
PHYSICAL REVIEW B 108, 064107 (2023)

Asymmetric self-organization accompanying a thermoinduced spin transition
with symmetry breaking: Microscopic modeling

Ahmed Slimani 1,2,* and Kamel Boukheddaden3,†

1Sciences and Engineering department, Sorbonne University Abu Dhabi, Al Reem island, Abu Dhabi, PO Box 38044, United Arab Emirates
2Laboratoire des Matériaux Multifonctionnels et Applications, Département de physique, Faculté des Sciences de Sfax, University of Sfax,

Route de Soukra km 3.5, B.P. no. 1171, 3000, Sfax, Tunisia
3Groupe d’Etudes de la Matière Condensée, CNRS-Université de Versailles, 45, Avenue des Etats Unis, F-78035 Versailles Cedex, France

(Received 23 February 2023; revised 3 June 2023; accepted 27 July 2023; published 28 August 2023)

A microscopic elastic model allowing a symmetry breaking upon a spin transition is developed based on
competing interactions between the nearest and next-nearest neighbors. The model yields a structurally degen-
erated high-spin state with a diamond-shaped cell and a nondegenerated low-spin state with a square-shaped
cell. We investigated the effect of the symmetry change of the unit cell on the thermoinduced spin transition by
monitoring the ratio of the elastic energies involved in the nearest and next-nearest neighbors. The simulations
are performed on a deformable two-dimensional lattice made of spins S = ±1 (representing the high-spin and
low-spin molecules) coupled with springs. The numerical resolution of the model is based on the Monte Carlo
metropolis approach, running on spins and positions variables. The simulations of the thermoinduced spin
transition disclose asymmetric thermal hysteresis loops with quite different domain distributions on the heating
and cooling branches. The analysis of the magnetic and structural properties pointed out that the spin transition
with symmetry breaking is dependent on the sign of the thermal gradient. We demonstrated that the nucleation
and growth process of spin domains might contrast with the structural self-organization of the lattice according
to the energetic contribution of the symmetry breaking. Indeed, the examination of the spatial organization
aspects revealed that the structural and elastic anisotropy in the lattice hinders the long-range character of the
intermolecular interactions. The lattice configurations show a labyrinthlike structure during a transition from
high-symmetry to low-symmetry phases and a multidomain structure upon a transition in the other way around
regardless of the spin state in both phases. Furthermore, we found that thermal fluctuations have a crucial role
depending on the thermal gradient and on the direction of evolution of the symmetry (reducing or increasing).
We demonstrated that stepped and even incomplete spin transitions could be obtained by adjusting the elastic
contribution responsible for the symmetry breaking.
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I. INTRODUCTION

The spin crossover (SCO) phenomenon is observed in
complexes with transition metal, belonging to the d4-d7

electronic configuration. Such systems exhibit magnetic bista-
bility between the high-spin (HS) and low-spin (LS) states
[1]. The spin switching might be triggered by several stimuli
as temperature, pressure, light, magnetic, and electric fields
[2–10]. For example, under the effect of the ligand field, the
d orbitals of Fe(II) are split into eg and t2g orbitals when
subjected to an octahedral symmetry. The LS state is a sin-
glet (with a total spin quantum number S = 0), while the
HS state is a quintet (with a total spin quantum number
S = 2). The bistability of spin crossover compounds is very
promising to integrate emerging technological applications
as high-density information storage, display devices, and mi-
crosensors [11–13]. Indeed, in spin crossover materials the
structural and magnetic properties are strongly correlated, to
such an extent that the spin switching of the metal ion induces

*ahmed.slimani@sorbonne.ae
†kamel.boukheddaden@uvsq.fr

structural rearrangements at the molecular level and are re-
flected at the macroscopic scale on several physical properties:
magnetism, optical absorption, volume, shape of the crystal,
rigidity, etc. [14–21].

The structural resolution of spin crossover crystals demon-
strated the presence of microstructures with structurally
self-organized lattices and phases coexistence [22–35].
Moreover, the spin crossover phenomenon may also involve
symmetry breaking alongside intermolecular rearrangments
[23,30,36–43]. Prior reports have revealed interesting
evolutions of the high-spin fractions during the spin transition,
in relation with the change in the space groups of the studied
materials in some Fe(II) based SCO solids, which were
attributed to the crystallographic symmetry breaking. Indeed,
the latter mechanism is behind the appearance of nonlinear
response as in tetrathiafulvalene-pchloranil (TTF-CA) [44],
a charge-transfer molecular crystal. The latter undergoes a
phase transition with a symmetry breaking, where intra- and
intermolecular rearrangements along changes at the electronic
states were observed. When the TTF-CA is excited in the
region of the charge-transfer band (i.e., from 0.6 to 1.55 eV)
a threshold excitation density is needed in order to start the
phototransformation. Such an observation, characteristic of
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a highly nonlinear process, clearly indicates that a single
charge-transfer excitation cannot generate a macroscopic
domain [44]. That is why studying symmetry breaking
is a crucial step required to understand the underlying
mechanisms behind the appearance of microstructures
in spin crossover systems [34–39]. For example, in
[Fe(2-pic)3]Cl2EtOH (pic = picolylamine), a thermally in-
duced two-step SCO behavior, in which alternating HS zigzag
chains and a disordered mixture of HS and LS molecules
was observed in the plateau region [42]. Furthermore, its
propanol analog revealed quite an interesting chessboardlike
pattern of HS and LS molecules at the value of the HS
fraction, nHS ≈ 0.5 [45]. Another interesting SCO compound
of formula Fe[HC(3, 5 − Me2 pz)3]2(BF4)2 [with HC(3, 5 −
Me2 pz)3 = scorpionatelike tridentate ligand tris(3, 5 −
dimethyl − 1 − pyrazolyl )methane] exhibited an interme-
diate phase, where the molecules of the same spin state are
organized in alternated layers [46]. Most of these samples
involve a crystallographic symmetry breaking as in the
complex Fe[H2B(pz)2]2(phen)([H2B(pz)2]2− = dihydrobis
(pyrazolyl )borate; phen = 1, 10-phenanthroline) [47]. The
latter system exhibited a complete one-step spin transition
between monoclinic (HS) and triclinic (LS) phases,
contrasting with the previous examples, showing intermediate
phases associated with half-step and/or two-step transitions.

Thanks to the cooperative character of spin crossover
systems, the structural changes, induced by the spin transi-
tion, deploy through elastic interactions or lattice acoustic
phonons, and thus manifest themselves at the macroscopic
level [48–53]. Indeed, the nature of the bonds (π -π inter-
actions, van der Waals, hydrogen bonding, etc.) is a crucial
parameter, since the molecular changes are cooperatively
convoyed towards the neighboring sites through the inter-
molecular interactions. Several theoretical models explained
the spin transition based on the synergy between long-range
and short-range elastic interactions [29,32,33,54–66]. To date,
although the symmetry breaking has been well described from
the experimental point of view, the physical mechanisms be-
hind the short- and long-range ordering over the lattice always
raise curiosity. Some recent theoretical works investigated the
intrinsic elastic frustration in the lattice and led to a rich va-
riety of complex self-organizations of spin domains attributed
to the symmetry breaking [61–64,67–70]. The present con-
tribution aims to investigate the effect of symmetry breaking
as well as the synergy between short-range and long-range
interactions on the spin transition. The paper is organized
as follows. Section II presents the theoretical details. Sec-
tion III discusses the effects of symmetry breaking on the
thermoinduced spin transition, the impact of the competition
of interactions between the nearest and next-nearest neighbors
on the transition, as well as the role of the thermal gradient in
the spatiotemporal aspects. Our conclusions are drawn in the
final section.

II. MODEL

We consider a two-dimensional (2D) lattice of 50 × 20
molecules with a parallelogram fixed topology and open
boundary conditions. The atoms can move only inside the
plane. Each node has four nearest neighbors (NN) and four

FIG. 1. Lattice schemes showing the symmetry difference be-
tween the LS (blue lattice) and HS (red lattices) states. j, l stand
for the nearest neighbors of site i and the next nearest neighbors are
designated by k. In the LS state αLL = 90◦, while in the HS state
αHH = 70◦.

next-nearest neighbors (NNN). For each node, indexed i, a
fictitious spin, Si, is associated. The spin may have two states,
HS and LS, described by their respective eigenvalues +1
and −1. The interactions between NN and NNN spins take
place through springs. In this model, the equilibrium distance
between two nodes depends on the values of the connected
spin states. The Hamiltonian is written so as to break the
symmetry of the lattice when switching from the LS to HS
state, via a quartic potential that controls the bond lengths of
NNN. In the LS state, the cells of the lattice are perfectly
square shaped, unlike the HS state, where each cell may be
stretched along one of its diagonals to form a diamond shape
(see the schematic view of Fig. 1). We have to mention that
this symmetry breaking was analyzed in a prior work [70]. In
the latter, the NNN interaction was written in the form of a
quartic potential that controls the diagonal difference in each
cell of the lattice. However, we discovered recently that, in
the case of very strong NNN interactions compared to those
of NN, this NNN potential may generate an overlapping of
the unit cells in the HS state. The latter configuration verifies
the equilibrium of the quartic potential but it is unphysical.
Nevertheless, such an overlapping is a rare event because it
requires a huge displacement of the neighboring sites which
is extremely costly in energy. That is why we propose here
a new Hamiltonian that includes a stable form for the NNN
potential and whose expression is given below:

H =
∑

i

(� − kBT ln g)Si

2
+

∑
i, j

A[ri j − R0(Si, S j )]
2

+
∑
i,k

B[dik − d+
0 (Si, Sk )]2[dik − d−

0 (Si, Sk )]2. (1)

In Eq. (1), � is the ligand-field energy and −kBT ln g is
the entropic contribution (electronic, orbital, and vibrational)
arising from the degeneracy g ratio of the spin states, which
favors the HS (S = +1) state at high-temperature due to
its large electrovibrational degeneracy. In Hamiltonian (1),
the second (respectively third) term represents the energy of
elastic interactions, ENN (respectively ENNN), between NN (re-
spectively NNN) sites, with corresponding equilibrium bond
length R0(Si, S j ) (respectively d±

0 (Si, Sk )) linking the nodes i
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and j (respectively i and k), the values of which depend on
the connected spin states. Thus, for the nearest neighbors, we
take R0(+1,+1) = RHH

0 , R0(+1,−1) = R0(−1,+1) = RHL
0 ,

and R0(−1,−1) = RLL
0 , where RHH

0 and RLL
0 are the respective

equilibrium distances between HS-HS and LS-LS sites. The
equilibrium distance RHL

0 between NN HS and LS sites is fixed

for simplicity as RHL
0 = RHH

0 +RLL
0

2 . It is then straightforward to
demonstrate that the expression of R0 with respect to the spin
states writes

R0(Si, S j ) = RHL
0 + δR

4
(Si + S j ), (2)

where δR = RHH
0 − RLL

0 is the lattice misfit between the HS
and the LS phases.

Now, to define the equilibrium bond lengths for the NNN,
we consider the change of symmetry of the unit cells in the HS
state (illustrated in Fig. 1), where the lattice has two possible
orientations, according to the directions of the short and long
diagonals of the unit cell, unlike the single solution of the
squared unit cell in the LS state. Simple geometric calcula-
tions give the expressions of d±

0 (Si, Sk ), the two equilibrium
NNN diagonal distances, in terms of the NN distance, R0

(edge of the rhombus), and its angle, α(Si, Sk ), as

RNNN = 2

(
RHL

0 + δR

4
(Si + Sk )

)
cos

1

2
α(Si, Sk ), (3)

R′
NNN = 2

(
RHL

0 + δR

4
(Si + Sk )

)
sin

1

2
α(Si, Sk ). (4)

We have to mention that the symmetry of the unit cell is
decided based on the spin, Sk , of the site k regardless of the
spins of the nearest neighbors j and l (refer to the schematic
view of Fig. 1). That is why, in the Hamiltonian, the angle
α(Si, Sk ) is spin dependent and its expression is written in a
similar form as the bond length R0, given in Eq. (2):

α(Si, Sk ) = αHL + δα

4
(Si + Sk ), (5)

where δα = αHH − αLL is the angle misfit between
the HS and LS states, the respective expressions of
which are αHH = α(+1,+1) and αLL = α(−1,−1).
αHL = α(−1,+1) = α(+1,−1) is fixed for simplicity as
αHL = αHH+αLL

2 . In Eq. (1), A (respectively B) denotes the
bond stiffness of NN (respectively NNN) in the lattice and
ri j = ‖�ri − �r j‖ (respectively dik or d jl ) is the instantaneous
distance between two NN (respectively NNN) sites. The
quartic potential leads to different orientations of the cell in
the HS state, i.e., the cell may stretch horizontally to the left
or to the right or vertically upwards or downwards, which
generates an important structural degeneracy.

The lattice (spins and positions) is evaluated in a multi-
iterative approach as follows: for a site i, randomly selected,
with spin (Si = ±1) and position �ri, a new spin value Si(=
−Si ) will be set without position change. This spin change is
accepted or rejected by the usual Metropolis criterion. What-
ever the result emerging from the last step, the lattice is al-
lowed to relax mechanically based on Monte Carlo procedure.
Afterward, a new site is selected randomly and so on. Once all
the nodes of the lattice are inspected for the spin change, we
define such a step as the unit of Monte Carlo (MCS).

In the present model, we used the following parameter val-
ues derived from experimental data. The ligand-field energy is
considered as � = 1200 K and the degeneracy ratio g = 150
[55,71,72] leading to a molar entropy change at the transi-
tion �S = R ln g = 82 J K−1Mol−1 (R being the ideal gas
constant) and a transition temperature, Teq = �

kB ln g ≈ 240 K.
The values of the NN equilibrium distances in the LS and
HS states are independent of the bonds angles α and are
respectively fixed to R0(−1,−1) = 1 nm and R0(+1,+1) =
1.2 nm, while for the HL state we consider R0(+1,−1) =
[R0(+1,+1)+R0 (−1,−1)]

2 = 1.1 nm. In contrast, the equilibrium
NNN distances depend on α, so that if we consider now,
for example, αHH = α(+1,+1) = 80◦, the equilibrium bond
lengths for the short and long diagonals are d−

0 ≈ 1.54
nm and d+

0 ≈ 1.83 nm, respectively. However, in the LS
state, the NNN equilibrium distance has only one value√

2R0(−1,−1) ≈ 1.4 nm due to the cubic symmetry of the
cell.

The used values of the elastic constants connect to Bril-
louin scattering experiments done on a single crystal of
[Fe(ptz)6] (ClO4)2 reported in [73] and prior works [74,75],
which led to a bulk modulus, E , in the range 5–20 GPa.
An estimation of the elastic constant A could be obtained
by considering the elongation of a cubic cell using a 3D
lattice, with a lattice parameter a, submitted to uniaxial stress.
By neglecting the transversal effects, this simplified model
results in the (approximate) relationship A + 2B ≈ Ea. Fol-
lowing these observations, we find A ≈ 20 000 K/nm2 ≈
20meV/A2, leading to the bulk modulus value, E ≈ 5 GPa,
which is in good agreement with the experimental data of
literature.

III. RESULTS AND DISCUSSION

Initially, the lattice was prepared in the square-shaped LS
state at 1 K, then warmed up to 500 K and cooled down to 1 K
with a thermal step of 1 K. At each temperature step, 1000
MCS are taken to equilibrate the lattice and 1000 MCS are
used for the statistics. To evaluate the effect of the structural
degeneracy of the HS state on the thermal spin transition,
different stretching angles of the HS cell were considered in
the range αHH ∈ [45◦ − 90◦]. During the thermal loop, the
spin switching was monitored through the HS fraction, nHS,
and the average NN bond length, 〈R〉, defined respectively as

nHS = (1 + 〈Si〉)

2
(6)

and

〈R〉 =
∑

i j

√
(xi − x j )2 + (yi − y j )2

Nb
2

, (7)

where Nb is the total number of bonds between the NN i and
j of respective coordinates (xi, yi ) and (x j, y j ).

A. Thermal hysteresis

During this first study, the elastic constants A and B were
kept constant as 20000 K/nm2 and 20000 K/nm4, respec-
tively, while we changed the values of αHH. The system
exhibits a first-order transition with hysteresis as illustrated
in Figs. 2(a)–2(c) and SM 1 [76]. As the stretching an-
gle αHH increases the thermal loops are getting narrowed
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FIG. 2. Thermoinduced spin transition for different HS stretching angles, αHH, monitored through (a) the HS fraction, nHS, (b) the average
lattice parameter, 〈R〉, and (c) the average absolute value of the diagonals’ difference 〈|dik − djl |〉. (d) The transition temperature Teq as a
function of the width �T of the hysteresis loop. (e) bottom (respectively top) The correlation between the HS fraction and 〈|dik − djl |〉
(respectively 〈R〉). (f) Evolution of the density of elastic energy upon the transition for αHH = 72◦ and 90◦. Inset: same but for αHH = 45◦ and
54◦.

until they almost overlap. The analysis of the thermal hys-
teresis loops suggests that lowering αHH stabilizes the HS
phase on cooling, leading to larger hysteresis loops. The
change of the equilibrium temperature Teq, defined as Teq =
THS→LS+TLS→HS

2 , is correlated with the change in the width of
the hysteresis loop as αHH varies [see Fig. 2(d)]. The transi-
tion temperature THS→LS shifts significantly towards the lower
temperatures, while the transition temperature of the heating
branch, TLS→HS, remains almost unchanged. The latter kept
almost the same value, except for αHH = 45◦, where a small
step appears around nHS = 0.5. This behavior will be investi-
gated in detail later in the manuscript.

Indeed, the symmetry breaking upon the spin transition
towards the HS state is confirmed by the thermal dependence
of the average cell’s diagonals’ difference, 〈|�d|〉 = 〈|dik −
d jl |〉 = 〈√(di j − d jl )2〉, over the lattice [see Fig. 2(c)]. Fig-
ure 2(e) confirms the existence of a perfect linear correlation
between the magnetic response and the average NN structural
bond length, 〈R〉, where a clear departure appears with �d
along the heating branch.

The interesting point emerging from Fig. 2 is the asym-
metric dependence of the hysteresis loops with respect to the
variation of αHH, i.e., lattices presenting a strong anisotropy
(lower values of αHH) do not behave in the same way during
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high-symmetry → low-symmetry and low-symmetry →
high-symmetry transitions. This tendency is similar to the
recent results reported by Ndiaye et al. [62], where the
symmetry breaking was introduced by adjusting the misfit
of elastic constants and bond lengths between the HS and
LS states.

In Fig. 2(f), we monitored the thermoinduced spin tran-
sition for the different angles αHH in terms of the average
elastic energy. One can easily see that, if the symmetry
of the LS state is close to that of the HS state (αHH ∈
[72◦–90◦]), the elastic energy peaks only along the heating
and cooling branches. However, for the cases with strong
symmetry breakings (αHH < 72◦), the deformation induced
by the nucleation of HS sites generates configurations with
higher energy even in a quasisaturated HS lattice [see inset in
Fig. 2(f)].

In order to look more closely at the dynamic of the present
spin transition, we investigated the spatiotemporal aspects of
the thermoinduced HS ↔ LS switching for αHH = 45◦ and
αHH = 90◦, the results of which are reported in Figs. 3 and 4,
as well as in Figs. SM 2–5 [76]. For αHH = 45◦, it is clear that
the lattice undergoes a transition from a high-symmetry LS
state (a perfectly regular shape with squared cells) to a struc-
turally “disordered” HS state. Indeed, as stated above, due to
the quartic potential in the Hamiltonian of Eq. (1), the HS
lattice’s cells might have several orientations. Consequently,
the configurations of the lattice containing HS sites are quite
degenerate and the number of complexions depends on the
number of cells in the lattice. The coexistence of the differ-
ent orientations generates a remarkable gliding of the atomic
planes as could be seen in the heating branch of αHH = 45◦
[see Fig. 3(a)] and increases the elastic energy of the lattice
[see the mappings of Fig. 3(c)].

The transition from the LS to HS state implies an important
deformation for both cases with and without symmetry break-
ing. Such a structural transformation could be easily triggered
from the lattice’s corners, thanks to the lack of neighboring
cells involved in the transition. For the spin transition with
symmetry breaking, if we consider a LS cell on one corner
of the lattice, where the lattice shifts from the square-shaped
towards diamond-shaped cells, the stretch of the latter along
the free diagonal costs considerably less energy than the op-
posite diagonal. Then, the cells on the lattice’s borders are
energetically more favorable to a structural change than those
located in the center. Accordingly, for a cooperative lattice,
the nucleation of the HS state from the center of the lattice
is a rare event. De facto, we can imagine that the left upper
corner of the lattice could stretch easily to the left side and
upwards than to the right side and downwards. Such a germ
of the stable phase may strongly impact the spatiotemporal
aspects of the spin switching in the lattice, where the neigh-
boring cells will stretch according to the symmetry of the
first germ. However, the situation is a bit tricky and less
straightforward than we can imagine, since the long-range
character of the interactions is highly dependent on the struc-
tural anisotropy. The key aspect of this study is the structural
multidomains feature, where the orientation of some cells in
the center of the lattice could be trapped between different
symmetries, which induces the waving configurations of the
HS lattice and generates particular structural self-organization

FIG. 3. Spatiotemporal aspects of the thermoinduced spin tran-
sition for (a) αHH = 45◦ and (b) αHH = 90◦. Red (blue) dots
correspond to HS (LS) nodes. The corresponding mappings of the
elastic energy upon the transition for (c) αHH = 45◦ and (d) αHH =
90◦. Note that in the mappings the scales of the color bar are different
between the two angles. The mappings of the elastic energy are
presented in the (i, j) referential, while lattice configurations are
presented in the (x, y) referential. Red (blue) arrows correspond to
the heating (cooling) process.

with higher elastic energy. In Fig. 3(a), we report the
lattice configurations for αHH = 45◦ upon heating and cooling
processes. The difference in behavior between the two
branches is quite remarkable, where on heating a multidroplet
character was observed unlike the multidomains feature
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FIG. 4. Mappings of the diagonals’ difference through the ther-
mal spin transition for (a) αHH = 45◦ and (b) αHH = 90◦. Note that
in the mappings the scales of the color bar are different between the
two angles. The mappings are presented in the (i, j) referential. Red
(blue) arrows correspond to the heating (cooling) process.

on cooling. Indeed, with its multidegenerated structural
orientations, the lattice symmetry is remarkably lowered
through the symmetry breaking, which also induces an im-
portant elastic anisotropy in the lattice which weakens the
intermolecular interactions between sites in different direc-
tions. This anisotropy is at the origin of the asymmetric shift
of the thermal loops reported in Figs. 2(a)–2(c), where the
LS → HS branches are almost superimposed, unlike the
cooling branches which shift towards the lower temperatures.
The difference in behavior between the cooling and heating
processes depends on the value of αHH, which controls the
strength of the symmetry breaking, as well as on the tem-
perature. In Fig. 3(b), we reported the spatiotemporal aspects
of the spin transition for αHH = 90◦. In the latter case, the
lattice is isotropic in both states (αHH = αLL), which sup-
presses the previous structural degenerescence observed for
αHH = αLL. We should mention here that the latter case recalls
earlier results obtained with microscopic simulations without
symmetry breaking [56,57,66,77–85]. Such a fact justifies
the similarity in the spatiotemporal aspects observed on both
branches of cooling and heating, illustrated in Fig. 3(b), where
two domains started to grow from all lattice corners and
propagate toward the center. Moreover, the distribution of the
elastic energy for the latter is quite similar in the heating and
cooling branches [Fig. 3(d)].

B. Structural order vs structural disorder

Figures 4(a) and 4(b) report the corresponding spatial map-
ping of the diagonals’ difference, �d = dik − d jl , for the two
cases reported above αHH = 45◦ and αHH = 90◦. The different
orientations of the cells can be easily distinguished by the
blue (respectively green) color for the positive (respectively

FIG. 5. Number of clusters of different sizes at nHS = 0.5 for the
different angles αHH in the heating (a) and cooling (b) processes.
Histograms showing the distribution of the diagonals’ difference on
the mapping of (dik − djl ) at nHS ≈ 0.5 in heating (c) and cooling
(d) processes for different angles αHH.

negative) values. For example, for the cooling branch cor-
responding to αHH = 45◦, one can easily identify at nHS =
0.75 the coexistence of small ordered structural domains
trapped between the disordered HS and LS phases, which
recall the experimental results of the two-step SCO complex
[Fe(2-pic)3]Cl2EtOH [42]. However, in the heating branch,
such an observation is not straightforward due to thermal
fluctuations. It is also interesting to stress the alternation of the
structural domains observed in the configuration nHS = 0.99,
which explains the shape of the lattice reported in Fig. 3(a).
These mappings may reveal the underlying mechanisms be-
hind the nucleation and growth of the spin domains. In fact, at
the interface between two structural domains (blue and green),
some cells could be trapped with in-between symmetries (the
yellow area), because they are subject to antagonist stresses.
These trapped cells are potential sites for the nucleation of
the LS state, since between the cells stretched towards one
direction and those stretched towards other directions the unit
cells might have a squared symmetry as that of the LS phase.
That is to say, the nucleation of the LS state from the center
of the lattice might be possible even before the nucleation in
the lattice’s edges, as could be seen in Figs. SM 2 and SM
3 [76] for the configurations nHS = 0.78 and nHS = 0.9 of
the angles 54◦ and 63◦, respectively. Due to the absence of
symmetry breaking for the case αHH = 90◦, the magnitude of
the diagonals’ difference is relatively less important. Never-
theless, here too, the mappings reveal the effect of thermal
fluctuations on the lattice in the heating branch, where it is
difficult to identify the macroscopic spin domains of Fig. 3(b),
unlike in the cooling branch.
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FIG. 6. (a) Thermoinduced spin transition between a high-symmetry LS state and a low-symmetry HS state for different elastic energy
ratios ENN/ENNN, where ENN (respectively ENNN) is the elastic energy due to the interactions with the nearest neighbor NN (respectively NNN).
(b) The corresponding average elastic energy through the spin transition for the different energy ratios reported in (a). (c) Thermoinduced spin
transition for different energy ratios ENN/ENNN between a high-symmetry HS state and a low-symmetry LS state. (d) The corresponding
average elastic energy through the spin transition for the different energy ratios reported in (c).

C. Quantitative investigation

For a comprehensive analysis, the spatiotemporal aspects
obtained with the different angles were quantitatively inves-
tigated to build a comparative approach that can distinguish
subtleties of self-organization of spin domains. Figures 5(a)
and 5(b) show histograms corresponding to the number of
spin clusters of different sizes 3 × 3, 4 × 4, and 5 × 5 cells
determined at nHS = 0.5 for the different angles αHH in the
heating and cooling processes, respectively. For the angles
in the interval [72◦–90◦], the distribution of spin domains is
almost homogeneous in the heating and cooling processes in
agreement with the symmetrical shape of the thermal loops
shown in Fig. 2. On the other hand, the number of clusters
for the cases with a strong symmetry breaking (lower values
of αHH) shows a remarkable difference in the two branches
of the thermal loop, where the asymmetry in behavior be-
tween LS → HS and HS → LS is enhanced. For example, for
αHH = 45◦, the number of clusters 5 × 5 increased from 1 in
heating to 29 in cooling.

Furthermore, in Figs. 5(c) and 5(d) we studied the fre-
quency distribution of the diagonals’ difference over the
mappings dik − d jl at nHS = 0.5 for the different angles. For
example, for αHH = 90◦, one can easily see that both distri-
butions in heating and cooling are centered around zero due

to the absence of symmetry breaking in this case. However,
due to the thermal fluctuation, the standard deviation of the
distribution in heating (σheating = 0.2) is larger than the one in
cooling (σcooling = 0.13). As the symmetry breaking is getting
stronger (i.e., αHH decreases), the distributions gradually split
into components corresponding to the different orientations of
the unit cells. For αHH = 45◦, the histograms in cooling show
three peaks, corresponding to the number of cells stretched to
the right, to the left, and the ones trapped in between. The
diagonals’ difference for the latter concentration is around
zero. We should mention here that it is slightly more difficult
to identify the different orientations of the cells from the
histograms determined on the heating branch.

D. Synergy between elastic interactions

The plateau observed in the heating branch of the thermal
hysteresis loop of αHH = 45◦ around nHS = 0.5 (Fig. 2) is
most likely linked to the synergy between the elastic terms of
Hamiltonian (1). Therefore, in the following, we will investi-
gate this effect. To do so, we studied the thermoinduced spin
transition for different ratios of NN and NNN contributions of
the elastic energies, ENN

ENNN
, for αHH = 45◦. In this subsection,

we changed the lattice parameters to make the energies ENN
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and ENNN more comparable as for the results presented above
where the ratio ENN

ENNN
≈ 3.6. Thus we reduced the mismatch

of lattice parameters between the HS and LS states from
0.2 nm to 0.1 nm, where the new values are RHH

0 = 1.1 nm and

RLL
0 = 1 nm, while keeping RHL

0 = RHH
0 +RLL

0
2 . The ratio ENN

ENNN
is

monitored by varying the NNN elastic constant B in the range
[4000–20000] K/nm4, while keeping A = 20 000 K/nm2 con-
stant. Accordingly, the ratio ENN

ENNN
is in the range [0.19–0.98].

For these different values, we investigated the thermoin-
duced spin transition, the results of which are summarized
in Fig. 6(a). As the weight of ENNN increases with respect to
ENN, the energy barrier increases and the system undergoes
a partial spin transition, where ≈50% of the lattice remains
trapped in the LS state at higher temperatures as could be seen
for the ratios ENN

ENNN
= 0.19 and ENN

ENNN
= 0.24. Figure 6(b) shows

the evolution of the density of the elastic energy alongside
the thermal hysteresis loops for the three cases ENN

ENNN
= 0.19,

0.32, and 0.98. We should stress that, if the value of ENNN

is strong compared to ENN, the lattice cannot evacuate easily
the excess of elastic energy, which explains the shape of the
curve corresponding to ENN

ENNN
= 0.19. Therefore, more struc-

tural frustrations will appear locally and the whole lattice is
very heterogeneous. Consequently, the lattice is storing an
important amount of elastic energy that hinders the complete
spin transition [81]. On the other hand, as ENNN approaches
ENN, the mechanical features of the lattice are homogeneous
and the excess of elastic energy due to the spin transition is
released easily through the lattice. Hence the density of elastic
energy is considerably lowered as can be seen in Fig. 6(b) for
ENN

ENNN
= 0.98.

The spatiotemporal aspects of the spin transition for the
different ratios ENN

ENNN
are quite similar to the ones reported

in Fig. 3(a). The snapshots corresponding to the ratios 0.32
and 0.98 are illustrated in Fig. 7(a) and in Fig. SM 6
[76], respectively. For both cases, we notice that the nu-
cleation and growth of the LS state on cooling is more
cooperative than the case shown in Fig. 3(a), where the
system tends to develop single domains of HS and LS
phases. On the other hand, the snapshots on heating re-
veal an interesting labyrinthlike self-organization with an
alternation of HS and LS layers, which recall the results re-
ported on the SCO system Fe[HC(3, 5 − Me2 pz)3]2(BF4)2,
where HC(3, 5 − Me2 pz)3 = scorpionatelike tridentate lig-
and tris(3, 5 − dimethyl − 1 − pyrazolyl )methane [46]. In-
deed, the mapping of elastic energy over the lattice through
the thermoinduced spin transition, reported in Fig. 7(c), con-
firms the impact of thermal fluctuations, where in the heating
process the excess of the elastic energy is distributed over the
whole lattice. However, in the cooling branch, there exists
some areas with higher elastic energy contrasting with the
rest of the lattice. By taking the snapshots of Fig. 7(a) as a
reference, it is easy to link those areas of higher elastic energy
to the domain boundaries, where the important mismatch of
lattice parameters is at the origin of the excess of elastic
energy.

The corresponding mapping of the diagonals’ difference,
(dik − d jl ), for the ratio ENN

ENNN
= 0.32, is reported in Fig. 8(a).

In the saturated LS state, where all lattice bond lengths reach
their equilibrium values, the latter quantity is null. However,
for nHS = 0.97, it evolves between 1.5 nm and −1.5 nm,

FIG. 7. Spatiotemporal aspects of the thermoinduced spin tran-
sition (a) between a high-symmetry LS state and a low-symmetry
HS state with ENN

ENNN
= 0.32 and (b) between a high-symmetry HS

state and a low-symmetry LS state with ENN
ENNN

= 0.19. Panels (c) and
(d) are respectively the corresponding mappings of the elastic energy
for the configurations of (a) and (b). Red (blue) arrows in the sketches
correspond to the heating (cooling) process.

which corresponds to the blue and green colors, respectively.
Such a mapping highlights once again the difference in the
dynamics between the heating and the cooling processes of
the thermal hysteresis LS → HS phases and vice versa. In the
heating regime, no macroscopic structural domains (having
the same cell’s orientation, i.e., stretched to the right or to
the left) were observed, unlike the cooling process. Such an
asymmetry is due to the difference in the starting configura-
tions of both processes, which are obviously not the same.
The saturated LS state is a homogeneous lattice, where all
of the cells are perfectly squared [see Fig. 8(a) for nHS = 0].
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FIG. 8. Panels (a) and (b) are respectively the corresponding mappings of the diagonals’ difference for the configurations (a) and (b) of
Fig. 7. Red (blue) arrows in the sketches correspond to the heating (cooling) process.

In contrast, on cooling, the transition starts from a HS lattice
with a mixture of cells stretched to the right, left, upward, and
downward.

The shape of the lattice plays a crucial role in the self-
organization of the structural domains due to the long-range
character of the elastic interactions. Most likely, the domains
spread along the shortest side because it involves fewer nodes
to displace. The intersection of structural domains with dif-
ferent orientations traps structurally metastable configurations
[Fig. 8(a), nHS = 0.49], which are behind the step observed in
the hysteresis loop of Fig. 6(a).

Moreover, the mappings of the diagonals’ difference show
the effect of the structural anisotropy on the long-range char-
acter of the interactions. For example, for the configuration
of nHS = 0.97, the comparison between the maps of elastic
energy, reported in Fig. 7(c) and of the diagonals’ differ-
ence in Fig. 8(a) reveals that the elastic energy peaks at the
intersections of two or more domains of different structural
orientations. These are regions of high elastic stress. In con-
trast, two adjacent structural domains do not generate a huge
amount of elastic energy and can efficiently relax the struc-
tural stress. The self-organization of the lattice into several

structural domains in cooling contrasts with the multidroplet
nucleation of the HS state during the heating process.

E. Symmetry breaking while switching between a cubic HS
state and a diamond LS state

We investigated as well in the opposite situation where the
symmetry breaking occurs from a cubic HS state (αHH = 90◦),
while switching to the LS state, i.e., αLL = 45◦. For this part,
we used the same values of lattice parameters and elastic
constants as in the previous subsection, where we considered
the same ratios of elastic energy as above. The corresponding
thermal hysteresis loops for this simulation are illustrated in
Fig. 6(c); a significant difference in the shape of the loops is
noticed compared to Fig. 6(a). Here, we invite the reader to
consult Fig. SM 7 [76] for the individual comparison of each
thermal loop. For ENN

ENNN
< 0.49, multisteps were observed in

both branches of the hysteresis loop. In fact, for the ratios
ENN

ENNN
= 0.32 and 0.19, the system struggles to undergo a com-

plete spin transition, as it still shows difficulties switching all
the molecules into the LS state at lower temperatures, where
a non-null residual HS fraction was observed in Fig. 6(c). By
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referring to Fig. 6(a), we recall that the transition in the two
latter ratios was as well incomplete. Here again, this incom-
pleteness is due to the large amount of elastic energy stored
in the system that cannot be released easily due to the misfit
of the elastic parameters between the nearest and next-nearest
neighbors.

Figure 6(d) shows the average elastic energy over the lat-
tice for the thermal hysteresis loops of Fig. 6(c). The latter
increases as the disorder increases in the lattice, in good
agreement with Fig. 6(b). Indeed, the evolution of the elastic
energy, through the spin transition, confirms that the structural
frustration introduced by the symmetry breaking increases the
elastic energy. That is particularly true in the cooling branches
of the thermal transitions, around the switching temperatures,
where the thermal fluctuations are relatively low. The latter
fact tells us that the dynamic of the spin transition with sym-
metry breaking is dependent on the thermal history. Starting
from a cubic LS phase at lower temperatures, the thermal
fluctuations in the heating branch generate more structural
frustrations, which traps several LS sites and justifies the
incomplete transition observed with the ratios ENN

ENNN
= 0.19

and 0.24 in Fig. 6(a). However, for a transition towards a
cubic or high-symmetry phase at higher temperatures, the
thermal fluctuations are useful to overcome the local structural
traps due to the mechanical frustration of the lattice, which
justifies the different steps observed in the heating branches
in Fig. 6(c). The latter effect impacts as well the width of
the thermal hysteresis, especially for the lower ratios ENN

ENNN
.

One can easily see that the width of the thermal loop of
ENN

ENNN
= 0.19 in Fig. 6(c) is almost doubled when compared

to the one in Fig. 6(a).
As the ratio ENN

ENNN
gets important, both thermal loops in

Figs. 6(a) and 6(c) show closer behaviors. The latter fact is
confirmed as well for the ENN

ENNN
= 3.6, reported in the sub-

sections A– C, where the thermal loops were simulated for
both scenarios: cubic HS state ↔ diamond LS state and cubic
LS state ↔ diamond HS state. The individual comparisons in
the latter simulation are reported in Fig. SM 8 [76]. For the
diamond unit cell, we considered the same angles as earlier
α ∈ [45◦–90◦].

The largest hysteresis loop in Fig. 6(c) was obtained for the
ratio ENN

ENNN
= 0.19. The corresponding spatiotemporal aspects

are reported in Figs. 7(b) and 7(d) and Fig. 8(b). The config-
urations of the lattice through the spin transition [Fig. 7(b)]
remarkably contrast with those reported in Figs. 3 and 7(a).
The alternations of HS and LS sites were observed in cooling
upon switching from HS to LS, while the multidomains fea-
ture took place in heating along the LS → HS transition. We
have to mention that, for the latter case, the corresponding
elastic energy ENNN is particularly significant compared to
ENN, in such a way that the spin transition induces remarkable
macroscopic lattice deformation. The mappings of the elastic
energy as well as the diagonals’ difference are consistent
with the lattice configurations as could be seen in Fig. 7(d)
and Fig. 8(b), respectively. Indeed, these figures evidence
an interesting correlation between the spatial organization of
the structural domains and the spin domains. Such a fact

highlights the decisive role of symmetry breaking in the co-
operativity of the system.

IV. CONCLUSION

This paper tackled the problem of the interplay be-
tween a lattice symmetry breaking and a thermoinduced spin
transition using a full elastic quartic potential acting on
the NNN elastic interactions. The Hamiltonian proposed in
this work generates different crystallographic orientations be-
tween HS and LS states transforming from diamond shaped
cells to squared cells or vice versa. The rhombus shaped state
is characterized by an important structural anisotropy, where
several orientations of the unit cell may coexist. To stress out
such an effect on the spin transition, in the case of a rhombus
HS state, we considered different stretching angles of the HS
unit cell and simulated the thermoinduced spin transition on
a 2D lattice. We demonstrated that the symmetry breaking
accompanying the electronic spin transition induces unsym-
metrical hysteresis loops. We found that, as the stretching an-
gle αHH decreases from the ideal isotropic value (αHH = 90◦),
a step appears on the heating branch at nHS = 0.5 without
changing the switching temperature, while the cooling branch
shifts towards the lower temperatures. The spatiotemporal as-
pects corresponding to the symmetry breaking revealed a quite
interesting self-organization of spin domains as an alternation
of HS and LS layers in the heating process, as well as the
presence of alternate structural domains of different orienta-
tions in the cooling branch. Furthermore, we investigated the
effect of the energy competition between NN and NNN elastic
interactions on the thermoinduced spin switching properties.
We found that, if the values of elastic energies for the NN and
NNN are close, the lattice releases easily the excess of elastic
energy and undergoes a complete spin transition between the
LS and HS states. Moreover, we demonstrated that, due to the
symmetry breaking, the crossing of structural domains with
different orientations traps structurally long-lived metastable
configurations, which are at the origin of the step observed
in the ascending branches of the thermal hysteresis loops.
Such trapped and miscible phases, which do not have the
structure of the majority phase, are potential nucleation sites
of the new phase. Overall, the asymmetric character of the
thermal hysteresis emerging from the structural symmetry
breaking effects leads to observing spatiotemporal features of
spin transition which are sensitive to the thermal history of
the lattice, where a multidroplet nucleation mechanism takes
place in the heating process, while a multidomain growth
emerges in the cooling branch. Accordingly, it is clear that
the symmetry breaking perturbed the long-range interactions
along the lattice and that was further enhanced with the ther-
mal fluctuations, which justifies the multidroplet nucleation of
the HS sites. We have to stress that most of the cases treated
here reproduce well experimental facts, which pave the way to
a further understanding of the intimate microscopic couplings
between the electronic degrees of freedom and the structural
transformation. On the basis of the findings presented here,
further study of the effect of the size and shape of the lattice
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on the thermo- and photoinduced spin transition is continuing
and will be presented in future papers.
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