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Understanding how surrounding environments act on the functional properties of switchable nano-objects

across extended and multiple length scales is of growing interest in many areas of material science. Here, we

examine in details, using a microscopic model, the interplay between the structural properties of an inert shell and

a spin-active spin-crossover (SCO) core, composed of atoms which can switch thermally between the low-spin

(LS) and high-spin (HS) states, a transition which is accompanied with a volume expansion. To come closer to

realistic experimental data, we considered a shell having the lattice parameter of the HS state. Intensive Monte

Carlo simulations, running on the spin states and atomic positions, are performed on the core-shell spin-crossover

nanoparticle using an electroelastic model based on a compressible 2D lattice. A detailed analysis of the effect

of the shell’s size and rigidity on the magnetostructural properties of the core allows us to address the following

issues: (i) the heteroelastic properties of the lattice induce a spatially inhomogeneous pressure (negative in the

shell and positive in the core) which strongly distorts the lattice when the core is in the LS state, creating a

visible spatial deflection of the shell/core interface; (ii) the thermally-induced first-order SCO transition of the

core is significantly affected by the increase of the shell size, which lowers the transition temperature and reduces

the thermal hysteresis width; (iii) the shell’s rigidity dependence of the thermal hysteresis of the nanoparticle

exhibited a resonance behavior when the shell’s rigidity equals that of the core, a feature that is analyzed on

the basis of acoustic impedance mismatch between the core and the shell. All these outcomes reflect the crucial

influence of the surrounding environment on the structural properties of the nanoparticle and provide potentialities

in the control of the bistability and cooperativity of the SCO nanoparticles by acting on their shell’s rigidity.

DOI: 10.1103/PhysRevB.95.174104

I. INTRODUCTION

Particularly fascinating are the chemical and physical
properties of the switchable molecular solids as the spin
transition compounds [1–10]. Up to now, much of the research
in this area has been driven to introduce such compounds
as nano-objects into a polymer matrix, since it has proven
to be very promising in highly technological applications
[9,11–37]. The surrounding environment of the spin crossover
materials, like the shell in a core/shell structure [29–34]
offers the possibility to design and control the spin transition
in a way that can go beyond naturally occurring in a free
spin crossover nanosystem. Different approaches have been
proposed to realize speculative ideas about the impact of the
surrounding environment on the yielding of the spin crossover
materials [38–48], but a detailed understanding of such rela-
tionship between the spin crossover core and the surrounding
environment as well as their interplay with structural changes
is challenging to unravel. The core-shell nanoparticles display
a variety of complex phenomena as a marginal change in the
transition temperature, a partial character of the spin transition
as well as a significant lattice contraction through the spin
transition which induces strain on the shell. Obviously, the
response of the spin crossover core at the same time to the
external stimuli and to the matrix is a source of interest and
controversy. Why is this so? So far, there has been relatively
little attention paid to the structural studies on the effects of the
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medium on the features of the nanoparticle’s core. Here, we
consider a spin crossover nanoparticle from a theoretical point
of view using a microscopic electroelastic model [49]. This
two-dimensional system was originally designed to mimic a
core-shell structure formed by an inner spin-active core with
spin crossover properties and an outer spin-inactive shell. The
electroelastic model has shown its merits in the analysis of
the thermal spin transition of spin crossover nanoparticles
[46–48]. The additional insight gained through this study
will be a useful step toward the elucidation of the structural
relationship between the core and the shell properties. The
goal is to reveal which part will experience higher strain and
how it is connected to the nanoarchitecture of the nanoparticle.
The paper is organized as follows: Section II introduces the
electroelastic model and the adopted calculation procedure.
The influence of the shell’s thickness on the thermal spin
transition of the nanoparticle as well as on the structural
parameters are analyzed in Sec. III. In Sec. IV, we conclude
the paper.

II. MODEL HAMILTONIAN

The core-shell nanoparticle was designed in a 2D lattice
whose atoms can move only inside the plane. The topology of
the system was fixed, where the nodes are placed respecting a
square symmetry. Each node has four nearest neighbors (nn)
and four next-nearest neighbors (nnn), except those at the
surface due to the open boundary condition. To simulate the
spin-crossover molecules, each node of the lattice may have
two spin states; high-spin (HS) and low-spin (LS) described
by the respective eigenvalues +1 and −1 of an associated
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fictitious spin S. The core which is here the functional part
of the nanoparticle was represented by active spin crossover
nodes. In contrast, the shell’s molecules surrounding the core
are considered as inactive from the magnetic point of view,
although the model can be easily adapted to the case of a
magnetic shell. To study situations close to the experimental
ones, we consider here that the shell has a lattice parameter
equal to that of the core in the HS state. Thus, the core’s spins
and positions could be changed using the usual Monte Carlo
procedure, while in the HS shell only the positions are changed
in the Monte Carlo simulations. In the core, the equilibrium
distances and the interactions between the molecules depend
on their spin states. In the present model, the nn and nnn
atoms are linked by springs whose stiffness’s depend on the
instantaneous distance between the nodes. The electroelastic
Hamiltonian has the following form,

H = Hc + Hs + Hc−s, (1)

where Hc, Hs , and Hc−s are respectively, the core, the shell,
and the core-shell contributions to the total Hamiltonian (1).
Their expressions are given as follows,

Hc =
∑

i∈core

(� − kBT ln g)Si

2

+
∑

i,j∈core

Aij [rij − R0(Si,Sj )]2

+
∑

i,k∈core

Bik[rik − R′
0(Si,Sk)]2, (2)

Hs =
∑

i,j∈shell

Ŵ[rij − Rs]
2 +

∑

i,k∈shell

�[rik − R′
s]

2, (3)

and

Hc−s =
∑

i∈core

(� − kBT ln g)Si

2

+
∑

i,j∈core

Aij [rij − R0(Si,Sj )]2

+
∑

i,j∈shell

Ŵ[rij − Rs]
2 + nnn. (4)

The core part Eq. (2) contains active spin-crossover atoms
which are subject to the effective energy splitting, composed
of the ligand field energy � and the entropic effects (kBT ln g)
arising from the degeneracy ratio between the HS and LS
states. The second and third terms are the elastic contributions,
where the quantity R0(Si,Sj ) is the equilibrium bond lengths
between two nodes i and j which depends on the spin states of
the connected bonds. The latter are denoted R0(+1,+1) =
RHH

0 , R0(+1,−1) = R0(−1,+1) = RHL
0 , and R0(−1,−1)

= RLL
0 , for the HS-HS, HS-LS, and LS-LS site configurations.

It is straightforward to demonstrate that

R0(Si,Sj ) = ρ0 + ρ1

(

Si + Sj

)

+ ρ2SiSj , (5)

where ρ0 = (RHH
0 +2RHL

0 +RLL
0 )

4
, ρ1 = (RHH

0 −RLL
0 )

4
, and ρ2 =

(RHH
0 −2RHL

0 +RLL
0 )

4
. In the Hamiltonian (2), Aij (Si,Sj ) [resp.

Bik(Si,Sk)] denotes the local bond stiffness of nn (respectively,
nnn) bonds and is written under the following form so

as to decrease the total elastic constant in the HS spin
state; Aij (rij ) = A0 + A1(rij − RHH

0 )2 and Bik(rik) = B0 +
B1(rik −

√
2RHH

0 )2. A0 (resp. B0) and A1 (resp. B1) are,
respectively, the harmonic and the anharmonic contributions to
the elastic interaction energy between nn (resp. nnn) neighbors,
while rij = ‖�ri − �rj‖ (resp. rik) is the instantaneous distance
between two nn (resp. nnn) sites. We should point out that we
are using the anharmonic term to satisfy the reality condition
that the LS state has a stronger rigidity (i.e., higher bulk
modulus) than the HS state [50,51]. Further, the presence of
bond bending interactions in the model is needed to avoid the
collapse of the lattice due to the shear stress and so to maintain
the symmetry.

As seen in Eq. (3), the shell Hamiltonian contains only
elastic energy since the sites of the shell are considered as
spin inactive. The sites interact via the elastic constants Ŵ

for the nn and � for the nnn. In addition, the equilibrium
distance between the shell atoms is taken equal to Rs .
The latter will be assumed equal to the lattice parameter of
the core in the HS state (Rs = RHH

0 ) as already reported in
some experimental works [37]. However, in the general case,
the equilibrium distance in the shell lattice can be tuned, a
situation that we will analyze separately in a forthcoming work.

The last contribution, given in Eq. (4), accounts for the
energy of the atoms located at the interface between the core
and the shell. So according to their position (in the core or in
the shell part), they may have a spin state dependence or not
and their elastic interactions with their neighbors goes through
Ŵ or Aij . In this study, we will mainly use for simplicity,
Ŵ = Aij and � = Bij , except in one section where we analyze
the effect of the mechanical rigidity of the shell on the thermal
switching properties of the core.

Finally, we mention that the present Hamiltonian naturally
generates short- and long-range interactions between the spin
states [49]. The short-range interactions involve fictitious
spin-spin “exchange” interactions through lattice distortions
and the long-range interactions arise from the macroscopic
volume change. It should nevertheless be pointed out that
the “exchange” between the fictitious spin states is not a
stricto sensu a magnetic interaction. Magnetic interactions
may indeed exist in some rare spin-crossover materials [52,53]
and can be modeled using an adapted Blume-Emery-Griffiths
model [54].

In our simulations, we have used as far as possible
realistic parameter values derived from experimental data.
For example, the ligand field energy � is deduced from heat
capacity data. Indeed, upon a complete transition between LS
and HS, the one site electronic energy change � relates to
the molar enthalpy change through �H = NA�, where NA

is the Avogadro number, since the elastic energies of the
HS and LS states are zero at equilibrium. Furthermore, the
degeneracy ratio g connects to the molar entropy change as
follows: �S = R ln g, where R is the perfect gas constant.
In the present simulations, we used the parameter values
� = 1500 K and g = 150 [55–57], leading to �H ≅

12.5 kJ/mol and �S ≅ 42 J/K/mol, which are in very good
agreement with the experimental calorimetric measurements
on archetypal spin crossover compounds whose �H and �S

are in the ranges 5–20 kJ/mol and 35–80 J/K/mol [58],
respectively.
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The lattice parameter values in the LS and HS states are,
respectively, R0(−1,−1) = 1 nm and R0(+1,+1) = 1.2 nm
while for the HL state we have simply considered the
average value, R0(+1,−1) = (R0(+1,+1)+R0(−1,−1))

2
= 1.1 nm.

According to the square symmetry of the lattice, we im-
posed the lattice parameter between nnn HS (LS) atoms

as given by
√

2R0(+1,+1) ≈ 1.7 nm [
√

2R0(−1,−1) ≈
1.4 nm]. From the experimental point of view, the bulks
modulus of spin crossover materials in the HS and LS
states have been derived from Brillouin scattering for a
single crystal of [Fe(ptz)6](ClO4)2 and were estimated in
the range 5–20 GPa [50,51]. The values of the respective
nn and nnn elastic constants A0 were evaluated by consid-
ering the elongation of a cubic cell, of lattice parameter
a, submitted to a uniaxial stress and by neglecting the
transverse effects. This simple model leads to the following
approximate relation A0 + 2B0 = E × a, where E is the

bulk modulus. Using A0 = 50 000 K/nm2 = 50 meV/Å
2

leads to reasonable bulk modulus value, E ≈ 12 GPa. In
addition, the anharmonic nn elastic constant was set equal to
A1 = 10A0, while the harmonic and anharmonic nnn elastic
constants are chosen such as B0 = 0.28A0 and B1 = 0.28A1,
respectively.

Let us now discuss the technical aspects of the simulation.
The total Hamiltonian is solved using a two-step iterative
strategy running sequentially over the spin and position
variables as follows: at each temperature, a single site i in
the core part, chosen randomly, of spin (Si = ±1) at position
�ri is checked for a spin change Si → −Si . The new value
of the spin is accepted or rejected by the usual Monte-Carlo
metropolis criterion, based on the comparison of the final and
initial energies. Then, to ensure the mechanical relaxation, all
nodes of lattice (randomly selected in the core and the shell) are
asked for a slight displacement by a quantity ‖δ �ri‖ ≪ ‖ �rij‖.
In the present simulations, we have fixed the amplitude of the
random displacements as δr = 0.05 nm which remain quite
small compared to the lattice parameter values in the LS and
HS spin states which are, respectively, equal to 1 nm and
1.2 nm. The position update is accepted or rejected using the
usual Monte-Carlo metropolis criterion. At this stage, each
lattice position has been updated by the Monte-Carlo process
N times, where N is the total number of nodes in the lattice
(core and shell), defined as N = L × L with L is the linear
size of the nanoparticle. Afterwards, a new spin site in the core
is randomly selected and the procedure is repeated N times
so as to have a chance to visit each spin site on average in
the core. Once we execute N updates on the spin changes,
we define such a step as the Monte Carlo step (MCS) unit.
In practice, for each temperature, we performed 1000 MCS
to reach the thermal equilibrium. Afterwards, another 1000
MCS are utilized to calculate the thermal averages of the
physical quantities of interest: average magnetization, average
lattice parameter, average elastic energy, etc. As a result, at
each temperature during the MC procedure, each spin site is
visited 2 × 1000 times, while each node position is updated
2 × N × 1000 times. To derive the thermal properties of the
core-shell particle, we performed thermal hysteresis studies
by changing the temperature between 0 and 400 K with
a thermal increment of 1 K following the heating and the
cooling process.

III. RESULTS AND DISCUSSION

For a deeper understanding of the intimate relationships
between the shell and the core of spin crossover nanoparticles
and how they are mutually intricate, we developed a detailed
structural investigation of each apart. For this purpose, we
monitored the average properties of a 2D system with squared
symmetry during the thermoinduced spin transition by means
of HS fraction, nHS, which represents the probability of
occupying the HS state at given temperature, defined as

nHS = (1 + 〈Si〉)
2

, (6)

as well as through the lattice parameters of the core and the
shell, separately, defined as

〈d〉 =
〈

∑

ij

√

(xi − xj )2 + (yi − yj )2

nb

2

〉

, (7)

where nb is the bonds number between neighboring molecules
i and j of coordinates (xi,yi) and (xj ,yj ) and 〈...〉 stands for
the thermal averages.

Let us denote by Nc and Ns the number of sites in the
core and the shell, respectively, and by N = Nc + Ns the total
number of sites in the nanoparticle. The linear size of the core
(resp. the thickness of the shell) is denoted Lc (resp. ω) and the
nanoparticle’s size is denoted L = Lc + 2ω, which straightfor-
wardly depend on the core and shell lattice parameters. In the
present simulations, L ranges between 21 and 49 nm. More-
over, the linear size of the core Lc was fixed to 19 nm while
the thickness of the shell ω varies in the range of [1–15] nm.

For the sake of simplicity, we assumed, in the first part of
this work, that the shell and the core have the same elastic con-
stants, i.e., A0 = Ŵ. Further, the equilibrium distances between
the neighboring atoms in the shell have been set equal to those
of the core in the HS state. As stated previously, this choice
reflects experimental works [37], although in the general case,
the shell may have its own lattice parameter which can be
different from those of the LS and HS states of the core. This
interesting case will be studied and reported in a separate work.

A. The thermoinduced spin transition

To highlight the elastic effects of the shell on the thermody-
namic properties of the nanoparticle, we reported in Fig. 1(a)
the thermoinduced spin transition of a free core and that of
a core-shell system for different shell’s thickness. One can
easily remark that thick shells affect the thermal hysteresis by
(i) shifting the whole hysteresis loops towards low temperature
regions and (ii) narrowing their width until (almost) vanishing
for a shell’s thickness ≈15 nm, in good agreement with
prior reports [46,48]. The equilibrium temperature Teq and
the hysteresis width �T are estimated numerically as

Teq = T HS→LS + T LS→HS

2
,�T = T LS→HS − T HS→LS,

(8)

where T HS→LS (resp. T LS→HS) is the transition temperature
on cooling (resp. heating) from the HS to LS (resp. LS to HS)
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FIG. 1. (a) Thermal evolution of the HS fraction nHS for different

shell thickness. (b) The evolution of the equilibrium temperature Teq

(black) and the hysteresis width �T (green) as a function of the shell

thickness ω. Thermal variation of the lattice parameters of the core

(c) and the shell (d) for the different shell’s thickness. The core’s

linear size is Lc = 19 nm.

states. Figure 1(b) depicts the shell’s thickness dependence
of the transition temperature Teq and the thermal hysteresis
width �T .

A significant change in Teq of about 180 K is observed
between the thinnest (ω = 1 nm) and the thickest shell (ω =
15 nm). In contrast, the situation is a bit tricky for the hysteresis
width, which shows a nonmonotonic behavior with ω. Indeed,
compared to the case of the free spin crossover core, one can
easily see that �T increases for ω = 1 nm, corresponding to
one monolayer of shell atoms, and falls down for higher values
of ω. This behavior is attributed to the mechanical effects
exerted by the shell on the core, which will be discussed in
more details in the last section.

The concomitant narrowing of hysteresis width �T , with
the decrease of the transition temperature Teq , are conse-
quences of the tensile stress caused by the shell on the core.
This can be understood by the fact that the equilibrium lattice
parameter of the shell is equal to that of the core in the
HS state. In the case of a thin shell, the mechanical effects
felt by the spin crossover core atoms are weak but strong
enough to promote the HS state, while for a thick shell, the
elastic interactions between the spin crossover units are highly
hindered by reducing the internal pressures, which weakens
the strength of the elastic interactions (i.e., the cooperative
character) between the spin transition molecules, resulting
in the narrowing of the thermal hysteresis width and even
to its disappearance in the limiting cases. Consequently, the
LS’s lifetime is considerably reduced since the latter state
is no longer rigid and therefore the internal elastic forces
vanish. It is worth noticing that similar behavior was observed
experimentally on Fe(pyrazine)Pt(CN)4 nanoparticles coated
with a silica film with a controlled thickness, for which the
authors reported a large (resp. small) hysteresis for thin (resp.
thick) shells [30].

B. The structural properties

As we will describe below, the problem is more about the
interplay between the structural parameters of the core and the
shell. Thus, to further understand the underlying mechanisms
between the core and the shell, we followed separately the
thermal variation of their lattice parameters in Figs. 1(c) and
1(d), respectively. One can easily notice a distinct difference
in the shape of hysteresis loops of nHS [Fig. 1(a)] and lattice
parameters. Indeed, Figs. 1(c) and 1(d) reveal the presence of
residual high temperature lattice parameters at low temperature
that has not been observed in the hysteresis loops of the
high spin fraction, nHS. Furthermore, these residual high
temperature lattice parameters increase with the thickness. In
Fig. 2(a), we have monitored separately the low temperature
lattice parameters of the core and the shell as functions of the
shell’s thickness. The variation between the thinnest and the
thickest shells at 0 K in the lattice parameters are estimated
as 6% and 11% for the core and the shell, respectively. The
more the shell is thin the more is impacted by the volume
shrinkage of the core and its lattice parameter approaches that
of the core’s LS state. However, the situation is reversed when
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FIG. 2. (a) The shell thickness dependence of the mechanically-

relaxed low temperature lattice parameters, aLT , of the core (red) and

the shell (blue). (b) The linear dependence of the logarithm of lattice

parameter misfit, �a = aHS − aLT , with the logarithm of the shell’s

thickness ω.

considering thick shells, the core part is thereby influenced
and its LS lattice parameter tends to the shell’s one.

The dependency between the misfit of lattice parameters
between the HS and LS states �a = (aHS − aLT ) and the
shell’s thickness ω was best described by a ln - ln plot reported
in Fig. 2(b). Indeed, a thicker shell expands the LS lattice by
hindering the elastic interactions between the spin-crossover
units and reducing all the internal pressures and the elastic
stresses. Thus, the LS state is no more rigid and resembles the
HS state, and therefore the internal elastic forces responsible
for the cooperative nature of the transition vanish. This is
particularly true in the case of a massive shell since the volume
ratio (core/shell) become negligible. These facts stabilize the
HS state as proved by the shift of Teq towards low temperature
as well as the narrowing of the hysteresis loop.

C. The mechanical properties

This section is devoted to the study of the mechanical
properties of the core-shell nanoparticle to shade light on
the interplay between the elastic properties of the shell and
the magnetic behavior of the core through “magnetoelastic”
interaction. As in the previous sections, the simulations are
conducted on a 2D lattice, and one may legitimately ask on
the relevance of such approach to describe the real core-shell
switchable nanoparticles which are three-dimensional lattices.

In fact, the 2D approach constitutes, indeed, an oversimplified
description which has the merit to be tractable numerically,
although it masks several 3D effects. As a comparison, the
main differences between 3D and 2D systems will arise from:

(i) the size effects because the ratio, shell/core is [( L
Lc

)
2 − 1]

for a 2D system where it is [( L
Lc

)
3 − 1] for a 3D, (ii) as well

as from the ratio surface/volume which is 4
L

− 1
L2 at 2D and

6
L

− 12
L2 at 3D. Because of the open boundaries conditions used

in the present problem, the size effects and the dimensionality
of the system is expected to play an important role. From the
simulations viewpoint, the study of 3D elastic systems has been
performed by one of the authors for interacting spin-crossover
sheets [59] in order to study the buckling and crumpling effects
created by the volume change upon spin crossover transitions.
The simulations could have been achieved only for small
systems, because they are highly time consuming. So to avoid
such complications, we accept the sacrifice to mimic the SCO
nanoparticle using a 2D elastic model, which also captures the
essential features of the problem.

1. The local pressure

The snapshots and the distribution of the local pressure at
low temperature were considered in relation to shell’s thick-
ness dependency of the thermal behavior of the nanoparticle.
The local pressure P (i) of site i is determined as

P (i) = −
∑

j

Aij (rij )(rij − R0(Si,Sj ))

−
∑

k

Bik(rik)(rik − R0(Si,Sk)), (9)

where j (resp. k) runs over the nearest (resp. next-nearest)
neighbors of site i. The snapshot of the lattice corresponding
to the low temperature stable state is reported in Fig. 3(a) and
is marked by a stressed structure due to the shrinkage of the
spin crossover core in the LS state which draws thereby the
enveloping shell.

In view of our findings, the analysis of the spatial distribu-
tion of the local pressure becomes necessary to investigate the
means by which these stresses are structured. The distribution
of the local pressure is illustrated in Fig. 3(b) and arises positive
pressure area in the core part and negative pressure area in
the shell. Indeed, the pressure is inhomogeneously distributed
in the lattice, that is, over the shell we distinguish null and
negative pressure area (tensile stresses) at the corner and the
border(due to the bending effect), while over the core the pos-
itive pressure (compressive stresses) peaked at the corner (due
to constriction effect) and relatively reduced around the border.

The elastic pressure effects are quantified by evaluating
the pressure density D over the whole lattice, given by

D =
∑

i P (i)

N
, and which corresponds to the average value of

the local pressures at each lattice node. Figure 3(c) displays
the pressure density (D) over the core (in red) and the shell (in
blue), separately, as functions of the shell’s thickness ω. One
can notice that the pressure density in the core part increases
with the shell’s thickness unlike in the shell where the absolute
D decreases. The pressure density in the core and the shell are
found to follow a power law as a function of the thickness ω
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FIG. 3. (a) Snapshot of the LS configuration for a shell thickness of 5 nm. (b) The corresponding distribution of pressure over the

nanoparticle presented in (a). (c) The pressure density over the lattice (black), the core (red), and the shell (blue) as a function of the thickness

of the shell. (d) Linear correlation between the misfit of lattice parameters �a and the pressure density. (e) The local pressure density over

the core at the corner, border, and center. Inset: The correlation between the misfit of lattice parameters and the local pressure density. The

presented data have been obtained at 0 K.

as D = a + bωc. This means that the distribution of pressure
over the core and the shell is similar regardless of the core
and the shell. It is important to note that the power exponent
c is quite different between the core and the shell, c in the
core worth 0.48 while in the shell is 0.046. This significant
contrast(≈10%) emphasizes the strong dependence of the
core’s structural parameter on the shell’s thickness much as
has been observed with the shell itself.

One may expect that the distribution of the local pressure
will be balanced over the lattice and, hence the pressure density
will be compensated between the core and the shell. But the

sum of D over the lattice, presented in black in Fig. 3(c), shows
that it is not the case. As we will describe below, the problem
could be considered as an interplay of internal forces (from the
core) and the external forces (from the shell) that shapes the
structural parameters of the lattice. At low temperature (the LS
state of the core), the internal and the external forces are out
of equilibrium. The internal elastic forces originating from
the core are dominant over the shell ones due to the quick
release of the excess of elastic energy from the free border
of the shell unlike the constrained spin crossover core. Further,
the sum of pressure, D, reveals that for a shell’s thickness
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≈3 nm the pressure is well balanced over the lattice, which
means that Dcore + Dshell = 0, where Dcore and Dshell are,
respectively, the core and the shell pressure densities. By
looking back to Eq. (9) it is easy to note that the local pressure
is proportional to the square root of the elastic energy, that is,
justify the correlation between the pressure density (D) in the
core and the shell with the misfit of lattice parameters �a =
aHS − aLT between the HS and LS states reported in Fig. 3(d).

Detailed investigation of the pressure density on different
areas of the core was as well conducted and results are
illustrated in Fig. 3(e). The pressure density was averaged in
the center, border, and corner of the core using a small region
of 5 × 5 nm. The pressure density has the same behavior
as a function of the shell’s thickness for the three areas. D
is mainly localized on the corner of the core and relatively
decreases on the core’s border and the minimum was found
in the center. In the inset of Fig. 3(e), we verified the linear
correlation between the local pressure density and the misfit
of lattice parameters. This dependency is related to the elastic
interactions within the lattice that the corresponding elastic
energy peaks at the HS/LS interface [60,61].

2. The mechanical interplay between the core and the shell

The mechanical deformation of the lattice observed at 0 K
was investigated through the analysis of the deflection of
the lattice. The 2D lattice consists in a stacking of parallel
columns (or rows). In the core’s HS state, where there is no
elastic misfit between the core and the shell, these columns are
parallel and adopt a straight shape. In contrast, when the core
becomes LS due to the phase transition, a spontaneous stress
is generated between the core and the shell (due to core-shell
lattice misfit) resulting in a twisting of the atomic lines (the
columns), as it appears in Fig. 3(c). The degree of twisting can
be measured on the mechanically relaxed lattice by evaluating
its deflection. For a “vertical” atomic line of index i, along the
y direction, the deflection is estimated from the determination
of the maximum deformation of the column along the y axis,
which corresponds to the difference between the maximum and
minimum x coordinates of the column. Within this definition,
the deflection is a strictly positive quantity. In the present
situation, and due to the symmetry of the lattice, these two
points correspond to sites located in the extremity and the
center (or vice-versa) of the considered atomic line. However
one should mention that the previous definition can be also
applied by considering rows instead of columns.

So for the present problem, the deflection Df of a column
i is approximately given by:

D
(i)
f (x) =

∣

∣

∣

∣

∣

x(i,1) + x(i,L) − 2x
(

i,L
2

)

2

∣

∣

∣

∣

∣

. (10)

The deflection term, so defined for a given column i, accounts
for the interplay between the elastic properties of the shell
and the core. Figure 4(a) summarizes the spatial profile of
deflection along the x axis over the lattice for a thickness
ω = 15 nm. We observe that the deflection peaks at the
vicinity of the core-shell interface, as a result of the volume
contraction of the core in the LS state, which pulls the shell
towards the lattice’s center. Furthermore, the spatial profile
of the deflection shows that the latter falls down rapidly

FIG. 4. (a) Deflection profile over the lattice for a shell’s thickness

of 15 nm. (b) Mechanical deflection of the core/shell interface for the

different shell’s thickness. The presented data have been obtained at

0 K.

by almost ≈2.5 nm (resp. ≈7.5 nm) for the core (resp.
the shell) represented with red (resp. blue) points, away
from the maximum value. This asymmetric shape of the
deflection profile around the interface is clearly the result
of the stronger rigidity of the LS core compared to that of
the shell. Moreover, one can also easily remark in Fig. 4(a)
that the deflection curve is not symmetric for the left and the
right core-shell interfaces, contrary to what we would expect
for the system’s symmetry. This behavior is attributed to an
incomplete mechanical relaxation of the left part of the lattice,
due to the stochastic nature of the technique, as it appears in
the pressure distribution of Fig. 3(b), where the left top and
left bottom corners of the lattice display a slightly stronger
internal pressure than the right corners.

In Fig. 4(b), we monitored the deflection of the core/shell
interface as a function of the shell’s thickness from both sides
of the interface. The more the shell is thick the more the
deflection increases until it roughly saturates at ≈1.1 nm. The
latter value of deflection could be considered as the limit of
the mechanical stress of the lattice.

We should mention that the mechanical interplay between
the core and the shell is particle-size dependent. Thus, we
considered a square core-shell nanoparticle whose core’s
linear size is ranging between 5 and 17 nm embedded in a
shell with different thickness [0–5] nm. The corresponding
thermoinduced spin transitions are summarized in Figs. 5(a)
and 5(b). In Fig. 5(a), we reported the hysteresis loops of
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FIG. 5. (a) Effect of the shell’s thickness ω on the thermoinduced

spin transition of a square-shaped core of length 13 nm. Diagrams of

hysteresis width (b), the pressure density at 0 K over the core (c), and

the shell (d) as functions of the core’s linear size and shell’s thickness.

a core of linear size Lc = 13 nm embedded in different
shell’s thickness. The thick shell promotes the HS state, where
the hysteresis loops shift towards low temperature with a
narrowing in their width.

The widths of the hysteresis loops for the different core-
shell nanoparticles are illustrated in Fig. 5(b) and point out
an intriguing relation between the core’s size and the shell’s
thickness. The most remarkable feature is that the width of the
hysteresis loop is not monotonously dependent on the shell’s
thickness. Indeed, for all the core sizes, the hysteresis width
decreases when the thickness ω increases, except for ω = 1 nm
where �T increases and reaches its maximum at 105.5 K. This
sharp increase in the hysteresis’s width is in good agreement
with the observation reported earlier in Fig. 1(b) for a spin
crossover core embedded in a thin shell. Such a fact is assigned
to the interplay of the mechanical effects between the shell and
the core, which become obvious where the ratio Shell

core
becomes

dominant. A result that is confirmed by the negative values of
the pressure density in the shell emphasizing the inertia of the
shell imposed to the SCO core.

To review the origin of this behavior, we plotted in Figs. 5(c)
and 5(d) the diagram of the pressure density over the core and
the shell as functions of the core’s linear size Lc and shell’s
thickness. The pressure density of the core increases with the
shell’s thickness and peaks for small cores embedded in thick
shells. In the latter situation, the surrounding environment
generates a considerable inertia that hinders the volume change
accompanying the spin transition. Remarkably, the diagrams
of �T and the pressure density of the shell [see Fig. 5(d)] are
inversely correlated. By comparing Figs. 5(b) and 5(d), one can
easily notice that the largest hysteresis loop corresponds to the
most negative pressure density over the shell for ω = 1 nm
and a core’s linear size Lc = 17 nm. The diagrams presented
in Fig. 5 highlight the key role of the shell on the functional
features of the core.

3. The resonant system

It is also believed that the stiffness of the surrounding
materials may play a crucial role on the functional properties
of the core. So that, we investigated in Figs. 6(a)–6(c) the
thermoinduced behavior of a core (Lc = 19 nm) embedded
in a shell (1 nm of width) whose stiffness, denoted here Ŵ,
was varied between [1–60] × 104 K/nm2, while the core’s
stiffness, A0, was fixed at 5 × 104 K/nm2. We monitored for
the different shell’s stiffness the equilibrium temperature Teq

and the hysteresis width �T in Fig. 6(a) and the pressure
densities over the core, shell, and lattice in Fig. 6(b). For
quick convergence in this part, we reduced the MCS steps
to 100 for each temperature. According to the value of shell
elastic constants Ŵ, two regimes could be identified; one for
the soft shells (Ŵ � A0) and one for rigid shells (Ŵ > A0).
Interestingly, the pressure density in the core increases for the
soft shells, while we naively expected that when the core is
surrounded by soft materials, it evacuates easily the pressure
excess. At this point, it is appropriate to come back to Fig. 3(b)
to examine how the pressure is distributed over the core. One
can easily see that the pressure is mainly localized in the corner
of the core. Indeed, soft shells are easily compressible, and
thus the deflection of the nanoparticle’s surface is significant.
Consequently, the corners of the core are more pinched,
leading to the rise of pressure over the core part. Such a
constrained situation promotes the LS state which justifies the
narrowing of the hysteresis loop for the weak shell’s stiffness.
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FIG. 6. Effect of the shell’s stiffness Ŵ on the (a) thermoinduced

spin transition of a core-shell nanoparticle; �T (green) and Teq

(black), and (b) pressure density over the lattice (black), the core

(red), and the shell (blue) at 0 K. (c) The correlation between the

pressure density over the lattice and the hysteresis width for soft shells

(Ŵ � A0) in red and rigid shells (Ŵ > A0) in blue. (Computed for

a shell’s thickness ω = 1 nm, a core’s linear size Lc = 19 nm, and

A0 = 5 × 104 K/nm2.)

For rigid shells, the situation is more simple since it is observed
that the absolute pressure density of the shell decreases while
the pressure density increases in the SCO core, where both Teq

and �T decrease.
A key point to note from this study is that by adjusting the

stiffness of the shell we are able to control the thermal proper-
ties of the SCO core. More interestingly is the nonmonotonous
behavior of Teq and �T with the mechanical properties of the
shell. It is noticed that Teq and �T peak for a shell’s stiffness
close to the core’s one, where the pressure density goes through
its absolute maximum in the shell in good agreement with the
results reported in Fig. 5.

This behavior can also be analyzed on the basis of acoustic
impedance mismatch between the core and the shell. At
the interface between two materials of different acoustic
impedances, sound waves will be partially reflected and par-
tially transmitted, leading to significant mechanical destruction
in materials with strong impedance mismatch [62]. In contrast

in materials with low impedance mismatch, the reflection of
the sound waves will be negligible, and the elastic interactions
(acoustic wave) will propagate much more efficiently in the
two media. In the studied nanoparticle here, the volume con-
traction of the core, due to the HS → LS transition, generates
an elastically constrained structure with an important pressure
density stored in the core. The core’s pressure is evacuated
easily through a shell with similar elastic features than through
a relatively very soft or very stiff shells, leading to enhance the
thermal hysteresis width of the SCO core. The direct relation-
ship between the hysteresis width and pressure density of the
lattice is validated by a perfect correlation shown in Fig. 6(c).

IV. CONCLUSION

We have investigated the thermoinduced spin transition of
a spin crossover nanoparticle in a core-shell structure using
the electroelastic model. The thermal properties of the spin
crossover core were correlated with structural and mechanical
features of the core-shell nanoparticle. The spin crossover core
has clearly demonstrated an environment-dependent behavior
as to be responsive to the surrounding environment pressure.
Our findings agree well with the experimental observations and
the anterior reports. Based on the microscopic nature of the
electroelastic model, we have carried out a detailed analysis of
structural parameters of the core and shell parts, separately. We
demonstrated that a thick shell hinders significantly the elastic
interactions between the spin crossover units leading to a rise
of the low temperature lattice parameter of the core and the
shell as well. By studying the local pressure over the lattice, we
found that negative and positive pressure areas are associated
with the shell and the core, respectively, because of the intimate
coupling of the core and shell that is a result of the heteroelastic
features. The pressure density as well as the thermal properties
of the core-shell nanoparticle were investigated by varying the
core/shell surface ratio. It is evidenced that the width of the
hysteresis loop is highly dependent on the internal pressure
and the mechanical properties of the shell. Thus, the hysteresis
width reaches its maximum at the highest values of the pressure
density (in absolute value) in the shell. All observed features
amount to the effect of shell’s stiffness. We demonstrated
that the more homogeneous nanoparticle’s stiffness (core
and shell), the less constrained core and the larger is the
thermal hysteresis width. In particular, by adjusting the shell’s
stiffness, we were able to control the cooperativity, the thermal
properties, and even the width of the thermal hysteresis of the
nanoparticle. Such interesting features point out the capacity
of control of the spin crossover core through its surrounding
environment and beyond its intrinsic properties. These findings
may orientate chemists to incorporate the mechanical effect in
the elaboration process of the nanoparticle in order to design
technologically desirable physical properties. Similar effects
could be planned for heterogeneous systems and metamaterials
containing photo- or electrosensitive layers to trigger new SCO
properties. Finally, one should remark that the lattice symmetry
(CFC, CC, triangular, or hexagonal) may play an important
role on the thermal properties of the lattice, since the density of
nodes are influenced. Thus for a triangular lattice, for example,
each site connects to six neighbors while in the hexagonal one,
each site has three neighbors. As a consequence, the elastic
energy stored in each node will be different, which is then
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expected to affect the core shell properties. This may constitute
an interesting extension of the current work.
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