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Abstract

®
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We have investigated magnetic phase diagrams of spin-crossover (SCO) solids throughout the
Blume—Emery—Griffiths spin-1 model where the spin states 1 and 0 are associated to
high-spin state and low-spin states respectively. In the present work, the quadrupolar interaction,
K, parameter depends linearly on temperature and accounts for the role of the lattice phonons in
the elastic interactions between the SCO units. Magnetic interactions are randomly distributed
in the system and are controlled by a factor v = J;;/K such that for v =0 (J; = 0), magnetic
ordering is not expected. The crystal-field that acts on SCO sites depends both on the
ligand-field strength and the degeneracy ratio between HS and LS states as in some previous
works. The system is also under the effect of a random local magnetic field /; acting on each
site i. The model is solved using a homogeneous mean field theory. Our investigations reveal the
occurrence of thermally-induced gradual, and first-order spin-transitions by varying the model
parameters. At vicinity of first-order transition, various types of isothermal magnetic hysteresis
loops are obtained and their corresponding coercive field and loop patterns are discussed as
function of temperature.

Keywords: spin-crossover solids, BEG model spin-1, mean-field theory,
random magnetic field (RMF), random exchange interaction (REI), phase diagrams
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1. Introduction technological applications such as sensors or reversible high-

density data storage devices, displays [5-10], molecular

Spin-crossover (SCO) materials with a central metal ion (with
4-7 d electrons) which have the property to switch between
two different spin states, have been the object of a large
number of studies [1-4]. Their thermodynamic bistability
continues to attract enormous interest due to their possible

* Author to whom any correspondence should be addressed.

1361-648X/23/455704+17$33.00 Printed in the UK

switches [5, 11, 12], etc. Moreover, these materials exhibit
a variety of thermodynamic behaviors resulting in changes
of magnetic, optical and mechanical properties which are the
source of rich and dense experimental studies [1-3].

The basic mechanism of the spin transition at the molecular
level is encountered in transition metal compounds in octahed-
ral symmetry with 4 to 7 electrons in the 3d orbital, where the
ligand field is of the same order of magnitude as the pairing
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energy between electrons. In this case, the fundamental level
is associated to the low-spin (LS) diamagnetic state and the
excited one to the high-spin (HS) paramagnetic state. For
example, for SCO materials based on iron (II) complexes,
which are the most studied ones, the total spin value of the
LS state is 0 = 0 and that of the HS is 0 =2, where o is the
true ion total spin. Thus, the influence of various stimuli as
external constraints [13—16], induces a population change of
both levels. During this phenomenon, named spin-transition
[6, 7, 17-20] is mostly occurred on SCO materials which can
switch between LS and HS states which affects several of
their physical properties [13, 15, 16]. The possible change of
spin state allows to obtain devices for high density informa-
tion storage in which the unit of memory can be reduced to
a molecule, thus allowing to reach capacity more important
than those of conventional materials. Thermally induced spin
transitions lead to both electric and structural changes, often
observed as a color and magnetic moment changes [6, 21, 22].

Depending on the type and the strength of the interac-
tions between molecules, SCO compounds present different
types of spin-transition. Indeed, when the interactions between
molecules is weak, the HS fraction, that is the fraction of
molecules occupying the HS state, displays a continuous and
gradual, changes with temperature, whereas in the case of a
strong intermolecular coupling, the SCO solids system exhibit
cooperative phenomena [23-25], which manifest through the
existence of first-order phase transitions accompanied with
thermal hysteresis, whose widths directly relate to the strength
of the interactions in the lattice. In addition, it has been shown
in several works [23, 24, 26], that the elastic interactions are
at the hearth of the existence of cooperative effects in SCO
materials. Experimental results also reveal that SCO trans-
itions involve both electronic transformation (spin and orbital)
and structural modifications [2, 6, 26-29].

Theoretically, several models have been considered to
describe the thermodynamic behaviors of SCO materials.
Most of them are based on Ising-like models [30-32], atom—
phonon coupling [17, 22, 33-36], elastic descriptions [37, 38]
or other complex elastic approaches [23, 29, 39-42] taking
into account the volume change at the transition. These mod-
els are solved analytically using mean-field approaches or by
Monte Carlo (MC) simulations [17, 23, 39] or using molecu-
lar dynamics [24, 43] techniques. Recently, a Blume—Emery—
Griffiths (BEG) model with spin-phonon interactions has been
adapted to study SCO materials. This model has been solved
using corrective effective-field theory (CEFT) and kinetic MC
simulations with Glauber dynamics [44] or dynamic mean-
field theory (DMFT) approach [45—47] or the Bethe lattice
(BL) approach and MC simulations with Arrhenius dynamic
[48, 49]. In these works, the quadrupolar coupling parameter
K is assumed to depend linearly on the absolute temperature
T in the form K = akg T, which mimics the role of the phonon
lattice in the interactions between the SCO units. The effect-
ive energy gap D between the LS and the HS states depends
on the absolute temperature 7, the degeneracy ratio g between
LS and HS states and the 0 K ligand-field strength A.

In the past, several methods were used to solve spin-1
Ising-like model with random bonds [50] or the spin-% Ising

model with both random crystal-field and random biquadratic
exchange interactions [51] or mixed spins models with ran-
dom crystal field (or random bonds) [52—-54] which exhibited
interesting physical properties.

Generally, by addressing SCO and Prussian blue analogs
(PBAs) materials, the spin-transition phenomena are reliable
to the microscopic configuration leading to the interactions
nature between central metallic atoms located to the lat-
tice sites’ [1-14]. In regular crystal lattice, the intermolecu-
lar elastic interactions originating from misfit between the
molecular volumes in different spin states generate very rich
behaviors. Because of the different energies and degeneracies
between the fundamental states HS and LS, the microscopic
Ising-like model [17, 22-24, 26-28, 30-36, 39—43] describes
very well the behavior of these SCO systems. In this case,
the intermolecular interaction is considered in the fully con-
nected limit with the following BEG-like model Hamiltonian
[44-49]:

H= —JE O’,'O'j—KZ Uizajz—f—DZUf—hZGi, (1)

<ij> <i,j> i

where o; is the fictitious classical spin (pseudospin) for each
sitei (i =1,2,...,N and N the total number of sites). In each
site #, the spin can have o; = 1 (0) as eigenvalues in HS
(LS) states. The first term in the model (1) describes the inter-
molecular interactions of elastic origin through a phenomen-
ological parameter expressed as v = J/K from which J (>0
in ferromagnetic-like systems) also depends linearly with the
temperature and accounts for coupling nearest-neighbors (nn)
sites i and j. The second and the third terms account for
the quadrupolar and crystal-field contributions with the total
energy in the case of isotropic lattice structure, which are pre-
viously described with the parameter K and D. The effective
crystal-field D = A —kgTlng is entropic term which is ori-
ginated from the disorder between the fundamental electronic
states (HS and LS states) and the vibronic factor. Due to the
both degree of freedom (electronic and vibronic), g = gus/gLs
is relative degeneracy of SCO states where the degeneracy of
an HS excited state gys is necessarily larger than degeneracy
of an LS ground one g s. The last sum take account for the
Zeeman effect [33, 42] as external magnetic-field & acting in
each site i of the spin lattice configuration. Then, each site i
feels the corresponding magnetic-field applied magnetic-field
[55, 56]. Usually, g (known as Lande factor) depends on tem-
perature through the temperature dependence of the phonon
density of the lattice [33, 56]. In real systems of SCO and
PBAs, due to the impurities inside the anisotropic crystal, the
interactions through the systems can be modeled randomly to
take account the vacancies sites [57, 58]. Theoretically, from
the point of view of Ising model, the local random magnetic-
field comes from impurities, generates random interactions
and that reflect a local quenched and bond length between
atomic sites. A novel feature of SCO systems consists in the
fact that substitutional disorder generates local quenched and
random bond length which are circumstance plays an import-
ant role during the spin-transition. Such that, we consider
the exchange magnetic interactions as J; (taken as constant
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between nn spins usually describe in Ising-like models), that
are the infinite-range quenched random elastic interactions
between the pseudospin degrees of freedom which represent
the magnetic states of central transition metal ions within the
ligands. For these systems, every site is in a specific local
environment, generated by a ligand with particular features,
and rather are not equivalent to each other. Then, the impur-
ities are considered as many vacancies/disorder of lattice sites
that are introduced randomly in local elastic forces and in
external magnetic-field (noted here as h;) created between
SCO molecules in different magnetic states. This justifies well
such a study carried out on SCO systems in the case of random
exchange interactions (REIs) between the atomic sites and the
random magnetic field (RMF) which acting in each of these
sites.

In the present investigation, as described previously, we
consider the BEG-type model for SCO solids with REIs and
RMF that we solve within the mean field theory (MFT).
Despite this method neglects nonlocal fluctuations, thermal
multi-transition is obtained through intermediate magnetic
states as stable, metastable and unstable, for that with MC
simulations, only stable states can be obtained. The derived
mean-field equations are numerically solved for the magnetiz-
ation m and the HS fraction, nys, of molecules in the HS state.
Thermal phase diagrams are derived from the thermal vari-
ations of these order-parameters. In addition, magnetic hys-
teresis takes place when the system is submitted to an external
magnetic field. The coercive fields are reported as function of
the temperature for selected values of other model parameters.

The remainder of this paper is organized as follows. The
next section 2 is devoted to the presentation of the model and
the description of the used calculation method. In section 3, we
present and discuss the obtained numerical results. In section 4
we conclude and outline some possible extensions of this
work.

2. The model Hamiltonian and mean-field equations

The Hamiltonian of the spin-1 BEG model with REI and RMF
is written as follows:

ZJ,JO',O'J KZUZUZ+DZU —Zha,, 2)

<i,j> <i,j>

where o; = +1,0 are fictitious spin values located at site i of
a square lattice. The spins o; = £1 describe the magnetic HS
spin state and o; = 0 is associated to the diamagnetic LS state.
Here, we consider only the nn interactions for the pairing <
i,j >. In equation (2), J;; denotes the ferromagnetic REI para-
meter between the magnetic states (o0; = £1); K is the quadru-
polar interaction between neighboring SCO sites. Due to the
elastic nature of the SCO transition [39-43], this K term that
takes into account the phonon contribution is written here as
K = akgT[44,45, 48, 49, 55] with the ratio v = J;; /K taken as
an adjustable parameter. The effective ligand-field strength D
which originates from the entropy term, is assumed to depend
on the absolute temperature 7 of the system, the degeneracy
ratio g between LS and HS states and the ligand-field energy

splitting A. It is written as D = A — kg TIn(g) (see [44, 48, 49,
55]). Finally, h; is the RMF acting on the lattice SCO site i.

In order to write the mean field equations, let us denote by
H;, the one-site Hamiltonian that each site i feels throughout
the spins lattice. In the MFT approach, H; reads [48]:

H; = —mo; ZJ,-]- — ZK”HSU,'Z + Doi2 —
Y

hioi, 3)

where m = (0;) and nps = (0?) are considered as invariant

by translation over the lattice. The associated mean field free
energy function per site is given by

Ty hi) = Uy, i) —

where U(Jjj,h;) and S(J;;,h;) are the internal energy and
entropy per site of the system, respectively given by:

qu

S(Jy,hi) = ks B< H; >+ kgIny e~ P, (6)

TS(Jij,hi), “)

( ,], Kan + Dnys — hym, (®)]

b= ﬁ and < > —m? Zj‘]ij — ZKI’le2 + Dnys — h;m is the
average value of H;, where z is lattice coordination number.
After some calculations, one gets the following expression of
the net free energy:

Z]l] + KI’le

—kgTln [1 +2e8Knis=D) cosh B (z;jm + h,)] .
(N

Both REI and RMF that act on the system are respectively dis-
tributed according to the probability laws:

{ P(Jy) =q0(Jy—J)+ (1 —q)5(J; — M)
P(h;) = pd(hi — h) + (1 — p)6(hi — Ah).

f‘]llvh

®)

Here, it is important to mention that we take, for simplicity,
a bimodal distribution of exchange interactions and magnetic-
field distributed randomly belong the spin-lattice configura-
tions. In real situation, to take account a disorder coming from
the system impurities, the local fields generated are randomly
distributed and affected the local elastic forces between SCO
molecules in different magnetic states. This lead to a ‘ran-
dom interactions’ and ‘random local magnetic-field’ that are in
the heart of the disorder introduced in the new version of this
Ising-like model. The random interactions J; (random local
magnetic-fields /;) are independently distributed according to
Gaussian probability P(J;) ~ exp[— (J; —J)* /20| (P(h;) ~
exp[— (hi — h)* /262]) [57, 58] where the symbol o refers to
the standard deviation as fluctuations on each parameter con-
sidered in the distribution.

Above, in these two last equations, g and p are probab-
ility of having J exchange interaction and & magnetic field.
Thus, the first terms in equation (8) impose that, in the total
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lattice, an amount of z x q% nn bonds (p X N spins) are under
the influence of exchange interaction J (magnetic field 4). As
for the second term, the parameter A is introduced so that the
strength of exchange interaction J (magnetic field ) is altered
on an amount of z(1 — g)§ nn bonds ((1 — p)N spins) remain-
ing with respect to the first one. So, the parameter A is taken
such as 0 < A < 1. In the range of our system parameters val-
ues, these distribution lead to some well-known models: (i)
the BEG model whenp=1landg=10r0<p<1,0<g< 1
and A = 1; (ii) the bond-diluted model when 0 < g < 1, h=0
and A =0 [50]; (iii) the random bond BEG model for p=1,
0<g<land0< A< 1and (iv) the RMF BEG model if g is
settol with0<p<landO<A<I.

Now, we can integrate equation (7) over the P(J;;) and P(h;)
to get the variational free energy of the system. Thus, the integ-
ration below has to be carried out as:

After some simple calculations, the variational free energy of
system is given by

F(m,nys,T)
= %q]m2 — %q)\lmz + %)\sz + %Knﬁs
— gpksTIn[1 4 2”5 =D) cosh B(zJm + h)]

—q(1 = p)kaTIn[1 + 26° 55 =L) cosh B(z/m + Ah)|
— (1 — q)pksTIn[1 + 2” K =P) co5h B(zAIm + b))

— (1= ¢q)(1 = p)kpTIn[1 4 2”15 =D) cosh B(z\Im + AR)].
(10

Then, we present here the order parameters which are obtained
by minimizing the free energy function followed by the integ-
ration over the P(J;;) and P(h;) as we did previously. Thus, the
magnetization m and the nyg fraction are given by the follow-
ing system equations:

an

om
OF (m,nys,T) __ 0
al‘LHS - :

{ OF (m,nys,T) -0

After some calculations, one gets the following self-consistent
equation:

= ap 2sinh B3(zJm + h)
e~ BKmis=D) 4 2 cosh B(zJm + h)
+a(l=p) = ,B(anjian)hf gg:; B?ilj)m + M)
+(1- q)Pe_manifiz)n)hf (zzgsn; ;@m +h)
+{1=g)(1—p) = B<zxnjfiun>hf (Zfojﬁ ; (XJ)m + M)’

12)
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A 2cosh 3(zJm+ h)
HS = 4P =B (Knus—D) 4. 2cosh 3(zJm+ h)
2cosh 3(zJm + \h)
1—
+all=p) e PKnmis—D) 1 2 cosh 3(zJm + Ah)
2cosh B(zAJm + h)
1—
+(1-ap e~ PKnus=D) 1 2 cosh (z\Jm + h)
2cosh B(zAJm + \h)
+(1=q)(1-p) e—P@Kns—D) 4 2 cosh B(zAJm+ Mh)
(13)

We can also estimate the thermal average value deviation of
magnetization which well-known as magnetic susceptibility
given by the formula,

1
X — (l’lHS — mz) .

" ksT 14

In order not to overload the figures, the behavior of the mag-
netic susceptibility x is not represented, but its character val-
ues are found through the phase diagrams.

After having obtained the self-consistent expressions (12)
and (13), where the order parameters m and nyg are coupled,
we solve them numerically using Newton—Raphson method, to
study their thermal behaviors and to derive the phase diagrams
of the system in the (v, T¢) and (h, T¢) planes for given values
of g, p, and A. This is done in the next section. Note that in this
work, the coordination number z is taken equal to 4 due to the
square symmetry of the system.

3. Results and discussions

From the point of view of equilibrium properties, thermody-
namic quantities are presented in this section for a ferromag-
netic SCO system under RMF and REI which act on each site
and bond, respectively, within the configuration spin lattice. In
the spin-transition region, selected values of model paramet-
ers’ are used to reproduce significant results. Then, the ligand-
field energy is set to the value of A = 400K and the degener-
acy ratio value between LS and HS spin states is presented by
g=100. This value of parameter g leads to a molar entropy
change at the transition AS = RlIn(g) ~38.29J-mol~!-K™!
which is in agreement with the experimental data in literature
[39, 59] where AS values are in the range of 35-801J - mol ™! -
K~!. The chosen ligand-field energy A value leads to a molar
enthalpy variation at the transition AH o< NAA ~ 3.324Kk]J -
mol~! where Ny is Avogadro number. This enthalpy change
consists of the zero-point energy difference [57, 58], the elec-
tronic energy change between HS and LS states and the vibra-
tional energy difference. The increase in the value of A leads
to an increase in the value of AH as well as the transition
temperature 7. Molecular deposition on substrate case leads
to zero-point energy correction that enhanced the enthalpy
change involving on the SCO phenomena [60]. The external
magnetic field 4 is in the range of [—350;+350] K in pure
Ising-like SCO system. This range of values of the magnetic-
field helps us to reproduce significant spin states in our model
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Figure 1. Thermal behaviors of the order parameters (magnetization m and nys fraction) in absence of magnetic field for selected values of
p(=q). In panels (a) and (b) : « =0.85 and = 0.5; while in panels (c) and (d), « = 0.5 and y = 2. The curves shift slightly to the
low-temperature region for increasing values of p and (¢) with an enhancement of their steep character, accompanied with the appearance of
a thermal hysteresis. In panels (a) and (c), symmetric solutions (multiple states) are obtained with respect to m = 0 in the magnetization m
behaviors that saturated its values at +p(g) while nys is saturated at 1 (panels (b) and (d) at high temperature.

Hamiltonian during the spin-transition in its entirety through-
out the phase diagrams. First, we analyze the physical proper-
ties of the system at thermal equilibrium in relation with p,q
and A values.

3.1. Thermal dependence of HS fraction and magnetization

We first present results on the thermal behaviors of the order
parameters, which are useful in obtaining thermal phase dia-
grams of the system. For that, p and g are set to the same value
for simplicity and varying in [0—1] range of probability val-
ues in equations (12) and (13). These mean that one part of
lattice sites (bonds) are under the influence of magnetic field
h (exchange interactions J) and the rest submitted to Az (A\J).
This allows to consider a kind of partition of the magnetic sub-
lattice following a certain distribution of defects both on sites
and bonds with probabilities p and ¢ respectively. Different
values of p and g used in the description of the system lead

globally to the same conclusion according to the effects of the
parameters on the model Hamiltonian. In addition, the effect
of A on the SCO sub-lattice is studied through the analysis of
the thermal dependence of the HS fraction for \ values taken
in the interval [0-1].

To facilitate the comprehension of this study, we first begin
by examining the behavior of the system in zero field (k= 0)
and A =0, the results of which are brought together in figure 1.
In this figure, are represented the thermal behavior of magnet-
ization m and fraction HS, nys, for selected magnetic exchange
and elastic coupling values. It is revealed that according to
the permissible solutions of the self-consistent equations (12)
and (13), stable, metastable and unstable states appear depend-
ing on the couple of values («, 7y) enabling to switch from a
second-order to a hysteretic first-order transition with trans-
ition temperature values, 56—62 K and 49-64 K, respectively
in panels (a), (b) and (c), (d) when for increasing values of
the couple (p, g). Furthermore, panels (a) and (c) showing
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Figure 2. Thermal behaviors of the order parameters (magnetization m and nys fraction) for selected values of p(= g). In panels (a) and

(b): @« =0.85 and v = 0.5; while in panels (c) and (d), « =0.5 and v =

2. The curves shift to the low-temperature region for increasing

values of p and (¢) with an enhancement of their steep character, accompanied with the appearance of a thermal hysteresis. For low value of
p and (g), incomplete spin-transition occurs while m and nys are saturated their values to +1 and 1, respectively for p(= g) = 1.

the thermal behaviour of the magnetization, clearly display
symmetric solutions with respect to m = 0 (trivial solution in
equation (12) for & = 0) converting from the diamagnetic state
(at low-temperature) to a ferromagnetic state at high temperat-
ure. At the transition temperatures, the different phases over-
lap, so that it cannot distinguish them according to the color
codes of the states indicated for different values of p(g). For
p(q) =0.75 of panel (a), m =0 is a stable solution at low tem-
peratures but it becomes unstable for all temperatures above
the critical temperature. When p(q) are increased to 1, m =0
is both stable, metastable and unstable around the critical tem-
perature, it becomes stable and unstable below and above this
critical temperature, respectively. Similar trends are obtained
in panel (c) of this figure when p(g) value is between 0 and
1. We notice that at high temperatures, m =0 can have dif-
ferent meaning and at high temperatures, stable, metastable
and unstable phases prevail with non-zero magnetization as
depicted in figure 4. Obviously, Ising-like model leads to the

transition temperature as kg7, = Jz for which in the present
model, J is temperature-dependent (as J; ~ T), that leads
to none-zero magnetization for 270 at high temperatures.
Moreover, it remains a stable one below/above the critical
temperature when v =0 (for none magnetic interactions) for
p(q) = 1 which corresponds to the situation of figure 1(a) of
[46]. As stated above, the first-order character of these trans-
ition curves vanishes below some threshold p and g values,
for which the magnetization reaches the values +p at sat-
uration. However, this first-order character predominates on
increasing y value. The corresponding HS fraction dependen-
cies, gathered in panels (b) and (d), shows that nys presents
the same trends, since for p = g = 0.75 a gradual continuous
transition is obtained, which converts to first order for higher
p and g values. The first-order character of the transition is
also strengthened on increasing the elastic interaction, . It is
remarked here, that contrary to m, the HS fraction saturates at
1 in the high temperature regime whatever p and g values, due
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Figure 3. Thermal behaviors of the order parameters (magnetization m and nyg fraction) for selected values of A and at fixed value of
p=¢q=0.25.(a), (b) «=0.85 and v =0.5; (c), (d) a=0.5 and ~ = 2. The curves shift to the low-temperature region for increasing values
of \ as in figure 2. For low value of ), incomplete spin-transition occurs while m and nys tend to their saturated values when A value

increases up to 1.

to the fact that we restricted here the effect of the dilution to
the magnetic subsystem.

When an external magnetic field is applied to the system,
the number of solutions decreases as p(q) increases with a
topological difference of the solutions whose analyses are car-
ried out in the following figures.

Figure 2 illustrates the temperature-dependence of the mag-
netization m (panels (a) and (c)) and HS fraction nys (pan-
els (b) and (d)) for varying values of p and ¢ at fixed values
for the reduced interaction parameters, v and -y. This figure is
realized under the condition A =0. This means that the local
magnetic exchange (resp. field) interaction J;; (resp. A;) is ran-
domly distributed between the values J (resp. h) and 0. As a
first remark, the curves of the magnetization, m, lose their sym-
metric character, observed in figure 1, due to the symmetry

breaking induced by the nonzero magnetic field.

It clearly appears from figure 2 that starting from the
ordered magnetic lattice for p = g = 1, showing a first-order
transition between a ferromagnetic and diamagnetic phases,
and lowering p and ¢ values leads to incomplete and gradual
magnetic transitions, with a refocusing of the magnetic trans-
ition temperature upon higher values, as depicted in panels
(a) and (c), obtained for both tested parameter values of «
and y corresponding to the quadrupolar (K) and the magnetic
(J) interactions, respectively. Thus, the value of the net mag-
netization at saturation in the high temperature phase, drops
from the value 1 for p=¢g=1 to ~ 0.2 for p=¢=0.25,
where a very partial ferromagnetic order is obtained in the
high-temperature limit. Concomitantly, panels (b) shows that
the HS fraction transforms for the usual hysteretic first-order
transition for p = ¢ =1 to a gradual one when p and g val-
ues are decreased. However, even for p = g = 0.25, nyg always
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Figure 4. Thermal behaviors of the magnetization m at high temperature obtained from panels (a) and (c) of figures 1-3. Same model

parameters are used.

reaches the complete HS state (nys = 1), although the trans-
ition temperature of the SCO system is also shifted to higher
values on decreasing p and g values.

On the contrary, for p (¢) > 0.75, one observes jumps in
the behaviors of the order parameters while their saturate val-
ues are quite different from panel (a) to panel (c) for m (panel
(b) to panel (d) for nys). As in our previous works, one assists
to a high contribution of spin—phonon interactions and lattice
elastic constants which often induce first-order transitions [44,
45, 48, 49] for increasing « or v values. Here, as we already

stated above, this first-order transition becomes sharper and
sharper with increasing the probabilities p and g values. At
the same time, the magnetization |m| also increases and tends
to the maximum value +1 at high temperature, in the HS
phase. Obviously, this is due to the non-zero exchange interac-
tion, J;; = 7K = «ya X kgT which also increases with temper-
ature, thus favoring the creation of HS units which strongly
interact magnetically in the system. Indeed, for =0, the
exchange magnetic coupling is zero (J;; = 0), and a paramag-
netic phase polarized with the field 4 appears as soon as
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Figure 5. Thermal phase diagrams of the model in the (v, Tc) plane for selected values of the probability g and varying values of the
parameter \ in the absence of magnetic field. Three phases are found: dia- (D), para- (P) and ferro- (F) magnetic phases. The triangles
denote positions of TCP at critical values v ¥. For A =0, the TCP does not exist when ¢ < 0.5 (see panels (a)—(c)). Full-lines correspond to
positions of critical temperatures Tc, dashed-lines are associated to positions of first-order transition temperatures 7%, and dashed—dotted
lines denote positions of the equilibrium temperature Teq. Other values of parameters are: p =1 and aa =0.5.

a fraction of HS phase emerges in the system. If one con-
siders the case p =g =1 of figure 2, for example, we see
that a sharp SCO transition occurs at 7~ 50 K, at which the
sharp, in the case of p = g = 1, for the elastic interaction para-
meter, K =42.5K in panels (a), (b) and K=25K in pan-
els (c), (d), while the exchange magnetic coupling may have
the values J=K/2 and J =2 x K, respectively. This beha-
vior clearly validates the expected immediate effect of the
random exchange magnetic interaction on the SCO transition
when the temperature increases. As already shown in our pre-
vious works, the stable, metastable and unstable states are
obtained according to the competition of the interactions in
the model. The magnetic field & > 0 (A > 0) tends to align the
majority of the spins in its direction and few metastable or
unstable solutions(m < 0) are obtained according to its value
(for weak magnetic field), leading to m = —1 and ngg = 1 at

high temperature as shown in panels (c) and (d) of figure 2.
Moreover, we have also examined, in figure 3, the case of vary-
ing A values for fixed p = g = 0.25. The thermal dependencies
of the nys and m show a great similarity with those obtained in
figure 2.

One can conclude that the spin transition occurs either by
a gradual spin conversion to HS state or through a first-order
transition according to used values of model parameters. This
means that intermediate spin states can be created with gradual
spin conversion or first-order transition through the proportion
of the presence of impurities/vacancies sites controlled by the
probabilities p(g) and the parameter \.

3.1.1. Phase diagrams.  Figures 5-8 collect the phase dia-
grams of the system. Using temperature corresponding to
the maximum of the response function, finite temperature
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Figure 6. Thermal phase diagrams of the system in (v, T¢c) plane for selected values of the probability p and varying values of the
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TCP at critical values 4 " which are obtained for any values of the parameter A (see text). Full-lines are associated to critical temperatures
Tc; dashed-lines to positions of first-order transition temperatures T, and dashed-dotted lines represent the equilibrium temperature Teq.

Other values of model parameters are: ¢ =1 and v =0.5.

phase boundaries and diagrams are constructed in (v, 7¢) and
(h, Tc) planes (see figures 5-8). In these figures, full lines
are second-order phase transition lines (7¢) obtained when
the global lattice magnetization vanishes continuously and
a maximum appears in the response function. At the first-
order transition temperatures (7y,) which are depicted here
by dashed lines, both m and nys show discontinuities in their
behaviors accompanied by discontinuities in the correspond-
ing magnetic susceptibility y. Dashed-dotted lines are spin-
transition lines (T¢q) which is obtained when the concentration
of HS states is nys = 0.5. The triangle points are tricritical
points (TCPs) and dotted-lines in figures 6 and 8 are tricrit-
ical lines. Figures 5-7 are depicted in (v, T¢c) plane for vary-
ing values of parameter A and fixed values of other paramet-
ers. Some interesting features emerge from these figures. The

spin-transition temperature is constant in a wide range of ~y
for very small values of the parameter \. This domain shrinks
when )\ increases. A ~y range where the tricritical temperat-
ure is constant also emerges. A deep analysis of these figures
shows that the spin-transition (T,q) and the second-order trans-
ition (7¢) lines meet at the TCP which corresponds to the onset
of first-order transitions. It is worthwhile to note that the tem-
perature corresponding to the TCP becomes constant when at
least 50% of nn bonds are influenced by the exchange interac-
tion J. Whenever TCP exists, its position differs slightly from
the one found by means of other methods like the CEFT [44],
the BL approach [49] and the DMFT approach [48]. These
methods and the MFT yield similar finite temperature phase
diagrams. But, for the MFT with REI and RMF, at relatively
low values of v (v < 7TCP), two transition temperatures may
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Figure 7. Thermal phase diagrams of the system in (-, 7¢) plane for selected values of probability ¢ and varying values of the parameter A
with #=40K and p =0.5. Three phases are found as in two previous figures as well as TCPs. See figure 3 for the nature of each transition
line. The TCP does not exist when g < 0.5 (see panels (a)—(c)). Other value of model parameters is o =0.5.

exist: Teq and Tc with Teq < Tc. For this range of «y values,
dia-para and para-ferro magnetic phase transitions are possible
and the HS fraction nyg reaches it saturated value (nys ~ 1).
Beyond y™P, the transition is first-order (7},) and only the
dia-ferro magnetic phase transition is possible. There, the HS
units created interact magnetically and both m and nyg reach
their saturated value 1. Note also that for raising values of
A, ’yTCP tends to zero. These results bear some resemblance
with those reported in [48] (and references therein) using the
DMFT approach where increasing values of cr, yTF also tends
to zero. In zero magnetic field (A = 0K) and for different val-
ues of ¢ and ), the second-order transition lines (7¢) and the
spin-transition lines (7¢q) are almost parallel (see figure 5) in
the very low values of y range. But, for higher values of , the
transition temperature decreases with A and the model exhib-
its the tricritical behavior. For A =0, the TCP does not exist

when g < 0.5 (figures 5(a)—(c)). For any values of parameter
v, dia—para and para—ferro magnetic transitions are revealed.
These results are also obtained in figure 7 where the magnetic
field set to the value # =40 K was randomly distributed in the
system with probability p = 0.5. Figure 6 shows the influence
of the probability p of the distribution of magnetic field / in the
system. One observes that for any values of parameter A, TCP
exist, generating a tricritical line. The study of the effect of the
RMF on the system allowed us to plot the phase diagram in (4,
Tc) plane by varying values of the ligand-field strength A and
the probability p (figure 8). As we observed previously, three
phases are found: dia- (D) para- (P) and ferromagnetic (F)
phases. The transition temperature decreases with increasing
values of the magnetic field 4 and increases with the strength
of the ligand-field A [44, 48, 49]. For increasing p, one shows
that the model exhibits the tricritical behavior when p is
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ligand-field strength A. Three phases as well as TCPs are found as in the three previous figures. The meaning of each transition line is the
same as in previous phase diagrams. Other values of system parameters are ¢ =1, « =0.5, v =0.5 and A =0.

relatively high (p > 0.8). In this range of p, the TCPs are
obtained at +4TC? which tend to zero when A decreases (see
figures 8(c) and (d)).

3.1.2. Hysteretic first-order transition on the magnetization and
HS fraction. In the following, we set values of p and g to 1
and A =0. In this case, the system is subjected to an intense
external magnetic field which acts over all SCO sites. At the
vicinity of the corresponding first-order transition we perform
calculations of the order parameters as function of the applied
field strength. This allowed us to display in figures 9 and 10,
the resulting magnetic hysteresis loops for some selected val-
ues of other model parameters. For these results, the Newton—
Raphson method is used to solve equations (12) and (13). It
emerges that the system presents three different states: stable

states (S) which correspond to the minimal free energy (red
parts), unstable states (U) that are associated to the max-
imum free energy (black parts) and finally metastable states
(M) which are intermediate free energy states (blue parts). In
figure 9, the hysteresis phenomenon is presented for the mag-
netization m (left panels) and HS fraction nys (right panels)
when the temperature is increased. It can be clearly seen that
the magnetization loop pattern starts with a small double sym-
metric loop and as the temperature increases, the deformation
disappears leading to a single central loop. The same phe-
nomenon occurs by increasing parameter « or . The opposite
phenomenon is observed by raising the ligand-field strength
A (see figure 10). With the numerical fixed-point resolution
method of equations (12) and (13), one should not observe
unstable parts of the hysteresis but instead jumps should occur
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Figure 9. Thermally-induced hysteresis loops for the magnetization, m, and the HS fraction, nys, at the vicinity of a first-order transitions.
Red, black and blue parts of the hysteresis curves correspond to stable (S), unstable (U) and metastable (M) states of the system
respectively. The loop pattern starts with a small double symmetric loop and with increasing temperature, the deformation disappears
leading to a single central loop. Values of used parameters are: p=1,g=1, A\=0, «=0.5 and v =2.

at the end of metastable states. It appears that the double sym-
metric loop is obtained when for & = 0K, the diamagnetic
phase prevails in the system. On the contrary, a single loop
appears when the system lays in the ferromagnetic phase. We
also study the behavior of the coercive field A¢ as a function

of parameters « and A for increasing values of the absolute
temperature T. As it could be observed in figure 11, hc and
hc— associated to positive and negative fields are symmetric
with respect to the zero-temperature axis and remain constant
in the low-temperature range where the double symmetric loop
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Figure 10. Magnetic hysteresis loops for the magnetization m (left panels) and the HS fraction nys (right panels) at the vicinity of first-order
transitions for some values of the ligand-field strength A. Red, black and blue parts of the hysteresis curves correspond to stable (S), unstable
(U) and metastable (M) states of the system respectively. Here, the loop pattern starts with a single central loop and becomes a small double
symmetric loop when values of A increase. Other values of used parameters are: p=1,¢g=1, A=0,«=0.5,y=2and T =48 K.

is observed. When the single central loop is obtained, hcy parameter o whereas the opposite is observed by increasing
increases with temperature whereas hc_ decreases. At fixed the ligand-field strength A. These results are in good agree-
temperature, the same phenomenon appears with increasing ment with those reported in figures 9 and 10.
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Figure 11. Temperature-dependence of the coercive field for selected values of the parameters p(g), « and ligand-field strength A. hc
corresponds to the coercive field of the upward branch and hc_ is associated to that of backward branch. Note that Ac4 and hc_ are
symmetric with respect to the zero coercive field axis, being constant at low temperatures, they then evolve in opposite directions as the
temperature increases. Other values of used parameters are: A =0 and v =2.

4. Conclusion study was to investigate within MFT, the effects of these ran-

dom interactions on the system. The iterative method is adop-
Using the MFT, we have investigated the magnetic proper- ted for the calculation of the order parameters and the cor-
ties of SCO solids that we mapped onto a spin-1 BEG model  responding temperature phase diagrams. As in some previous
with exchange interactions J and magnetic field 4, randomly  works, the system displays gradual and first-order transitions
distributed over the SCO molecules. The main goal of this  with varying values of model parameters. Furthermore, TCPs
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are obtained when at least 50% of links are under the influ-
ence of the exchange interaction. Hence, the exchange inter-
action plays a crucial role for obtaining the first-order trans-
itions which become sharper and sharper when the system is
under the constraint of magnetic field 4. At the vicinity of first-
order transitions, magnetic hysteresis loops are got, and the
corresponding coercive field is calculated for varying values of
the absolute temperature. The existence of the hysteresis phe-
nomenon is much used to enhance the performance of SCO
solids in technology.
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