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Abstract: Metal organic complexes consisting of transition metal centers linked by organic ligands,
may show bistability which enables the system to be observed in two different electronic states
depending on external condition. One of the spectacular examples of molecular bistability is the
spin-crossover phenomena. Spin-Crossover (SCO) describes the phenomena in which the transition
metal ion in the complex under the influence of external stimuli may show a crossover between
a low-spin and high-spin state. For applications in memory devices, it is desirable to make the
SCO phenomena cooperative, which may happen with associated hysteresis effect. In this respect,
compounds with extended solid state structures containing metal ions connected by organic spacer
linkers like linear polymers, coordination network solids are preferred candidates over isolated
molecules or molecular assemblies. The microscopic understanding, design and control of mechanism
driving cooperativity, however, are challenging. In this review we discuss the recent theoretical
progress in this direction.

Keywords: Spin-Crossover (SCO); stimulus-induced spin transition; crystal engineering of SCO and
related complexes

1. Introduction

The phenomena of Spin-Crossover (SCO) has caught the attention of scientific community for
ages and has shown growing interest in recent time due to various different application possibilities
in the information technology [1], as sensors [2], optical switches [3], etc. The essence of the SCO
phenomena is described in the following. SCO may take place in transition metal complexes, specially
those consisting of transition metal ions and flexible organic ligands, wherein the spin state of the
metal ion changes between low spin (LS) and high spin (HS) configuration under the influence of
external perturbation [4]. Though this process, in principle, can be observed in any octahedrally or
tetrahedrally coordinated transition metal complexes with transition metal ions in d*-d” or d°-d®
electronic configurations, the most commonly observed cases are that of octahedrally coordinated
iron(II) complexes with Fe?* ions in 3 d° electronic configuration [5-7]. The transition between the
paramagnetic high spin (S = 2) and the diamagnetic low spin (S = 0) state of Fe?" can be triggered by
several different possibilities such as temperature, pressure, light [8]. The SCO phenomenon deserves
attention due to accompanying changes in magnetic and optical properties. To be of use in device
applications, it is important to induce cooperativity in the SCO phenomena implying spin transition
rather than spin crossover, which may happen with associated hysteresis effect as shown in Figure 1.
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The issue of cooperativity and associated hysteresis is important as it is expected to confer memory
effect to the system.

P (GPa) ——

Figure 1. Schematic diagram demonstrating the cooperativity associated with spin crossover
phenomena in Fe(II) complexes. The y axis shows the magnetic moment (M) and x axis represents
temperature (T) or pressure (P) increasing in two different directions as shown in the figure.
Upon increasing T or decreasing P, a transition happens from LS S = 0 state where all spins are
paired up in the t,¢ states octahedrally coordinated d° Fe, to HS S = 2 state where two of the electrons
from tp, states are promoted to e states. Due to the cooperativity between Fe(II) centres in the extended
solid state geometry, hysteresis loop appears between the heating and cooling cycles, or between cycles
of exertion and release of pressure.

In this context, in comparison to molecular assemblies or crystals with isolated molecular units
connected by weak, van der Waals or hydrogen bonding, the coordination polymeric compounds
with repeating coordination entities having extended solid structures are better choices. The presence
of chemical bridges, linking the SCO sites to each other, as in coordination polymers are expected
to propagate the interaction between SCO centers more efficiently than that in molecular crystals.
Admitting the suitability of such compounds in exhibiting cooperativity there are several issues that
need attention. The key questions are, (a) understanding the microscopic mechanism, i.e., what is the
driving force for the cooperativity and the hysteresis; and (b) how the cooperativity can be tuned or
modified to suit the specific need. These understandings are expected to provide an advancement of the
field in terms of possible commercialization of this technologically important property which relies on
critical parameters of cross-over being close to ambient condition, and a large enough hyteresis width.

The above two issues are also intimately connected to materials issue, namely what are the
materials to look for cooperative SCO. As mentioned above, 1, 2 or 3-dimensional coordination
polymers, which are materials with repeating array of coordination entities, are the suitable choices.
The dimensionality of a coordination polymer is defined by the number of directions in space the
array extends to. Most studied SCO materials showing cooperativity, so far are linear 1-dimensional
coordination polymers which are compounds extending through repeating coordination entities in
1-dimension forming chain like structures, with weak links between individual chains [9], as shown
in left panel of Figure 2. The other possibilities are coordination network solids [9], which are
compounds extending through repeating coordination entities in 2 or even 3 dimensions. Strategic
crystal engineering that makes use of multidentate ligands, connected by spacers, facilitates to increase
the dimensionality from 1-d to 2-d or 3-d. Pressure-induced LS-HS transition in 2-d net was first
reported for [Fe(btr),(NCS),]-HO [10]. The compound consisted of Fe(Il) ions linked by btr in two
directions producing infinite layers which were connected by means of van der Waals or weak H
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bonds. [Fe(btr)3][(ClOy4),] [11] represents the first 3-d SCO coordination polymer. For a concise review
on 1-d, 2-d and 3-d Fe(Il) polymers, please see Reference [11].

Coordination Polymer Hybrid Perovskite

Metal ion

BXOctahedra A .ation

Figure 2. Schematic representation of linear, 1-d coordination polymer (left panel) and hybrid
perovskite (right panel). In case of linear, 1-d coordination polymer, chains of metals are linked
by organic ligands. In the ABXj3 structure of hybrid perovskite, BX4 forms octahedra with A cation
sitting in the voids. B cation is a metal ion and A cation is an organic cation. BXg octahedra are also
linked by organic linkers.

For the sake of description of theoretical studies, we will restrict ourselves to only linear
or 1-d coordination polymers, and not extending our discussion to 2-d or 3-d polymers of type
[Fe(btr)>(NCS),]-H,O or [Fe(btr)s][(ClO4),]. Rather we will focus in a new class of materials in context
of SCO, namely hybrid perovskites. A subclass of coordination network solids are metal organic
frameworks (MOFs) which are coordination networks with organic ligands containing potential
voids [9], and thus can be labeled as porous coordination polymers. Most of the research on MOFs
are related to porosity of the systems, which have been explored for applications in gas storage [12],
chemical sensing [13], drug delivery [14], bio mimetic mineralization [14] and catalysis [15]. Recently,
however, the attention is also given to dense MOFs with limited porosity which show potential for
applications in other areas like optical devices, batteries and semiconductors [16]. Hybrid perovskites
are a class of compounds with general formula ABX3 having long range connectivity that form
a subclass of dense MOFs. The extended, 3-dimensional connectivity with limited void space, together
with possibility of synthesizing hybrid perovskites containing transition metal ions have made these
compounds also probable candidates for exhibiting cooperative SCO. While linear coordination
polymers have already been explored to a large extend in search of cooperative SCO, ABXj3 type
hybrid perovskites which though in attention in recent time has not been explored for cooperative
SCO. In the following we give brief description of each of these classes of compounds, namely linear
chain compounds, and hybrid perovskites.

Among the linear coordination polymers, or 1-d chain compounds 4R-1,2,4-triazole based
Fe(II) chain compounds have been in focus both in early studies and in recent developments.
[Fe(4R-1,2,4-triazole)3] Ay -solv, where A is the counterion and solv denotes the solvent molecule
are made up of linear chains in which the adjacent Fe(II) ions in the chain are linked by three triazole
ligands. The coordination linkers, which are 1,2,4-triazole blocks form efficient chemical bonds to
transmit cooperative effect, leading to hysteresis loop of width ranging ~ 2-20 K. [17] Sometimes
these hysteresis loops are also found to be centered at room temperature. [18] Bimetallic 1-d chain
compounds like Fe(aqin);(p2-M(CN)4), M = Ni(II) or Pt(I), have been recently synthesized which
were found to show abrupt HS-LS SCO. [19] Novel 1-d Fe(Il) SCO coordination polymers with
3,3’-azopyridine as axial ligand has been synthesized which were found to show kinetic trapping
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effects and spin transition above room temperature. [20] Combination of rigid links and a hydrogen
bond network between 1-d Fe(Il) chains has been recently shown as a promising tool to trigger SCO
with hysteresis loops having widths as large as ~43 K. [21]

Hybrid perovskites [22,23] having general formula of ABX3, on the other hand, are counterparts
of inorganic perovskites. In case of hybrid perovskites, while the B cation is a metal ion as in inorganic
perovskites, both the A cation as well as the ligand can be organic. Lead halides hybrid perovskite
family [23,24] having [AmH]MX3 composition, where AmH™ is the protonated amine part; M is
either Sn?>* or Pb?* and X is the halogen part (C17, Br~, or ") have been shown to demonstrate high
performance and efficiency in applications relating to design of mesostructural (and/or nanostructural)
solar cells and other photovoltaic devices [25-27]. Easy processing techniques like spin-coating,
dip-coating and vapor deposition techniques have been known to be of advantage in this case [28,29].
There are also transition metal formate based hybrid perovskites, which are of interest in the present
context, having formula [AmH]M(HCOO)3; (M = Mn, Cu, Ni, Fe, Co). [30] In the crystal structure of
these compounds, as shown schematically in right panel of Figure 2, formate bridges act as linkers that
connect the MOg octahedra, with the protonated amine cations situated at the hollow spaces formed by
the linked octahedra. These hollow spaces act as pseudo-cubic ReOj type cavities. Organic ligands like
formate being simple enough have been mostly studied with varied A cations. This class of materials
has been shown to exhibit curious properties, of which multiferroicity seems to be an intriguing
one [31-33]. Ferroelectricity and especially multiferroicity in these materials has been extensively
studied by Stroppa and coworkers mostly from a DFT based first principles perspective and at
times combined with experimental studies [34—40]. Structural details and effects due to structural
phase transitions, strain tuning of various effects like polarisation, and magnetic structure has also
been studied by the same groups [41-45]. As mentioned already, the presence of transition metal in
these compounds together with its octahedral environment makes them suited also for exhibiting
SCO behavior and possibly also cooperativity due to dense nature of framework, which would
provide another dimension to functionality of these interesting class of compounds. This aspect of
this interesting class of compounds has remained unexplored, apart from a very recent theoretical
proposal [46].

The plan of the review is the following. We will start with a brief summary of the experimental
investigations on cooperative SCO, as presented in Section 2. With this background, we will discuss in
Section 3 different theoretical models that have been proposed to describe cooperative SCO. In Section 4,
we will take up the material specific studies, where density functional theory (DFT) based electronic
structure calculations have been employed to investigate cooperative SCO phenomena in well studied
case of linear coordination polymer and proposed case of hybrid perovskite. We will conclude the
review with a summary and outlook in Section 5, where the future prospective and challenges that
needs to be overcome will be discussed.

2. Experimental Evidences of Cooperativity

During the past few decades, there has been a growing number of experimental studies focusing
on spin crossover phenomena in general. Numerous studies have been carried out on various materials
ranging from molecules to molecular assemblies to coordination polymers, linear coordination
polymers being the most studied case in latter category. In case of linear coordination polymers,
often a significant hysteresis effect is observed, primarily under the influence of temperature, though
there exists studies showing the existence of hysteresis in SCO under pressure. There have been
also studies involving light-induced spin-crossover transitions. In the following we provide a brief
over-view. Given the vastness of the experimental study on SCO, the over-view presented in the
following is far from being complete and should be considered as representative. In the first part of
the brief over-view, we provide description of experimental studies of SCO phenomena in general,
while in the later part we specifically focus on cooperative SCO.
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Figure 3. Experiment evidence of cooperativity in Fe-triazole, as reported by Kahn et al. [18] (Adapted
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with permission from Krober, J.; Codjovi, E.; Kahn, O.; Groliere, E; Jay, C. A spin transition system
with a thermal hysteresis at room temperature. . Am. Chem. Soc. 1993, 115, 9810-9811). The left panel
shows the variation of susceptibility with increasing and decreasing temperature. A large hysteresis
loop and corresponding bistability is observed confirming the existence of cooperativity; The right
panel demonstrates the bistability in the system, reflected in two different colors of the same material
at the same temperature, being on cooling or heating path.

SCO phenomena was first reported in the pioneering work by Cambi et al. [47] as early as in
1931, in a series of Fe based metal-organic compounds viz. iron (III) tris-dithiocarbamate. In their
study, the authors observed a transition from S = 1/2 to S = 3/2 spin state. Since then there have
been subsequent experiments which demonstrate SCO in other materials, which are mostly Fe based
compounds, but also in Co, Ni, Cr, and Mn based compounds [5-7,48]. Konig et al. [49] in 1961
first observed a S = 0 to S = 2 transition in a iron (II) thiocyanide material which later became
a popular material of study in the area of spin crossover. Various experimental techniques have
been employed to study the phenomena of spin crossover, the most popular one being magnetic
susceptibility measurement. X-ray diffraction or Extended X-ray absorption Fine Structure (EXAFS)
has been employed to measure the structural properties of SCO compounds. [50,51] Mdssbauer
Spectroscopy has been also employed to detect SCO in iron complexes. [49,52,53] Raman spectroscopy
has been used to identify spin state of SCO complexes. [54] Fourier Transform Infrared Spectroscopy
(FT-IR) has been employed to plot the area under the curves of the absorption peaks as a function
of temperature which have been used to map out the SCO. [55] UV-vis spectroscopy has also been
an important tool for detecting the changes of electronic states in SCO materials. [56] Electron
Paramagnetic Resonance (EPR) [57], Muon Spin Relaxation (#SR), Positron Annihilation Spectroscopy
(PAS), Nuclear Resonant Scattering of synchroton radiation (NRS) are among other techniques which
have also been used for experimental study of SCO [58]. While for most experimental studies,
the temperature or pressure has been used as external perturbation, there have been also several
experimental studies on light induced spin crossover or as it is known Light induced spin state
trapping (LIESST). This was first reported by Decurtins and coworkers. [59] In the work by Decurtins
and coworkers, [59] the Fe(Il) based compound was converted from stable LS state to metastable HS
state at low temperature by irradiating the sample with green light. In a subsequent work, Hauser [60]
reported the back conversion to LS state by irradiation of red light. It was found [59] that very low
temperatures are required for trapping the system in the metastable HS state. The systems relaxes
to the LS state above a critical temperature which was defined as T¢(LIESST) [61]. Estimation of the
Tc(LIESST) value was found to give an idea of the capability of the material to store the light induced
HS state. Superconducting quantum interference device (SQUID) magnetometer measurements were
carried out in a study by Kahn et al. [61] to characterize LIESST and determine T¢ values for the
thermally induced SCO for a variety of Fe SCO materials. In this work correlation between the
photomagnetic properties and the thermal properties of a variety of SCO materials was drawn. A plot
of the T¢(LIESST) vs the spin crossover temperature for a collection of materials was found to show
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a correlation between the two. It was concluded that the positioning of a given compound in plot is
governed by the cooperativity of the compound.

Other than the case of molecular mononuclear moieties, a large number of studies involve
one, two and three-dimensional coordination polymers with multiple SCO centers, exhibiting
intriguing hysteresis effects. In a seminal experimental study by Kahn et al. [18] thermal
hysteresis at room temperature was demonstrated in case of Fe-triazole compound, in particular
[Fe(Htrz)z_3y,(4-NHptrz)s,](ClO4),-nHyO with x = 0.05. As shown in Figure 3 the temperature
dependence of measured susceptibility showed a spin state transition accompanied by a wide hysteresis
loop close to room temperatures, as is desirable for commercial applications. As seen in the figure,
the transition is also accompanied by a dramatic change of color. The two spin states correspond to
two different electronic states exhibiting two different colors. Depending on whether the observation
is being made in the heating or the cooling cycle, the sample at the same temperature falling within
the hysteresis width exhibits two different colors, establishing the bistability of the two spin states.
The molecular system described in this particular study was probably the first one of its kind exhibiting
such a bistability at room temperature. This paved the way for future experimental and simulation
based studies on cooperativity.

The experimental study by Linares et al. [62] which was also backed by simulation, reported
the existence of hysteresis in SCO phenomena induced thermally as well as through pressure.
Their experimental and simulation studies on [FeyCoj_,(btr),(NCS),]-HoO with x = 0.847 showed large
hysteresis loops under heating and cooling cycle confirming cooperativity in these materials. Their study
on [FexNij_,(btr)2(NCS),]-H,O with x = 0.66 showed large hysteresis in pressure induced SCO.

Baldé et al. [63] considered coordination polymers with the general formula [FeL¢g(Lgx)]-solvent
where L, = 3,3’-[1,2-phenylene bis(iminomethylidyne)]bis(2,4—per1’canediona’ro)(2—)—N,N’,02,O'2 and
3 different components for L,y such as 4,4’-bipyridine(bipy), 1,2-bis(4-pyridyl)ethane (bpea),
and 1,3-bis(4-pyridyl)propane (bppa). Cooperative SCO was previously [64—66] reported for the bipy
linker, which showed thermal hysteresis and bpea and bppa based compounds showed multi-step
transitions. In the study by Baldé et al. [63] the authors also investigated the LIESST effects and
estimated the T¢(LIESST) values by irradiating the samples in a SQUID. The thermal measurements
showed hysteresis in bipy linker based compound with a 2 step transition in bpea based compound
and a 2 step transition accompanied by hysteresis in bppa based compound. Evaluation of the
Tc(LIESST) values associated with the LIESST effect demonstrated the stability of the photoinduced
HS state. Experiments on [Fe,Nij _,(btr)2(NCS);]-H,O with x = 0.5 by Linares et al. [62] under constant
light exposure allowed the investigation of the competition between photoexcitation and subsequent
relaxation of the metastable state, and a thermal hysteresis under constant light irradiation.

Numerous other studies on SCO compounds, apart from the ones described above, have been
carried out which recorded hysteresis in thermal, pressure and light induced spin state transitions.
For the sake of brevity, we will not get into the details of all the studies. The few studies described
above provide conclusive evidences of experimental observation of cooperativity in SCO complexes.

3. Theoretical Models on Cooperativity

Several theoretical studies have been reported in literature with an aim to provide microscopic
understanding of the origin of spin state transition and its cooperativity in metal organic complexes.
While the spin crossover in molecular systems with a single SCO center happens due to competition
between the crystal field splitting and Hund’s rule coupling, in case of extended polymeric systems,
interactions between different SCO centers may drive the cooperativity in SCO observed at molecular
level. It is important to understand the microscopic origin of this interaction. This understanding is
expected to enable designing of extended solid state structures with desired cooperative properties.

The most prevailing concept in this context, is that the interaction is given by phononic excitations
due to coupling between local lattice distortions at each molecular unit, setting up a long range
elastic wave. Two different model Hamiltonian approaches have been followed to deal with elastic
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interactions between SCO centers to calculate thermodynamic quantities like HS fraction. In the first
category of calculations, Ising type Hamiltonians, H = };; Jijoi0; are used with LS or HS state described
by pseudo-spin operators 0; = —1(+1) for LS(HS) that interact via nearest neighbor elastic coupling.
For example, the study by Boukheddaden et al. [67] considered one-dimensional spin-phonon model,
which is expected to model the linear polymeric compounds. In particular the model consisted of
assembly of two-level system with elastic interaction between them. The HS state, represented by
pseudo-spin ¢ = 1 was assumed to be np; fold degenerate, while the LS state represented by o = —1 was
assumed to be 1y, fold degenerate. The elastic interaction linking the sites i and i 4 1, was denoted by
e i+1. Volume of the molecule changes upon the spin state transition, and thus the elastic interactions
between two successive sites was assumed to depend on their spin states. It was conjectured that
€iit1 = ey foroy = 01 =1, €541 = ey foro; = —0jq, and ¢4 = e—— foro; = 0317 = —1.
The constructed model was solved in the framework of classical statistical mechanics using transfer
matrix technique. The effective interaction turned out to be ferroelastic for e > /e, X e__ and
antiferroelastic for ey < y/e4y X e—_, which in turn was found to be determining factor for the
lattice of SCO centers to exhibit cooperativity or not. It was found that ferroelastic interaction favors
cooperativity with sharp spin state transition while the antiferroelastic interaction makes the transition
much smoother. This indicated that in presence of ferroelastic interaction, first-order phase transition
along with hysteresis might take place in higher dimensions. The authors thus introduced inter chain
interactions, justified by the fact that in SCO polymeric samples, interchain steric and electrostatic
interactions arise due to presence of non-coordinated molecules or counter anions. The mean field
treatment of interchain interactions indeed was found to reproduce the first-order nature of HS-LS
transition together with hysteresis for ferroelastic intrachain interactions.

In the second category of calculations, free energy of SCO systems were calculated based
on anisotropic sphere model describing the volume and shape changes of the lattice at the
transition [68-70]. Though the anisotropic models were found to describe the spin crossover
phenomena successfully, these models have not been very successful in describing the cooperativity
with the exception of a recent work by Spiering et al. [70] where transitions both with and without
hysteresis have been achieved. In the model by Spiering et al. [70], an anharmonic lattice having SCO
molecules having a certain misfit to the lattice was considered, which were assumed to interact via
elastic interactions by the change of shape and volume.
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Figure 4. Figure showing schematic diagram of various interactions present in linear SCO polymeric
systems along with their respective effects on the system. The left panel shows all the interactions
present in the system. The red balls denote the SCO ions. The light blue springs denote the intra chain
spin dependent elastic interaction. The black arrows denote the magnetic spins at the SCO sites with
the green bent arrows denoting the magnetic exchange between the spins. The pink dashed lines
show the inter chain elastic interaction and the brown dashed lines show the interchain superexchange
interaction. The right panel shows 4 different graphs showing the effect of (a) ferroelastic intra
chain interaction in absence of magnetic interaction (b) ferroelastic in presence of magnetic intra
chain interaction (c) anti ferroelastic intra chain interaction in absence of magnetic interaction and
(d) anti-ferroelastic in presence of magnetic intra chain interaction. Figure has been adapted from
Banerjee et al. [71].
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The above described approaches of considering the elastic interaction as the sole driving
mechanism, however completely disregards the importance of the long range magnetic interaction that
may build up between transition metal centers via superexchange interaction mediated through the
organic linkers connecting the metal centers. In order to address this issue, in the study by Timm [72],
the collective properties of spin-crossover chains were investigated taking into account both elastic
interaction and Ising-like magnetic interaction, and the ground state phase diagram was mapped out.
This calculation though ignored the spin-phonon coupling, considering the elastic interactions to be
spin independent, and thus were unable to distinguish between ferro and antiferroelastic situations.
In a recent study, Banerjee et al. [71] have studied extensively the microscopic mechanism giving rise
to cooperativity in spin crossover considering both the effect of magnetic super-exchange interaction
and elastic interactions together with spin-phonon coupling in a coupled 1-d chain model. A model
Hamiltonian was setup in the basis of pseudo-spins, corresponding to the elastic part of the interaction,
and the actual spin quantum number, describing the magnetic superexchange interaction. The system
consisted of connected chains of spin-crossover ions, as shown in left panel of Figure 4. The SCO ions
in a chain were assumed to be connected by intrachain elastic interactions that depend on their spin
states given by E;(0;k, 0; k1), where o denotes fictitious spins or pseudo spins as described above,
and Ey(0jk, O k11) = e’"‘T“qlz wherein g; denotes the small displacements. The spin dependence of ey x4 1
was considered to be same as in the model by Boukheddaden et al. [67]. Magnetism was accounted for
by actual spin S, where m; ; = S; | with m;; = 0 for 0; ), = —1 (LS state) and m; = —2,...,2foro;; = 1,
corresponding to the HS state S = 2. Thus the constructed model Hamiltonian was given by,

H=—) EuOiiOips1+AY 0+ Y mipmipiq
x ik k

+ ) [Vioioiix + Vi (ik + 0igp)]
iZk
where A denoted the difference in energy between the HS and the LS states, V, and V| represented
the interchain interactions arising out of electrostatic and steric interactions, respectively, as discussed
earlier. The third term of the Hamiltonian describes the magnetic exchange, which involves Ising-like
antiferromagnetic superexchange interaction J acting between two Fe?" ions with spin S = 2.

The Monte Carlo study of this above model Hamiltonian established the important role of
magnetic super-exchange interaction acting between the SCO ions, in the cooperativity of the spin
transition. They turn out to be equally important as the elastic interaction. Depending on the nature
of the spin-dependent elastic interaction, which depends on the nature of the spin-phonon coupling,
the magnetic super-exchange was found to contribute in development of cooperativity in a quantitative
or qualitative manner. In case of ferrotype elastic interaction, the super-exchange interaction was
found to enhance the hysteresis effect, setup by the elastic interaction. In the case of antiferro nature of
elastic interaction, the magnetic exchange interaction was found to play a decisive role in driving the
hysteresis in the system, putting the elastic coupling to a back seat. As is seen from the right panel of
Figure 4 in presence of antiferro type intra chain elastic interaction alone, the system did not show any
hysteresis. Only when the magnetic superexchange interaction ] was introduced, a hysteresis loop
was observed in the HS fraction. It was thus concluded that the magnetic superexchange interaction is
of prime importance in driving cooperativity in the system if the intra chain elastic interaction is of
antiferro type.

In another study a vibronic model for the SCO transition has been proposed [73], where the
coupling between spin state and molecular geometry was considered, which causes quantum mixing
between LS and HS states resulting from higher order spin-orbit coupling. It was concluded from such
study that non-adiabaticity does not play an important role in case of cooperativity.
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4. Ab Initio Studies on Materials Showing Cooperativity

These materials of technological importance, however, are challenges for material specific,
predictive theoretical descriptions through ab-initio calculations. Challenges arise due to (a) strong
electron-electron correlation in open d shell of the transition metal SCO centers; (b) complex geometry
of the materials with large number of atoms in the unit cell; and (c) externally stimulated changes in
electronic and structural properties. Both wavefunction based quantum chemical approaches [74-79]
and density based Density functional theory (DFT) [80-83] calculations have been undertaken to study
the phenomena of SCO in general. However it appears that the wavefunction based approaches require
quite a large basis set and even though various techniques like complete active space self-consistent
field (CASSCEF) [75] or CASPT2 method [76], the coupled-cluster (CC) theory or its variation CCSD(T)
method [79], (S and D denote inclusion of single and double excitations, respectively and (T) represents
a single/triple correct term) have been used, these methods are computationally quite expensive and
application of these methods to 2 or 3 dimensional connectivity of metal-organic frameworks is not
feasible. We shall thus primarily discuss and describe applications of DFT based methods which
have been used to study the cooperativity in SCO systems. The DFT based methods can handle
a large number of atoms in the periodic systems quite efficiently, and can also take advantage of
DFT+U methods [84] with supplemented onsite Hubbard U parameter to handle strong correlation
effect at transition metal sites. As established, the influence of external perturbation like pressure on
crystal structure and electronic structure can be described rather accurately through DFT calculations.
Therefore, DFT calculations incorporate the metal-ligand bond length change that happens during SCO,
which has been pointed out as an important ingredient driving SCO [85]. The handling of temperature
effect within DFT is more challenging which is achievable in recent time through the progress made in
ab-initio molecular dynamics (AIMD) simulations [86]. AIMD simulations solve electronic Kohn—Sham
equation and Newton’s equation of motion for ions, coupled via Hellmann-Feynmann theorem for
forces. In the following we describe in detail application of such state-of-art techniques to two
representative cases, one of linear coordination polymer and another of hybrid perovskite. There also
exists two other DFT studies, cyanide-based bimetallic 3-d coordination polymers [81,83]. The study
by Tarafder et al. [83] also studied the hysteresis effect in the pressued induced spin state transitions
in cyanide-based Fe-Nb 3-d coordination polymer.

4.1. Linear or 1-d Coordination Polymers

Considering the example of a linear coordination polymeric compound, Fe-triazole complex,
the existence of hysteresis through ab initio molecular dynamics (AIMD) simulation was shown in a
recent study by Banerjee et al. [71] As shown in left panel of Figure 5, a simple computer designed
model of Fe-triazole complex like Fe[(hyetrz);](4-chlorophenylsulphonate), -3H,O where hyetrz
stands for 4-(2"-hydroxyethyl)-1,2,4-triazole was considered in this study. The polymeric Fe(II) triazole
compound mentioned above, consists of Fe(II) ions with neighboring iron ions connected through
three pyrazole bridges, forming a chain like structure where the counterions and non bonded water
molecules form the links between the chains. Even though this compound shows SCO with associated
hysteresis, there is hardly any available crystal structure, owing to the fact that the samples were only
available in the form of powder, insoluble in water and organic solvents. Absence of accurate crystal
structure data pose a problem for computational study. The SCO property in Fe-triazole compounds
has been seen for variety of choices of counterions and the residues. A simplified model crystal
structure was thus used in the study by Banerjee et al. [71] , where the local environment around
Fe(Il) ions was kept same as in real compounds, and the distant environment was simplified to a large
extend. In the simplified model the counterions were replaced by F~ with the substituent being chosen
as CH3 and non-bonded water molecules were removed for the sake of simplification (cf. top panel of
Figure 5).
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Figure 5. Figure showing crystal structure of Fe-triazole complex along with AIMD and DFT based
model Hamiltonian MC study on Fe-triazole. The top left panel shows the simplified computer
designed model of Fe[(hyetrz)s;](4-chlorophenylsulphonate);-3H,O. The medium sized golden and
red balls represent N and C, respectively. The small sky blue balls represent the H atoms, while the
green medium sized balls denote counterion F~. The top right panel shows HS fraction as a function
of increasing and decreasing temperature, as given in MC study with DFT based elastic and magnetic
interactions. The insets are the snapshots of pseudo-spin configurations in a 50 x 50 lattice with LS(HS)
state shown in black (yellow), at T = 65 K and 80 K in the heating cycle and at 80 K and 95 K in the
cooling cycle. At T = 80 K, in the HS and LS states are seen to coexist demonstrating the bistability in
the system. The bottom panel shows the free energy profiles at three different temperatures T = 10 K,
80 K, and 200 K. Figure has been adapted from Banerjee et al. [71].

The AIMD calculations were carried out within the framework of DFT implemented on a plane
wave basis set in Vienna Ab-initio Simulation package (VASP) [87]. The exchange correlation functional
was approximated by Perdew-Burke-Ernzerhof [88] (PBE)+U functional. In contrast to classical
molecular dynamics where the ground state potential energy surface is represented in the force field,
in case of Ab initio molecular dynamics the electronic behavior is obtained in a first principles manner
by using a quantum mechanical method, like DFT as is the case under discussion. Born-Oppenheimer
AIMD was carried out which is a MD on a Born-Oppenheimer surface. Calculations were carried out
using the canonical ensemble and a thermostat was used to exchange the energy of endothermic and
exothermic processes. Corresponding to the thermal expansion of Fe-triazole at the various studied
temperatures the atomic positions were relaxed at 0 K at various chosen volumes, until the maximum
forces on atoms were less than 0.01 eV/A". The temperature was then increased within the NVT
ensemble from T = 0 K to the desired final temperature using a Berendsen thermostat with a time step
of 1 fs for each MD step. At the final step the system was thermalized for a time duration of 1 ps using
the Nosé -Hoover thermostat. At the very end, a microcanonical NVE ensemble thermalization was
carried out to evaluate the free energy of the system at the final temperature.

The AIMD calculations were carried out at temperatures of 10 K, 80 K, and 200 K, the choice
of temperatures being dictated by the experimental measure of susceptibility on Fe-triazole, [82] for
which a transition is found to occur at ~80 K with a hysteresis width of ~20 K. Free energy profiles
were created by plotting the Free energy as a function of the fixed magnetic moments and it was
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observed that for 10 K the LS state S = 0 was the lowest energy state while for 200 K the HS state was
the lowest energy state with S = 2. However a clear bistability was observed at 80 K (cf. bottom panel
in Figure 5) proving the capability of the method to capture the cooperativity developed in the system.

Obtaining the intra chain elastic interaction parameters were shown to be imperative in case of
Fe-triazole since it is the combination of intra chain elastic parameters that determines whether the
effective elastic interaction is ferro- or antiferro- type. In this case the spin dependent intra chain elastic
interactions, as defined in the previous section setting the small displacement q = 0.005 turn out to be
as follows: E,(, ) =72K, E,__) =101 K, and E,( ) = 80 K. This clearly shows that the intra chain
elastic interaction is of antiferro type. It was thus inferred that the observed bistability and consequently
hysteresis in this linear polymeric SOC system is driven by the magnetic exchange interaction.

In a previous work by Jeschke et al. [82] the magnetic exchanges in Fe-triazole complex was
computed from DFT. This paper is particularly notable since from ab-initio perspective, this was first
study to point out that magnetic exchange might be as important as elastic interaction in giving rise to
the cooperativity in these compounds. The magnetic superexchange interactions between neighboring
Fe ions were calculated by carrying out DFT+U total energy calculations of FM and AFM orientations
of Fe spins considering the predominance of the HS states between the ions. The energy difference
between the two spin orientations gave rise to a antiferromagnetic superexchange interaction of
magnitude 18 K.

Plugging in the DFT estimated values of material specific constants with good approximations
for parameters like A which are not easy to calculate using DFT methods, MC simulations on
first-principles derived model Hamiltonian carried out by Banerjee et al. [71]. The results are shown in
the top right panel of Figure 5. The calculated LS-HS transition temperature was found to be Tc = 80 K
with the large hysteresis, and the width of the hysteresis was found to be A T = 20 K, both in excellent
agreement with that obtained from the measured susceptibility reported for the real compound, [82]
proving the effectiveness of first-principles approach. Top right panel of Figure 5, also shows the
snapshots of the pseudo-spin configurations of the lattice at different temperatures, T < T¢c, T > T¢ and
T = T¢ during the heating and the cooling cycles of the MC simulation. The snapshot configuration
of pseudo-spins at T = T show sites with primarily HS configurations for the cooling cycle and LS
configurations for the heating cycle, establishing signature of bistability in this material, in conformity
with the results obtained from rigorous AIMD simulations.

4.2. Hybrid Perovskites

While the hybrid perovskites have been discussed heavily in literature for many different potential
applications, as discussed in introduction, they have not been explored as possible SCO materials.
The pressure-driven cooperative spin crossover in metal-organic hybrid perovskites, apparently
unconventional materials for SCO, was proposed and investigated by Banerjee et al. [46] using DFT
based electronic structure calculations. By considering two popular hybrid perovskite materials, viz.,
Dimethylammonium Iron Formate (DMAFeF) and Hydroxylamine Iron Formate (HAFeF), [46] crystal
structures of which are shown in the left panel of Figure 6, it was demonstrated that application of
external pressure can drive spin state transition along with associated hysteresis in these compounds.
Interestingly the width of hysteresis turned out to be rather different for the two compounds with two
different cations DMA and HA, indicating possible tuning of cooperativity by chemical means.

The mechanical strengths of DMAFeF and HAFeF were calculated using DFT+U calculations in
plane wave basis to understand the microscopic origin of the quantitative differences in response to the
applied pressure of the two perovskite hybrids. It was argued that due to the very different strength
and number of H bonding in the two compounds, the lattice for HAFeF is more rigid compared to that
of DMAFeF. The difference in the H bondings in the two cases was understood in terms of enhanced
polarity of O-H bond compared to the N-H bond due to the differences in electronegativity of N and
O with O being more electronegative compared to N. The magnitudes of the calculated bulk moduli of
the two systems confirmed this fact. The bulk modulus turned out to be 21.55 GPa for DMAFeF and
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24.27 GPa for HAFeF respectively. The critical pressure required to induce spin-switching through
change in Fe-O bond-length was found to be significantly larger in more rigid lattice of HAFeF
compared to that in less rigid lattice of DMAFeF. This was reflected in different values of Pcy (critical
pressure in increasing pressure path) in the two compounds as seen from Figure 6. A significant
hysteresis was found in both compounds in terms of differences between Pcy and P (critical pressure
in increasing and decreasing pressure path, respectively).

DMAFeF

—
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e e
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b+t laial oy
LI S B B R S KA R-A R |

oo =S & ©—© (b) HAFeF |
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ol gkl g iy
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Figure 6. Figure showing the effect of exerting and releasing pressure on DMAFeF and HAFeF. The left
panel shows the crystal structures of DMAFeF and HAFeF. In the crystal structure the golden octahedra
denote the Fe-O octahedra. C, N, H and O are marked in the figure. The N-H- - -O H bonding is
marked with a thin dashed green line whereas the O-H- - -O H bonding is marked with a thick dashed
green line to show the relative difference of their strengths arising due to the difference in polarity of
N-H and O-H bonds; The right panel shows comparatively the plots of Magnetic Moment/Fe atom as
a function of pressure for both DMAFeF (top) and HAFeF (bottom). Figure has been adapted from
Banerjee et al. [46].

As discussed in Section 3, the interplay between elastic and magnetic interaction in building
up cooperativity relies significantly on the spin-dependent rigidity of the lattice. In the study by
Banerjee et al. [46] the authors found DMAFeF to be very weakly ferroelastic with ey ~ /e 1e——
while HAFeF was found to be strongly ferroelastic with ey~ > /ey e —. The effective elastic
constants for DMAFeF and HAFeF were found to be 3.52 K and 8.93 K respectively thus making it
evident that the contribution to cooperativity and hence the enhanced hysteresis width in HAFeF
comes primarily from elastic interaction. The calculated magnetic superexchanges turned out to be of
similar values for DMAFeF and HAFeF (3.19 K and 2.85 K) and negative indicating antiferromagnetic
nature of magnetic exchanges. This lead to the conclusion that while the magnetic exchanges in the
two compounds are of same sign and similar strengths, the spin-dependent elastic interactions are
of ferroelastic nature with significantly larger strength for HAFeF compared to DMAFeF. The latter
is responsible for HAFeF having a sufficiently larger hysteresis loop width compared to DMAFeF.
It was thus concluded that the primary factor responsible in driving cooperativity in these formate
frameworks is the spin-dependent lattice effect, which gets assisted by the magnetic exchange.
This aspect in hybrid perovskites is very different from the previously described case of linear
coordination polymers in which magnetic superexchange was found to have a dominating effect
on cooperativity.
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5. Summary and Outlook

In this review, we focused on the issue of cooperativity in SCO properties exhibited by
coordination polymers with extended solid state structures, as in linear coordination polymers,
or hybrid perovskites. This topic needs attention from the perspective of understanding of microscopic
mechanisms driving cooperativity, and the use of the obtained understanding in designing of suitable
materials aimed at improving the performance of the devices based on them. In this article, we have
discussed different model studies proposed for microscopic understanding of cooperativity. Out of
these studies, it emerged that the cooperativity-assisted hysteresis is primarily driven by magnetic
super-exchanges in case of systems with elastic interactions of antiferroelastic type. In case of systems
described by ferroelastic interactions, on the other hand, it is the elastic interaction that builds up
the cooperativity-assisted hysteresis with magnetic super-exchange playing a secondary role. It was
further demonstrated through rigorous first-principles calculations, considering specific examples,
that while the chain polymeric compounds with SCO centers connected by chemical bonds belong to
first category, the hybrid perovskites where H-bondings are important belong to the second category.
We would like to stress at this point that the work described here on hybrid perovskites is theoretical
proposal for which experimental validation needs to be carried out. So far this has remained as an
unexplored territory for hybrid perovskites which deserves attention.

This review focused solely on theoretical studies of temperature and pressure induced cooperative
SCO. A much less studied and worth exploring area from theoretical point of view would be study
of cooperativity in light induced spin state trapping. While empirical theories have been proposed
within the non-adiabatic multiphonon framework [89] for mononuclear compounds in terms of AEY,;,
the energy difference between the lowest vibrational levels of HS and LS states, and the change of
metal-ligand bond length Arpj, the ab-initio description of the complete process is lacking, apart
from few quantum-chemical calculations [90,91] studying the electronic structure of excited state
geometries. More importantly, extension to multinuclear systems with possible cooperative effect is
non-existent. The study by Létard et al. [61] through irradiation of the sample at low temperature with
laser coupled to an optical fiber within a SQUID cavity showed that the temperature dependence of
the photomagnetic properties of mononuclear and multinuclear systems to be very different. To the
best of our knowledge no microscopic theory has been developed to explain this difference.

This review also focused on Fe(II) based systems, which are so far the most popular ones. However,
in addition to Fe or Co based systems, there are few examples of SCO in Mn(III) [92,93]. Mn(IlI) is a
particularly interesting candidate for SCO as it should exhibit a significant Jahn-Teller effect in its HS
state. It is an interesting question to ask how the Jahn-Teller distortion effects lattice contribution to
cooperativity in terms of influencing the spin-lattice coupling. This may result into different profiles of
SCO, like double transition, compared to those observed for Fe(Il). This issue demands future attention.

Finally, hybrid perovskites which are the new candidates proposed for observing cooperative
SCO effect, should be also explored for LIESST effect both from experimental and theoretical point of
view. Given the observation of multiferroicity, already reported in literature for hybrid perovskites,
it will be also worth to investigate any exotic magnetic ordering of HS Fe(Il)’s leading to breaking of
inversion symmetry, and thus resulting into magneto-electric coupling.
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Abbreviations

The following abbreviations are used in this manuscript:

SCO
MOF
LS
HS

Spin crossover

Metal organic framework
Low Spin

High Spin

EXAFS Extended X-ray absorption Fine Structure
FT-IR Fourier Transform Infrared Spectroscopy
UV-vis Ultraviolet and visible

EPR Electron Paramagnetic Resonance

uSR Muon Spin Relaxation

PAS Positron Annihilation Spectroscopy

NRS Nuclear Resonant Scattering of synchroton radiation
LIESST Light induced spin state trapping

SQUID Superconducting quantum interference device
trz triazole

btr bis-triazole

bipy 4,4’-bipyridine

bpea 1,2-bis(4-pyridyl)ethane

bppa 1,3-bis(4-pyridyl)propane

hyetrz 4-(2’-hydroxyethyl)-1,2,4-triazole

MC Monte Carlo

DFT Density functional theory

CASSCF  Complete active space self consistent field
CASPT2  Complete active space with second order perturbation theory

CC Couple cluster theory

CCSD(T)  Coupled Cluster single-double and perturbative triple
VASP Vienna Ab-initio Simulation Package

PBE Perdew, Burke and Ernzerhof

AIMD Ab-initio Molecular dynamics
DMAFeF Dimethyl ammonium Iron Formate

HAFeF Hydroxyl ammonium Iron Formate
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