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Abstract. We consider a 2D spin crossover (SCO) nanoparticles configuration under the
influence of an external environment. Each nanoparticle is at the vertex of a triangular lattice
leading to hexagonal-shaped systems. Each molecule located in the bulk is then connected to
six nearest-neighbours (nn) while those situated at the surface have three or four nn.

Adapting the entropic sampling Monte Carlo method, using three parameters: nus (the total
high spin fraction), s (the correlation: the sum of nn interactions the molecules) and n®us (the
high-spin fraction at the surface), we determined the density of macrostates D(nus, n°us ,s) by
scanning the full spin configurations. This information is then used to analyse the thermal
behaviour of the system taking into account for the short- (J) and long-range (G) interactions as
well for the interactions (L) between the molecules at the surface and the matrix (environment).
The present contribution is devoted to the investigations of the required physical conditions
which allow this triangular 2D lattice to exhibit a re-entrant phase transition, in particular when
the size of the nanoparticles is reduced.

1. Introduction
Reducing the size of microelectronic components, increasing their performance and guaranteeing

reasonable prices is one of the challenges for the future. That’s why in recent years, there has been a
growing interest in the field of spin-crossover (SCO) solids [1-4]. The spin-crossover materials have
the advantage of being able to switch from a low spin state called LS to a high spin state called HS
under the effect of an external physical disturbance: temperature, pressure, light, magnetic fields [5-9].
This switching can be accompanied by physical changes such as the color for the appearance,
conductivity for the property and volume for the size.

This work aims to study the spin-crossover of Fe (II) compounds located in an octahedral ligand
field under the effect of temperature which is one of the most effective physical factors used to induce
the transition from one state to another. The spin transition compounds can display a different kinds of
magnetic behavior with a variation of temperature (progressive or abrupt, two or more stages,
complete or incomplete, with or without hysteresis). In this contribution we are particularly interested

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
Published under licence by IOP Publishing Ltd 1


http://creativecommons.org/licenses/by/3.0

International Conference on Mathematical Modelling in Physical Sciences IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 1141 (2018) 012073  doi:10.1088/1742-6596/1141/1/012073

in studying the influence of the interaction between the surface molecules and the surroundings on the
spin transition accompanied by a thermal hysteresis cycle for triangular 2D spin-crossover
nanoparticles from numerical simulations based on the Ising-like model.

2. Model:
In order to predict the behavior of the material with temperature variation, numerical simulations were
performed based on the Ising-like model.

Ising-Like model proposed first by Wajnsflasz and Pick[10] and then by Bousseksou et al [11] uses
a fictitious spin operator o which can take the value +1 or -1 to specify respectively the HS and LS
state with degeneracies gus for the HS and gis for the LS state. Linares et al [12-13] proposed an
explicit extension of this model by introducing short- and long-range interactions, termed J and G
respectively in the model. Another important term that will be introduced is the interaction (L)
between the surface molecules and the surroundings [14-16]. The addition of the L. parameter is based
on the fact that surface molecules have specific properties.

As a result, the Hamiltonian is written in the following form:

A-kgTing
H = szli\,:lo-i —]¥<ij>0i0—GYiL0,<o>-LYL 0, (1)

Where N and M are respectively the total and the superficial number of different sites for the
atoms. This Hamiltonian, as expressed, makes it possible to simulate the material behavior in an
environment characterized by its interactions not only in the core of the material, but also at the edge.

In this expression ¢ presents a fictitious spin operator which can take the value -1 (the low spin
state) and the value +1 (the high spin state), A is the gap between the low spin state and the high spin
state, g = gus / gis is the ratio between the respective degeneracies gus and gis of the HS and LS
states.

The following definitions of macroscopic parameters are highlighted as they will be useful in the
description of different thermodynamic properties:

m = Z{V=1 0i (2)
s = Z<i,j> 0; 0j G)
c= le\c/lzl o'y “4)

Where 6'x represents the molecules on the edge, m and c are respectively the total and superficial
"magnetizations" and s is the sum of two spin correlations. The Hamiltonian can be written as:

H= (006 <o>)m—Js— L (5)
The fictitious magnetic average is given by:

m; 1
Z?’:Llﬁd(sziCi)eXp(—m(—hmi—JSi—LCz)>

<o >= (6)

sNL d(miSiCi)eXp(—ﬁ(—hmi—JSi—LCi)>
Where N is the total number of atoms, d<m,s,c> is the density of states that represents the
number of degenerate configurations (configurations with the same m, c and s values), NL the

different macro-configurations <m,s,c> and h is expressed as:
_ A-kgTling _
h=- (2R < o) 7)
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In this case we are dealing with a self-consistent equation (< ¢ >= f(< o >)) which can be
solved numerically by the bisection technique. At the end we can write the solution as ngys, the high-

spin fraction:

1+ (o)
Nys = 20 (8)

To obtain the density of the states d(m;s;c;) in Equation (6) we have adapted the entropic
sampling Monte Carlo method [13, 17], using three parameters: nus (the total high spin fraction), s (the
correlation: the sum of nn interactions the molecules) and n’ys (the high-spin fraction at the surface).

3. Results and discussions:

We consider nanoparticles of a triangular lattice leading to hexagonal-shaped systems, see Fig 1 Each
molecule located in the bulk has then six nearest-neighbours (nn) while those situated at the surface
have three or four nn.

VAN

(a)

(b)

(c)

Figure 1 :Schematic representation of hexagonal-shaped systems: (a) Triangular case, (b) Hexagonal lattice
with 7 atoms (designed H2 in this article), (c) Hexagonal lattice with 19 atoms (H3)

We have studied six cases, with 7, 19, 37, 61, 91 and 127 molecules with quite different ratio "t"
number of molecules at the surface versus the total number, as it is shown in table 1. This "t" ratio is
important to highlight the influence of the environment, reflected by the "L" interaction term, over the
molecules at the surface.

Table I: Different size of hexagonal-shaped systems.
N = total number of  t= number at the

atoms surface atoms/N
H; 7 0.85
H; 19 0.63
Hy 37 0.48
Hs 61 0.39
Hs 91 0.32
H-, 127 0.28

In our simulation we use typical values of spin crossover compounds for the A parameter (the
energy gap between the fundamental energy level of the HS and the LS states) and the g= gns/grs
values: A/kg = 1200 K, In(g) =6.5.
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First we consider the case where the there is no interaction between the molecules at the surface
and the environment (it means L=0).

0,9 -
0,8 -
0,7 1
0,6
%)
< 051 S, = H2 (7 atoms)
< tThy H3 (19 atoms)
. = H4 (37 atoms)
H5 (61 atoms)
= H6 (91 atoms)
= H7 (127 atoms)

180 185 190

Figure 2: The simulated thermal behavior of the total high spin (HS) fraction, Nus(T), for different
system sizes from H2 (7 atoms) to H7 (127 atoms). The computational parameters are: A/ks = 1200 K,
G/ks= 170K, J/ks =15 K, L/’ks = 0 K, In(g) = 6.5.

As it is shown in Fig. 2 the thermal hysteresis decrease as the number (and so the size) decreases
until it disappears. This behavior is explained by the fact that the Curie (or the order-disorder)
temperature designed by Top decreases when the size of the molecules decreases whereas the
transition temperature designed by Teq is fixed (in our case Teq= 184.6 K for the parameters chosen
for the simulation). The value of the transition temperature is obtained from the following equation:

A
Teq - kplng (9)
The first-order phase transition takes place when the condition Top>Teq is satisfied.
We study now the case corresponding to the interaction between the molecules at the
surface and their immediate environment, L/kg = 125 K. Our results are shown in Fig 3.
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Figure 3 : The simulated thermal behavior of the total high spin (HS) fraction, Nus(T), for different
system sizes from H2 (7 atoms) to H7 (127 atoms). The computational parameters are: A’kg = 1200 K,
G/ks = 170K, J/ks =15 K, L/ks = 125 K, In(g) = 6.5.

We take the case H2 (7 atoms) to better analyze the result

0,94
0,84
0,7 ] //
0,61 s
»n 0,51 \
< -y
Zz 0,41 - H2 (7 atoms)
S = stable
0.31 = metastable
0,24 = unstable
011 T T T 1
145 150 155 160
T [K]

Figure 4 : Enlarged view of the simulated thermal behavior of the total HS fraction for the case H2 (7
atoms), Nus(T).

In the zone bounded by the two green arrows, there appears a thermal hysteresis, the interactions
are then strong enough leading to a 1st order phase transition with a hysteresis cycle. The hysteresis
consists of three main zones where the free energy F of the system has extrema corresponding to
stable, metastable and unstable solutions:
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» For T>Teq, the HS state is the most stable; it is represented by the zone (3) of the curve in
blue while the BS state is metastable; it is represented by the zone (2) in black.

» For T<Teq, the BS state is the most stable; it is represented by the zone (1) of the curve in
blue while the HS state is metastable; it is represented by the zone (4) in black.

» The red zone in the figure whose slope is negative represents the unstable zone.

Figure 3 shows that the material undergoes a spin transition with hysteresis. The thermal hysteresis
decreases in width when size decreases (127, 91, 61 atoms) until its disappearance for the case H4 (37
atoms) then reappears (for 19 atoms) and continues to increase in width (for 7 atoms). This is a re-
entrance phase case.

For more evidence of this behavior we have plotted in Fig 5 the variation of the width of the
hysteresis as a function of the number of molecules.

2,5+

[N — N
o (6} o
1 1 1

Tup-Tdown [K]

o
-\./

o
o
1

0O 20 40 60 80 100 120 140
N total

Figure 5: The hysteresis's width as a function of the total N number of molecules

This result is explained by the influence of the interaction between the surface molecules and the
surroundings designed by L on the value of the transition temperature. For the molecules at the
surface Teq is given by the following equation:

surf _ A-2L
To = o (10)

The transition temperature, Teq, for the total triangular lattice Nl is the solution of the

following equation:
A-kpTeqIng

x Nbulk + =22~ BTea 09

The resolution of this equation gives the analytical expression of the lattice size-

X Nsurf =0 (11)

dependency of the transition temperature, as:

Npuik bulk 4 Nsurf surf
Tog =—XT, +—=xT 12
eq Ntotal eq Ntotal €q ( )

Where T and T, "/ are the transition temperatures of the bulk and the surface, whose

CXpI‘CSSiOl’lS arc:
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Thuk = 2~ 184.61K and TSV = 22% ~ 146.15K
Kglng Kplng

The numerical data is obtained with the parameters used in our simulation work.

As far as the ratio "t" (= Nsurf/Ntotal) parameter increases (and this is the case when the

rf

size decreases, see Table 1), the influence of the Tes; increases. It follows a decreased value

of the total T, and then a re-appearance of the thermal hysteresis.

4. Conclusions:
The impact of interaction between the surface molecules and the surroundings on the transition

temperature Teq and therefore on the thermal hysteresis has been investigated in a 2-D model based on
numerical simulations according to the coupling parameter L. When L=0 the increase in size is
accompanied by the increase of the hysteresis width, however when L is different than zero the
hysteresis disappears and then reappears due to the interaction between molecules at the surface and
their immediate close environment.
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