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It is of significant technological interest to have an understanding of cooperativity in spin-crossover phenomena
observed in metalorganic polymeric complexes. Microscopic origin of this cooperativity has been discussed in
literature primarily in terms of elastic interactions. Through Monte Carlo simulation of the model Hamiltonian
we show that the superexchange interactions between localized magnetic moments at spin-crossover sites can
play a crucial role in cooperativity, depending on the nature of the elastic interactions. While in the case of the
effective elastic interaction of ferroelastic nature, inclusion of the above-mentioned exchange interaction produces
quantitative changes in the hysteresis loop, for effective elastic interaction of antiferroelastic nature, the existence
of hysteresis is found to be dictated entirely by the magnetic exchange interaction. Considering the example of a
real material, namely Fe-triazole, employing the material-specific density functional theory calculation, we show
the later scenario to be true for these systems. Our study should motivate further investigation on the role of
magnetic exchanges in metalorganic polymers.

I. INTRODUCTION

Spin crossover (SCO) is a phenomena which may take place
in transition metal (TM) complexes, specially in metalorganic
molecules or molecular assemblies, wherein the spin state
of the metal ion changes between low spin (LS) and high
spin (HS) configuration under the influence of external
perturbation such as temperature, pressure, light irradiation,
or magnetic field [1]. Though this phenomenon, in principle,
can be observed in octahedrally coordinated transition metal
complexes with TM ions in d4-d7 electronic configurations,
the most commonly observed cases are that of octahedrally
coordinated iron(II) complexes with Fe2+ ions in 3d6 elec-
tronic configuration [2]. The SCO phenomenon deserves
attention due to accompanying changes in magnetic and optical
properties, which opens up their application possibilities as
optical switches, sensors, or memory devices [3].

To be useful as devices, it is desirable to make the SCO
phenomena cooperative implying spin transition rather than
spin crossover, which may happen with associated hysteresis
effect. The later is of immense importance as this infers
memory effect on the system. Thus attention has been paid
to the issue of cooperativity in SCO phenomena. In this re-
spect, SCO polymers or three-dimensional (3D) coordination
compounds are better choices compared to molecular crystals
with isolated molecular units. In polymers or coordination
compounds the SCO sites are linked to each other by chemical
bridges through which the interactions may propagate more
efficiently than the SCO molecular crystals, for which the
intermolecular interaction is expected to be weak, being of
van der Waals nature or mediated by hydrogen bonding [4].
Indeed a large number of polymeric SCO materials have been
synthesized [5] which are found to show cooperativity at the
HS-LS transition accompanied by hysteresis effect. One of
the key questions behind the microscopic understanding of
SCO in polymeric metalorganic compounds is what drives
the cooperativity and the hysteresis. This understanding is
important for designing of SCO polymers with improved

properties, i.e., large hysteresis effect at room temperature—a
challenge to meet. There has been attempts by different
research groups to account for and explain the origin of this
transition and its cooperativity [6–9]. The most prevailing
concept is that the responsible factor driving the cooperativity
is the long range elastic interaction arising due to interaction
between local lattice distortions at each molecular unit [10].
This approach though ignores completely the importance of
the long range magnetic interaction that may build up between
transition metal ions via superexchange interaction mediated
through the organic ligands connecting the metal centers. The
importance of magnetic superexchange interaction has been
pointed out only recently in a density functional theory (DFT)
based study [11] which estimated the strength of magnetic
exchange interaction in a Fe-triazole compound, and found
it to be of the same order of magnitude as that of elastic
exchange, estimated in similar compounds. To the best of
our knowledge, no systematic study exists taking together the
effect of magnetic exchange and elastic interactions to study
the interplay of the two in the development of cooperativity.
There exists a few reports [12,13] in which the effect of
magnetic exchange interaction has been included, but the
construction of the underlying Hamiltonian was not focused
to study the interplay of the two.

In the present report we first study the interplay of the
two possible driving mechanisms of cooperativity, namely the
elasticity and magnetism, employing Monte Carlo simulation
in the context of a general model Hamiltonian. Following this,
we consider the specific example of a Fe-triazole compound,
which forms a quasi-one-dimensional polymeric structure. We
show that the finite temperature ab initio molecular dynamics
calculations within the framework of DFT on this compound
can successfully reproduce the bistable behavior of the
compound at the HS-LS transition. The transition temperature
is found to be in very good agreement with experimentally
measured temperature, establishing the efficiency of DFT
method in capturing the material-specific details associated
with the transition. Extracting the material-specific inputs from
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DFT, and plugging in the model Hamiltonian, we further find
that the hysteresis at the LS-HS transition in this specific
case is driven entirely by the magnetic superexchange. Our
study underlines the significance of magnetic superexchange
in cooperativity in SCO, which should be treated with equal
importance as elastic interaction. In cases the magnetic
exchange interaction can influence the qualitative description
of the cooperativity, not merely the quantitative description.

II. MONTE CARLO STUDY OF THE
MODEL HAMILTONIAN

A. The Hamiltonian

There have been a number of studies using model Hamilto-
nian approaches to study the collective behavior of SCO. These
studies primarily focus on the evaluation of thermodynamic
quantities like HS fraction. In the first category of the
calculations [14,15], Ising type Hamiltonians were considered,
describing the elastic interaction between spin states, LS
or HS, in terms of pseudospin operators σi = −1(+1) for
LS(HS) that interact via the near neighbor coupling. The
coupling constants were parameters of the theory. In the second
category of calculations [6–8], free energy of SCO systems
have been calculated based on an anisotropic sphere model
describing the volume and shape changes of the lattice at the
transition. Calculation has been also carried out considering
a spin-state independent elastic interaction and Ising-like
magnetic interaction [12,16].

For our study we used a model Hamiltonian setup in the ba-
sis of pseudospin, describing the elastic part of the interaction,
and the actual spin, describing the superexchange interaction.
The system consists of linked chains of spin-crossover centers,
as shown in Fig. 1. The centers are labeled with indices i and
k, i denoting the chain number and k denoting the site number
in a given chain. Thus i and and i ± 1 denote two neighboring
chains, while (i,k) and (i,k±)1 denote two neighboring sites
within the same chain i. The SC ions in a chain are connected
by intrachain elastic interactions that depend on their spin
states given by Ev(σi,k,σi,k+1), where σ denotes the pseudospin
=−1(1) for LS(HS). The spin-dependent rigidity of the lattice
introduces the spin-phonon coupling in the system, making
the elastic interactions dependent on the spin state of the site.
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FIG. 1. (Color online) Schematic diagram showing the different
site labels of the interconnected chains and the various intra- and
interchain interactions.

These elastic interactions are assumed to be simple harmonic.
Given the highly anisotropic nature of the SCO polymers, the
magnetism is described by Ising spin S, where mi,k = Si,k

with mi,k = 0 for σi,k = −1 (LS state) and mi,k = −2, . . . ,2
for σi,k = 1, corresponding to the HS Fe2+ state. The energy of
the HS state is assumed to be higher compared to LS state, by
an energy difference of �. The interchain interactions, though
expected to be weaker compared to intrachain interactions, are
crucial for the description of cooperativity in SCO as a strict
one-dimensional (1D) system cannot support phase transition.
Indeed quasi-1D polymeric SCO chains are not isolated, rather
the presence of counterions or nonbonded water molecules
generate steric as well as electrostatic interactions among the
neighboring chains, which needs to be taken into account in the
model Hamiltonian [14]. Thus the model Hamiltonian taking
together the effect of lattice and the spin can be written as

H = −
∑

k

Ev(σi,k,σi,k+1)σi,kσi,k+1 + �
∑

i,k

σi,k

−
∑

i,k

[Vinterσi,kσi+1,k + Velast(σi,k + σi+1,k)]

+ J
∑

k

mi,kmi,k+1,

where Ev(σi,k,σi,k+1) = ek,k+1

2 q2
i , qi being a small displace-

ment, and ek,k+1 = e−− for both k and k + 1 sites in LS,
=e++ for both sites in HS, and =e−+ for k site in LS and
k + 1 in HS, or vice versa. The experimental literature on
SCO polymers [17–19] shows e−− > e++ which is essentially
driven by the size change of the SCO molecular unit upon
changing temperature. The nature of the elastic interaction,
however, crucially depends on the value of e−+, which is
expected to lie in between e−− and e−+. The effective elastic
interaction turns out to be [14] of ferroelastic nature for
e+− >

√
e++ × e−− and of antiferroelastic nature for e+− <√

e++ × e−−, which is found to have a direct influence on the
cooperativity. Vinter and Velast represent interchain interactions
arising out of electrostatic and steric interactions, respectively,
as discussed in Ref. [14]. The Hamiltonian consisting of the
first three terms, which involves ligand field energy, and the
spin-dependent elastic interaction has been studied in Ref. [14]
using a transfer matrix technique for the one-dimensional
intrachain problem, and treating the interchain interactions
in a mean-field way. The study, however, did not include the
magnetic exchange interaction, given by the fourth term of
the Hamiltonian, which involves Ising-like antiferromagnetic
superexchange interaction J acting between two Fe2+ ions
with spin S = 2. This, as pointed out earlier, may play an
equally important role as the elastic interaction.

B. Results of Monte Carlo simulations

The constructed Hamiltonian is solved using a Monte Carlo
simulation based on a standard Metropolis algorithm. Through
Monte Carlo simulation the degeneracies of the spin states are
explicitly taken into account in the calculation, and not in a
mean-field manner in the Hamiltonian as done in most of the
other related studies reported in the literature [9,14,16]. The
finite size scaling effect in the Monte Carlo simulation results
has been checked and a system containing 50 chains, with each



chain of 50 sites has been found to be large enough to avoid
finite size effects.

The Monte Carlo simulations were carried out in the param-
eter space of �, e++, e−−, e+−, J , and Vinter. While ideally all
these parameters are materials specific and therefore should
be extracted from a material-specific quantum-chemical or
density functional theory based calculation, at the level of
model study, the parameters �, e−−, e++ were fixed to
some typical values � = 20 K, e++ = 1, and e−− = 20. The
change in the values of �, e−−, and e++ does not effect
the qualitative behavior, though the quantitative numbers,
specially the transition temperature, is strongly influenced.
The value of e+− was varied to simulate the ferroelastic and
antiferroelastic regimes, respectively. The effect of variation
in the strength in interchain interactions has also been studied,
they have been found to affect the cooperativity once it sets in.
The central quantity, computed to study the SCO transition, is
the HS fraction, defined as nHS

N
, where N is the total number

of lattice sites and nHS is the number of the sites in HS
state, averaged over several Monte Carlo sweeps after thermal
equilibration.

We note that hysteresis is a nonequilibrium phenomena,
attributed to the memory effect of the system, and therefore
cannot show up in a true thermal equilibrium. Starting with
random configuration at every temperature step, we find the
system randomly goes to HS or LS when the temperature
falls in a hysteresis regime. In fact, it is impossible to
calculate hysteresis in magnetization within the setup of
random initialization. In that case, the dynamical and spatial
correlation functions are used to get the signature of hysteresis.
To mimic the real system, we have used the final configuration
of previous temperature as an initial configuration of a given
temperature step. This approach is well known in literature
in the context of the ferromagnetic Ising model and other
systems [20]. We have used various temperature steps ranging
from 0.001 to 0.5 K to calculate the hysteresis width as
accurately as possible. We have used steps of 0.05 K for most
of the calculations. Various number of Monte Carlo sweeps
ranging from 100 000 to 2 000 000 steps have been performed.
For the choice of temperature within the hysteresis width, we
notice that the system is in the long lived metastable state even
with 2 000 000 MC steps. The finite size effect on this has
been checked as well using system sizes up to 250 × 250.
The long-lived nature of these metastable states have been
observed in a similar model Hamiltonian study in the context
of spin-crossover materials [13]. For the results presented in
the following, typically 500 000 MC steps are used, which
is certainly less than the lifetime of the long-lived metastable
states.

Figure 2 summarizes the results of the Monte Carlo study.
Figure 2(a) shows the results without magnetic term of the
Hamiltonian H with e+− = 20, which makes the system fall
in the ferroelastic regime. The system shows hysteresis in the
temperature dependence of the HS fraction, with a difference in
HS-LS transition temperature between the cooling and heating
cycle. The choice of interchain interactions Vinter, Velast of
10, gives an hysteresis width of ≈1–2 K. Introduction of
superexchange interaction of J = 2 K is found to enhance
the width of hysteresis significantly to about 7 K, with
shift in transition temperature T1/2 by ≈5 K, as shown in
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FIG. 2. (Color online) High spin fraction plotted as a function of
increasing temperature (heating cycle) and decreasing temperature
(cooling cycle), for (a) ferroelastic intrachain coupling with magnetic
coupling set to zero, (b) ferroelastic intrachain coupling with finite,
nonzero magnetic coupling, (c) antiferroelastic intrachain coupling
with magnetic coupling set to zero, and (d) antiferroelastic intrachain
coupling with finite, nonzero magnetic coupling.

Fig. 2(b). The behavior of the system changes drastically
upon changing the value of e+− to 2, thereby changing to an
antiferroelastic regime, which is found to kill the hysteresis
behavior completely, making the transition more gradual,
shown in Fig. 2(c). The transition temperature is found to
decrease from ≈27 to ≈16 K. Remarkably with the choice
of e+− = 2, i.e., with antiferroelastic interactions, turning on
the superexchange interaction J brings back the hysteresis.
For choice of J = 2 K, the width of the hysteresis is found
to be ≈1 K [cf. Fig. 2(d)]. Increase of J value is found to
increase the width of the hysteresis further, following the
expectation. We have also studied the influence of an applied
magnetic field. The qualitative conclusions remain unchanged.
The presence of magnetic field is found to increase the width
of the hysteresis once it sets in, driven by either elastic or
superexchange interactions.

The above results lead us to conclude that for polymeric
compounds with antiferroelastic interactions, the cooperative
behavior is solely determined by the magnetic superexchange
between the TM ions. In the following we find that this is
indeed the case for a typical Fe-triazole system.

III. AB INITIO STUDY OF SPIN CROSSOVER
IN Fe-TRIAZOLE

Fe-triazole polymeric complexes are a very popular
class of SCO materials, which consist of Fe(II) centers
with neighboring Fe’s connected through three pyrazole
bridges, forming a chainlike structure. This creates an
octahedral environment of six nitrogen atoms surround-
ing each Fe center. The counterions and nonbonded wa-
ter molecules separate the chains. A typical example of
Fe[(hyetrz)3](4-chlorophenylsulphonate)2·3H2O [hyetrz de-
notes 4-(2′-hydroxyethyl)-1,2,4-triazole] complex [21] is



FIG. 3. (Color online) Crystal structure of Fe-triazole
complexes. (a) The synthesized compound Fe[(hyetrz)3](4-
chlorophenylsulphonate)2·3H2O. (b) The simplified computer-
designed complex. The medium sized blue and black balls represent
N and C, respectively. The small balls represent the H atoms, while
the green medium sized balls denote counterion F−.

shown in the left panel of Fig. 3. The SCO transitions are
observed for a wide range of variation in choice of counterions
and the substituents in a pyrazole ring. Unfortunately, hardly
any crystal structure data are available due to the nature
of the samples, which are polymeric powder insoluble in
water and organic solvents. Computational modeling of such
complexes is therefore a challenge. A simplified computer
designed crystal structure was used in the DFT study in
Ref. [11], in which fluorine was used as a counterion
and the substituent was chosen as CH3. The structure is
shown in the right panel of Fig. 3. This computer-designed
structure which keeps the local environment of Fe the
same as the Fe[(hyetrz)3](4-chlorophenylsulphonate)2·3H2O
complex, was found to reproduce the SCO behavior of
the Fe[(hyetrz)3](4-chlorophenylsulphonate)2·3H2O complex
rather well [11]. In the absence of other crystal structure
data, we used the same crystal structure in our DFT study,
as used in Ref. [11] This structure has P 21/m symmetry
with two formula units per unit cell. All the Fe(II) ions
are crystallographically equivalent and the Fe-N octahedra
are arranged with alternating orientations along the chain
direction.

For the DFT calculations we used the plane wave based
basis set as implemented in the Vienna ab initio simulation
package (VASP) [22] with the projector augmented wave
method [23]. The exchange correlation function was chosen
to be that of generalized gradient approximation (GGA) im-
plemented following the method of Perdew-Burke-Ernzerhof
(PBE) [24]. For the plane wave calculation a 500 eV plane
wave cutoff was used. A k-point mesh of 2 × 4 × 2 in the
Brillouin zone was used for self-consistent calculations. The
plane wave cutoff and the k-point mesh have been checked
for convergence of obtained results. In order to have a correct
description of the insulating solution, specially in the high-spin
state, the missing correlation beyond GGA was included in the
form of a GGA + U calculation [25], with choice of U = 4 eV
and JH = 0.8 eV. The variation within 3 � U � 6 eV is found
to keep the qualitative result the same.

In order to investigate the temperature driven SCO in
the above-mentioned Fe-triazole compounds, we carried
out ab initio molecular dynamics (AIMD) calculations as
implemented in VASP [22]. Ideally, given the problem,

the calculations should be carried out in NPT ensemble.
However, for a technical reason, we decided to carry out
the calculations in NVT ensemble. For this purpose, the
structures were initially optimized at 0 K at different volumes
which correspond to the thermal expansion of Fe-triazole
at the studied temperatures in AIMD study. The positions
of all unconstrained atoms were relaxed until the forces
became less than 0.01 eV/Å, and the change in bond lengths
less than 10−3 Å. Starting from the T = 0 K optimized
structures, the temperature was increased using a Berendsen
thermostat [26] with a time step of 1 fs for each molecular
dynamics step and 600 temperature steps between 0 K and the
final temperature. At the final step the system was thermalized
for a time duration of 1 ps. At the end, a NVE ensemble
thermalization was carried out to accurately determine the
energy of the system at the final temperature. The above-
mentioned calculations were carried out constraining the total
moment of the system, corresponding to LS state (0 μB),
the HS state (8 μB corresponding to two Fe2+ ions in the
unit cell each having a HS magnetic moment of 4 μB), and
seven different intermediate spin states, between 0 and 8 μB

in steps of 1 μB .
The temperatures at which AIMD calculations were carried

out were chosen at 10, 80, and 200 K. This choice was
driven by the measured susceptibility on a Fe[(hyetrz)3](4-
chlorophenylsulphonate)2·3H2O complex, which showed a
SCO transition at a temperature of ≈80 K with a width of
≈20 K. The AIMD calculations at three different temperatures,
fixing the total magnetic moment, resulted into three different
free energy profiles [27] as a function of varying magnetic
moments in the unit cell. Note the calculations maintain
the symmetry of the cell. Thus two Fe atoms in the cell
are symmetrically equivalent, carrying the same magnetic
moment. The results are summarized in Fig. 4. We find that all
three free energy profiles exhibit global minima either at total
magnetic moment of 0 μB , corresponding to LS state of the
system, or at 8 μB , corresponding to HS state of the system.
We find that at T = 10 K the LS state is a global minima,
while the HS state is a local minima, the reverse being true
for T = 200 K, supporting the temperature induced spin state
transition in this complex. Interestingly, at T = 80 K we find
both LS and HS states have the same free energies, proving
the existence of bistability in this compound. Remarkably,
we find that our AIMD results are in very good agreement
with the experimental scenario, though the calculations have
been carried out in a simplified crystal structure. This in turn
proves the efficiency of the AIMD in capturing correctly
the temperature driven SCO transitions, together with the
cooperativity. Interestingly in all the studied temperatures, the
free energy profile shows a local minima at a total magnetic
moment of 4 μB with 2 μB moment contributed by each of
the two Fe2+ ions in the unit cell. This corresponds with the
intermediate spin state of Fe2+ with S = 1. Tuning the value
of Ev(+−) it might be possible to achieve IS state as the
minimum energy state at an intermediate temperature range.
This would make the SCO transition a two-step transition
from LS → IS → HS, as reported for a Fe-Nb based coordi-
nation polymer under pressure [28]. Thus it might be worth
studying the SCO transition in Fe-triazole complexes under
pressure.



FIG. 4. Relative change in free energy plotted as a function magnetic moment in the cell for (a) T = 10 K, (b) T = 80 K, and (c) T = 200 K.
The relative change is measured with respect to the global minima of the free energy (F0). Solid lines are the interpolations through calculated
data points.

Given the observation of cooperativity in the studied Fe-
triazole complex, the natural question to ask, what is the
primary driving force behind cooperativity in this system? Is it
driven by conventional elastic interactions? What is the role of
magnetic superexchange interactions, which is estimated [11]
to be large (≈22 K) in this complex?

The molecular dynamics simulation within the DFT setup
includes both elastic as well as magnetic interactions, making
it difficult to separate the effect of one from another. In the
next step, we therefore extracted the elastic as well as magnetic
interactions of the studied complex from DFT calculations, and
carried out the Monte Carlo study inputting these parameters
in the model Hamiltonian.

IV. STUDY OF MODEL HAMILTONIAN WITH
MATERIAL-SPECIFIC PARAMETERS OF Fe-TRIAZOLE

One of the crucial parameters in the model Hamiltonian
study is the spin-state dependent elastic interaction. To
estimate the spin-state dependent elastic interactions, the
following steps were followed. Analysis of the optimized
crystal structure data shows that the LS state is stabilized for
average Fe-N bond length of 2.0 Å or less, while the HS state
is stabilized for Fe-N bond length of 2.2 Å or more. Following
this, model structures were constructed by considering regular
FeN6 octahedra and setting the Fe-N bond length at 2.0 and
2.2 Å to mimic the LS-LS and HS-HS state of neighboring
FeN6 units, respectively. To model the LS-HS situation, a
chain of alternating FeN6 octahedra with Fe-N bond lengths
of 2.0 and 2.2 Å was created. Considering these three model
structures, the Fe-N bond lengths were varied by small
amounts around the equilibrium bond lengths, maintaining
the harmonic oscillation limit. The obtained energy versus
displacement curves for the three cases are shown in Fig. 5.
A parabolic fit through the data points provides the estimates
of the elastic interactions. Setting the small displacement q

as 0.005 Å, this gives Ev(++) = 72 K, Ev(−−) = 101 K,
and Ev(+−) = 80 K. As mentioned before, it is known from
experimental literature [17–19] that the lattice is more rigid
in the low temperature phase than in the high temperature
phase. The ab initio estimates of elastic interactions for Fe-
triazole reconfirms this trend, establishing the confidence in the
followed procedure. Very interestingly we note that the value
of Ev(+−) turns out to be that it makes the effective elastic

interaction be of antiferroelastic type. This makes us conclude
that the observed cooperativity in this real system is driven
entirely by the existence of the superexchange interactions.

The Fe-Fe magnetic exchange interactions were obtained
by carrying out GGA + U total energy calculations of parallel
and antiparallel orientations of Fe spin considering the high
spin crystal structure. The energy difference between the two
spin configurations gave rise to a antiferromagnetic superex-
change interaction of magnitude 18 K, in good agreement with
the values reported previously [11]. While the DFT calculation
captures the elastic and magnetic properties rather well, the
accurate estimate of the energy difference between the LS
and HS state of an isolated molecular unit is a challenge due
to poor representation of the excited state properties within
DFT, which is well known in literature. A possible remedy
would be to use time-dependent DFT [29] or a quantum-
chemical calculation based on multideterminantal wave func-
tions [30], both of which are computationally very expensive
and beyond the scope of the present study on an extended
polymeric system. The parameter � was therefore chosen to
a typical value of 130 K, estimated in literature in similar
systems from heat capacity measurements [31]. The interchain
interactions are kept as a fraction of � in accordance with

FIG. 5. (Color online) The variation of total energy as a function
of variation of Fe-N bond length about the equilibrium value, for
three different configurations: LS-LS (circles), LS-HS (squares), and
HS-HS (diamonds). Solid lines are fit to data points.
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FIG. 6. (Color online) High spin fraction plotted as a function of
increasing and decreasing temperature calculated with DFT derived
elastic and magnetic interactions corresponding to that of Fe-triazole.
The insets show the snapshots of pseudospin configurations with LS
(HS) state shown in black (yellow), at two different temperatures (80
and 95 K) in the cooling cycle, and two different temperatures (65
and 80 K) in the heating cycle. At T = 80 K, in the phase coexistence
region, the configuration is HS or LS dominated, depending on the
heating or cooling cycle.

model study described in Sec. II. The measured susceptibility
in Fe[(hyetrz)3](4-chlorophenylsulphonate)2·3H2O complex
showed a hysteresis of width 20 K and a transition temperature
of 80 K. We find that calculation of temperature dependent HS
fraction plugging in the material-specific parameters obtained
from the DFT calculation of the simplified computer-designed
Fe-triazole complex, gives rise to a very similar scenario, as
shown in Fig. 6. The insets in Fig. 6 show the snapshot of
the MC runs of the simulations along the heating and cooling
cycle, at temperatures 65 and 80 K for the heating path and
at temperatures 95 and 80 K for the cooling path. At the
temperature of 80 K, the snapshot configuration of pseudospins
shows sites with primarily HS (LS) configurations for the
cooling (heating) cycle, proving once again the signature of
bistability in this material, as established from rigorous AIMD
simulation.

V. CONCLUSION

To conclude, our MC study based on a model Hamiltonian
firmly establishes the important role of magnetic superex-
change interaction acting between the TM ion centers in
the cooperativity in spin transition in polymeric metalorganic
complexes. They turn out to be equally important as the
elastic interaction, popularly accepted as the main cause of
cooperativity in polymeric SCO systems. Depending on the
nature of the spin-dependent elastic interaction, which depends
on the nature of the spin-phonon coupling, the magnetic su-
perexchange can contribute in development of cooperativity in
quantitative or qualitative fashion. In case of ferrotype elastic

interaction, the superexchange interaction helps enhancing
the hysteresis effect setup already by the elastic interaction,
thus being important for the quantitative description of the
cooperativity in SCO. In the case of antiferro nature of
elastic interaction, the magnetic exchange interaction plays the
deciding role in driving the hysteresis in the system, putting
the elastic interaction in a back seat. Taking the real example
of a Fe-triazole complex, we demonstrate the existence of
bistability in this compound through ab initio molecular
dynamics simulation, which is known from experimental
measurement on similar compounds [11]. This establishes
the capability of ab initio technique to capture the bistability
accurately. Extraction of the material-specific parameters for
this Fe triazole complex shows the elastic interaction to be
of antiferroelastic nature. The observed bistability in this
system is therefore totally driven by the magnetic exchange
interaction. The computed transition temperature, and the
width of the hysteresis, are found to be in reasonable agreement
with that of the measured susceptibility reported for the similar
compound [11]. Our study highlights the microscopic role of
superexchange interaction in cooperativity and bistability in
the class of Fe-triazole SCO polymers. A similar study may
be extended to other coordination metalorganic compounds
to find out the applicability of magnetic interaction driven
cooperativity in the general class of metalorganic polymeric
materials.

A few points are worth mentioning here. The effect of
magnetic exchange interaction has been included in some
of the previous model Hamiltonian studies [12]. Our model
study differs from these previous studies in two very important
aspects. First, the Hamiltonian used in our study is in the basis
of the true spin rather the fictitious spins for the magnetic
exchange component. The degeneracy of the HS states has
been accounted explicitly through Monte Carlo simulation,
not through some degeneracy factor. Second, and more
importantly, the elastic interaction term is considered to be
dependent of the spin state of the spin-crossover centers, taking
into account the spin-phonon coupling. This distinguishes
between a situation with ferroelastic and a situtation with
antiferroelastic interaction, which turned out to be crucial as
far as the effect of superexchange interactions are considered.
It should be also noted that as we are primarily concerned
with the issue of distinguishing between the role of elastic and
magnetic exchange interaction in the cooperativity, we kept
only these essential components in the Hamiltonian required
for this purpose. Of course the Hamiltonian can be made more
realistic by adding additional terms, for example, coupling
of SCO centers with the silent structural components like
solvent molecules [32]. This can be taken up in the future,
as it does not fall immediately within the scope of our
study.

ACKNOWLEDGMENTS

M.K. and T.S.D. thank Department of Science and Technol-
ogy (DST) India, Nanomission for funding through Thematic
Unit of Excellence on Computational Materials Science
(TUE-comp). H.B. thanks TUE-Comp for the use of high
performance computing cluster.



[1] T. Saha-Dasgupta and P. Oppeneer, MRS Bull. 39, 614 (2014).
[2] S. Brooker and J. A. Kitchen, Dalton Trans. 36, 7331 (2009);

S.-I. Ohkoshi, K. Imoto, Y. Tsunobuchi, S. Takano, and
H. Tokoro, Nat. Chem. 3, 564 (2011); G. J. Halder, C. J. Kepert,
B. Moubaraki, K. S. Murray, and C. S. Cashion, Science 298,
1762 (2002).

[3] S. Cobo, G. Molnár, J. A. Real, and A. Bousseksou, Angew.
Chem. 45, 5786 (2006).

[4] O. Kahn and C. Jay Martinez, Science 279, 44 (1998).
[5] P. Gütlich, A. Hauser, and H. Spiering, Angew. Chem. Int. Ed.

Engl. 33, 2024 (1994).
[6] N. Willenbacher and H. Spiering, J. Phys. C: Solid State Phys.

21, 1423 (1988).
[7] H. Spiering and N. Willenbacher, J. Phys.: Condens. Matter 1,

10089 (1989).
[8] H. Spiering, K. Boukheddaden, J. Linares, and F. Varret, Phys.

Rev. B 70, 184106 (2004).
[9] M. Nishino, K. Boukheddaden, Y. Konishi, and S. Miyashita,

Phys. Rev. Lett. 98, 247203 (2007).
[10] H. Spiering, E. Meissner, H. Köppen, E. W. Müller, and
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