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REVIEW

Coupled spin cross-over and ferroelasticity: revisiting the 
prototype [Fe(ptz)6](BF4)2 material
Eric Collet a,b, Giovanni Azzolina a, Jelena Jeftić c and Marie-Hélène Lemée- 
Cailleau d

aUniv Rennes, CNRS, IPR (Institut de Physique de Rennes), Rennes, France; bDepartment of Chemistry, 
DYNACOM IRL2015 University of Tokyo- CNRS - UR1, Tokyo, Japan; cUniv Rennes, CNRS, ENSCR, ISCR 
(Institut des Sciences Chimiques de Rennes), Rennes, France; dInstitut Laue-Langevin, France

ABSTRACT
Spin-crossover (SCO) materials exhibit thermal conversion 
from low to high-spin states. We review different models 
developed to describe this entropy-driven process and 
the occurrence of cooperative conversions resulting from 
elastic interactions. There is a growing number of SCO 
materials exhibiting unusual thermal conversions when 
symmetry breaking occurs. To illustrate the importance 
of considering both phenomena, we review studies of 
the prototype [Fe(ptz)6](BF4)2 system, exhibiting at atmo-
spheric pressure a single step thermal transition with 
hysteresis, where a ferroelastic distortion occurs from the 
high-spin high-symmetry (HShs) phase, towards the low- 
spin low-symmetry (LSls) phase. Under pressure, sequen-
tial conversions occur on cooling from the HShs phase 
towards a high-spin low-symmetry (HSls) phase, followed 
by a spin crossover towards the LSls phase. In addition, 
a metastable low-spin high-symmetry (LShs) state forms 
upon fast cooling. We revisit this coupling and decoupling 
of spin crossover and ferroelastic phase transition through 
the Landau theory model adapted by Collet, which pro-
vides qualitative agreement with the experimental data, 
such as the phase diagram and the evolution of spin 
transition curves or lattice deformations under pressure. 
This Ferroelastic Instability coupled to Spin Crossover 
(FISCO) approach should be generalized to many materi-
als undergoing coupled spin transition and symmetry 
breaking.
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Introduction

Electronic multistability in molecular-based materials, such as spin- 
crossover (SCO) [1–4], or charge-transfer systems [5–8], is at the origin of 
the development of new functions and applications [9–11]. Since the dif-
ferent electronic states have different entropy and volume, phase transitions 
may occur at thermal equilibrium driven by temperature – pressure [12– 
21], or inclusion of guests [22,23]. External stimuli such as magnetic field, 
electric field or light [8,24–30], allow efficient control of molecular spin state 
down to ultrafast time-scale [31–36]. In crystals, the elastic coupling 
between volume-changing molecules can drive cooperative conversions at 
thermal equilibrium [25,37–41] or under light excitation [42–51]. For SCO, 
different models [25,40,52–56] used an Ising variable qi to describe the high- 
spin (HS, qi = 1) or low-spin (LS, qi = –1) state of the ith molecular site and 
monitor spin conversion curves through the average value of q or the HS 
fraction γ: 

q ¼
NHS � NLS

NHS þ NLS
or γ ¼

NHS

NHS þ NLS
with γ ¼

qþ 1
2

(1) 

NHS and NLS denote the number of sites in high-spin (HS) or low-spin (LS) 
states. A spin crossover is a gradual evolution of the HS fraction from γ = 0 
(q = −1) to γ = 1 (q = 1), while a discontinuous evolution, eventually 
associated with a thermal hysteresis, corresponds to a spin transition 
[57,58].

The thermodynamical aspects of SCO have been largely described 
through various models, taking into account crystal field theory, entropy 
or elastic interactions to name a few [2,3,25,39,46,53,56,59–61]. The popular 
Slichter-Drickamer model is used to characterize the degree of cooperativity 
during spin conversions [56,62]. It describes the Gibbs energy G of the 
system as a weighted contribution of the HS (GHS) and LS (GLS) species, and 
it includes a mixing entropy (Smix) and intermolecular coupling through the 
parameter Γ: 

2 E. COLLET ET AL.



G ¼ γGHS þ 1 � γð ÞGLS � TSmix þ Γγ 1 � γð Þ (2) 

Spiering highlighted the key role of elastic interaction in spin-crossover 
materials[63]. Weak Γ corresponds to continuous spin crossover, while large 
Γ corresponds to spin transition.

Recently, more complex elastic models were introduced for reproducing 
nucleation and propagation of HS and LS phases or cluster formation 
[40,52,64]. The elastic Ising-like Hamiltonian [60] includes, on the one 
hand, a thermodynamical part, with energy difference D and degeneracy 
ratio g between HS and LS states, and, on the other hand, an elastic 
potential, taking into account elastic interaction between constituting mole-
cules and volume change associated with spin conversion: 

H ¼
1
2

X

i
D � kTlngð Þqi þ

X

hi;ji
Vinter

ij (3) 

As recently reviewed, such sophisticated description of the elastic potential 
account for lattice dynamics and finite size effects in molecular spin cross-
over systems and out-of-equilibrium dynamics[40]. Additional models 
including ferro- and anti-ferro-elastic couplings were used to describe 
stepwise conversion and the formation of spin-state concentration waves, 
where the HS fraction is spatially modulated [41,52,53,65–70].

An interesting case study is the prototype [Fe(ptz)6](BF4)2 material, 
which was intensively investigated [71–78]. At atmospheric pressure, 
Gütlich reported an unsymmetric spin transition thermal hysteresis[71], 
from the HS high-symmetry (HShs R�3) phase, towards the LS low- 
symmetry (LSls P�1) phase. Therefore [Fe(ptz)6](BF4)2 is a ferroelastic mate-
rial, as ferroelasticity is a phenomenon in which a symmetry-breaking phase 
transition occurs between different crystalline systems: rhombohedral R�3 
and triclinic P�1 in the present case [79,80]. Under pressure, it was shown 
that the spin-state conversion decouples from the ferroelastic R�3→ P�1 
ferroelastic phase transition and the SCO and symmetry-breaking transition 
occur sequentially [14,81,82]. In order to address the basic problem of spin- 
state conversion coupled to symmetry-breaking and explain the different 
thermal transition curves on warming from the LSls phase or cooling from 
the HShs phase, Hauser proposed a new approach[83]. He included in the 
Slichter-Drickamer model an additional contribution to Gibbs free energies 
from the symmetry change in the LSls phase, and different interaction terms 
Γ between HS and LS states. This allowed better matching with experimental 
data.

Complex spin conversion curves appear when SCO couples to symmetry 
breaking[84], which influences the hysteretic behavior in term of broad-
ening and shape [78,85–97]. Indeed, when a ferroelastic phase transition 
occurs [79,80], the symmetry breaking couples to the strains and can 
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therefore affect spin conversion [98,99] or out-of-equilibrium HS → LS 
relaxation [83,100]. In addition, coupled SCO and symmetry-breaking also 
allow for the emergence of functions, such as ferro- or ferri-magnetism, 
ferroelectricity or ferroelasticity [7,101–106], or additional control through 
magneto-electric [29,30]. However, these phenomena can’t be explained by 
the above-mentioned models, not considering explicitly symmetry 
breaking.

In this paper, we revisit the coupling and decoupling of spin crossover and 
ferroelastic phase transition in the [Fe(ptz)6](BF4)2 material with a new light 
on previously published experimental data [14,78,83]. We use the theoretical 
model proposed by Collet, based on the Landau theory, and accounting for 
both spin-crossover phenomena and considering the elastic coupling 
between SCO and symmetry breaking [84,89,99]. This Ferroelastic 
Instability coupled to Spin Crossover (FISCO) approach provides qualitative 
agreement with the experimental data, such as the phase diagram and the 
evolution of spin transition curves or lattice deformations under pressure.

Materials and methods

We revisit the phase diagram of [Fe(ptz)6](BF4)2 and review previous experi-
mental data, showing that spin crossover and ferroelastic transition can occur 
simultaneously or sequentially. We show in Figure 1 spin transition curves 
obtained from single-crystal optical spectra absorption data, as published by 
Jeftić and Hauser[83]. We show in Figure 2 the strain tensor ε11 Tð Þ ¼
aLT Tð Þ
aHT Tð Þ � 1 at 1 bar and 1000 bars, as introduced hereafter. As explained by 
Carpenter[79], aHT(T) corresponds to the lattice parameters measured in the 
high-spin high-symmetry phase and extrapolated in the low-spin low- 
symmetry phase, which accounts for thermal expansion (or compressibility) 
of the high-spin high-symmetry phase. For the data at 1000 bars we used data 
from references 14, with a second order fit of aHT(T) above 198 K, where the 
ferroelastic phase transition occurs on cooling from the HShs phase, to 
extrapolate aHT(T) below 198 K and calculate ε11(T) from the measured 
aLT(T). For the data at 1 bar we used data from references 78 and used 
150 K as reference. We use the Landau theory of phase transition, adapted by 
Collet et al for spin-crossover phenomena [84,89,99], to rationalize how the 
elastic coupling between non-symmetry-breaking spin crossover and sym-
metry-breaking structural distortions affect spin conversion curves.

Results

The [Fe(ptz)6](BF4)2 iron(II) spin-crossover compound exhibits at atmo-
spheric pressure a spin-transition hysteresis loop shown in Figure 1a, where 
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the evolution of the fraction γ of HS molecules was monitored by optical 
spectroscopy[83]. This change of spin state is coupled with a ferroelastic 
phase transition from the high temperature HShs R�3 space group to the low 
temperature LSls P�1 space group [72,107,108]. The hysteresis loop is about 

Figure 1. Spin state conversion curves of the high-spin fraction γ of the system [Fe(ptz)6](BF4)2 

at pressures of 1 bar (a), 500 bars (b), and 1000 bars (c) measured on warming (▲) and cooling 
(▽) modes. The data are replotted from reference 81. The thermal hysteresis due to the 
ferroelastic phase transition from R�3 at high temperature to P�1 at low temperature is indicated 
by arrows.
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7 K wide at atmospheric pressure and unsymmetric, with a more discontin-
uous cooling branch around Tc

↓ = 128 K and a more gradual warming 
branch around Tc

↑ = 135 K [71–73,75–77]. The symmetry breaking of the 
crystalline lattice is responsible for the appearance of the ferroelastic 
domains, which induces cracks or defects [74]. Upon fast cooling, the 
ferroelastic phase transition is suppressed: the LS crystal remains in the R�3 
space group [109–111]. As reviewed by Carpenter [79], in addition to 
symmetry breaking, ferroelastic phase transitions are also characterized by 
the thermal dependence of the spontaneous volume strain 
vs Tð Þ ¼ VLT Tð Þ

VHT Tð Þ � 1, where VLT(T) is the volume of the low temperature 
phase and VHT(T) the HT one, extrapolated at low temperature 
T. The volume strain vs is also given by the components of the spontaneous 
strain tensor vs = ε11+ ε22+ ε33.

Wiehl et al used powder diffraction measurements to describe in detail 
the ferroelastic nature of the phase transition of [Fe(ptz)6](BF4)2, through 
the lattice deformations responsible for the non-symmetry breaking volume 
strain vs and the symmetry-breaking strain tensor [108]. During the R�3 → 
P�1 symmetry-breaking the �3 axis is lost: the a and b crystalline axis differ 
and the α and β angles deviate from 90° and γ from 120 °. Because of the 
formation of ferroelastic domains in the LS phase, it is not easy to monitor 
all these deformations on single crystal. In Figure 2 we show the non- 
symmetry-breaking component of the strain tensor ε11 ¼

aLT Tð Þ
aHT Tð Þ � 1 calcu-

lated from the data published in a previous paper, as explained above [78]. 
At 1 bar, we can see pretransitional evolution of ε11 and therefore vs on 

Figure 2. Thermal dependence of the volume strain component ε11 at 1 bar on warming (▲) 
and cooling (▽) and 1000 bars on warming (●) and cooling (○). Data are extrapolated from 
references 78 and 14. The points corresponding to γ = 1/2 in Figure 1 are indicated by the 
arrows.
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approaching the phase transition, both on warming and on cooling. Wiehl 
also reported that the lattice parameter a expands on cooling from room 
temperature down to 150 K, where a weak lattice contraction starts, while on 
warming from low temperature there is no thermal expansion up to 100 K 
and a weak expansion on approaching the phase transition [108]. Both 
pretransitional evolution of the lattice are due to the partial spin conversion 
on approaching the phase transition, as monitored by optical spectroscopy 
(Figure 1a).

Since both spin crossover and ferroelastic distortion phenomena strongly 
couple to volume change, pressure studies play an important role for under-
standing their relative contributions. Single-crystal absorption spectra stu-
dies performed by Jeftić [83], revealed that the shapes of the thermal spin 
conversion strongly change with pressure. The transition curves at 500 bars 
(Figure 1b) exhibit two different regions. Below 150 K, which almost 
corresponds to the half conversion temperature (γ = ½), the warming and 
cooling curves superpose perfectly and the spin state conversion is of spin- 
crossover type. However, compared to 1 bar, the thermal hysteresis appears 
at higher temperatures, and is characterized by two substantially smaller 
jumps of γ than at Tc

↓ = 158 K and Tc
↑ = 168 K. The 1000 bars curve 

exhibit a spin-crossover up to 198 K, while even smaller jumps of γ occurs at 
Tc
↓ = 198 K on cooling and Tc

↑ = 210 K on warming. The half conversion 
is around 165 K, well below the thermal hysteresis due to the ferroelastic 
transition. These results show that pressure affects differently the ferroelas-
tic phase transition and the spin crossover, which decouple under pressure.

A recent study by Chakraborty et al [112] allows comparing the relative 
contribution of the ferroelastic phase transition and SCO to the volume 
contraction. For the [Fe(ptz)6](BF4)2 compound, their data reveal a volume 
strain vs = –0.058(1) from HShs to LSls, normalized to the number of 
formula unit Z per unit cell, including therefore contributions from both 
SCO and ferroelastic distortion. The volume strain due to the SCO between 
the HShs phase and the LShs phase, thermally quenched at 84 K, is vSCO = – 
0.028(1). The volume strain due to the only ferroelastic distortion between 
LShs phase and the LSls phase is vSF = –0.031(1). For the pure 
[Ru(ptz)6](BF4)2 compound, which does not exhibit SCO, there is 
a similar volume strain vSF = –0.028(1), only due to the R�3 ↔ P�1 ferroelastic 
distortion. This study confirms that the amplitude of the contribution to the 
volume strain vs of vSF and vSC0 are quite similar.

The neutron diffraction studies of [Fe(ptz)6](BF4)2 provide additional 
evidences of the dissociation of ferroelastic transition from spin crossover 
[81]. Three phases are reported in a (P,T) phase diagram: the HShs phase 
(R�3), the LSls (P�1), and the intermediate high-spin low-symmetry P�1 phase 
(HSls). Above the triple point, like at 1000 bars, the sequence of phase 
transitions is characterized by the evolution of the lattice parameter 
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a exhibiting a discontinuous hysteretic behavior at 198 and 210 K and 
a gradual evolution around 165 K[14]. Figure 2 shows the component ε11 
of the strain tensor calculated from these data, as explained in the materials 
and method section. The first-order ferroelastic transition HShs (R�3) → HSls 
(P�1Þ is characterized by discontinuous lattice contraction at Tc

↓ = 198 K on 
cooling and expansion at Tc

↑ = 210 K on warming. In addition, there is 
a distinct broad and continuous lattice contraction centered at 165 K, which 
accompanies the spin crossover between the HSls (P�1) and the LSls (P�1Þ
phases. The thermal evolution of ε11 obtained from neutron diffraction 
experiments at 1000 bars exhibits characteristic temperatures of the hysteresis 
for the ferroelastic phase transition and of the spin crossover in perfect 
agreement with optical spectroscopy data (Figure 1c). The fact that ε11 
exhibits almost no thermal contraction at 1000 bars on cooling from 300 K 
down to 198 K is also consistent with optical data showing that the systems 
remains almost fully HS in this temperature range, while the contractions due 
to the R�3 → P�1 phase transition and HS → LS crossover are clearly separated. 
Interestingly, both phenomena contribute on an equal footing to the volume 
strain, as the two contractions of ε11 accompanying the ferroelastic transition 
and the SCO have similar amplitudes. The spin-state conversion cooperativity 
is therefore strongly affected by the ferroelastic phase transition.

Discussion

For rationalizing these observations, we use the Ferroelastic Instability 
coupled to Spin Crossover (FISCO) approach proposed by Collet 
[84,89,99], which allows understanding the thermal dependence and the 
coupling between the symmetry breaking order parameter η and the non- 
symmetry breaking change of the HS fraction γ. In the case of 
[Fe(ptz)6](BF4)2, the symmetry-breaking order parameter η driving the R�3 
→ P�1 ferroelastic transition belongs to the bidimensional Eg representation 
of the �3 point group, the basis of which is built with two distortion strains, 
[113–116] as it is also the case for cubic → tetragonal ferroelastic transition 
of the RbMnFe system [89]. The simplest symmetry-adapted Landau poten-
tial for describing coupled symmetry-breaking and SCO for [Fe(ptz)6](BF4)2 
takes the following form 

G q; ηð Þ ¼
1
2

aη2 þ
1
3

bη3 þ
1
4

cη4 þ Aqþ
1
2

Bq2 þ
1
4

Cq4 þ
1
2

C0
s v2

s þ ληvsη2

þ λqvs
1 � q

2

� �

(4) 
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For limiting the number of parameters, we will consider hereafter b, c, B and 
C constant. The η2,η3,η4 terms describe the symmetry breaking potential, 
with a = a0(T-TSB). c > 0 for stability [80]. The coefficient a changes sign 
with temperature T at TSB, which stabilizes η = 0 above TSB and η ≠ 0 below, 
while the symmetry-allowed η3 term limits the R�3 → P�1 ferroelastic transi-
tion to first-order only. The q,q2,q4, terms describe the spin conversion 
potential with A = A0(TSC-T) and C > 0 for stability [117]. Here we use 
B > 0, which corresponds to a spin-crossover, with a gradual change from 
HS (q > 0) above TSC to LS (q < 0) below [84]. A key point of this model is 
that it includes the elastic energy 1

2 C0
s v2

s related to elastic constant C0
s and the 

total volume strain vs, but also the elastic coupling to vs of the ferroelastic 
distortion (λvsη2 is zero in high-symmetry phase) and of the spin state 
conversion (λqvs

1� q
2

� �
is 0 taken as reference in the HS state where q = 1). 

All these terms contribute to the equilibrium volume strain [89]: 

vs ¼ �
λq

1� q
2

� �
þ ληη2

� �

C0
s

(5) 

Substituting vs in equation (2) results in a renormalization of some 
coefficients: 

G q; ηð Þ ¼
1
2

a0 T � TSBð Þη2 þ
1
3

bη3 þ
1
4

cη4 þ A0 TSC � Tð Þqþ
1
2

Bq2

þ
1
4

Cq4 þ Dqη2 (6) 

Here we use D > 0 for stabilizing the LSls phase (q < 0 and η ≠ 0).
Regarding the (P,T) phase diagram, we may consider that in addition to 

temperature, the coefficients a and A can also linearly depend on pressure: 
a = a0(T-TSB)+a1(P-PSB) and A = A0(TSC-T)+A1(PSC-P). It is also important 
to notice that the difference in the symmetry-breaking and spin-crossover 
temperature instabilities changes linearly with pressure: 

TSB � TSC ¼ �
Aþ a

a0
þ

A1

a0
PSC �

a1

a0
PSB þ

a1 � A1

a0
P (7) 

To avoid over-parametrization and -representation in a more complex 
space of parameters, we do not consider the pressure dependence of a and 
A. In this simplest approximation, (TSB-TSC) is therefore analogous to 
a pressure. The phase diagram shown in the (TSB-TSC,T-TSC) space is there-
fore analogous to (P,T). In this way, we explore the different phases which 
may exist, characterized by their spin state (HS for q > 0 or LS for q < 0) and 
symmetry (hs for η = 0 or ls for η ≠ 0). The equilibrium values of the order 
parameters characterize the stability region of the different phases and are 
numerically found by minimizing G(q,η)[84].
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The ‘pressure-like’ axis (TSB-TSC) and temperature axis (T-TSC), in 
Figure 3 are scaled to fit the experimental phase diagram [81]. Around 
1 bar the spin conversion and the symmetry breaking occur simultaneously, 
with a thermal hysteresis between the HShs and LSls phases (grey shaded 
area between hs and ls phases). The phase diagram exhibits a triple point 
around (200 bars, 140 K), where the HShs, HSls and LSls phases coexist. 
Above the triple point, a ferroelastic phase transition from HShs to HSls 
phases occurs around TSB, followed at lower temperature by a spin crossover 
(dashed line) from the HSls to the LSls phase.

The hysteretic domain of bistability, shown by the grey area in between 
continuous lines in the phase diagram, is due to the (R�3) → (P�1) ferroelastic 
transition, as the bidimensional nature of the symmetry-breaking order 
parameter, restricts symmetry breaking to first-order transition [80,84,99].

Figures 4a and 4b show the temperature dependence of the order para-
meters γ(T) and η2(T) in the calculated phase diagram for 1 bar, 500 bars 
and 1000 bars. The discontinuous change of η2(T) characterizes the dis-
continuous ferroelastic transition and measures the deviation of the system 
from high symmetry. Below the triple point (1 bar), γ(T) and η2(T) both 
change discontinuously and simultaneously whether heating or cooling and 
the spin transition curve mimics the unsymmetric hysteresis shown in 

Figure 3. Calculated phase diagram of Fe(ptz)6(BF4)2, with scaled pressure-like (TSB-TSC) and 
temperature (T-TSC) axes fitting experimental data from in ref 79. Below ≃ 250 bars, spin 
conversion and symmetry breaking occur simultaneously with a thermal hysteresis shown by 
the grey shaded area between the HShs (R�3) and LSls (P�1) phases. At the triple point shown by 
the circle, located around (250 bars, 140 K), the HShs, LSls and HSls (P�1) phases coexist. Above 
the triple point, a ferroelastic HShs (R�3) → HSls (P�1) phase transition occurs at high temperature 
with a thermal hysteresis. At lower temperature, the spin crossover centered on the dashed line 
occurs from the HSls (P�1) and LSls (P�1) HSls phases. The phase diagram was calculated for the 
potential (4) with b = –6, c = 12, B = 2, C = 12, D = 2.
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Figure 1a. This unsymmetric hysteresis loop, characteristic of different 
cooperativities in the HShs and LSls phases, is due to the Dqη2 coupling. 
Indeed, in the HShs phase where η = 0, the potential reaches 

G q; 0ð Þ ¼ A0 TSC � Tð Þqþ
1
2

Bq2 þ
1
4

Cq4 (8) 

Figure 4. Thermal dependence of the spin transition curves γ(T) (a), the symmetry breaking 
curves η2(T) (b), and the volume strain vs (c) calculated for different ‘pressures’ (TSB-TSC) 
corresponding to 1, 500 and 1000 bars. Volume strains are vertically shifted for clarity.
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It differs therefore from potential in the LSls phase, where η ≠ 0 (Eq 6), which 
includes the additional contribution to the Gibbs energy from the symmetry 
change. These results justify a posteriori Hauser’s approach considering 
different Gibbs free energies and interaction terms in the HS and LS phases 
of the complex [82,83]. In addition, the coefficient A = a0(TSC-T) changing 
sign at the SCO temperature TSC in the HShs phase is renormalized in the 
LSls phase to Aþ Dη2ð Þ ¼ a0 Tls

SC � T
� �

. The SCO temperature TSC on cool-
ing from the HShs phase is different from the one on warming from the LSls 
phase Tls

SC ¼ TSC þ Dη2, and the symmetry breaking stabilizes the LS state 
towards higher temperature. On cooling from the HShs phase, the symmetry 
breaking (η ≠ 0) and spin transition occur simultaneously, while on warming 
from the LSls phase (q < 0), the coupling stabilizes the LSls phase towards 
higher temperature and a gradual spin-state conversion starts, followed by the 
simultaneous and discontinuous changes of symmetry and spin state.

Above the triple point (500 and 1000 bars, Figure 4) there is a gradual 
evolution of γ(T) on warming, followed by a discontinuous change around 
TSB where the symmetry change occurs, due to the coupling. η2(T) changes 
discontinuously around TSB and exhibits a continuous evolution around TSC. 
The apparent stepwise spin conversion curves γ(T) results from a spin crossover 
around γ = 1/2 and a discontinuous change at higher temperature due to the 
ferroelastic transition. Figure 4c shows the thermal dependence of the volume 
strain vs calculated with equation (5) through the thermal dependence of γ and 
η2, with equal amplitudes. At 1 bar the evolution of vs on cooling just above the 
ferroelastic phase transition is due to the partial spin conversion, measured in 
Figure 1a.

At the phase transition, the discontinuous evolutions of γ and η2 results in 
a single global and discontinuous contraction. Below the phase transition, the 
lattice contraction is mainly due to the spin conversion, as the components of 
the symmetry-breaking strain tensor exhibit weak temperature dependence 
[108]. The behavior of the calculated vs is in good agreement with the thermal 
dependence of ε11 at 1 bar (Figure 2). Our model also mimics the stepwise lattice 
contraction measured by neutron diffraction above the triple point at 1000 bars, 
with a discontinuous and hysteretic change of vs at the ferroelastic phase 
transition, and a gradual change without hysteresis around the spin crossover 
(Figure 2 vs 4c). At high pressure, when TSB strongly differs from TSC, the 
contributions of the non-symmetry-breaking and symmetry-breaking order 
parameters to the total volume strain are clearly separated, in agreement with 
experimental data.

Conclusion

The FISCO approach (Ferroelastic Instability coupled to Spin Crossover) is 
a relevant method for understanding spin conversion curves in materials for 
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which spin-state conversion couples to ferroelastic lattice distortion. This 
model allows for describing and modeling the interplay between symmetry- 
breaking phase transitions and SCO and provides the necessary formalism 
for disentangling spin transition and symmetry breaking, as well as the 
associated volume strain. It is necessary to consider the coupling between 
two order parameters: the non-symmetry-breaking evolution of the HS 
fraction γ, also probed through the evolution of the deviation from half 
conversion q, and the symmetry breaking ferroelastic distortion η. The elastic 
coupling of each parameter to the volume strain results in a Dqη2 coupling, 
which can drive spin state switching and symmetry change simultaneously, 
or sequentially. This model, which successfully reproduces experimental 
phase diagrams and various features reported in several SCO materials 
[89,97,99], will be of interest for a growing number of systems found to 
exhibit coupled electronic instability and symmetry breaking. We have to 
underline that only equilibrium stationary states are considered in the frame-
work of the Landau theory. Therefore, kinetic effects related to cooling or 
warming rate or to the metastable LShs state, reached on flash cooling, 
cannot be grasped with this model, which is not considering fluctuations 
around equilibrium or quasi-equilibrium state. Including symmetry-breaking 
aspects to kinetic spin-state switching models is therefore a promising route 
for future.
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