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a b s t r a c t

The behavior under pressure of the high spin–low spin phase transition in the coordination compounds
containing 3d ions is analyzed using thermodynamic and microscopic approaches. For thermodynamic
approach the mean field model with interactions between spin-crossover molecules is considered.
Microscopic model takes into account the interaction of d electrons of the transition metal ions with full
symmetric distortions of the ligands. The relationship of the thermodynamic interaction parameters
with microscopic ones is installed and shown how the quantum–mechanical interactions form the
cooperativity of the system. Within the microscopic model the temperature and pressure dependences
of the high spin fraction in 2-D compounds {Fe(3-Fpy)2[M(CN)4]} (M¼Pd, Pt) are simulated and
microscopic parameters are evaluated. It is concluded that different experimental behaviors of the
temperature and pressure induced spin transitions are determined by different variations of the inelastic
and elastic energies under pressure, and vibrational component of the free energy drives the ST equally
with electronic part.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Spin crossover (SCO) phenomenon in the coordination com-
pounds is of current interest in chemistry, physics and material
science because of its intrinsic fundamental properties and poten-
tial applications [1–3]. The elucidation of the possibility to variate
the spin transition (ST) behavior by external perturbations is an
important goal of the modern studies of this phenomenon. As the
change of the volume of the molecules and metal–ligand bond
length are observed always at ST [4–8], the pressure as an external
perturbation effectively influences the SCO. Moreover, the pres-
sure is а powerful tool for investigation of the thermodynamic
characteristics and microscopic aspects of the ST in molecular
compounds and therefore the experimental study of the pressure
effect on SCO causes a continued interest [9–19].

The thermodynamic [20,21], static microscopic Ising-like [22]
and Landau-type models [23] were proposed for theoretical con-
sideration of the SCO. Within these models the main aspects
of the ST behavior, like the characteristics of the thermal spin
transition (gradual and abrupt, with and without hysteresis), the
two-step spin crossover phenomenon in mononuclear compounds,
and the occurrence of irreversible or incomplete transitions have
been successfully explained [24–26]. The interpretation of the

interaction constants based on a elastic theory was developed in
[27]. Later a kinetic version of the elastic model was developed
using non-equilibrium Monte Carlo methods [28]. In [29] it was
shown that a purely elastic model with periodic boundary condi-
tions mediates effective long-range interactions. Moreover, it has
been shown that thermodynamic and microscopic models are
completely equivalent in the mean-field approximation and ther-
modynamic properties of the ST and charge transfer processes have
been described by a unified model [30]. Pressure influence on spin
interconversion has been studied on the basis of thermodynamic
[9,12,20,28,31] and Ising-like models [32–34]. It was observed in
the experiment that non-monotonic behavior of the spin transition
temperature and hysteresis under pressure [11,12,13,15] were
successfully reproduced in frame of thermodynamic [12,28] and
1D atom–phonon models [35,36], where the elastic field and
intermolecular interactions were considered as pressure depen-
dent. Pressure induced phase transition has been investigated
numerically, using Monte Carlo simulations in the isothermal
isobaric ensemble, and several important properties of pressure
induced ST have been reproduced [28]. The study of pressure
influence on ST gives access to the elastic properties of the system,
in particular, the thermo-elastic coefficients.

The microscopic model [37–39] gives an understanding of the
physical picture of the ST. But the description of the experimental
behavior of the ST is problematic through a big amount of unknown
parameters and because these parameters are difficult to relate to
elastic and interaction energies of the mean field model.
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In [40], for the first time, the behavior of the high spin–low
spin (HL) phase transition in 2D coordination compounds
{Fe(3-Fpy)2[M(CN)4]} (M¼Pd, Pt) induced separately by tempera-
ture and pressure was compared , and the disagreement between
experimental P–T phase diagrams was observed. It is not clear why
the correspondent points of phase P–T diagrams do not coincide
with one another. It requires the explanation and, from our point
of view, the application of the thermodynamic and microscopic
models in a unified way is more preferable for that. The main
advantage of the application of these models is to receive the
opportunity to understand the physical nature of change of the
spin interconversion driving forces.

In this paper we introduce the microscopic consideration,
based on the Kambara model [37–39], for describing temperature
induced ST (TIST) under invariable pressure and pressure induced
ST (PIST) at invariable temperature and relate the microscopic
interaction parameters in the ligand field approximation with the
thermodynamic ones. The efficiency of this consideration is
demonstrated by analyzing of TIST and PIST for 2D spin crossover
coordination compounds studied in [40].

2. Microscopic model of the ST under pressure

Microscopic model developed here considers the system which
is built up of N molecules, each of which contains a Fe(II) ion
octahedrally surrounded by bulky ligand complexes. The model
takes into account the influence on the spin state of the change
under temperature and pressure of the totally symmetric defor-
mation of the ligand complexes and the elastic medium. In
contrast to Kambara model, the distortions of the complexes other
than the totally symmetric are not considered. This approximation
is justified by the fact that ST primarily is determined by the
difference in volume of the ligand complexes in the HS and LS
states regardless of the distortions of the SCO molecules.

According to microscopic theory developed in [37–39] the
Hamiltonian of this spin crossover system is represented as

H ¼H0þHMþHeMþHeLþHL ð1Þ
The first term is the Hamiltonian for d electrons of Fe ions in the
undistorted system and given by

H0 ¼ ∑
N

i ¼ 1
½f 0ðiÞþV0ðiÞ� ð2Þ

where f0(i) is the Hamiltonian of the free Fe(II) ion in the molecule,
V0(i) is the octahedral ligand field.

The second term is the Hamiltonian for the intramolecular
displacements of the ligands, when the intermolecular coupling is
considered. Pα(k) is the canonical conjugate momentum to Qα(k)
normal coordinate belonging to the α irreducible representations
of the point group of k and written as

HM ¼ 1
2
∑
α
∑

k
!

Pn

αðkÞPαðkÞ
Mα

þMαω2
αðkÞQn

αðkÞQαðkÞ
� �

ð3Þ

The third term is the Hamiltonian of the interaction of d electrons
with totally symmetric intramolecular displacement of the ligands
and has a form

HeM ¼ ∑
N

i ¼ 1
½∂VðiÞ=∂Q1i�0Q1i ¼ ∑

N

i ¼ 1
X1iQ1i ð4Þ

The fourth term is the Hamiltonian of the interaction between d
electrons and the lattice strain U1. This term is written as

HeL ¼ ∑
N

i ¼ 1
½∂VðiÞ=∂U1�0U1 ð5Þ

The fifth term is the elastic energy and written as

HL ¼
1
2
C1U

2
1 ð6Þ

where C1 ¼ 3BV0 (B is the bulk modulus; V0 is the average volume
per SCO complex in the absence of deformation) and U1 ¼ 1=ffiffiffi
3

p
ðex xþey yþez zÞ is a lattice strain, represented as the sum of the

diagonal components of the strain tensor.
Using canonical transformation and taking into account

the random-phase approximation giving the ratio XiXj )
〈X〉Xiþ 〈X〉Xj� 〈X〉〈X〉 (where 〈X〉 is the quantum and thermal
average), the terms of the Hamiltonian ðHMþHeMÞ are reduced to
the harmonic part and to three terms per molecule complex

�1
2
j1X

2
1i�K1〈X1〉X1iþ

1
2N

K1〈X1〉
2 ð7Þ

where X1 ¼ ½∂VðiÞ=∂Q1�0 is the operator of the interaction of d
electrons of the metal ion with ligand field.

j1 ¼ 1=N∑
k
1=M1ω2

1ðkÞ and K1 ¼ ð1=M1ω2
1ð0ÞÞ� j1 are the electro-

nic coupling strengths.
The first term in Eq. (7) corresponds to the energy gained from

the individual distortions of each molecule, second term corre-
sponds to the energy gained from the individual molecular
distortions in the mean field 〈X1〉 and third term indicates the
energy for the cooperative molecular distortions.

The eigenvalues of the transformed Hamiltonian on the basis of
low spin state jΨHS〉 ELS and high spin state jΨHS〉 EHS are defined
as

ELS ¼
1
2
q21þb1q1þ

1
2
u2
1þbu1 ð8Þ

EHS ¼ E0þ
1
2
q21þλ1b1q1þ

1
2
u2
1þbλ u1 ð9Þ

Here

E0 ¼Δε0�
1
2
ω0b

2
1ðλ2

1�1Þ ð10Þ

Δε0 ¼ 〈ψHSjðf 0ðiÞþV0ðiÞÞjψHS〉� 〈ψLSjðf 0ðiÞþV0ðiÞÞjψLS〉 ð11Þ
and

ω0 ¼
j1
K1

¼ K0

〈K〉�K0
ð12Þ

In Eq. (12) K0 is a force constant in the long-wavelength limit
ðk-0Þ and 〈K〉 is the averaged value over the entire k-space.

The variable parameter q1, which describes the totally sym-
metric distortions of the complexes (inelastic interactions), and u1,
which describes elastic interactions of the lattice, are written as

q1 ¼ �
ffiffiffiffiffiffi
K1

p
〈X1〉 ð13Þ

u1 ¼
ffiffiffiffiffiffi
C1

p
U1 ð14Þ

The main parameters of the model are

b¼ 〈ψLS
∂VðiÞ
∂U1

� �
0
ψLS〉=

ffiffiffiffiffiffi
C1

p
;

������� ð15Þ

λb¼ 〈ψHS
∂VðiÞ
∂U1

� �
0
ψHS〉=

ffiffiffiffiffiffi
C1

p
;

������� ð16Þ

b1 ¼
ffiffiffiffiffiffi
K1

p
〈ψLSjX1jψLS〉; ð17Þ

λ1b1 ¼
ffiffiffiffiffiffi
K1

p
〈ψHSjX1jψHS〉: ð18Þ

The equilibrium values of q1 and u1 satisfy the thermodynamic
equilibrium conditions ∂G=∂q1 ¼ 0 and ∂G=∂u1 ¼ 0. Gibbs free
energy G is

GðT ; PÞ ¼ F1þFvibþPV ð19Þ
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