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Spin-crossover (SCO) solids have been studied for their fascinating properties, exhibiting first-order phase
transitions and macroscopic bistabilities, accompanied by significant magnetic, structural, and optical changes.
These exceptional properties make these materials promising for applications as high-density information storage
and optical switches. Recently, the critical progress made in chemistry allowed the design of spin-crossover
nanocomposites, combining the properties of two types of spin-crossover solids having different properties, like
different lattice parameters, bulk moduli, transition temperatures, ligand fields, etc. In this paper, we consider a
microscopic electroelastic description of a SCO nanostructure made of a SCO active core surrounded by a SCO
active shell, for which we impose an unconventional elastic frustration at the core-shell interface. The detailed
examination of the thermodynamic properties of such a nanocomposite, as a function of the lattice parameter
misfit between the two constituents, revealed that the frustration causes unexpected behaviors on the thermal
dependence of the average bond lengths, such as the emergence of two- or three-step spin transitions, with
self-organization of the spin states in the plateau regions. These results highlight the nontrivial character of the
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magnetoelastic properties in switchable SCO nanoparticles.

DOI: 10.1103/PhysRevB.101.054105

I. INTRODUCTION

The thermally induced spin-crossover (SCO) transitions
between the low-spin (LS) and the high-spin (HS) states of
Fe(II) complexes with suitable ligands are typical examples of
switchable molecular solids. They have been studied [1-9] for
many years for their promising applications as pressure sen-
sors [10], displays [11], data storage, and molecular switches
[12]. During the last decade, compounds with multistep spin
conversion remained quite rare and have attracted increasing
attention in theoretical and experimental studies [13-18], due
to their possible capability to build up a 3-bit electronics.

Multistep SCO behavior results from structural ordering
orfand the existence of multistability in the molecule itself,
like in binuclear SCO systems [19,20]. In contrast, some mul-
tistep SCO systems consist of an asymmetric unit containing
two or more nonequivalent sites [21,22], having different local
environments. At the macroscopic scale, the competition or
the interplay between the two types of SCO sites manifests
through the existence of an intermediate phase associated with
partial conversion from HS to LS states. It is worth noticing
that the processing of SCO materials with two inequivalent
sites is hardly controllable, and most of the time the behavior
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of the high-spin fraction is hardly predictable. That is why, re-
cently, chemists started designing well controllable and repro-
ducible SCO core-shell nanocomposites, made of two SCO
materials, with the objective of combining the SCO properties
of different constituents [23]. Interest in finite-size effects
properties [24-27], and in the manipulation [28], design, and
visualization [29] of small objects at the nanoscale, is rapidly
growing thanks to the development of adapted experimental
tools (electronic and atomic force microscopy, high-resolution
x-ray diffraction, etc.).

With the development of nanotechnologies and the avail-
ability of experimental results, core-shell nanocomposiles
have attracted considerable attention also from the theoretical
point of view. To this end, several models have been proposed
to investigate the size effect in SCO materials. Among them,
the well-known Ising-like model [30] has been applied to
study size effects on the first-order spin transition as well as
other aspects related to first-order-reversal-curves technique
[31], using Monte Carlo (MC) simulations [32]. More re-
cently, we used this model on a square system, solved by
a MC simulation under specific boundary conditions [33],
in which we have investigated the lattice architecture effects
[34]. Surface and size effects also have been studied in a
one-dimensional (1D) spin-phonon model [35] and also for
hollow particles [24,36]. Further, we have developed an elec-
troelastic model [37] which takes into account the coupling
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between the spin state change of the molecule (from LS to
HS) and the local molecular volume, which is equivalent to
ones already designed by Nishino er al. [38] and Enachescu
et al. [39], and other models that included the role of surface
relaxations [40.41] and particle environment [42-44]. Quite
recently, we extended the electroelastic model to the case of
SCO nanoparticles [45], in which we considered that the SCO
atoms at the surface were kept in the HS state, due to their
coordination to water molecules, which decrease their ligand
field. As a result, the thermal hysteresis moved according
to the atomic surface-volume ratio, in good agreement with
the experiments. Later, a specific electroelastic model was
designed to incorporate the case of core-shell SCO nanopar-
ticles, made of an active SCO core and an inert shell, where
we investigated the detailed properties of the SCO core as a
function of the elastic properties (rigidity, lattice parameter
misfit, and size) of the shell [43,46-52].

Quite recently, experimental investigations on SCO
nanocomposites have been performed by several groups
[14,53-58]. For example, Wang et al. [14]. have suc-
ceeded in growing high-quality spin-crossover nanocom-
posites by mixing two kinds of SCO materials, in het-
eroepitaxial conditions, namely, [Fe(NHa-trz);](BFs), and
[Fe(Htrz),(trz)](BF,), which have different SCO properties.
The former has a transition temperature 7} = 260 K and a
hysteresis width of 4 K, while the latter shows a transition
temperature 7> = 368 K and an associated thermal hysteresis
width of 46 K. Thus, these two materials have different
ligand fields and most likely different strength of cooperativity
between the molecules. In the aforementioned experiment,
the core is constituted by the material which has the smaller
ligand field (thus the lower transition temperature), which is
covered by the second material (stronger ligand field). The
magnetic studies of the formed nanocomposite clearly showed
the occurrence of two transition temperatures on heating,
located at 288 and 314 K. It is then observed that the transition
temperature of the first constituent (the core) increased by
28 K while that of the second material (the shell) decreased
by 54 K, due to the elastic interplay between the core and
the shell structures. Furthermore, a very gradual and third
transition involving a small fraction of molecules occurs at
347 K. This third transition was attributed to the occurrence of
mixture of material. So, the present study of the active core-
shell nanoparticles is realized by Monte Carlo simulations,
conducted on spin and lattice positions in two-dimensional
(2D) lattices with square symmetry for simplicity.

Core and shell are allowed to switch thermally between
LS and HS states and have different ligand fields. We have
chosen the core and shell to have equal lattice parameters in
the LS state, while they are different in the HS state. More-
over, an elastic frustration is considered at the interface, by
imposing for the interface bonds antagonist values depending
on whether the considered atom belongs to the core or shell
parts. Elastic parameters are kept the same for both core and
shell in both LS and HS states. We investigate the effect of
this lattice misfit in order to study their mechanical (average
lattice parameters) and electronical (HS fractions) responses
around the transition region with respect to temperature. In
this exploratory paper, we consider a core with a higher ligand
field than that of the shell. The objective here is to draw

predictions on the influence of the magnetoelastic coupling
in switchable SCO nanostructures, looking for unprecedented
thermal behaviors of the HS fraction lattice parameter, emerg-
ing from the interplay between the SCO transitions of the core
and the shell constituting the nanoparticle.

The paper is organized as follows: in Sec. II, we present
the model, describe the simulation technique, and justify the
choice of T, for core and shell: Sec. III is devoted to the
presentation and discussion of the obtained results; and in
Sec. [V we conclude and outline some possible developments
in the present paper.

II. THE MODEL

An example of a core-shell structure is schematized in
Fig. 1(a). The core has a square shape containing N x N¢
sites and the shell has the shape of a thick frame of width
N, surrounding all the core. As a result, the number of shell
atoms is (N + 2Ns)* — N(I_ZI = 4 Ng(N¢ + Ng), and the total
number of atoms of the nanocomposite is Nt%“, where Ny, =
Ne + 2Ns.

Each core or shell site, i, may have two states, HS or LS,
with respective fictitious spin values S; = +1 (HS) and §; =
—1 (LS). The present model includes the change of the local
volume of the SCO molecules during their switching from one
state to the other.

Each atom located at site “i”" is described by its spin state
S; and its coordinates (x;, y;). The atoms are constrained to
be in the plane. The position and spin state change in the MC
simulation depend on the energetic situation. The reader can
find a review of the original electroelastic model for which we
have already discussed in detail some of its thermodynamic
properties in recent works [45,59,60].

The Hamiltonian [33] describing the core-shell system is
written as

H = Hmrc + Hshcll + Hinlcr« (]J
where the core and shell contain electronic (HX and HSS)

and elastic (H‘,‘i"f;‘ and Hf,:gﬂ‘) contributions, while the interface

has only elastic interactions, written as follows:
. 1
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FIG. 1. (a) Schematic structure of the SCO nanocomposite. Blue
and red dots are two spin-crossover sites belonging to different
materials. (b) The configuration of the elastic interactions in the
two-dimensional square model considered in this paper showing a
central red ball connected by springs to gray and blue sites, repre-
senting the nearest and next-nearest neighbors, respectively. (¢) The
blue, green, and red solid lines denote Rﬁ (5;,55), R,i{" (8, §;), and
Rf,' (5i, ;). respectively. The blue, green, and red dashed lines denote
di (8, 8;). di (S;. S;), and dS (S, S;), respectively. As a reference
lattice, we take R} (—1, =) =R" (=1, 1) =R (-1, -1) =1
(Ris = Rie = Rifu =1

where
s nn I i . 2
H-.E{:,ld't = Aint [fr'_;' — Ry (8, S, )]
(i)
nnn 2
+Bin ) [ri —die_s(Si. S0, 4b)
(5
n e ® k)
Hiver™ = A ) [rij = R3's_c(8:. )]
G
nnn N
+ Bin [rfk - d&";_c (S5;, Sy }] . (4c)

(k)

Hamiltonians given in Eqs. (2a) and (2b) [Eqs. (3a) and (3b)]
account exclusively for the energetic contribution of core
(shell) atoms only. The elastic interface energy [Eq. (4a)]
is split into two contributions related to the core [Eq. (4b)]
and the shell [Eq. (4c)] parts. Here, we consider that at the
interface a core imposes to its neighboring shell atoms its
equilibrium distances, and vice versa for the shell. The situ-
ation is somewhat similar to that of two adversaries sharing
the same extended border in which each party considers that
it belongs to him.

In the Hamiltonians of core (2a) and shell (3a), the first
term expresses the effective ligand field energy (A, for the
core and A, for the shell) and that of the entropy effects,
kgT In g, where g is the degeneracy ratio between the HS and
the LS states, which is assumed here as the same for both
constituents and temperature independent. A and B (Ag and
Bg) are the elastic constants of the core (the shell) of the
first nearest neighbors (NNs) and the next-nearest neighbors
(NNNs), respectively. Similarly, the elastic constants in the
interface region are noted by A;, and B, and are considered
the same whatever the nature (core or shell) of the considered
atom. In addition, to reduce the number of free parameters in
the model, we have chosen Ac = Ag = Ay and Be = By = Bjy.

To account for the volume change at the transition obtained
in experimental structural studies [61], which reported relative
lattice expansions of 221-5%, the equilibrium bond lengths
(the equilibrium distance) between two neighboring sites de-
pend on their spin states, as already introduced in a previous
work [37]. Here, the molecules interact via elastic springs
[see Fig. 1(b)]. The equilibrium bond lengths are denoted
RE(S;, §;) [dj(S;, Si) for two NN (NNN) atoms 5;, S; (5, S).
For the core and the shell bonds, they are given by

8%

Ry(S1. ;) = RS + ftsi- +8)), (5a)
6.\

di(s;. Sk)ﬁ[R!,'_F; + ZR(S,- + 5 )], (5b)

where x = C, § stands for the core and shell, respectively.
The quantities R{); and §} are, respectively, the NN equi-
librium distance in the HS-LS configuration and the misfit
between the lattice parameters of the HS and LS phases [§} =
Ri(+1, +1) — Rj(—1, —1)], where, x = §, C.

These quantities are obtained as a function of the different
lattice parameters, Rt')"f = Ry(+1,+1), R",‘L = Ry(+1,—1),
and Rj- = Ri(—1, —1), as follows:

RHH + RLL
Rf,“r _ 1. 1. . (63)
¥ a2

5 = (RYY — Ry). (6b)
Where HH, HL and LL stand for HS-HS, HS-LS, and LS-
LS neighbors, respectively. For interface bonds, made of core
and shell atoms, the equilibrium bond lengths, R}}“(-_ (8.855)
[RIM._(S;, ;)] where §; is the spin state of the core (shell)

site and §; is that of the shell (core), are given by

) 8.&’
Ry (5, 8)) = Rz + 1S+ 5)), (7a)

dif'_(Si. 51 = ﬁ[&“,"; + %(S; + Sk )], (7b)
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where (x, ¥) = (C, §) or (5, C) provides information about
the location (core or shell) from which the bond is considered.
The quantities RI'L and 8§ are the same as those defined in
Eqgs. (6a) and (6b).

In the Monte Carlo simulations, the system is warmed up
from 7 = 5to 200 K (390 K for R}"} = 1.0) in steps of incre-
ment 1 K, and then cooled down to the initial temperature. Al
each temperature step we evaluate the HS fraction, nys, that
is, the fraction of molecules occupying the HS state, given by

1+ (S)
5

where (S} is the average value of the spin state and the average
NN distance, {r}, is defined as

nps = (8)

g \/ i =2 + O = 3;)°
= Ny '

where N = 2Ny (Niot — 1) is the total number of bonds.
These two quantities, which can be viewed as order param-
eters characterizing the electronic and the elastic state of
the system, are calculated for the core Nj = 2N.(N. — 1),
the shell Nj = 2N (N, + 2N, — 1), and the whole lattice. De-
scription and explanation related to the numerical procedure
leading to solving Hamiltonian (1) are given in Sec. I of the
Supplemental Material (SM) [62].

In a previous work [63], we have considered the study of
a core-shell SCO nanoparticle, schematically represented in
Fig. 1(a), where both constituents are active from the point of
view of spin transitions. There, we studied the effect of the
shell thickness on the thermal properties of the core and the
shell as well. In this previous work, we assumed equal lattice
parameters of the core and shell in their respective HS and LS
states.

(r) (9)

III. RESULTS AND DISCUSSIONS

A. Thermal behavior of the uncoated core and hollow shell

The analysis of the thermodynamic properties of this spin-
crossover nanostructure showed the existence of an efficient
mechanical coupling between the core and the shell moieties,
which influences the thermodynamic behavior of each other.
Due to this mechanical coupling, the temperature dependence
of the total nanocomposite is far from the sum of each of its
constituents. Indeed, according to the difference of transition
temperatures and elastic interactions between core and shell,
the whole nanocomposite may lead to several possibilities
of spin transitions (two-step, gradual, one step with ther-
mal hysteresis, etc.) as a result of an interplay between the
electroelastic properties of both constituents, resulting in a
complex distribution of pressure (or elastic energy) inside
the lattice. In the first part of this paper, we started with
the thermal investigations of the uncoated SCO core of size
N, x N, = 40 x 40 and hollow shell of the same size and
five-layer thickness. The parameter values used throughout
this paper are, for the core part, A- = 450 K, g (degeneracy
ratio)= 150, and Ac = B = 10° K nm~? and, for the shell,
Ag = 200K and Ag = By = 10° K nm~2. For simplicity, the
equilibrium bond lengths between nearest-neighboring atoms
of spin configurations HS-HS, HS-LS, and LS-LS were con-

sidered as, respectively, equal to 1.05, 1.025, and 1.0 nm for
the core. For the present simulations on the uncoated shell,
the equilibrium distances between LS-LS, HS-LS, and HS-HS
nearest neighbors are taken equal to 1.03, 1.015, and 1.0 nm,
respectively.

The transition temperatures of the isolated core (shell)

are given by the relation Trﬂ' = ﬁ ~ 90 K(Tj{ =

,:I-I‘j'g'wlUK}. As a reference, Fig. 2 summarizes the
temperature dependences of the HS fraction of the shell
[Fig. 2(a)] and core [Fig. 2(b)], which undergo first-order
phase transitions, accompanied by thermal hysteresis.
Moreover, one can easily see that the transition temperatures
arising from the MC simulations are confirmed to be the ones

predicted by the simple relation T =

_A
kglng*

B. Case of an active core and shell spin-crossover nanostructure

Now we turn to the case of the spin-crossover nanocom-
posite, schematically represented in Fig. 1(a), in which core
and shell consist of active spin-transition materials. For that,
we decorate the uncoated core of Fig. 2(b) by the hollow spin-
crossover shell [Fig. 2(a)], of five-layer thickness (Ng = 5).
The Monte Carlo procedure used to solve the thermodynamic
properties of this composite system is the same as that used
for the uncoated core.

In the MC simulations, a lattice site is randomly selected.
This site is inside the core (i.e., surrounded by core atoms
only) or inside the shell (i.e., surrounded by shell atoms only)
or at the interface, belonging to the core or shell parts. If
the atom is inside the core or the shell, we calculate its
elastic energy using Hamiltonians (2b) and (3b), combined
with the spin dependence of equilibrium distances, given in
expressions (5a) and (5b). In contrast, in the interface region,
if we select in the MC process a site belonging to the core
(shell) part, its elastic energy is calculated using Eq. (4b)
[Eq. (4c)] with the corresponding equilibrium distances given
by Eq. (7a) [Eq. (7b)]. This constraint causes an elastic
frustration that deploys over the lattice, the consequences of
which are discussed below.

1. Effect of the core-shell lattice parameter misfit
on the whole system

In the previous work [63], we stated that the core and the
shell have the same equilibrium bond lengths in HS and LS
states. In the present paper, we take RfY as a variable, which
causes a change: RI% = R—‘F"'?:R'L"l*.

Now let us summarize the situation: RS = R = 1 and
RIM = 1.05 are kept invariant while R}/ changes from the
value of RE% to that of R, The values of all NN lattice
distances are summarized in Table I. Owing to the 2D charac-
ter and square symmetry of the lattice, the NNN equilibrium
distances corresponding to the electronic configurations given
in Table 1 are obtained from the NN equilibrium distances
multiplied by +/2.

Now, we focus on the imposed equilibrium distances at the
core-shell interface. It can be easily checked that the core-
shell interface contains 4N NN bonds and 4(2N — 1) NNN
bonds.
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FIG. 2. Thermal variation of the HS fractions and lattice parameters of the uncoated 2D hollow (a) and core (b) nanoparticle (with square
symmetry). The core size is 40 x 40 and the hollow shell has five-layer thickness. The equilibrium NN distances in HS-HS, HS-LS, and LS-LS
configurations are, respectively, equal to 1.05, 1.025, and 1.0 nm for the core and 1.03, 1.015, and 1.0 nm, for the shell. For both cases, the
spatial distributions of the HS (red dots) and LS (blue dots) sites along the spin transition phenomenon are shown in the right panels.

It is important to stress here the individual definition of the
equilibrium distances, Rl''(S;, S;), at the core-shell interface.
In a previous work [63], where the equilibrium NN distances
of HH, HL, and LL configurations were the same for the core
and the shell, those of the interface were simply calculated as
the average values of those of core and shell atoms taking into
account their spin states. Here, we consider a different sce-
nario, for which the equilibrium bond lengths at the interface

are summarized in Table I. Thus, a chosen atom belonging to
the core-shell interface and located in the core side wants to
impose to its NN (or NNN) shell atom the equilibrium core
bond length and similarly for shell atoms. Within this condi-
tion, bonds at the interface viewed from the core (shell) have
the equilibrium bond lengths RS (S;, S;) [R3(S;, $;)], given in
Table 1. As a result, the same bond at the core-shell interface
is asked to have the equilibrium distance of the core (shell)

TABLE I. Equilibrium NN distances used for the core, shell, and core-shell bonds. The HS shell NN bond length (RHSH) is used here as a

variable.
NN configurations (nm) HL LL
: HH _ HL _ LTREE L _
Core NN distance Rye =105 Ryg = — = 1025 Ry- =10
HH

Shell NN distance R = 7 RIL =10
LL HH

NN distance at the interface viewed from the shell R = w R =1.0
L1 HH

NN distance at the interface viewed from the core R = 1,05 RiL = B — g 25 Ri: = 1.0

054105-5
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when calculating the energy of the core (shell) atom. For
example, an HS-LS interface bond constituted of a HS core
site and a shell LS site has the apparent equilibrium distance

R (41, -1) = R"r”"‘ (=1.025 nm) from the point of

view of the core side and R (=1, +1)= M when
viewed from the shell side. When the value of R})"g’ is different
from that of RS an elastic frustration immediately takes
place at the core-shell interface in bonds unless its connecting
sites are not in the LS state, as it appears in Table I, where
we summarize the expressions of the different equilibrium
distances corresponding to the various bond configurations in
the core, shell, and interface regions.

Simulations are performed for different values of the equi-
librium lallice parameter of the shell in the HS phase, going
from Ri™ = 1.05 nm (NN bond length value of the core in
HS) to R = 1.0nm (NN bond length value of the core
in LS). The change in R values cause the change of HL
configurations of the shell as well as those of HH and HL
configurations of core-shell bond lengths, located in the inter-
face region. The other lattice parameters are kept invariant, as
shown in Table I.

Thus, we now examine the general situation where the
nanocomposite is made of two SCO materials having different
HS lattice parameters. Due to the elastic nature of the spin
transition phenomenon, it is expected that this difference of
the lattice parameter between the core and the shell will play
an important role in the thermal behavior of the HS fraction
of the whole system.

The results of the simulations are summarized in Fig. 3
which reports the thermal variation of the total HS fraction
and average lattice parameter of the whole nanocomposite
for various values of RYY. It is observed that the change
in RI™ affects the thermal behavior of the entire system.
This is due to the fact that the elastic interaction energy,
AE, responsible for the SCO transition of the shell,
depends on the lattice parameter misfit inside the shell
between the LS and HS states: AE = %(AS +2Bs)(53)* =
-(As +2Bs) (RN — RE%)?.  These changes are then

(a)
1.0]
0.8
Sg“s
< 0.4
0.2
0.0

0 100 200 300

Temperature (K)

mechanically communicated to the gore through the core-shell
interface. Thus, the decrease in R/} shifts the whole thermal
response of the system to hlgher temperature, and causes
interesting behaviors on the thermal dependence of the
average bond lengths, which transforms through several
steps. The origin of this behavior will be discussed in the next
section, where we examine individually the thermal behavior
of the core and the shell.

2. Thermal properties of shell and core components

Now, we examine the thermal behavior of the electronic
and mechanical responses of the core and the shell separately
as a function of R™. Figure 4 shows the thermal depen-
dences of the average HS fraction and the average lattice
distance, (r)g, of the shell [Figs. 4(a) and 4(b)] for different
R values going from 1.05 to 1.00 nm (i.e., from R{H#
to Rie). while RGY, Ryl Ry, and Rt are kept invariant
as given in Table I. The associated HS fraction and lattice
spacing, (r)c, of the core are depicted in Figs. 4(c) and 4(d),
respectively.

It is interesting to mention that, for used R values, the
HS fraction of the shell [Fig. 4(a)] has a large plateau for
R =1.00, 1.02, and 1.03 nm which drastically reduces
for RIY = 1.04 and almost disappears for RI{ = 1.05. The
existence of this plateau caused by the misfit between the
equilibrium NN distance of the core, RI'H = 1.05, and that
of the shell, R, originates from the mechanical compressive
strain exerted by the LS core on the shell. This prevents its
complete transformation during the thermal transition pro-
cess. As a consequence, the average shell NN distance in the
HS state decreases [Fig. 4(b)] as R(‘,"; decreases, leading to
delay of the transition temperature of the core, the volume
expansion of which between LS and HS states is hindered
by the shell. On the other hand, for R < 1.05, the ex-
pansion or the contraction of the shell durmg its first-step
transition is accompanied by the systematic contraction of
the core [Fig. 4(d)], while its expansion starts only when its
corresponding HS fraction increases [Fig. 4(c)]. This behavior

(b)
1.050

(nm)

1.025+

0 100 200 300

Temperature (K)

FIG. 3. Thermal variation of (a) the total HS fraction and (b) the average lattice parameter of the whole SCO nanocomposite for different

equilibrium lattice parameters of the shell, which was varied from R =
A = I(}i K nm~2 for NN interactions and B¢ = Bs = B;y, = 10° K nm~2 for

Table 1. The used values of the elastic constants are Ac = Ag =
the NNN interactions in the core (C), shell (S), and interface (int).

1.00 to 1.05 nm. The other lattice parameter values are oncn in
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0.2
0.0
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(c)
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(d) 1.06-
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5 = &
[
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FIG. 4. Thermal variation of (a) the shell HS fraction and (b) the average NN distance for different Rm‘ values, varied from RSP =
1.0 to 1.05 nm. (c, d) The temperature dependences of the core HS fraction and average NN distance for the same Rf values. The other lattice
parameter values are given in Table I. The other model parameters are given in the text.

indicates that the first contractions of the core are the result of
its mechanical response to the shell’s behavior.

Interestingly, while the first transition temperature of the
shell shows only a slight shift towards 50 K as a function of
R} [see Fig. 4(a)], that of the core, displayed in Fig. 4(c),
is significantly affected. That is, the center of the thermal
hysteresis moves from 75 to ~230 K, by decreasing R}y from
1.05 to 1.00 nm. Due to this critical change, the thermal
hysteresis width of the core diminishes from 17 to 0 K.

Furthermore, it is clear from Fig. 4(a) that the HS fraction
of the shell makes the transition in one step for RiY =
1.05 nm which converts to two steps with a plateau for
RIM =1.04, 1.03, 1.02, and 1.0 nm, while the temperature
dependences of the average bond length, (r}), depict a dou-
ble step transition for all RY. The first step is related to
an incomplete electronic transformation of the shell due to
compressive strain induced by the core which is still in the
LS state, while the second step, which takes place around
70 K for R:]“; = 1.03, for example, relates to the change in the
bond lengths of the shell, which hardly reach their equilibrium
values in the HS state as R/} decreases.

An interesting situation arises from the comparison be-
tween the thermal dependence of the HS fraction [Fig. 4(a)]
and the bond lengths of the shell, shown in Fig. 4(b). The tem-
perature dependence of the bond lengths of the shell exhibits

thermal hysteresis for RHE‘ = 1.02, 1.03, and 1.04, which is
absent in the thermal behavior of the HS fraction. In addi-
tion, as previously indicated, more marked plateaus appear
in Fig. 4(b), compared to those of Fig. 4(a). This situation is
even more pronounced for the core part where the temperature
dependence of the HS fraction [Fig. 4(c)] giving the tempera-
ture dependence of the HS fraction, nys, shows a single-step
first-order transition for R[P]”;‘ = 1.05, 1.04, 1.03, 1.02 while
the corresponding average core NN distance leads to multistep
transitions [Fig. 4(d)].

This point is important and demonstrates that the mag-
nelic response can be silent on the interplay between the
structural changes of the core and the shell. Indeed, the
behavior of the HS fraction of the core [Fig. 4(c)] is blind
regarding the multistep transitions occurring in the core
bond lengths [Fig. 4(d)], which are mostly sensitive to the
changes of elastic parameters of the shell [Fig. 4(a)]. This
point contrasts with the usual elastic models of SCO where
the HS fraction and the average bond lengths are linked
linearly [46].

It is worth noticing that the temperature dependence of
the average core bond length shows very unusual and non-
monotonous trends around the temperature region of the
transition of the shell. These behaviors are unique and of merit
to be discussed in a detailed way.
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To thoroughly understand the unconventional thermal be-
havior of (r) in Fig. 4(d), for R{)”; > 1.04, one has to consider
that the expansion of the shell part during its phase transition
induces tensile stresses on the core. For equal equilibrium
HS lattice parameters of core and shell (i.e., R = R =
1.05 nm), the two subsystems form a unique and uniform elas-
tic lattice (same bond lengths and elastic constants in LS and
HS states). As a result, a ferroelastic interaction takes place
between the shell and the core. Indeed, the first expansion
of the shell [Fig. 4(b)] below 70 K is accompanied by an
expansion of the core [Fig. 4(d)]. That is, the average NN
distance of the core increases monotonously with temperature
from the value of the LS state (Rf:. = 1.0 nm) to that of
HS (R = 1.05 nm), with the presence of a small plateau
around 7 = 75 K (on heating) at which (r)¢ reaches the value
1.005. This effect is attributed to the transition of the shell
thus causing a negative pressure on the LS core’s lattice. It
is worth mentioning that this plateau is hardly visible in the
temperature dependence of the core HS fraction of Fig. 4(c).

In contrast, for 1.00 < Rﬁ'? < 1.04, the first expansion of
the shell, on heating, induces a compressive stress on the
core, which then contracts [see Fig. 4(d)]. This contraction
continues as long as the core HS fraction keeps the value
nus = 0 [Fig. 4(c)]. When the HS fraction of the core starts
to increase (due to thermal effects). (r)c goes through a
minimum and finally increases towards the value R instead
of RIM (>RHY). In that sense, the core remains under high
compressive pressure even in the HS state.

The observed contractions of the core are also due to the
strong lattice misfit existing between the core and the shell
lattice spacing. It is essential to mention that the amplitude
of this core contraction also depends on the ratio of core
and shell elastic constants, which are taken in the present
case as equal to 1. Thus, a more compressible core may
show significant mechanical responses, while a rigid one will
prevent the transition of the shell. This exciting aspect will be
investigated in a further work.

On the other hand, the thermal behavior of the average
shell and core bond length [Figs. 4(b) and 4(d)] clearly
demonstrates that for small lattice spacing of the HS shell
the transition temperature is shifted upwards, recalling the
effect of pressure on SCO materials. Indeed, it is important
to keep in mind that, on heating, the shell makes the LS to
HS transition before the core. As a result, when the shell
reaches the HS state, two different processes emerge: (i) the
core experiences compressive or tensile stress depending on
the misfit lattice parameter and (ii) the expansion of the core
lattice under the inhibited boundary conditions set by the shell
part which in turn prevents the conversion of the core, which
needs space to expand all the bond lengths. Thus, it delays
the emergence of the thermally induced spin-state switching,
which appears at higher temperature.

So, to summarize, the weak effect of the core on the shell
lattice parameter [Fig. 4(b)] is attributed to the existence of
a free surface of the shell, which allows relaxing of elastic
strain. For example, for the case R = 1.02 nm, the shell
switches from LS to HS (the corresponding average NN
distances of which are 1.0 and ~1.02 nm) around 75 ~ 41 K,
which is very close to the transition temperature of the isolated

404 —-
2204 N e &
200 N
~

180 Yn
160 =
1404
1204
1004 .

Temperature (K)

801
60 T T T T T T
1.00 101 102 1.03 104 1.05

RE'S Parameter (nm)

FIG. 5. High-spin shell lattice parameter dependence of the up-
per (T'*) and lower (7 ) transition temperatures of the core compo-
nents, showing a clear vanishing of the thermal hysteresis for below
the value, R'Y = 1.01 nm, as a result of pressure effects exerted by
the shell on the core due to the lattice parameter misfit.

shell, given by 75 = =& = 40 K. In contrast, the behavior
of the core part with R% = 1.05 nm and R = 1.0 nm
is significantly affected by the change of R, particularly
when the misfit (R{/i! — RI'Y!) increases. Several observations
can be drawn: (i) the transition temperature of the core is
clearly shifted to higher temperatures; (ii) depending on the
value of R, the temperature dependence of the average
core lattice parameter may follow a nonmonotonous trend:
(iii) the thermal hysteresis width progressively vanishes with
decreasing the R{' values. In Fig. S.1 of SM [62] we can
clearly see the correlation between the HS state of the core
and shell with respect to the average lattice parameter of the
shell and core.

To confirm the pressure effect of the shell on the transition
of the core, we analyze the dependence of the upper and lower
core transition temperatures on R in Figs. 4(c) and 4(d).
It shows (see Fig. 5) a clear linear trend, reminiscent of the
behavior of SCO systems under an apPlied isotr9pic pressure
[64], P, following the law T} (p) = ﬁ + ’;"j,“l .and |AV|
is the volume change between LS and HS states. In Fig. S.2
of SM [62] we can observe that when the whole system is in
the HS state the differences between the average instantaneous
bond length and the corresponding equilibrium distances for
the shell and core in the HS state ((r)sen) and ({r)core ) clearly
show that the core is under a large stress compared to the shell,
thus confirming the fact that the relaxation of the core lattice
is obstructed by the HS shell lattice, which in turn shifts the
transition temperature of the core to higher temperature.

C. Spatial distribution of the HS fraction and evidence
of labyrinth formation inside the core

Here we analyze the spatial dependence of the HS frac-
tion in the core and the shell along with the thermal hys-
teresis of Fig. 4 and discuss the effect of lattice misfit,
R — RIM on the nucleation mode of the HS fraction.
Selected snapshots depicting the spatial distribution of the
HS fraction are presented in Fig. 6 for the values RiY =
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= 1.00 (229 K) = 1.02 (174 K)
= 1.03 (144 K) = 1.04 (115 K)

1.05 (87 K)

{e] R:.: =

FIG. 6. Selected snapshots depicting the spatial distribution
of the HS fraction presented in Figs. 4 and 5 for the case
R =1.00, 1.02, 1.03, 1.04, and 1.05nm and temperature T =
229, 174, 144, 115, and 87 K, respectively. The corresponding HS
fraction (0.60, 0.52, 0.47, 0.43, 0.40) and lattice parameter (0.98,
0.99, 1.00, 1.01, 1.01) values can be easily read in Figs. 4(c) and 4(d)
for the core lattice and Figs. 3(a) and 3(b) for the shell lattice. Note
the emergence of labyrinth HS structures inside the core as a result
of the spatial distribution of the strain. Here HS (in red) and LS (in
blue) depict total HS occupation in the shell, and spatial distribution
of the HS fraction in the core.

1.00, 1.02, 1.03, 1.04, and 1.05 nm and temperature T =
229, 174, 144, 115, and 87 K, respectively. According to
Fig. 4, this corresponds to the situation where the interplay
between the elastic properties of the core and the shell is
maximum. At these temperatures, the shell exerts highly
anisotropic constraints on the system, which results in special
spatial self-organization of the spin states through labyrinth
structures (see Fig. 6) during the growth of the HS fraction.
Such behavior is very interesting and could be correlated to
the lattice shape and the spatial distribution of the elastic
strain in the lattice. The formation of HS and LS stripes is
attributed here to the coexistence of directional ferroelastic
and antiferroelastic interactions, which can also be evidenced
by the spatial behavior of the average lattice parameter inside
the lattice. In addition, the fact that these 1D structures can be
formed along both x and y directions indicates the absence of
any anisotropic effects in the growth modes of these strings.

1. Spatial profiles of the lattice bond lengths

To get more insights about the magnetoelastic interplay
between the electroelastic properties of the core and the shell,
we monitor the spatial distribution of the atomic bond lengths
along a horizontal line located at the middle of the lattice (at
coordinate j = "f) in the case of a HS shell and LS core, for
several values of RE”? The results are summarized in Fig. 7,
which indicates that with R['}“;{ values between 1.0 and 1.04
the core experiences a strong nonuniform compressive stress
along the x direction [Figs. 7(a)-7(d)], which increases as

RI"! decreases, enhancing the elastic misfit at the core-shell

interface. In contrast, for Ry = 1.05 nm [Fig. 7(e)], we

observe that the central part of the core experiences tensile
stress while at the lattice borders a residual weak compres-
sive stress remains. On the other hand. the shell part shows
that the outer layers (close to the surface) are always under
tensile stress, while the inner layer (close to the interface)
is always under compressive stress, whatever the R}y value,
More precisely, one may notice that for all cases shown in
Fig. 7, or for shell layers close to the surface, the distance
between successive sites, d;;, is bigger than the equilibrium
value, R, which means that the shell is under tensile stress.
For R} = 1.0, only the shell layer at the interface with the
core experiences the compressive stress (d;; >~ 0.98 < RIi).
However, as R[,g value increases, other inner shell layers
start to feel the compressive strain exerted by the elastic
core-shell misfit, as clearly depicted in Figs. 7(b)-7(e) through
the number of red points situated below the dashed line
indicating the RFY value. Similarly, the behavior of the LS
core crucially depends on RHY. For 1.00 < R < 1.04 nm,
the NN distances, d;;, along the considered horizontal line in
the core are always smaller than Rf", denoting that the core is
under compressive stress. However, it is interesting to notice
the nonuniform character of the spatial dependence of the
distance, |d;j — R}%|, along the core’s center. This quantity
indeed decreases in a symmetric way when coming from both
sides, meaning that the center of the core experiences weaker
compressive stress, compared to the outer core layers located
at the core-shell interface. As a result, the formation of HS
core species from the outer core layers is prevented, at the
benefit of the core center part. In addition, it is clearly seen in
Fig. 7 that the amplitudc of this compressive stress decreases
as the value of R}Y increases. This effect is important and
helps in the formation of long HS strings at the origin of the
emergence of the labyrinth structures, obtained for all RE™
values, as depicted in Fig. 6. However, it is worth noticing
that the lengths of the HS string forming the ]abyrimh. as well
as the topology of the latter, depend on R/ values. Indeed,
for the case R{§ = 1.05 nm, the central part of the core
experiences now tensile stress (d;; > Rn,c) which enhances
the HS string’s length inside the core.

2. Lattice distortion and spatial distribution of elastic stresses

Now we focus on the stresses generated by the nucle-
ation and growth process, which is important in the self-
organization of the HS and LS states. For that, we determine
the displacement field, (i, j), associated with the lattice site,
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FIG. 7. Lattice parameter profile along a horizontal line located at coordinate j = ;, in the middle of the lattice, for several HS shell lattice
parameters, and temperatures corresponding to the plateau regions of Figs, 4(b) and 4(d). The data of the HS shell part are represented with
red squares and those of the LS core part are represented with blue filled circles. All curves correspond to a LS core surrounded by a HS shell.
The horizontal dashed lines, corresponding to d;; = R}j{' and d;; = 1.0 nm, are, respectively, associated with the equilibrium bond lengths of

the HS shell and LS core.

(1. j), given by

p =
Uij = rij — Fj, (10)
where Ff} and 7;; are the initial and final atomic positions of
the site (7, j). In the present analysis, we used the positions in
the perfect LS state of the whole nanostructure as a reference

state, because it is common to all the simulations. We have
calculated the displacement field and its spatial distribution,
of the core and shell atoms, for several values of R for
the cases of Fig. 7. The obtained results are summarized in
Fig. 8, and correspond to selected electroelastic snapshots in
the plateau regions. Overall, they are in agreement with the
conclusions drawn from Fig. 7. First, Fig. 8(a) corresponds
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FIG. 8. Displacement fields for the different HS shell lattice parameter values (a) R = 1.00 nm, (b) R = 1.02 nm, (¢) R = 1.03 nm,
(d) RI™ = 1.04 nm, and (e) R} = 1.05 nm, corresponding to the situations depicted in Figs. 7(a)-7(e). The LS state, common to all figures,

was used as a reference state for the calculations of the displacement field [see Eq. (9)].

to the situation where RY = 1.0. Compared to Figs. 8(b)-
8(e), it shows a loss of center symmetry, which is attributed
to the randomly selected electronic configuration, which is
affected by the fluctuations of the spin states induced by

hand, Figs. 8(b) and 8(c), corresponding, respectively, to
RIM =1.02 and 1.03 nm, show strong compressive stress
acting in the core, since all core displacement vectors are

directed towards the center of the lattice. Furthermore, the

the stochastic aspect of the MC procedure. On the other  coexistence of tensile and compressive stresses takes place
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in shell regions. Indeed, it is remarked that the compressive
stresses in the shell are located around the shell-core interface,
while the tensile stresses occur near the shell surface, where
the orientation of the displacement vectors changes along
the shell lattice, which then slightly deforms. As a result, the
system exhibits compressive but nonuniform stress along the
x and y directions. When the HS shell lattice parameter is
increased, as for RE,"; = 1.04 nm [Fig. 8(d)], a different stress
distribution feature is obtained. The nanostructure displays
coexisting regions of dilatational strain in the shell region
and around the core-shell interface and weak compressive
strain in the core. Indeed, the displacement field for the shell
is outwards, i.e., the shell is expanding, while, at the same
time for the core, the displacement is inwards, i.e., the core is
experiencing contraction. As a consequence, one can easily
identify a “circular” boundary wall of displacement fields
formed between the core and shell lattice structure, vary-
ing in width along the corners and edges. This boundary
wall formation clearly portrays the two different mechanisms
going in the whole lattice structure at the same time. The
first is the expansion of the shell lattice parameters at the
stake of contraction in core lattice parameters. The second
is the stabilization of the LS state in the core due to the
contraction. Consequently, the transition temperature of the
core lattice shifts to higher temperatures, which in turn also
withholds the complete transition of the shell from LS to HS
as can be seen in Fig. S.1 of SM [62]. Finally for R} = 1.05
[Fig. 8(e)], a pure dilatational strain, acting everywhere in the
lattice, stabilizes the HS state and decreases the spin transition
temperatures of both moieties.

To confirm the previous conclusions drawn from the dis-
cussion of Fig. 8, we calculate the divergence and rotation
of the displacement field, which corresponds to the trace of
the strain tensor, describing the pure relative volume expan-
sion, while the rotational part evidences the enhancement of
the shear stresses. The spatial distribution of the divergence
of the displacement field depicted in Fig. S.3 of SM [62]
clearly shows a more or less homogenous distribution of the
compressive stress inside the core for R)f' < 1.04 nm, which

enhances for smaller R}i' values. In contrast, for the case

Rgs" = 1.05 nm, the core experiences tensile stress in the
plateau region due to no lattice misfit between the HS core and
the HS shell which plays in favor of the HS state, which shifts

the transition temperature downward, as we saw in Fig. 4.

IV. CONCLUSION

This paper was devoted to the study of SCO nanostructures
made of a core-shell nanoparticle, where both constituents are
spin active and have different transition temperatures. To in-
vestigate the interplay between the magnetoelastic properties
of these two subsystems which interact elastically through
their common elastic interface, we adopted the case where the
lattice parameters of the two constituents are the same in the
LS state, and let them be different in the HS state. To realize
this situation, we fixed the LS lattice parameter to 1.0 nm for
the core and the shell, the HS lattice parameter of the core is
set equal to 1.05 nm, and we change the HS shell parameter
of the shell in the interval 1.00 and 1.05 nm. When HS core
and shell lattice parameters are different, an elastic frustration

takes place, which causes a significant shift of the transition
temperature of the core, due to the compressive effect exerted
by the shell.

Interestingly, while the thermal dependence of the shell is
slightly affected by the previous changes, the lattice param-
eter is significantly impacted and shows a large temperature
dependence which resembles that of the core part, which
then, in turn, drives the elastic behavior of the shell. One of
the most intriguing results emerging from the magnetoelastic
interactions within the nanostructure concerns the reaction of
the core. Indeed, for a strong lattice parameter misfit between
the shell and core in HS, the shell shows thermally induced
multistep transitions on both the HS fraction and lattice pa-
rameter. In contrast, the core exhibits a multistep transition on
its lattice parameters but a simple transition on its HS fraction
behavior. This type of behavior is impossible to obtain on a
simple lattice.

Consequently, for the present specific case, the HS fraction
of the core cannot be directly extracted from the behavior
of the lattice parameter, and the fact that the lattice pa-
rameter converts in two steps does not mean that the spin
transition has the same behavior. In addition, although the
thermal dependence of the HS fraction of the core shows a
single step transition, the corresponding average bond length
exhibits multistep transitions, with plateau regions. Spatial
self-organization of the spin states with labyrinth formation
stabilizing longitudinal or transversal HS and LS strings,
antiferromagnetically coupled to surrounding strings, is evi-
denced. This type of organization of the spin states deserves
further investigations. Moreover, the case of a spin-crossover
core-shell nanostructure, with core and shell having the same
lattice parameter in the HS state and a lattice parameter misfit
in the LS state, is also very interesting. According to the
transition temperatures of each part, several situations can
emerge on cooling from the HS state. This particular case is
being studied and the results will be submitted in a separate
work.

Finally, it should be noted that the core-shell structure is
defined in a finite size, and thus the system does not have
phase transitions which are defined in the thermodynamic
limit. The transitions studied here give characteristic changes
of physical quantities depending on the frustrated situation
which may benefit from finite-size scaling investigations. It
is worth mentioning that recent developments on the elastic
studies of three-dimensional (3D) nanoparticles [65] open the
way to interesting studies on 3D core-shell nanoparticles with
the aim to investigate the role of the shape’s effect and the
magnetoelastic coupling at the interface on the thermody-
namic properties of the switchable SCO nanostructures.
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