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Pressure-induced phase transitions of spin-crossover materials are studied in a microscopic model
taking into account the elastic interaction among distortions of lattice due to the difference of the
molecular sizes between the high-spin state and the low-spin state. We perform Monte Carlo simulations
in the constant pressure ensemble and reproduce several important properties of the pressure effect in a
unified way with a microscopic mechanism for the first time. The simulation newly reveals how the
temperature dependence of the ordering process changes with the pressure.
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Several spin-crossover (SC) compounds have been ex-
tensively investigated [1–10], and various theoretical
analyses of the SC transitions have been reported [11–
23]. In the SC compounds, a metal ion can be in either a
low-spin (LS) or high-spin (HS) state, depending on the
strength of the ligand field. Control of the spin state of SC
compounds has been realized by applying external stimuli
such as temperature, light-irradiation [1–9,16,19], mag-
netic field [24–27], and pressure [28–34]. It has been
pointed out that cooperative interactions play an important
role for the SC transitions. With such interactions, various
types of SC transition are realized, e.g., a smooth crossover
or a discontinuous first-order phase transition. For model-
ing of the interaction mechanism, models with an Ising-
type short-range interaction, e.g., the Wajnflasz-Pick (WP)
model, have been proposed, and various aspects of coop-
erative behavior have been successfully explained
[11,14,16,20,21]. As the ligand field is changed, SC tran-
sitions show a sequence of temperature dependences of HS
fraction fHS�T�: (I) a smooth transition, (II) hysteresis,
(III) hysteresis with a low-temperature metastable HS
phase, and (IV) a HS phase stable at all temperatures. We
found that this sequence also appears with changing de-
generacy or strength of the interaction [20,21]. Thus we
call this the ‘‘generic sequence.’’ However, the origin of the
interaction was not clear. Recently, it has been pointed out
that the elastic interaction between distortions of the lattice
due to the molecular size difference between the HS and
LS states can induce phase transitions of the spin state with
the change of the system volume [22]. In order to study the

elastic interaction, besides the spin state, the positions of
the molecules must be treated as dynamical variables to be
equilibrated. This degree of freedom causes a change of the
system volume. Therefore, the pressure P becomes an
important parameter for describing the system. Thus, we
are now at a stage where we can study the pressure effect
by direct numerical study. In the previous study [22], we
demonstrated that the elastic interaction causes a spin
transition in a 2D system with intra- and intermolecular
potentials. In this study, we adopt an elastic model in 3D. In
the present study we take into account two levels (LS and
HS) with two different molecular sizes as the molecular
state for simplicity. Here we adopt a method for the con-
stant pressure ensemble in a periodic boundary condition.
Moreover, we adopt a Monte Carlo (MC) method where we
can easily control the degeneracy of the spin state. By this
method, we succeeded for the first time in demonstrating
pressure-induced phase transitions in a spin-crossover
system.

It has been pointed out the importance of the effects of
the pressure on SC compounds for their functional prop-
erties, e.g., a shift of the transition temperature, increase or
decrease of hysteresis, stabilization of the LS state for the
whole temperature region, and so on [28–34]. To under-
stand these pressure effects, theoretical studies based on
the free energy of the mean-field model have been reported
[12,13,18]. In the present work, we study these effects by a
direct numerical method, adopting a microscopic
Hamiltonian and demonstrating the fundamental aspects
in a unified microscopic picture.

PRL 100, 067206 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
15 FEBRUARY 2008

0031-9007=08=100(6)=067206(4) 067206-1 © 2008 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.100.067206


We performed MC simulation on the simple cubic lat-
tice. The molecule at the i-th lattice point is the HS or LS
state, which is expressed by ni � 1, or 0, respectively. We
set the energy difference of the states D�>0�, and the
degeneracies of the states: gHS and gLS for the HS and
LS states, respectively. These properties are represented by
the on-site Hamiltonian H 0 � D

P
ini. For the interaction

between spins, an Ising-like interaction �J
P
hijininj was

adopted in the WP model. Instead, we have attributed the
interaction to the elastic interaction between lattice distor-
tions. Therefore, we introduce the elastic interaction be-
tween the molecules:

 H �H nn �H nnn �H0; (1)

 H nn �
k1

2

X
hi;ji

�rij � �Ri � Rj��
2; (2)

 H nnn �
k2

2

X
hhi;jii

�rij �
���
2
p
�Ri � Rj��

2; (3)

where rij is the distance between the ith and jth sites, and
k1 is the spring constant (Fig. 1). H nn expresses elastic
interaction between nearest-neighbor pairs (hi; ji). The
interaction is a function of the molecular radius Ri�� �1�
ni�RLS � niRHS� of the ith site, where RHS and RLS are the
molecular radius of HS and LS states, respectively. We set
the ratio of the radii to be RHS=RLS � 1:1. H nnn expresses
elastic interaction for next-nearest-neighbor pairs (hhi; jii).
In this study, we set the ratio of the spring constants, k1=k2,
to be 10 [35].

For the simulation, we adopt the NPT-MC method [36]
for the isothermal-isobaric ensemble with the number
of molecules N, the pressure of the system P, and the
temperature T. The thermodynamic potential for the
isothermal-isobaric ensemble is the enthalpy, H �
E� PV, where E is the energy and V is the volume of
the system. The states of the system are specified by 4N �
1 variables (n1; � � � ; nN; r1; � � � ; rN; V). In the NPT-MC
method, we have the following detailed balance condition

for the transition probabilities fwi!kg:

 

wi!k
wk!i

� exp����W�; (4)

where

 �W � �Ek � Ei� � P�Vk � Vi� � NT log
�
Vk
Vi

�
: (5)

The scheme of the simulation is as follows. (i) Choose a
molecule randomly. (ii) Choose a candidate spin state ni �
0 or 1 with the probability gLS=�gLS � gHS� or gHS=�gLS �
gHS�, respectively. (iii) Choose a candidate position of the
molecule (ri). Here, we use the scaled coordination length
s � ri=L (L � V1=3). We choose the candidate position as,
sx ! sx � ��x, sy ! sy � ��y, sz ! sz � ��z, where �x,
�y and �z are random numbers between�1 and 1, and � �
0:005. (iv) Update the state by the Metropolis method.
(v) Repeat the above update N times. (vi) Choose a can-
didate for a new size of the system with a random number
�L: L! L� ��L. (vii) Update the size L. Here, � is taken
equal to 0:08N1=3RLS. In this study, we performed 10 000
MCSs for transient steps and 10 000 MCSs to measure the
physical quantities. The system size is N � 16	 16	 16,
which is enough to study thermal properties. Generally,
near the critical point the size dependence is important.
However, here, we focused on the phase structure but not
on the details of the critical properties. We have checked
that the data given here show almost no change even when
we perform simulations for (32	 32	 32) or 1 000 000
MCSs at several points.

First, we study how the types of temperature dependence
of the HS fraction fHS�T� change with the spring constant
k1�� 10k2�. In Fig. 2 we depict fHS�T� for various values
of k1 with g�� gHS=gLS� � 20, D � 1, P � 0:01, and
k1 � 10, 20, 30,40, and 50. When k1 is small, e.g., k1 �
10, the transition is gradual. As k1 becomes large, the
transition becomes sharp. For k1 � 40, hysteresis appears
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FIG. 1 (color online). Schematic illustration of the present
model. HS/LS molecule consists of Fe atom (red/blue circle)
and six ligands (gray circles).
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FIG. 2 (color online). Temperature dependence of the HS
fraction fHS�T� with g � 20, D � 1, P � 0:01, and k1 � 10
(red squares), 20 (green circles), 30 (light blue diamonds), 40
(blue triangles), and 50 (pink inverted triangles). Solid lines are
guides for the eye.
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between cooling and warming processes. Snapshots of the
spin configuration (a two-dimensional section of the lat-
tice) are shown in Fig. 3. When k1 becomes larger, i.e.,
k1 � 50, the transition does not take place in the cooling
process and the HS phase is maintained down to T � 0.
This observation indicates the existence of a HS metastable
phase at low temperatures [20,21]. In the warming process
from T � 0, the LS phase is transformed to the HS phase at
T � 0:4.

We find that the change of k1 causes a sequence of
fHS�T� that agrees with the generic sequence proposed in
our previous papers [20,21,37]. Thus, we expect that both a
low-temperature HS metastable phase and a thermal hys-
teresis are observed. In order to check the existence of the
low-temperature HS metastable phase, we studied the
warming-up process from HS from T � 0 for the system
with k1 � 40. The temperature dependence is depicted in
Fig. 4, where the HS metastable phase exists and relaxes to
the LS phase at T � 0:04. The LS phase changes to the HS
phase at T � 0:36. Therefore, we find that the HS meta-
stable phase and hysteresis are both observed.

Next, we study the pressure effect on fHS�T�. In Fig. 5,
we depict fHS�T� during the warming process from the HS
state. In the case of low pressure, P � 0:01, the state is
always in the HS state and the transition is not observed.

When the pressure becomes P � 0:1, the initial HS state is
metastable and the state shows hysteresis at high tempera-
tures. For P � 0:2, the initial HS state immediately relaxes
to the LS phase, which indicates no low-temperature meta-
stable HS state. Here, the hysteresis disappears. When the
pressure increases further, P � 0:5, the transition becomes
gradual. We define T1=2 at which fHS � 1=2. In the hys-
teresis region, we define it as the temperature where
(1=2� fHS) in the warming process is equal to the (fHS �
1=2) in the cooling process. The pressure dependence of
T1=2 is depicted in the inset of Fig. 5, which indicates that
T1=2 increases linearly with the pressure.

We also study the pressure dependences of fHS�T� at
various temperatures. In Fig. 6, fHS�T� at T � 0:3, 0.5, and
0.7 for k1 � 50 are depicted as functions of the pressure.
Here, the HS phase is set as the initial phase. In the case
T � 0:3, a transition from the HS to the LS phases takes
places at P � 0:1 [red (i) arrow]. In the process of reducing
pressure [red (ii) arrow], this pressure-induced LS phase
does not return to the HS phase. Although this LS state is
the equilibrium state at low temperature, it is difficult to
access to it by simply reducing the temperature. The
present realization of the LS state by pressure indicates a
new control of the spin state. At T � 0:5, a pressure-
induced hysteresis is observed. The transition is smooth
at T � 0:7. The present observations indicate that the
pressure plays a similar role to that of the temperature
for the SC transition.

To our knowledge, this is the first attempt to study the
pressure effect by direct numerical simulation, considering
the local lattice distortions caused by the molecular size
difference between HS and LS states in SC complex. In
particular, we succeeded in observing a sequence of fHS�T�
as a function of the pressure which agrees with that pro-
posed as the generic sequence of SC transitions.

In the present study, we kept the parameters D and g
constant. If we take into account pressure dependence of

T = 0.16

T = 0.24 T = 0.32 T = 0.40 T = 0.48

FIG. 3 (color online). Two-dimensional snapshots at various
temperatures with g � 20, D � 1, P � 0:01, and k1 � 40. Gray
(red online) and black (blue online) circles are HS and LS
molecules, respectively.
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FIG. 4. Temperature dependence of the HS fraction with g �
20, D � 1, P � 0:01, and k1 � 40. Dotted line is a guide for the
eye.
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FIG. 5 (color online). Temperature dependence of HS fraction
with g � 20, D � 1, k1 � 50, and P � 0:01 (pink inverted
triangles), 0.1 (red squares), 0.2 (green circles), 0.5 (blue tri-
angles). Inset is the pressure dependence of T1=2. Solid lines are
guides for the eye.
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these parameters, we can have a great variety of pressure
dependences, which correspond to complicated depen-
dences observed in experiments. For the next stage, we
will study various pressure effects with the present model
and attempt to obtain a systematic understanding of the
variety of pressure effects on the SC transitions.

The authors thank Professors Kamel Boukheddaden and
Per Arne Rikvold for their valuable discussions. This work
was partially supported by Grant-in-Aid for Scientific
Research on Priority Areas ‘‘Physics of new quantum
phases in superclean materials’’ (Grant No. 17071011)
from MEXT, and also by the Next Generation Super
Computer Project, Nanoscience Program from MEXT.
This work was also partially supported by the MST
Foundation. The authors thank the Supercomputer
Center, Institute for Solid State Physics, University of
Tokyo for the use of the facilities.

[1] P. Gütlich, A. Hauser, and H. Spiering, Angew. Chem., Int.
Ed. 33, 2024 (1994), and references therein.

[2] S. Decurtins, P. Gütlich, C. P. Köhler, H. Spiering, and
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FIG. 6 (color online). Pressure dependence of the HS fraction
with g � 20, D � 1, k1 � 50, and T � 0:3 (red squares), 0.5
(green circles), and 0.7 (blue triangles). The numbered arrows
indicate the pressure sequence. Solid lines are guides for the eye.
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