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ABSTRACT:

Elastic modelling of spin-crossover material has boomed remarkably these last years. Among these
models, the electro-elastic model combining spin and lattice degrees of freedom showed good abilities of
fair description of the thermodynamics and spin-crossover solids. In the present work, we explore a new
treatment of this model based on a homogeneous description of the lattice spacing with well separate
relaxation timescales for the lattice and spin state degrees of freedom. This description is analogous to the
Born-Oppenheimer approximation and allows analytic treatment of the elastic part of the model, thus
simplifying considerably the model resolution. As a result, we have been able to demonstrate the
equivalence between the genuine electro-elastic model and an Ising-like Hamiltonian with-competing long-
range ferro-like and short-range (nearest neighbors and next-nearest neighbors along diagonals) antiferro-
like interactions, whose relationship with the high-spin to low-spin misfit elastic energy has been
established. This model generates intrinsic elastic frustration in the lattice, which leads to a rich variety of
hysteretic first-order transitions made of one- two-, three- or four-steps behaviors. Complex self-
organizations of the spin states are evidenced in the plateau regions in form of checkerboard-like, stripes-
like patterns, constituted of alternate high-spin and low-spin ferro-like stripes or alternate ferro high-spin

(or low-spin) and antiferro-like chains, as well labyrinth structures.
I. INTRODUCTION

Spin-crossover (SCO) compounds are extensively studied in the literature due to their rich physical

5-11 12-15 16-18 19, 20

properties covering optics ', spintronics >!!, magnetism '*', elasticity '*'¥, and statistical mechanics
SCO materials are molecular solids containing a metallic central atom surrounded by ligands in an
octahedral symmetry. Fe(II)-based SCO complexes exhibit two spin states, a paramagnetic high-spin

HS,e2ts,,S = 2) state, stable at high temperature and a diamagnetic low-spin (LS, eJt$ , S = 0) state,
gt2g g p gtag
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stable at low-temperature thanks to the ligand field energy of the ligands. It is important to mention for the
non-specialist readers that the SCO solids switch between a paramagnetic and a diamagnetic state and do
not show magnetic ordering. The main reason for the absence of magnetic ordering in the HS phase of SCO
solids is the lack of covalent bonding between the metal ions, which are distant by ~1 nm. Only a few
experimental data obtained on the bimetallic coordination polymeric compound®' have shown the existence

of long-range magnetic ordering in SCO materials, which has been modeled using three states spin

Hamiltonians®> 2>,

25-30

Under the effect of external perturbations, such as a variation of temperature , pressure *'~, light

36-43 d 44-50

irradiation , electric or magnetic fiel , or chemical composition ** "3 etc, the SCO solids may
switch reversibly between HS and LS configurations leading to first-order or continuous (gradual)
transformations. When the switching takes place through a first-order phase transition, this type of property
is referred to as “bistability property” from which originates most of the potential applications of these
materials. The switching between the HS and LS states is accompanied by a significant volume change
(~3 — 5%) as widely demonstrated by x-rays diffraction on single crystals **’. Imaging spin-transition by
optical microscopy conducted first by Jeftic and Hauser in a [Fe(ptz)s](BF4): (where ptz=1-n-
propyltetrazole) large single crystals pointed out the important role of the thermo-chromic character of these
materials **. Utilizing this property, Chong et al. revealed the existence of mechanical stresses during the
spin transition, evidenced during the volume variation of these systems through the generation of
inhomogeneous stresses causing irreversible damage to the crystals ** *. Ogawa et al. * reported these
inhomogeneous features during the photo-excitation of [Fe(2-pic);]Cl..EtOH (pic=2-picolylamine) using a
femtosecond (fs) laser pulse. Indeed, the study of the spatiotemporal aspects of the spin transition
phenomenon shows that the nucleation and the growth of LS or HS phases proceed via a single domain
process, with a well-defined and visible interface, which moves at constant velocity. It is demonstrated that

61,62

this propagation process is governed by the mechanical stress effects, through the contribution of the

58

elastic interactions, ** ® arising from the volume change at the transition. On the other hand, many

37, 61-71

experimental studies conducted on these complexes showed that a rich variety of spin transition

behaviors can be generated. Among them, one may quote: (i) the gradual spin-transition, which could be

described by a simple Boltzmann distribution of overall energy levels involved in weak cooperativity

system ">7*7*: and (ii) sharp first-order transitions with hysteresis transition ”*. The last points concern (iii)

incomplete transitions and (iv) two-step or multi-step transitions "**2. The latter, take place with the
emergence of ordered intermediate phases, which are stabilized leading to the appearance of one or several

plateaus in the thermal-dependence of the order parameters, as reported in several experimental studies,**"

8 which demonstrated the existence of self-organization of the spin states in these regions. The spatial

87, 88

organizations of the spin states were found under the form of antiferro-like (checkerboard) structure®” ™ or

may have more complex structures, like ordered alternate HS and LS sheets as in [Fe(2-pic);]Clo.EtOH
(pic=2-picolylamine)** or modulated HS-LS patterns, where the modulation can be commensurate or

84, 85, 86

incommensurate with the lattice parameter as obtained in the case of Devil’s staircase, where

2
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multiple transitions are observed during the thermal transition. It is important to notice that this multiplicity
of transitions is often enhanced by the presence of inequivalent iron sites in the system, which then creates
artificially additional plateaus.

From the theoretical point of view, the occurrence of multi-step transitions with self-organization of the
spin states in the plateau region has been explained first, in elastic models, as due to a spontaneous elastic
frustration® that appears in the lattice due to the existence of antagonist (or competing) elastic interactions.
Other phenomenological approaches based on the use of anisotropic next-nearest neighbour Ising (ANNNI)

model have been also developed®® *!

and allowed to reproduce the double step transitions as well as the
existence of spatial striped self-organization of the spin states along with the spin transition mechanism.
Recently, it has been shown that the behaviors of spin-crossover compounds, in solid state, can be
obtained by using quite realistic microscopic models **'® based on the elastic descriptions taking into
account the volume change of the materials at the transition. These models include in fact the coupling
between the spin state structure and the lattice degrees of freedom. Some of them are based on vibronic

101,102,103 ywhile others used spin-phonon models'*®. In these two types

descriptions of the SCO phenomenon
of elastic models, the change of the lattice parameter at the transition has been omitted. Other kind of elastic
models including volume change at the transition based on several types of potentials have been proposed.

105, 106, 107
d B 3

In some, anharmonic Lennard-Jones or Morse potentials were implemente , while in others

108

mechanoelastic descriptions taking into account for internal pressure effects° are developed, as well as

92,93 ;

harmonic electroelastic models™ ™ including explicit spin-distortion coupling. In all these models, the spin-

87.93,100. 5 gtable LS state at low

crossover molecules are modeled as atoms with two electronic states
temperature and a stable HS state at high temperature. In the case of the electro-elastic model, which will
be used in the present work, these atoms are interconnected by springs whose elastic constants and
equilibrium distances depend on their spin states 8 °3. This genuine electro-elastic model, considered here
in the general case, takes into account the degree of freedom of the spin states and the positions, and leads

to short- and long-range effects 1% 10

whose competition produces self-organization of the spin states.
Indeed, several models outlined the interplay between the spin-crossover and the lattice properties which
deform the lattice. This deformation of the lattice results from the variation of unit cell volume during the
HS © LS transition and is attributed to the long-range interactions, and to the non-homogeneous strains **
59,63,93,99,109. 111 'O the other hand, it must be noticed that the resolution of the electro-elastic Hamiltonian,
based on the change of position and spin degrees of freedom by Monte Carlo simulations is highly time-
consuming. This is due to the stochastic algorithm that imposes for each spin state change to relax
mechanically the lattice by slight displacements of nodes irrespective whether this spin flip is accepted or
rejected. Therefore, to reduce the execution time of this sequential resolution, we use, in this contribution,
a homogeneous electro-elastic model to study the thermodynamic properties of spin-crossover compounds.
This model is derived from the genuine electro-elastic Hamiltonian in the general case. For that, we first

consider the elastic constants independent of the spin states, then the total elastic energy of the original 2D

Hamiltonian is first minimized with respect to the lattice spacing and then re-expressed rigorously into an

3
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effective 2D Ising-like model, accounting for nearest and next-nearest neighbor interactions. The obtained
model is solved by Monte Carlo simulations, based on Metropolis transition rates, from which we derive
the thermal and spatiotemporal properties of this elastically homogeneous 2D lattice. Although the present
Ising-like Hamiltonian, resulting from the general homogeneous elastic model, does not account for the
lattice deformation, it is however more realistic than the usual Ising-like model or Drickamer!'? approaches,
used to describe the thermal properties of SCO solids, in which the coupling parameters are purely
phenomenological and miss the crucial information about their relation with the elastic interactions.

The paper is organized as follows: in Sec. II, we first present the general version of the genuine 2D
electro-elastic model for spin-crossover solids by considering the bond length distances and elastic
constants depending on the spin states. Then, from this model, we deduce the homogeneous electro-elastic
model equivalent to the Ising model combining long-range ferroelastic, and short-range nearest neighbors
(nn) and next-nearest neighbors (nnn) antiferroelastic interactions. Finally, we describe the MC procedure
and give the parameters used to solve the elastic Hamiltonian. Sec. III is devoted to the presentation and
the discussion of the various thermal dependences of HS fractions and spatiotemporal organizations
emerging from the simulations. In Sec. IV, we conclude and outline the possible extensions of the present

work.

II. ELECTRO-ELASTIC MODELLING

The electro-elastic model describing the spin transition phenomenon considers a 2D square lattice
system of N X N sites depicted in Fig. 1, in which each SCO molecule representing a lattice site is
associated with a fictitious spin state, S; = +1, where S; = +1 corresponds to HS state and S; = —1 to
the LS state. The Ising description in this model ends here since all interactions between the spin states are
taken into account through the local variation of the molecular volume accompanying the spin change.
Thus, the sites (nearest neighbors and next-nearest neighbors located along diagonals) are linked by
harmonic springs ** °*®. Their associated elastic constants and the equilibrium distances depend on the

spin states of the linked sites. The Hamiltonian describing such system in 2D is given by 2,

(A—kgTlng) A , B )
H=) S5+ 2y — RGeS +5 Y (i — oS50 (1)
i @) @i.k)
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FIG. 1. Left. An example of a non-relaxed spin-crossover lattice in the LS state. Right. Schematic
representation of a central site of coordinates (i, j) surrounded by four nearest and next-nearest neighbors.
The coordinates of the neighbors (i',j), are respectively (i’ = i, j' = j £+ landi’ =i + 1, j' = j)
fornmand (i’ = i + 1, j = j + 1), for the nnn.

The first term of Hamiltonian (1) is the effective temperature—dependent energy gap between the LS
and HS states. It contains the effective ligand field energy contribution, Agee = A4 — kgT In g, arising from

the difference of ligand fields, A, in the HS and LS states at T = 0 K and, the entropic contribution,

kgT In g, originating from the electronic and vibrational degeneracy ratio, g = ?, between the HS and
LS

LS states. The second and the third terms are the elastic energy contributions between the nearest (nn) and

next-nearest neighbors (nnn) of spin-crossover units, respectively.

Let us denote by, R, REL and RL, the equilibrium distances between nn HS-HS, LS-LS and HS-LS
sites, we then have Ry(+1,+1) = REH, Ry(—1,—1) = RE: and Ry(+1,—1) = REL. Due to the Ising
character of the fictitious spin describing the electronic state of the SCO molecule, one can easily establish
that nn equilibrium bond lengths, Ry (S;, S;) appearing in Eq. (1), can be written as a function of the spin

states, S; and S; under the following form:

Ro(S1,S;) = po + p1(Si + ;) + p2SiS;, )
where,
R+REL 5 R-REL
Poz—z0 aP1=7R,P2= 20 ,and 8 = R§™ — Rg". (3)
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Here, R = RH: corresponds to the average equilibrium distance between HS and LS phases,

and 8z = R — REL, is the lattice misfit between the LS and the HS phases.

Due to the 2D character of the lattice, the nnn equilibrium bond length, connecting two spins S; and S,

along diagonals, is assumed to be equal to, do(S;, Sk) = V2R, (S;, Si).

This model has been resolved in the past for several situations of SCO lattices (1D and 2D) including
the case of nanoparticles ', nanostructures ''*. It also allows us to demonstrate that the multistability
observed in a large number of SCO solids may result from the existence of elastic frustrations ** % % 113
between the degrees of freedom (distortions, rotations, expansions, and contractions) involved during the
spin transition. Although very powerful, the presence of spin and position variables in the model makes
generally its treatment quite heavy and requires long-time simulations. Indeed, the resolution of the model
includes Monte Carlo simulations on the spin states and extensive molecular dynamics (or MC simulations)
for the lattice positions. Therefore, as an alternative approach, we propose to keep the elastic character of
the model, which makes its originality and to solve it in the homogeneous case, by adopting a kind of mean-
field elastic theory, which then absorbs the lattice variables, which become average quantities depending

on the spin states. We checked that within this method, the simulation time is divided by fifty, with high-

quality results, as will be demonstrated below.

A. The homogeneous version of the electro-elastic Model and derivation of the Ising-like Hamiltonian

The electro-elastic model described above and used in our previous papers ** %

is implemented under
its general form. This model shows that the elastic constants, as well as the equilibrium distances between
the nearest neighbors (nn) and next-nearest neighbors (nnn) sites, depend on their connected spin states
leading to a mutual dependence between distances, elastic constants and spin states. This character
highlights the complex interplay between a local field-like contribution, local short-range interactions and
a complex long-range elastic contribution, whose sign depends on several parameters. On the other hand,
the MC simulations used to study this model are conducted on the spin states and positions. In the way to
simplify the study of such 2D square lattice system where the degree of freedom of spins and positions are

both taken into account, we use a homogeneous electro-elastic model, which we describe in the following

manner.

First, we adopt the situation of a lattice with a homogeneous lattice bond length x between nn and x+/2

between nnn. The Hamiltonian (1) becomes,

(A—kgTIng) A B
H=)Y ———2286 4= % (x —Ry(51,5))% += » (xV2 = V2R, (5:,51))% 4)
Zi 2 2(121) 0 j 2 (Zk) 0 k
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The idea here is to minimize first the total energy with respect to variable x in order to reach the mechanical
s - . ) . . .
equilibrium. This is done by solving the equation: a_: = 0, which leads to the following expression of the

relaxed bond length distance,

_AXIRo(S,.S)) + 2B S Ry (S, 1)

= 5
Xrelax ANnn + ZBNnnn ( )

where, Ny, = 2N(N —1) and Ny, = 2(N —1)? are the nn and nnn number lattice of bonds,

respectively.

By replacing R (S;, S;) with its expression, given in (2), and considering the case of a large system, which
gives Ny ~Nppn~2N2, the expression of the homogeneous bond length in the minimum elastic energy,

becomes after some rearrangements,

Ap + 2Bq

—_— 6

Xrelax = Po +2mp;q

Where, m =< §; > is the average spin value which connects to the HS fraction, nyg, through nys = 1+ij
and p =< §;5; > and g =< §;S); > are the average nn and nnn spin-spin correlations, respectively. It is
important to notice that the dependence of the mechanically relaxed homogeneous bond length on average
spin quantities will naturally introduce infinite long-range interaction inside the lattice. This clearly
establishes the origin of the long-range nature of the elastic interactions in SCO models, and validates the

use of mean-field approaches in describing SCO materials.

Inserting the expression X,.q;q, instead of x in (1) and rearranging all terms, we find after some simple
algebra, that Hamiltonian (1) can be mapped under the form of an Ising-like Hamiltonian including short-

and long-range interactions of elastic nature, whose expression is,

nn nnn
Hyetax =h ) Si+Jn ) S+ Junn ) SiSe + Fo, @
i @ (@i.k)

where, h, J,,,, and J,,,,, are field-like, nn interactions and nnn (along diagonals) interaction terms, whose

analytic expressions as a function of the elastic constants, average magnetization and correlations are,

A—kgTIn
h=( B g)

5 — 4mp{ (A + 2B) — 2p;p,(Ap + 2Bq) — 2p1po(A + 2B), (8a)
Ap + 2Bq

Jon = A (Pf = 2mpsp; — p5 m), (8b)
Ap + 2Bq

Jnnn = 2B (Pf —2mp,p, — p3 A-l-—ZB) (8¢c)
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The temperature-dependent energy, E, , whose expression is, Ey = (gNnn+BNnnn) [(Zmp1 +

Ap+2Bq

2
2 1iaE ) +2p? + p%], identified as the cohesion energy, doesn’t affect the thermodynamic properties

of the SCO system, and so it will be omitted in the next developments.

Compared with the usual Ising-like model, Hamiltonian (7) contains true elastic contributions which impact
the interaction parameters as well as the effective ligand field, h. The present homogeneous Ising-like
Hamiltonian depends on lattice parameters, p4, p,, 4, B, as well as on the electronic order parameters,
m, p, g which express the macroscopic spin state configuration of the system. This way, the lattice variables

have been integrated out, which considerably simplifies the resolution and the treatment of the Hamiltonian.

Another interesting aspect of the model relates to the sign of the interaction parameters. Indeed,
depending on the model parameters, the nn and nnn interactions may be positive or negative, which
competes with the ferroelastic long-range interactions emerging from the effective field [Eq. (8a)]. On one
hand, the homogeneous model is given in Eq. (7), highlights, the link existing between spin states, and
distances, indicates that the variation of distances affects the electronic spin states. While, on the other hand,
the elastic constants being independent on the spin states any variation to them does not induce any change
on the electronic spin states per site but affects the rigidity of the system. Otherwise, the change of distances
and elastic constants results in a competition between the ferroelastic long-range field-like and

antiferroelastic short-range interactions.

It is worth mentioning that the structure of Hamiltonian (7) recalls that of the well-known ANNNI

mode]!16 117, 118

since it includes short-range antiferro-like interactions competing with long-range ferro-
like interactions. ANNNI model whose complex phase diagram shows many bifurcations is widely used to
describe frustration and spin patterning, including spatially-modulated structures. Compared to the present
Hamiltonian (7), the nnn antiferro interactions in ANNNI model are taken along x and y-axis of the crystal
lattice. Therefore, they correspond to third 3™ nearest neighbors’ sites in the case of Hamiltonian (7), in
which the 2™ neighbors are considered along the diagonals. Although, there is a clear difference in the
interaction structure between the two models, we do think that their phase diagrams may show strong
similarities, as indicated by the form of patterns obtained in the present simulations, due to the presence of

similar long-range interactions and short-range antiferro coupling.

B. Monte Carlo technique and model parameter values

The study of the thermodynamic properties of the homogeneous electro-elastic 2D model (7) is performed
on the 2D square lattice of size N X N = 30 X 30, with free boundary conditions. Each site interacts with
its nearest and next-nearest neighbors. Initially, we prepare the system in the HS (resp. LS) phase by fixing
all the spins to S; = +1 (resp. S; = —1) and all nn lattice distances equal to RE¥ (resp. R5L). Monte

Carlo simulations based on the Metropolis algorithm are performed to solve the present Hamiltonian. To
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determine the thermal properties of the system, we first cool down from 200 to 1 K and then warmed up to
200 K, with 1 K increments. At each temperature, we perform 100000 MCS to reach the equilibrium state
and we use 100000 other MCS for the statistics. The used model parameter values are as follows: 4 =

450 K for the ligand field energy, g = 150 (Ing = 5) for the degeneracy ratio leading to a transition

. . . A e
temperature in case of weak interactions, Teoq =g 90 K. The values of the nn equilibrium bond
B

lengths are taken equal to R¥Y = 1.2 nm (R5* = 1.0 nm) between two HS (LS) sites. For the HS—LS

REH 4 RLL

configuration, we chose R{: =R = n

= 1.1 nm which cancels the parameter p, [see Eq. (3)], thus
simplifying considerably the expressions of h, J,,, and J,,,,,. Moreover, the nnn equilibrium distances are

simply obtained by multiplying those of nn by the factor V2.
III. RESULTS AND DISCUSSIONS

To give an overview of the possibilities offered by this model, we investigate the thermal properties of
the HS fraction and the spin-spin correlations with an emphasis on providing the important role of the
elastic constants A and B and their natural competing character on the emergence of all types of SCO
behaviors, observed experimentally: gradual, first-order, incomplete, two-step and multi-step thermal
transitions. The last five-cases originate from the existence of elastic frustration in the lattice and are often
accompanied by the emergence of complex spin structures and self-organization along with the thermally-

induced spin transition.

A. Isomorphism with the frustrated Ising-like model

REH 4 RLL

First, we analyze the Hamiltonian structure in the case where REL = . As explained above, we

. . . 5
then have systematically p, = 0; the relaxed lattice distance becomes X4 = Po + ZmTR and the

Hamiltonian writes,

6 2 5 2 nn nnn
H= [Aeff —4m (TR) A4+ 23)] ZSL- + (TR) A z SiS; + 2B Z SiSk |. 9)
g @ @x)

Eq. (9) shows that the effective ligand field energy, Agpp = %(A — kgTIng), is renormalized by the

ferroelastic long-range (mean-field) contribution, —‘—1L(A +2B)62m . In contrast, the short-range
- : — (%) ynn — op (%) ynan - :
interaction terms, Jnn, = A (7, Xy SiSj and Jupn = 2B " 2(ik) SiSk bring two respective short-

. - . A% 5r\? . —
range antiferroelastic interactions, A (TR) and 2B (TR) along nn and nnn diagonal directions. The

coexistence of nn and nnn antiferro interactions already causes the frustration of the 2D system. This
frustration is enhanced by the third long-range contribution, which will generate complex spin state

structures. It is important to recall once again that the interaction parameters J,,,, and J,,,,,, should not be
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(c)

confused with the exchange coupling interactions of the usual Ising model, since there is no magnetic
interaction in this model and in SCO, in general. Although the final form of the Hamiltonian is similar to

that of an Ising model, the origin of the interaction parameters is purely elastic in the present model.

In the following, we analyze these frustration effects for different values of the elastic constants 4, B
through the study of the thermal dependence of the HS fraction, nyg, and spatial self-organization of the

spin states along with the thermal spin transition.

B. The case of gradual transition for B<<A

For the small values of B compared to A (A = 10000 K X nm™2 , B = 100 K X nm~2), the thermal
transition of the HS fraction proceeds via a gradual spin transition between the HS and LS states, as shown
in Figs. 2(a) and (2b) which summarize the thermal evolution of the HS fraction, nys = 1+ij and the
average of nn, p =< §;5; >, and nnn, g =< §;S; >, spin-spin correlation, respectively. The transition
temperature, is obtained for nyg = 1/2 or for the minimum of the quantities p(T) or q(T) which take their
maximum values in the LS and HS phases, is indeed around 90 K, as predicted analytically. The selected
snapshots, of Fig. 2(c), on cooling, at T = 118 K,90 Kand 71 K show that HS < LS transformation
occurs through the nucleation and growth of multidroplets forming ramified structures without any clear
organization of the spin states. This is due to the weak elastic coupling between the spin states, compared
to the effective ligand field energy which stabilizes the LS (HS) phase at low (high) temperature. In
agreement with this view of the disordered state in the middle of the transition, the nn correlation function

peaks around the transition temperature [Fig. 2(b)].

(a) (b)

1.2— . ‘ . —r1.2
1.0
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| . ; ; : 0.0+— y ; ; ;
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T=200 K T=118 K
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FIG. 2. Thermal-dependence of the (a) HS fraction, nyg and (b) average nn, < 5;5; > (blue curve) and
nnn, < S;Sy > (red curve), spin-spin correlations showing a gradual spin transition. (c¢) Snapshots of the
ramified spatial organization of the spin states along the thermal transition of this weakly cooperative

system. Red (blue) squares represent HS (LS) species.

C. The case of two-steps transition and self-organization of the spin states when B<<A

When increasing the value of the elastic constant A from A = 10000 K X nm~?2

while maintaining the
nnn elastic constant B negligible, we enhance the anisotropy of elastic constants along x and y directions
and the diagonal one. Thus for A = 20000 K X nm™2, the system undergoes a two-step spin transition,
characterized by the presence of a very thin thermal hysteresis for the first transition around 72 K, and
followed with a continuous (gradual) transition at 115 K, as depicted in Fig. 3(al). Between these two
transition temperatures, a clear plateau where the HS fraction is almost constant (nys ~ 0.5) takes place.
The average nn spin-spin correlation, < §;S; >, depicted in Fig. 3(b1), reaches the value —1 in the plateau
region, while the nnn spin-spin correlation, < S;S;, > tends to +1 with fluctuations and clear peaks around
the transition temperatures. As a result, an ordering of the spin states in an antiferromagnetic-like feature is
observed in Fig. 3(c1) at T = 90 K. For A = 30000 K X nm™2, the plateau widens and separates a large
hysteretic first-order spin transition at low temperature (T, = 59 K) and a gradual one at a higher
temperature (Teq = 115 K)[see Fig. 3(a2) and the related Figs. 3(b2) and 3(c2)]. Increasing more the

elastic interaction to 4 = 40000 K X nm~?

, results in a larger intermediate plateau at nys = 0.5 as
depicted in Fig. 3(a3) [< §;5; >= —1 and < §;S; >= +1 in Fig. 3(b3)] where the HS and LS species are
organized in a checkerboard fashion [see snapshots in Fig. 3(c3)], revealing a perfect spatial organization
of the spin states in the plateau region. In addition, the two transitions taking place at 48 K and 126 K are

now of first-order. The existence of this structure is in direct line with the presence of an antiferroelastic

. . L . . . 5r\?
interaction along the x- and y-directions, due to the short-range antiferroelastic interactions [A (TR) »SiS;]

emerging from the exchange contribution of the Ising Hamiltonian, given in Eq. (9). The existence of the

plateau is then the result of the competition of this term with the long-range ferroelastic contribution

2
[—4m (%R) Y:S;] acting in the effective ligand field.
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FIG. 3. Thermal-dependence of the (al-a3) HS fraction, nygs and (b1-b3) average nn, < §;5; > (blue
curve) and nnn, < S;S;, > (red curve), spin-spin correlations, for different values of the nn elastic constant,
A, showing the presence of two-step transitions with a spatial antiferromagnetic-like organization (c1-c3)
of the spin states at nyg = 0.5, where HS (red squares) and LS (blue squares) sites alternate along x- and
y-directions. Remark the increase of the plateau width, and the change of the nature of the transitions from

continuous to first-order with increasing the nn elastic constant, 4 value.

It is interesting to analyze the occurrence of the perfect antiferro-elastic ordering of the HS and LS sites in
the intermediate plateau region of Fig. 3(a3) for A = 40000 K x nm~2 and B = 100 K X nm™2, using
similar techniques as those of antiferromagnetism. Thus, we define two sublattices, A and B, in such a way

that each site A (resp. B) is surrounded by sites B (resp. A) leading to a checkerboard structure, for which

_ 1+<gs>

we monitor, the thermal dependencies of their associated HS fractions, denoted nfjs = — and nBg =

MTUP. The thermal dependencies of nfig(T) and n5¢(T) are presented in Figs. 4(a) and 4(b). First of all,

we see that in the full LS and HS states, the sites A and B are equivalent and so we have, nfig = nhs. In
contrast, in the plateau region a clear symmetry breaking occurs during both heating and cooling processes.

Thus, for example, on cooling [Fig. (4a)], the HS fractions of A and B sublattices are equal in the interval
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200 — 126 K and then a bifurcation takes place below 126 K, where the A sublattice makes a phase
transition from nfi¢ = 1 (HS)to njig = 0 (LS) while B sublattice remains in HS and keeps the value n5s =
1 until T = 34 K, where it converts to LS. Below 34 K, the two sublattices become again equivalent. A
similar scenario occurs during heating [Fig. (4b)], where the symmetry breaking between the two

sublattices takes place at 73 K.

1.0{ Cooling » ~ = LA 1.04| Heating
T ]
0.8 ; l 0.8-
@ 0.6 jlﬂ_ | 1 @ 0.6
c c
o4 Ry 041 ~ — s
0.2 | |= =] 0.2 - —ns||
B - tot vntot
0.0 - -~ NHs 0.0 - | HS
0 50 100 150 200 0 50 100 150 200
T(K) T(K)

FIG. 4. Thermal-dependence of HS fractions, nis (blue dashed curve) and nZ (red dashed curve) of the
two sublattices, A and B, in the coexistence region of the plateau, on cooling (a) and on heating (b) and the
total HS fraction, nt%¢ (black curve), for A = 40000 K x nm~2 and B = 100 K X nm™2. The black
continuous line is the total HS fraction. The bifurcations of the sublattices order parameters, nfjs and nf¢
at points A and B (resp. C and D) on cooling (heating) announces the presence of a symmetry breaking

between A and B sublattices.

D. The case of incomplete spin transition and hidden stable LS state when B << 4

Considering the values of the elastic constant A beyond 50000 K X nm~2, and proceeding as in
experiments by cooling the system from the high-temperature phase (HS) to the low-temperature phase
(LS) and then heating again, we find that the lowest transition temperature, T; , on cooling reaches zero
[Fig. 5(a)], which means that the metastable intermediate state survives until 0 kelvin. The stabilization of
this intermediate antiferromagnetic-like state [nys = 0.5, < §;5; > = —1 and < §; S, > = +1 in Fig. 5(b)]
at low temperature is mainly due to the decrease of thermal fluctuations on cooling. On the other hand, the
increase of the elastic constant, A, enhances the energy barrier between the HS—LS and the fundamental
LS states, which in turn enhances the lifetime of the metastable intermediate state. So, strong elastic
constants stabilize the spin and lattice structures by increasing the elastic energy of the intermediate HS—LS
state, which then precludes its transition towards the LS state. Figure 5(a) shows clearly that the HS fraction
switches in a first-order fashion between the HS state and an intermediate ordered HS—LS state at low-
temperature [see snapshots in Fig. 5(c)]. The metastable nature of this state is evidenced in Fig. 6(a) and
Fig. 6(b), where we repeated the thermal cycling by starting the Monte Carlo simulations from the LS state,
for A = 90000 K x nm™2. There, a clear hidden LS state appeared, which becomes stable until ~ 60 K, a
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temperature at which the system switches from the LS state to the intermediate HS—LS state, leading to a
double step transition. The snapshots of the spatial organization of the spin states indicate a perfect
antiferromagnetic-like organization of the SCO species, as shown on heating at 100 K in Fig. 6(c). In
addition, it is found that the width of the plateau region (Fig. 7) increases linearly with the elastic constant
in agreement with the increase of the transition temperature and the thermal hysteresis width of the high-
temperature thermal hysteresis. It is worth mentioning that this situation of existence of hidden spin states

88, 119-121

is in excellent agreement with experimental results , where usually the LS state is reached by

applying pressure from the intermediate state '** or by light through reverse-LIESST process usually using

a red llght 120, 121, 123
(a) (b)
1.01 — 1.00- L1
0.8 0.96
| A A
o 06 -, % 0.92 04
= | (-5 (\?
0471 A=90000 Y 088 |A=90000
B<<A i B<<A
0.2 - 9
00l : ‘ : : : : . . ‘
0 50 100 150 200 0 50 100 150 200
T(K) T(K)
(c)
T=200 K T=149 K T=90 K T=10K T=194 K
n,=0.99 Nys=0.97 Nye=0.5 Nys=0.5 n,s=0.54

FIG. 5. Thermal-dependence of the (a) HS fraction, nyg and (b) average nn, < §;S; > (blue curve) and

2, showing an incomplete spin

nnn, < S;S) > (red curve), spin-spin correlations, for A =9 10* K X nm™
transition at very low temperature with an antiferro metastable intermediate plateau at nys = 0.5. (¢)
Selected snapshots showing the spatial organization of the HS (red squares) and LS (blue squares) sites,

associated with thermal transition curves.
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FIG. 6. Thermal-dependence of the (a) HS fraction, nyg and (b) average nn, < §;S; > (blue curve) and
nnn, < S;5;, > (red curve), spin-spin correlations, for A = 9 10* K x nm~2 showing double step transition
with a hidden stable LS state. Remark in (a) that the LS state remains stable until T~60 K and then switches
to the intermediate plateau. (c) Selected snapshots highlighting the spatio-temporal behaviour of the HS
and LS sites, associated with thermal transition curves and showing self-organization of the spin states.

Blue and red squares correspond to LS and HS sites, respectively.
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FIG. 7. Nearest neighbours elastic constant, 4, dependence of the thermal width, AT, of the HS—LS plateau
showing a typical second-order phase transition behaviour. Inset: quasi-linear increase of the plateau’s

width with the elastic interaction following the law of AT = (A — A*)%, with & = 0.4106.

Figure 7 depicts the dependence of the thermal width of the plateau, (AT), as a function of the nn elastic
constant, A. Here, it is revealed that In(AT) = aIn(4 — A*), with @ = 0.4106 (see inset of Fig. 7,
indicating that during the thermal evolution, the plateau width follows a power law AT = (A — A*)“. The
shape of the curve AT (4) and the value of the exponent, a, close to 0.5, suggest the existence of a second-

order critical regime in the behavior of the thermal width of the plateau.

E. Phase diagram

Figure 8 displays the system’s phase diagram, in the space of coordinates temperature versus nn elastic
constant, A, for a fixed elastic constant B = 100 10* K x nm™2, where we plot the transition temperature,
whatever this transition is gradual or first-order, as function of the elastic constant. We notice the existence
of several regions. The first region is obtained for, A < 1.3 10* K X nm™2, corresponds to simple gradual
transitions between the LS and HS states, in which the transition temperature is independent of the used
elastic constant. For A = 1.3 10* K X nm™2, a bifurcation point P; (90,1.3 10*) appears, and two
continuous (gradual) transitions lines (T, and T ) take place. The lower (resp. upper) one subsists until the
critical point P, (70, 22.0 10*) [resp. P53 (130, 4.0 10*)], from which it transforms to the first-order
transition (dashed lines) with transition temperatures T;" and Ty (T3 and T5 ). On increasing A, T; and T
increase as well as their difference AT, = T;" — T, which corresponds to the width of the corresponding
thermal hysteresis. In contrast, on increasing, A, T, first decreases and then saturates, while T; tend
downwards and vanishes at point P4 (0, 5.5 10%). Therefore, to partially summarize, this region, 1.3 10* <
A < 5.5 10* corresponds to the plateau region where two spin-crossover transitions are obtained. Both
transitions are gradual if, 1.3 10* < A < 22.0 10*, then the lower becomes first-order and the upper
remains gradual in the region 22.0 10* < A < 4.0 10* finally, both are first-order in the region 4.0 10* <
A < 5.5 10%. In all these regions, the obtained two-step transitions are complete and antiferro-like ordering

do emerge in the simulations. In the region beyond, A, = 5.5 10* Knm™2

, starting the MC simulations
from the HS state will lead the system to stay in the intermediate state (Fig. 5) at low-temperature because
the lowest branch of the thermal hysteresis has vanished. On the other hand, the LS state becomes a hidden
state, which can be reached from the plateau, using red light through reverse Light-Induced Excited Spin
state trapping (LIESST) as in Ref. 88, 120, 121, 123 or by applying pressure from the intermediate state

Ref. 122 forcing the system to switch to LS.
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FIG. 8. Phase diagram temperature versus nn elastic constant, A (B << A) showing the existence of
several regions with different system’s thermodynamic properties. The full lines stand to continuous
transitions and the filled square symbols correspond to first-order phase transitions. Five thermodynamic
regions are identified according to A parameter values. (i) Below bifurcation point P;, A < 1.3 10* one
continuous transition, (ii) between P; and the critical point P, (1.3 10* < A < 22.0 10*) two consecutive
continuous transitions, (iii) between P, and the 2™ critical point P3 (22.0 10* < A < 4.0 10*) a first-order
transition followed with a continuous one, (iv) between points P3 and P4 (vanishing of the cooling branch
of the lower hysteresis) two consecutive first-order transitions, and (v) beyond P4 incomplete first-order
transition, with quenched intermediate state. The hatched area represents the region of the existence of a
plateau with the occurrence of antiferro-like self-organization of the spin states. Ty and T; (resp. T;' and
Ty ) are the transition temperatures delimiting the upper (resp. lower) thermal hysteresis of the system. All

parameter values are the same as those of Figs. 2-6, except for the elastic constant, A.
F. Frustration along the diagonals (B>>A)

Now, we consider the case, A < B, where nn elastic constant, A (A = 100 K X nm~?), is very small

compared to the nn elastic constant, B. Since the short-range interactions are antiferro-like, the behaviour

2
of the system will depends essentially on the quantity, 2B (67?) , which dominates the short and the long-

range contribution part. So compared to the previous case, the long-range ferroelastic interactions are now
competing with antiferro- diagonal interactions. Due to this different directional interaction, we expect to
observe different type of spatial organization of the spin states in the plateau regions. Indeed, in this
particular case, ordered intermediate states, with nyg = 0.5, should lead to obtaining longitudinal
successions of HS stripes and LS stripes. However, due to the square symmetry of the lattice, this

configuration is equivalent to that of horizontal alternation of HS and LS stripes.
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G. Two-steps transition and labyrinth formation

Similarly, to the previous case, we start the simulations from the HS state (all spins fixed at S; = +1
and all nn distances are set equal to R§" = 1.2 nm). The simulations are now performed for different values
of, B parameter. The evolution of the thermal dependence of the HS fraction, nyg, and that of the nnn spin-
spin correlation, < S; S > (eventually that of the average nn spin-spin, < §;5; >) as well as the spatial spin
state organization are summarized in Figs. 9(al), (b1), (c1) for B = 10000 K X nm~? and in Figs. 9(a2),

b2), (c2) for B = 20000 K X nm™2. Two-step transitions with a plateau at nyg = 0.5 are got in both cases.
P P

For B = 10000 K x nm~2 [Fig. 9(al)], a weak plateau separates with two gradual spin transitions at
low (73 K) and high temperature (108 K). The corresponding < S;S, > curve [Fig. 9(b1)] peaks in the
plateau region give in the plateau region, almost approaching the value —1, which means that the system
—1 presents a high degree of ordering. These results well agree with the snapshots of the system, depicted
in Fig. 9(c1), showing that at the first transition from HS to the intermediate state at 90 K, HS and LS states
are first organized in the form of horizontal stripes which transforms to labyrinths due to the coexistence
of horizontal and vertical ferroelastic 1D HS and LS structures. By increasing B to 20000 K X nm™2, the
plateau also widens [Fig. 9(a2)] and leads to the presence of two “hysteretic” first-order spin transitions at
low (Tpq = 49 K) and high (Teq = 124 K) temperatures. There, the thermal behavior of the correlation
parameter < S;Sy > [Fig. 9(b2)] is just a mirror of the HS fraction, while the spatial organization of the
spin states display a perfect order in the plateau regions (~90 K). In contrast, on each side, complex
structures appear which consist of a mixture of alternate ferro-antiferro ordering and labyrinth
configurations, formed by the alternate of HS and LS ferromagnetic-like stripes along the x- or y-
directions, and interrupted by antiphase boundaries and some disorder. These phases appear in snapshots

of Fig. 9(c2) on cooling (resp. heating) at snapshot temperatures T = 120 and 50 K (resp. 125 K).
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FIG. 9. Thermal-dependence of the (a) HS fraction, nyg and (b) average nn, < 5;5; > (blue curve) and
nnn, < S;S; > (red curve), spin-spin correlations, for different values of the nnn elastic constant B > A4,
showing two-steps transition with a plateau at nyg = 0.5, where the nnn spin-spin correlation, < §;S, >=
—1 indicating an antiferromagnetic-like organization at T = 90 K. (c) Selected snapshots of the spatial
organization of the HS (red) and LS (blue) sites, associated with thermal transition curves. Remark the

macroscopic alternate HS and LS stripes along the x-and y-directions in the plateau regions.
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In the same way as beforehand, the increase of the nnn elastic constant B from its previous value, 100
to B = 3.0 10* and 4.0 10*K X nm?, results in the stabilization of the intermediate state until 0 K, leading
to incomplete spin transitions, as presented in Fig. S1 of the supplemental material. Here also, complex

structures mixing 1D ferroelastic structures along x- and y- directions are obtained in both cases. On the
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other hand, starting the simulations from the LS state also allows demonstrating the presence of a hidden
stable LS state whose transition on heating to the intermediate state depends on B parameter. These results
are summarized in Fig. S2 of the supplemental material also demonstrate the appearance of complex
structures around the thermal transitions from LS to the intermediate state and from the latter to the stable

HS state.

Following the same reasoning as for Figs. 4(a) and 4(b), we describe the perfect alternate ferroelastic stripes
of Fig. 9(c2), obtained for B = 2.10* K x nm™2 and A = 100 K X nm™2, we also define two sublattices
A and B which consist of horizontal (or vertical) stripes (this configuration is two times degenerate) that
we monitor along the cooling and heating branches of the thermal hysteresis. Again, the associated HS
fractions of these two sublattices are denoted, njig and ns, and their thermal evolution are presented in
Figs. 10(a) and 10(b) along with that of the total HS fraction, for the cooling and heating regimes
respectively, in addition to the total HS fraction of the system, which is given for comparison. Thus on
cooling from, T = 200 K, the two sublattices remain equivalent until T = 125 K, where a symmetry
breaking occurs at this temperature for nfig = nbg ~ 0.57. Interestingly, we remark that until 121 K, the
system self-organizes in the form of a ramified HS and LS stripes ordered along x- and y-directions, leading
to a labyrinth formation. Below, 121 K, i.e. in the plateau regime, this ramified structure evolves towards
a perfectly ordered pattern made of HS stripes ordered along the x-direction, reached around 90 K. Below
this temperature, the LS state grows from the surface, as we see at T = 50 K for nys = 0.44 on cooling in
Fig. 9(¢c2), and again the ramified (labyrinth) HS-LS structure reappears before disappearing below 33 K.
A similar behaviour is also observed during heating where the ordered patterns are now obtained along the
y-direction. Figures 10(a) and 10(b) which summarize these behaviours through the thermal dependences
of the HS fraction of the two sublattices, nis(T) and nZ¢(T), shows two bifurcation points during cooling
(resp. heating) between 200 K and 1 K located at points E and F (resp. H and G) of coordinates (126 K,
0.94) and (34 K, 0) [resp. (73K, 0.5) and (128 K, 0.93)], confirming the existence of a symmetry breaking

between the two sublattices.

The phase diagram corresponding to the present case, A << B, is reported in Fig. S3. It shows very similar
trends with that of Fig. 8, with the existence of several regions of B parameter: (i) two consecutive gradual
transitions, (ii) a first-order transition followed with a gradual transition and at the end (iii) an incomplete

first order transition, with a large plateau.
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FIG. 10. Thermal-dependence of HS fractions, nfjs (blue dashed curve) and nZ (red dashed curve) of the
two sublattices, A and B, constituted of alternate stripes in the coexistence region of the plateau, during
cooling (a) and heating (b) and the total HS fraction, nt%¢ (black curve), for B =2 10* K X nm~2 and A =
100 K x nm™2. The black continuous line is the total HS fraction. The alternate stripes are along x-

direction (y-direction) on cooling (resp. heating) and are characterized by their order parameter nf,’sm and

nflgn where m = x, y, denotes the direction of the stripes. Clear symmetry breaking appear at point E on

cooling and point G on heating.
H. Competing short- and long-range interactions: multiple spin transitions

To go further in the analysis of the thermal property investigations of our 2D homogeneous spin-

crossover system, we investigate now the case where the short-range nn and nnn antiferroelastic short-range

2 2
interactions, A (67?) and 2B (%R) , have the order of magnitude and competes with the ferroelastic long-

2
range interaction emerging in the ligand-field energy E (A —kgTIng) —4m (57:2) a4+ ZB)] . The

existence of the nn and nnn antiferroelastic interactions already cause frustration in the 2D system, as one
can easily find since the first one prefers checkerboard structures while the second one stabilizes ferroelastic
1D strings coupled in antiferro-elastic fashion leading to alternate horizontal or longitudinal HS and LS
strings. Adding a long-range order to these two contributions adds complexity to the problem. The interplay
between the above three contributions gives many types of behaviors which are summarized in the figures
below, where the thermal dependence of the HS fraction, nyg, and those of the average nn and nnn spin-
spin correlations, < §;5; > and < §; Sy >, as well as the spatial organizations of the spin states along the
thermal transition branches, are presented. All MC simulations are performed by starting from an initial HS

state, where all spins are set equal +1 and all distances are set to 1.2 nm.

We started first the simulations with relatively low values of nn and nnn elastic constants, taking A =
2B =210*Kxnm™2, in order to have the same energetic contribution from the two short-range

interactions. The results of the temperature-dependence of the HS fraction, nyg, and the average nn and
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nnn spin-spin correlations are summarized in Figs. 11(a) and 11(b), which presents a three-step spin
transition where all transformations are gradual, with the presence of a clear plateau around nyg = 0.5 in
the temperature interval of 90-100 K (< ;S > tends to —1 and < S;S; > to 0) and another accident on
the HS fraction at nys ~0.2 corresponding to 72 K. The associated snapshots [Fig. 11(c)] indicate that in
the plateau region at nyg = 0.5 (snapshot at T = 90 K) the spatial organization of the spin states displays
labyrinth formation, which generally expresses dominant nnn interactions stabilized by long-range elastic
order. In contrast, for nys ~0.2 (T = 72 K), we see rather a formation of alternate ferro-antiferro-order

with the presence of disorder.

(a) (b)
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FIG. 11. (a) Thermal-dependence of the HS fraction, nyg, showing a three-step transition with a slight
accident around nys~0.2 and an intermediate plateau at nyg~0.5. (b) Thermal-dependence of the
associated average nn, < S;S; > (blue curve) and nnn, < S;S; > (red curve), spin-spin correlations, (c)
snapshots of the spatial organization of the HS and LS sites at selected temperatures along the spin
transition. Labyrinth structures are obtained at 90 K, in the plateau region. Elastic constants values are: 4 =

2B =210*K x nm™2.

Now, we increase the nn and nnn elastic constants (A =5 10* K X nm™2) while keeping the
constraint A = 2B, for which, we have J,,,, = J,un [EQ. (9)]. The results are summarized in Fig. 12(a). As
a consequence, the previous three steps character of Fig. 11(a) is enhanced, with larger plateaus, and two

of the previous gradual transitions become now first-order with thermal hysteresis. Overall, the LS to HS
L . 3
transformation is accompanied by the presence of three plateaus located at ”Hs“’% nHS~71; and nys~ e In

these plateaus, the corresponding nn and nnn average spin-spin correlations (< S;S; >, (< §5;S5 >),
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A . 1 1
represented in Fig. 12(b), are respectively equal to (0, —1) for Nys~>) (0,0) for Nys~7, and (0, 0) for
3 . . . 1 S .
Nus~7 On heating from LS state, one encounters the first intermediate at nyg ~ 7 which is reminiscent

of the last plateau which appeared on the cooling branch in Fig. 11(a). Moreover, the analysis of the spatial

distribution of the spin states [Fig. 12(¢)] shows that during the first transition from HS to the intermediate
3 . . . .
state (nys NZ)’ the LS species emerges by forming an antiferromagnetic-like checkerboard structure

characterized by the presence of disorder due to thermal fluctuations, i. e. the LS phases appears by forming
incomplete strings of antiferromagnetic-like structures coexisting with ferromagnetic-like HS strings
distributed along x- and y-directions with the presence of antiphase boundaries. In contrast, in the second
plateau region, located at nyg = 0.5 (see snapshots T = 90 K), we notice the presence of a highly-ordered
spatial self-organization under the form of coexisting HS and LS stripes oriented along the x-direction
(resp. along the y-direction) on heating (resp. on cooling). Therefore, on heating, the system stabilizes
ferroelastic organization of the spin states along the x-direction and antiferro-elastic one along the y-
direction while on cooling it stabilizes ferroelastic organization of the spin states along the y-direction and
antiferro-elastic one along the x-direction, even though we did not introduce in the Hamiltonian any
anisotropy of interactions. Thus this type of spatial self-organization made of alternate ferroelastic HS/LS
strings along x-direction or y-direction is clearly an emerging process at the macroscopic scale, which
recalls the dissipative structures observed in Turing patterns '**. At 10 K, the system reaches the LS state
and on heating the first reached plateau at nys = 0.25 shows at 61 K a different organization than that at
90 K on cooling. Indeed, here the system self-organizes under alternating along y-direction and along x-

direction of ordered LS and HS-LS strings. It is easy to check that this ordered state leads to HS fraction,

N_N

Nys = 7;27 = i. Interesting at 90 K on heating, the snapshots of Fig. 12(c) shows that we recover the

same self-organization of the spin states, made of alternate ferromagnetic-like HS and LS stripes as those
obtained at 90 K on cooling. On the other hand, the spatial organization of the spin states in the second

plateau at 130 K is clearly similar to that obtained on cooling.
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Nus=0.21

T=10K

Npg=0

FIG. 12. Thermal-dependence of the (a) HS fraction, nyg and (b) average nn, < S;S; > (blue curve) and
nnn, < S;S;, > (red curve), spin-spin correlations, showing three steps transitions made of two first-order
transitions and a gradual one. (c) Selected snapshots showing the spatiotemporal organization of the spin
states in the plateau regions. Clear self-organizations of HS (red squares) and LS (blue squares) states at
nys = 0.8 and 0.5 emerge in the plateaus regions along the heating and cooling processes. The parameter
values are the same as those of Fig. 11(a), (b) and (c) except for nn, A = 5 10* K X nm~2, and nnn, B =

0.5 X A, elastic constants.

The last simulations in this study concern the case where we break the equality of the energetic
contributions between the short-range nn and nnn contributions by taking A # 2B. So, first, we consider
the case, A = 6 10* K x nm~2 and take B = 0.23 X A. Again, the simulations are performed by starting
from HS state and then we cool down using the same MC procedure described in Sec. IT B. More complex

HS to LS thermal transition is obtained, showing four steps transformations where all transitions are of the

. . . 11 3
first-order. Here, all previous plateaus widths appearing at Nus™~705 and 5 are enhanced.

When we start from the HS state, as depicted in Fig. 13(a) and Fig. 13(b), a first plateau appears at
nys~0.8 with an associated organization of spin states [Fig. 13(¢)] made of alternate HS stripes and clusters
of antiferro HS-LS stripes which appear both along x- and y-directions due to entropy reasons. This leads

to several antiphase boundaries, particularly in the center of the lattice. The second plateau is reached on
. 1 o
cooling at 87 K. There, nyg = o and the self-organization takes place through a checkerboard structure of

HS and LS states with some disorder due the existence HS antiphase boundaries made of two nn HS sites

which tend to organize along 1D stripes in a ferro-elastic fashion, as clearly depicted by the corresponding
snapshot at 87 K. When lowering temperature, the system reaches the third plateau at nHS~ji. The spatial

organization of the spin states is made of alternate LS stripes and antiferro HS-LS stripes which appear

both along x- and y-directions with the some antiphase defects already appeared at 121 K, as shown in the
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corresponding snapshot at 39 K. On heating, the HS fraction switches from 0 to nyg =% at 64 K,

corresponding to the appearance of the plateau. The spatial distribution of the spin states in this intermediate
state is shown in snapshot corresponding to T = 64 K. One can easily see that this distribution appears as
a mirror of that on heating at 115 K, where the ferro HS stripes are now LS. These remarks also apply to

the two other plateaus, where the existence of antiferrophase boundaries also appeared.
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FIG. 13. Thermal-dependence of the (a) HS fraction, nys and (b) average nn, < S;S; > (blue curve) and
nnn, < S;Sp, > (red curve), spin-spin correlations, showing four steps transitions made of a gradual
transition and three first-order transitions during cooling and heating. (c) Selected snapshots showing the
spatiotemporal organization of the spin states in the plateau regions. Clear self-organizations of HS (red
squares) and LS (blue squares) states at nys = 0.8, and nys = 0.5 and nys = 0.25 emerge in the plateaus

regions along the heating and cooling processes. The parameters values are the same as those of Fig. 11(a),
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b) and (c¢) except fornn, A = 6 10* K x nm~2, and nnn, B = 0.23 X 4, elastic constants.
p

By decreasing the value of the elastic constant A and increasing a little bit the ratio B/A, so as to have
A=510*Kxnm™2, and B =0.28 X A, the multistep transition of Fig. 14(a) emerges from the

simulations, mixing gradual and first-order transitions. In this case, the thermal averages of nn and nnn
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spin-spin correlations [Fig. 14(b)] exhibit complex behavior, which can be understood by examining the
spatial organization of the system along the thermal transition. An important remark relates here with
emergence of the alternate HS, LS 1D ferro-structures that we characterized before as an expression of the
presence (T =90 K, nys = 1/2) of nnn antiferro interaction [Fig. 14(c)]. The re-emergence of these
patterns is difficult to predict since the ratio B/A is smaller than in Fig. 13(a), although we decreased the

value of the elastic constant A.
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FIG. 14. Thermal-dependence of the (a) HS fraction, nys, and (b) average nn and nnn spin-spin
correlation, < §;5; > (blue curve), and < §;5; > (red curve), showing four steps transitions made of two
gradual and two first-order transitions. (c) Selected snapshots showing the spatiotemporal organization of
the spin states in the plateau regions. Clear self-organizations of HS (red squares) and LS (blue squares)

states at nys = 0.8, and nys = 0.5 and nyg = 0.25 emerge in the plateaus regions along the heating and
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cooling processes. The parameters values are the same as those of Fig. 11(a), (b) and (c¢) except for nn,

A=510*Kxnm~?,and nnn B = 0.28 X A, elastic constants.

When we increase the nn and nnn elastic constants, an incomplete phase transition is found when cooling

from the HS state [Fig. 15(a)]. The high fraction reaches the value nys = 0.25 in low-temperature state.
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Compared to Fig. 14(a), the increase of the diagonal elastic constant resulted in the increase of the order in
all plateaus regions as well indicated by the average of spin-spin correlations and the lattice snapshots
depicted in Fig. 15(b) and Fig. 15(c), respectively. In particular, at 90 K and 50 K corresponding to the
second plateau (nys = 0.5) nice organized and regular, but incomplete, horizontal HS and LS stripes
alternate with the presence of vertical stripes mainly starting from the edges, competing with the previous
configuration, which causes the gliding of the chains to each other. On the other hand, the spin organization
at 2 K, although similar to that at 75 K on heating of Fig. 14(c), shows a higher level of order with

alternating along x- and y-directions of ferro and antiferro chains.
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FIG. 15. Thermal-dependence of the (a) HS fraction, nyg, and (b) average nn and nnn spin-spin
correlation, < §;5; >, and < §; Sy >, showing an incomplete three steps corresponding to three consecutive
hysteretic 1% order transitions, with a residual low-temperature HS fraction equal to 0.25. (c¢) Selected
snapshots showing the spatiotemporal organization of the spin states in the plateau regions. Clear self-
organizations of HS (red squares) and LS (blue squares) states at nyg = 0.75, and nyg = 0.5 and nys =

0.25 emerge in the plateaus regions along the heating and cooling processes. The parameters values are
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the same as those of Fig. 11(a), (b) and (¢) except for nn, A = 910* K.nm? , and nnn, B = 0.3 X 4, elastic

constants.
IV. CONCLUSION

To conclude, we have studied the thermal and spatiotemporal properties of a 2D spin-lattice system
using a homogeneous electro-elastic model. We have shown that starting from the genuine electro-elastic
model, in which we considered elastic constants independent of the spin states, and using the approximation
of a homogeneous lattice parameter, significantly simplifies the model treatment. Indeed, the mechanical
relaxation becomes analytic and the original model transforms naturally to an Ising-like model with long-
range ferroelastic and antiferroelastic nn and nnn interactions. Somehow, this homogeneous treatment
allows explaining the physical origin of the usual Ising-like model used to describe the thermal properties
of SCO materials. In addition, this treatment allowed to identify the elastic origin of the short-range
interactions as well as that of the long-range coupling. While the long-range contribution has the tendency
to stabilize ordered ferroelastic HS or LS states, the short-range nn and nnn contribution lead to
antiferroelastic structures along x- and y-directions, and along the diagonals, respectively. It is interesting
to notice that the coexistence of competing long-range ferro-like and short-range nn and nnn antiferro-like
interactions generates intrinsic elastic frustration in the lattice, resulting in the impossibility to realize
simultaneously antiferroelastic order along the nn and nnn directions. This frustration creates an energetic
competition between the elastic energies along x- and y-directions on one hand and along the diagonals on
the other. The relevant parameters to control these competing energies are the nn and diagonal elastic
constants, whose monitoring led to obtaining a rich variety of thermal behaviors of the high spin fraction,
like two- and multi-step transitions (three and four-steps) with complex self-organizations of the spin states
in the plateau regions. Among these, organization, checkerboard-like and stripes-like patterns have been
obtained. The latter may be constituted of alternate HS or LS ferro-like stripes or alternate ferro (HS or LS)
and antiferro-like chains. In this context, this work comes back to the first model one we developed for
elastic frustration in SCO materials *, which also described the occurrence of multistep transitions using a
different concept. Finally, this type of treatment opens the way to several extensions, among which the
spin-dependence of the elastic constants, the use of anisotropic elastic interactions as well as the use of this
model to develop elastic models under pressure for SCO materials. Compared to the usual electro-elastic
models, this one presents the advantage of simplicity treatment, since the MC procedure is only applied on
the spin states. Finally, it is worth to notice that the number of self-organized structures maybe highly
increased if the range of the elastic interactions are increased. In the present study, only nearest neighbors
and next-nearest neighbor’s elastic interactions are considered, while one can increase this range to further
far neighbors. This will increase the rate of frustration in the lattice, which will induce more complex
structures and plateaus at the transition. The limiting case being where one considers directional interactions

between all lattice sites.
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SUPPLEMENTARY MATERIAL

See the supplemental material for : (i) additional data about self-organization of the spin states of Fig. 9,
related to the conditions of obtaining incomplete spin transitions with the presence of complex structures
mixing 1D ferroelastic structures along x- and y- directions, and for the evidence of hidden LS states when
the simulations are performed by starting from the LS state at low-temperature; and for (ii) the system’s

phase diagram in the case B >> A, corresponding to Fig. 9
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