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Coupling and decoupling of spin crossover and ferroelastic distortion:
Unsymmetric hysteresis loop, phase diagram, and sequence of phases
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Spin-transition materials can exhibit thermal hysteresis due to cooperative elastic interactions in between
active molecular sites. It results from the coupling of the nonsymmetry-breaking high spin fraction order
parameter to the lattice volume strain. However, a symmetry-breaking order parameter responsible for crys-
tallographic phase transition, like a ferroelastic distortion, can also couple to the volume strain. Here, we
use the Landau theory to study the elastic coupling between a spin-crossover instability and a discontinuous
ferroelastic distortion and the different phase transition lines. Below the triple point, the first-order line involves
simultaneous ferroelastic distortion and spin transition. Above, the purely first-order ferroelastic distortion and
the spin crossover occur sequentially. Our model, related to the coupling and decoupling of the ferroelastic
phase transition and spin crossover, explains exotic behaviors reported experimentally in the literature for diverse
spin-crossover systems, plastic crystals, or Prussian blue analogues. The unsymmetric hysteresis loops and the
stepwise evolution of the spin conversion or volume strain under pressure result from different sequences of
phase transitions. The model shows that the ferroelastic phase transition is the driving force of the cooperative
spin transition hysteresis in this case.
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I. INTRODUCTION

Spin crossover, and more precisely spin transition, is cur-
rently a hot topic, aiming at playing on molecular bistability
to produce compounds with wide hysteresis loops between
low-spin (LS) and high-spin (HS) phases [1–4]. Tuning
the domain of bistability over a broad temperature range,
especially around room temperature, or generating and con-
trolling multistep and hysteretic spin transitions represent
important targets. Spin-crossover materials also exhibit multi-
functionalities [5,6], as the spin transition can be triggered by
pressure [7–9], inclusion of guests [10,11], or by light exci-
tation [12,13] down to the femtosecond timescale [14–17]. It
was recently shown that spin-crossover materials represent a
promising route for biomimetic soft actuators [18]. In many
cases, the spin transition between HS and LS state is non-
symmetry breaking [3,19,20]. From the experimental point of
view, a symmetry change, like a ferroelastic structural phase
transition, concomitant to a spin transition was pointed to as
a factor influencing the hysteretic behavior in terms of broad-
ening and shape [21–29]. Ferroelasticity is a phenomenon in
which, due to a symmetry-breaking phase transition between
different crystalline systems, a material exhibits a spontaneous
strain in the low-symmetry (ls) phase [30]. However, in sev-
eral samples, the identification of the symmetry change is not
possible, as crystals crumble during the phase transition due
to large structural reorganizations and volume strain, i.e., the
volume contraction accompanying the HS-to-LS conversion
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[31]. Seredyuk et al. [32] underlined the role of structural
reorganizations and symmetry change in the broadening of
the hysteresis with the [Fe(nBu-im)3(tren)](PF6)2 complex.
The 14 K wide thermal hysteresis, when the lattice does not
rearrange, increases to 41 K when a large conformational
change of butyl substituent PF6

– anions occurs. Halcrow [33]
and Reeves et al. [34] and many others also underlined that
structural rearrangements during the transition and strong
intermolecular interactions are two factors increasing the ther-
mal hysteresis width [35].

The prototype [Fe(ptz)6](BF4)2 system was intensively in-
vestigated in the literature [22,36–42]. It exhibits a thermal
spin-transition hysteresis, coupled to a ferroelastic struc-
tural phase transition from the HS (R3̄) phase, toward the
LS P1̄ phase. As shown in the review paper by Gütlich
et al. [36], the hysteresis loop is unsymmetric [Fig. 1(a)].
Lemée-Cailleau et al. [43] evidenced that the ferroelastic tran-
sition and spin crossover occur sequentially under pressure.
A similar situation is found in plastic organic crystals, like
the nitroxyl radical 1-methyl-2-azaadamantane N-oxyl (Me-
AZADO), which exhibits magnetic bistability arising from a
radical-dimer interconversion. Dragulescu-Andrasi et al. [44]
have shown that (Me-AZADO) exhibits magnetic bistability
[Fig. 1(b)] from a paramagnetic (S = 1

2 ) hexagonal (P63/m)
phase with disordered radicals to an ordered and diamagnetic
(S = 0) orthorhombic (Pbca) phase. The [CoII(dpzca)2] sys-
tems investigated by Cowan et al. [45] and Miller et al. [46]
[Fig. 1(c)] also exhibit a phase transition from a HS tetrago-
nal (I41/a) phase to a LS monoclinic (P21/c) phase. These
three systems represent a diversity of materials for which
the change of spin state couples to a ferroelastic transition
from the HS high-symmetry (HShs) phase to the LSls phase.
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FIG. 1. The unsymmetric spin-transition hysteresis loop of a few systems for which the spin transition is coupled to a ferroelastic
symmetry-breaking. (a) [Fe(ptz)6](BF4)2, reprinted with permission from Ref. [36]. (b) Me-AZADO, reprinted with permission from Ref. [44].
(c) [Co(dpzca)2], reprinted with permission from Ref. [45]. (d) Fe(PM-pea)2(NCSe)2, reproduced with permission from Ref. [50].

There are many other types of systems for which this is the
case, including MnFe Prussian blue analogues undergoing a
cubic-tetragonal ferroelastic distortion related to Jahn-Teller
distortion coupled to charge transfer [26] or Mn materials
undergoing spin crossover coupled to monoclinic-triclinic
ferroelastic distortion that is responsible for giant magneto-
electric coupling [47,48]. A different situation is reported for
the Fe(PM-pea)2(NCS)2 and Fe(PM-pea)2(NCSe)2 systems
investigated by Guionneau et al. [49], Tailleur et al. [50], and
Létard et al. [51]. These compounds exhibit very unusual spin
transitions as the low-temperature LS phase is the hs phase
(LShs, orthorhombic), and the HS phase is the ls one (HSls,
monoclinic). Here again, the thermal spin transition hysteresis
loops are wide and unsymmetric [Fig. 1(d)] with complex
behavior under pressure.

From the theoretical point of view, the thermodynamical
aspects of spin-crossover phenomena have been largely inves-
tigated by various methods, considering crystal field theory,
entropy, formation of domains, and elastic interactions, to
name a few [52–61]. The Slichter-Drickamer model is also
often used to describe cooperative spin transition [62]. Other
theoretical works have focused on the elastic interaction due
to the volume change associated with the change of spin
state only [52,63–65]. All these models often provide quite

symmetric thermal spin crossover or hysteresis. However, the
symmetry-breaking aspect that may accompany spin transi-
tions or spin crossovers is generally not considered, except
for describing spin-state ordering phenomena, i.e., the forma-
tion of spin-state concentration waves in stepwise spin-state
conversion [63,66–68]. A phenomenological Ising-like model
[69] was also introduced to describe the effect of the concur-
rent ordering of solvent molecules and the spin conversion but
did not consider the elastic coupling energy.

In the case of a symmetry-breaking ferroelastic phase tran-
sition, i.e., when the crystal system changes (from cubic to
tetragonal, rhombohedral to triclinic, orthorhombic to mon-
oclinic, etc.), a spontaneous strain appears in the ls phase,
and the symmetry change couples to a volume strain [30,70].
Since the volume strain is also the driving force of coop-
erative spin transition, both symmetry-breaking ferroelastic
phase transition and spin conversion may couple through the
volume strain, which may be responsible for unusual response
to external stimuli. In this paper, we focus our attention
on the elastic coupling between nonsymmetry-breaking spin
crossover and symmetry-breaking structural distortions. We
show that this coupling enhances the regime of bistability in
the phase diagram, gives rise to unsymmetric hysteresis loops,
and generates different phases. The spin crossover and the
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ferroelastic distortion may therefore occur simultaneously or
sequentially.

II. SPIN TRANSITION COUPLED TO
SYMMETRY BREAKING

A. Order parameters and model

The spin transition in materials is represented by an Ising
variable qi, describing the spin state of the ith molecular
site: qi = 1 (HS) or qi = −1 (LS), as often used in different
models [52,53,59,66,71,72]. The spin-state conversion is then
monitored through the average q or the average fraction γ of
HS molecules:

q = NHS − NLS

NHS + NLS
or γ = NHS

NHS + NLS
with γ = q + 1

2
,

(1)

where NHS and NLS denote the number of sites in HS or LS
states. In the fully HS state, the average HS fraction γ = 1
(q = 1), while in the fully LS state γ = 0 (q = −1). A spin
crossover is a gradual evolution of the HS fraction from γ = 0
to 1, while the discontinuous evolution, eventually associated
with a thermal hysteresis, corresponds to a spin transition [20].
In addition to the change of spin state, spin-transition ma-
terials can exhibit symmetry change of various natures [73].
Here, we are interested in systems exhibiting a ferroelastic
phase transition coupled to the spin crossover. For example,
[Co(dpzca)2] exhibits an abrupt and complete spin transition
coupled to a ferroelastic transition from tetragonal (I41/a) to
monoclinic (P21/c) phase [45,46]. There is a group-subgroup
relationship between the high- and low-temperature phases,
and the Landau theory applies. It is necessary to use a
symmetry-breaking order parameter η for monitoring the fer-
roelastic transition and characterizing the deviation from the
tetragonal symmetry in the low-temperature phase. In this
case, η is scalar, as it belongs to the one-dimensional Bg

representation of the 4/m point group [74,75]. In the hs phase
η = 0, and in the ls phase, two domains form (±η), equivalent
by symmetry. The thermodynamical potential � must there-
fore fulfill the relationship �(−η) = �(η) and consequently
includes only even orders in η.

In these volume-changing phase transitions, where
molecular-based deformations propagate at the macroscopic
scale within the crystal, it is essential to consider elastic en-
ergy terms. On the one hand, the spontaneous strain e ∝ η,
associated with the tetragonal-monoclinic ferroelastic distor-
tions, is responsible for a volume strain vη ∝ η2 [70]. On the
other hand, in the case of the nonsymmetry-breaking spin
conversion, the associated change in the bonding nature of
the lattice is responsible for a volume strain vq ∝ ( 1−q

2 ) [26].
The symmetry-breaking ferroelastic and the nonsymmetry-
breaking spin-transition volume strains contribute to the total
volume strain, which is the relative volume change compared
with the HShs phase: vs = v(T )−vHShs

vHShs
= vη + vq.

The Landau theory allows describing the evolution of
the thermodynamical potential around the phase transition
temperature through its expansion in power series of the
order parameters �(η, q). We have recently discussed the
case where a nonsymmetry-breaking order parameter q, here,
monitoring spin conversion, and a symmetry-breaking order

parameter η, describing here ferroelastic distortion, may cou-
ple [26]. Based on this previous paper, the potential reduces
here to

� = 1

2
aη2 + 1

4
bη4 + 1

6
cη6 + Aq + 1

2
Bq2 + 1

4
Cq4

+ ληvsη
2 + λqvs

(
1 − q

2

)
+ 1

2
C0

s v2
s . (2)

The η2, η4, η6 terms describe the symmetry breaking, with
a = a0(T − TSB) at constant pressure and c > 0 for stability.
Here, we use b < 0, which describes a first-order ferroelastic
transition [30]. The coefficient a changes sign with tempera-
ture T at TSB. The hs phase (η = 0) is stable down to TSB, the
symmetry-breaking temperature. The ls phase (η � 0) is stable
up to T1 = b2

8ac + TSB. The symmetry-breaking curve η2(T )
exhibits a thermal hysteresis and changes discontinuously at
TSB and T1. The q, q2, q4 terms describe the spin conversion
with A = a0(TSC − T ) and C > 0 for stability. Here, we use
B > 0, which corresponds to a spin crossover. It describes a
gradual change from q > 0 above TSC to q < 0 below, i.e.,
from HS (γ = 1) at high temperature to LS (γ = 0) at low
temperature. For limiting the number of parameters, we will
consider hereafter b and B constant. Here, 1

2C0
s v2

s is the elastic
energy related to elastic constant C0

s and the total volume
strain vs. Also, ληvsη

2 is the elastic coupling to vs of the
ferroelastic distortion and is zero in the hs phase. Further,
λqvs(

1−q
2 ) is the elastic coupling to vs of the spin transition

and is zero in fully HS phase. The equilibrium volume strain
minimizing the potential is

vs = −
[
λq

( 1−q
2

) + ληη
2
]

C0
s

= −
[
α

(
1 − q

2

)
+ βη2

]

= vq + vη. (3)

Substituting vs in Eq. (2) renormalizes some coefficients of
the Landau expansion:

� = 1

2

(
a − ληλq

C0
s

)
η2 + 1

4
bη4 + 1

6

(
c − λη

2

2C0
s

)
η6

+
(

A + λq
2

4C0
s

)
q + 1

2

(
B − λq

2

8C0
s

)
q2

+ 1

4
Cq4 +

(
ληλq

2C0
s

)
qη2. (4)

The expression highlights that the elastic couplings of q and η

to the volume strain lead to an effective linear-quadratic cou-
pling between the order parameters. This elastic coupling also
decreases the q2 coefficient, which makes the spin crossover
more cooperative. By renormalizing the coefficients, the ex-
pansion of the thermodynamical potential reaches a most
simple form:

� = 1
2 aη2 + 1

4 bη4 + 1
6 cη6 + Aq + 1

2 Bq2 + 1
4Cq4 + Dqη2.

(5)
The global potential in Eq. (5), with 2-4-6 order terms

in η, corresponds to four phases characterized by their spin
state (HS for q > 0 and LS for q < 0) and symmetry (hs for
η = 0 and ls for η �= 0): HShs, HSls, LShs, and LSls. Their
relative stability depends on the dimensionless temperature T,
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on the temperature difference between the symmetry-breaking
and spin-crossover temperatures (TSB − TSC), and on the cou-
pling strength D. Here, D is positive for stabilizing the LSls
phase (q < 0, η �= 0). The pressure effect requires considering
the linear dependence of the coefficients a and A with tem-
perature and pressure: a = a0(T − TSB) + a1(P − PSB) and
A = a0(TSC − T ) + A1(PSC − P). For simplicity, we use the
same coefficient a0, which is analogous to crossing the phase
transition line of the (P,T) phase diagram, not at constant
pressure but in an oblique way. Then the difference in the
symmetry-breaking and spin-crossover temperature instabil-
ities TSB − TSC = −A+a

a0
+ A1

a0
PSC − a1

a0
PSB + a1−A1

a0
P changes

linearly with pressure. Therefore, in the limit of our approxi-
mations, TSB − TSC is analogous to pressure, and for avoiding
over parametrization, we represent the phase diagram in the
T − TSC, TSB − TSC space. The equilibrium values of the OP
characterize the stability region of the different phases, found
by minimizing �(q, η):

d�

η
= 0,

d�

dq
= 0,

d�2

dη2
> 0,

d�2

dq2
> 0, and

d�2

dqdη
> 0. (6)

B. Results

Figure 2(a) shows the phase diagram obtained with the
2-4-6 potential in Eq. (5) and calculated with b = −6, c = 12,
B = 2, C = 12, and D = 2. We are interested in the general
qualitative features of the behaviors. Tuning the parameters
of the potentials or adding high-order terms allows a quali-
tative comparison with experiments, but the parameter space
to explore is then very large. The temperature T shown in
the vertical axis is arbitrarily scaled through the coefficient
a0, and we choose TSC as the origin. We focus our attention
on the HShs, HSls, and LSls phases, but in a symmetric
way, the LShs phase forms for (TSB − TSC) < 0, as discussed
below. This portion of the phase diagram exhibits a triple point
around T − TSC ≈ 1.2; TSB − TSC ≈ 2.6, where the HShs,
HSls, and LSls phases coexist, and the hysteretic domain of
bistability is shown by the gray shaded area in the phase
diagram.

Figure 3 shows the temperature dependence of the order
parameters γ (T) (also scaled to q), and η2(T ) for different
values of TSB − TSC. Figure 4(a) shows the thermal evolu-
tion just below the triple point for (TSB − TSC) = 1.5. Here,
η2(T ) characterizes the ferroelastic transition and measures
the deviation from hs, i.e., the deviation from tetragonal lattice
in the LSls phase in the case of [Co(dpzca)2], for example
[45]. Below the triple point, γ (T) and η2(T ) both change
discontinuously at the same temperatures on cooling and on
warming. The spin-transition curves in Figs. 3 and 4(a) mimic
the unsymmetric hysteresis loop shown in Fig. 1(b). This
effect is more and more pronounced as TSB − TSC increases,
with a discontinuous conversion on cooling and a more grad-
ual conversion on warming. This unsymmetric hysteresis loop
is due to the Dqη2 coupling, which acts only in the LSls
phase where η � 0. The coefficient a is renormalized to
(a + Dq) = a0(T −T ′

SB), with T ′
SB = TSB − Dq, shifting the

symmetry breaking toward lower temperature on cooling from

FIG. 2. (a) Phase diagram calculated for the 2-4-6 potential
in Eq. (5) with b = −6, c = 12, B = 2, C = 12, and D = 2. For
TSB − TSC = 0, the spin conversion and the symmetry breaking occur
simultaneously, with a thermal hysteresis between the high-spin,
high-symmetry (HShs) and low-spin, low-symmetry (LSls) phases
(gray shaded area between hs and ls phases). 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 at T1/2. The vertical dotted
lines represent the cuts of the phase diagram shown in Fig. 3. (b)
Phase diagram calculated for the 2-3-4 potential in Eq. (7), showing
analogous behavior. The vertical dotted line corresponds to the cut
of the phase diagram shown in Fig. 4(b). (c) Experimental phase
diagram reported in Ref. [43] with HShs (R3̄), HSls (P1̄), and LSls
(P1̄) phases. Reprinted with permission from Ref. [43].
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FIG. 3. Spin-transition curves γ (T) in green, also scaled in q(T),
and symmetry-breaking curves η2(T ) in blue, extracted from the
phase diagram in Fig. 2(a) for different TSB − TSC [corresponding to
the vertical dotted lines in Fig. 2(a)]. Below the triple point, the sym-
metry breaking and the spin transition occur simultaneously between
the high-spin, high-symmetry (HShs) and low-spin, low-symmetry
(LSls) phases. Above the triple point, on cooling from the HShs
phase, the symmetry breaking occurs first toward the HSls phases,
followed by a spin crossover from the HSls to the LSls phase at
T1/2, where γ = 1

2 . As TSB − TSC increases, the ferroelastic phase
transition and the spin crossover get more and more separated. T1/2

deviates from TSC due to the coupling.

the HShs phase (q > 0) and toward higher temperature on
cooling from the LSls phase (q < 0). In a similar way, the
coefficient A = a0(TSC − T ) is renormalized to (A + Dη2) =
a0(T ′

SC − T ), with T ′
SC = TSC + Dη2, which stabilizes the LS

state toward higher temperature in the LSls phase with (η
� 0). Therefore, on cooling from the HShs phase, when
symmetry breaking starts (η�0), the spin transition occurs
simultaneously, while on warming, from the LSls phase,

FIG. 4. Unsymmetric spin transition hysteresis loop γ (T) and
symmetry-breaking curves η2(T ) in the vicinity of the triple point.
(a) Low-spin, low-symmetry (Lsls)–to–high-spin, high-symmetry
(HShs) transition with the 2-4-6 potential in Eq. (5), symmetry
adapted to [Co(dpzca)2]. (b) Lsls-to-HShs transition with the 2-3-
4 potential in Eq. (7), symmetry adapted to [Fe(ptz)6](BF4)2. (c)
LShs-to-HSls transition with the modified 2-4-6 potential in Eq. (5)
symmetry adapted to Fe(PM-pea)2(NCS)2 or Fe(PM-pea)2(NCSe)2

and using negative values for a and D. The plots have been arbitrarily
scaled in temperature scale (a0) to better compare the hysteresis loop
shapes.

where q < 0, the coupling stabilizes the LSls phase toward
higher temperature and the spin crossover starts with a gradual
conversion, followed by the symmetry change. The coupling
shifts therefore the half conversion temperature T1/2, where
γ = 1

2 , toward higher temperature as TSB − TSC increases.
This T1/2 spin crossover line corresponds to the dashed line
in Fig. 2(a).

This result explains therefore that it is the elastic coupling
between the spin-crossover (continuous) and the discontinu-
ous ferroelastic phase transition, which is responsible for the
appearance of unsymmetric spin-transition hysteresis loops.
When pressure increases, or more precisely when TSB − TSC

increases, the unsymmetric shape of the spin-transition curve
is more pronounced.

An unsymmetric spin-transition hysteresis loop, with a
more discontinuous cooling branch and a more gradual
warming branch, was also reported for [Fe(ptz)6](BF4)2
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[Fig. 1(a)] [36–42]. At atmospheric pressure, the spin con-
version is also coupled to a first-order ferroelastic phase
transition, and both phenomena occur simultaneously [37].
The space group of the HShs high-temperature phase is R3̄,
and on cooling, a first-order phase transition occurs toward
the LSls phase (P1̄) [37,76,77]. In this case, the symmetry-
breaking order parameter driving the R3̄-to-P1̄ ferroelastic
transition belongs to the bidimensional Eg representation of
the 3̄ point group, the basis of which is built with two dis-
tortion strains [74,75,78,79]. This situation is like the one
discussed in the case of the cubic-to-tetragonal ferroelastic
transition in RbMnFe [26], and the relevant Landau potential
for describing this symmetry breaking includes then 2-3-4
order terms in η:

� = 1
2 aη2 + 1

3 bη3 + 1
4 cη4 + Aq + 1

2 Bq2 + 1
4Cq4 + Dqη2.

(7)

Here again, we use B > 0, corresponding to a spin
crossover, while the symmetry-allowed η3 term limits the
R3̄-to-P1̄ ferroelastic transition to first order only. The phase
diagram obtained with this potential in Eq. (7) and shown
in Fig. 2(b) is qualitatively similar to the one obtained with
the potential in Eq. (5) in Fig. 2(a) because both correspond
to the coupling between a first-order ferroelastic transition
and a spin crossover. Figure 4(b) shows typical spin-transition
and symmetry-breaking curves obtained with the potential in
Eq. (7) just below the triple point [corresponding to the dotted
vertical line in Fig. 2(b)], like the ones obtained with the po-
tential in Eq. (5) in Fig. 4(a) and reproducing the unsymmetric
hysteresis loop.

Another interesting point to discuss is the effect of pres-
sure, which shifts differently TSB and TSC. As shown in Figs. 2
and 3 for the potentials in Eqs. (5) and (7), above the triple
point, a spin crossover occurs around T1/2, with a gradual
evolution of γ (T), followed by a discontinuous change around
TSB, where the symmetry change occurs, due to the coupling.
Here, η2(T ) changes discontinuously around TSB and exhibits
a continuous evolution around TSC. Therefore, above the triple
point, the apparent stepwise spin conversion curve γ (T) re-
sults from a spin crossover at T1/2 and a discontinuous change
due to the ferroelastic transition.

Interestingly, the neutron diffraction study of
[Fe(ptz)6](BF4)2 performed by Lemée-Cailleau et al.
[9,43] evidenced that, under pressure, the ferroelastic phase
transition is dissociated from the spin crossover in the phase
diagram [Fig. 2(c)]. Above the triple point, the transition
lines are then characterized by two anomalies of the lattice
parameters [Fig. 5(a)], in the form of a discontinuous change
at the ferroelastic phase transition, with a thermal hysteresis,
and a gradual change at the spin crossover [9]. At 100
MPa, the spin crossover from LSls (P1̄) to HSls (P1̄) occurs
around 155 K without symmetry change, while a first-order
ferroelastic phase transition occurs around 200 K from HSls
(P1̄) to HShs (R3̄). In other words, an intermediate HSls P1̄
phase appears under pressure. The hysteresis phenomenon
was fully attributed to the ferroelastic phase transition, as
its first-order nature does not depend on pressure. Indeed, in
the case of [Fe(ptz)6](BF4)2, the bidimensional nature of the
order parameter restricts symmetry breaking to first order,

FIG. 5. (a) Evolution of the a cell parameter vs temperature at
100 MPa with a jump at the ferroelastic transition with a hysteresis
(at Tferro) and a continuous change at lower temperature associated
with the spin crossover (at T1/2). Reprinted with permission from
Ref. [9]. (b) Evolution of the total volume strain given by Eq. (3),
clearly separating the contribution above the triple point of each
order parameter to the volume strain. The volume of the high-spin,
high-symmetry (HShs) phase is taken as reference, and we used
β = 50α to mimic the evolution of the a cell parameter.

as mentioned above. This sequence of HShs, HSls, and LSls
phases shown in Fig. 5(a) corresponds then to the top panel
of Fig. 3.

As explained by Eq. (3), vs is driven by the thermal
evolutions of the order parameters q, monitoring the spin
conversion, and η2, monitoring the symmetry change. Fig-
ure 5(b) shows the evolution of vs obtained from Eq. (3)
through the thermal evolution of the order parameters, for
(TSB − TSC) = 7 in the phase diagram. Our model mimics the
stepwise lattice contraction measured by neutron diffraction
above the triple point, with a discontinuous and hysteretic
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change of vs at the ferroelastic phase transition and a grad-
ual change without hysteresis around the spin crossover.
When TSB strongly differs from T1/2, the contributions of the
nonsymmetry-breaking and symmetry-breaking order param-
eters to the total volume strain are then clearly separated. This
is what Lemée-Cailleau et al. [9,43] observed on the lattice
parameter of [Fe(ptz)6](BF4)2 [Fig. 5(a)].

The phase diagram shown in Fig. 2(b) is then in very good
agreement with the one of [Fe(ptz)6](BF4)2 shown in Fig. 2(c)
[43], with a first-order phase transition line between HShs
(R3̄) and LSls (P1̄) phases (starting around 140 K, 0 MPa)
ending at a triple point around (145 K, 20 MPa). Above the
triple point, the transition line splits in two: a first-order fer-
roelastic transition line from the HShs to the HSls (P1̄) and a
spin-crossover line from HSls to LSls states. This experimen-
tal phase diagram shows that TSB and T1/2 evolve differently
under pressure and confirms that the TSB − TSC scale in our
phase diagram is analogous to pressure.

Miller et al. [46] also investigated the evolution of the spin
transition of [Co(dpzca)2] under pressure. The data illustrate
again the different shifts of TSB and T1/2 toward higher temper-
ature. The unsymmetric hysteresis loop observed at ambient
pressure [Fig. 1(c)] gradually evolves with pressure [Fig. 6(a)]
and splits into two distinct processes >0.25 GPa: a partial
spin crossover at low temperature and a weaker discontinuous
change of the HS fraction γ at high temperature. As pressure
increases, the discontinuous changes of γ at high tempera-
ture are less and less important. Here again, this apparent
stepwise evolution is explained by our model. Figure 6(b)
shows the evolution of the order parameters calculated for
different TSB − TSC, obtained from the potential in Eq. (5). It
shows that, when TSB and TSC are close, the spin transition and
ferroelastic symmetry breaking occur in a coupled way, result-
ing in a single and discontinuous spin transition from HShs
to LSls, with unsymmetric thermal hysteresis loop. At higher
pressure, when TSB − TSC increases, a partial spin crossover
occurs first, and a smaller discontinuous change of γ occurs
at higher temperature due to the coupling to the ferroelastic
distortion. This is also characteristic of the LSls-HSls-HShs
sequence of phases, corresponding again to the top panels of
Fig. 3.

Even though [Co(dpzca)2] and [Fe(ptz)6](BF4)2 are very
different systems, both from the chemistry and crystallog-
raphy viewpoints, their phase diagrams in terms of spin
conversion and ferroelastic phase transition are similar, with
a triple point where the HShs, HSls, and LSls phases coexist.
Below the triple point, a spin-transition hysteresis loop ap-
pears, as both instabilities are coupled. Above the triple point,
the spin crossover is separated from the ferroelastic transition,
which remains discontinuous for [Fe(ptz)6](BF4)2 due to the
bidimensional nature of η.

There is no such restriction in the case of [Co(dpzca)2],
and therefore, the ferroelastic phase transition may become
continuous at a tricritical point. This may explain the dis-
appearance of the hysteresis at the ferroelastic step in the
spin-transition curve of [Co(dpzca)2] > 0.29 MPa [Fig. 6(a)].
As explained above, we restricted our model to a constant
and negative parameter b for describing a discontinuous
ferroelastic transition, as we are interested in the qualita-
tive aspects resulting from the elastic coupling between the

FIG. 6. (a) Evolution from the spin transition at ambient pres-
sure to a spin crossover under pressure for [Co(dpzca)2] [46]. (b)
Evolution of the order parameters with TSB − TSC obtained from the
potential in Eq. (5) for different values of TSB − TSC. When TSB − TSC

is small, the spin transition and ferroelastic symmetry breaking oc-
cur simultaneously, while when TSB − TSC is large, a partial spin
crossover occurs first, and a smaller discontinuous change of γ

occurs with the ferroelastic distortion.

spin-crossover and the discontinuous ferroelastic transition.
Implementing a pressure dependence of the parameters b
and B would allow reproducing more qualitatively the ex-
perimental observation. However, the space of parameters to
explore becomes very large, which is out of the scope of this
paper.

In a similar way, the Fe(PM-pea)2(NCS)2 and Fe(PM-
pea)2(NCSe)2 compounds also exhibit spin-transition curves
with unsymmetric hysteresis loop [49–51]. However, the
phase transitions in these systems are very unusual, as
their low-temperature LS phases are hs (LShs orthorhom-
bic), and their HS phases are ls (HSls monoclinic). Here
again, the symmetry-breaking order parameter η, driving
the orthorhombic-to-monoclinic ferroelastic transition, be-
longs to the one-dimensional B2g representation of the mmm
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FIG. 7. Phase diagram calculated with the symmetry-adapted
2-4-6 potential in Eq. (5) for Fe(PM-pea)2(NCS)2 and
Fe(PM-pea)2(NCSe)2 using negative values for the coefficients
a and D. The horizontal arrow represents the pressure-induced
high-spin, low-symmetry (HSls)–to–low-spin, high-symmetry
(LShs) phase transition. At low pressure, the thermal conversion
(left vertical arrow) describes the direct LShs to HSls transition. At
higher pressure (right vertical arrow), a crossover starts from the
LShs to the HShs state, followed by a ferroelastic phase transition
from HShs to HSls. The gray area shows the hysteresis region.

point group [74,75]. The potential in Eq. (5) is symmetry
adapted to model this phase transition. For describing the
HSls phase stable at high temperature and the LShs phase
stable at low temperature, the sign of A is changed and D
< 0, so that the Dqη2 coupling term stabilizes the HSls
phase (q > 0, η �= 0). Figure 7 shows the calculated phase
diagram, and Fig. 4(c) shows the spin and symmetry-breaking
transition curves calculated just below the triple point. Here
again, the spin transition hysteresis loop is unsymmetric due
to the Dqη2 elastic coupling, distorting the potential in the
HSls phase, where η �= 0, compared with the LShs phase,
where η = 0. X-ray diffraction measurements under pres-
sure, for both Fe(PM-pea)2(NCS)2 and Fe(PM-pea)2(NCSe)2

[80,81], confirmed that, at room temperature, the HSls
(monoclinic)-to-LShs (orthorhombic) phase transition occurs
under moderate pressure. It corresponds to the horizontal
arrow in Fig. 7. Magnetic measurements have shown that
the hysteresis loop evolves under pressure: on warming, a
partial spin crossover occurs before a discontinuous change
of γ , whereas on cooling, the HS fraction change is more
discontinuous and shifted to higher temperatures [82], as illus-
trated by Fig. 7. This situation is therefore similar to the one
of [Co(dpzca)2] and [Fe(ptz)6](BF4)2 as it corresponds to a
decoupling of the ferroelastic symmetry breaking and the spin
crossover. It is also interesting to underline that Tailleur et al.
[50] reported a second polymorph of Fe(PM-pea)2(NCS)2,
which undergoes a gradual spin crossover, without symme-
try change. This is another illustration that, in this case, the
spin-transition hysteresis loop is driven by the symmetry-
breaking ferroelastic distortion, as without distortion (η = 0),
the potentials in Eqs. (5) and (7) describe a simple spin
crossover.

In the case of the nitroxyl radical Me-AZADO [Fig. 1(b)],
and to some extent in the case of the Fe(PM-pea)2(NCS)2

and Fe(PM-pea)2(NCSe)2 systems, a broadening of the

thermal hysteresis is also observed under pressure. This effect
is slightly seen in Fig. 7 and is stronger when a discontinu-
ous ferroelastic phase transition couples to a cooperative spin
transition, as discussed in the case of MnFe Prussian blue
analogues [26]. Here again, considering the pressure depen-
dence of the coefficient B in the model would allow a more
diverse mapping of the different scenarios from spin crossover
(B > 0) to spin transition (B < 0).

III. CONCLUSIONS

Our Landau model, including the most important
symmetry-allowed features in the potential, highlights that the
elastic coupling between a first-order and symmetry-breaking
ferroelastic transition and a nonsymmetry-breaking electronic
instability generates different phases and transition lines.
The phenomenological approach presented here provides the
necessary formalism for describing and disentangling spin
transition and symmetry breaking, as well as the associated
volume strain, considering the coupling between two order
parameters: q (nonsymmetry breaking), monitoring the evo-
lution of the HS fraction γ , and η the symmetry-breaking
ferroelastic distortion. We focused our attention on the dif-
ferent phases, which coexist at the triple point. Below the
triple point, the difference in the cooperative nature of the
cooling and warming branches in the spin-transition hysteresis
is due to the Dqη2 coupling, responsible for the unsymmetric
loops. The cooperative spin transition is then driven by the
symmetry-breaking structural phase transition and not driv-
ing. Above the triple point, the spin conversion occurs in
the form of a spin crossover followed by a discontinuous
jump at the ferroelastic phase transition, which may become
continuous above a tricritical point.

This model applies to various types of systems for which
a nonsymmetry-breaking electronic instability and a ferroe-
lastic distortion couple both to volume strain, and it is not
limited to Fe-based (ferrous or ferric) or Co-based spin-
crossover materials. Indeed, there are many other examples
of spin-crossover materials in the literature exhibiting exotic
and unsymmetric hysteresis loops and for which important
structural reorganizations come into play. Floquet et al. [27]
evidenced that the ferric complex Li[Fe(5BrThsa)2]·H2O un-
dergoes a discontinuous spin transition, with 39 K wide
thermal hysteresis, coupled to a first order structural phase
transition with an important lattice strain as the β angle
changes from 101° to 90°. Weber et al. [28] reported a sim-
ilar unsymmetric and 21 K wide thermal hysteresis loop in
the case of a dinuclear system coupled to a large volume
strain due to the important variation of the triclinic angles.
Zhu et al. [29] also reported multi-induced spin-crossover
behavior for the [FeIIL2][ClO4]2 compound. The unsymmet-
ric thermal spin hysteresis loop is due to the coupling to
an orthorhombic-to-monoclinic ferroelastic transition, leading
to two inequivalent FeII sites and a partial spin conversion,
as only one site reaches the LS state. Hydrostatic pressure
shifts the spin-transition curves toward higher temperature
and modifies the shapes of the thermal hysteresis, as shown
in Fig. 6(b). The model is also relevant to describe Mn-based
materials undergoing spin crossover coupled to monoclinic-
triclinic ferroelastic distortion, which is responsible for giant
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magnetoelectric coupling [47,48]. It also applies for describ-
ing many other types of systems, such as MnFe Prussian blue
analogues, undergoing a coupled cubic-tetragonal ferroelas-
tic distortion related to Jahn-Teller distortion and coupled to
charge transfer [26] or plastic organic crystals exhibiting mag-
netic bistability [44]. This model offers therefore a broad field
of applications for describing and understanding the coupled
or uncoupled electronic and symmetry-breaking instabilities
in various types of functional materials.
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