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a b s t r a c t

Fundamental aspects of spin crossover (SCO) mechanisms are reviewed through consid-
erations of ligand/crystal field theory, thermodynamics, and modeling of the thermoin-
duced spin transition in the solid state based on macroscopicemesoscopic approaches . In
particular, we highlight success of thermodynamic models in the simulation of first-order
spin transitions with hysteretic behaviors (bistability) and multistep conversions. Bist-
ability properties originate from elastic interactions, the so-called cooperativity between
SCO molecules in the crystal packing. Although physical and chemical properties and
thermodynamical quantities of noninteracting SCO compounds can be readily injected in
macroscopic models, taking cooperativity into account remains problematic. The rela-
tionship between phenomenological numerical parameters and experimentally accessible
quantities can only be most of the time indirectly established. Recent extensions of these
thermodynamical models to grasp SCO properties at the nanoscale and combinations with
ab initio numerical methods show that macroscopic models still constitute useful theo-
retical tools to investigate SCO phenomena. The necessity to further probe the thermo-
mechanical properties of SCO materials is also emphasized.
© 2018 Académie des sciences. Published by Elsevier Masson SAS. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Dans cette revue, les aspects fondamentaux des m�ecanismes de conversion de spin sont
abord�es au travers de divers formalismes th�eoriques bien connus en physique et chimie de
la mati�ere condens�ee, tels que la th�eorie du champ de ligand/cristallin, la thermodyna-
mique des m�elanges binaires et les mod�eles macroscopiquesemesoscopiques associ�es
pour simuler la transition de spin thermo-induite. En particulier, nous rapportons les
diff�erents succ�es des mod�eles thermodynamiques dans la simulation de transitions de spin
du premier ordre pr�esentant des ph�enom�enes d'hyst�er�esis (bistabilit�e) et des transitions
en plusieurs �etapes. L'existence du ph�enom�ene de bistabilit�e est directement reli�ee
aux m�ecanismes d'interaction �elastique entre les mol�ecules �a conversion de spin appel�es
« cooperativit�e ». Alors que les propri�et�es physiques et chimiques ainsi que les quantit�es
thermodynamiques des compos�es �a conversion de spin isol�es peuvent être facilement
inject�ees dans des mod�eles macroscopiques, la prise en compte de la coop�erativit�e reste
compliqu�ee �a r�ealiser. La relation entre les param�etres num�eriques ph�enom�enologiques et
se.fr (W. Nicolazzi),
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les quantit�es accessibles exp�erimentalement ne peut être, la plupart du temps, �etablie que
de mani�ere indirecte. Des extensions r�ecentes de ces mod�eles thermodynamiques des-
tin�ees �a mieux comprendre les propri�et�es de la conversion de spin �a l'�echelle nano-
m�etrique combin�ees �a des m�ethodes num�eriques ab initio montrent que les mod�eles
thermodynamiques constituent toujours un outil th�eorique utile pour �etudier la transition
de spin. La n�ecessit�e d’�etudier davantage les propri�et�es statiques et de transport ther-
mom�ecaniques de cette classe de mat�eriaux bistables est �egalement soulign�ee.
© 2018 Académie des sciences. Published by Elsevier Masson SAS. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Spin crossover (SCO) compounds are switchable mol-
ecules capable of reversible switching from a low-spin
(LS) electronic state to a high-spin (HS) electronic state
[1e11]. This spin state change can be induced by various
external stimuli such as temperature [11], pressure [12],
light irradiation [13e17], magnetic [18] and electric field
[19], guest molecules [20e22], and so forth. From a ther-
modynamic point of view, the switching from the low-
spin (LS) to the high-spin (HS) vibronic state originates
from a competition between enthalpy, which tends to
favor the lower energy fundamental state at low temper-
atures, and the entropy, which favors the most disordered
thermodynamic phase at high temperatures. In the solid
state, SCO materials can exhibit a first-order transition
involving the existence of a latent heat and hysteretic
behaviors can also be observed [23,24]. Abrupt spin
transition and bistability phenomenon occurs when
intermolecular interactions between SCO compounds are
strong enough. Intermolecular interactions have an elastic
origin, mainly because of the difference in volume, shape,
and elasticity between the HS and LS phases [25e27].
Indeed, a HS molecule surrounded by LS molecules gen-
erates a local elastic strain field, and an elastic stress
builds up in the whole crystal [28e31]. The elastic col-
lective behaviors can be viewed as a combination of both
short- and long-range interactions, usually called coop-
erativity [25]. The strong complexity of interaction
mechanisms coupled with molecular properties very
sensitive to controllable small energetic inputs gives rise
to a large diversity of experimentally observed phenom-
ena, which is perfectly illustrated by the different possible
thermoinduced SCO curves recorded in these materials
(Fig. 1).

To these behaviors are added the different nonequilib-
rium processes as photoexcitation [16], kinetic relaxations
from metastable states [32e36], dynamical equilibrium
[37,38], ultrafast experiments [39e43], and so forth.

Because of the drastic modifications in physical prop-
erties of the SCOmaterials upon an SCO (magnetic, optical,
electric, structural, vibrational, elastic, etc.), static, quasi-
static, and nonequilibrium spin state changes can be
monitored by various experimental techniques (magnetic,
optical measurements, vibrational spectroscopies,
M€ossbauer techniques, etc.) [8,11]. In parallel to these
intense experimental investigations, the modeling of SCO
phenomena has been developed early. Initially, theoretical
studies have mainly focused on the reproduction of spin
conversion curves and the understanding of the different
accessible experimental data. To this aim, macroscopic
thermodynamic models have been introduced, in which
the available physical quantities from calorimetric, crys-
tallographic and spectroscopic measurements are injec-
ted, in addition to more phenomenological model
parameters. At the same time, models based on statistical
physics' considerations (Hamiltonian approaches), usually
called microscopic models, have been proposed with the
aim to give a description of SCO phenomenon at the
chemical bonds and at molecular level (for an overview of
microscopic models see also Refs. [44,45]). This class of
model allows analyzing the spin conversions beyond the
mean field or BraggeWilliams approximation, consid-
ering spatial fluctuations and correlations [46e50].

Historically, the first simple use of microscopic ap-
proaches for SCO systems has been initiated on the basis of
discretemultilevel fictitious spinmodels [51]. Starting from
a four-level fictitious spin model [52], a degenerated two-
level Ising model has been developed in the 1990s, in
which intermolecular interactions between Ising spins are
described by phenomenological exchange-like coupling
[53]. The so-called Ising-like model allows retrieving one-
step/two-step thermal conversions and the main different
results obtained from macroscopic models [53,54]. This
later approach gave a microscopic origin to SCO phenom-
ena, by specifying the possible ordering processes origi-
nated from the observed macroscopic curves (modulated
structures, quenching, etc.).

The prediction of the SCO curves of a particular material
from only a simple consideration of themolecular structure
remains nowadays impossible. Indeed, the SCO phenome-
non is still a complex problem: a small chemical modifi-
cation of the SCO compound leads usually to strong
modifications of the thermal switching behavior and
structural properties affecting cooperative mechanisms
and so on. The polymorphism of SCO materials, shown in
Fig. 2, highlights this limited power of prediction of both
macroscopic and microscopic models.

During the past few decades, a particular interest fell on
the detailed analysis of the different spatial and temporal
steps of the spin state change [56]. The different observa-
tions, in the case of abrupt SCO, show that the first-order

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Schematic representation of the main thermoinduced SCO curves. The spin state change is followed by the thermal evolution of the fraction of molecules
in the HS state, the so-called HS fraction (nHS). (a) Gradual spin conversion, (b) abrupt spin transition, (c) abrupt spin transition with hysteresis loop, (d) two-step
transition, and (e) incomplete spin conversion (from Ref. [11]).
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character of the spin transition in highly cooperative ma-
terials gives rise to heterogeneous phase transformation,
whereas homogeneous phase transformations are
observed in weakly cooperative or diluted systems (Fig. 3).

Microscopic models seem to be more suitable to grasp
nucleation and domain growth mechanism. Therefore, the
Ising exchange-like coupling has been substituted by a
more realistic description of elastic interactions and by a
better modeling of electronephonon coupling, including
lattice distortions [57]. Strongly inspired by the study of
Bari and Sivardi�ere [58] and a mesoscopic approach of
Spiering and Willenbacher [26,27], atomephonon [59] and
spinephonon (mechanoelastic [60] electroelastic [61],
Fig. 2. An example of experimental thermal evolution of magnetic suscep-
tibility measured in three polymorphs of the same complex [FeLBr (dca)2],
where LBr is N,N0-bis [(5-bromo-2-pyridyl)methyl] ethane-1,2-diamine and
dca is dicyanamide [55]. a form exhibits abrupt spin transition with hys-
teresis, b form a two-step spin transition, and g form does not present an
SCO.
anharmonic [62] spinephonon) models have emerged in
the beginning of the 21st century (see also Ref. [45] and
references therein). Different aspects and mechanisms of
spatiotemporal dynamics have been successfully explained
by such class of models (for an overview see also Ref. [56]
and references therein).

However, quantitative analysis and predictions of the
spatiotemporal behaviors of particular SCO compound are
nowadays not achieved. The knowledge of elastic, me-
chanical (bulk, Young and shear moduli, Poisson ratio, etc.),
and thermal transport properties (thermal conductivity,
convection transfer coefficient, etc.) remains scarce
[63e68], and it is still difficult to relate such macroscopic
quantities to parameters of microscopic models [69].

A similar limitation is encountered in another hot topic
of the SCO phenomenon: size reduction effects [70e77]. An
important question concerns the becoming of phase sta-
bility, bistability and the major macroscopic observed
properties after size reduction, at the nanoscale, and the
consequence of the predominance of surface physical
properties on the spin transition.

In this review, different thermodynamic aspects of the
SCO phenomenon are reviewed. First, basic considerations
of crystal field theory and thermodynamics are recalled.
Then, the different thermodynamic models including
cooperativity through phenomenological terms, simulation
of electronephonon coupling, or continuum mechanics
approach are reported, and their respective results con-
cerning the simulation of spin transition curves are dis-
cussed. Finally, recent developments of thermodynamic
models coupled with ab initio calculations for the simula-
tion of two-step transitions are presented. Finally, recent
nonextensive thermodynamic approaches, taking surface/
interface contributions in SCO nanoparticles into account,
are evoked.



Fig. 3. Schematic representation of the transition mechanisms and associated thermal spin transition curves in three characteristic SCO systems having different
degrees of cooperativity: (a) in solution (no cooperativity, gradual conversion); (b) in a solid exhibiting a weakly cooperative spin conversion (intermediate
cooperativity, more abrupt transition); and (c) in a solid exhibiting a first-order spin transition (high cooperativity, abrupt transition with thermal hysteresis
loop). LS and HS molecules are depicted by blue and red circles, respectively [56].
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2. Thermodynamic aspects

2.1. Crystal field theory

The understanding of the SCO phenomenon starts with
the study of the required electronic properties for a mole-
cule to be switchable. In a first step, the molecular energy
spectrum has to be determined. However, the complicated
electronic structure of a SCO molecule prevents to obtain
analytical solutions from Schr€odinger's equation. In the
past few decades, first principle and quantum chemical
calculations adapted for SCO molecules have been inten-
sively developed and success in the simulation of molecular
vibrational properties has been realized [78]. However, the
systematic prediction of the ground state and the precise
estimation of the ground energy level remain a challenge.
Therefore, it becomes essential to use more simplified ap-
proaches. In this sense, crystal field theory is very conve-
nient to qualitatively describe the SCO electronic structure
and spin conversion phenomenon [79]. In this context, li-
gands are considered as punctual electric charges inter-
acting with the metallic cation. The octahedral symmetry
leads to a partial degeneracy splitting of the 3d energy level
of the metallic cation. For example, for the Fe(II) cation, the
five 3d orbitals are degenerated in the absence of the li-
gands. When this cation is placed in an octahedral field
formed by six ligands, electrons of the cations are submit-
ted to repulsive forces and the occupation of d orbitals is
governed by electrostatic energy minimization. The 3d
energy level splits into two levels: a lower energy level t2g,
containing the three degenerated orbitals dxy, dxz, dyz, and a
higher energy level eg formed by the two orbitals dz

2 and
dx
2
-y
2. The energy difference between these two levels can be

expressed in terms of ligand field force or crystal field
splitting being 10 Dq, where Dq corresponds to a semi-
empirical parameter related to the crystal force field. The
energies of the t2g and eg levels can be divided into two
contributions: a spherical part whose only effect is to shift
the electronic levels of the free ion and another contribu-
tion related to the lowering of the symmetry leading to the
degeneracy partial splitting (Fig. 4).

At themolecular scale, twomain effects compete: on one
hand, electrons tend to occupy d orbitals according to
Hund's rule due to the exchange coupling. On the other
hand, electrons tend to fill the t2g level, which is the lowest
energy level. The consequence of these antagonist effects is
the existence of two possible ground states according to the
strength of the ligand field that is strongly spin state
dependent in comparison with the electron pairing energy
P, which is almost insensitive to the spin state. In the case of
a weak ligand field, electrons mainly occupy t2g orbitals and
the total spin momentum takes a minimal value (S ¼ 0 for
Fe(II)), corresponding to the LS state (1A1g term symbol). On
the contrary, when the ligand field is strong in comparison
with the electron pairing energy, electrons occupy a
maximum number of orbitals, in agreement with Hund's
rule, and the spin momentum value is maximal (S ¼ 2 for
Fe(II)) corresponding to the HS state (5T2g term symbol).
When the ligand field force is of the same order of magni-
tude of electron pairing energy, any small external pertur-
bation is able to switch the molecule from one to the other
spin state in a reversible manner.

This phenomenon is called spin crossover, spin equi-
librium, or spin conversion and commonly spin transition.
The range of ligand field values for which an SCO can be
observed is narrow as it can deduced from the Tanabe
Sugano's diagram (Fig. 5). A first direct “consequence” of
this electronic configuration change upon LS to HS con-
version is an increase in metaleligand distances, around
10%, corresponding to an increase in the octahedron vol-
ume of about 25%. This variation suggests important dif-
ferences in terms of vibration modes as inferred from IR
and Raman spectroscopy measurements (Fig. 6). For
example, in a FeN6 octahedron, stretching vibrational
modes n(FeN) are greater in the LS state than in the HS state
with typical ratio nLSFeN/nНSFeN ranging from 1.1 to 1.9 [81].



Fig. 4. Schematic representation of the partial degeneracy splitting of 3d orbitals due the presence of the octahedral ligand field.
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A thermoinduced spin conversion is possible when the
difference between the zero-point energies of the two spin
states has the same order of magnitude as the thermal
energy, that DE¼ EHS0 � ELS0 z kBT. In SCO compounds, the
zero-point energy corresponds to the sum of electronic and
vibrational contributions. Except for few rare SCO com-
pounds [82e86], the lowest zero-point energy is the LS
Fig. 5. Tanabe Sugano's diagram giving the energy levels of the electronic
state as a function of the ligand field energy for a metallic ion of electronic
configuration d6 embedded in a octahedral ligand field (Racah parameter B:
electronic repulsion [80].
state and thus the ground state is the LS state at zero
temperature (Fig. 7). However, at high temperature, the HS
state becomes the thermodynamic stable state. This change
is due to the entropic contributions, which are more
important in the HS state than in the LS state. Indeed, the
entropy difference has two origins: electronic origins due
to a higher spin multiplicity (and to a lesser extent to the
orbital momentum, vide infra) in the HS state and espe-
cially a vibrational origin due to weaker vibrational fre-
quencies [80]. It is commonly accepted that the SCO can be
seen as an entropy-driven phase conversion.
Fig. 6. Raman spectra of Fe (phen)2(NCS)2 in the HS state (300 K) and LS
state (100 K) [81]. In the range <600 cm�1 where the entropy values are
maximized, the average of vibrational modes are nav,HS ¼ 298 cm�1 and nav,LS
¼ 393 cm�1 in the HS and LS states, respectively, leading to a ratio nav,HS/
nav,LS ~1.3.



Fig. 7. Schematic representation of a configurational diagram in the case of
an Iron(II) complex. The two spin states are represented by a harmonic
potential double well in the adiabatic approximation (T ¼ 0).
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2.2. Thermodynamic aspects of the spin conversion

When SCO molecules interact with an external envi-
ronment, the spin conversion phenomenon can be under-
stood by axiomatic thermodynamic aspects. In a first step, a
set of N noninteracting (isolated) SCO molecules in contact
with a thermal bath T is considered with a possible control
of the external pressure P, the so-called isothermal and
isobaric ensemble (N,P,T). At constant pressure, the spin
conversion can be viewed as a thermal equilibrium be-
tween two phases. The relevant state function for such
experimental conditions corresponds to Gibbs energy G ¼
H � TS, where H and S stand for the enthalpy and the en-
tropy of the system, respectively. Thermodynamic proper-
ties of the system are described by the Gibbs energy
difference between the HS and LS phases:

DG ¼ DH � TDS (1)

where DH ¼ HHS � HLS is the enthalpy variation [87] and
DS ¼ SHS � SLS is the entropy variation of the system. We
can define the equilibrium temperature T1/2 for which
there are the same proportions of HS and LS molecules
corresponding to DG ¼ 0:

T1=2 ¼ DH
DS

(2)

From Eq. 2, when T < T1/2 the enthalpic term is dominant
and the LS state is favored, whereas for T > T1/2, the entropic
term becomes dominant and the HS state is favored,
justifying hence the terminology “entropy-driven phase
conversion”.

Let us consider the different contributions to enthalpy
and entropy variations. DH can be subdivided into two
parts: a temperature-independent electronic part DHel and
a vibrational part DHvib. In a similar manner, DS can be
arbitrarily divided into different contributions to the sta-
tistical disorder:

DS ¼ DSel þ DSvib þ DStrans þ DSrot (3)
The two last terms DStrans and DSrot correspond,
respectively, to the entropy variation due to translation and
rotation, respectively, and are neglected most of the time in
the solid state. The first term DSel ¼ DSorb þ DSspin is the
electronic entropy variation and originates from the dif-
ference in terms of degeneracy (orbital and spin momenta)
between the HS and the LS electronic states:

DSorb ¼ R ln
�
2LHS þ 1
2LLS þ 1

�
(4.1)

and

DSspin ¼ R ln
�
2SHS þ 1
2SLS þ 1

�
(4.2)

where R is the perfect gas constant. Li and Si (i¼ HS, LS) are,
respectively, the total orbital and total spin momenta of the
spin state i. In the ideal situation of a SCO Fe(II) complex
with a perfect octahedral symmetry, we have DSspin¼R ln
(5) ¼ 13.38 J mol�1 K�1 and DSorb ¼ R ln (3) ¼
9.13 J mol�1 K�1 (for the real cases, the local symmetry of
the iron(II) is usually lower, the orbital momentum is
“blocked” to L ¼ 0 and the orbital contribution to the en-
tropy change is usually neglected). In such case DSel ¼
DSspin > 0.

Electronic entropy favors the HS state and is tempera-
ture independent. The second term DSvib is the vibrational
entropy variation. In the case of isolated molecules, DSvib is
only dependent on the variation of intramolecular modes
between the HS and LS states. In the solid states, the
contribution related to intermolecular vibrations has to be
added, even if this contribution is often considered as less
important than the intramolecular part (in fact intra-
molecular and intermolecular vibrations are coupled and it
is difficult to distinguish their respective contributions).
Vibrational entropy can be expressed as follows (a more
detailed analysis is described in Ref. [82]):

SvibðTÞ ¼ R
X
l

�
� ln

�
1� e�hnl=kBT

�þ hnl

kBT
1

expðhnl=kBTÞ
�

(5)

where the sum
P

l runs over all vibration modes. A
convenient hypothesis is the low frequency approxima-
tion (hn < < kBT), in which case Eq. 5 becomes

Svib ¼ �R
X
l

ln
�
hnl
kBT

�
(6)

Then, the vibrational entropy variation can be deduced as

DSvib ¼ SHSvib � SLSvib ¼ R
X15
l¼1

ln
�
nLSl
�
nHSl
� ¼ 15R ln

�
〈nLS〉

�
〈nHS〉

�
(7)

Considering a perfect octahedron (l ¼ 15 molecular
vibrational modes) and taking 〈nLS〉/〈nHS〉 ¼ 1.3 (Fig. 6), we
obtain DSvib z 32.7 J mol�1 K�1 in agreement with the
experimental measurements [81].



Fig. 9. Thermal evolution of the HS fraction nHS (blue line) in the case of
noninteracting SCO molecules. The equilibrium temperature T1/2, where nHS
¼ 0.5 is indicated with a red dashed line.

W. Nicolazzi, A. Bousseksou / C. R. Chimie 21 (2018) 1060e10741066
This result allows us to draw two important conclu-
sions. First, vibrational entropy is higher in the HS state
and then this latter is favored at high temperatures.
Then, the variation in vibrational entropy shows the
important role of vibrations in the SCO phenomena.
More generally the entropy variation DS ranges from 40
to 80 J mol�1 K�1 in comparison with DSel ¼
13.38 J mol�1 K�1. It is important to note that all of these
thermodynamic quantities can be extracted from
calorimetric measurements [88e90] (Fig. 8), whereas
vibrational properties can be assessed with Raman and
infrared spectroscopies [81,91,92].

The mixing entropy Smix has not been discussed yet.
Considering N noninteracting molecules, among them NHS
are in the HS state, and we can define the HS fraction nHS ¼
NHS/N, which is abusively called the order parameter of the
spin transition. We can express the Gibbs energy of an SCO
system as

G ¼ nHSGHS þ ð1� nHSÞGLS � TSmix (8)

The mixing entropy corresponds to a loss of statistical
information for the system related to the large number of
possibilities to distribute NHS molecules in the HS state
among N molecules. In the thermodynamic limit, mixing
entropy can be written as

Smix ¼ �kBN½nHS lnðnHSÞ þ ð1� nHSÞ lnð1� nHSÞ � (9)

The equilibrium condition corresponds to

�
vG
vnHS

�
T;P

¼ 0 (10)

It is then possible to follow the thermal evolution of the
HS fraction (Fig. 9):
Fig. 8. (a) Temperature dependence of the heat capacity of Fe(Phen)2(NCS)2 crystal.
Temperature dependence of entropy variation of the same compound (full black cir
(vide infra).
T ¼ DH

R ln
	
1�nHS
nHS



þ DS

(11)

In the case of noninteracting SCO molecules, a gradual
spin conversion can only be observed from the LS to the HS
state by increasing the temperature. The occurrence of
abrupt first-order transition with bistability phenomena is
directly related to the emission or absorption of a latent
heat whose existence is completely governed by in-
teractions between SCO compounds. In contrast to the
basic thermodynamic approaches describing the SCO
phenomenon of isolated molecules, taking into account the
complex interaction mechanism between SCO molecules
needs most of the time the introduction of phenomeno-
logical parameters whose links with measurable experi-
mentally quantities are not trivial at all. These parameters
imply drastic simplifications of collective behavior
DCp corresponds to the discontinuity associated with the spin transition. (b)
cles). Straight line corresponds to a fit using the so-called domain model [88]
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mechanisms in the solid state. In the next section, a brief
summary of several macroscopic/thermodynamic models
simulating interacting SCO compounds is presented.

3. Macroscopic/thermodynamic models

3.1. Collective behaviors or cooperativity

The thermodynamic approach introduced in the previ-
ous section is only valid for diluted systems as solutions
(solid or liquid). Interactions between molecules can no
more be neglected in bulk solid materials. The increase in
the octahedron volume upon LS to HS switching is around
25%. In parallel, vibrational modes are higher in frequency
in the LS state. It means a higher bonding energy (and also
a higher stiffness) in the LS state than in the HS state. In the
crystal packing, the change in structural properties of a
molecule upon a spin state change has an important
impact not only on its immediate environment but also
affects the whole lattice (long-range interactions). The
switching from LS (respectively HS) molecule to HS
(respectively LS) state implies important local strains
because of the expansion (respectively the contraction) of
the molecular volume. The HS (respectively LS) molecule is
submitted to a compressive (respectively tensile) stress
exerted by the neighboring molecules, which tend to
switch back the molecule to its initial state. These elastic
mechanisms induce collective effects, which lead, if they
are strong enough, to first-order transition, that is, dis-
continuities of first derivatives of Gibbs energy (entropy,
volume, and also HS fraction). Spin state change induces
modifications in volume of the whole material (VHSeVLS/
VLS z 13%) [93] and of the bulk modulus B (BLS � BHS/BHSz
30%) [94]. From the first basic point of view, these two
ingredients play an important role in the magnitude and
range of the interactions. In the SCO field, all of these
intermolecular interaction mechanisms are usually called
cooperativity. It is important to understand that the
response of the lattice to the switching of a molecule is not
local. The spin state change of one or several molecules
generates elastic distortions, which spread in the whole
crystal and give rise to a global response of the lattice,
sometimes called image pressure. This image pressure is a
complicated and inseparable combination of short- and
long-range interactions. The complexity degree in the
modeling of cooperative aspects in SCO materials is obvi-
ously dependent on the kind of experimental observations
to simulate (spin transition curves, nonequilibrium pro-
cess, nucleation and domain growth processes, mechanical
properties, etc.). Macroscopic/thermodynamical models
are an excellent first step in the simulation of SCO curves
and nonequilibrium kinetic curves (macroscopic master
equations). In this review, we limit the description of
macroscopic models to equilibrium spin transition curves.
The microscopic models are addressed in other dedicated
articles within this special issue [44,45].

3.2. Slichter and Drickamer models and “domain” model

In 1972, Slichter and Drickamer [95] have introduced a
first thermodynamic model based on regular solid
solution theory. Starting from Gibbs energy given by Eq. 8,
they added a nonlinear phenomenological term GnHS (1 �
nHS), which takes into account intermolecular interactions.
By analogy with magnetism, it can be seen as a second-
order Taylor's expansion as a function of the HS fraction
nHS:

G ¼ aþ bnHS þ gn2
HS � TSmix (12.1)

G ¼ aþ ðbþ gÞnHS � gnHSð1� nHSÞ � TSmix (12.2)

G ¼ GLS þ ðGHS � GLSÞnHS þ GnHSð1� nHSÞ � TSmix (12.3)

G ¼ nHSGHS þ ð1� nHSÞGLS þ GnHSð1� nHSÞ � TSmix (12.4)

The interaction parameter G is directly related to the
force of intermolecular interactions in the crystal (cooper-
ativity). In the initial model, Slichter and Drickamer have
proposed that G parameter should be temperature and
pressure dependent because of the importance of vibration
and mechanical properties in SCO systems. However, the
knowledge of temperature and pressure dependence of
this phenomenological term is difficult, and despite some
links with microscopic spinephonon models have been
established [69], G is most of the time kept constant. As
previously, the extrema of Gibbs energy (which are no
more unique) are given by Eq. 10 [95].

T ¼ DH þ Gð1� 2nHSÞ
R ln

	
1�nHS
nHS



þ DS

(13)

In this model, the transition temperature T1/2 ¼ DH/DS re-
mains unchanged.

It is important to note that in some cases, three values of
HS fraction can give the same temperature. This is the
signature of the existence of stable, metastable, and un-
stable states. To verify the stability of the extrema, it is
interesting to inspect the sign of the second derivative of
Gibbs energy around the equilibrium temperature (i.e., nHS
¼ 1/2):

 
v2G
vn2

HS

!
T;P;nHS¼0:5

¼ �2Gþ 4RT1=2 (14)

From Eq. 14, three situations can occur (see Fig. 10). If
G < 2RT1/2 (weak interactions), then the second deriva-
tive is positive and the state nHS ¼ 1/2 is a minimum
point of Gibbs energy. The spin state change is gradual
(spin conversion). If G > 2RT1/2 (strong interactions), the
second derivative is negative and nHS ¼ 1/2 is a
maximum of Gibbs energy. The transition is abrupt (first-
order phase transition) with the presence of a hysteresis
loop. There are also two transition temperatures corre-
sponding to minima of Gibbs energy: T1/2

þ (warming
process) and T1/2

� (cooling process) corresponding to the



Fig. 10. Simulation of thermoinduced spin transition with the Slichter and
Drickamer model for different interaction strengths. Variations in enthalpy
and entropy are, respectively, DH ¼ 12,000 J mol�1 and DS ¼ 60 J mol�1 K�1.
Three different values of G have been chosen to illustrate three different
situations: the spin conversion (gradual, green dotted line) 2RT1/2 > G ¼
2000 J mol�1, the abrupt transition (black dashed line) 2RT1/2 ¼ G ¼
3324 J mol�1, and the first-order transition with hysteresis phenomenon
(blue full line) 2RT1/2 < G ¼ 5000 J mol�1. The red curve represents the
instable states of the transition (local maxima of Gibbs energy).

Fig. 11. Spin transition curves simulated with domain model for nD ¼
0.015 mol�1 (green dotted line) and nD ¼ 0.25 mol�1 (black dashed line).
Other values of model parameters (entropy and enthalpy variations) are the
same as Fig. 10.
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limit of the metastability and whose average is approx-
imately the equilibrium temperature. For example, dur-
ing a warming process, when T < T1/2

� the material is in
the stable LS phase. By increasing the temperature until
T1/2
� < T < T1/2, a metastable HS phase appears, separated

from the stable LS phase by an unstable state. For T ¼ T1/
2, the HS and LS phases are both stable. In the range T1/2
<T <T1/2

þ , the LS phase becomes metastable and the more
stable phase is the HS one. However, the system remains
in the metastable LS phase due to the presence of the
energy barrier generated by the unstable state. For T >
T1/2
þ , the energy barrier disappears and the system

switches from the LS to the HS phase. The behavior of
the SCO materials is similar in the cooling mode. If G ¼
2RT1/2 the second derivative is null, which corresponds
to an inflexion point. The SCO is abrupt without hyster-
esis. This situation corresponds to the critical point of the
phase diagram related to the critical temperature TC ¼ T1/
2 ¼ G/2R, which gives the limit conditions of the two
previous cases.

The increase in G tends to amplify the abrupt char-
acter of SCO until the occurrence of a first-order transi-
tion. In classical terms, the transition is called first-order
phase transition because the first derivative of the free
energy F is discontinuous (the discontinuity corresponds
to the generated entropy term: S ¼ �(dF/dT)v). The
Slichter and Drickamer model does not take into account
the interface energy between the HS and LS phases. This
supposes a homogeneous spin conversion without
domain formation. Indeed, the expression of the mixing
entropy assumes that a molecule can be equivalently
distributed at any part of the lattice: this is the mean
field approximation. First-order phase transitions are
usually accompanied by heterogeneous phase trans-
formation related to the spatiotemporal dynamics gov-
erned by a nucleation and domain growth mechanism
[30]. Spin transition phenomenon belongs to this class
of phase transformations. Indeed heterogeneous phase
separation has been indirectly observed by X-ray
diffraction measurements [96,97] due to the structural
differences between the HS and LS phases and has been
directly highlighted using optical microscopy techniques
for a decade [56].

Early in the 1970s, the existence of spin like-domains,
that is, adjacent molecules in the same spin state, has
been speculated by Sorai and Seki [88]. To take into account
this finding, they considered that the system is divided in
ND clusters of similar shape in which molecules have the
same spin state. There is no interaction between domains.
Thus, the mixing entropy does not describe the distribution
of molecules in the material any more, but rather the
arrangement of domains. The Gibbs energy of the so-called
“domain model” can be expressed as

G ¼ nHSGHS þ ð1� nHSÞGLS þ nDRT ½nHS lnðnHSÞ
þ ð1� nHSÞ lnð1� nHSÞ� (15)

where nD is the number of domains per mole.
This model is able to reproduce spin conversions and

abrupt spin transitions in the limit of large clusters
(highly cooperative materials) without the possibility to
simulate hysteretic behaviors (Fig. 11). Next, Purcell and
Edwards [98] have modified the interaction parameter G
of the Slichter and Drickamer model to make it depen-
dent on the number and the spin state of pairs of
molecules:

Ginter ¼ gHS�HSIHS�HS þ gHS�LSIHS�LS þ gLS�LSILS�LS (16)

where Ii-j is the i-j pair number and gi-j represents inter-
action Gibbs energy between molecule pairs i-j. This ther-
modynamic model has been able to improve the fit of the
spin transition curves obtained bymagnetic measurements
for the Fe (phen)2X2 (X¼NCS�, NCSe�, and NCBH3

�) SCO
compound family.
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3.3. Incomplete, multistep transitions, and macroscopic
spinephonon models

In SCO materials, other spin transition curves, different
from simple spin conversions or abrupt transitions can be
experimentally observed. Indeed, the elastic origin of
intermolecular interactions and the strong electronelattice
interplay are able to give rise to richer phase diagrams.
Incomplete transitions have been observed with the
occurrence of residual HS fractions at low temperature and/
or residual LS fractions at high temperature. Incomplete
transitions have various origins like quenched effects (ki-
netic), a HS ground state at zero temperature [82e86],
presence of microstructures, size reduction effects (surface
effects) [99,100], or nonequivalent metallic sites in the
crystal packing, and so forth. For this latter case, two-step
transitions have also been observed: each metallic site
having different transition temperatures [101,102]. The
existence of multistep spin transitions has other possible
origins. This phenomenon has been first detected in poly-
nuclear SCO systems [66,103]. The switching of one of the
two metallic centers generates elastic distortions within
the molecule, preventing the switching of the other
metallic centers. In mononuclear SCO compounds, the
presence of multistep transitions has been interpreted as a
competition between short- and long-range interactions,
which favor modulated ("chessboard") structures such as a
regular alternance of HSeLS molecules in the crystal. To
account for these experimental observations, the descrip-
tion of the interaction parameter contained in the domain
and the Slichter and Drickamer models has been refined.
For example, Cantin et al. [104] consider new ingredients as
intra- and interdomain interactions and domain size ef-
fects. This thermodynamic model predicts the occurrence
of HS thermally metastable and stable states at low tem-
perature, and thus the possible existence of incomplete
(Fig. 12a)) and irreversible LS to HS (Fig. 12b) transitions.

The previously introduced thermodynamic model is
able to reproduce the main features of the experimentally
observed spin transition. However, the main drawback of
Fig. 12. Thermal evolution of the HS fraction modeled with a thermodynamic mod
distribution [104]. (a) Simulation of metastable HS state at low temperature. (b) M
this model is the absence of a more realistic description of
the elastic intermolecular interactions and electronelattice
coupling. In this context, Zimmermann and K€onig [105]
developed an elastic model solved in the framework of
the BraggeWilliams approximationdequivalent to a mean
field treatment of the Slichter and Drickamer modeldin
which lattice vibrations have been taken into account
through the Debye temperatures of the HS and LS phases.
This approach allows us to establish strong relations with
thermodynamic models and gives an elastic origin to the
cooperativity. It is important to note that in parallel to the
thermodynamic models, microscopic models based on
statistical physics approaches have been developed, which
are out of the scope of this present review. Although the
Slichter and Drickamer model and the mean field Ising-like
model are completely equivalent, as shown by Bousseksou
and co-workers [53,54], the Zimmerman and K€onig model
is isomorph to spinephonon, mechanoelastic, or elec-
troelastic microscopic models (discussed within the pre-
sent special issue [45]) in the framework of Debye's model
and BraggeWilliams approximation. The addition of
phonon contribution improves the fitting of experimental
data (Fig. 13a)) [105]. Then, Koudriavtsev [106] has devel-
oped a similar approach to the Zimmermann and K€onig
model for the description of electronephonon coupling.
The spin state dependence of vibration modes between
neighboring molecule pairs coupled with specific spatial
correlation conditions (called occupational conditional
probability) is able to fit two-step transition curves
(Fig. 13b).

It is worth mentioning at this stage that two-step
crossover has also been grasped using the
LandaueDevonshire theory in which spin transitions can
be viewed as an isostructural transition with a totally
symmetric order parameter [107]. To reproduce the long-
range ordering of different spin states, a model is devel-
oped in which the spin transition is coupled with a struc-
tural transformation through an order parameter, which
“measures” the symmetry breaking. However, this latter
approach is very similar to the well-known mean field
el taking into account intra- and interdomain interactions and domain size
odeling of irreversible LS to HS transition.



Fig. 13. (a) Temperature dependence of the HS fraction for the compound [Fe (4,7-(CH3)2-phen)2(NCS)2)] (open squares). The dashed curves represent results of a
calculation within the electronic SCO model including the electrostatic interaction between HS ions. The solid curve gives results obtained by the model including
the contribution by phonons [105]. (b) Two-step spin transition fitted by the Koudriavtsev approach [106]. The quantity s is directly related to the fraction of
HSeLS molecule pairs.
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Ising-like model for two-step SCO [53] with two interacting
sublattices and the elastic nature of interactions is not
explicitly taken into account. Of course, the symmetry
breaking (from magnetism point of view) has also been
predicted by the Ising-like model for a binuclear system in
the symmetrical case (identical ferro-like interaction with
neighbors of both binuclear centers) [54].

3.4. “Mesoscopic” elastic model

In the Zimmermann and K€onig model and the Kou-
driatsev approach, intermolecular interactions are
considered through lattice vibrations and vibronic
coupling. An alternative description of the cooperative
mechanism in SCO solids is a mesoscopic model based on
continuummechanics. Starting from the theory of Eshelby
[108], Ohnishi and Sugano [109] have developed an elastic
model taking into account overall lattice deformations
and local deformations attributed to the change in
metaleligand distances during the spin state change.
Thereafter, Spiering and co-workers explicitly considered
the interaction term by expressing the Gibbs energy of a
set of SCO molecules distributed in a host matrix with the
aim to identify the different terms. Gibbs energy is given
by Refs. [26,110]:

G ¼ nHSðGHS � GLSÞ � TSmix þ xxnHS � xgn2
HS (17)

where xx is the energy shift due to the matrix and xg
represents an interaction constant. These two parameters
depend on x (0 < x < 1), the fraction of SCO molecules in
the lattice. The lattice is assumed to be an isotropic ho-
mogeneous medium characterized by a bulk modulus B
and a Poisson ratio s. In this lattice, HS and LS molecules
as well as the host matrix are approximated by a hard
sphere whose respective volumes are vHS, vLS, and vm,
whereas the volume of the unit cell in the lattice is v0.
Deformation energy related to a molecule of volume va
can be expressed as
ea ¼ 1
2
Bðg0 � 1Þ ðva � v0Þ2

v0
� 1
2
Bg0ðg0 � 1Þ ðva � v0Þ2

V
(18)

whereV is the total volumeof the lattice andg0 (0<g0<3) is
Eshelby's constant. This latter represents the consequence of
a local volume change (va � v0) on the overall volume
change of the lattice g0 (va � v0). The first term in Eq. 18
represents the local lattice deformation induced by the
molecule,whereas the second term that vanisheswhenV/

∞ represents the response of the crystal due to the presence
of surfaces, called image pressure. This pressure originates
from the change in volume of the whole crystal, which is
more important than the initial change in local volume.
Considering the total elastic energy, it is also possible to
identify the phenomenological terms of Eq. 17 [26].

gðxÞ ¼ x
2
Bg0ð1� g0Þ

ðvHS � vLSÞ2
vm

(19a)

xðxÞ ¼ x
2
Bg0ð1� g0Þ

ðvHS � vLSÞðvm � vLSÞ
vm

(19b)

These relations show that the interaction constant g is only
dependent on the difference in the volume between the
two spin states and on the bulk modulus. An increase in
these two ingredients leads to a more cooperative mate-
rials. Eq. 17 can be rewritten as [26,110]

G ¼ nHSðGHS � GLSÞ � TSmix þ ðx� gÞxnHS þ xgnHSð1� nHSÞ
(20a)

G ¼ nHSðGHS � GLSÞ � TSmix þ ZxnHS þ xGnHSð1� nHSÞ
(20b)

where the interaction term is GnHS (1 � nHS). It is
interesting to mention that the constant Z takes into
account internal pressures exerted by SCO molecules and
also the elastic response of the whole lattice. As function
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of the unit cell volume of the host matrix, the term ZxnHS
favors the HS or the LS state. A direct consequence of
these effects is the modification of the equilibrium
temperature (this term is linear in nHS). This model has
been improved by considering elastic dipoles rather than
hard spheres [27]. This model is only valid for small ratio
of SCO molecules in the host matrix. In the opposite case,
the bulk modulus of SCO molecules has to be considered
[110].

4. Recent extensions and prospects

As mentioned previously, the main drawback of most
thermodynamic models lies in the need to introduce
phenomenological interaction parameters. Describing the
collective behavior between SCO compounds by means of
elastic approaches already corresponds to a modeling of
electronic reorganizations within the solids induced by the
spin state change. In the past decade, macroscopic models
based on numerical predictions using ab initio calculations
have been developed and can be seen as another vision of
cooperative aspects, which complements the common
description of interaction mechanisms by elastic-driven
cooperativity [111e113]. This method assumes that the G
parameter of the Slichter and Drickamer model can be
divided into two contributions: weak bond contacts (van
der Walls interactions) GvdW and polarization effects Gpol

due to charge redistributions upon ligand fields, geometry
reorganizations, and lattice expansion. Gpol parameter
corresponds to a modulation of the electrostatic contribu-
tions generated by the crystal environment (Madelung
fields). The authors show that interactions through weak
bond contacts are not sufficient to explain the existence of
hysteretic behaviors in some SCO materials. In this study,
the growth of hysteresis loop is controlled by electrostatic
contributions (fluctuations of Madelung fields).

In another context, thermodynamic models have
evolved with the aim to investigate the very important
question concerning the SCO phenomena at the nanoscale.
Switchable properties are generally strongly affected by
size reduction effects resulting in a change in both phase
stability (transition temperatures, completeness of the
transition, etc.) and cooperativity mechanisms (first-order
character of the spin transition and bistability properties)
[99,100,114e121]. In SCO systems, reducing the size usually
leads to a downshift in the transition temperature, the
occurrence of residual HS or/and LS fraction, respectively, at
low and high temperatures. Hysteretic behavior and also
bistability can disappear or survive by approaching the
nanometer scale according to the SCO nanomaterials.
Intriguingly, a nonmonotonic size evolution of the hyster-
esis loop has been observed: a shrinking of the hysteresis
loop with the size reduction followed by a reappearance of
bistability phenomenon in ultrasmall nanoparticles (ca.
2 nm) [100].

It is well known that size reduction does not only imply
a decrease in the quantity of matter but also an increase in
the surface-to-volume ratio. Similar thermodynamic be-
haviors and physical properties are observed in nano-
objects with the same surface-to-volume ratio, whatever
their respective volumes. At the nanometric scale, surface/
interface chemical and physical properties can no more be
ignored. From a thermodynamic point of view, taking into
account surface properties can be achieved by introducing
the concept of surface energy density as it has been pro-
posed by Gibbs in the end of the 19th century [122]. Then,
in the 1970s, Hill [123] has extended the idea of surface
energy to “small systems”, developing a new thermody-
namic formalism called “nanothermodynamics”. In the
SCO field, a spin stateedependent energy density has been
included in a Slichter and Drickamer approach adapted for
the modeling of coreeshell nanoparticles [124]. The phase
stability in SCO nanoparticles has been demonstrated to
be completely governed by the difference in terms of
surface energies between the HS and LS phases, which
constitute the driving force of the spin transition at the
nanoscale. First, estimations of the difference between a
HS and LS surface leads toDs ¼ 0:1 Jmol�2 [124]. Accord-
ing to this result, a HS surface usually has an energy cost
lower than a LS surface. This may explain the important
downshift in the transition temperature and the spin state
of surface molecules, which seems to be fixed in the HS
state. To go further, an interfacial elastic energy density
and an interfacial stress of a coreeshell SCO nanoparticle
have been expressed as a function of the Young moduli
and Poisson's ratios of the hybrid system in the framework
of a continuum mechanics approach [125]. According to
the structural misfit and differences in the mechanical
properties between an inactive core and a SCO shell, this
interfacial elastic energy density favors either the HS
(tensile stress) or the LS (compressive stress) state. It re-
sults, respectively, in a downshift or an upshift of the
transition temperature, giving the perspective of the
control of phase stability in SCO nano-objects. The main
advantage of such approaches is the possibility to inject
experimentally accessible mechanical properties of
coreeshell systems. However, the total surface energy can
be divided into many contributions: chemical, elastic,
disorder... so forth, whose effects are strongly intricated.
Nevertheless, the experimental measure of the total sur-
face energy in both spin states is still lacking and its
knowledge seems to be of paramount importance for
deeper theoretical investigations of size effects and
especially surface effects on phase transition in SCO nano-
objects.

The preservation of bistability phenomena through the
presence of hysteretic behavior in SCO nanoparticles seems
to be counterintuitive if analogies are established with the
size evolution of other phase transitions, like melting pro-
cess or ferromagnetism [73,126]. However, the elastic
origin of collective behaviors in SCO systems constitutes an
important difference with the other examples: elastic
properties may be size dependent. M€ossbauer spectros-
copy measurements have shown a drastic increase in the
Debye temperature with the size reduction in Prussian-
Blue analogue [124] and SCO coordination nanoparticles
[100]. This increase in the Debye temperature means stif-
feningdat least in appearancedof the nanoparticle by
approaching the nanoscale, which may be explained by the
existence of a compressive stress exerted by the external
environment. This experimental finding has been injected
in the nanothermodynamic version of the Slichter and
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Drickamermodel, considering the linear dependence of the
phenomenological interaction parameters G with the bulk
modulus (B � q2D) [110] established in the framework of the
mesoscopic elastic model (Section 3.4). This combination
experimentsethermodynamic model allows us to give a
possible explanation of the existence of bistability phe-
nomena in ultrasmall SCO nanoparticles.

Most of these thermodynamic approaches emphasize
the primary role of structural and elastic properties for the
understanding of cooperative mechanisms in SCO mate-
rials. If investigations of crystallographic properties are
routine and X-ray diffraction experiments are common
characterization techniques to probe of mechanical/elastic
properties remains scarce and experimental techniques,
which allow a systematic determination of such properties,
are still lacking. It would be important to further probe
elastic and vibrational properties of SCO materials and
nanomaterials to constitute a database of elastic moduli of
molecular materials and coordination networks. Various
techniques have been proposed to this aim: Brillouin
spectroscopy [64], X-ray diffraction under pressure [71],
near-field microscopy techniques (atomic force micro-
scopy) [72,127], M€ossbauer spectroscopy [66], and so forth.
In particular, nuclear inelastic scattering measurements
[128] have been performed to probe lattice dynamics of
SCO powder [68] and nanoparticles [129,130] in both spin
states. Nuclear inelastic scattering techniques permit
accessing to the density of vibrational states from which
the Debye sound velocity and different thermodynamical
quantities can be extracted. More recently, the integration
of SCO materials into microelectromechanical systems
(MEMS) devices [131,132], for the conception of micro-
actuator able to convert heat, into motion constitutes an
original possibility to measure mechanical properties of
SCO thin films [133,134]. All of these new techniques
combined with the old ones will undoubtedly make it
possible to complete the lack of characterization of the
mechanical properties of SCO materials. The access to a
database listing the thermal and mechanical properties of
SCO materials may succeed in the prediction of the effects
of the different physical ingredients on the observed
equilibrium properties [135]. However, the thermodynamic
aspects of nonequilibrium kinetic processes or spatiotem-
poral dynamics (nucleation and domain growth mecha-
nisms) need the knowledge of thermomechanical
properties of SCO solids of which we currently have only
orders of magnitude. In particular, the spatiotemporal
evolution of the spin transition seems to be very sensitive
to heat exchange with the external environment [136] and
the experimental determinations of the thermal conduc-
tivity, the heat and the radiative transfer coefficients
become unavoidable for the building of a thermomechan-
ical model in the framework of the local equilibrium
approximations.

5. Conclusions

SCO is a phenomenon that involves two electronic states
(HS and LS) close in energy and in a thermodynamical
equilibrium. The thermodynamic approach for the
phenomenological description of the measured properties
is therefore crucial and has accompanied all of the exper-
imental observations made since the discovery of the
phenomenon. Many models called microscopic models
going beyond the phenomenological descriptions made on
the molecular or supramolecular SCO compounds
including the kinetics and spatiotemporal aspects have
been proposed. A point of convergence between the ther-
modynamical and microscopic approaches certainly lies in
the analysis of objects of reduced size (nano-objects) going
even to the single molecule or an assembly of molecules.
This analysis can be called nanothermodynamics where the
notion of surface energy, the ratio of the core to the shell in
coreeshell nano-objects, the stiffness of the chemical
bonds, the matrix surrounding the molecule, and so forth,
become crucial parameters to consider to go deeper into
the understanding and the control of the SCO
phenomenon.
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