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Abstract

The thermally induced transitions between low-spin (LS) and high-spin (HS) configurations of spin-crossover (SCO)
nanoparticles are simulated, focusing on the effects of localized surface and bulk interactions on the average magne-
tization of 2D square lattices. The thermal behaviors and hysteresis cycles are investigated within the framework of
the Ising model Hamiltonian and are conducted following two approaches: local mean field approximation (LMFA)
and Monte Carlo entropic sampling (MCES) techniques. The results obtained by these two methods are compared
for the two square lattice sizes, 6 x 6 and 7 x 7. Thus, when the bulk-surface interaction term is set to zero, the two
approaches lead to identical values of the surface and bulk transition temperatures separated by a long intermediate
plateau in both cases. Although hysteresis curves exhibit a similar shape, LMFA shows slightly larger widths AT than
MCES. On increasing bulk-surface interaction term, the two methods lead to different shifts in equilibrium tempera-
ture values for both bulk and surface components, respectively, to lower and higher values by MCES. In general, it is
found that LMFA shifts surface equilibrium temperature differently to lower values and enhances the hysteresis effect,
particularly for surface molecules. On the other hand, for the 7 x 7 square lattice, the equilibrium temperatures are
slightly higher by 1.5% and 3.2% for bulk and surface molecules, respectively, with a narrower hysteresis width in the
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surface. Moreover, with the MCES method, an abrupt transition instead of a hysteresis transition is calculated for
surface molecules (A7} = 0 K).

Keywords: Monte Carlo simulation, local mean-field approach, spin crossover, phase transitions, nanoparticles, bulk-
surface interactions

INTRODUCTION

Spin-crossover (SCO) materials['-°! are composed of transition metals with an electronic configuration rang-
ing between 3d* and 3d’ (chromium, manganese, iron, and cobalt). These metals coordinate with (Sulphur,
Oxygen, or Nitrogen) atoms in octahedral symmetry. Iron (II)-based SCO solids constitute interesting mate-
rials due to their bistable electronic and vibronic nature that allows them to exhibit, as a function of various
stimuli, a spin switching between a diamagnetic low-spin state (LS, eg tgg) with total spin S = 0 and a param-
agnetic high-spin (HS, e§ t‘z‘g) with a spin value, S = 2. Common external stimuli are temperature, pressure,

7-20]

electric fields, high-magnetic fields, and light [7-2°),

In Fe-based SCO materials, the spin transition between LS and HS is accompanied by an increase of ~ 10% of
the Fe-ligand bond lengths due to the weakening of the metal-ligand bonds accompanying the population of
the anti-bonding orbitals e7. This results in the change of the unit cell volume by ~3%-5%. The SCO molec-
ular solids are excellent candidates as sensors of temperature, pressure [2'-24/, and gases, notably of hazardous
volatile organic compounds, as recently demonstrated in several reports>>2¢), They can also serve as switches
of light emission in the electroluminescent devices or photoluminescent !>’ containing SCO complexes or
to enhance plasmonic resonances >

To try to explain and reproduce these switching phenomena from the LS to HS states, researchers have pro-
posed different models, some of which are based on Ising-like -, mechano-elastic **], and electroelastic ")

models, on which switchable core-shell SCO nanoparticles have been investigated in details >3,

In the present study, we focus on the modeling of thermal effects in 2D square SCO nanoparticles. The Ising-
like model is used here and solved in the framework of local mean field approximation (LMFA) and within
the Monte Carlo entropic sampling (MCES) technique in an attempt to reveal the role of interactions with
the external environment (matrix). In this work, we discuss and compare the results obtained by these two

methods. Experimental results on the effect of the surface or the substrate have been reported 3340411,

Although the MCES technique is a good choice to solve the Hamiltonian associated with the extended Ising-
like model, it is limited in terms of computing capacity for samples containing a small number of molecules.
As we would like to analyze the cases of nanoparticles with large numbers of molecules and even thin films
in contact with a substrate, which cannot be studied by MCES, we plan to use an alternative formalism based
on LMFA. With this contribution, the purpose of this contribution is to determine the reliability, limitations,
and drawbacks of the LMFA method when applied to very small systems by comparing it with the MCES
technique.

The manuscript is organized as follows. Section 2 introduces the Model and some details of the parameters
used in the model. In section 3, the MCES technique is presented, while the LMFA is introduced in section 4.
In section 5, we present the simulated thermal behavior of order parameters and the discussion of the obtained
results. Finally, we conclude and outline the possible extensions of this work in section 6.
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THE MODEL

In condensed matter physics, magnetic phenomena observed in a regular lattice are described with the well-
known Ising Model based on interactions between quantum spin variables that were first introduced phe-
nomenologically by Pauli(#?l. Later on, in 1925, Ising!**) used the concept of spins to describe the thermal
behavior of the magnetization of magnetic materials using a 1D model whose statistics were treated in the
frame of a transfer matrix method. Pointing quickly the exact resolution of this model (with zero applied field)
performed with a remarkable mathematical tour de force of Onsager in 1944 4], it is also important to notice
the considerable efforts of several authors in the realization of approximative methods based on variational
treatments of the Ising model, which led to mean-field theory [45] Bethe-Peierls ], etc., which are today widely
used to analytically describe a large panel of cooperative phenomena in solid state physics and beyond.

In the field of molecular switchable materials, the Ising model *°-*! has been adapted to study SCO materials
in which two different magnetic states, HS and LS, interact to display at the macroscopic scale various physical
properties that give rise to a wide variety of transition behaviors. Among them, one can quote: (i) thermally-
induced hysteretic first-order phase transitions!'), gradual or continuous [’! conversions, incomplete (6], and
multi-step transformations [,

To model SCO nanoparticles, a spin fictitious operator with two eigen-values +1 and -1 is associated with each
molecule describing the HS and LS states, respectively. Then, the Ising-like Hamiltonian is used to model the
energy operator connected to SCO. In this respect, the Hamiltonian H can be written as the sum of three en-
ergetic contributions related to the isolated molecule, the interaction between molecules, and finally, between
the molecules at the boundary with their immediate external environment. Thus, H is expressed as:

H=H|+H,+ H; ()
1

with
(i) The single molecule contribution:

A N
H]ZEZ(Ti (2)

where N is the number of molecules, and A is the energy gap at zero Kelvin between the fundamental LS state
and the excited HS state.
(ii) The interaction term:

H2 = - Z J,'jO','O'j
i (3)

where J;; is the coupling constant between the spins of the sites i and ;.
(iii) The interaction between the surface molecules and their environment:
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M
Hy=-L Z o
k=1 (4)

where L is the energy state of each molecule at the surface in addition to the previous ligand 5. The variable,
M, is the number of molecules o at the surface.

In the following, we give a detailed description of each of these terms.

Molecular contribution H,
The two states, HS and LS, have different spin and orbital degeneracies, and the spectrum of intramolecular
vibrations of the molecule strongly depends on the spin state of the central metal.

And, as it has been reported [2], the density of states becomes higher in the HS state than in the LS state, which
is then equivalent to considering these two states as having different effective degeneracies, denoted here by
gus and grs. For simplicity, we consider gis and g5 as independent of temperature. From the energetic point
of view, these effective degeneracies enter the Hamiltonian as entropic terms, of which only their ratio plays a
relevant role. When these specific characteristics of the two states, HS and LS, are considered, the expression
of the molecular term H is written as:

_A—kpTIng

N
) i

i=1 (5)

1

Where g = ’;IL;, T is the temperature, and kp is the usual Boltzmann constant.

At this stage, we see that from the point of view of a single site Hamiltonian, as far as A— kgT'Ing > 0, LS
states, for which o = —1, are favored. When A — kgT Ing < 0, the HS states, for which o = +1 are favored.
At the equilibrium temperature 7, = ﬁ’ there is a “crossover” situation between these two configurations.
The physical quantity that allows the thermal behavior of the system is the HS fraction, denoted here as N#hs,
which represents the probability of the population being in the HS state. In terms of spin values, it represents
the probability of occupation of the spin value o~ = +1. It is straightforward to establish that N&s relates to the

average value of the fictitious magnetization < o > as follows:

2 (6)

Simple Boltzmann statistics performed on Hamiltonian (1) leads to the following relations,

A—kpT1
< o >=tanhf (+ng)

(7)
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Figure 1. Typical thermal evolution (A) of the average magnetization < o >; (B) of the high spin fraction N&s. The calculation parameters
are: A/kg = 1,300 ~ K and In(g) = 6.01.

and

Nhs =

A—kpT1
1+tanhﬁ(;ng)]

2

N =

(8)

from which the curves of Figure 1 showing thermal dependence of the HS magnetization and fraction are
easily derived.

Interaction term H,

The interaction term can be split into two contributions: (i) those arising from nearest neighbors, which are
parametrized using a short-range interaction term J (assumed here to be independent of the site); and (ii)
those including all the other molecules, which are parametrized with a long-range interaction term G, which
is written in the frame of the meanfield approach. In this respect, H; is written as:

N
H2=—JZO',-0']~—G<0'>ZO',- (©)
1 9

<i,j> i=

Considering solely this interaction term Hp, its resolution leads to the thermal evolution of < ¢ >, as given in
Figure 2, which is typical of second-order phase transition. Indeed, at 0 K, the system is either in the ordered
“HS” state with all the spins with o = 1 or in the “LS” state with o = —1. When temperature increases, the
average value of the spin either decreases or increases, as shown in the upper and lower curves. The temperature
at which the average value is zero is called the order-disorder temperature Ty, p or critical temperature 7c.

The region on the left-hand side below the upper curve (respectively above the lower curve) with respect to this
Top temperature corresponds to an ordered phase, while the right-hand side corresponds to the disordered
phase. For an infinite square lattice with G = 0, the critical temperature 7¢ = 2.269 ~ J is obtained in line with
the “Onsager solution”, where T¢ is given by the equation tanh 2% !

ksTc — V2

However, for G # 0, there is no exact analytical solution since the mean-field term acts as an “external field”
linearly dependent on the magnetization. On the other hand, for a finite system, 7c depends on the lattice
size. It is worth noting the symmetric character of the thermal dependence of the net magnetization around
< o > = 0 for the ordered phases, obtained by starting from +1 or -1, as shown in Figure 2, calculated using J
and G in a 6 X 6 square lattice. It is important to mention that this symmetric character remains valid when
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Figure 2. Thermal evolution of the average magnetization < & > obtained in a 6 x 6 square lattice with the following parameters: J/kz =
60 Kand G/kg =172 K.

including the long-range interaction term in the Hamiltonian H», although the expression of 7¢c now becomes
14]

dependent on J and G|
Short- and long-range interaction contributions H, + H,

When the first two terms are combined to model SCO physical behavior with temperature, the Hamiltonian
writes as:

N
A—kgTlhg -2G <o >
H = B ng2 7 ZO’i—JZO','O'j
i=1 I (10)

The symmetry in the configurations consisting of positive and negative sigma values about < o= > = 0 of the
interaction term H; is broken when the latter is superposed with the molecular term H; under the condition
that T,, < T..

In this case, negative solutions of < o= > occur when T' < T, (: k‘%‘lng) while positive values are favored when

T > T,4. Thus, the molecular term H; drives the configurations under the constraint imposed by the term Ho.

Therefore, if T,, < T¢, the < o > solution shifts from a < o > < 0 at low temperatures to the solution with
< o > > 0 at higher temperatures, which indicates the existence of a phase transition.

Surface contribution H;
This H3 term is restricted to the molecules at the surface. The surface Hamiltonian Hg can thus be written as:

M M
A—kgTIng —2G >
Hy = B 1182 <o o —J Z o'l-O'j—LZO—k

=1 (11)

k=1 (i,j)esurface

with M the number of molecules at the surface. Here, for simplicity, the short-range interaction term, J,
between nn spins is considered to be the same at the surface and in the bulk material. Upon factorization, we
obtain:


http://dx.doi.org/10.20517/cs.2023.23

Linares et al. Chem Synth 2023;3:45 | http://dx.doi.org/10.20517/cs.2023.23 Page 7 of 25

M
A—kgTlng —2L-2G
Hg = Bl Ing : <O—>Za'i—]20'i0'j
k=1 g (12)

In order to follow how the equilibrium temperature of the surface molecules (7,)s changes with the value of
the external interaction L, it is calculated under the condition that the longrange coupling term is set to zero
(G =0), and then it can be expressed as:

(). =A-2L
“USG0 " kping (13)

However, it must be noted that the long-range interaction G applies to all molecules, and it may happen that
the average at the surface is equal to zero, while at the bulk, this is not the case.

The total Hamiltonian H;
Now, as one considers the total Hamiltonian, one gets:

N N M
A —kpT1
H=H1+H2+H3=K+MZO',-—JZO'I'O']-—GZO7<O'>—LZO}
i=1 k=1

i=1 ) (14)
which can be written as:
N M
A—kpTlng -2G <o >
HT: ) ZO’[-JZO’,‘O'J' —LZO']( (15)
i=1 {i,J) k=1

In the present work, the Hamiltonian Hy is solved following two different approaches, namely the (i) LMFA
and (ii) MCES techniques, in order to determine the thermal evolution of the average fictitious magnetization,
<o >

RESOLUTION BY MONTE CARLO ENTROPIC SAMPLING METHOD

In this section, we will distinguish three kinds of short-range interaction terms, namely, J;;, the interaction
between molecules in the bulk, Ji, the interaction between the molecules at the surface, and J,,, the interaction
between the molecules at the surface and in the bulk. The corresponding Hamiltonian is written as:

A-kpTlhg-2G <o > < M
— kg _
H = 3 ZO’i—J},bZO’,‘O'j—]SSZO’iO'j—JbSZO'iO'j—LZO'k
i=1 bulk surf B k=1 (16)
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with
A—kpTIn(g) - 2G ™

2

where the respective total and surface magnetizations, m; and m;, respectively, are given by:

N
m; = Z(Ti
i=1

H can be re-written as:

H =—hm; —Jpp X sp = Jgs X S5 = Jps X Sps — Lim

(17)

(18)

(19)

(20)

Where sy, 55, and s, are the short-range correlation functions related to the bulk, surface, and bulk-surface

neighboring sites, respectively. Their expressions are given by the following relations:

Sb:ZO-io—j

bulk

Sy = Z O'iO'j

surface

Shs = Z g0
B-s

(21)

(22)

(23)

The thermal average value of the fictitious magnetization, < o >, is calculated by the following expression:

N .
Stk BEd My, Spys Ssis Sbs;» M) €xp (=BE;)

<o >= 2=l
V4

(24)
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Where Z is the partition function E; is the energy of the macrostate i, and d (my,, sp,, S5, Sps,;» My, ) is the density
of this macrostate. Here, Z is given by:

Np

Z = Z d (m[i’ sb,‘s SS," sbs,'s mS,‘) eXp (_ﬂEl)
p (25)

and

E; = _hmt,- - thsh,- - Jsssx,- - Jhssbs,- - Lms,—

(26)

In Equations (24) and (25), Ny, is the number of different configurations with the same five values m;, s, S5, Sps>
and my. The density of states d (my, sp, S5, Sps, ) is calculated by entropic sampling [48-50] ‘and Equation (24)
is solved by numerical techniques such as bisection. From the thermal average values < o >, the HS fraction
Nhs is calculated using the relation (6).

Let us recall the basic principles of MCES3°-32_ Tt consists in introducing the detailed balance equation of the
Monte Carlo (MC) procedure, as shown in:

P,‘W(i — j) = P/W(j — l) (27)

This suited biased distribution P is designed to favor configurations belonging to weakly degenerated macrostates
while dampening those within the highly degenerated macrostates. It can be expressed as:

1

d (mtiasbivss,wsbsl’vms,’) (28)

P =

In this case, the balance equation can be written as:

W(i — j) _ ﬂ _ d(mli’sb[’ssi’sbi’mSi)
WG —i) P

d(mf_/-ssbjsss_,*,sb_,"msj*) (29)

Using d (my,, Sp,, S5;» Shs,» Ms,;) as a bias, a MC sampling is run; it is termed a “Monte Carlo step” and yields a his-
togram of the frequency of the macrostates H (my,, Sp,, S5;. Sps,» My, )> also written as H; (my,, Sp,, S5;+ Sps,» Ms;).-

By construction,
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Figure 3. Schematic representation of a 2D 6 x 6 square-shaped lattice: filled blue circles represent bulk sites (Ny); filled green and red
circles represent edge (N.) and corner (N.) sites, respectively, interacting with their immediate environment (matrix).

1
d; (my, Sp, Ss, Sps, M) (30)

H; (m;, $p, Ss, Shs, M) < dit (M4, Sp, Sg, Sps, M)

The resulting restricted density of states is calculated after the correction for the bias was applied:

div1 (my, Sp, S5, Sps, M) o< di (M4, Sp, S5, Sps, Mg) X Hi (4, Sp, S, Sps, M)

(31)

The flat character of the histogram H (my, s, S5, Sps, 1) has a convenient convergence criterion to obtain a
very good estimation of the density of the states. In our case, seven iterations of the 10° Carlo Steps were
necessary. After the table of the values of (my, s, 55, Sps, ms) and d (my, sp, S, Sps, M) is obtained, the quasi-
exact partition function can be calculated using the expression (25).

LOCAL MEAN-FIELD APPROACH

In the present work, three types of sites related to three lattice regions are considered: the atoms located in the
bulk (Ny,), which are surrounded by four first-neighbors and those atoms located on the surface and, more pre-
cisely, on the edge (N.) and on the corner (N.), which interact with three and two first-neighbors, respectively.
The molecules located at the surface (edge and corner) interact with an external environment (matrix effect),
which gives them specific properties.

The case of a system comprising 36 molecules is represented in Figure 3.

Note that in the framework of a classical mean-field approximation **! and the case of a 2D square-shaped
lattice, the coordination number is q = 4 [Figure 4].

The consideration of three types of sites leads us to distinguish three local average order parameters < o, >
and three coordination numbers q,. In the LMFA, which amounts to taking into account a local Hamiltonian
for each type of site @ with @ = b, e, ¢, corresponding to bulk, edge, and corner, respectively.

For each region, @, we apply the LMFA. In the case of regions connecting each other only via the long-range
interaction, each molecule o is surrounded by ¢, < o, >, and the local Hamiltonian, given by Equation (14),
can be expressed as Equation (32) below:
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Figure 4. Mean-field approximation in a 2D square-shaped lattice. The o; spin is surrounded by four nearest neighbors with the average
magnetization < o >.

Table 1. The ligand field contributions and the number of short-range interactions as a function of various localizations in the square-
shaped lattice

Site Bulk Edge Corner
qa 4 3 2
Za 0 1 1

. £ A-kpTln(g) A-kpTin(g)-2L A-kpTln(g)-2L
Ligand-field =%2% > >

N N,
% (A= kpT1 Z"
Ha/: § (B—rl(g)_JQqQ<O'Q>—G<O’>—LZQ)O',‘=— ha/(Ti (32)
i=1

i=1 2

with

A—kgTIn(g) —2Jyqq < 04 > —2G < 0 > -2Lz,
2 (33)

hy =

where g, is the number of interactions between a molecule and its first-neighbors, z, is the number of in-
teractions L between a molecule and the external environment, and J,, is the interaction between the nearest
neighbor (nn) molecules. For molecules located in the edge and in the corner, the average value of the number
of interactions with the external environment is set equal to 1 . Table 1 summarizes the characteristics of each
site.

Here, for simplicity of calculations, we have taken z = 1 (the same coordination number) everywhere in the
surface (edge and corner), meaning that we are considering the same connectivity for all molecules at the
surface.

The short-range interaction term J, depends on the location of the molecules. Two interaction constants are
considered in our calculations:

JEMEA for the molecules located in the bulk; J2¥ f 4 for the molecules located at the surface.

J ,ﬂko A , are related to the interaction terms used in the MCES method

by weighting the various interactions of each molecule in each region. Let us consider the case of the bulk
region. We denote by Npp, Ny, the respective bulk-bulk and the bulk-surface bonds, leading to a total number
of bonds including at least one bulk site (Npp, + Njy).

and

These two interaction terms, J YLuAr’I Jf A
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Let J}CE5 and J)CES be the bulk-bulk and bulk-surface short-range interactions used in MCES method. The
total interaction energy term in the bulk region is given by (Np,xJ %CES ) + (NpsxJ % CES) Therefore, the bulk
value JEMFA used in Equation (32) is obtained by averaging over J)1CES, JMCES weighted by the numbers of
their corresponding bonds, as follows:

e (Noo X THCES) 4 Ny x JCES)
J —

butke— (Npp + Nps) (34)

In a similar way, for the surface sites, Equation (35) is written as:

P THCES) 4 (Npy x JHCES)

surf (Nss + Nbs) (35)

where Ny, and JY CES are the number surface-surface bonds and the surface-surface shortrange interaction
term used in the MCES method, respectively.

The average spin state can be written as follows:
A—kpTIn(g) —2Jyqq < 04 > —2G <0 > -2Lz,

< 04 >=tanh (Bh,) =tanh B | — > ,a=Db,e,c (36)
36

So, for each region b (bulk), e (edge), and ¢ (corner), the average spin state is given by:

A—kpTIn(g) —2x JiMFA x4 <03 > -2G < o >
< op >=tanh | — ksT (37)
A—kBTln(g)—ZxJSL,f‘fJfo3<ae>—2><1><L—2G<a>
< o, >=tanh | — ksT (38)
A—kBTln(g)—ZxJSLIf‘;’;Ax2<0'C>—2><l><L—2G<o->
< 0, >=tanh|— Y% (39)

which is equivalent to:
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A - kpTIn(g) -2 x JEMFA x4 < 0y > -2G < o >

2kyT

<o-b>—tanh(— )=§1(<o-c>,<a-e>,<a-b>)=0

(40)

A—kBTln(g)—ZXJSLuAr’[fFAX3<0'e>—2><1><L—2G<a’>
2kpT

<o-e>—tanh(— )=§2(<0'C>,<0'e>,<0'b>)=0

(41)

A—@Tm@%QxJﬂfAx2<mawix1xL—2G<a>
2kgT

<o-c>—tanh(— ):_53(<0-c>7<0-e>a<0-b>):0

(42)

The weighted average of the three local order parameters associated with the three regions, bulk, edge, and
corner, leads to the average fictitious spin of the system expressed as:

Ny <op>+N, <0, >+N, < 0. > 1
<o >= =—>oNo <0y >a=b,ec
Nr Nr (43)

and the high-spin fraction, Nhs, which is the probability that the HS state is occupied and which is written as
Equation (6): Nhs = 157,

The purpose is to solve a system of three equations &;, &, and &3, whose three order parameters < o}, >,
< 0, >, and < o, >, connected by Equation (43), are simultaneous solutions. The Newton method, which is
appropriate for rapid convergences, has been used. Calculations are based on three points x;, x2, and x3 close
to the solution and which represent < o, >, < o, >, and < o >, respectively.

The calculation of the three points “close to the solution” is performed in two steps: Let X be the space in
which values of (x|, x2, x3) are scanned. Let & be the space from which (£}, &1, ¢1) are calculated as a function
of (x1, x2, x3). Then, the first step consists of mapping space X on space £. Those values of (x1, x2, x3) that
map onto (&1, &, £3) close to zero within 10_¢, are then selected to perform the second step: application of the
Newton-Raphson technique.

Solving the system amounts to calculating /i, h,, and 3 such that:

fi(xl +/’l1,)€2+/’l2,)€3 +/’l3) =0,i=1,2,3
(44)

which allows to write in the vicinity of points xj, x2, and x3:
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0 0 0 .
X1+ hy,Xp+ Mo, X3+ 13) =& (X1,X2,X3) + N1 — +ho7— 37— =01=1,2
; h h h3) = & ( h i h & +h i =0,i=1,2,3
0x| 0x) 0x3 (45)
The following system of three equations with three unknowns is thus obtained as:
d¢ 0¢ 0¢
hlﬁ_ +hy == + h3 = = =& (x1,x2,x3)
X1 Oxo 0x3 (46)
i3] 0& 0&
hy L +hy ===+ h3 == = =& (x1,X2,X3)
X1 0x2 0x3 (47)
983 0&3 0¢3
hy +hy ===+ h3 == = —&3 (x1, X2, X3)
8x1 8x ox X3 (48)
And where hy, hy, and hj are calculated as follows:
961 94 ¢, ¢, 961 94
€1 gy o ¢ n an 6
96 08 9& 9& 06 06
5 g, 7 w8 g o an o2
&G 085 03 & 08 0&
e 53 @ 9y P —&3 gy P —&3
VT eE ea gm0 [Ea oa oa 00T e b o4 (49)
0xq dxy 0x3 0xq dx) 0x3 0xq x> 0x3
& & & & [ [)éz & & [)52
9x;  O0x»  0x3 9x;  O0x»  0x3 9x;  O0x»  0x3
065 085 04 065 065 06 065 065 04
19x1 (9)(2 (9)(3 [?xl ﬁxz (9)(} [?xl ﬁxz 19)53

In a general way, the & functions with i = 1 (bulk), 2 (corner), and 3 (edge) and their derivatives can be
expressed as follows:

£ = x; — tanh (_A —TIn(g) —2*qiJixi —2G < o > -2 % ziL)
2kpT (50)
85, 2 A - Thl(g) — 2% qi]ixi -2G <0 >-2x*zL q,'.l,' GN;
=1-|1-tanh” |- —+
8x, 2kpT kgT  NrkgT (51)

9 — _ |1~ tann? _A -Tln(g) —2%qiJix; —2G <0 > =2 ;L GN;
axj B 2kBT NTkBT

(52)
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N
NJ =

(btr = 4,4’-bis-1,2,4-triazole)

® ©®© 0 © o
Fe N C S H

Figure 5. Schematic structure of the SCO compound iron (II) [Fe(btr), (NCS), ], comprising a bis-triazole (btr) whose molecular formula are
C4NgH4 and a cyano group NCS.

Table 2. Correspondence between the values of short-range interactions J /kz used by LMFA and by MCES method in the case ofa 6 x 6
square lattice when JMCES k= 0 K

JMCES [y K] JMCES ky (K] JMCES [ky[K]  JEMFA[Kkp[K]  JEMFA /gy (K]

surf

60 60 0 36 33.33

With the &; obtained in this way, the solutions (x;),,,; are deduced by the relation:

(-xi)s()l =x;+h

(53)

RESULTS AND DISCUSSION

We are interested in the effect of the coupling between surface and bulk molecules, and for that, we perform
numerical simulations by MCES and by LMFA. To proceed, we choose a set of realistic SCO thermodynamic
parameters, and for this purpose, we chose the data derived from experimental data of one of these SCO com-
pounds: [Fe(btr),(NCS),], btr = 4,4%-bis-1,2,4-triazole[5*, whose molecular structure is shown in Figure 5.
The energy gap A and In(g) are derived from the enthalpy change (AH ~ 11 kJ/mol) and the entropy change
(AS = 50 J/mol/K), respectively: A = AH/R =~ 1,300 K), In(g) = AS/R ~ 6.01, and R is the perfect gas con-
stant. The equilibrium temperature of the system T, is deduced by T,, = $2, which leads to ~ 216.3 K. In

In(g)>
the first step, in the case of a 6 X 6 configuration, the values of the short-range interaction parameters J7¢%5

and JMES are set to 60 K, and the intensity of the short-range interaction parameter J/£5 between bulk and
surface is gradually increased from 0 to 60 K. In the second step, the size effect is studied with each method.
It should be added that the dimensions of the square lattice used in these simulations do not correspond, for

the moment, to synthesized nanoparticles.

The case J)/¢55 =0

Figure 6 displays the results obtained in the case of a 6 X 6 square-shaped lattice, and the values of the interaction
parameters J used by MCES and by LMFA, calculated from Equations (34) and (35), are gathered in Table 2.
The curves highlight a two-step behavior in the form of two well-separated hysteresis loops. The hysteresis
width is defined as AT = T, —T4oyn, Wwhere T, is the ascending thermal transition temperature and Ty, is the
descending thermal transition temperature. The average temperature between 7,,, and T, is the equilibrium
temperature 7,,, which corresponds to a HS fraction equal to 1/2(Nhs = 1/2).

Figure 6 illustrates a qualitative and quantitative agreement between the calculations obtained by MCES and
LMFA. The hysteresis loops, observable for each method, at lower temperatures, ~ 144 K, are related to the
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Teabuik = Teq buk =185 K

Nhs

LMFA _ TMCES _
/Teq surf Teq suf =144 K

s MCES
A LMFA
130 140 150 160 170 180 190 200 210

TIK]

Figure 6. Comparison of the thermal evolution of the HS fraction in a SCO system for a 6 x 6 square lattice: MCES (black squares), LMFA
(blue up triangles). The computational parameters are: 7}1E5) /kp = 60 K, JMCES [k = 60 K, JMCES [k = 0K, JEMFA [k = 36 K, JTEMEA Jkp
=33.33K, A/kp = 1,300 K, G/kg =172 K, L/kp = 290 K, and In(g) = 6.01.

Table 3. Values of the thermal hysteresis width for molecules located in the bulk and in the surface obtained by MCES, ATMCES and

bulk
MCES LMFA LMFA
ATMCES and by LMFA, AT }iFA and AT

MCES LMFA MCES LMFA
ATy " K1 ATy 2 [K] ATG K] AT (K]

4.8 7 7.6 10.5

The simulation parameters are: J¥CES /iy =
60 K, JMCESjkp = 60 K, JMCES[kp = 0,
JEMEA kg = 36 K, JEMFA kg = 3333 K, AJkg =
1,300 K, G/kp = 172 K, L/kg =290 K, and In(g)
=6.01

behavior of surface molecules (edge and corner). These surface molecules commute from LS to HS state before
the bulk molecules, and they drive the thermal transition. The hysteresis loops, positioned for each method
at 185 K, are related to the bulk molecules. The two methods of simulation lead to identical values of the
transition temperature in the surface (qu% r }‘ =T e";’g{fﬁ ~ 144 X) and in the bulk (T eLq’Z’ A= Te}‘(’l’gﬁf ~ 185 K).
The bulk and the surface appear as two systems that evolve almost independently of each other. Between 150
and 182 K, the curves reveal, both by MCES and by LMFA, a long intermediate plateau (mixture of LS and HS

configurations) around Nhs = 0.55.

It can be noticed that the hysteresis widths AT are slightly larger by LMFA than by MCES. The values of the
thermal hysteresis widths are summarized in Table 3.

The case j#crs # 0
The value of the short-range interaction parameter J)%5/kp is gradually increased up to 60 K. Figure 7,

Figure 8 and Figure 9, show the results obtained respectively for JY/“S /kp = 20, JM“ES kg = 40 and
JMCES [kp = 60 K in the case of a 6 X 6 lattice. The values of the interaction parameters J used by MCES
and by LMFA, obtained from Equations (34) and (35), are gathered in Table 4.

The phase diagrams of the 6 X 6 system, obtained by LMFA and by MCES, are plotted in Figure 10 and Figure 11,
in the space coordinates, temperature vs. J)'“#S /kp, for the bulk and for the surface molecules, respectively.

By MCES, as can be seen in Figure 10 and Figure 11, when the interaction parameter J)/“£5 /kp increases,
TMCES

eq surf’
is shifted to lower temperatures. The hysteresis loops,

the equilibrium temperature of the surface molecules,

ES
ulk’

is shifted to higher temperatures, whereas the

equilibrium temperature of the bulk molecules, Te/‘;’ %
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Table 4. Correspondence between the values of short-range interactions j/k; used by MCES and by LMFA for a 6 x 6 lattice when
JMCES jkp= 20, 40, and 60 K

JMCES [kp[K]  JMCES [ky (K] JMCES ky[K]  JEMFA[kp[K]  JEMFA [k K]

bulk surf
60 60 20 44 42.22
60 60 40 52 5111
60 60 60 60 60
1.0+
0.9-
0.8 T = 184 K
TMCES =179 K
07 u eqbulk ~
0.6-
2 051
Z 044
0.3 N Teqsur = 150 K
0.2 Tegeur=143K
011 ! = NCES
0.0 A LMFA

120 130 140 150 160 170 180 190 200 210
T[K]

Figure 7. Comparison of the thermal evolution of the HS fraction in a SCO system for a 6 x 6 square lattice: MCES (black squares), LMFA
(blue up triangles). The computational parameters are: JMCES /ky = 60 K, JMCES [k = 60 K, JMCES [k = 20 K, JEMFA [k = 44 K, JEMEPA [k =
42.22K, A/kp = 1,300 K, G/kg = 172K, L/kg =290 K, and In(g) = 6.01.

Tg:‘;‘mk =181.75 K

07 Thek =172.76 K

\/ TS =165.44 K

= MCES
A LMFA
120 130 140 150 160 170 180 190 200 210
TIK]

Nhs

0.2 {7LMEA = 141.83 K

0.1 !

Figure 8. Comparison of the thermal evolution of the HS fraction in a SCO system for a 6 x 6 square lattice: MCES (black squares),

LMFA (blue up triangles). The computational parameters are: JMCES /kg = 60 K, JMCES [k = 60 K, JMCES [k = 40 K, JEMFA kp = 52 K,

JEMEA kp = 5111 K, Alkg =1,300 K, G/kg =172 K, L/kg =290 K, and In(g) = 6.01.

quite distinct for J}! CES [kp = 0, therefore, tend to overlap. The thermal hysteresis loop ATI%IC](ES increases
(~ 4.8 K wide when JMCES [kg = 0 and ~ 8 K wide when J)ES /kp = 60). Simultaneously, the thermal

hysteresis loop ATMCES decreases (~ 7.6 K wide for J%CES/kB = 0and ~ 4 K wide for J}“E5 k5 = 60).

In LMFA, as shown in Figure 10 and Figure 11, an opposite behavior is observed for surface molecules. First of
all, when the interaction parameter J}?“£5 /k g increases, the equilibrium temperature of the surface molecules,
Bt :}, is shifted to lower temperatures Then, the thermal hysteresis loop A7, 4 increases (~ 10.5 K wide
for JMCES [k = 0 and ~ 38.5 K wide for JMCES /kp = 60). These results are summarized in Table 5 and

the results obtained when JMCF5 [k = 0 are recalled for a better understanding of the results. The LMFA
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Figure 9. Comparison of the thermal evolution of the HS fraction in a SCO system for a 6 x 6 square lattice: MCES (black squares),
LMFA (blue up triangles). The computational parameters are: JMCES /ky = 60 K, JMCES [k = 60 K, JMCES [k = 60 K, JEMTA [k = 60 K,
JEMEA kg =60 K, A/kp = 1,300 K, G/kg = 172 K, L/kg =290 K, and In(g) = 6.01.
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JNCES g

Figure 10. Phase diagram T vs. JMCES /i, for a 6 x 6 system. The red, blue and black squares correspond, respectively, to the upper and
lower transitions (7,,,) and (T,,..) temperatures of the thermal HS fraction and to the equilibrium temperature of the bulk by LMFA. The
red, blue and black stars correspond, respectively, to the upper and lower transitions (7;,,) and (Tu,..) temperatures of the thermal HS
fraction and to the equilibrium temperature of the bulk by MCES. The computational parameters are: JMCES jkp = 60 K, JMCES [kp = 60 K,
Alkp =1,300K, G/kg = 172 K, L/kg =290 K, and In(g) = 6.01.

Table 5. Values of the thermal hysteresis width for molecules located in the bulk and in the surface in MCES, ATMCES and Ar;:fffﬁs, and

bulk
i LMFA LMFA i MCES
in LMFA, A1,7774 and AT[)'F4 as a function of J)/"S /kg

Jl{‘\:CES /kB [K] ATIIICES [K] AT’:':I(;;ES [K] ATL)WFA [K] ATLI”F/\ [K]

bulk bulk surf
0 4.8 7.6 7 10.5
20 6.4 6.2 17.5 20.36
40 8.0 5.0 30.5 29
60 8.8 40 45.0 385

The computational parameters are: A/kp = 1,300 K, G/kp =
172K, L/kg =290 K, and In(g) = 6.01.

drastically accentuates the hysteresis effect, especially for surface molecules. The system seems constrained,
and the tendency for the two hysteresis to overlap is not observed.
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Figure 11. Phase diagram T vs. J}1CES /k for a 6 x 6 system. The red, blue and black squares correspond, respectively, to the upper and
lower transitions (7,,,,) and (Tu,...) temperatures of the thermal HS fraction and to the equilibrium temperature of the surface by LMFA.
The red, blue and black stars correspond, respectively, to the upper and lower transitions (7,,,) and (Z,,.,.) temperatures of the thermal HS
fraction and to the equilibrium temperature of the surface by MCES. The computational parameters are: 7MES /kp = 60 K, JMCES [kp = 60 K,
Akg =1,300K, G/kg =172 K, L/kg =290 K, and In(g) = 6.01.

Table 6. Correspondence between the values of short-range interactions J/kz used by the MCES method and by LMFA in the case of a 7
x 7 square compound

JMCES [p (K] JMCES [ky[K]  JMCES [kp[K]  JEMFA[kp[K]  JEMFA [ky (K]

60 60 0 40 32.72
60 60 20 46.66 41.81
60 60 40 52.33 50.90
60 60 60 60 60

Table 7. Values of the equilibrium temperatures of the bulk and surface molecules obtained in MCES and in LMFA, as a function of the
system size (6 x 6 and 7 x 7 lattices)

aticoize TSR] TIMAIK]  TNCESIN 1M
6x6 185.0 185.0 144.0 144.0
7x7 187.75 187.75 148.6 148.6

The computational parameters are: JMCES/kp =
60 K, JMCES [k = 60 K, JMCES kg = O K, JEMFAJkp =
40 K, JEMFA kg = 3272 K, AJkp = 1,300 K, G/kp = 172 K,
L/kg =290 K, and In(g) = 6.01.

Size effect
The purpose of this part is to compare the two simulation techniques in the case of a larger system of size 7 x

7. The results are presented and analyzed for J)/“£5 /kp varying from 0 to 60 K. The corresponding values of

JEMEA [k g and J if;A /kp calculated from Equations (34) and (35) are given in Table 0.

The case j}¢=5 =0

The results obtained and presented in Figure 12, highlight three important points. First of all, as previously
observed in the case of the 6 x 6 lattice, when J}/ CES kg = 0, the equilibrium temperatures obtained in the
bulk and in the surface are strictly identical with the two methods. The values of the equilibrium temperatures
are reported in Table 7. Then, the equilibrium temperatures, in the bulk and in the surface, are slightly higher
than those observed in the case of the 6 x 6 lattice (See also Table 7 for a comparison). This point may be

explained by the fact that for larger sizes of particles, T,, and 7¢. shift to higher temperatures due to the increase
in the number of couplings.
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Figure12. Comparison of the thermal evolution of the HS fraction in a SCO system with a size 7 x 7 showing an excellent agreement between
the MCES method (black squares) and the LMFA (blue up triangles). The calculation parameters are: J}MCES /ky = 60 K, JMCES [k = 60 K,

JMCES [k =0 K, JEMTA [k = 40K, JEMFA [kp =32.72K, Alkp = 1,300 K, G/kp = 172K, L/kg =290 K, and In(g) = 6.01.

Table 8. Values of the thermal hysteresis width for molecules located in the bulk and in the surface obtained by MCES, A7/CFS and
ATMCES and by LMFA, ATLMFA and ATLMFA

surf bulk surf
Latticesize ~ T)MEFS[K]  TMFAK]  TMCOES[K]  TLMEAK]
6x6 4.8 7 7.6 10.5
7x7 104 14 2.8 5

The computational parameters are: JMCES/kp =

60 K, JMCES [k = 60 K, JMCES [k = O K, JEMFA[kp =

40K, JEMFAjkp =3272K, Ak = 1,300K, G/kp = 172K,
L/kg =290 K, and In(g) = 6.01.

Finally, in a larger particle of size 7 X 7, the hysteresis associated with the bulk are wider than the hysteresis
associated with the surface molecules by LMFA and by MCES. The proportion of molecules in the bulk (~ 51%)
being greater than that of molecules in the surface (~ 49%), the bulk molecules drive the transition. In the 6 X
6 compound, the hysteresis related to surface molecules was greatest in both MCES and LMFA. These results
are summarized in Table 8.

The case )5S 0
The phase diagrams of the 7 X 7 system obtained by LMFA and by MCES are plotted in Figure 13 and Figure 14,
in the space coordinates, temperature vs. Jo/“5S / kg, respectively, for the bulk and for the surface molecules.

When the value of the interaction parameter J}/“£5 /kis increased up to 60 K, the three following items are
especially significant.

First, for each method, the curves presented in Figure 12 and Figure 13 reveal that the equilibrium temperatures
of the surface and of the bulk in the 7 X 7 lattice are higher than those obtained in the 6 x 6 lattice [Figure 10
and Figure 11].

In addition, as already observed in the case of a 6 X 6 lattice and by the LMFA, when the short-range interaction
JMCES [k p is increased, the equilibrium temperature of the surface molecules decreases. We further note that
the increase of the lattice size leads to a decrease of the width of the hysteresis in the surface. By MCES, the
hysteresis transition observed for surface molecules disappears (ATerCJCE $ = 0K) in favor of an abrupt transition
[Table 9].
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Figure 13. Phase diagram T vs. (JMCES /kp) for a 7 x 7 system. The red, blue and black squares correspond, respectively, to the upper and
lower transitions (7,,,,) and (T,...) temperatures of the thermal HS fraction and to the equilibrium temperature of the bulk by LMFA. The
red, blue and black stars correspond, respectively, to the upper and lower transitions (7,,,) and (Tuo..») temperatures of the thermal HS
fraction and to the equilibrium temperature of the bulk by MCES. The computational parameters are: JMCES /kp = 60 K, JMCES [k = 60 K,
Ak =1,300K, G/kp = 172 K, L/kg =290K, and In(g) = 6.01.
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Figure 14. Phase diagram T versus (JM“ES k) for a7 x 7 system. The red, blue and black squares correspond, respectively, to the upper
and lower transitions (7,,,,) and (7u,..) temperatures of the thermal HS fraction and to the equilibrium temperature of the surface by LMFA.
The red, blue and black stars correspond, respectively, to the upper and lower transitions (7,,,,) and (Tuo.w.) temperatures of the thermal HS
fraction and to the equilibrium temperature of the surface by MCES. The computational parameters are: JMCES /kp = 60 K, JMCES [kp = 60 K,
Ak =1,300K, G/kg = 172 K, L/kg = 290K, and In(g) = 6.01.

Table 9. Values of the thermal hysteresis width for molecules located in the bulk and in the surface by MCES, ATMCES and ATHICES, and
by LMFA, AT MFA and ATLMFA fora 6 x 6 and a 7 x 7 SCO particle

bulk surf
Latticesize ~ TMCFS[K]  TEMFA[K]  TMCPS[K]  TEIMFA[K]
6x6 8.8 45 4 38.5
7x7 232 48 0 32

The computational parameters are: JMCES/kp =
60 K, JMCES [k = 60 K, JMCES [k = 60 K, JEMFA [k =
60 K, Ak =1,300 K, G/kp = 172 K, L/kp =290 K, and
In(g) = 6.01.

Simulations using the LMFA were carried for very large lattices, 20 X 20, 50 X 50 and 200 x 200. Figure 15
illustrates the results obtained for two sets of parameters corresponding to J)'“#5 /kp = 0 K and J}F5 /kp =
60 K and shows that, upon increasing the lattice size, the two-step transition vanishes. The curve closely
resembles a single hysteresis loop for the 200 x 200 lattice, and the equilibrium temperature tends towards that
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Figure 15. Thermal dependence of the HS fraction studied with the LMFA for square-shaped particles of different sizes: 20 x 20 (blue up

triangles), 50 x 50 (orange circles), and 200 x 200 (green stars). The computational parameters are: (A) JMCES kp = 60 K, JMCES [k =

60 K, JMCES [k = 0 K, JEMTA [k = 36 K, JEMTA [k = 33.33 K; (B) JMCES [k = 60 K, JMCES [k = 60 K, JMCES [k = 60 K, JEMTA [k = 60 K,
JEMEA Ik = 60 K. For all calculations: A/kg = 1,300 K, G/kg = 172 K, L/kg =290 K, and In(g) = 6.01.

of the bulk {T,, = A/[kpIn(g) ~ 216 K}. The results obtained in the case of the 7 x 7 lattice suggest that if we
could do simulations on larger lattices with MCES, a single hysteresis loop with an equilibrium temperature
close to 216 K would also be obtained.

CONCLUSION

The present contribution, a simulation work, with the purpose of giving some hints to colleagues who synthe-
size spin-transition nanoparticles, is focused on meticulous investigations of the thermal properties of 2D-SCO
nanoparticles using an adapted two-state Ising-like Hamiltonian. At this end, three types of interaction terms
are considered: long and short-range interactions originating from electronic and elastic molecular couplings
inside the lattice, to which we added a specific energetic contribution accounting for the interactions between
surface molecules with their surrounding environment (inside and outside the lattice). The model is solved in
two distinct ways, which involve different levels of sophistication: (i) MCES techniques, which are exact meth-
ods and (ii) LMFA based on mean-field theory but taking into account the lattice shape. In the former case,
three types of two-body short-range interaction terms are involved between bulk-bulk (/;;), surface-surface
(Jss), and bulk-surface (Jps) sites. The thermal dependence of the “order parameter”, < o >, that is, the av-
erage fictitious magnetization, is calculated by using the Boltzmann distribution obtained from the calculated
density of the macrostates. On the other hand, in the LMFA, two interaction terms corresponding to three
types of sites, corner, edge, and bulk, are included in the calculations, taking into account the dependence of
the coordination number on the site location. The results of the two methods have been compared for different
square lattice sizes, and a good quantitative agreement is obtained between them in the case Jj; = 0, where both
equilibrium temperatures and hysteresis widths were found in very good agreement. When the bulk-surface
interaction Jp, is increased, the hysteresis observed by MCES in the bulk and in the surface tend to be close to
each other and finally overlap for strong Jbs values. In contrast, by LMFA, this phenomenon is not observed,
and furthermore, the hysteresis effects are accentuated, particularly for surface molecules. Moreover, with the
MCES method, the increase of J,; results in a shift of the surface (resp. bulk) transition temperatures to higher
(resp. lower) values, while in LMFA, an opposite effect is obtained for surface molecules.

Our comparison of the two techniques (MCES and LMFA) shows that when dealing with small samples, LMFA
yields results that are in perfect agreement with MCES in the case where the interaction between the surface and
the bulk is zero (J5 = 0). However, as the interaction Jj, increases, causing important interferences between the
two regions of the lattice, the results provided by LMFA increasingly differ from those obtained with the MCES
method, although the general trends remain the same. While considering a very weak interaction between the
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surface and the bulk in the same compound may look unnatural, it may be possible in nanostructured core-
shell nanoparticles, where the core and the shell are of different compositions. In addition, it is important to
keep in mind that the systems considered are particularly small, and as the size of the system increases, the
predominance of the surface, and then Jj, interaction, vanishes, which, in turn, means that LMFA will most
likely still provide correct results given the large number of molecules.

Finally, it is worth mentioning that the surface properties have been limited here to the outer layer of the lattice,
while the concept of the surface may integrate some inner layers close to the interface material/air, which also
have specific properties different from those of the bulk. Extensions of the present work to include the above-
cited aspects are in progress, as well as other packing clusters such as rhombohedral or faced centered cubic
(FCC). The results of this simulation work can also be extended to explain the behavior of polycrystalline
SCO films on the Al,O3 substrate [*°! and the influence of the substrate on the functionality of SCO molecular

materials 41/,
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