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Abstract: One-dimensional spin crossover (SCO) solids that convert between the low spin (LS) and
the high spin (HS) states are widely studied in the literature due to their diverse thermal and optical
characteristics which allow obtaining many original behaviors, such as large thermal hysteresis,
incomplete spin transitions, as multi-step spin transitions with self-organized states. In the present
work, we investigate the thermal behaviors of a system of two elastically coupled 1D mononuclear
chains, using the electro-elastic model, by including an elastic frustration in the nearest neighbors
(nn) bond length distances of each chain. The chains are made of SCO sites that are coupled elastically
through springs with their nn and next-nearest neighbors. The elastic interchain coupling includes
diagonal springs, while the nn inter-chain distance is fixed to that of the high spin state. The model is
solved using MC simulations, performed on the spin states and the lattice distortions. When we only
frustrate the first chain, we found a strong effect on the thermal dependence of the HS fraction of the
second chain, which displays an incomplete spin transition with a significantly lowered transition
temperature. In the second step, we frustrate both chains by imposing different frustration rates.
Here, we demonstrate that for high frustration values, the thermal dependence of the total HS fraction
exhibits multi-step spin transitions. The careful examination of the spin state structures in the plateau
regions showed the coexistence of special dimerized ferro—antiferro patterns of type LL-HH-LL-HH
along the first chain and HH-LL-HH-LL (H=HS and L=LS) along the second one, revealing that
the two chains are antiferro-elastically coupled. This type of spatial modulation of the spin state
and bond length distances is very attractive because it anticipates the possible existence of periodic
structures in 2D lattices, made of alternate 1D SCO strings with HLHLHL structures, coupled in the
ferro-like fashion along the interchain direction.

Keywords: spin crossover; phase transition; elastic frustration; Monte Carlo simulations; elastic models

1. Introduction

Spin crossover (SCO) materials represent a fascinating generation of switchable molec-
ular solids, offering serious applications, in molecular electronics, for the development of
new devices, such as molecular sensors, displays, nonvolatile memories, and reversible
switches [1-5]. Among them, the most studied objects are iron (II)-based SCO solids [1,5-9],
characterized by their labile electronic character, which confers them the interesting prop-
erty to convert from a diamagnetic low spin state (LS, eg t5 o S = 0) to a paramagnetic high

spin state (HS, eg,t% ,S = 2) upon change of an external stimulus, such as temperature,
pressure [10], light fl 1-15], static and pulsed electric [16,17] and magnetic fields [18]. The

SCO phenomenon is therefore generally possible when the central metal ion (here iron) is
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surrounded by nitrogen atoms in octahedral symmetry. This is the situation that fulfills
the requirement of energetic balance between the ligand field energy, originating from the
nitrogen environment, and the electronic pairing energy in the d orbitals. When these ener-
gies have the same order of magnitude as the thermal energy, k3T, the SCO phenomenon
may take place.

At the molecular level, the change of the spin state of the Fe along the spin transition
is accompanied by a volume change of the coordination sphere by about 30%, as a result
of the change of the Fe-ligand distances by almost 10% [5]. However, it is important to
notice that a significant part of this molecular volume change is absorbed by the lattice
through ligand rotations and elastic relaxations in such a way that only 3% of volume
expansion/contraction is observed at the scale of the unit cell. Although these changes
occur at the molecular scale, they easily delocalize over the whole crystal through elas-
tic strain, mediated by acoustic phonons, leading to long-range elastic interactions [19],
which are predominant in most SCO materials. From the experimental point of view,
the thermally-induced SCO transition may appear through several types: (i) continuous
spin transitions [20], (ii) discontinuous first-order transitions [21], and (iii) incomplete
transitions [22] with residual HS fractions and (iv) multi-step spin transitions [23-26]. On
this latter point especially, it is worth noticing that several recent works [27-32] demon-
strated the occurrence of competing elastic interactions in SCO lattices, termed elastic
frustration in a theoretical concept that was introduced by Paez-Espejo et al. [33] in 2016.

This concept is at the heart of the thermodynamic nature of the spin transition and
allows to build a global view of all the experimental thermal dependencies of the high spin
fraction. Thus, the absence or weakness of elastic frustration, combined with a significant
ferro-elastic coupling, often leads to abrupt thermal hysteresis favoring the emergence of
a bistability situation, which is highly sought after for reversible memory applications. The
latter also allows the switching of a set of physical properties of different natures: magnetic,
mechanical, optical, etc. On the other hand, the presence of a significant elastic frustration,
which may be due to steric effects, originating from the surrounding ligands or induced by
an additional degree of freedom of the counterions (rotation, displacement) creating either
isotropic or anisotropic elastic stress, leads to the emergence of multi-step transitions on
the thermal dependence of the HS fraction. At the microscopic scale, these steps reveal
most often the existence of quite fascinating electronic and structural self-organizations,
giving rise to the coexistence of spatial organization of HS and LS phases often similar to
charge density waves. In this context, it is important to recall that in some incomplete spin
transitions, commensurate/incommensurate structures between the spatial change of the
lattice parameter and that of the spin state have been also revealed [34,35], and attributed
to elastic frustration effects, which are most often accompanied by symmetry breaking in
the plateaus regions. Furthermore, most of the observations dealing with elastic frustration
in SCO materials were reported for 2D [36] and 3D materials, although some of them also
concerned SCO materials with a strong 1D character [29]. From the theoretical point of
view, several models have been developed to describe the multi-step transitions in SCO
solids. The most famous are based on the Ising-like models combining competing ferro-
and antiferro-like exchange interactions [37,38], which were solved using mean-field theory
or Monte Carlo (MC) simulations. Later on, more sophisticated models, based on an electro-
elastic description of the SCO lattices, addressed the issue of the multi-step transitions
through the concept of elastic frustration, resulting from the presence of antagonist steric
effects. The first work bringing this idea was reported in Ref [36], where the authors studied
the effect of an elastic frustration injected along the diagonals in a 2D elastic lattice, made
of fictitious spins coupled by springs. This idea was developed and applied to several
situations, among which are the cases of (i) core—shell SCO nanoparticles [39], (ii) SCO
materials deposited on a substrate [40], and (iii) mechanically constrained SCO lattices [41].

In a recent work [42], this model was adapted for the analysis of the frustration effects
on the thermal properties of 1D isolated SCO chains. In this specific case, the frustration
was injected in the equilibrium distance of the next-nearest neighbors (nnn) sites which was
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taken so as to be incompatible with that of the nearest neighbors (nn) sites along the chain.
Here, we found that these simple ingredients are sufficient to generate first-order and multi-
step transitions with plateaus in which antiferro-like (HLHL) organizations of the spin states
are produced. This work was extended in Ref. [43] to the case of an isolated 1D binuclear
chain, where each molecule is now made of two SCO atoms, forming a dinuclear unit. In
this case, one has to consider intra- and inter-molecular elastic interactions between the
dinuclear species. In the latter case, the elastic frustration is injected in the intra-dinuclear
equilibrium distance, where usually the chemical bonds are more rigid than those of the
inter-binuclear ones, which generally involve weak van der Waals interactions.

In the present contribution, we extend the 1D electro-elastic model [42] to explore the
effect of an elastic frustration in a system made of two elastically coupled 1D SCO chains,
each containing N = 120 sites. For simplicity, the two chains are also coupled along their
diagonal directions and the shortest distance between sites facing each other is maintained
constant to reduce the number of model parameters. In a similar way to that of Ref. [42],
the frustration is implemented only inside the nn equilibrium bond lengths, while those
of the nnn are maintained free from additional stress. In the following simulations, the
frustration will be considered either in one chain to study its effect on the other chain, or
in both chains to investigate the interplay and the elastic interferences induced by two
coupled chains having different elastic frustration rates. As in the previous studies, the
simulations are performed using the MC method running on spins and lattice positions
accounting for the change of the chain size along the spin transition.

The manuscript is organized as follows. Section 2 introduces the model Hamiltonian
and the details of the simulations. In Section 3.1, we present the results in the case of
only one frustrated chain. In Section 3.2, we frustrate both chains and study their thermal
properties for various frustrations rates. In Section 4 we conclude and outline some possible
extensions of the present model.

2. The 1D Electro-Elastic Model

We consider a model system, made of two elastically-frustrated 1D SCO chains, each
one containing N = 120 SCO sites. The sites inside each chain are connected by nn and
nnn springs, while the interchain elastic interactions are ensured by diagonal springs, as
depicted in Figure 1. In each chain, the atoms (sites) can occupy two states, namely low
spin (LS) and high spin (HS), to which we associate the fictitious spin state, S, whose
eigenvalues are, respectively, S = —1 (LS) and S = +1 (HS).

Figure 1. Schematic view of the interaction configurations of selected sites among the two 1D coupled
SCO chains, considered in this study.

2.1. The Model Hamiltonian without Frustration

In the current model, the lattice sites are coupled by springs and are constrained to
move only along the direction of the chains (i.e., x-direction). Thus, the atoms do not
move along the y-direction where the shortest distance between the two chains (along the
y-direction) is fixed to Rf' = 1.2 nm. In each chain, the sites are coupled elastically to their
nn by springs of elastic constant Eq and to their nnn by other springs of elastic constant, Ay.
The elastic interchain interaction is ensured by diagonal springs of elastic constant A;. The
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equilibrium distances between the SCO sites depend on the values of the spin states of the
linked sites, as it will be detailed below. Figure 1 summarizes all information concerning
the configuration scheme of the intra- and inter-chain elastic interactions.

As described above, the equilibrium bond lengths between the sites depend on the
spin states of the connected sites. This important property allows to include the change of
the length of the chain along the spin transition between the LS and the HS states. Thus, the
equilibrium distances between two nn sites i and i + 1 are noted R(S1;, S1,i+1), for the first
(top) chain numbered by index 1, and R(Sy;, Sy i+1) for the second (bottom) chain numbered
by index 2. To use a more compact form for the expressions of the equilibrium intra-chain
bond lengths as a function of the fictitious spin states of nn (resp. nnn) i and i + 1 (resp.
i, i + 2) sites, we adopt the following notation, R(S;;, Sy;11) (resp. R'(Sy;, Sy i12)), where
¢ = 1,2 stands for the chain number. The expressions of R(S1;,51+1) and R(Sy,S2+1)
are written so as to ensure a bigger length of the chain in the HS state in comparison to
that of the LS state. Between the chains, the equilibrium nn distances are taken equal to
R{){H and those along the diagonal directions, involving spins from both chains, are noted,
Do(51,i,S2,i41)-

The total Hamiltonian describing this system of two coupled 1D chains, accounting
for the electronic and elastic degrees of freedom [39,44-47], writes:

H = H; + Hy + Hyp, 1)

where, H; and H, are the respective energetic contributions of chains 1 and 2, while Hj,
accounts for the elastic interaction between the two chains. Their expressions are given
as follows:

Hy = ¥ (Ao — kpTIng) Sy, + BTy [((x1; — x1,i01) — R(Su, 51,i+1))]2 + ATy [((xy; — x142) — R'(51,i,51,1+2))]2/ ()

Hy = 3¥N (Ao — kpTIng) Sy, + Eo Xy [((35; — X2,i41) — R(Sa,s, 52,1‘+1))]2 + A0LN [((xp; — x2,42) — R'(Say, 52,i+2))]2, 3)

2
Hip = 2?:1 A {dlz — V2Dy(S4,3, 52,&1)] , (4)

where, d12=\/(x2,i+1 - xl,i)z + (R{){H)z(or \/(xl,i - xzriﬂ)z + (R(I)JH)Z) is the instantaneous
distance for both diagonal directions between the two chains (red dashed lines in Figure 1.

The first terms in Hy and H; in Equations (2) and (3) correspond to the electronic
contributions of the ligand field energy Ag at 0 K, while the temperature-dependent term
—kpTIng, accounts for the entropic effects originating from the difference of effective elec-
tronic and vibrational degeneracies of the LS and the HS states, attributed to the significant
changes in intra-molecular vibrations and lattice phonons spectra upon HS to LS transition.
The second and the third terms of Hamiltonians H; and H,, describe the elastic interac-
tions between the nn and nnn sites, respectively. Here, the elastic constants Ey and Ay are
assumed, for simplicity, as independent of spins (S;) and site positions (x;).

In the non-frustrated version of the model, the nn (resp. nnn) i and i + 1 (resp. i and
i + 2) sites of the first chain with corresponding spins Sy ; and Sy ;11 (resp. S1; and Sq i42)
are linked through springs, whose bond lengths at equilibrium are noted Ro(S1,;, S1,i+1)
(resp. R{(S1,i,S1,i+2))- The same notation applies for the second chain too.

Let us denote by R(IJ{H = Ro(+1,+1), R(%L = Ro(—1,-1),and R(I){L = Ro(+1,—1) the
respective nn equilibrium distances between the HS-HS (HH), LS-LS (LL), and HS-LS (HL)
sites. Due to the volume increase upon LS to HS transition, one has Ri'* > RL > REL.
Moreover, for the sake of simplicity, we consider here that, R(I){ L— w, which means
that the equilibrium bond length between two nn HS and LS sites is exactly equal to the
average distance between those of LL and HH configurations. Within this framework, it
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is quite easy to demonstrate that the general expressions of the nn and nnn equilibrium
distances relate to the spin states through the simple general formulas:

0

Ro(Sri Seiv1) = RY™E + ZR(Sé,i +S¢i41), 5)
)

RO(SeirSeiva) = 2R + 7R(5f,i + Sit2), (6)

where the quantity g = (R§/" — R!) is the lattice parameter misfit between the pure LS
and the HS phases.

Hamiltonian Hjp, given in Equation (4), which contains the elastic interaction
between the two chains along the diagonals, involves the equilibrium distance

DO(Sl,i/ 52/1'11) whose expression writes DO(Sl,ir SZ,iil) = \/(R(I)_IH)Z + [R()(Sl,i, Sl,i+1)]2 or

\/ (REH )2 + [Ro(S2,i, 52,i+1)]2, according to the considered diagonal direction.

It is important to notice that, according to Equations (5) and (6), when the chain is
totally HS, the equilibrium distance between two nn HS sites is equal to Ro(+1, +1) = R}'H
and that of two nnn HS sites along the chain is systematically equal to R)(+1, +1) = 2RH,
which then satisfies the minimization of the elastic energy. This remark also applies to the
LS state. In the following, we will see how can we break this harmony through the presence
of an extra strain in the lattice.

2.2. Introduction of the Elastic Frustration

The concept of elastic frustration, which is at the heart of the present paper, assumes
the existence of a lattice mismatch between the nn and the nnn equilibrium bond lengths
inside the chains. In a previous work [44], we studied the effect of such elastic frustration
in an isolated 1D SCO chain by introducing it only between LS-LS and LS-HS neighbors.
In the present model, we extend these investigations to two coupled frustrated chains,
while keeping, as in the previous study, the HS state free from any elastic frustration, in the
two chains.

The idea of elastic frustration consists of the existence of antagonist equilibrium bond
lengths between the nn and nnn along the chains when LS-LS and LS-HS configurations
are involved. Since no transverse displacement of the sites is allowed in these simulations,
once frustrated the system will not be able to totally relax the excess of stress. The new
expression of the nn equilibrium bond length, including the frustration effect between sites
iand i + 1 in the two chains, is written as follows:

ORGe (1 _ Stit Stin
2 2 !

R(S¢irStiv1) = Ro(SeisSpia) + )
where, Ro(Sy i, S¢it1) is the non-frustrated equilibrium nn bond length distance, whose
expression is given in Equation (5), with ¢, (¢ = 1,2) representing the rates of frustration
strength for the two chains. It is important to notice that the expressions of the equilibrium
bond lengths of the nnn sites along the chain are still given by Equation (6).

Thus, according to Equation (7), in the case of three consecutive LLL (LS-LS-LS) sites
in chain 1, for example, the equilibrium nn distances are equal to R(—1, —1) = R5L + 6r&y,
while the nnn equilibrium distance within the chain, is still given by Equation (6), and is
equal to R’ = 2REL # 2(REL + 6réy). Since geometrically, R’ = 2R, a bond length misfit
does exist between these two quantities, for the reason that the sites can only move along
the x direction. With this frustration which constrains the system, the latter is forced to
optimize its total elastic energy by moving the neighboring lattice sites and sharing the
excess of elastic energy inside the chain, so that the final mechanical equilibrium will clearly
depend on the nn and nnn elastic constants as well as on diagonal the elastic coupling
between the chains.
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2.3. Model Parameters and Resolution Method

To perform the present simulations, we use in both chains the following values of
non-frustrated nn equilibrium bond length distances: R = 1.0 nm, R}’ = 1.2 nm and
RET = 1.1 nm, leading to the following bond length misfit between the LS and HS phases:
dg = 0.2 nm. The intra-chain elastic constants have been fixed to Ey = 24,000 Knm 2 =
24 mev.A=2 for the nn interactions along the chains, and to Ay = 0.1E, for the nnn
elastic interactions within the same chain. The diagonal inter-chains elastic constant is
fixed to A; = 0.05Ep. The used value of the ligand field energy is Ay = 450 K, and
that of the degeneracy ratio is, Ing = 5, to which corresponds the molar entropy change,
AS = RIng ~ 41 J.K.Mol ™!, which is in fair agreement with experimental data of calorime-
try reported in the literature [24].

The MC simulations are performed on two coupled chains, each of which contains
120 sites. The sites are visited randomly along the MC procedure. The stochastic algorithm
is performed as follows: for a site i randomly selected, with spin S; = £1 and position, x;,
anew spin value S; = —§; is set without position change. This spin change is updated,
using Metropolis transition rates, and whatever the result of this first process (accepted
or rejected spin change), a second MC procedure is applied to the lattice positions by
performing slight motions of all nodes (selected randomly) with a random displacement of
maximum amplitude, 6x = 0.05 nm, which is much smaller than the smallest equilibrium
distance R = 1 nm, between sites. This procedure of the lattice relaxation is repeated
10 times for each spin flip in order to reach the mechanical equilibrium. Afterward, a
new site is randomly selected and we repeat the procedure until all lattice nodes are
visited for the spin change: we then define such step as the unit of the Monte Carlo step
“MCS”. In the present simulations, the thermal properties are calculated by changing
the temperature by 1K step. At each temperature, we perform 2500 MCS to reach the
equilibrium state and we use 2500 other MCS for the statistics. Within this procedure,
each site is displaced 2500 times for 1 MCS. So, at each temperature, each spin state and
lattice position is updated 6 x 107 times, respectively. We have checked that increasing
the simulation time does not affect the final results, which ensures that we reached the
stationary state for spin and lattice position variables.

3. Results and Discussions

This section is devoted to the detailed study of the thermodynamic properties of
this set of two coupled frustrated chains. To this end, we first determine the thermal
dependence of the usual macroscopic order parameters describing the spin transition,
which is first the HS fractions, nys, (¢ = 1,2) of the two chains 1 and 2, which connect to
the corresponding average magnetization < S >, (¢ = 1,2) through Equation (8). Con-
comitantly, we also calculate the thermal dependence of the average intra-chain (< d >/)
and diagonal inter-chains (< d >17) of the instantaneous bond length distances, given
by Equations (9) and (10), respectively. The previous average quantities can be simply
expressed as:

1+ <S>

ns, =~ ®)

YN (g ii1—x0)
<d > ===+ -, 9
¢ (Ne—1) ©)

2 2 2 2

; Ty (xZ,iH - xl,i) + (R§™)" + \/(xl,i+1 - x2,i) + (Rg™) 10
< >12 - Z(Nx _ 1) ’ ( )

Nx ¢ .
where ¢ = 1,2 stands for the chain number, < § >,= Z’%XS“ is the average spin value of the

0" chain, (x¢i41 — x¢;) is the instantaneous nn distance between nn sites inside chain £ and
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2
the quantity \/ (leiﬂ - X Z.) + (RHH )2 is the instantaneous diagonal distance between

site 7 + 1 of chain 2 and site i of chain 1. The total HS fraction of the whole system is then
given by:

1
npgs = E(nHS] + npys, ), (11)

In view of the complex structure of Hamiltonian (1), the latter is solved numerically
by Monte Carlo (MC) technique running on spins S; and position variables, x;. Here, we
aim to study the thermal properties of this system, considering the frustration rates of the
two chains, ¢; and ¢y, as control parameters.

In all the investigations outlined below, we start the simulations from the high-
temperature phase, where the lattice is prepared in the HS phase, by fixing all spins
to 5; = +1 and all nn (resp. nnn) bond length distances equal to R(I){ H (resp. 2R5{H ). The
advantage is that this state is not frustrated by construction, and therefore the total elastic
energy of the initial lattice is null.

3.1. Frustration of the First Chain

In the first step, we impose an elastic frustration in the nn equilibrium bond lengths
solely in the first chain, and we let the second without frustration, which means that we fix
¢2 = 0. Our objective here is to investigate the effect of the frustration of the first chain 1 on
the thermal properties of chain 2 while monitoring the frustration parameter ¢;, with values
ranging from 0 to 1.3.

3.1.1. Thermal Dependence of the HS Fraction

The obtained results are summarized in Figure 2, where the panel of Figure 2a displays
the thermal dependence of the HS fraction, 71, of chain 1 for different values of ¢;. In
the absence of frustration (¢; = 0), one obtains a hysteretic first-order transition of width
AT = 8.4 K. This result may be found quite surprising for a 1D chain. However, the
volume (here the length) change, accompanying that of the spin state, generates infinite
long-range interactions between the spin states, leading the system to belong to the mean-
field universality class, as demonstrated by several authors [48] even at 3D [46,49]. This
important property allows obtaining long-lived metastable states around the transition
temperatures on heating and cooling, at the origin of the hysteretic character of these
first-order transitions.

When elastic frustration comes into play (i.e., {; # 0 in Figure 2a), the curve of the
thermal dependence of the HS fraction of chain 1 shifts to the low-temperature region,
and the transition transforms from first-order with hysteresis to a continuous two-step
transformation with a large plateau around ngg; = 0.5. In the panel of Figure 2b, is
presented the corresponding thermal dependence of the HS fraction, ns, of chain 2.
It is remarked that in the absence of frustration in chain 1, chain 2 displays exactly the
same curve of HS fraction as that of chain 1. This is well understood when examining
Hamiltonians (2) and (3) which are equivalent for {; = ¢>. In contrast, when chain 1 is frus-
trated, a symmetry breaking occurs between the two Hamiltonians, since exchanging the
indexes 1 by 2 and vice versa does not keep the total Hamiltonian invariant. Consequently,
the two chains are expected to have different behaviors. Indeed, the comparison between
Figure 2a,b clearly shows that chain 2 (Figure 2b) feels a strong elastic strain that deforms
its HS fraction curve by decreasing the transition temperature. Beyond the value ¢; = 0.3,
the previous mechanism is accompanied by the appearance of humps along the thermal
transition, for small HS fractions values, announcing the existence of a slight two-step
transition. Interestingly, above some threshold value of ¢, located in the interval 0.6-0.8,
chain 2 experiences incomplete spin transitions, characterized by the presence of a residual
HS fraction at low temperature, whose amplitude increases with the frustration rate {; of
chain 1.
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1.0 Only the first chain is frustrated 1.0 Only the first chain is frustrated
—_—t=13 % =13
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Figure 2. (a) Thermal dependence of the HS fraction npgs; of chain 1 for different values of the elastic
frustration rate, {1, showing the occurrence of discontinuous and hysteretic first-order transitions
for §1 < 0.6 and continuous multi-step transitions for higher ¢; values. (b) Corresponding thermal
dependence of the HS fraction npg; of chain 2, showing a similar behavior with the presence at a low
temperature of a residual HS fraction beyond ¢; > 0.6.

We have studied the ¢1-dependence of this residual HS fraction emerging in chain 2,
noted 7j,s,, the behavior of which is summarized in Figure 3. The results clearly indicate
the existence of a critical value {¢ = 0.6, beyond which the LS state is no more the stable
state at OK in chain 2, while chain 1 which directly experiences the elastic frustration, is
already in the LS phase. Remarkably, Figure 3 indicates that beyond ¢ the residual fraction,
;g linearly increases with the frustration rate ¢;.

064 T=0K i

Hs2 It

0.0{=
00 02 04 06 08 10 12 14

Figure 3. Low temperature (0 K), frustration rate ¢;-dependence of the residual HS fraction, nj;g,, of
chain 2, derived from Figure 2b. Notice the existence of a threshold value ¢ = 0.6 above which n};s,
linearly increases with (.

3.1.2. Thermal Dependence of the Lattice Bond Lengths

To understand the origin of the two-step (resp. incomplete) transitions appearing
in chain 1 (resp. 2) of Figure 2b above the threshold value, ¢; = ¢ = 0.6, we plot in
Figure 4a—c the corresponding thermal behaviors of the average nn lattice intra-chains bond
lengths < d >4 (Figure 4a), < d >; (Figure 4b), and interchain distance, < d >1, (Figure 4c).
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<d>4(nm)

It is immediately remarked that as soon as §; is nonzero, the average low-temperature
bond lengths < d >1, < d >3, and < d >1, become larger than their expected equilibrium
LS values, which are, respectively, 1.0, 1.0 and v/2.44 nm.

1.20 Only the first chain is frustrated 1.20 Only the first chain is frustrated
—_— =13 —_— =13
1.15- — =10 1.15 —F =10
—f =08 ’g —t =038
1.101 —t; =06 %1.10- —; =06
—_— =04 A ] —F, =04
1.05- —;=02 v 1.051 —; =02
J — J —f =0
1.00 L 1.00 L
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
T (K) T (K)
(@) (b)
1.70 Only the first chain is frustrated
1.68
— 1.66- =g =10
£ —_— =08
£ 1.64] °
N , —F; =06
it 1-52'. —t =04
Y 1.60- —C =02
— =)
1.58 !
1.56

0 20 40 60 80 100 120 140
T (K)
(©)

Figure 4. Thermal dependences of the average nn distances, < d >; of chain 1 (a), <d >, of
chain 2 (b) and < d >, along the diagonal interchain direction (c). The data correspond to those of
Figure 2. All figures show a monotonous increase in the relaxed lattice parameter of the LS state
(ie., <r; > at0K)as g increases.

The analysis of the results of Figures 3 and 4 and the correlation of the electronic and
the elastic properties of the lattice, lead to the conclusion that when < d >; exceeds the
value < d >; = RHL = 1.1 nm (see black curve in Figure 4a) for & = 1.0, a plateau starts
to emerge in the thermal dependence of npg; in Figure 2a and concomitantly a nonzero
residual HS fraction appears in the 2nd chain (Figure 2b). This proves, once more, that
chain 2 (Figure 4b) follows the same behavior as that of chain 1, although the values of the
average parameter < d >, differ slightly from those of < d >; when the frustration rate
¢1 increases, due to the interchain elastic coupling. In Figure 4c, the diagonal bond length
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< d >1p between the two chains also follows the same trends with temperature as < d >4
and < d >, except for the behavior of < d >, at 0 K which presents a few differences
from those of < d >1 and < d >»,.

Overall, 1 induces a negative internal pressure in the lattice resulting in tensile stress.
According to Figure 4a,b, the latter is bigger for chain 1 than for chain 2, as clearly confirmed
by the data of Figure 5a, where we plotted the 0 K values of < d > and < d > as function
of ¢1. In addition, the difference (< d >1 — < d >;) even increases as a function of ¢;
(Figure 5b). However, contrary to the thermal behaviors of the HS fractions of the two
chains, given in Figure 2a,b, the corresponding average nn bond lengths < d > and < d >,
show very similar temperature dependence trends, as demonstrated by Figure 5c, which
illustrates an almost perfect linear correlation between these two parameters.

T —r—rT—r— T 0-012l'l'l‘l'l'l'l'l
1.16- T=0K . T=0K '
» <d>4(nm) MC data . 0.010- / .
1424 ¢ <d>y(nm)MC data 1 /
A ' E 0,008 .
£ ‘ = =
< 1.08; . 1 210,006 ad :
A (] T
v : Y
1.04- ' ] 0004 - ‘ 1
o .é 4’./'
0002 / .
1.00"' 7 |”’
——T T T T T T 0000 ————————————————
00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14
3 5
(a) (b)
1.48— , ; . .
T=0K Ve
1.12- y ]
51.08— P "
'GN [ )
Vv 1.04 7 :
1.00{ " A

100 1.04 108 112  1.16
<d>;(nm)

(c)

Figure 5. (a) Relaxed 0 K nn distances, < d >1, < d >, in panel (a) and (<d >; — <d >3) in
panel (b) in the LS state vs. the frustration rate, {;. Panel (c) depicts a remarkable linear behavior of
< d >3 vs. < d >y, indicating a fair correlation between these two parameters.

To summarize this part, it is important to keep in mind that the elastic frustration is
only injected in chain 1. As a result, in the LS state, for example, all equilibrium distances
of chain 1 become bigger than those of LS, which forces chain 1 to expand. However, since
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the latter is coupled to chain 2 by imposing all nn interchain distances as invariant (see
Figure 1), this constraint enhances the frustration in both chains. Therefore, the intermediate
plateaus obtained in chain 2 are caused by the behavior of the first chain which experiences
a stronger elastic frustration, the part of which is transferred to chain 2, via the diagonal
interchain interactions.

3.1.3. Self-Organization of the Spin States and Lattice Bond Lengths

To provide more insights into the electronic organization mode inside the plateau
region, we plot in Figure 6, the spatial configurations of the spin states (red dots = HS and
blue dots = LS) inside the lattice along the two-step thermal transitions (see Figure 2a) of
chain 1, for the frustration rate value, ¢; = 1.3. An undeniable evidence of the occurrence
of an ordered LLHHLL ... state, noted for simplicity L2H?2, is identified in the plateau
region in the interval 25 < T < 40 K. In the same Figure 6, we depict the corresponding
spatial configurations of the spin states along the thermal transition of chain 2 (black curve
of Figure 2b), which is characterized by the emergence of a residual fraction npyg, ~ % at
low temperature, where an ordered state LLHHHH ... , noted for simplicity L2H4 is also
evidenced. In addition, it is important to notice for both self-organized states, the presence
of antiphase boundaries, since the symmetric configurations, H2L2 (resp. H4L2) have the
same energies as L2H2 (resp. L2H4).

T=30 K LS o HS o

Site position i

Figure 6. Snapshots of the spatial distribution of the spin states of the two chains at T = 30 K
and for ¢y = 1.3, corresponding to the plateau region of the black curves of Figure 2a,b. Chain 1
(Figure 2a) shows an antiferromagnetic-like organization of type L2H2, while chain 2 displays an
antiferromagnetic-like organization of type L2H4 (Figure 2b).

Interestingly, this self-organization of the spin states is accompanied by that of the
nn bond lengths along the two chains. To check this aspect, we draw in Figure 7a the
behavior of the interatomic distance, dy= x;;1 — x;, along chain 1, corresponding to the
self-organization of Figure 6. A clear periodic modulation of the lattice bond length is
identified, showing the existence of a quasi-periodic oscillating sequence of d/H, gHL gL
distances, perturbed at some points by the presence of the antiphase boundaries, in excellent
agreement with the predicted H2L2 structure of Figure 6. Similarly, the dependence of
nn bond length d,= x; 1 — x; along the x-direction for the chain 2 (Figure 7b) also gives
a periodic modulated structure, which is consistent with the L2H4 self-organized spin

state of Figure 6, since now the nn distances follow the periodic sequence, gHH gHH gHH
dHL 4LL,
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1 1 1 L 1 L 1 1 1 1 1 1 1
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Figure 7. Space-dependence of the nn bond length, in the plateau region corresponding to the
snapshot of Figure 6, (a) along chain 1 showing a spatial modulation, corresponding to a perfect
L2H2 structure and (b) along chain 2, denoting a periodic spin state organization of type L2H4. The
model parameters are the same as those of Figure 4, except for {1 =1.3and T =30K.

3.2. Both Chains Are Frustrated

Now we study the general situation where both chains are frustrated according
to Equation (7), with respective frustration rates, ¢; and ¢, in such a way as to cause
antagonist distances between nn and nnn sites. Our objective here is to investigate the
thermal behavior of each chain subsystem as a function of the values of the frustrations ¢
and ¢ in order to investigate their mechanical interplay through the analysis of their nn
intra- and nnn interchain interactions. In these calculations, we fix §; = 1.3 and we vary ¢»
in the interval 0 to 1.1.

3.2.1. Thermal Dependence of the HS Fraction

The results of the MC simulations are summarized in Figure 8, where we report the
thermal behaviors of the HS fractions of each chain for various ¢, values. In Figure 8a,
we recall for comparison the case already presented in Figure 2a of {; = 1.3 and {» = 0
(black curve), which results in the occurrence of a double-step transition with a plateau
around npgg; = 0.5 for chain 1, and an incomplete spin transition with a residual HS
fraction, nj;¢, ~ % at low temperature in chain 2. When the frustration of chain 2 comes
into play, the value of its residual HS fraction, n};s,, decreases gradually to 0.38 for ¢ = 0.2
(Figure 8b) to reach finally n};s, = 0 (LS) for ¢ = 0.4 (Figure 8c). This transformation is
accompanied by the emergence of a first plateau around #n;s = 0.5 in the total HS fraction
(blue curve in Figure 8c). When ¢ exceeds the value 0.6 (see Figure 8d), a second plateau
starts to appear in the thermal dependence of the total HS fraction nyg around ngg = 0.25
(see Figure 8e). For higher frustration values, the thermal dependence of the HS fraction
exhibits three steps (Figure 8f-h) and even four-step spin transitions for {; = 1.1 (Figure 8g),
with the presence of several plateaus in the total HS fraction (blue curve in Figure 8g). For
¢1 = G2 = 1.3, the two chains become equivalent and the thermal dependences of their HS
fractions perfectly overlap, as seen in Figure 8h.
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Figure 8. Cont.
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Figure 8. MC results of the thermal dependence of the HS fraction, nygy, of chain 1, npgy, of
chain 2 and that of the average HS fraction npg, of Hamiltonian (1) for different values of the elastic
frustrations strengths, {1, and &,, showing the occurrence of multi-step transitions. ¢; is fixed to 1.3
in all figures. From panel (a-h), {» = 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.1, and 1.3, respectively.

3.2.2. Self-Organization of the Spin States in the Plateau Regions

To obtain a clearer view of the organization mode of the spin states inside the plateau
regions of Figure 8, we plot in Figure 9 the spatial configurations of the spin states (red
dots = HS and blue dots = LS), for both chains (identified by 1 and 2 in the figures) along
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the thermal transition of the three-step behavior of Figure 8g, for three temperature values,
T =37,18,and 10 K.
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Figure 9. Selected snapshots of the spatial distribution of the spin states of two coupled SCO chains
of 120 sites, corresponding to Figure 8g. An antiferromagnetic-like organization in the plateau regions
of the black and red curves of Figure 8g is obtained for (a) T = 37K, (b) T = 18K, and (¢) T = 10 K.
The model parameters are the same as those of Figure 8g, where §; = 1.3 and {» = 1.1.

The first snapshot, presented in Figure 9a, associated with the highest plateau of
Figure 8g, at T = 37 K and nyg = 0.5, depicts the presence of a special antiferromagnetic-
like structure, made of dimerized LL-HH-LL-HH spin states along the two chains. This
structure is perfectly consistent with the previous HS fraction value. In contrast, it is clearly
different from the usual antiferromagnetic-like HLHLHL structures, usually reported in
the literature of 2D Ising-like models, except for the case of frustrated nnn Ising-like model
combining competing nearest and next-nearest exchange-like interactions [35,36], which
are introduced by hand to produce the sought-after effect.

The second snapshot, presented in Figure 9b, shows a mixture of antiferromagnetic-
like structures, L2H2 and H2L configurations, emerging in chain 1 at T = 18 K, while
chain 2 is fully LS, leading to an average HS total fraction equal to %, in agreement with the
data of Figure 8g. In the third snapshot, reported in Figure 9¢c, and obtained at 10 K, chain 1
self-organizes with the special structure LH2LH?2 ... , displaying a periodic alternation of
antiferro and ferro short-range ordering, while chain 2 is fully LS, a situation which is also
consistent with the results of Figure 8g.

Let us come back now to the panel of Figure 9a. Here, the meticulous inspection
of the interchain ordering indicates that the two chains are clearly antiferro-elastically
coupled. However, the presence of antiphase boundaries induces some disorder due to the
energetic equivalence of the LL-HH-LL... and the HH-LL-HH configurations. To confirm
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the emergence of this interchain antiferro-elastic coupling, we present in Figure 10 the
spatial dependence along x-direction of the spin products S;; X S;, of two sites of the
same rank i, belonging to different chains for the temperature T = 37 K. The behavior of
Si1 X Sip as function of i clearly confirms the presence of an antiferro-like organization
(Si1 x Sijp = —1) between the two chains in the intervals 5 < i < 35,82 < i < 90 and
110 < i < 120 while ferromagnetic-like organizations (S;1 x S;» = +1) are obtained for
35 <i<80and 90 <i < 110.

Il
J | LI
|
JULE [0

0 20 40 60 80 100 120
Site position i

Figure 10. The product S; 1 x S;» as a function of the site positions of two coupled chains of 120 sites,
corresponding to Figure 8g at T = 37 K. Notice the clear coexistence of alternate ferromagnetic
(Si1 X Sijp = +1) and antiferromagnetic-like (S;; x S;» = —1) inter-chains orders. The model
parameters are the same as those of Figure 8g, where for {; = 1.3 and §, = 1.1.

4. Conclusions

One-dimensional spin crossover solids are widely studied in the literature due to their
specific anisotropic character which allows many original behaviors, such as large thermal
hysteresis, incomplete as well as multi-step spin transitions. Therefore, they represent
excellent objects of study for theoreticians due to their one-dimensional character, which
presupposes a simple implementation and rapid calculations when they are modeled.
In previous works [42,43], we have analyzed the origin of multi-step transitions in an
isolated 1D binuclear SCO chain, by adapting the original electro-elastic model in which
we introduced an elastic frustration in the intra-binuclear bond length distances. In the
present work, we have extended our model to investigate the thermal behaviors of an SCO
system made of two elastically coupled mononuclear chains. Each chain contains N SCO
sites that are coupled through springs with their nearest and next-nearest neighbors. The
elastic interchain interactions include diagonal springs, while the nn inter-chain distance
is assumed as invariant. As a result, the atoms in both chains can only move along the
longitudinal directions, which then imposes a strong constraint or a geometrical frustration
during the expansion and the contraction of the chains, corresponding respectively to
transitions into the HS and LS states. In addition, specific frustrations, related to the
existence of antagonist nn and nnn distances are injected in the chains. In the end, the
model is solved using Monte Carlo simulations, performed on the spin states and the lattice
positions. The obtained results can be summarized as follows. First, when we frustrate
only the nn bond lengths of the first chain, with an elastic frustration strength &1, we
demonstrate that the thermal dependence of the HS fraction curve of the second chain
strongly deforms by decreasing its transition temperature. The latter effect is accompanied
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by the emergence of a significant residual HS fraction at low temperatures, whose amount
linearly increases with the rate of frustration, ¢;. The interplay between the two chains is
attributed to the role of the elastic strength generated by the elastic interchain interaction
along the diagonal directions.

In the second step, we frustrated both chains by imposing different frustration rates,
¢1 and ¢p. We found that, for higher frustration values in the two chains, the thermal
dependence of the HS fraction of each chain exhibits three and even four plateaus upon
HS to LS transitions. Moreover, the analysis of the spatial organization of the spin states
in these intermediate states revealed the existence of several unexpected and complex
configurations in the case of strong and different elastic frustration rates in the two chains.
These results also significantly depend on temperature. Thus, while for ; = 5 the two
chains are equivalent, an important difference takes place for §; # ¢,. Indeed, in this
particular case, new types of self-organizations of the spin states are obtained, such as
HH-LL-HH-LL ... for chain 1 and LL-HH-LL-HH ... for chain 2. This type of spatial
modulation of the spin state, which is also accompanied by a spatial organization of the
lattice bond lengths, is interesting and opens the way for a new type of self-organization of
the spin states for systems with a higher number of chains.

On the basis of the findings presented here, the extension of the current model to
investigate the effect of the frustration on the dynamics of the LS to HS photo-excitation
mechanism through LIESST [50-52] (Light-Induced Spin State Trapping) might be very
instructive. Moreover, the analysis of isothermal relaxation of the metastable photo-induced
HS state, searching for evidence of multi-step relaxation processes, reminiscent of the
thermal behavior of the system, deserves to be considered in the near future. Finally, it is
interesting to highlight that all developed ideas related to the effect of elastic frustration and
lattice anisotropy can be easily extended to Fe-Co Prussian blue analogs (PBA) [53,54] and
valence tautomeric (VT) systems [55-58] which have very similar elasticity and bistability
characteristics as SCO materials. In the case of PBA (resp. VT) the spin transition of Co
is accompanied by a charge transfer between Co and Fe (resp. ligand) with a significant
change in volume. Thus, the same ingredients as those of SCO exist also for these families
of charge transfer solids.
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