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In this paper, we discuss in the framework of a mechanoelastic model the electronic and mechanical behavior
of a single layer of spin crossover molecules self-organized on a substrate. We consider the molecules situated
in a face-centered-cubic structure interacting in between and with sites in the substrate by the way of connecting
springs with given elastic constants. The main experimental results are reproduced, i.e., typical thermal tran-
sitions with their incompleteness of the hysteresis loop, residual fractions after low-temperature relaxations,
cooperativity, or kinetic features. However, we prove that the simple model, implying fixed neighbors on the
substrate for every spin crossover molecule, leads in some cases to unphysical situations, corresponding to
unexpected large curvatures of the spin crossover layer. Therefore, to go further, we allow every spin crossover
molecule to change its adsorption site on the substrate at every moment, by connecting to the closest molecules
on the substrate. This approach, corroborated with the use of different densities of the sites on the substrate,
allows us to simulate further experimental observations, such as the appearance of cracks inside the layer or
periodic arrangements of apparent heights of spin crossover molecules on the layer leading to moiré patterns, for
which experimental data are also provided.

DOI: 10.1103/PhysRevB.107.014304

I. INTRODUCTION

Spin crossover (SC) inorganic compounds [1] are particu-
larly attractive due to their ability to switch between two spin
states under external stimuli such as temperature, pressure,
light irradiation, or applied voltage [2–4]. Their molecular
switching occurs between the paramagnetic and higher en-
tropy high-spin (HS) state, stable at higher temperature, and
diamagnetic low-spin ground state (LS). Besides magnetic
properties, the molecules in the two states have different
volumes and optical properties. These properties make them
suitable for various applications [5]. For example, recent
studies demonstrated the modification of device behavior de-
pending on the spin state of the incorporated molecules [6–9].

The subsequent miniaturization can dramatically modify
their properties. Especially, for thin molecular films, the sub-
strate used for the growth can play a major role in the
switching properties [10–12]. Indeed, as demonstrated for
thin films of Fe(H2B(Pz)2)2(bipy) (Pz = pyrazol, bipy =
bipyridine) on HOPG (highly oriented pyrolytic graphite), the
decrease of the film thickness from 10 monolayers to a sub-
monolayer leads to the decrease of the transition temperature
and a loss of the cooperativity [11]. In addition to that, for
FeII((3, 5–(CH3)2Pz)3BH)2 (FeMPz) molecules on metallic
substrates, the epitaxial relationship between the molecular
film and the underlying substrate [13] induces incomplete
spin transition [14]. At low temperature, the mixture of spin

*Corresponding author: cristian.enachescu@uaic.ro

state for submonolayer coverage or even single molecules
has been evidenced for various couples of SC molecules and
substrates [15,16]. As evidenced by scanning tunneling mi-
croscopy measurements, SC molecules can also be addressed
individually but again this property is very sensitive to the in-
teraction to the substrate [17–20]. The light transition can also
be affected by the underlying substrate with the observation
of anomalous light induced spin state switching for FeMPz on
gold and copper [21].

Only a few models have justified the behavior of SC layers
on substrates. In recent papers, Boukheddaden et al. stud-
ied the behavior of SC membranes deposited on deformable
surfaces [22], while rPBE (revised Perdew-Burke-Ernzerhof
functional) quantum chemistry calculations suggested the ex-
istence of mixtures of low-spin and high-spin molecules of
Fe(II) complexes situated on a surface [23]. In other recent
studies, elastic models have been used for reproducing the
thermal hysteresis experiments on layers of SC materials on
various substrates [14,24], the epitaxial effects [13], and the
role of cooperativity [20].

Here, in order to qualitatively understand the influence
of the epitaxial interactions on the behavior of a SC film
deposited on a substrate, we present an extensive study of a
three-dimensional mechanoelastic model applied to a single
monolayer situated on a substrate.

Due to difficulties related to numerical aspects and compu-
tational time, the elastic models have been applied in most
cases to 2D samples [25–29]. Only very recently, several
studies referred to 3D samples of different shapes [24,30,31].
For layers composed of molecules allowed to move in all
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FIG. 1. Hexagonal (a) and rectangular (b) shaped samples, showing epitaxial effects, used in the simulations in their equilibrium HS
state. Red spheres: HS molecules; green spheres: sites on the substrate. The size of the systems has been intentionally reduced for a better
visualization.

directions, buckling effects have been observed [30], while
the mechanical interactions with a substrate have been shown
to be at the base of the appearance of a residual HS fraction
during the thermal transition of Fe(Pz)Pt(CN)4 nanoparticles
adsorbed on a sapphire surface [24].

This paper focuses on epitaxial effects experienced by one
single monolayer of self-assembled molecules in contact with
a substrate and it is organized as follows: first, we present
the basic three-dimensional mechanoelastic model and we
discuss the results obtained, in terms of hysteresis and relax-
ation curves, residual high-spin fractions, and elastic energies.
Then, considering the limits of the basic model, we adapt
it for the case of smaller interactions between the SC layer
and the substrate, by considering the self-adjustable choice
of neighbor sites of SC molecules on the substrate and, in a
further step, different densities of substrate sites comparing to
the SC molecules.

II. MODEL

In the present simulations, SC molecules are represented as
balls with different radii in HS and LS states, situated in the
vertices of a single rectangular or hexagonal island in a tri-
angular configuration, which are allowed to deform under the
effect of the elastic energy. Each SC molecule (except those
situated at edges) is linked to its six closest spin crossover
molecules situated in the same layer by springs with an elastic
constant kmol, which modulates the cooperativity of the sys-
tem. The triangular configuration has been chosen not only for
a better stability of the system, but also in order to allow the
use of one single elastic constant for springs connecting SC
molecules. In addition, each SC molecule is linked to three
substrate sites in a face-centered-cubic (fcc) configuration by
springs with an elastic constant ksub, which corresponds to
the epitaxial effect observed in experiments [13]. The manner
in which SC molecules are connected in between and with

the substrate is presented in Fig. 1, for both hexagonal and
rectangular situations.

The simulations in the present paper are performed for
spin crossover layers composed of 70–24 210 molecules in
triangular configuration with hexagonal or rectangular shape;
the substrate has the same shape as the SC layer, but is one
line larger on each side, to ensure that all SC molecules,
including those on the edges are linked with three substrate
sites. The equilibrium state corresponds to a situation when
all SC molecules are in the HS state (which means that the
configuration of the substrate is equivalent with that of a fully
HS SC layer). In this situation, all springs have their natural
length—they are neither compressed nor elongated.

The Hamiltonian for the elastic model can be simply writ-
ten as [26]

H = 1

2

∑
i

(D − kBT ln g)σi + k

2

∑
i, j

δx2
i j, (1)

where σi is the spin state of the ith molecule, the first term
corresponds to the Gibbs free energy of the system (D is
the HS → LS energy difference and can be regarded as the
difference in enthalpy between the two states in the case of
noninteracting molecules; g is the vibronic degeneracy ratio
between the HS and LS states such that kB ln g corresponds
to the difference in entropy between them two states), and
the second term stands for the elastic energy (k is equal to
either kmol or ksub) calculated as the sum of energies for all the
springs (including springs between spin crossover molecules
and substrate) in the system.

The material parameters used in the present paper, D =
1500 × 10−23 J, g = 1096 (which corresponds to an entropy
difference between the states equal to 9.7 × 10−23 J/K), giv-
ing a thermal transition for the bulk centered around 155 K,
are in line with standard experimental calorimetric data for
Fe(II) spin crossover systems [32,33] and are similar to those
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FIG. 2. Thermal hysteresis for different sizes of rectangular-shaped SC layers situated on substrates. kmol = 4 N/m [(a), (b)], kmol = 10
N/m (c), ksub = 0.5 N/m [(a), (c)], ksub = 1 N/m (b). Direct comparison of kmol and ksub effects in the case of a system composed of 2430
molecules (d).

used in other mechanoelastic approaches of spin crossover
systems. Spin crossover molecules in their HS state and sur-
face molecules have a radius of 0.22 nm, while molecules in
the LS state have a radius of 0.20 nm. The distance between
centers of molecules is 1 nm in the LS state (1.04 nm in
the HS state)—which means that the springs have an uncom-
pressed length of 0.6 nm. These values correspond to x-ray
experimental measurements for typical spin crossover systems
[32,33].

The evolution of the system is then described through
Monte Carlo Arrhenius dynamics, in which the transition
probabilities are modulated by the activation energy barrier
of the HS → LS relaxation Ea (600 × 10−23 J), which is con-
sidered as relative to a global reference state in which all the
molecules are in the HS state. In this approach the transition
probabilities can be written [27]

Pi
HS→LS = 1

τ
exp

(
D − kBT ln g

2kBT

)
exp

(
−Ea − κ pi

kBT

)
,

Pi
LS→HS = 1

τ
exp

(
−D − kBT ln g

2kBT

)
exp

(
−Ea + κ pi

kBT

)
,

(2)

where τ is a scaling constant (here 1000), chosen so that the
above probabilities are well below unity at any temperature,
and pi is the local pressure force (measured in N) acting on

molecule i, defined as

pi =
∑

neighbor springs

k δxi j, (3)

with δxi j taken positive for compressed springs and negative
for elongated ones, and κ is a scaling factor between the local
pressure and the activation energy of the individual molecule
and takes the value 1450 × 10−14 J/N, similar to that used in
previous studies [34].

The simulation is realized in two steps. First, in a Monte
Carlo step (MCS), we compute the switching probabilities
according to Eq. (2) for all molecules in the system and we
compare them with random numbers generated in the range
(0, 1). If a transition probability for one particular molecu-
lar switch is higher than the corresponding random number,
then the switching is accepted and the molecule flips to the
new state; otherwise, the molecule keeps it previous state.
Different radii of HS and LS SC molecules will result in a
compression or elongation of neighboring springs, which is
transmitted throughout the sample as an elastic wave. In a
second step, after every MCS, the position of all molecules
in the system is updated by solving a system of differential
equations which takes into account the pressure forces deter-
mined by the elongations of the springs for every molecule in
the system [25]. The final positions of molecules correspond
to the mechanical equilibrium; i.e., the resultant force on every
molecule is zero.
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FIG. 3. Relaxation curves for different sizes of the spin crossover layer, for intermediate values of kmol (kmol = 4 N/m) [(a), (b)] and ksub

(ksub = 1 N/m) (a) or large kmol (kmol = 10 N/m) (c) and small ksub (ksub = 0.5 N/m) [(b), (c)]. Relaxation curves for a system composed of
2430 SC molecules for different kmol and ksub values (d).

FIG. 4. Snapshots of the SC layer (top view) in the steady state after relaxation for different sizes for rectangular-shaped layers (a) (750,
2430, 4320, 10 830 units from left to right) and hexagonal-shapes layers (b) (660, 1261, 4760, 10 740 units from left to right). Scale not
respected. Blue circles: LS molecules; red circles: HS molecules. Moderate interactions in between molecules and with the substrate have been
considered (kmol = 4 N/m and ksub = 1 N/m).
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FIG. 5. Relaxation curves for a high cooperative system com-
posed of 2791 molecules (kmol = 40 N/m) situated on a substrate
(ksub = 4 N/m) and as a free 2D system. Insets: Snapshots of the
final stationary state for the layer on the substrate showing stable
LS clusters and of a transitory state (nHS = 0.5) for the 2D system
showing an avalanche phenomenon.

III. RESULTS AND DISCUSSION

A. Size effects and role of elastic constants

First, we have computed thermal hysteresis for SC
rectangular-shaped layers of different sizes situated on sub-
strates, considering different cooperativities (kmol) and elastic
interactions (ksub) with the sites on the substrate. Even if
recent experimental studies show that the bulk modulus is
state dependent, [37,38], for the sake of simplicity we have
considered here a unique value for kmol, irrespective to the
state. In the Appendix, we present the effects of using state-
dependent elastic constants, with a larger elastic constant for
springs connecting LS states, which only slightly affect the
simulated curves. From the results presented in Fig. 2, we can
notice the influence of these parameters and of the system size
on the width and the shape of the hysteresis loop, as well as

FIG. 6. Elastic energy between SC units (main figure) and elas-
tic energy with the surface (inset) for moderate values of ksub = 1
N/m, kmol = 4 N/m, for the steady states corresponding to relaxation
curves in Fig. 3 (circles) and for forced fully LS states (squares).

FIG. 7. Snapshots of the system (side view) for a system com-
posed of 2430 molecules for ksub = 1 N/m (a) and ksub = 0.04 N/m
(b) with kmol = 4 N/m. Map of relative elongations of springs con-
necting SC molecules with the substrate for ksub = 1 N/m (c) and
ksub = 0.04 N/m (d).

on the residual HS fraction. The increase of the strength of
substrate-monolayer interactions translates into larger residual
high-spin fractions [Fig. 2, panels (a), (b), (d)]. This situation
is due to the shrinking of the layer while molecules switch
from larger volume HS to lower volume LS state, which
produce larger elastic forces between SC layer and the sub-
strate. These forces, directly depending on the value of the
elastic constant of the springs linking SC molecules to sub-
strate molecules, gradually decrease the HS → LS transition
probabilities with every molecule switching from HS to LS
state. A similar description was previously used for explaining
the larger residual HS fraction observed in spin crossover
molecules embedded in matrices [35,36]. The strengthening
of intralayer cooperativity produces the same effect [Fig. 2,
panels (a), (c), (d)] [14]. As the system size increases, larger
high-spin fractions are obtained, irrespective of kmol and ksub

values.
It is well known that the Monte Carlo simulated hysteresis

loops are influenced by kinetic effects [39], and thus the tem-
perature sweeping rate, which can also play an important role
for the residual fraction, has to be considered. To overcome
limitations in the computational time that increases for small
temperature sweeping rate, in the following we rather simulate
relaxation curves which can provide valuable information in a
straightforward way.

Relaxations for systems with the sizes between 120 and
10 830 molecules at 60 K are plotted in Fig. 3. In Fig. 3,
panels (a), (b), (c), we considered either intermediate values
of kmol (kmol = 4 N/m) and ksub (ksub = 1 N/m) or large kmol

(kmol = 10 N/m) and small ksub (ksub = 0.5 N/m). The kmol

values are similar to those used in previous papers dealing
with the effect of a substrate on hexagonal spin crossover
layers [13,14,20,24], slightly smaller than those estimated by
the DFT-U calculations [13]. In Fig. 3(d), we show various
relaxation curves for a system composed of 2430 molecules.
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FIG. 8. Representation of elastic energies at every site, for a system composed of 2430 molecules, as the energy of springs linking SC
molecules with the substrate [(a), (c)] and as the elastic energies of springs linking spin crossover molecules [(b), (d)] for ksub = 1 N/m [(a),
(b)] and ksub = 0.04 N/m [(c), (d)] with kmol = 4 N/m. Red circles: Small values; blue circles: large values.

Basically, the same aspects as in the case of the hysteresis
loops may be noticed: for smaller systems the relaxation is
complete in all situations while a residual fraction appears
and then increases with the size of the system, converging to
a limit, with the value depending on the cooperativity and the
interaction with the substrate [Fig. 3, panels (a), (b), (c)]. For

FIG. 9. After every step the spin crossover molecule is connected
with the three closest sites on the substrate.

larger ksub and kmol, the residual HS fraction increases [13],
and in order to obtain a residual fraction close to unity, a very
large value of the kmol should be considered (kmol = 10 N/m)
[Fig. 3(d)].

In order to understand the microscopic behavior of the
SC molecules, it is useful to visualize the snapshots of the
system corresponding to final steady states, which we display
in Fig. 4, for rectangular-shaped systems and, for compari-
son purpose, for hexagonal-shaped systems for moderate kmol

(kmol = 4 N/m) and ksub (ksub = 1 N/m). For rectangular
systems, the residual HS fractions correspond to those in
Fig. 3(a). We notice that the SC molecules situated at the
edges are more susceptible to switching to the LS state, be-
cause of the natural cluster development from the edges or
corners [40], but also to the larger flexibility of the lattice
at edges which results in the possibility to get closer to the
substrate and thus to reduce the pressure forces from the
substrate. At the same time, the central parts of all systems
present similar proportions of HS and LS molecules. There-
fore, the dependence of the residual fraction on the size shown
in Fig. 3, panels (a), (b), (c), is at least partly determined by
the ratio between the number of SC molecules situated at the
edges and the total number of SC molecules in the layer.
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FIG. 10. Comparison of relaxations curves, for a hexagonal-
shaped lattice with 2670 molecules for two systems with fixed
links between SC molecules and the substrate and with flexible
links in the case of moderate kmol = 4 N/m and ksub = 0.04 N/m
values.

Here it is instructive to compare the behavior of a SC
layer on a substrate, with a 2D plane hexagon, without any
constraints from a substrate (Fig. 5 and inset of Fig. 5),
where the transition is driven by formation of clusters from
the edges, subsequently showing an avalanche-type switch-
ing, in the case of a high cooperativity (here kmol = 40 N/m
and ksub = 1 N/m) [40]. In the case of a system linked to a
substrate, the first nucleation germs are equally formed near
corners, but the effect of the substrate prevents their further
development toward the bulk, which remains mostly in HS
state. A steady state is then produced, with a well-defined HS
residual fraction.

The total elastic energies between spin crossover units for
the moderate ksub and kmol values are presented in Fig. 6
(red symbols). We notice that they increase with the num-
ber of involved sites, both in absolute values and in values
corresponding to one single molecule. For comparison, we
present together the total elastic energy of a supposed LS state
(for this representation, the spin crossover units are forced
to the LS state and then the elastic energy is calculated after
they relax to the lower energy state). The difference between
the two energies is relatively small for small systems, but
dramatically increase in the case of very large systems; that
is why it is more difficult to obtain the complete relaxation
to the LS ground state for large systems. Actually, a simple
analytical calculation in the case of a spin crossover chain
situated on a substrate considered fixed on Z axis shows that
for a full switching to the LS state, the elongation of springs
linking edge molecules of the chain to the substrate would
be larger than 10% if the length of a chain surpasses 45 sites
(considering the bending of the chain or a 2D layer would
change this value, but the underlying problem will be similar).
In simulations, this situation must be avoided as it surpasses
the limits of harmonic approximation. Certainly, strong in-
teractions between substrate and SC layer would not allow

such large spring elongations (and this is actually the main
reason for which the transition is not complete), but in the
case of lower interactions, this may happen, as we discuss in
the following paragraphs.

Therefore, we have to establish the conditions in which
the system keeps its physical meaning. Let us explore in the
following the influence of the ksub value on the behavior of
the SC layer. In Figs. 7(a) and 7(b) we represent snapshots
corresponding to steady state after relaxation for a moderate
ksub = 1 N/m and a small ksub = 0.04 N/m, while keeping
kmol = 4 N/m. Due to the fact that SC molecules reduce their
volume during the switch from HS to LS state (while substrate
sites are fixed), the whole SC layer will reduce its size during
relaxation and the elongation of the springs will increase. In
order to keep the total elastic energy to a minimum, the SC
layer becomes distorted. As explained above, the SC layer is
more distorted in the case of small ksub constant, as the smaller
spring constant with the substrate allows the spin crossover
molecules to move relatively free on the Z axis, while in the
case of a strong coupling with the surface the elastic energy
stored in springs would be too large if SC molecules approach
the substrate. This is in agreement with data presented before
for multiple layers of spin crossover nanoparticles [24], where
it was shown that for a free system a minimum energy state is
obtained when a switched molecule moves outside its initial
plane (the so-called buckling effects), and the size of the
lattice on the XY plane does not practically change as the
deformation is transferred to the Z axis.

In the same time, the motion of molecules on the Z axis
influences the length of the springs, as one can see in Figs. 7(c)
and 7(d). If in the case of moderate ksub the relative change in
length is low (under 10%), in the case of low value of ksub

most of springs connecting SC molecules with the substrate
change dramatically their length from 10% to almost 50%.
This change is larger in the case of molecules situated along
edges, and only SC molecules very close to the center of the
layer are not affected. Consequently, the use of a too low
ksub value leads in the framework of this model to unphysical
situations and must be avoided.

A further insight to this situation is provided by the com-
parison, in Fig. 8, of the elastic energies for the two systems.
For this, we have to distinguish between elastic energies of
springs linking spin crossover molecules and of springs link-
ing sites with the substrate. Due to the deformation of the SC
layer, the elastic energy stored inside the springs will increase.
While in the case of moderate ratio, the distribution of ener-
gies is quite homogeneous (with somewhat higher values of
the SC-substrate energies for molecules situated at the border,
as they move more), for small ratio, the situation of energy
distribution is different. As explained above, the edge SC
molecules needed to move more (because of the lower HS
fraction), and their energy with the substrate is considerably
higher than that of bulk molecules. However, the elastic en-
ergy between molecules is smaller around corners than in the
bulk, which is in line to the energy of a cluster starting form a
corner in 2D systems [40–43].

As a conclusion, we should be aware that a too large
(i.e., a hundred times) ratio between kmol and ksub leads to an
exceptional variation of the length of springs connecting edge
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FIG. 11. System showing large local distortion for a system of hexagonal shape with flexible links composed of 2670 molecules for
ksub = 0.04 N/m [(b), with zooms in (b1) and (b2)] and comparison with a system with fixed links (a).

SC molecules with the substrate, which exceeds the present
harmonic hypotheses of the mechanoelastic model. Therefore,
in the following we propose an alternative method for dealing
with such situations.

B. Extended model considering self-adjustable interactions

As we have previously discussed and represented in
Fig. 7(b), in the case of small ksub, the curvature of the spin
crossover layer is extremely large. Particularly in the case
of large systems, for a complete transition, the horizontal
projection of the distance between the SC molecules and their
linking substrate sites is very large. That is why for large
ksub the system is stuck with a high HS residual fractions
(the elastic energy in a case of a distorted system in order
to allow the complete transition will be too high), while
for lower ksub the edges of the system are approaching the
substrate.

In order to prevent this behavior, instead of considering
for every SC molecule three fixed neighbors on substrate, we
assume the presence of self-adjustable interactions between
the SC molecules and the substrate. For this, at every moment
we choose as neighbor sites, the three closest sites on the
substrate for every molecule. Consequently, an additional step
is added to the algorithm: after every Monte Carlo step, we
determine which are the closest three sites on the substrate for
every SC molecule and (re)connect this molecule with them,
as we can see in Fig. 9.

The immediate effect of this procedure on the relaxation
curves can be seen in Fig. 10. As the system has more flex-
ibility now, more HS spin crossover molecules will relax
toward the LS state, for the same values of the parameters
of the system. In the first one hundred MC steps or so,
the relaxation curves are quite similar, as the lattice size
changed very little and few SC molecules changed their linked
sites, but the difference increases as approaching the steady
state.

However, this procedure may affect the stability of the
system and lead to the appearance of cracks. Certainly, the
too large curvature of the SC layer is eliminated (Fig. 11),
but local distortions can be very large because several SC
molecules on the layer have the same corresponding sites on
the substrate [inset of Fig. 11(b)].

This is not completely unexpected, as experimentally
cracks can sometimes be observed in molecular islands.
Figure 12 presents an example of such phenomena on a
self-assembled molecular island of one-monolayer FeMPz
sublimated at 358 K on a Au(111)/mica substrate kept at room
temperature and imaged at 200 K.

FIG. 12. 200 × 200 nm2 STM topographic image of one mono-
layer of FeMPz molecules adsorbed on Au(111)/mica at 200 K
(V = 0.3 V, I = 20 pA).
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FIG. 13. Change of the substrate interacting sites of a SC
molecule is facilitated by a larger density of interacting sites on the
substrate.

C. Self-adjustable interactions and different density of sites on
substrates

The presence of cracks in simulations is determined by the
fact that, following the size reduction during the transition,
several SC molecules will have the same neighbor sites, which
lead to increasing the local pressure. In a further step, we
may assume that the density of substrate sites (or even the
structure of the substrate) is different than that of the SC
lattice, which is justified as the substrate and the lattice are
formed from different materials. In this case, the pressure
on the spin crossover molecules is released as they may
choose between different interacting sites on the substrate
(Fig. 13).

A first effect, visible in Fig. 14, is that, with ksub and kmol

kept constant, both the relaxation kinetics and the residual
fractions depend on the density of interacting sites (i.e., the
ratio of the distance between the neighboring sites on the sub-
strate and the distance between neighboring SC molecules);

FIG. 14. Comparison of relaxations, for different ratios r be-
tween the linear densities of the SC molecules and substrate sites
(r = 1.25 to 0.25) for a rectangular system composed of 2430
molecules with self-adjustable interactions between SC molecules
and the substrate (ksub = 1 N/m, kmol = 4 N/m).

a larger density of sites on the substrate implies more flexi-
bility of the system and less constraints. Indeed, in this case,
SC molecules will be able to change easier their substrate
neighbors with a lower cost of elastic energy and therefore
more energy will be available for the transformation of HS
to LS states. However, by changing the interaction with the
substrate, a residual HS fraction can be obtained again, at the
same value as in previous cases. The hysteresis loop, shown in
Fig. 15(a) for a system composed of 2430 molecules system
with adjustable interactions, show a complete vanishing of the
residual HS fraction.

An important difference determined by a larger density
of interaction sites on the substrate is the absence of large
local or global distortions. One can notice the existence of
periodical arrangements on the position of molecules on Z axis
[Figs. 15(b) and 15(e)]; the period depends on the value of
the interaction with the substrate and on the distance between
interaction centres as in the classical 1D Frenkel-Kontorova
model [44], showing the self-organization of stresses with
the surfaces [45]. In Figs. 15(c) and 15(d) we present the
building up of the LS states during the HS → LS transition
for different values of nHS , showing that moiré patterns start
to form just below nHS = 0.5. We notice that at early stages
of the transition, if a molecule has switched to the LS state, it
approaches the substrate; however, as the transition proceeds
some molecules become closer to the substrate than others
and thus the periodic arrangement of heights of molecules is
created.

By this approach, it would be possible to simulate inter-
actions with substrates having different structures comparing
with the spin crossover layer, with the only concern to de-
termine, for every SC molecule and at every moment, three
interacting sites on the substrate.

Experimentally, moiré patterns can be observed by STM
over nanometric FeMPz islands adsorbed on Cu(111) or on
HOPG substrates as visible in Fig. 16. Here the two samples
have been annealed at room temperature after sublimating the
molecules on the substrate kept at 5 K. The periodic buckling
of molecules in the 3D mechanoelastic model displayed in
Fig. 15(e) could be at the origin of the observed moiré pat-
terns.

For a deeper understanding of the simulated moiré patterns,
in Fig. 17, we analyze the impact of the ratio r between the
linear densities of SC and substrate sites. All the snapshots
correspond to fully LS states. A small enough ratio (larger
densities of sites on the substrate) allows the SC molecules to
easily find new neighbors on the substrate when the SC layer
shrinks; therefore smaller displacements of SC molecules on
the Z axis will be necessary and the moiré patterns will present
a smaller period. With the considered parameters, moiré pat-
terns can be observed for r = 1/2 and 1/3. Patterns with a
very small amplitude and small periods are also observed
for r = 1/4. Larger distance (r ratio exceeding 2/3) between
substrate sites makes inefficient the periodic arrangements of
SC molecules and the moiré patterns disappear (as in the case
treated in the first part of this paper with the same density
of SC molecules and substrate sites). In addition, we have
represented in Fig. 18 the influence of the elastic constants
kmol and ksub on the appearance of moiré patterns, by keeping
the same ratio (1/2) between the density of substrate sites
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FIG. 15. (a) Hysteresis loop for a system composed of 2430 molecules with self-adjustable interactions between SC molecules and the
substrate (flexible neighbors) (ksub = 1 N/m, kmol = 4 N/m) for a 1/2 ratio between the densities of SC molecules and substrate sites and
comparison with the hysteresis for the same system with fixed neighbors (shown in Fig. 2). (b) Snapshot of the system with flexible neighbors
in its final state. (c), (d), (e) The displacements of molecules on Z axis seen from Y axis for nHS = 0.7, nHS = 0.4, and nHS = 0, respectively.
Blue circles: LS molecules. Red circles: HS molecules.

and SC molecules. We notice that, as far as the kmol is much
larger than ksub, the moiré patterns are preserved without any
visible change, both in periodicity and in amplitude. This is
due to the fact that the elastic energies between SC layer and
substrate are much smaller than those inside SC layer, which
allows the relatively free arrangements of SC molecules on the
Z axis. As soon as the ksub value approaches kmol, the period
of arrangement of SC molecules starts to increase and finally
for kmol equal to ksub, the periodicity completely disappears,

FIG. 16. (a) 30 × 30 nm2 STM topographic image of a domain
of FeMPz molecules grown on Cu(111) (V = −1.5 V, I = 20 pA,
5 K). (b) 50 × 50 nm2 STM topographic image of FeMPz island
grown on HOPG (V = −2 V, I = 10 pA, 5 K).

as the elastic energies between SC molecules are comparable
to those between SC molecules and substrate.

FIG. 17. The effect of the ratio between the linear densities of SC
molecules and substrate sites on moiré patterns. kmol (4 N/m) and ksub

(1 N/m) were kept constant. On the right side of the figure we have
schematically represented the distance between SC molecules (black
circles) and the distance between substrate sites, corresponding to
linear ratios r = 1/4, 1/3, 1/2, and 2/3 of the curves presented in
the lift side. In all cases, the relaxations are complete.
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FIG. 18. The effect of spring constants on moiré patterns for
the same ratio (1/2) between the linear density of SC molecules
and substrate sites. The relaxations are complete in the first three
situations and almost complete (final nHS = 0.01 and nHS = 0.08)
for the two bottom curves.

IV. CONCLUSIONS

In this paper, we have reproduced the behavior of a layer
of spin crossover (SC) molecules situated on a substrate by
the way of a three-dimensional mechanoelastic model. We
have reproduced the existence of residual HS fractions and
studied their dependence on the system size, on the intrinsic
cooperativity of SC system, and on interactions between SC
molecules and substrate. We have shown the drawbacks of
the simple model, which could lead to nonphysical situa-
tions for small values of interactions with the substrate, and
we presented possible improvements, as accounting for self-
adjustable interactions between the spin crossover molecules
and the substrate, which allow the permanent change of the
neighbor sites on the substrate. The simulations realized in
this paper could be useful for the design and the under-
standing of future experiments and applications implying spin
crossover films, as well as for the understanding of other
systems showing epitaxial effects. The research should further
deal with the use of different structures of the substrates, open-
ing the possibility for considering different patterns for OX
and OY axes of the substrate and anisotropic effects and also

FIG. 19. The effect of different spring constants between HS-HS
and LS-LS molecules for moderate kmol, with two extreme cases
ksub = 0.04 and ksub = 0.5 N/m1. The full lines correspond to those
presented in Fig. 2.

should approach the reciprocal influence of the spin crossover
molecules and the sites of the substrate.
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APPENDIX

In this paper, we have used a single value for the elastic
constant between SC molecules. Since in recent experimental
papers, a difference of 25%–50% between the elastic constant
of springs linking HS molecules and those connecting LS
molecules [37,38] has been observed, we have tested here
the effect of considering different elastic constants for springs
connecting HS to HS molecules and springs connecting LS to
LS molecules (with an average value for springs connecting
HS to LS molecules). In Fig. 19 we present this effect for the
case of a moderate kmol with low and high values ksub and
some (small) differences can be observed (a slower decrease
of the HS fraction while descending temperatures and a faster
increase during the ascending hysteresis branch). However,
qualitatively the curves stay the same—and since we are in-
terested here only in a qualitative model, we have preferred to
use the minimum of parameters and a single elastic constant.
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