting spin state then emerges from the bal-
ance between the energy of the orbital, needed to occupy all of
the 3d levels in order to maximize the spin state and the average
energy of the Coulomb repulsion of the d-electrons. In the solid
state, the thermal properties of SCO materials gives rise to a
rich variety of behaviors, ranging from (i) a simple continuous
gradual spin-transition corresponding to a Boltzmann popula-
tion of two degenerate states to (ii) sharp first-order transitions,
including (iii) incomplete transitions, with the presence of a
nonzero residual HS fraction at low-temperature and (iv) two-
step or multi-step spin transitions, characterized by the pres-
ence of a macroscopic intermediate state in the course of the
transition between the LS and the HS states [7, 8].

From the chemistry point of view, all these behaviors are
obtained by changing the nature, the size or the mode of the
ligand or the anions (BF4, PF6, . . . ) which affects the crys-
tal packing, resulting in important changes at the macroscopic
scale. The spin transition of the metal ion, which redistributes
the electrons occupancy between t2g and eg orbitals is accom-
panied by a huge relative change of the molecular volume by
about 30%, while the volume change of the unit cell is only
3%–5% [9, 10]. This difference is due to the existence of a
structural reorganization at the molecular level, among which
the reorientation and/or the distortion of the ligands. This local
volume change deploys far from the sources as a shock wave
which reflects at the surface of the material causing an image
pressure [11–14], which results in long-range stresses acting
on the other molecules of the lattice. The strength of this mech-
anism of interaction between the SCO molecules is enhanced
by the constructive interferences taking place between the
strain fields caused by the local volume changes of several
molecules located at different positions in the material; thus
inducing collective phenomena which are at the origin of the
cooperativity of SCO solids.

Due to the various changes of the physical properties
accompanying the spin transition, the SCO systems were char-
acterized experimentally by several techniques, among which,
magnetic [15–17], optical [18] and structural [19] techniques
are the most used ones. Thus, for example, squid (super-
conducting quantum interference device) measurements,
Mössbauer spectroscopy, optical microscopy (OM), x-ray
diffraction, calorimetry [20–39], have been intensively used to
understand the thermo- and photo-induced properties of SCO
materials. This abundance in the change of physical properties
on the same compound concomitant with the spin transition
makes these systems very promising for technological applica-
tions, as electronic and memory devices [40–43], sensors of (i)
temperature when they are photo- or electro-luminescent [44],
(ii) pressure [2, 45], (iii) gases [46], as well as (iv) switches
of light emission in electroluminescent or plasmonic devices
[47, 48], in addition to their very recent applications in spin-
tronics [49–51].

From the fundamental point of view, it is well admitted that
the intermolecular interactions play a crucial role in the emerg-
ing thermodynamic properties of SCO at the macroscopic
scale. According to their strengths, they may lead to different
behaviors, going from gradual spin transition [52] to first-order

phase transition [53] with thermal hysteresis in strongly coop-
erative samples. However, several unconventional behaviors of
SCO materials could be found in literature. One can mention,
for example, the case of two- or multi-steps transitions which
have been reported in several systems, and usually attributed
to the existence of competing interactions. Typical examples
are found in binuclear systems [54, 55], or in mononuclear
systems exhibiting a structural order–disorder phase transition
coupled to the spin transition [54, 56–59].

From the theoretical point of view, different models were
introduced to reproduce the thermodynamic properties of SCO
solids, such as the Ising-like model [56, 60, 61], atom phonon
model [62, 63] and recently elastic models [64–85], which are
the most realistic ones.

The case of the relationship between the SCO membrane or
thin film attached to a substrate is challenging to clarify from
the theoretical point of view. Indeed, the switchable and dis-
tortable membrane deposited on a substrate displays a variety
of complex phenomena due to the change of its elastic proper-
ties along its spin transition (lattice contraction or expansion)
which produces a strain in the substrate, which in turn induces
a stress on the SCO thin film, whose features depend on the dif-
ference of elastic moduli and lattice parameter misfit between
the two sub-lattices.

In this paper, we consider from a theoretical point of view
an SCO membrane deposited on a substrate modeled through
a microscopic electro-elastic model [69–72]. The later has
shown its performance in the analysis of the thermal spin tran-
sition of SCO systems in succeeding to correctly describe the
spatiotemporal aspects of SCO single crystals [70, 71] and
nanoparticles [86–90] along their thermally- and light-induced
spin transitions. The additional insight gained through this
study will be a fundamental step toward the explanation of
the structural and mechanical relationship between the mem-
brane and the substrate. This study is based on Monte Carlo
(MC) simulations of a 2D lattice, conducted on spin and posi-
tions degrees of freedom. The lattice parameters of SCO mem-
brane and the substrate were chosen so as to have a structurally
hybrid system with two different lattice parameters.

The manuscript is organized as follows: in section 2, we
present the electro-elastic model, and describe the simula-
tion procedure. Section 3 is devoted to study the mechanical
relaxation of the total lattice as well as the analysis of the
thermo-induced spin transition of the SCO membrane and the
spatiotemporal aspects are discussed. In section 4, we con-
clude the paper and outline the possible developments of the
present work.

2. Hamiltonian

We investigated a distortable 2D rectangular lattice with a fixed
topology and open boundary conditions. The system is com-
posed of a 10 layers thickness SCO membrane attached to a
substrate having 20 layers thickness. The membrane and the
substrate have the same length, composed of 40 atomic sites
(see the schematic view figure 1a). According to figure 1a,
the present model considers the study of the vertical cross-
section of the true corresponding 3D membrane–substrate
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Figure 1. (a) Schematic view of the SCO membrane deposited on a substrate. Green dots and red squares are respectively the substrate and
the membrane atoms. Nm and Ns are the membrane and substrate thicknesses, respectively, and Nxis the system’s length. (b) Configuration
of the elastic interactions in this 2D square model.

system, whose investigations using elastic modeling is cur-
rently out of reach.

Each node of SCO membrane can have two electronic
states, namely HS and LS, represented by an associated
fictitious spin Si, whose values are Si = −1 and Si = +1 for
LS and HS states, respectively.

The substrate does not have any electronic contribution,
while the sites of the whole lattice (membrane + substrate)
are allowed to move only inside the plane. The electro-elastic
Hamiltonian writes as follows:

H = Hs + Hm + Hms (1)

where Hs, Hm and Hm–s stand for the Hamiltonian contri-
butions of the substrate, the membrane and the mem-
brane–substrate interface, respectively. The expressions of the
different Hamiltonians are given as follows:

Hm =
∑

i∈mem

(Δ− kBT ln g) Si

2
+

nn∑
i, j∈mem

Ai j

[
ri j − R0

(
Si, S j

)]2

+

nnn∑
i,k∈mem

Bik

[
rik − R′

0 (Si, Sk)
]2

, (2)

Hs =
nn∑

i, j∈sub

Asub
[
ri j − Rsub

]2
+

nnn∑
i,k∈sub

Bsub
[
rik − R′

sub

]2
, (3)

Hm−s =
∑

i∈mem

(Δ− kBT ln g) Si

2

+

nn∑
i, j∈mem,sub

Ai j

[
ri j − Rmem−sub

(
Si, S j

)]2

+
nnn∑

i,k∈mem,sub

Bik

[
rik − R′

mem−sub (Si, Sk)
]2

, (4)

The Hamiltonian of the SCO membrane, given by
equation (2), contains the entropic effects (kBT ln g) arising
from the degeneracy ratio, g, between the HS and LS states

and the energetic contribution of the ligand fields in the HS
and LS states, such as Δ = EHS − ELS corresponding to the
energy difference between the HS and LS states at 0 K.

The second and third terms in equation (2) are the
elastic contributions of the lattice, where the quantity
R0

(
Si, S j

)
and R′

0 (Si, Sk) are the nearest-neighbors (nn)
and next-nearest neighbors (nnn) equilibrium distances,
which depend on the spin states of the connected bonds.
The equilibrium bond lengths in the SCO membrane are
defined as follow: R0 (−1,−1) = RLL

0 , R0 (+1,+1) = RHH
0

and R0 (+1,−1) = R0 (−1,+1) = R0
HL for the LS–LS,

HS–HS and HS–LS sites configurations, respectively. For
simplicity, we consider, RHL

0 = 1
2 (RHH

0 + RLL
0 ). The general

expression of the nn distance writes:

R0
(
Si, S j

)
= RHL

0 +
δR
4

(
Si + S j

)
, (5)

where δR = RHH
0 − RLL

0 is the lattice misfit between the LS and
HS phases. In equations (2)–(4), rij and rik are respectively
the instantaneous distances between two nn and nnn sites.
Aij (resp.Asub) and Bik (resp.Bsub) are respectively the corre-
sponding local bond stiffness between nn and nnn sites in the
membrane (resp. the substrate). The elastic constant in the
membrane writes as:

Ai j

(
ri j

)
= A0 + A1

(
ri j − RHH

0

)2
and

Bik (rik) = B0 + B1

(
rik −

√
2RHH

0

)2 (6)

A0 (resp. B0) and A1 (resp. B1) are the harmonic and the anhar-
monic contributions to the elastic interaction energy between
nn (resp. nnn) neighbors. We should mention that the anhar-
monicity is introduced here in order to fulfill the experimen-
tal observations indicating that the HS state has a lower bulk
modulus than the LS state [91, 92].

In contrast, we have considered purely harmonic elastic
interactions for the substrate lattice (equation (3)), with elas-
tic constants, Asub and Bsub and equilibrium lattice parameter,
Rsub. Along the simulations developed here, different values of
Rsub will be considered.

3



J. Phys.: Condens. Matter 32 (2020) 255402 K Affes et al

Table 1. Model parameter values used in MC the simulations.

Model parameters Values

Degeneracy ratio g 150 [56, 60, 94]
Ligand field energy Δ(K) 600
Transition temperature Teq = Δ

kB ln g (K) 120
Enthalpy change ΔH (k J mol−1) 5
Entropy change ΔS

(
J K−1 mol−1 ) 41.63

nn distance of HS state R0 (+1,+1) (nm) 1.2
nn distance of LS state R0 (−1,−1) (nm) 1
nn distance of HL state R0 (+1,−1) (nm) 1.1
LS nnn distance

√
2R0 (−1,−1) (nm) 1.4

HS nnn distance
√

2R0 (+1,+1) (nm) 1.7
nn elastic constants A0

(
K nm−2

)
3 × 104

nnn elastic constants B0 (K nm−2) 0, 3A0

Anharmonic nn elastic constant A1 (K nm−2) 10A0

Anharmonic nnn elastic constant B1 (K nm−2) 10B0

The Hamiltonian (4) describes the energetic contribution of
the atoms located at the interface membrane–substrate, where
the elastic interactions for the nn and nnn are, Aij and Bik,
respectively.

The equilibrium bond lengths, Rmem–sub, at the inter-
face membrane–substrate depend on the membrane spin

state, Si, as follows, Rmem−sub =
Rsub+R0(Si, S j)

2 , which leads to

Rmem−sub =
Rsub+RHH

0
2 (resp. Rmem−sub =

Rsub+RLL
0

2 ) for a sub-
strate site connected to an HS (resp. LS) membrane site.

The model’s parameter values used along the paper are
summarized in table 1. We should mention that the values of
the ligand field energy, Δ, and the effective degeneracy, g, are
derived from experimental data of calorimetry, in which typ-
ical enthalpy variation ΔH at the spin transition are ranged
between 5 and 20 kJ mol−1 with entropyΔS in the range 35–80
J K−1 mol−1 [93]. These two quantities connect to Δ and g
through the relations, ΔH = ΔNA and ΔS = R ln g, where NA

is the Avogadro number and R is the perfect gas constant.
It is worth mentioning that the Fe–ligand distance changes

from 2.2 Å in HS to 2 Å in LS in the spin transition of
Fe(II)-based SCO compounds. However, the lattice param-
eter is around 1 nm in SCO solids and its relative change
upon spin transition from LS to HS is of approximately 5%
or even more, depending on the structure, and the nature of
the molecular stacking (pi–pi interactions, H–H bonding etc).
However, the relevant quantity in the present model is the
misfit elastic energy, evaluated as ∼ 1

2 (A + 2B)(RHH
0 − RLL

0 )2.
So, the elastic constants (A and B) and the lattice parame-
ter misfit, δR = RHH

0 − RLL
0 play on the same way. So, the

choice of a large lattice spacing mismatch allows a better
visibility of the elastic effects by enhancing the lattice dis-
tortions. According to the chosen values of elastic constants,
A ∼ 30.000 K nm−2, a bulk modulus value, E � 3 GPa is esti-
mated in fair agreement with available experimental data. At
last, decreasing the lattice spacing misfit at the transition and
enhancing the elastic constants, will lead qualitatively to the
same results.

It can be mentioned that the present Hamiltonian gener-
ates long- and short-range interactions [70, 89, 95] between

the spin states. The long-range interactions are due to the
macroscopic volume change at the transition and the short-
range interactions originate from fictious spin-spin ‘exchange’
interactions via lattice distortions. The technical aspects
of the simulations, already presented in previous papers
[96], are summarized in section I of the supplemental
material.

3. Results and discussion

In the present study, we considered two different equilibrium
lattice parameters for the SCO membrane and the substrate,
namely Rmem and Rsub, respectively. The simulation strategy is
as follow: initially at 0 K, we build the system (membrane +
substrate) with the same lattice parameter that of the substrate,
i.e. Rmem = Rsub. Then, we relax mechanically the whole sys-
tem in order to satisfy the structural equilibrium of each com-
ponent, since the equilibrium lattice parameters Rmem and Rsub

are different. Finally, we investigate the thermo-induced spin
transition.

It is worth to mention that, the present 2D lattice is an over
simplified description that has the merit of being numerically
tractable although it masks several 3D effects. From the point
of view of simulations, the study of elastic 3D systems was
conducted in a prior work in order to study the crumpling
effects created by the volume change during the spin transi-
tion [97] and more recently intensive simulations on cubic and
spherical shaped lattices have been conducted by Enachescu
et al [98].

3.1. 0 K mechanical relaxation of the membrane–substrate
lattice

Initially, we fixed the equilibrium lattice parameter of the
SCO membrane as 1, 0 nm (= RLL

0 ) and we varied that of the
substrate in the range 0.9–1.3 nm. Then, we mechanically
relax the whole system (membrane+ substrate) using 100 000
MCS. The relaxation process is monitored by the ‘stationary’
character of the total elastic energy. Figures S1(a) and 2(a)
show the time dependence of the average membrane,〈rmem〉,
and substrate,

〈
rsub

〉
, bond lengths as functions of, Rsub. The

substrate’s lattice parameter significantly influences the post-
relaxation lattice parameters of the membrane,

〈
rmem
∞

〉
, and the

substrate,
〈
rsub
∞

〉
, where 〈r∞〉 denotes the lattice parameter at

the mechanical equilibrium (i.e. at infinite time).
At the beginning of the relaxation process,

〈
rsub

〉
(figure 2(a)) reveals an abrupt and non monotonous behavior.
This fact is attributed to the fast mechanical relaxation of the
membrane. More the misfit between the lattice parameters
of the membrane and the substrate is important, more the
retroaction of the substrate is significant, as we can easily
notice at the beginning of the relaxation process of the
substrate on figure 2(a).

We have investigated as well the spatial dependence of the
local pressure, Pi, given by

Pi = −
∑

j

Ai j

(
ri j

) (
ri j − Req

)
−

∑
k

Bik (rik)
(

rik −
√

2Req

)

(7)
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Figure 2. (a) 0 K time dependences of the average lattice parameters of the membrane 〈rmem〉 during the mechanical relaxation for different
substrate equilibrium lattice parameters, Rsub, ranging in the interval 0.9–1.3nm. (b) Distribution of the local pressure at 0 K for
Rsub = 0.9nm. (c) 〈r〉 − Req at mechanical equilibrium of the membrane and the substrate as a function of substrate’s lattice parameter.
Inset: comparison between the analytical and numerical results for the average lattice parameter of the whole system. (d) Spatial map of the
displacement fields corresponding to the mechanical equilibrium for the initial value Rsub = 1nm. The reference of displacement field is the
initial state where Rmem = Rsub = RLL

0 = 1 nm. The dashed line corresponds to i = Nx
2 . The horizontal size is Nx = 40.

where the indexes j and k run over the nn and nnn of the site i,
respectively.

The distribution of the local pressure over the relaxed mem-
brane, at 0 K, are reported in the figures 2(b) and S1(b) for
Rsub = 0.9 nm and 1.3 nm, respectively. For lower substrate’s
lattice parameter, the SCO membrane undergoes a posi-
tive pressure that prevents the volume expansion and thus
the LS → HS transition. However, the situation is reversed
with higher Rsub. The pressure is mainly localized on the
interface region which appears more pinched, leading to
the rise of pressure. Such a constrained situation promotes
the LS state, where the hysteresis loop was narrowed for
substrate’s lattice parameter smaller than that of the SCO
membrane.

Figure 2(c) reports the difference between the average
relaxed bond lengths 〈r〉 and the equilibrium one, Req, for the
membrane and the substrate as a function of the substrate’s
lattice parameter. Indeed, the substrate remains unaffected by
this change due to its large size (Ns = 20). The membrane’s
relaxed lattice parameter follows a linear trend and increases
with Rsub. The rate of this expansion clearly depends on the
coupling at the interface between the two subsystems and on
their relative rigidities.

Now, we focus on the stress generated by the mechanical
relaxation, which has been shown to be important in the exper-

iments [90]. The elastic stress was evaluated at 0 K. We esti-
mated the displacement field �u(i, j) associated with the lattice
site (i, j) defined as: �u (i, j) = �r (i, j) −�r0 (i, j) , where �r0 (i, j)
is the initial atomic position of the sites (i, j) and �r (i, j) is the
position at mechanical equilibrium. In the present data analy-
sis, we used the positions of the perfect LS lattice as a reference
state:�r0 (i, j) =

(
i × RLL

0 , j × RLL
0 ).

In figures S2(c) and 2(d), the spatial map of the displace-
ment field �u (i, j) of the system at 0 K shows a global con-
traction of the membrane for Rsub = 1.1 nm. In particular, the
nodes situated at the interface membrane/substrate, are char-
acterized by a large displacement, while the sites at the edges
and corners of the membrane are quasi-static. Indeed, in the
first case, the membrane shrinks until it reaches the mechanical
equilibrium, Rmem = RLL

0 = 1 nm. However, in the other case
(Rsub �= 1 nm), an important expansion appears especially in
the substrate until it reaches the final equilibrium state (Rsub =

1.1 nm). The analysis of the symmetry of the displacement
field of figures 2(d) and S2(c) shows that the Curie principle of
symmetry is fulfilled. The unique initial symmetry element
(the vertical dashed line at i = Nx

2 ) is preserved after the
substrate-membranedeformation. Indeed, the line i = Nx

2 is the
plane of symmetry of the displacement field. Along the latter
line all vectors are equal to zero.

5
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Table 2. Number of nn and nnn bonds in the membrane, substrate, and
interface.

Number of bonds Membrane Substrate Interface

nn bonds (Nm − 2) (2Nx − 1) Ns(2Nx − 1) (Nx − 1)
nnn bonds 2(Nx − 1)(Nm − 2) 2(Nx − 1)(Ns − 2) 2(Nx − 1)

Table 3. Low-spin instantaneous and equilibrium nn and nnn distances in
the membrane, substrate, and interface, considered in the analytical elastic
energy of equation (8).

nn nnn nn equilibrium nnn equilibrium
Bond lengths distance distance distance distance

LS membrane x x ·
√

2 RLL
0 RLL

0

√
2

Substrate x x ·
√

2 Rsub Rsub

√
2

Interface x x ·
√

2
(RLL

0 +Rsub)
2

RLL
0 +Rsub

2

√
2

3.2. Analytical expressions of the relaxed lattice parameters

To check the general consistency of the present MC results,
the elastic properties of the system were inspected analyti-
cally. It is worth mentioning that the interplay between the
elastic properties of the membrane and the substrate is a com-
plex problem, whose an exact analytical treatment is out of
reach.

Here, we develop an approximate method to evaluate the
analytical expressions of the relaxed lattice parameters. The
basic idea is to treat the lattice uniformly, by setting all instan-
taneous nn distances equal to x. First, we summarize in table 2
the expressions of the number of nn and nnn bonds inside the
membrane, the interface and the substrate, as a function of Nm,
Ns and Nx. On the other hand, the total number of sites in the
system is, Nx · (Nm + Ns), while inside the membrane and the
substrate they are respectively, equal to Nx · Nm and Nx · Ns.

For an LS membrane, the equilibrium distance between nn
membrane (resp. nnn) sites is equal to RLL

0 (resp. RLL
0

√
2),

while that of the substrate is Rsub (resp · Rsub

√
2) and that of

a site located at the interface is
Rsub+RLL

0
2 (resp.

Rsub+RLL
0

2 .
√

2
)

.

The instantaneous nn (resp. nnn) distances assumed here as
uniform over the lattice are denoted x (resp. x

√
2). All these

information, about the instantaneous and equilibrium bond
lengths distances, are summarized in table 3.

Following earlier analytical methods developed in [89, 99]
and using the data of tables 2 and 3, we can calculate the total
elastic energy, as:

Eelas (x) = a · (x − RLS)2 + b · (x − Rint)
2 + c · (x − Rsub)2

(8)
where the expressions of a, b, c denote the effective elastic con-
stant. The latter parameters are connected to the elastic con-
stants A and B as expressed in equations S1–S3 of the SI. We
should state that the anharmonic effects was neglected in this
analytical study.

Minimizing Eelas with respect to x gives access, analytically,
to the relaxed lattice parameter xrelax:

xrelax = αLSRLS + βLSRsub + γLSRint (9)

with, αLS =
a

a + b + c
, βLS =

c
a + b + c

and

γLS =
b

a + b + c

The dependence of the average lattice parameter with that
of the substrate is presented in insert of figure 2(c) for the
MC and analytical calculations. An excellent agreement was
found confirming, thus, the relevance of the present analytical
methods.

3.3. Thermo-induced spin transition

Now we analyze the effect of the equilibrium lattice param-
eter of the substrate on the thermo-induced spin transition of
the relaxed membrane. The temperature is varied from 0 to
300 K on heating and cooling with a thermal step of 1 K. The
thermo-induced spin transitions for the different substrate’s
lattice parameters, Rsub, are illustrated in figures 3(a) and (b) in
terms of nHS and membrane’s lattice parameter, respectively.

Figure 3(c) indicates the presence of a non-monotonous
evolution of the thermal hysteresis width, ΔT, as a function
of Rsub. The maximum value of ΔT (≈ 75 K) was obtained
for a substrate bond length Rsub = 1.1nm. In fact, the latter

value of Rsub is equal to RHL
0 =

RLL
0 +RHH

0
2 , which corresponds

to the best elastic coupling between the HS and LS sublattices.

A substrate whose Rsub � RHH
0 +RLL

0
2 = 1.1 nm generates a com-

pressive strain that promotes the LS state, and thus shifts the
equilibrium temperature, Teq = THS→LS+TLS→HS

2 , toward higher
values ∼170 K. (Here, THS→LS and TLS→HS are the transition
temperatures from HS to LS and LS to HS, respectively.)
Whereas, the substrate, whose Rsub � 1.2nm, applies an
important tensile strain on the SCO membrane that con-
siderably decreases the transition temperature (∼ 90 K), and
enhances the 1st order character of the transition. We should

6



J. Phys.: Condens. Matter 32 (2020) 255402 K Affes et al

Figure 3. Thermal dependence of the HS fraction, nHS (a) and average membrane bond lengths, 〈rmem〉, (b) for different substrate’s lattice
parameters. (c) The evolution of the equilibrium temperature Teq (black squares) and the hysteresis width ΔT (blue squares) as a function of
the substrate’s lattice parameter.

mention that the presence of the substrate leads to an increase
of the hysteresis width ΔT (> 40K) as it was equal to ∼ 14K
for an isolated membrane.

Figure 3(a) shows that for Rsub = 0.9 (resp. Rsub = 1.3) the
thermal hysteresis has a two-step transition, with a pinched
region around the LS (resp. HS) state and an asymmetric shape.
The two-step feature will explained on the basis of the nucle-
ation and propagation of the spin states in the membrane.
The small lattice parameter of the membrane, for example
Rsub = 0.9nm (see black curves in figure 3(a) and (b)), drives
the change of the HS fraction on cooling progressively well
before the advent of the sharp transition at ∼150 K. On heat-
ing, the transition proceeds in a non-symmetric way following
a two-step behavior. Very similar trends are also obtained for
Rsub = 1.3, where the gradual part appears on heating and the
marked two-step transition happens on cooling (red curves of
figure 3(a) and (b)).

We should stress here on the fact that the total local effective
ligand field acting on an SCO site, in the frame of this electro-
elastic model, contains an elastic field contribution originating
from the surrounding environment (neighboring sites, surface
atoms, interface etc) [24, 70, 72]. Thus, one may easily imag-
ine that the SCO sites close to the substrate interface might
have a different ligand field compared to those located inside
the membrane or in the surface.

Beyond the present structural properties of the substrate,
it was reported in the literature that charge transfers at the
interface [50] as well as adsorption configurations [51] may
also significantly influence the local ligand field and then

affecting the spin transition temperatures and strength of the
interactions.

3.4. Structural properties

To explain the structural synergy between the substrate and the
membrane, we plotted the lattice parameters along the thermo-
induced spin transition in figures 3(b), S2(a) and (b), for dif-
ferent values of Rsub. Interestingly, figure 3(b) reveals the pres-
ence of a tensile strain (resp. compressive) in the LS state for
Rsub > RHL

0 (resp. Rsub < RHL
0

)
which slightly affects nHS at

low temperatures (see figure 3(a)). In addition, figure S2(b)
in SI, clearly shows that the average bond lengths are slightly
disturbed through the thermal loop.

Furthermore, at higher temperatures, corresponding to the
HS state of the SCO membrane, the lattice parameters (mem-
brane and substrate) show a linear relationship as a function of
Rsub, as reported in figure S2(c) of SI. The lattice parameter
of the LS membrane is less sensitive to the structural mis-
fit between the substrate and the membrane than that of HS
state, where in the latter case the slope of 〈rmem〉 vs Rsub was
estimated around 0.4 compared to 0.2 in the LS state. Simi-
larly, we used the data of table 3 and calculated analytically the
total elastic energy in the homogenous case. After mechanical
relaxation, the obtained values of xrelax(Rsub) were in excellent
agreement with MC data (figure S2(d)).

3.5. Spatiotemporal aspects of the HS/LS nucleation

We have as well analyzed the effect of the substrate’s
lattice parameter on the spatio-temporal aspects of the
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Figure 4. Snapshots of the system (membrane + substrate) during the heating and the cooling process for (a) Rsub = 0.9 nm and (b)
Rsub = 1.2 nm. The red (blue) dots denote HS (LS) sites and the green dots correspond to the substrate atoms.

thermo-induced spin transition. The snapshots of the spin state
configuration and the lattice deformation along the thermal
hysteresis loop are summarized in figures 4(a) and (b) for
Rsub = 0.9 and 1.2 nm, respectively. Figure 4(a) reveals that
upon heating process ( nHS = 0.25), the HS phase grows exclu-
sively and quite easily (due to surface effects) from the
free corners. Then, the HS phase spreads over the entire

membrane by an anisotropic way along the edges and
avoiding the interface between the membrane and the sub-
strate. The interface converts only at the end of the process,
due to the lower value of the lattice bond length in this region.
The latter behavior explains the particular shape of the ther-
mal hysteresis of figure 3(a) on heating, which shows a rapid
growth of the HS fraction followed by a slow process due to
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Figure 5. (a) Thermal dependence of nHS as a function of the membrane’s thickness Nm. (b) Variation of Teq (black square) and ΔT (blue
square) as a function of the thickness of the membrane Nm. (c) Thermal dependence of 〈rmem〉 as a function of the thickness Nm. (d)
Variation of Δ 〈rmem〉 =

〈
rHS

mem

〉
−

〈
rLS

mem

〉
as a function of 1

Nm
. The elastic constants of the membrane and the substrate were fixed to

Amem = Asub = 30 000 K nm−2.

the influence of the substrate. Indeed, the compressive stress
exerted by the substrate (whose lattice parameter is smaller
than that of LS state) on the membrane atoms localized in the
vicinity of the membrane/substrate interface delays the ther-
mal switching. In contrast, the spatio-temporal aspects of the
HS → LS transition on cooling, for Rsub = 0.9 nm, are com-
pletely different from those observed on heating. Due to the
reduced lattice value around the interface, the nucleation of the
LS phase starts preferentially around the interface region (see
figure 4(a)), propagates first longitudinally toward the center
and then transversally along the corners.

On the other hand, for Rsub = 1.2 nm, the processes of
nucleation and growth are almost opposite to those of
Rsub = 0.9. Indeed, on heating the nucleation of HS species
starts around LS sites located at the surface, in the vicinity
of the membrane/substrate interface (figure 4(b)), where the
sites in question experience a tensile stress. The HS phase
propagates transversally along the interface line and then lon-
gitudinally along the center, where the corners are the last to
switch. On cooling the LS phase grows from the free corners
and top surface and propagates toward the center of the mem-
brane. The atoms of the membrane in the vicinity of the sub-
strate have longer relaxation times because they are stabilized
by the tensile stress induced by the substrate.

3.6. Effects of the membrane thickness

In figure 5(a), we plotted the thermal variation of the HS frac-
tion for various membrane thicknesses, Nm, at a fixed substrate
thickness, Ns. Initially at 0 K, we construct the system with

uniform bond lengths equal to those of the LS membrane,
i.e. Rsub = Rmem = RLL

0 . As expected, the results show that the
abrupt transition character is enhanced when we increase the
thickness of the membrane, while for thin membranes, gradual
spin transitions are obtained. In addition, thicker membranes
lead to a significant shift of the thermal hysteresis loop and
thus the transition temperature Teq shifts toward low tempera-
tures. The shift is estimated around 50 K between the thickest
(Nm = 10) and the thinnest membrane (Nm = 2). In contrast,
the hysteresis width increases with Nm (figure 5(b)) simply
due to the size increase of the membrane in usual 2D SCO
simulations.

Furthermore, to understand the mechanical effects between
the membrane and the substrate, we followed the thermal vari-
ation of their average nn distances, depicted in figure 5(c). We
easily notice a slight difference in the shape of the hystere-
sis loops of nHS and lattice parameters, especially in the high
temperature region, where the nn distance of the membrane
hardly reaches the equilibrium HS distance for thin mem-
branes. As a result, a linear dependence is obtained between
Δ 〈rmem〉 =

〈
rHS

mem

〉
−

〈
rLS

mem

〉
and the inverse of membrane’s

thickness 1
Nm

(figure 5(d)).

4. Conclusion

In conclusion, we have investigated the thermo-induced spin
transition of an SCO membrane deposited on a substrate
through an electro-elastic model. We have seen that this con-
figuration allows an efficient mechanical coupling between
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the two materials since they influence the thermodynamic
of each other. Due to this mechanical coupling, the thermal
properties of the SCO membrane agree with the structural
and mechanical features of the membrane. Our major find-
ing is in a good agreement with the experimental observations
and the anterior reports [52]. Such analysis clearly shows the
crucial influence of the substrate’s lattice parameter on the
thermal, mechanical and structural properties of the SCO
membrane. These results showed that the increase of Rsub leads
to a shift of the whole hysteresis loop toward lower tempera-
tures with a non-monotonous variation of the hysteresis width.
Particularly, by adjusting Rsub, we were able to control the
cooperativity, the thermal properties, and even its mechanical
properties. For a lattice parameter (Rsub = 0.9 nm), the spatial
distribution of the HS fraction takes place through the corner
of membrane, whereas for (Rsub = 1.2 nm), the HS fraction
takes place through the interface membrane substrate as they
have the same lattice parameter (RHS

0 = Rsub

)
. We explained

the latter effect through the appearance of a negative pressure
on the interface between the membrane and the substrate. In
fact, for a (Rsub < 1 nm), we demonstrated the presence of
a positive (resp. negative) pressure (or elastic energy) inside
the membrane (resp. in the substrate) that hinders the volume
expansion. However, for (Rsub > 1 nm), the pressure becomes
negative in the membrane and positive in the substrate. We
showed that the pressure is mainly localized around the inter-
face so as it highly impacted the spatiotemporal aspects of the
spin transition.

Such behaviors underline the crucial role of the substrate
in the magnetic and mechanical properties of the membrane;
our results are in good agreement with the experimental ones
reported in reference [52], where the authors observed a
restoration of the hysteresis loop due to an important coop-
erativity when Fe(pyrazine) Pt(CN)4 is coated with a thin film
silica, unlike softer substrate which destroys the cooperativity.
It is interesting to mention that the reasoning developed here
is based on the effect of ‘elastic strain engineering’. The latter
effect could be used for several applications such as to control
the photo-magnetic properties of nanostructures of Prussian
blue analogs [24], and more globally to tailor the properties
of graphene [100, 101] as well as to enhance the properties
of known ferroic oxides or to create new tunable microwave
dielectrics [102–104]. Here, we demonstrated that the lattice
mismatch between the substrate and the membrane may serve
as a powerful tool to control and adjust the magnetic and
structural properties of the SCO thin films in order to achieve
or to create or enhance new emerging properties.
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