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Résumeé

Mots-clés: capteurs, matériaux moléculaires, ttmmside spin, Monte Carlo Entropic
Sampling

Cette thése concerne les études théoriques atimegndales de composés a transition de
spin (SCO: “spin crossover compounds”) menées mterminer la possibilité de les
implémenter dans des capteurs de température @¥qaression. L'analyse théorique a été
effectuée en utilisant les deux modeles les plukség dans ce domaine de recherche
notamment: le modéle équivalent d’'lsing et le medéé couplage Atom-Phonon. Pour
générer les états des systémes SCO, les méthoélesadtillonnage entropique de Monte
Carlo (MCES: «Monte Carlo Entropic Sampling») etMonte Carlo Metropolis (MCM) ont
été utilisées. La méthode MCES a été utilisée goudier les systemes a basse dimensions
réduites et la méthode MCM pour les systemes dadgrdaille. Ainsi le rbéle de la
coopérativité dans un systeme SCO a été analyséfleience des interactions des molécules
de surface avec leur environnement local a étéiggudl a été montré qu’une transition
procédant par plusieurs étapes (« multi step tianst) est pilotée par trois types
d’interactions: celles a courte portée, cellesragle portée et celles entre les molécules de
surface avec leur environnement. Ces résultatygmeuétre utilisés pour assembler les
matériaux de type SCO dans des dispositifs teciyimples parce-que, comme il a été montre,
il est nécessaire de tenir compte des interactipmpeuvent exister entre les molécules de
surface et leur environnement. De plus, des résuli@ortants ont été obtenus en analysant
le r6le de I'architecture du systéme. En considédas systémes ayant le méme nombre de
molécules, il a été montré qu’un systéme de forangte présente un caractére plus coopératif
gu’'un systeme de type échelle qui a son tour ptésen caractére plus coopératif qu’'un
systeme de type chaine.

Les résultats obtenus en appliquant le modéle aleplage Atom-Phonon ont été
comparés en utilisant trois méthodes différentasr pésoudre le Hamiltonien du systéme:
'approximation du champ moyen, la matrice dynareicet I'approximation parabolique.
Ainsi il a été montré que la méthode de l'approxiora parabolique est meilleure que la
méthode de I'approximation du champ moyen et geedsultats obtenus avec cette méthode
sont trés proches de ceux obtenus avec des cagalds. Ceci est du au fait que cette
méthode est tres proche de la méthode de calcattsex

Les études expérimentales des composés SCO [FEefpp.HO et
[Fe(hyetrz)]l, H,O ont révélées leur propriété thermo- et piézo-tlimoe. Une grande
variété de techniques a été employée pour la eéisation des deux composés. Ainsi les
analyses thermiques du premier composé sous Fadtime pression externe ont été réalisées
avec une cellule de pression a gaz. Ce type deleelll'avantage de maintenir le caractére
hydrostatique sur le domaine entier de températigreleuxieme composé a été caractérisé en
utilisant des techniques telles que: caractérisaijtique, DSC, spectroscopie Mossbauer et
un dispositif micromécanique pour I'application ldepression. Les résultats ont démontré la
faisabilité de détection de la pression en utilisancapteur ou marqueur basé sur un composé
SCO fonctionnant a température ambiante. Pour teposé SCO [Fe(hyetr}), H,O, une
valeur seuil de la pression de contact autour d&B@ a été obtenue qui induit de maniére
irréeversible un changement de couleur du matérialécnlaire. Ceci résulte de la transition
de I'état HS vers I'état BS. De plus, la possiéili’'une transition qui induit un changement
de couleur en sens inverse en utilisant un autreikts (température) a été démontrée, ce qui
permet de réutiliser le capteur.




A partir de ces résultats, un nouveau type deecagonctionnant sur le principe d’'une
détection optique a été proposé qui permettraildtection concomitante a la fois de la
température et de la pression. Ce nouveau typeptew est basé sur deux composés SCO
qui sont caractérisés par des transitions progessiEn considérant les développements
récents dans le domaine SCO cet objectif pournattées bient6t atteint.




Abstract

Keywords: sensors, molecular materials, spin tteomsiMonte Carlo Entropic Sampling

This thesis is result of theoretical and experitakerstudies on spin crossover
compounds (SCO) with the purpose of implementirgnthin temperature and/or pressure
sensors. The theoretical analysis was performathusio of the most employed models in
the field namely: the Ising-like model and the Atéthonon coupling model. For generating
the states of SCO systems the Monte Carlo Entr§pimpling (MCES) and Monte Carlo
Metropolis (MCM) methods were used. The MCES metivad used for small systems and
the MCM method for large systems. Thus, we analythedrole of cooperativity of a SCO
system and studied the influence of interactionghef surface molecules with their local
environment. We have shown that behind a multi-dtapsition there are three types of
interactions: the short-range interactions, lomgeainteractions and interactions of surface
molecules with their environment. These results applicable in the construction of SCO
materials based devices because, as we have sliownnecessary to account for the
interactions that may occur between the molecutedhe surface and their environment.
Moreover, important results were obtained by anatyzhe role of system’s architecture.
Considering equal number of molecules systems,ave Bhown that a square system is more
cooperative than a ladder type system which in tsrmore cooperative than a chain-type
system.

The results obtained using the Atom-phonon cogpiirodel were compared using three
different methods to solving the Hamiltonian systemean field approximation, dynamic
matrix and parabolic approximation. Thus it wasvemahat the parabolic approximation
method is better than that of the mean field appraiion method and that the results
obtained by this method are very close to realftiyis is because this method uses exact
calculation.

The experimental studies on SCO compounds [Fe@ypt H,O and
[Fe(hyetrz)]l, H,O revealed their thermo- and piezo-chromic characke variety of
techniques have been employed for the charactenzaf the two compounds. Thus the
thermal analysis of the first mentioned compoundeurthe action of external pressure was
carried out using a gas pressure cell. This typeetifhas the advantage of maintaining the
hydrostatic character over the entire range of teatpre. The second compound was
characterized using techniques such as: opticalracteization, DSC, Mdossbhauer
spectroscopy and a micromechanical home-made déwidbe application of pressure. The
results demonstrated the feasibility of pressureal®n using a molecular spin crossover
based sensor/marker operating at ambient temperatéor the SCO compound
[Fe(hyetrz}]l ; H2O, we obtained a threshold value of the contaciqune of about 30 MPa to
irreversibly induce the color change of the molacuhaterial, due to the spin state switching
form HS to LS state. Moreover, the possibility efitshing back the color using another
stimulus (temperature) was demonstrated, makirsgséansor reusable.

Taking into account the above mentioned resultpreposed a new type of sensor with
optical detection that would allow the concomitadgtection of both temperature and
pressure. This new type of sensor is based on &0 Sompounds that exhibit gradual
transitions. Considering recent developments in @O field this objective could be
achievable in the near future.
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Introduction

In the broadest definition “sensor converts inpgnals of a physical nature into
electrical output” [1]. If up until a few years agensors were being used for prevention
purposes, today’s sensors have become core elemmeatgomation systems a sensor can
perform while in operation. We can divide them ifdgar general categories as follows:

Monitoring, controlling and adjusting the systemrtorease performance;

Security and alarm in order to enhance system ggcamd to anticipate possible
miscues;

Diagnostics and analysis in order to better undadsthe operation of the system and
find ways to improve it;

Interface and navigation in order to increase fiometity.

Nowadays the most used types of sensors aredtreess, functional sensors and smart
sensors. Intelligent sensors distinguish themseiraa other types of sensors due to their
extra conditioning process control, digital intedaand operating system.

It's hard to imagine today’s world without automatequipment. From mobile phones,
computers or washing machines to cars and airplaflesontain sensors that make our lives
easier and safer. In fact, there are no indusarabs which operate without measuring,
testing, monitoring and automation. In all brancb&the industry sensors are widely used to
automate the production process. With the aid ofaees, the production capacity has been
greatly improved and is continuously growing. Tisiglso due to the particular concern, seen
in recent years, regarding minimizing energy congion, miniaturization, easy handling,
automation and multiple use of all electronic equat. In this respect, electronic equipment
manufacturers as well as science research groupscamstantly working to meet the
desideratum. Special consideration is given todéxeelopment and optimization of various
types of sensors with increased sensitivity antidngechnical characteristics, due to the ever
growing demand on the electronics market. In thghftech field Europe, and especially
Germany, holds a leading global position, not anlyterms of technological standards but
also in terms of global market shares. A comparisetween commercial studies [2,3] in
terms of demand and the results of surveys conduayethe Association for Sensors and
Measurement (AMA) [4] on the sensor suppliers marggows that European suppliers cover
about 35 % of the global demand for sensors. TheAAB] estimates that around 1000
industrial sensors manufacturers are located ioEguas compared to 3000 worldwide.

The continuous development of intelligent eledotevices has led to a significant
increase in sensors demand on the market. Fingermader mobile phones and/or the
differentiation in tactile pressure on touch scrgdmnes are increasingly being used and
evolving. It is expected that, in the near futdrandsets will have built in spectrometers in
order to measure produce freshness. 8-core prases#h 14 nm manufacturing technology
and graphics cards with thousands of microprocessoe increasingly being found in
computers marketed in recent years.

In 2012, INTECHNO CONSULTING in a report of 152@ges [6] concerning the
sensor elements, sensor modules, sensors and sgsgeEms, has reported an annual growth
rate of non-military world market for sensors oB%. between 2006 and 2011 with a
worldwide market sensors of 81.6 billion euros 00@ increasing at 119.4 billion euros in
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2011 and forecasted at 184.1 billion euros by tieead 2016. In this report a slight decrease
in the percentage of Europe's sensors market il B0ioted in Figure 1.

The market for sensor technology is highly hetermgpus and difficult to break down
even for those directly involved. However, a natigle shift from the market for capital
goods to the consumer goods market is being obdewith increasing emphasis on the final
products. Therefore, the consumer end productosemarket has, in general, a faster growth
rate than the measurement focused products andotéethnologies. New applications, at
considerable growth rates, are being found in dtimesguipment, safety and security tools,
diagnostic and therapeutic medical equipment annaotive engineering. The highest
growth rates are being recorded for image sensagleration sensors, pressure sensors,
position and proximity sensors as well as biochafrgensors [7]. The use of these sensors on
an ever larger scale has resulted in a reduced prid stimulated the increase in production
of sensors. A graph of the sensor market develotsmerthe past 10 years is shown in Figure
2. It can be seen that the market grew by 6.3%venage each year albeit with a significant
decline in 2008-2009 due to global crisis.

0.9%

34.2%

2006

29.8%

1.7%

34.4%

2011

1%

31.8%

1%

2016

27.3%

Figure 1 Analysis and Forecast of the World market of semsatil 2016: subdivision by
regions [6]
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SensorsPortahas published an estimation of sensors marketuugwol for the next 5
years [8]. The global sensors market is expectegtder from 95.3 billion dollars in 2015 to
154.4 billion dollars by 2020 with an annual grow#te of 10.1% for a period of 5 years,
between 2015 and 2020. The growth rate of imagsy tind level sensors is expected to
increase by 11.7% over the next five years andrgm f25.6 billion dollars in 2014, 28.9
billion dollars in 2015 to almost 50.2 billion iM20. Chemical sensors and bio-sensors, an
important segment of the sensor market, is expgatongrow in 2015 to 19 billion dollars.
With a growth rate of 11.5%, analysts anticipatgrewth to nearly 32.8 billion dollars in
2020. Intelligent sensors market is expected tavgto 10.46 billion dollars in 2020, a
36.25% growth rate from 2014 to 2020. US made ssnsarket, with a 30% growth rate, is
expected to reach 438 million dollars by 2018. Apaortant role in maintaining the stability
of this segment of activity is reinvestment by theustry of 10% of its turnover in research,
innovation and development.

Figure 2 The evolution of sensors market [9]

Depending on the clasification criteria of sens@trt from very simple to very
complex sensors. Thus, depending of the errorseafsarement, the sensors are classified by
deviation and resolution. Other classification en@ for classification sensors are after
specifications (price, size, weight, stability, darity, resolution, switching signal, ...),
material (organic, inorganic, conductor, insulator,) phenomenon of conversion
(thermoelectric, piezoelectric, photoelectric, fomgnetic, magneto, Termoopt, fotoelastic,
electroelastic, chemical, biological, ...), scopgriculture, construction, automotive, military,
marine, ...) stimuli (acoustic biological, chemicalectrical, magnetic, optical, mechanical,
thermal, piezo, ...).

An important category of sensors are temperaemea@s. These sensors vary from very
simple, thermostatic on / off used in domestic desi(eg. water heater) to the semiconductor
sensor with a high sensitivity used in complex psses (eg. the control of furnace plant).
Also, these sensors can be divided into two bapes

sensors which require contact with the object whes®erature it is desired to
monitor and are called contact temperature sensors;
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sensors which use convection and radiation to rapteimperature change and
are called non-contact sensors.

In turn, these two types of sensors can be subelviin other basic types:
thermocouples, resistive temperature sensors (RTDssistance temperature detectors,
thermistors), infrared, bimetallic, sensors witlquid dilator, sensors that changes its
molecular state and silicon diodes.

Due to its simplicity, the thermocouple is the mosmmon temperature sensor used in
the industry. Easy to use, with a rapid responsengerature change, small size, stability
[10-12] and a temperature range from -2@@o + 26000C, thermocouple consists of two
junctions of dissimilar metals joined at one enlle Dperating principle of the thermocouple
is based on direct thermoelectric effect (Seebéfdct. It consists in the appearance of a
tensions termoelectromotoare in a closed circuitsisting of two different semiconductors
when contacts are maintained at different tempezatu

Resistive temperature sensors are best suited dke naccurate and repeatable
temperature measurements. RTDs are manufacturedrfretals whose resistance increases
with temperature. This resistance is directly prapoal to the length of the metal wire and
inversely proportional to the cross-sectional aa@d increases linearly with temperature.
Made from high purity materials (platinum, coppeickel), RTD's are temperature sensors
with a precise and fast response [13]. Operatimgptzature range of RTD's is between -
2000°C to + 60006C.

The same mode of operation of the RTD's, thermgstoe resistive temperature sensors
manufactured from solid semiconductors [14] havangositive or negative temperature
coefficient. Most used thermistors have a negatamperature coefficient (NTC) which
means that the resistance value decreases witasiog temperature. Compared with RTD's
and thermocouples, thermistors are weaker in aectgdn and require more attention during
installation to prevent crushing.

In the bimetallic devices, two metals with diffetéhermal properties are soldered back
to back. When heated, a part of the bimetalligpstiéform more than the other. The main
advantage of bimetallic devices is portability. @&ls&nother advantage is independence from a
power source. As disadvantage, the bimetallic d=sviare not accurate as the electronic
devices. These devices are used in applications/'ORF" or "OFF / ON".

Specially manufactured for use in cryogenic terapge ranges, the silicon sensors
have good conductivity and linearity in this tenmgiare region. With increased robustness the
silicon sensors are designed for repeatable measuats with good accuracy in temperature
ranges between 1.4K and 500K [15]. This type ofseens suitable for use in very high
magnetic fields or in radiation medium [16].

Other important sensors are pressure sensorsesgsyme sensor can generate an analog
output proportional to pressure at it is or hasvaching output operating at a predetermined
pressure. Depending on the activity, the pressens@s are classified as follows: vacuum
sensors, sensors for medium pressuré PED- 18 Pa) and sensors for high pressure (3 10
Pa) [17]. The most used sensitive elements to megsessure are embedded diaphragm,
plunger with spring, corrugated diaphragm, manometeen cell, closed cell manometer,
biconical cell, bellows, Bourdon tube, twisted balitube, one-eyed tube. The high pressures
are measured using the following conversion typeszoelectric effect and electromechanical
oscillator. Sensors that use piezoelectric prigciphve the advantage of being robust,
dynamic and with a response time of millisecondabiity and high precision sensors show
using electromechanical oscillator principle buguiee numerical corrections which involve a
microprocessor.
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Major problems arise when desired to measure thegenic or high temperatures at
very high pressures. These problems occur dueangds in the properties of materials used
in sealing systems. Using sensors that require valmaf supply wires and / or of output
signals makes it difficult to seal the system andrease the cost of production. The
temperature and pressure measurement in hazardeas ia also a problem. A solution to
these problems would be to use optical detectios@s. Thus, the problems to sealing wires
or the need to introduce the energized wires iaske environments disappear.

Decrease energy consumption and miniaturizatiom @her requirements of the
consumer market. All these requirements and prableam only be solved by developing new
materials with significantly improved physical pespes. Materials with spin transition (ST),
due to the physical differences between their ttaves, such as different colors, different
volume or different electrical conductivity, havaptured the attention of many research
groups and large companies involved in research.elfer growing interest in these materials
is due to their high applicability potential in asesuch as temperature and/or pressure
sensors, information storage, micro switches asglalys.

The purpose of this thesis is to offer new insighgarding the spin transition
phenomenon from both points of view theoretical arderimental. Thus, in the first section
of Chapter 1 an introduction in SCO materials and the mainysbstion factors that induce
the spin transition is presented. In the second pfathis chapter the main models and
techniques used in characterization of behaviothexe interesting materials are presented.

In Chapter 2 we describe the behaviors of some SCO compoundsthesir optical
proprieties in the HS and LS states. So, taking adcount the different colors of the two
states, in the second part of this chapter, nevpgs®ed types of sensors involving SCO
compounds, are presented. To understand how trevioeltan be influenced by the external
perturbation factors, architecture or internal iat&ions, inChapter 3, using the Ising like
model [18-20], a theoretical study concerning oés#n main factors that determine the
evolution of SCO behavior is presented. Also, is tthapters, the influence of short and long
interactions together with the architecture effart studied. A new term is introduced in
order to account for the interaction of edge mdeswvith their local environment and
simulations were performed to investigate the rfice of temperature and pressure.

In Chapter 4, using the Atom-phonon coupling model a theoretmalysis of spin
crossover nanochains using a parabolic approximatias performed. It is well known that,
apart from the system’s cooperativity, which infiges the hysteretic behavior of SCO
complexes, the size of the system also plays ard&tant role. The properties of the system
are analyzed using a parabolic algorithm as a nethod proposed in order to take into
account the phonon contribution. Based on exacutaions, this method is more realistic
and more efficient than the mean-field approximati®FA). In particular, both the parabolic
algorithm and the dynamic-matrix method are tested compared and the analysis of the
system’s behavior shows that large size systemsbeatreated without generating all the
system states. We also analyzed the role of degeyneand the thermal variation of both the
entropy and heat capacity in the ferromagnetic-likeipling case. These studies play an
important role in the choice process of SCO comgdsuaor the desired application.

To highlight the temperature and pressure infleemt SCO behavior, i@hapter 5 we
present an experimental analysis of [Fe(hyptrzH6O and [Fe(hyetrz)l, H,O SCO
compounds. If for first compound a gas pressuré wak used to illustrate the thermal
behavior at different pressures, for the secondpoamd a home-made micromechanical
device was used to analyze the pressure infludifee study is accompanied by a theoretical
study in the framework of the Ising-like model aliag us to predict the bistability region of
these two SCO compounds pertaining to sensor apiolics. In the end of this chapter, a new
type of sensor involving two SCO compounds is psggb This type of sensor is able to
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simultaneously indicate both temperature and presatiwhich it is. It is very important to
mention that for the fabrication of this sensoretyjwo SCO materials that exhibit a gradual
transition without hysteresis are required.

The manuscript ends with general conclusions amspectives.
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1 State of the art

1.1 Introduction

Sensors market growth is a consequence of the oggdevelopment of new
equipment and devices that must meet the incregsstrgngent requirements of the end user.
From miniaturization, multi-functionality and lowoprer consumption, to applications that
require high performance computing are some of dtieria in mind of the user when
purchasing the desired product. Size reductioriezft®nic components has led to an increase
in production costs due to the expensive equiprmeemd costly components used in
production. This is one of the reasons why, in meéggears, miniaturization of electronic
components reached the economic limit due to promlucosts. This is associated with the
limiting issue in the miniaturization of componertse to physical phenomena that occur
when the material reaches a critical minimum s@entinuous technological development
has led many research groups, including physicidtgmists and engineers, as well as
companies to develop new materials with far supepioysical properties which can be
controlled at the molecular level [1-4]. Impleméida of these materials in devices at both
the macroscopic level and at the single molecule, aran be done only after a deep
comprehensive understanding of the physical anthiciaé properties of the material. The use
of these materials in the manufacturing processl@ttronic components should result in a
reduction of the size of the components by ordéreagnitude.

In this context, over the recent years, chemiaigehdeveloped new techniques for the
synthesis of molecular compounds with unique prigger An important category of
multifunctional molecular compounds are the spamsition compounds (SCO) that attracted
the attention of many research groups becauseeaf potential applications [2,5-9]. First
observed in the early 30s by L. Cambi and L. Szegbile studying the temperature
dependence of magnetic susceptibility in molecwlampounds containing Fe (lll) (3d
centers [10], the phenomenon of spin transition) (8ds later discovered in other compounds
containing metallic centers with 38d’ electronic configuration, such as: Fe (l1) [11-18p
(1) (3D [14-17], Co (1) (3d) [18-20], Mn (I1) (3d) [21,22], Mn (111) (3cF) [23-26], Cr (II)
(3d*) [27-29]. These materials have a special partiitylavhich is to switch between two
stable magnetic states: a diamagnetic low spire $t8) and a paramagnetic high spin state
(HS). The two spin states are characterized bymifft physical properties such as different
colors, different volumes or different electricahcuctivities [30-32].

The most studied spin transition compounds schéae as a central ion Fe (Il) in an
octahedral configuration. The five orbitals of tRe (II) ion are divided into two subsets
[33,34]. A set consisting dfgy(dyy, dy,, 0z Orbitals and the second set consisting of twersth

€ orbitals(dzz,dxz_yz) with an energy higher than thig, orbitals energy (Figure 1.1).

Depending on the strength value of crystal fie@hresented by the energy gap of the levels
tog and g;, denoted by (10Dq) and the value of the electron pairing engrgythe six
electrons can occupy the two different groups oitals, corresponding to the two following
cases: (i) if the ligand field, is greater than the pairing energy, > , in violation of
Hund'’s law, the electrons occupy the lowest enendytals, to. In this case the sum of the
spins is minimum (S = 0) and the compound will bethe LS state. For the second case,
when < following Hund’s law, electrons will occupy a nuerbof orbitals as high as
possible and the sum of the spins is maximum (S, ard the compound is in the HS state
(Figure 1.2). The transition from one state to hapois also characterized by a change in the
volume of the molecule, due to the metal-ligandgterchange, this one being longer in the
HS state than in the LS state. The spin transiplo@nomenon, represented by the transition
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from one spin state to the ot, occurs when the values of the twnergies are approximate
equal, »

Figure 1.1 Representation of the five 3d orbit:

Figure 1.2 Electronic diagram of the HS and LS state for dlf&{n in an octahedral ligan
field.

Thus, under the action of exterrstimuli (temperature variation, pressure variati
applied magnetic or electric fies [235-37], light irradiatior, etc), the transitionoccurs
between the diamagnelLS stateandthe faramagneti HS state or vice versand is tpically
accompanied by significant changes in color, volumagnetic stator electricalconductivity
of the compoundThese changes in physicaropertie: can beobserve using different
characterization techrues such as magnetic susceptibility measuremen[13,38,39],
Mossbauer spectrosco|[40], X-Ray diffraction[41-43], infrared and UV-vis spectroscop'
[44,45] Raman spectroscop)[46], calorimetry [47-49] diffuse reflectance[7,50-52],
ellipsometry[53,54] or optical microscop)[55].

10
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1.2 The spin transition induced by temperature

One of the most used physical perturbations irotd induce the spin transition is the
temperature. Depending on the type and intensith@ifinteractions between molecules, spin
transition compounds may show different magnetibabver with temperature variation
(Figure 1.3): gradual or abrupt [56], two [57-61f oulti-steps [62-64], complete or
incomplete [49,65] transitions, with or without Igresis. The gradual transition is specific to
systems characterized by very weak intermolecuitaractions or to diluted systems with
non-active impurities. Experimentally, for the fitsne, the two step ST in 1D coordination
polymers was observed on the compound [Fe(NG&pp)], (bdpp = 4,6-bis(2’,2”-
pyridyl)pyrazine) with its selenium analogues [FE®)(bdpp)] and was attributed to the
presence of two different crystallographic site6][6/Nith a wide plateau (HS-LS) the two
step ST was observed in [67,68]. The synergisfieceibetween intramolecular interactions
favoring the mixed-spin state and intermoleculateractions favoring like-spin species
domains are on the origin of two step transition tive binuclear iron(ll) compound
[Fe(bt)(NCS)]2(bpym), (bt = 2,2-bi-2-thiazoline; bpym = 2,2’-bipmidine) [57].

Figure 1.3 Various types of thermal induced spin transitionwéh hysteresis, b) gradual, c)
two steps transition, d) incomplete [65,69]

1.3 The spin transition induced by pressure

A second main external perturbation that has hesed to induce the spin transition is
the application of an external pressure. In 196@lBwt al [70] reported the first study on
the pressure effect on the spin transition compsy@I'S). The study was carried out on a
Co(ll) based compound in solution. A few yearsrid@argeronet al [71] and Slichteet al.
[72] showed that, by applying an external presstime transition temperatures are shifted to
higher temperatures, with shifts of about 15-20kkihe research group led by Prof. Varret
from Versailles had an important contribution tes ttopic [73].

From Figure 1.4 it can be seen that, by increasiegapplied pressure the metal-ligand
distance decreases resulting in the increase digwed field energy, , and a decrease in the
activation energy £ The transition from the LS state to the HS stateurs when the ligand
field energy becomes greater than the energy afrele pairing. By applying an external
pressure the volume of the molecule is decreasegifttvoring the LS state.

CTS behavior under pressure is usually reverdbJé3]. However, in some cases,
following the release of pressure the compoundaomgér returns to its initial state [74,75].
Applying pressure can cause irreversible changéisarelectronic structure of the compound
as well as in the crystallographic structure [72,76

11
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Figure 1.4 Schematic representation of the pressure influence.

Using hydrostatic pressure cells in conjunctiothwhe SQUID, Mossbauer or optical
systems for measuring optical reflectivity congétthe main types of characterization of the
thermal and piezo behaviors of CTS [6,77-79].

1.4 Light induced spin state change
1.4.1 Light Induced Excited Spin State Trapping (LIESST)

By irradiating a Fe (ll) based complexes in liquithase, Fe(bizk(ClOy),,
Fe(ppa)(ClO,), and Fe(pyimHYBPhy),, (biz = 2,2'-bi-1,4,5,6-tetrahydropyrimid- ine; g
N (2-pyridylmethy1)picolinamidine; pyimH = 2-(2-pglylimidazole)), with a 530 nm
wavelength light, McGarvegt al. [80] were able to disrupt the equilibrium betweka two
spin states. Two years later, in 1984, Decurdihal. [81], by irradiating the [Fe(ptg(BF )2
(ptz = 1-propyltetrazole) compound in the solidestaith green light (= 514 nm ) at 20K,
were able to induce a transition from the LS stata HS state which was maintained for
more than 10s. This effect was calledght Induced Excited Spin State TrappifigESST).
In 1986, Hauser [45] demonstrated that this processversible by irradiation with = 820
nm wavelength light. An explanation for this phemmon is illustrated in Figure 1.5. As one
can see, the first LS HS transition is induced by irradiating the compoumal, the
absorption band LSA;, with = 514 nm wavelength light, populating one of theied
levels'T; or 'T,. This new state has a very short lifetime causirgysystem to relax to an
intermediate statéT, and>T; followed by a transition to a metastable HS stéte, Since the
energy barrier Ey. is high, the lifetime of this state is greater tha® s [81]. The
phenomenon of reverse-LIESST [45] involves irrdd@the absorption band of the HS state
with a = 820 nm wavelength thus populating st&eFrom this state the system can relax in
one of the’T; and®T, states and, ultimately, in L'\1.

The discovery of the LIESST phenomenon openedrakmew research directions for
scientists. Thus, Herber and Casson in 1986 [&2fgulR spectroscopy, found out that there
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are temperature limits beyond which this phenomeisono longer noticeable. In 1991 a
study by Hauseet al [83] on the lifetime of the photo-induced HS stahowed that the
lifetime values are closely related to the transitiemperature 1J,. More specifically, Hauser
noted that the lifetime of the photo-induced HSesta higher for the compounds with lower
transition temperatures. Over the years severdleson the LIESST effect [56,84-87] have
been reported and new methods of excitation haga peoposed: hard X-ray induced excited
spin state trapping (HAXITH) [88,89]nuclear decayhiced excited spin state trapping
(NIESST) [90-92], electron-induced excited spintestaapping [93].

Figure 1.5Jablonsky diagram for LIESST and reverse-LIESS&at§ [44]

1.4.2 Ligand-driven light-induced spin change (LD-LISC)

The first results reported on the effect of LD-CISwere performed on the
Fe(stpy), ( NC$, compound (where stpy = 4-styrylpyrydine) by J. Zabewitch's group

[94]. This method involves irradiating the compoumith a wavelength characteristic of the
chemical reaction mechanism of the photochemicaiésization used in the cis-trans
isomerization of the ligand. Thus, irradiating tt@empound with a chemical isomerization
reaction characteristic wavelength allows for miediions in the behavior of the magnetic
system. This phenomenon corresponds to the LD-ldf$€ct.
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Fe! -all trans Fd!-all cis

Figure 1.6 The crystallographic structure for compound [Fe@ratpy)(NCSe}] and
[Fe(cis-stpy)(NCSe)] [95].

The LD-LISC effect leads to many potential apgimas such as information storage at
ambient temperature.
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Figure 1.7 Temperature dependence of, T for compound
Fe(stpy)(NCSe) ([96]).

1.5 Magnetic field induced spin transition

Spin transition may also be triggered by the aapion of a magnetic field, thus
stabilizing the spin state characterized by a &gant magnetic moment, i.e. the HS state.
Historically, this effect was first reported in IP8y Y. Qiet al [97], who reported a 0.12K
shift of the hysteresis loop towards lower tempeed in the case of the compound

Fe( pher),( NC$, .

Studies on the effect of the magnetic field on @we(ll) and Fe (II) based compounds
were also carried out by Boussekssiual, using a magnetic field of about 32T [98]. They
have shown that by applying a magnetic field when@TS is on the increasing branch of the
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thermal hysteresis loop induces a quasi-compleddragversible transition from the LS to the
HS state.

Figure 1.8 Temperature dependence of the effective magnetineno
of [Fe(phem)(NCS)] [97].

Figure 1.9Different set of isothermssyg(B) showing the irreversible triggering effect of
Co(Hx(fsa)en)(pz} in a pulsed magnetic field in the metastable lBesf99].
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1.6 Electric field induced spin transition

The transition from one state to another can asluce changes in the electrical
properties [2,37,100]. This was first shown by Rotet al [2,37,101] in a study on the
electrical conductivity of the [Fe(HtrZ}rz)](BFs) (Htrz = 1H-1,2,4-triazole, trz=1,2,4-
triazole) spin crossover compound. They showedttieelectrical conductivity decreases by
two orders of magnitude when the transition from L% state to the HS state occurs (Figure
1.10). This was shown to be a consequence of titetat the thermal activation energy of
the electrical conductivity is lower in the LS stdihan in the HS state.

Figure 1.10 Temperature dependence of the electrical conductofi [Fe(Htrzy(trz)](BFJ)
(Htrz=1H-1,2,4-triazole) [102]

Another important result reported on the chargadport behavior is that the Fe(ll)
centers participates at the charge transport me&ahgi03]. Moreover, it was shown that by
applying an electric field, the transition from thkS state to the LS state can be induced
(Figure 1.11) [104].

Figure 1.11 Temperature dependence of current under an apglésdric field of step type
for compound ([104]).
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1.7 Theory. Models and methods

In parallel with the various and numerous invesdtans on CTS, the need for
describing and understanding the phenomena andegses occurring under the action of
various external stimuli has led to the developmeitheoretical models and simulation
methods regarding CTS behavior [105]. Proposedhéndarly 70s [106,107], the Wajnflasz
and Pick model is the first one to introduce theaspt of molecular interaction. This model
is able to qualitatively simulate the temperatunduiced spin transition. The model introduces
a fictious spin with the eigen values= 1 (HS) and = -1 (LS). The interactions between the
neighboring centers are described by an Ising tgpe, J. The total Hamiltonian is resolved
by using mean field approximation and by taking iatcount the interactions with first order
neighboring molecules only. Intermolecular intei@ts are not considered in this model.

In 1972, Bari and Sivardiere [108] continued thedg by emphasizing some of the
physical aspects that were ignored by the mod&Vajnflaszet al, such as the temperature
dependence of the intensity of the interactionsweéiceer, both models have a disadvantage
concerning the entropy of the system associated thé two states (HS and LS) which does
not show changes in the vicinity of the transitpmint which is a major issue [109].

The first model proposed to describe the influevfcan applied external pressure on the
spin transition behaviour is the Slichter and Daicier model, developed in 1972 [72]. This
model is the first to take into account the intelenalar interactions and, for years, has been
the basis for other proposed models in order tatpmit the origin of interactions such as the
atom-phonon coupling model or the mechano-elastdeh An important aspect is that this
model entails a system of randomly distributed muwlles, each molecule having its spin state
independent of that of the neighboring moleculdwihich it interacts. Using this model and
taking into account the intensity of interactiorepnesented by the term both gradual
transitions and step like transitions with and withhysteresis could be reproduced.

The model proposed by Sorai and Seki [110] in 1&sidered that the same spin state
molecules are organized into independent domaineir Eritical size can be calculated using
calorimetric measurements. This model has the d&#edge that it cannot reproduce
transitions with hysteresis.

1.7.1 Slichter and Drickamer model

When the molecules are in the solid state, intéFoudar interactions play an important
role in the characteristics of the spin transiti@me of the most well-known thermodynamic
approaches, taking into account the intermoledunl&ractions, is the thermodynamic model
of Slichter and Drickamer [72], in which the enghalof the system, is described by the
following equation:

G= r[sGLs'*' anGHs' TSm&"G Mus Ny (1.7

where G is the intermolecular interaction parameter apd iS the mixt entropy which is
defined as:

Sax =- R ngIn( ng+ nn( nyg (1.2)

Considering Gs the reference of the energy, with§G= 0 andDG =G, =DH -TDS

(where DH andDS represent the variations in enthalpy and entr@gspectively during the
spin transition), one obtains:

G:anDH +G”Hs(l 'an)' RT (1' mS) In(l an' anln( nHi’ I”QS 3 F (1-3)
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The equilibrium condition of the system,‘ITG =0, allows to obtain the temperature

s TP
dependence as a function of the HS spin fraction:
_ DH +Q1-2n)
Rin 1" Ms 4 pg (2.4)

nHS

T

The equilibrium temperature of the system, defifed nus = ns = 0.5 (the number of
molecules in the HS state is equal to the numbenalécules in the LS state) is given by the
expression:

DH
=— 15
eq DS ( )
In the absence of intermolecular interactio@sz0 the HS spin fraction can be expressed as:
_ 1
e DH 1 1
1+exp i (1.6)
R T T,

In this case the thermal population of spin stéges accordance with the Boltzmann
law corresponding to a gradual transition.

In the case of51 0 equation (1.3) allows for the computation of the #gtion, nys,

as a function of temperature. Depending on theevafuthe interaction paramet&, several
transition types can be obtained:

gradual, for values ofs <2RT,,, characteristic of weak intermolecular interacsion

The derivative dT
S
without hysteresis.

abrupt, for values of5 »2RT,, characteristic of strong intermolecular interactionhe

is positive for 0<n,g <land the transition is continuous and

is positive except fom,s =0.5. The transition is discontinuous but
S
without hysteresis.

abrupt with hysteresis for values Gf>2RT,, characteristic of strong interactions. The

derivative

curve T=f(n,) has two extrema indicating the occurrence of thagrnysteresis
(red curve in Figure 1.12).
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Figure 1.12 Thermal variation of HS fractionpys, for different values of interaction
parameter ( H=7kJ.mol* and S=50J.K".mol*") [111].

1.7.2 Spiering model

In the model proposed by Spierieg al [112] spin transition ions are considered as
hard spheres inserted into an elastic, isotropit F@mmogeneous medium. The molecules are
treated as point defects in a network causing rdiffees in the volumes of the two LS and HS
states. The interactions between the molecules ninelastic medium are due to the
displacement field produced in the crystalline ginee as a consequence of the molecular
volume changes throughout the transition.

In this model, a sphere of volunwe (= HS, LS), placed in a crystal lattice of volume

Vv, will have an elastic energy given by the exprassio
V- %)

K(g - 1)(av—0- %Kg,( P 1)@ (1.7)

e =

a

N |-

whereK is the compressibility modulggis Eshelby constant andis the total volume of the
crystal.

The energy due to differences in the two statehefcrystal volume is represented by
the first term while the surface effect is desalibg the second term.

1.7.3 Sorai & Seki model

In 1974, Sorai and Seki [110] proposed a differemproach concerning the
organization of the molecules in a SCO system. Hairtmodel the molecules are not
randomly distributed but rather grouped in domaissociated with their spin. For a system
with N domains (each being composedcaholecules) and central transition temperaturgs T
the enthalpy of the system is given by the equation

G = nHSGHS+(l- nHS) GLS+ NkT r-]HSIr-]( an+ (l- nHlIn(l n"& (18)

and the mixed entropy of the system is:
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R

Six =- n rhs'“( rhs)-" (1' nHS) ln(1 an (1.9)

1G _ : : .

For the case— =0, the HS spin fraction has the expression:

ﬂnHS TP
_ 1
e = mDH 1 1 1.10
1+exp - - (1.10)
R T T

Although it cannot reproduce the transition witfsteresis, this model can predict the
fact that by decreasing the dimension of the dosaime transition will be more gradual
(Figure 1.13). This model involves the assumptiéram intermolecular interaction, which
favors the HS state, even if in the expressiontlier free energy no term is introduced to
represent such interactions.

Figure 1.13Thermal variation of HS fractiomys, for different domain sizes (—|:7K\].mol1
and T=140K) [111].

1.7.4 Ising-like model

This model aims at providing a simple represeotatdf the molecular states and
intermolecular interactions. Starting with the mlodé Wajnflasz and Pick, the Ising—like
model is adapted as a model with two different degate levels, each corresponding to a
certain electronic configuration. If we consideattlithe molecules do not interact, the Ising
type Hamiltonian of a system with two states, HSl &%, can be represented by the
expression:

_ N
_D-kTing s

H i
2 i1

(1.11)

where is the energy difference between the two stateis tde number of molecules that

compose the systemg ks the Boltzmann's constant, T is the temperabiiidie system and
S, is an operator associated to each molecule artdctratake the value +1 when the

molecule is in the HS state and the value -1 whHsm molecule is in the LS state.
0= 0./ 0. is the degeneracy ratio of the two states.
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The spin fraction corresponding of the HS statgiven by:
1+
Nus :ﬂ (1.12)
2
The equilibrium temperature of the system for whigh = n ¢ =1/2 corresponding to a zero
effective field is given by:

D

=m (1.13)

Tl/2

Taking into account the expressions (1.10) anti3jlwe can say that the system is in
the LS state for temperature values lower thareth@librium temperaturd, <T,,, and in the
HS state for temperature values higher than theeeature of equilibriuml, >T,.

For a system oN interacting molecules, where the intensity of th&eractions is being
represented by the parameter valuthe system Hamiltonian has the following expr@ssi

_ N
=PkNg ™o 5 s (1.14)
2 i=1 i)

H

In order to solve this system one usually usegrikan field approximation technique.
This technique involves the representation of tha sf interactions experienced by a single
solid molecule by a single field also known as dawoalar field.

Statistical thermodynamics allows for calculatiig partition function of the system
taking into account the filling of energy levelsdatihe magnetization change as a funtion of
temperature. One can then find equations identic#hose obtained in the model Slichter &

Drickamer, including the emergence of a hysteresip for constant interactiod / k; > T,,.

Using this model, Boussekseti al [113] reproduced a two step transition considgrin
two anti-ferromagnetically coupled molecular netkgoand, a few years later, the effect of
intramolecular vibrations have been also taken amount [114]. In 1999 Linares al [115]
reproduced, for the first time, the hysteretic &iion of a 1D system considering the long-
range interactions. Taking into account the lomggeinteractions, the Hamiltonian of the
system can be written as:

D-kTing" "
_P-KIg ™o ss,- G6) s, (1.15)
i i=1

i
2 i=1 q,)>

H

For a 1D system, the Ising-like model type can sl applied. However, for 2D and 3D
systems, where the number of molecules is highexart solution has been found. Thus,
many numerical techniques have been instead applisth as Monte Carlo including
Metropolis [116,117]. Monte Carlo Arrhenius [58,658], Monte Carlo entropic sampling
[58,119-121] or Molecular Dynamics [122,123]. Usihgse techniques, the Ising-like model
was used to study the 1D systems [62,124] 2D [Pb],and the 3D systems as well [59,63].

1.7.5 Atom-phonon coupling model

Introduced in 2001 by Nasser [126] this model aahgroviding an insight into the
physical origin of intermolecular interactions i lsystems. In this model molecules are
modeled as atoms interconnected to each otherghreprings with a spring constant that
depends on the electronic state of the moleculé® fbrce between two neighboring
interacting atoms andj has an associated elastic conskamiven by:
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C. =/, if the atoms are in the LS state;

C,y =n, if the atoms are in the HS state;

C,. =m, if an atom is in the LS state and other in HS state
where/ >m >n.

For a system with N atoms, each atom being agsocwith a spin operator, which can
take the value +1 or -1, depending of the electrégwel in which it is found, the HS or the
LS, the total Hamiltonian can be written as:

H = Hspin + H phonor (116)
where:
N
D
Hspin = - Esi (2.17)
thonon:Ec+Ep (118)
E: andE, are the potential and kinetic energies and canriieew as:
N 2
- B
E _om (1.19)
N 2
E, = i:je,m( Y- 1) (1.20)

wherep is the momentum of thé" atom, m is the atomic massy, represents the
displacement of the atom from its equilibrium piogitand g, is the spring constant

between thé molecule and molecule1l which can take one of the values and , and can
be expressed as:

_/+277+/7+/7-/(5 ‘s )+/ -m+n5
Q,i+l 4 4 i i+1 4 15i+l

In this case, if a periodic system is consideriee pgotential energyg, can be written as:

(1.21)

Ep = - d +ZZ7+” (ui+1' q)2+ _71,% (U' Lrl-l)2+ (Hl‘ U)Z St _71/ - ﬂé-'-n (Hi iu)zsisi +1 (122)
The Hamiltonian of the system becomes:
N N N 2
p- /+2n+n 2
H=- S. - J .ss. + —_ -
i:lh i - |1+IS| i+l - 2m 8 (q+1 l‘ll) (123)
where:
D n-/ 2 2
h=-2- 5 (¢ v (U y) (1.24)

is the effective field acting on a spin in a Zeergre interaction and the second term may be
associated with a type of exchange interactionggnieetween two neighboring spins:

[ -2n+tn
‘Ji,i+1:T(q+l_ l'il)z (125)

From equation (1.22) it is observed that the Hamian of the system consists of a
classical Ising Hamiltonian and the Hamiltoniarthed phonon.
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In 2004, a two steps transition was obtained fthis model and in 2005 it was used to
characterize the SCO in diluted systems of molecidl27].

1.7.6 Elastic models

Recently, a new class of cooperative SCO modedsbean developed to characterize
the behavior of spin transition compounds namegy @tastic model [128,129]. This model
assumes that the molecules are connected togethespring and as the transition from one
state to another occurs, the molecule’s volumeeggoroducing a force acting on the spring
interconnecting neighboring molecules. This forcdl wause neighboring molecules to
change their position.

The elastic Hamiltonian is given by the expression

— RZ 92 intra inter
H oysiem= ot ' v (ﬁ)+@’j>Vu (%.%.r1) (1.26)

where V" (1) is the intramolecular energy and is expressed dsnetion of thei™

molecule’s radiusp; is the momentum and is the reduced mass. The intermolecular
interaction between two molecules i and j is gisnthe term:\/iji“te’()g , X, r,g) where

X, =(X,,Y) are the coordinates of the center of iflemolecule. P =(R,R) is the
corresponding momentum aMtlis the mass of the molecule.

1.7.6.1 Mechano-elastic model

In this model the molecules are considered as bmngected by elastic springs that are
unstressed in the two spin states, HS and LS. Wheestate of a molecule transits from HS to
LS, through a decrease in temperature, a forcemermted that changes the position of its
neighbors and then, progressively, the effect pgafes to all the other molecules in the
system [130]. Therefore, in the classical Hamildon{equation (1.14)) of a cooperative Ising-
like system the short-range interaction term idaegd by the elastic interaction potential
between molecules [131]:

k
=3 ax (1.27)
i
The transition probability for the HS-LS transiti@ngiven by the expression [129]:

i 1 E.-kp
Rise LS:?eXp - Ak—T
B

whereE, is the activation energy of the molecule for th®-ES relaxation, and a constant

for the time scale; the termkp expresses the energy drence under the pressuie

between HS and LS states, whérds a parameter representing the sizeedénce among the
molecules. The expression of the local presqurean be written as:

(1.28)

p = k' (1.29)

neighbour springs
where the elongationg/x, are taken positive for compressed springs and tivegéor
elongated ones.

For the LS-HS transition the probability is writtas:
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i 1 D-k,Ting E,+kp
P =Zexp -——B ¥ exp- A " )
Lso s = 7 p kT p T (1.30)
At mechanical equilibrium the following conditionust hold:

neighbour springs
1.7.6.2 Electro-elastic model

In the framework of this model the spin transitis@ccompanied by changes in volume
as well as deformations of the crystal lattice tedlato the properties of elastic interactions
between molecules [132,133]. Thus, the electratielasodel is constructed to include two
contributions:

(a) an electronic contribution taking into accouhné energy of the ligand field and the
degeneration of the system (first term equatioBA});

(b) a structural contribution, related to the etasiteraction between molecules (the last two
terms of equation (1.32)).
2
H = %(D-kBTIn g)s;+ Ag- I%(si,s‘j) +
! 1 (1.32
B i - R'O(Siisk)
(i)
and represent the elastic constants between thepi@st nearest neighbors and
second nearest neighbors relative to the)(site. The distance between two first nearest

molecules is denote bR, R'"™and R:" in regards to the molecules state, HS-HS, HS-LS,
LS-LS. In addition, considering thaR" =(F{§'H + F%L)/Z the general expression of the
equilibrium distance can be written as:

R(sis )= R+ D, ) (133

where:
drR=(R" - R") (139
1.8 Monte Carlo methods

Simulation of physical processes is a challengeséientists trying to understand the
physical phenomena that occur inside the materidiss, besides some analytical methods
which can solve exactly finite or infinite systensgveral other methods, mainly numerical
have been develloped. Monte Carlo methods are & osed methods by researchers in
order to model probabilistic or stochastic systewisose analytical solutions are too
complicated or impossible to be determined. ConogrisCO materials, the Monte Carlo
methods are used in combination with certain mosketh as: Ising-like model, atom-phonon
coupling (APC) model or mechano-elastic model.tAdse models are used by researchers to
simulate the behavior of SCO materials when theydisturbed by an external perturbation
such as: thermal or/and pressure variation, ligisidiation, applied magnetic or electrical
fields.

Recent investigations using Monte Carlo methodpliegh to an Ising-like model
[107,113,134] have shown that the behavior of SC&enmls is influenced by the lattice
architecture of the system, the system’s size i@mr of particles) [65,135]. Also, the role of
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edge effect in 1D, 2D and 3D SCO systems have beatyzed, considering that the edge
molecules are trapped in the HS states [62,63].sidenng the edge molecule as active
molecules some important results have been reportdétke recent years for 1D and 2D SCO
network systems [64,136,137].

1.8.1 Monte Carlo Metropolis

This method introduced by Metropolis [138] wagially proposed for the specific case
of a canonical ensemble but it has been adoptexthier fields. The Metropolis algorithm
consists in the following description: a systemhwat configuratiorC; of spin operators and
with energyE; is shifted in the configuratiol€i;1 with energyEi;1 by changing a spin
operator,k, from its initial value  to - ¢ only if the following conditions are met: (i) the
energy of the new configuration is lower than thevipus one or (ii) in the oposite case, then
a random numbeR is generated, in the interval [0,1]; if the probdpito move from the

configurationC; to configurationCi,;, P=¢€ &7 57T 'is |ess that the value & the new
configuration is accepted. Otherwise, the new cuméition is refused and restarting from the
same configuratio; , the same steps are applied. This new configuratill be accepted or
not depending on the fulfillment of the conditiaecified above.

This method has been used over the years in cotidmnaith main models that are used to
describe the spin transition behavior [116,139,140]

1.8.2 Monte Carlo entropic sampling

The Monte Carlo Entropic Sampling (MCES) can bedusghen the Hamiltonian of the
system cannot be solved exactly via the transferixnanethod or when the mean-field
approximation method is not appropriate enoughrésearchers’ investigations. The MCES
in combination with the Ising-like model is used tobtain the table that contains the
macroscopic variablesy ands, and their densityd(m,s) mands are defined as:

N

m= s, and s= Sg§, (1.35)

i=1 I (i)
The principle of MCES, described by the Shtetal [119,120] is the follow: in order
to obtain a desired distribution P, it is necesgarintroduce an appropriate distribution as a
bias in the detailed balance equation expressed as:

PW(i® j)= PW(® i) (1.36)
The biasing probability was chosen as the invefskeodesired restricted density of states.
1
P_
Ham.s) (1.37)

In this way, configurations with weakly degeneratacrostates are favored and those with
highly degenerate states are damped. In this dasdyalance equation (1.36) can be written
as:

W(I® j) _
W3i® i)

_d(m,s)
dm, s
Because in the first Monte Carlo step the derditthe stated(m,s)is unknown we put

all d(m,s)equal to 1. So, after iteratidnthe density will bedi(m,s) Then, usingl(m,s)as a

bias, a MC sampling is run; it is termed a ‘Montarl@ stage’ and yields a histogram of the
frequency of the macrostate$(m,s)

P
- (1.38)
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1
H(mspu dms$———
((mgp d $dk(m$ (1.39)
The resulting restricted density of states is ol@diafter applying a correction for the bias:
da(mgu g(mp K m) (1.40)

From the table of thé(m,s)thus built from therf, ) states, the partition function can be
calculated using the following expression:

Z=  d(mgexptb¢ hm J3) (1.41)
(m9)
from which all the thermodynamic properties of fystem can be analytically derived.
So, in the evolution of the HS fraction given byation (1.12) the average magnetization can
be written as:

md 5) ex -i h S
oo N (Ms)exp - "€ hm J9

(1.42)

dms)exp - ¢ hm 9

i=1,NL kBT
whereNL is the number of distinct configuration of states,s> andd(m,s)is the number of
configuration for a given set of values.

1.9 Conclusions

Through of this chapter we wanted to explain thi@ sransition phenomenon and are
presented the main models used to model the beisasfathese compounds. Although ST
phenomenon is purely electronic nature, the belhafian ensemble of molecules in the solid
phase depends largely on the nature of intermaedaunieractions. The recently studies show
that the spin interactions are of two types: shamnge interactions and long-range
interactions. The short-range interactions arel@teonic nature and/or elastic between two
neighboring molecules. These interactions depenthefdistance between molecules, and
their network orientation. The long-range interaigti are due to internal pressure created by
changing the volume of molecules in crystal. Despitimerous theoretical studies on this
topic, the spin interaction issue in spin transitis not understood completely. Until now,
various models have been proposed, but the most aise those proposed by Wajnflasz,
Slichter and Drickamer sister Seki. The coopergtiorigin is, in turn, usually attributed to
elastic interactions. Various stimuli can be usedhtiuce the spin transition. The most used
stimuli to induce the transition are the variatimntemperature and application of external
pressure. In the next chapter are presented sonaibes of SCO compounds under action of
temperature or pressure variation and their apica as sensors.
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2 Sensing applications of SCO materia

2.1 Introduction

V ariation of temperature and/or pressure is moshafised to inducthe spintransitior
phenomenca. In this chapteithe behaviorsof a few compounc and their colorsin both LS
and HS spin states, respecti\ are presente. The potential applicationas sensorof these
materials are also presented in this che

The temperature and pressueffecis havebeen extensively studied in terms both
experimental and theoretical standpoln order tc experimentally investiga simultaneou
the temperature and pressure e of SCOcompoundsa pressure celconnected to a hig
pressure syste, was beenused. The cell body is constructed using enze-beryllium alloy,
and,as apressure transmitting mediuleither transparent and inqgases, such iHe, Ne, A
and N, or a liquid (4:1 MethancEthanol, Silicone Oil, Fluorine, Daphne 747:
Cyclohexane) are being used. However, the usfluids has the disadvantage the loss of
hydrostatit propertie [1] at low temperatures or high pressu[2-7]. The first study on th
effect of pressure was performed Ewalc et al [8] on aSCOcompound that heCa(ll) ion
as itscentral ior. Due tothe color changwof these materials in response 1 temperature
and/or pressure cnge, SCO materialare considere to be good candidates fcpractical
implementation as temperatior pressure sensot

2.2 Temperature sensor

Over the years have been repcof SCO materials exhibiting a strong color cont
between the twcransitional states(Figure 2.1. Thus,as a result of temperature anc
pressure variationdifferent behavics of spin transitio.compoundshave been reporte

Figure 2.1 The color changes and electron distribution of lf@flthe LS and HS stat¢[9]

The fascinating behavioof these materia hes sparked the interest of many resee
groups. Thu, in 200¢, Seredyuket al [10] reportedon aliquid crystalc compainc which
exhibited a stror color contras between the two states (ure 2.2). They also showethat,
with dehydratiorof the compound, the transition is m gradual and line: (Figure2.3).

Figure 2.2 Change of color in the SCO liquid crystalline filmound 60 °f of
[Fe(Gi-trz)s](4-MeCsH4S0s)2*H 20 [10].
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(@) (b)
Figure 2.3 The thermal variation of magnetic proprietiested tomplexes (a) [Fe(@rz)s](4-
MeGCsH4S0;5)2*H 20 (for the cases 1 - n=8, 2 - n=10 and 3 - n=12) @) [Fe(G-trz)s](4-
MeCeH1S0;5), - n=12 [10].

Another interesting compound, exhibiting a grealborc contrast during the spin state
switching, was synthesized by Zhabal [11]. This compound has the great advantage of an
increased stability over time (Figure 2.4a). Tlamsition cycles in Figure 2.4a were measured
on [Fe(Htrz)(trz)](BF4) (Htrz=1,2,4-triazole) (SCO-2) particles obtaineyg the use of the
"reverse micelle method”.

(a) (b)
Figure 2.4 (a) Optical reflectivity recorded in function arhperature variation for the SCO
compound [Fe(Htrzjtrz)](BF4); (b) The colors in the low spin state (left) aheé high spin
state (right) for the SCO compound [Fe(Hi(zk)](BFs) embedded in the pores of
mesostructured silica MCM-41.

The behavior of compounds showing a gradual ttansiwithout hysteresis was
attributed to weak cooperativity [12] or by diluginthe compounds [13]. Figure 2.5 shows
examples of SCO compounds exhibiting transitionthisfkind.
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Figure 2.5 (a) Magnetic momentr, , per Fe, versus temperature for {[Fe(py@dCSe}],(
m-0OHy)(H20)2}.H2.0.MeOH (filled squares), and for its desolvateddoiat (filled circles)
[14]; (b) ¢, T vs T for [Fe(phtptrzj]l, - black, [Fe(phtptrz](ReOs)*CH;OH - green and
[Fe(phtptrz}] TaF*6H,0 - red [12].

In Figure 2.6a) is presented a proof-of-concepeexnent where a gold microwire (L =
80 m,1=1m, h=5nm) covered by a thin layer of SCO compmb[fé' (hptrz)](Ots),
doped with Rhodamine 110 is heated by Joule efégdt The temperature distribution along
the wire is presented in Figure 2.6b). The schehtkeodevice is shown in Figure 2.6 c). The
temperature variation is a consequence of the lesaence intensity change. By increasing
the temperature the spin state of the compoundcinar the gold microwire will change
locally from LS to HS state and the luminescendtensity will increase.

Figure 2.6 Example of sensor using SCO compounds [15]
2.3 Pressure sensors

The pressure effect on a spin transition compasnidlistrated in Figure 2.7. It is well
known that the molecule’s volume in its LS staternsller than in the HS state. Therefore the
application of external pressure promotes the lafesBy applying an external pressure the
energy gap increases gDV as the metal-ligand distances decrease thus logvéte value
of the activation energ¢.. DV is the molecular volume variation during the spemnsition
andp is the external applied pressure.
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Figure 2.7 Schematic representation of the pressure influemcéhe LS and HS potential
wells of an Fe(ll) SCO compound [8].

As previous mentioned, the pressure dependende @rtergy gap is given by:

D(T, p) =D(T, p =0) +pDV (2.9
Investigating the [Fe(hyptrg{4-chlorobenzenesulfonateiH,O compound, Garciat
al. [16] observed that, by increasing the appliegdgues, the transition temperatures increases
and the width of the hysteresis loop decreaseslmagpears around 4.1 kbars of pressure. At
pressures above 5 kbar the hysteresis loop reappéara constant width value of 6K (figure
2.8).

Figure 2.8 The high spin fraction as a function of temperatiar [Fe(hyptrz](4-chloroben-
zenesulfonatedH,O at different pressures (P=1 bar, P=4.1 kbar, P=5 kbar, P=5.3
kbar, P=5.9 kbar, P=1 bar after releasing the pressure) [16]
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This behavior was associated to short range ictierss due to the presence of triazole
molecules which connect the Fe (ll) ions. Anothemilar behavior was reported by Bruns-
Yilmaz [17]. In this case the transition occurdwo steps. Much the same as in the previous
case, the transition temperatures are shifted wsvaigher values and the width of the
hysteresis loop decreases and even disappearsdtoad stage hysteresis loop) up to a
pressure of 0.4 GPa. It can be seen that, at ayeesf 0.73 GPa, the transition occurs in two
steps with hysteresis (Figure 2.9), reappearinthersecond stage of the transition hysteresis
loop.

Figure 2.9 The high spin fraction as a function of tempematdor [Fe(5-NQ-sal-
N(1,4,7,10))] at different pressures.

In 2003 Bousseksoet al [18] showed that a pressure pulse applied on &&@fipound
Fe(phen)(NCS), reveal properties symmetrical of a magnetic pafgaied (figure 2.10).

Figure 2.10The pressure pulse effect on the high spin fradhd=e(phenNCS), [18]
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Studies at constant temperatures and varying tesspre applied has been also
recorded [19] (figure 2.11).

Figure 2.11Several hysteresis loops recorded at differerdsunees and temperatures,
respectively for [Fe(PM-BiANCS)] [19]

Up until a few years ago the SCO compounds exhga thermal hysteretic behavior
were intensely studied due to potential applicaagnmemory. In the recent years the SCO
compounds with gradual and linear transition dréergion of several research groups. This
type of behavior accompanied by color changes ef dbmpound opened a new area of
implementation, namely the sensors. In 2012 Lineted [20] proposed a concept of sensor
based on SCO compound. The operating principleas/a in Figure 2.12.

Figure 2.12The operating principle of a SCO sensor with optieflectivity detection [2Q]

This type of sensor can be used for temperatugsuarement at a well-known pressure
or for pressure measurement at constant temperdtui® important to mention that the
measurement error is estimated to c.a 20K/kbarvatation of T vs P [21]. Thus, when the
sensor is used for temperature measurement thevabation of pressure induce an error of
20 mK. On the other hand, the pressure measuringpeadone with an error of 50 bars at
variation of temperature with 1 K. The contrastha color change of the material plays also
an important role in the sensitivity and resolutioh measurement process. Using the
advantages of these materials such as changean oepeatability, time responding and the
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possibility to be controlled at molecular level, cBu kind of materials are being
commercialized for various applications where aensélection of colors (Figure 2.13) [22] is
necessary.

Figure 2.13Types of pigments and their applications [22].

2.4 Gas sensors

Because the transition can also be chemicallydeducertain compounds can be used
as chemical sensors (figure 2.14). Compounds sush Fa(pyrazine)[Ni(CN),
Fe(pyrazine)[P{CN),] or Fe(pyrazine)[P(CN)], in the HS state display a yellow color
which may be stabilized in a hydrosillic solvent.the LS state, these compounds exhibit a
reddish-brown color and may be stabilized in a &Svent.

Figure 2.14a) The temperature dependence of SCO compound)F(&N),]; b) the time
dependence of HS fraction under the action of bemfgellow) C3 (purple) at 293K [23]
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Figure 2.15The thermal and chemical behavior&f(pz)[Pt(CN)] [23]

As shown in Figure 2.15 the transition from thedt&e to the HS state can be achieved
both thermally and chemically. From an initial Li&te, the isothermal absorption of benzene
by the compound triggers the transition to the kffes By adsorption of benzene the volume
increase by a very low stdp/P, value of ca. 0.05 and the complete transition ftbm LS
state to the HS state was observedFiti?,=0.19. The HS state is then maintained even after
the benzene is eliminated under vacuum. By cooling,system can return to the initial LS
state. If the compound is in the HS state and &i8sGS the transition from the HS state to
the LS state occurs due of framework contractioardbned). After CSis removed in
vacuum the compound retains its LS state and, hyirtgg it can switch back to the HS state
[23].

In this context, for use the SCO materials as @sngor to help to choose the SCO
compound for the desired application, the next tdras dedicated to theoretical studies
regarding to the role of cooperativity, edge anchiecture effect, in thermal and pressure
behaviors of these interesting materials.
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3. Cooperativity tuning in spin crossover nanostructues
via matrix and architecture effect

3.1. Introduction

In the past years SCO compounds was intensely dtudierder to understand the
influence of physical and chemical parameters om ¢boperativity in molecular SCO
compounds. Thus, it has been shown that both sratlong range interactions [1] are
present in these molecular materials and play amnale on the behavior of SCO compounds
subjected to various external stimuli such as teatpee and pressure [2-5], light irradiation
[6-8] or magnetic field. More recently, it has beshown that the cooperativity is also
strongly affected by the system’s size [9,10], #rehitecture [11,12] or the size of the
molecules [13-15]. Up to now, several types of dpansitions, have been reported in the
literature, one step transition [16,17] or the watisp transition with two [18] or three steps
[19-21], with equilibrium temperature centered bel@bove or at room temperature. These
transitions can occur with or without hysteresis.ti#e origin of multi-steps transition is the
presence of both the antiferromagnetic-like shange (J) and ferromagnetic-like long range
(G) interactions [1,22].

The theoretical studies have given a great impogé&o the simulation of the thermal
behavior of nano-patterned molecular SCO systerager@l approaches have been used by
various research groups such as mechano-elasti2gR3atom-phonon coupling [26-30],
Ising like model [31-33] or first order reversalrees (FORC) [13,34]. However, only few
experimental studies have been made at nanosomgdie due to the low signal that could be
detected by classical techniques, such as in magorebptical measurements. Nevertheless,
in the last years it has been shown that a styliaf to investigate the thermal behavior of
SCO systems at nanoscopic scale is by using elaktmeasurements [7,35-37] or surface
plasmons detection [38].

The role of cooperativity in SCO materials hasaated great interest from unusual
observations revealed experimentally [1-3,19,2@350]. The origin of cooperativity is
assigned to elastic interactions between neigh@witching molecules and as a function of
the interaction strength among molecules and/aheflattice architecture, the spin transition
(ST) curve can display a variety of shapes whiah lsa gradual, abrupt, or stepwise [51].
Increasing the strength of these interactions,cib@perative phenomena between the spin
state changing molecules can lead to a hysterelia\bor. In the last years a special attention
has been paid to the two-step behavior which wiabatied to a synergistic effect between
intra-molecular interactions favoring the mixedrsgtate and intermolecular interactions
favoring like-spin species domains. In the lasefiears, several coordination complexes
have been shown to present a ST occurring in thieges [19,20,41]. Although the origin of
the two-step behavior is rather clear, the oridirihe three-step behavior is far from being
fully understood. However, there is clear evidetitat this stepwise behavior should be
governed by both matrix (i.e. surface effect) amthtrange interaction effects [52,53].

In the first part of this chapter, a theoretidaldy concerning the influence of an elastic
environment on a SCO system is presented. By reduttie particle’s size, the surface
contribution became more important comparing wite tulk behaviour. Moreover, the
fabrication of a temperature and pressure senstin waptical detection demands the
integration of the SCO complexes in a matrix. Tinaske very important to know how SCO
behavior is influenced by the interaction of SCOeauales with their environment. Thus, the
edge effect might play an important role on thenspbssover behavior. Indeed, it has been
shown that the edge effect could led through airstép behavior. This kind of behavior has
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been experimentally observed in 2D and 3D SCO Bt 9,20,41] but not yet for 1D

systems. We used Ising-like model [31,49,50] ineortb simulate the edge effect in SCO
systems. These studies are very important for eegi in the fabrication process of
temperature and pressure sensors.

In the second part of the chapter is analyzed rtigtacture effect of a SCO system.

The Ising-like model with short-rangel)(and long-range interactions (G) [31],
presented in the first chapter, has been used werale studies to reproduce different
experimental behaviors such as a one-step tranditi@1,42] or a two-step [43] transition,
with or without hysteresis. The two steps SCO cwes attributed to the interplay between
an antiferromagnetic (AF) short-range interactiomd aa ferromagnetic (F) long-range
interaction. Example of two-steps transition hagrbalso reported as a consequence of
binuclear molecules [48] or two-sub-lattices [49,54

3.2. Matrix effect on spin crossover nanoparticles onfte origin of multi-
step spin transition behavior in 1D nanopatrticles

3.2.1. The Ising-like model with edge effect

It is known that the SCO compounds that exhib&tagesis can be used as memories
and those whose transition is gradual can be usegrsors. Thus, compounds with gradual
transition can be obtained by synthesis or mayilbged compounds that exhibit transition
with hysteresis.By dilution the system cooperativity is reduced acah appear new
interactions if the compounds are mixed for exampta paints. In order to take into account
these new interactions (the matrix effect), we hagded an additional interaction parameter
to the Ising-like Hamiltonian [31] which accounts the SCO molecules behavior within the
environment (matrix effect), that is termed, thetn®ainteractionL. This interaction is
assumed to act on the molecules localized at batls ef the 1D SCO system. In this case,
the system’s Hamiltonian can be written as follows:

N N
_D-kTing $-G s<5>-J ss;- 1L S, (3.1)
2 i=1 i=1 (id) =N}

H

where the first term represents the temperaturerdignt field, the second and third terms are
describing the long- and short-range interactioaspectively. The last term describes the
interaction of the SCO system with the matrixis the energy gap between the high-spin
(HS) and low-spin (LS) states, and g is the degayeratio of the two states.

Since the ratio of HS statgdias a function of the pseudo-spin variable candpeessed by:

N =(1+(s))/2 (3.2)

and appears self-dependent ©f>, we propose an analytical treatment using a new
expression ohys based on the bisection technique.

Thus, the system’s Hamiltonian could be expressed dunction of the dimensionless
macroscopic variables:

m= S
o1 i (3.3
S= <i,j>5isi and (3.9
C=<s5,+5, > (3.5
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(hereins, and s, represent the spin operator associated to theaf the last molecule in
the molecular chain):
D- kBZTIn g G

H = (s) m Js Lc (3.6

The canonical expression of x can be constructed in terms of the above dimetess
guantities:

Ddmsgew - hm 3 L9

j=LNL kBT

<s >= 1 3.7
Cdmsoen- L hm 3 L9

whered(m,s,c)is the number of configurations for a given sevalues,NL is the number of
distinct configurations of statesn,s,c>and where:

h =- W- G(s) (3.9

Sinced(m,s,c)is the degeneracy of each statm,s,c> we are able to generate all the system
configurations building by this way, the stategritisitions of the molecular system.

Upon considering open boundary conditions anavalg the numerical calculation of
equation (3.7) from the bisection technique, theves from Figures 3.1 and 3.2 were
obtained where g3 is given by equation (3.2). Moreover we discusshim rest of the study
some simulations regarding the behavior of a 1Desysusing the values of parameters
In(g) in the range of those of SCO compounds.

In the numerical studies [42,55] it was shown thastepwise behavior could be
obtained in 3D SCO systems by taking into acco@gative short-range interactions (anti-
ferromagnetic-like interactions) and positive largrge interactions (ferromagnetic-like
interactions). Following similar conditions, it fsirther considered in this work, that the
coupling between the matrix and the edge moledslésromagnetic-like (positive).

3.2.2. Results and discussions

The results on the influence of the SCO-matrixenattion strength are reported in
figure 3.1. By increasing the value lof the 1D SCO system goes from a complete two-steps
behavior [L/kg = 90 K, withkg the Boltzmann constant) to a complete three-dtepsvior for
an interaction strength between the matrix andothendary molecules given by lg/kc 147
K. Moreover, an incomplete two-steps transitiomlisained for higher values of lgk= 180
K. These results are to be compared to the incdmplehavior induced by the SCO-matrix
interaction strength that were recently reportedhyleriuet al [10] in the framework of the
mechano-elastic model. In their paper, it was aatedl that the nanoparticle system behavior
is affected drastically by the matrix environmepbn decreasing the nanoparticles system’s
size. Atitoaieet al [56] and Muraokaet al [57] have also studied the effect of the
environment on the SCO behavior.
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Figure 3.1 Thermal evolution of the HS molar fractiamys, in a 1D SCO system embedded
into a matrix for different matrix interaction stiggh: Square (LK = 90 K), Circle (L/k =
147 K) and Triangle (L/k= 180 K). The parameter values are: N = 16 moés;ulkg = 240

K, In(g) = 9.5, G/lk = 120 K, and Jik=-43 K.

In the past years, particular attention was paithé influence of size effect in the frame
of the nano-structuration of SCO complexes [58hc8ithe hysteretic behavior of the SCO
systems is strongly affected by the decrease imtimeber of molecules, many studies were
reported on the critical size, under which the S§Gtem losses its hysteretic properties.
Rotaruet al [13] studied a series of nanoparticles of thdasied [Fe(NHtrz)s]Bro3H,0O
(NHatrz = 4-amino-1,2,4-triazole) SCO complex, withivas mean sizes (30-110nm) using
first-order reversal curves (FORC). They have shdven the critical size is around 45-50nm.
On the other hand, SCO systems with a critica siglow 10 nm have been also reported
[59]. The size effect in SCO systems exhibitindieeé-step behavior has however not been
studied so far. For this reason, we present irfdllewing, a study on the size influence on
1D SCO system exhibiting a stepwise thermal bemavio

In figure 3.2, the simulated thermal behavior led HS fraction is shown for various
numbers of molecules. We show that, when the SG&s8ysize consists of a high number of
interacting molecules, the thermal behavior of IBeSCO system, depending on the matrix
interaction strength, can exhibit both two-step dhrke-step ST and both complete or
incomplete transition. However, when the systen¥se s decreasing, the coupling between
the edge molecules with the matrix becomes moreoitapt and the synergistic effect
between intra-molecular interactions favors theedispin state configuration. Thus, with the
decrease of the system’s size, the SCO particldedded into a matrix can exhibit even a
four-step behavior. As it was expected, the deeradsthe system’s size also affects the
increase of the residual HS fraction, for high eslwf the matrix interaction parameter.
Another feature that was observed with the decrehfiee number of molecules, is a shift of
the equilibrium temperature 15 to low temperatures, in good agreement with the
experimental data reported in [9].

Because in our model the edge atoms are not kloickéhe HS state, it is difficult to
give an evolution of 7, as a function of all the system’s parameters (i.1(g), J, G andL).
A particular aspect which should be noted heréesfact that different cooperative effects at
small nanoparticles sizes were obtained, in goageagent with the results reported by
Tokarevet al [15] for of [Fe(NHitrz)s](tosylate} nanoparticles of 3-4nm in size.
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Figure 3.2 Evolution of the HS molar fractiomys, as a function of temperature, for various
numbers of molecules: (a) N=6 molecules, (b) N=1@letules, (c) N=20 molecules, (d)
N=38 molecules for different polymeric-interactiosisength: Square (Lék= 90 K), Circle
(L/kg = 147 K) and Triangle (L&= 180 K). The computational parameters amk = 240
K, In(g) = 9.5, G/k = 120 K, and Jik=-43 K.

In figure 3.3 we show the case whéras well as), the short range interaction are 0,
together with the case with ldk= 147 K and Jik= -43 K. It is clear from this figure that the
multi-steps hysteresis transition originates fréma interaction of the border SCO molecules
with the local environment together with an antib@nagnetic-type short range interaction.

The value of the parametkr which is a “long-range interaction” between thatrx
and the SCO at the surface, is of the same ordbrthe long-range interaction parameger
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Figure 3.3 Evolution of the HS molar fractionyg as a function of temperature, for the case:
(Circle) (L/kg = 147 K, J/k = -43 K) and (Triangle) (Lik = 0 K, J/lg = 0 K). The
computational parameters are: N=16g = 240 K, In(g) = 9.5 and G¢k= 120 K.
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The role of the long-range (G), as well as thertstamge interaction, on the thermal
behavior are presented in figure 3.4 and figurer8spectively. For a high value of the long-
range interaction, three-step hysteretic behavaor loe reproduced, however the hysteresis
disappears, as we expected, for small values dbtigerange interaction.
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Figure 3.4 Evolution of molecules in the HS statgs, as a function of temperature, for a 1D
system N= 16 molecules, for different long rangesiactions strength: Gik= 40 K

(triangle), G/l = 80 K (circles), G/k = 120 K (star) The parameter values afies = 240 K,
In(g) = 9.5, J/k =-43 K, and L/k = 147 K.

The short-range interaction strength plays an mapb role on the stepwise behavior.
Thus, when the short-range interaction strength idates the other two interactions
parameters, i.e. long-range and the matrix intemagbarameters, the stepwise behavior is
more pronounced. For a small value of short-rangeraction, the stepwise behavior can be
masked by a macroscopic one-step behavior.
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Figure 3.5 Evolution of molecules in the HS statgg, as a function of temperature, for a 1D
system N= 16 molecules, for different long shoteractions strength: Hk= -43 K (triangle),
J/kg = -30 K (circle) and Ji= -20 K (star). The parameter values afies = 240 K, In(g) =
9.5, G/lg = 120 K, and L/k = 147 K.
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3.3. Matrix and size effects on the appearance of théérmal hysteresis in
2D spin crossover nanoparticles.

This study aims at addressing the investigationsS€ nanoparticles on which an
extensive work has been devoted this last decauth, fom the chemical point of view by
synthesizing new core-shell systems [60-62] andhftbe theoretical side, in which some
attempts to explain the interplay between the marid the SCO properties [42,57] have
been developed.

Here, we consider this problem in the frame ofl#ireg-like model in which we include
the effect of the environment on the SC nanopagichnd we study its impact on the
macroscopic thermal properties of the system.

3.3.1. Results and discussions

Adapting the Hamiltonian expressed in equatiori)(30 a 2D system type the new
Hamiltonian can be expressed as:
_ N N
=D-kTing §-G s;<s>-J s5 ;- L S (3.9

H I
2 i=1 i=1 (i) {=edge molecule}

The molecules situated at the surface of the ramiofe can be considered to be at the
interface between the nanoparticle and its immed&tvironment (matrix, air, ...) and
therefore, it is legitimate to consider that thewé specific properties. figure 3.6 illustrates
the thermal-dependence of the HS fraction for aslaied SC nanoparticle having a
homogeneous and constant ligand field on all sitekiding those located at the surface.
Obviously, this situation corresponds to the caBer& L=0 in Hamiltonian given by equation
(3.9).

The Hamiltonian (equation (3.9)) was exactly sdlwe the canonical approach, using
parameter values chosen from typical data in spssover literature, such asks=840K,
J/kg=10K, G/k=115K, In(g)=6.9 (leading to a molar entropy chang@ 56 J.K-1.mol-1),
except for L which is a variable parameter.

This study is carried out for several lattice sjzeontaining a number N =X N, of
molecules. The results of figure 3.6. show thaglircases, a first-order transition is observed
whose thermal hysteresis loop increases in width thie lattice size. As it was expected, the

equilibrium temperaturd,,, =% =121.7K remains size-independent.
giNg

Figures 3.7 displays the associated phase diagfigras a function of T for two values
of the size, N=30 (5x6) and N=16 (4x4). Let’s colesithe case N=30. For a compound with
/kg higher than the critical ligand field valueg/kg=997K, the spin transition from the LS
state to the HS state occurs gradually, i.e. withioermal hysteresis. It is worth to notice that
if for some reason (like, the interaction of the &&hoparticle with some surrounding shell)
the average value of/kg decreases to the extent thdkg becomes smaller than the critical

value c/kg, then the thermal hysteresis may not appear.
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Figure 3.6 Simulated thermal dependence of the HS fractior2ido SCO system for three

numbers of molecules, showing the dependence ah#renal hysteresis on size. Parameters
values, used in calculations, arékg=840K, J/lg=10K, G/ks=115K, L/kg=0K, In(g)=6.9.
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Figure 3.7 Phase diagram in;}- coordinates for an isolated SC nanoparticle of $&)
N=30 and (b) N=16, leading to the respective ailtiigand field values -/kg=997K and
979K. The parameter values are the same as thdggiad 3.6.

We have made extensive simulations of thermal nldgreces of the HS fraction for
different ligand field values and various nanoméetisizes. For each size, we determined the
critical ligand field above which the first-ordepis transition vanishes. The results are
summarized in figure 3.8, where we represent tie dependence of these criticake-
values. It is important to notice that the critigcalue of the energy gap increases with N till
saturation, which occurs forc/kg ~1000K, corresponding more or less togkg value at
the thermodynamic limit.
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Figure 3.8 Size-dependence of the critical ligand field shayvd monotonous increase and a
saturation indicating the proximity of the thermadynic limit. The parameter values are the
same as those of figure 3.6.

In the second part of this section, the problemad2D SC nanoparticle under the
influence of a matrix or a shell was explored.His tcase, the parameterin equation (3.9),
accounting for the existence of a specific ligalettifof the edge atoms, becomes significant.
The thermal behavior of a 2D SC system includingese effects is reported in figure 3.9, for
various value of the system’s size. We observe, tbantrary to the case of an isolated
nanoparticle (see figure 3.6), now the transitemperature 1, shifts to higher temperatures
with the nanoparticle size, while concomitantly thielth of the thermal hysteresis shows a
very unusual trend, since it increases when theopemticle size decreases. One of the
important conclusions arising from these resultsas a result of surface effects, the
emergence of the first-order transition at smalesj which was absent at bigger sizes. This
surface-driven first-order transition, is a resuhich is very original, and to the best of our
knowledge it was never reported in the theoretitatature. The phase diagram giving the
size-dependence of the critical ligand-fields/kg(N), is presented in figure 3.10. Now,

c/ke(N) is an increasing function of the size, a bebiawihich clearly contrasts with the case
of the isolated nanoparticle, as given in figur@ 3.
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Figure 3.9 Simulated thermal dependence of the HS fraction 2Dr SCO nanoparticle
including surface effects, for three increasing bams of molecules. Remark the behavior of
the thermal hysteresis width and equilibrium terapee with size. The parameter values are
the same as those of figure 3.6, except fop+£1R20K.
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Figure 3.10Size-dependence of the critical value of the engap as function of the number
of molecules for a 2D SC system embedded into aixndthe computation parameters are
the same as those of figure 3.9.
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Figure 3.11 Thermal evolution of the high spin molar fractionys, for a 2D system
embedded into a matrix for the sizes: (a) N=9 (343) N=16 (4x4), (c) N=25 (5x5) and (d)
N=36 (6x6). The parameter values ar&kz=840K, J/lg=10K, G/ks=115K, L/ks=120K and
In(g)=6.9.

To disentangle the surface and the bulk contrimstiin the thermal dependence of the
total HS fraction of figure 3.9, we have calculated thermal evolution of the HS fraction
corresponding to each of them, for various sizest we illustrate in figure 3.11. It is clearly
shown in this figure that the thermal dependencthefsurface (green curve) and bulk (blue
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curve) contributions are dramatically influenced the ratio of the numbers of edge/bulk
(surface/volume in 3D) molecules. Thus, for thetfoase (figure 3.11a) for which the ratio is
8:1, meaning that that the surface is dominanttlieemal behavior of the system is mainly
governed by that of the edge molecule. The expectahsition temperature

T, (surfacg = E 2L

» 87 K is significantly different from that of the bullystem, given by

B

»121.7K and is in excellent agreement with the simulatidine

Tl,z(bulk) = King
influence of edge molecules on the global behavidhe system (red curve), weakens as the
system size increases, which is confirmed by thi ghthe transition temperature towards
that of the bulk material. However, despite thasgpk considerations, the thermal behavior
dependence on the bulk and the edge HS fractiansitis complex (see the shapes of the blue
curves), due to their interplay and a complete wigtsan will be developed elsewhere.

3.4. Simulation of multi-steps thermal transition in 2D SCO
nanoparticles

The surface interaction parameter is assumed toomache edge molecules of the
system, which are represented in blue color inrégB8.12 where a 2D such system is
illustrated.

Figure 3.12Schematic representation of a 2D SCO system witm@®cules (5x5). Blue full
circles represent the edge molecules and redifales represent the inner molecules.

3.4.1. Results and discussions

Keeping the same signs for the short and longeaanggractions as it was reported in
[22,35] and applying in the numerical calculatidrequation (3.7), the bisection technique to
a system of 25 molecules (5x5) with 16 edge mots;uthe stepwise thermal behavior was
plotted as shown in the figure 3.13. The high $pction, nys, was obtained from equation
(3.2)) We have considered an open boundary conditiothe matrix system.

From figure 3.13 we can see that a four stepsehgsis transition was obtained. To
understand the role of a negative short rangedaten that is responsible for a multi-steps
transition [22,55] and the role of the interactipewrameter between the edge molecules and
the environment we have also performed calculatibasgave results reported in figure 3.14.
The behavior of the system when both parameter® aelotted in figure 3.14 (a). In figure
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3.14 (b) and 3.14 (c) are presented the evolutiothe@ HS fraction when the short range
interaction parameters (in figure 3.14 (b)) andititeraction parameter with environment (in
figure 3.14 (c)) are 0, respectively.
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Figure 3.13 The evolution of the high spin fractiomys, of all system molecules. The
computational parameters are: N=23kz=320 K, J/k=-29 K, G/lg=120 K, L/k=107 K,

In(g)=9.1.
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Figure 3.14Thermal evolution of the HS molar fractiams, in a 2D SCO system embedded
into a matrix for the case: a) g40 and L/lg=0, b) J/k=0 and L=/k=107 K, c) J/k=-29 K
and L/le=0 K. The computational parameters are: N=25 (5x®8p=320 K, G/=120 K,

In(g)=9.1.
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It is clear from these two figures that both sharige interactions and the interaction
between edge SCO molecules and its local enviroheentrigger the multi-step hysteresis
transition.

The size effect on the thermal behavior of a 2BDXystem embedded into a matrix
has also been studied. As can be seen from figdfs By decreasing the system’s size, the
ratio between edge and inner molecules is highértlaa influence of interaction between the
edge SCO molecules with environment becomes mopartent than the influence of the
inner SCO molecules on the thermal behavior ofsiregem. For N=9, for example, no multi-
steps occurs for the inner molecules whereas f@a\a stepwise transition from LS to HS
occurs.
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Figure 3.15Thermal evolution of the HS fraction for differesytstem’s size: (a) N=36 (6x6),

(b) N=25 (5x5), (d) N=9 (3x3). The computationatgraeters are:/kg=320 K, J/k= -29 K,
G/ks=120 K, L/k=107 K, In(g)=9.1.

59



Chapter 3. Cooperativity tuning in spin crossover nanostructur@snatrix and architecture effect

3.5. Analysis of edge effect in 3D systems
3.5.1. Results and discussions

In this study, we first consider a 3D SCO systehose edge metallic centers interact
with its environment and apply the bisection teqgei to equation (3.7). The HS fraction,
Nus, is derived from equation (3.2). The SCO selesgstem contains 125 metallic centers
(5x5x5) of which 98 are surface metallic centerd anly 27 are inner metallic centers. A
typical distance between metal centers of about[83} is taken into account corresponding
to a cubic sampling of 3.6 nm x 3.6 nm x 3.6 nm. &dAsesult, a hysteretic multi-steps
transition is predicted (figure 3.16).
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Figure 3.16 Simulated HS fractiomys, as a function of temperature for a 3D SCO system.
The computational parameters are N = 125 (5x5xHg = 1450 K, G/k = 470 K, J/k = -
100 K, L/kg = 750 K and In(g) = 4.7.

For comparison purposes, we plotted the computedntal behavior without edge
effect on figure 3.17. The following conclusionsxdze drawn: (i) the hysteresis related to the
middle-step disappears, (ii) the HS fraction insemafrom O (when L&= 0 K) to 0.4 (when
L/kg = 750 K), (iii) the transition is shifted to lowemperatures, which means that the edge
interaction seems to have an action opposite yp@mal applied pressure because the edge
interaction favors the HS state while an appliezspure is known to favor the LS state, due to
its lower ionic volume.
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Figure 3.17 Simulated HS fractionpys, as a function of temperature for a 3D SCO system
when L/lg = 0 K. The other parameters are the same as didiggrire 3.16.
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The computed thermal behavior of a 2D SCO systehele the interactions within
molecules between planes are less than 10% obétaeen the molecules in the same plane)
with 121 of metallic centers is shown in figure &.Even if the number of metallic centers is
almost equal to the number of metallic centerdef3D system used above (125), the role of
edge effect is reduced, because the number ofredtglic centers is only 40 compared to 98
metallic centers in the case of the 3D system. Jjia transition is still incomplete, and
proceeds in three steps but is no longer hysteretic
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Figure 3.18Simulated HS fractiomys, as a function of temperature for a 2D SCO system
with N = 121 (11x11). Other parameters are the sasrtbose of figure 3.16.

Finally, we have investigated the increase of $ystem’s size (figure 3.19). By
increasing the system’s size, i.e. by decreasiegr#tio between edge and inner metallic
centers (from 7 for a cube system with 64 metalgaters to 3.629 for a system with 125
metallic centers and to 2.375 for a system with @&gallic centers), the edge effect decreases
and the role of inner metallic centers increasesaAesult, when we increase the size of the
system, the equilibrium temperature,,Tis shifted to higher temperatures and the tremmsit
proceeds continuously from the LS state to the tdfes
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Figure 3.19Simulated HS fractiomys, as a function of temperature for 3D SCO systeims o
different sizes. Other parameters are the santeoas df figure 3.16.
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3.6. Size dependence of the equilibrium temperature i2D SCO system

Figure 3.20 illustrates the thermal behavior & thS fraction, ps(T), calculated for
various particle sizes. Upon decreasing the parside (Nx Ny), the transition temperature is
shifted downward and the width of the thermal hyestis loop progressively increases as a
result of surface effects. The detailed discusgibithe results of the model follows. This
behavior contrasts with the classical behaviorefthermal hysteresis with particle size, for
which it monotonously vanishes at small sizes.

1.0 T T T T T T T T T

0.8

0.6

= N =16 (4x4)
= N=25(5x5)
= N =36 (6x6)
= N_=64(8x8) |
N =144 (12x12)
180 190 200 210 220
T [K]

Figure 3.20 The simulated thermal behavior of the total HS:tfom, nys(T), for different
system’s sizes, showing an increase of the thehysteresis width for smaller nanoparticle
sizes. The computational parameters arkg = 1300 K, G/ = 172.7 K, J/Ik = 15 K, L/k =
120 K, In(g) = 6.01.

We could separate the contributions of surface stamd core atoms in the thermal
behavior of the total HS fraction of figure 3.20glre 3.21 displays two chosen cases of
nanoparticles with sizes (4x4) and (12x12) depicttl contributions. One can clearly see,
that in both cases, the surface (blue curves)sstartransform much earlier than the core
(green curves), which clearly indicates that thefame is driving the thermal LS to HS
transitions. It is however obvious that for vergdmer sizes (unreachable with MCES method),
the contribution of the surface will be marginatiahe core will dominate. This tendency is
already visible in the case of 12x12 particle, inich we remark that the curve of the total
response (red) is much closer to that of the batkyns.
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Figure 3.21The thermal behavior for the edge, inner and totlkecules of the system for the
cases: left - N= 16 (4x4) and right - N= 144 (12x12). The model parameters are the same a
those of Figure 2.20.

We found that the size dependence of the transiémperature could be described by
analytical laws (easily extended to 3D models).e;i@rworth mentioning that even for small
sizes, exact analytical solutions of Hamiltoniahi(il2D are out of reach [64], contrary to our
previous studied case where the surface atomsfixerkin the HS state [57].

We introduce here a simple idea that the tramsi@nperature of the system is still the
result of a null total effective ligand-field. Frothe expressions of the ligand field for the
edges and core atoms, as listed in Table 3.1rdhsition temperaturd,, for a square lattice
Nyx X Ny is the solution of the following equation:

D-Kk,T,In D-2L- In
B "eq g' I%-le-:q g 4( N;( ;; O
2 2
which expresses that the total ligand-field is ét@ero afl=Teq

(N,- 2)% (3.10)

Total Edges Core
Number of 2
atoms AN-1) (Ne2)
Ligand-field

Table 3.1.The ligand-field correlated to the molecules numbe
Solving equation (3.10) gives the analytical expi@s of the lattice size-dependence of the
transition temperature, as:

N N

— '"V¢ Tbulk s surf
Teq - W{Teq +W Teq ) (3.11)
which for a 2D square system can be written as:
2 — 2 1bulk surf
NxTeq - ( Nx- 2) Teq + 4( Nx' 1)Teq ) (3.12)

leading to a parabolic and linear contribution lé bulk and surface contribution 87T,

X 'eq
respectively. These tendencies have been checkeerimally in the simulations, and as
shown in figure 3.22, they are followed from a ptvaenological point of view.
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In equation 2.12T.2" and T;" are the transition temperatures of the bulk amdstirface,

whose expressions are:
D-2L

Tok = 216.X and T2 = 176.XK
“ kiing 7 o king 7 (3.13)
35000 — T —— .
30000 - "
25000 * 4
¢’ 20000 - .
N X 1
Z 15000 . .
* = 1 . o TPUR2 ]
— 210000 / eq X
1 ///: —o— TZ:rf*Ni 1
5000 ¥ .
| | S |
O T T T T T T T T T
4 6 8 10 12
N
X
Figure 3.22 The size-dependence of showing a parabolic behavior for the bulk

contribution and a quasi-linear trend for that lné tsurface, in qualitative good agreement
with analytical predictions of equation (3.12).

Equation (3.11) predicts that the transition terapee has two limiting values, namely

» 216K

T, :Tesé"f =176.3 K for N, =2 for the smallest nanoparticle size, ahg= ]
giNg
corresponding to the bulk transition temperatugached for an infinite latticeN, ® ¥ ).
The relevance of equation (3.11) is supportedhgy domparison to the exact results
derived from the entropic sampling method. As shawfigure 3.23, where the global is

plotted vs1/N,, the analytical prediction (blue dots) given byatipn (3.11) is in excellent
agreement with the data obtained from the simuiatied squares).

64



Chapter 3. Cooperativity tuning in spin crossover nanostructur@snatrix and architecture effect

1 e |
204 , .
* Teq equation (2.11)
| ° Teq simulation |
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Figure 3.23 Size dependence of the global transition temperasihowing an excellent
agreement between MC simulations (blue circles) amalytical predictions (red squares) of
equation (2.11). The computational parameters welg; = 1300 K, G/k = 172.7 K, J/k =
15K, L/kg =120 K, In(g) = 6.01

We should mention that the present model assunadtie effective degeneraay is
constant. Thusg is considered to be independent on the strailatsturface and on the
particle size.

For a thorough understanding of the size effeactsh® thermal behavior of the HS
fraction, we performed MC simulations using the afeparameters given in figure 3.20, for
which the studied system presents a gradual transfor the biggest studied size (i.e.

). For that, the short-range interaction parameis set to Jikk= 15 K. It is worth
mentioning that in the usual Ising-like model, flvet-order phase transition takes place only
when the condition dp. > Teq is satisfied. Here, dp, is the order-disorder (or Curie)
temperature of the corresponding pure Ising maztghined from Hamiltonian (1) by putting

/kg=0, L/kg=0 and g=1 (In(g)=0). For J=0 values, the intemardibetween SC sites are of
pure long-range nature and sgpl= G/kg ~ 172.7 K (minimum value). For a large lattice
size, the equilibrium temperature is dominated gy ¢ontribution of the bulk material and
leads here to K, which is larger than dpo. Under such conditions, for infinite
lattice, the thermal behaviour of the HS fractisrihat of a gradual conversion. When!
the analytical expression ofod is out of reach. So, to determingplfor different lattice
sizes, we performed MC simulations falksg = 0 K, G/l = 172.7 K, J/Ik = 15 K, L/ks = 0 K,
In(g) = 0. The results are summarized in figured3\ghich shows a net increase @fpwith

the system’s size, following a simple power law; $ %, as demonstrated in figure
3.24(c).
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Figure 3.24(a) The order-disorder temperature,pl calculated for different system’s sizes.
(b) Zoom around the critical temperatures, showvthmg increase of dJp. with size. (¢) bo

versus$ & showing a linear behavior. The red dashed linthésbest linear fit. The
computational parameters ardkg = 0 K, G/lg = 172.7 K, J/k = 15 K, L/ks = 0 K, In(g) = 0.

The values of §p vary here from ~215 K for a 4x4 lattice to ~224df a 12x12 lattice.
On the other hand, we found from figure 3.20, that~204 K (<To.p=224K) for the lattice
12x12. Consequently, for the simple Ising-like motlee system is expected to show a first-
order transition, while a gradual conversion isaoted in the simulations. However, for the
lattice 4x4, we obtained a first-order transitioithma hysteresis ated~186K, which satisfies
the usual criteria of occurrence of first-ordernsitions in Ising-like model. Figure 3.25
showing the behavior of the thermal hysteresis wigdirsus the system sizes summarizes the
results. The system undergoes a gradual SC tamditr sizes bigger thailN, =6, and

shows first order transitions below this criticalwe. InterestinglyN, =6 corresponds to the
value at which we observe only a slight differebeéveen the number of particles in the bulk
(N, - 2)2 and that at the surfacé(N, - 1). This fact demonstrates that the surface is ptayin

the major role in driving the spin transition instiproblem, as observed in experiments. The
competition between the core and surface molearkesiriven by the long-range, G, and the
surface, L, interactions and then the critical $@ebtain the first order transition is function
of the rate of these interaction parameters.
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[ |
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N

X

Figure 3.25Size dependence of the thermal hysteresis widttvisigoa drop of the bistabilit
for nanoparticle bigger that 6x6. The model paranmseare the same as those of figure :

3.7.Analysis of architecture effec

In the beinning of this subsectic, the hysteretic properties of thermal induced
HS phase transition of a 3D SCO nanostrucis analyzecwhen the cluster architecture
progressively changed from a cubic to a thin fiFor this study the edge molecules \
considered blocked in the HS steThe second part is dedicatedthe study ofarchitecture
effect in a 2D SCO systewhenthe edge moleculeare considereas active molecules th
interact with their local environent.

3.7.1 Results and discusions

The study of architecture effect for 1D and 2D S§§6tems reported i[11] shows that
the 1D system exhils a gradual transitioifor a weak cooperativity syste or a therma
transition for a strong value cshort range interactiol For 1D ladder type systems t
transition occurs with hysteresis and the hyster@sdth increass more fora 2D square
system(figure 326).

Figure 3.26 Evolution of HS fraction for different architectgref systems for the cases
J/ks=64K and (b) J/ks=105K. The computational parameters ¢ /kg = 1300K, In(g)=6,

G/ks = 105K
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Fora 3D SCO system we observed an unexpected chargestefetic behaviour, ta
narrowing of the hysteresis loop upon decreasing size with afdimg of the equilibriun
temperature and an increase of the residual highfsaction that is undoubtedly a surfe
effect [65]. Indeed, when the system size is decreased, the/ieder molecules rat
becomes more importawhich results ira strong influence of the coordination defectsar
system surface, i. e. of the missing bonds at tinace[11]. The missing bonds on the ec
molecule [66,67]could weaken the strength of the crystal field athe ionic centers th
favors the HS state leading to a residual HS foactAs it was presented tVolatron et al
[9], the first incomplete spin transition was obtainedaomor-cubic architecture. In order
gain insight into the switching I-HS mechanism of SCO systems when the system s
decreasing, we airat analying the key parameters that can influence the Lior of these
systems under thermal and pressure stimul

Up to now, thre are fewnumerical studies of surface and architecture ts on the
hysteretic behavr of nanostructured SCO systesince experimental work is also ratl
recent.

Figure 3.27 Simulated thermal transition for different ss of a cubic system. The ins
shows the size dependence of the thermal hystdoegisnvidth. The paramete values usel
in thesimulations are Jg = 4EK, G/kg = 105K, /kg = 1300K, In(g = 6.

Figure .27 shows a series of simulated thermal hystetesiss obtained on a cuk
system when its size is decreased from N=60x60x6{cules to N=4x4x4 moleculeN
represents the number of bulk SCO molec(active molecules) ai the edge molecules, «
each face of the cubic system trapped in the Hi®.Sthen the total number of molecules
the system is: M = (60+2)x(60+2)x(60+2) molect

As illustrated in the inset digure .27, the hysteresis loopidth ( T) decreases as tl
systen's size is reduced, until a critical value) at which the hysteresis loop vanishes. -
kind of behaviour has been also obtained by Boutthdednet al. in a 2D systen[57,66].
Another good agreement with 2D systems is repredeby the evolution of residual hi
spin fraction. As can be observed in our simulajdoy decreasing t system’ssize, the
residual high spin fraction increases and incomplete thermal spin tration can be
observe. Furthermore, a shift of the equilibrium temperattT1/>=(Tdowr-Tup)/2 to a lower
temperature is observed when system’: size is decrease

Fromfigure .28 it can be observed that the hysteresis widthaobus SCO systen
having the same number of molecules is strongledeenton the cluster architecture. Thi
going from a cubic architecture to a thin film likechitecture (disco-shaped particles) tt
spin transition properties could be discussed #lews. i) an unxpected change in tf
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evolution of the high spin fraction and of the édpium temperature 1, ii) a strong
decrease of the hysteresis loop width froifi=31 K (for a cubic architecture: N=60x60x60
molecules) to T=10 K (for a thin film like architecture: N=240x@%2 molecules). Thus, we
can see that the change from a cubic architectura thin film architecture, results in a
thermal spin transition behavior rather similarth@t observed when the size effect was
studied. In both cases the system’s residual HStidra increases and the equilibrium
temperature is shifted to lower temperatures. Eh@ésconsequence of the enhancement of the
surface effects, once the system’s architecturthesystem’s size is changed. These results
stress once again the important role played bycthster architecture on the SCO system’s
cooperativity.

Figure 3.28 Simulated thermal hysteresis loops for differechdectures of a 3D system, at
ambient pressure. The parameters’ values usednulaions are J&k= 45 K, G/l = 105 K,
/kg = 1300K, In(g) = 6.

In Table 3.2 a short summary of the main hystergtiaracteristics obtained by varying
the shape of the compounds (from cubic to thin &ikchitecture) is presented.

Length Width Height T NHs T

(molecules) (molecules) (molecules) (K) (K)
60 60 60 31 0.10 208
120 60 30 30 0.10 207.5
90 80 30 30 0.10 207.5
240 30 30 29 0.13 206.5
540 20 20 26 0.18 204
360 60 10 25 0.20 203

120 180 10 25,50 0.19 203
2160 10 10 18.50 0.32 197.75
360 120 5 19.50 0.31 197.75
240 180 5 19.50 0.31 197.75
540 80 5 19.50 0.32 197.25
1080 40 5 18.50 0.33 196.75
3600 12 5 1450 0.40 193.25
240 450 2 10 0.51 183
5400 20 2 7.50 0.55 180.75

Table 3.2.Evolution of the hysteresis loop width, high spimction, and T, respectively as a
function of the system’s architecture of a 3D SG@tam containing 216000 switchable
molecules.
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As previously mentioned, both sh- and lon¢-range interactions play an important r
on the hysteretic properties of a SCO systIn figure 2.29, we depict some results on
shortrange and lor-range interaction parameters dependence of theregst loop width fo
both cubic and thin film architecture

Figure 3.29 Variation of the hysteresis loop width T) vs. a)Shortrange J) interaction
parameter, b) onc-range G) interaction parameterfor two system architecture
N=60x60x60 molecules (circles) and N=240x450x2 malkex (stars) respectivelyThe
parameter values used in simulations arég = 1300 K, In(g ) = 6 and ambient press

The behavior of both systems (cubic and thin film®sent an increase of the hyster
loop width when the shc-range interaction parameter is increased, buterctibic case, th
increase is more abrufthe slope foithe N=60x60x60 molecules system is higher than
slope ofthe N=240x450x2 molecules system. For small valuethe shor-range interactiol
parameter (Jg<35 K), the hysteresis loop width of the thin fienchitecture becomes ze
and theSCO system exhits a gradual spin transition curve. It is worth notthgt the critica
value ofthe shortrange interaction parametJ depends on the lo-range interactions terr

-
G: J, =§In(Tequ/ G), where o= H/ S. These aspects ere alsohighlightec in [11]

when we studied the lattice effects in 2D syst

It is important to mention that, even if the intgran parameters strengtd andG) are
drastically modifie,, the hysteresis loop width for cubic and thin féystemscannever have
the same value (T240xa50x2  Te0x60x60)-

Taking into account the above remarks, we can caoecthat the organization of t
molecules in SCO systeplays an important role, being strongly affectedthg systers
architecture

In figure 330 is reported the shape effect for a 2D systemsidering the edg
molecules as active molecules that interact witkirttocal environmentAs we can see |
figure 2.30 the behavior is stroly influenced by the edge effect. By decreasing tistesy’s
cooperativity the transition is shifted to lowemmigeratures and occurs with hystere
contrary to the cases when the edge moleculesxackih HS statt
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Figure 3.30 The thermal behaviour for different shapes of a @Btem containing 36

molecules. The computational parameters afies = 1300 K, J/k = 15 K, G/lg = 172.7 K,
L/kg = 120K, In(g) = 6.01, N = 36.

3.7.2. Conclusions

This study demonstrates that the LS-HS transitiggered within an Ising-like model
frame refined with a border SCO-matrix interactiopsovides a qualitative insight on the
physical origin of the cooperative phenomenon in 2D and 3D SCO systems embedded
into a matrix. The main characteristic of this waskin the consideration of three types of
interactions (short-range, long-range and SCO-wjawhich are responsible for the multi-
step transitions. These strong cooperative effgbish is shown to occur even in small-sized
nanoparticles systems, confirm the results reporegently [9,11,15,57,59,68-70], that,
depending on the compounds characteristics, hystérehavior is observed in such systems.

Among the principal effects of the interactionveeén the matrix and the edge (or
surfaces) molecules, reported in this chaptemesréduction of the energy gap between LS
and HS states of surface atoms. In 2D SC nanolestitor some particular cases, it may
deeply affect the thermal transition and lead tpualitatively different thermal behavior than
usually expected. We demonstrated that a speciiaker ligand field at the surface of SC
nanoparticles may lead to the emergence of a thdiysteresis (i.e., a bistability) at small
sizes while it was absent for bigger sizes. Thssiltereactivates the debate about the existence
or not of a thermal bistability in finite sized S@anoparticles. This point is of high
importance for potential application of SC nanoigles as rapid switching devices, since the
existence of a bistability is necessary at thislesc®ne should however underline the
important effect of the long-range interactionghe present study, which was considered as
insensitive to the system size and which probal#gedves a careful examination and
developments in further works.

The role of architecture on the hysteretic prapsrtof 2D and 3D SCO systems
bordered by molecules blocked in the HS state,alssinvestigated. Thus, we have analyzed
the changes induced in both thermal induced site stwitching properties from a cubic
shape to thin film architecture. Our simulations ar good agreement with the experimental
data already reported in the literature [9]. Momwe have shown that the cooperativity of
a SCO system, not only depends on the interacttveagth, but it is also strongly dependent

71



Chapter 3. Cooperativity tuning in spin crossover nanostreesswia matrix and architecture effect

on the system’s architecture. These differencethénarchitecture effect appear from the
edge/inner molecules ratio and the missing bonalsrat ionic centers at the surface.

Further aspects related to the nanoparticle pnoloéamain to be explored: the existence
of a re-entrant first-order spin transition on @éeming the particle size will be analyzed using
the same ideas developed through the manuscript.
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4 Analysis of spin crossover nanochains using parahol
approximation in the framework of Atom-phonon
coupling model

4.1 Introduction

Considering atoms that are linked by springs charedd by three elastic constants as
a function of the atom’s state, Nass¢ml propose [1,2] the APC model to give a clear and
enlarged view of the ST process in the SCO compauAtthough the APC model has only
been applied to 1D and 2D systems thus far, difteleehaviors under various external
stimuli, such as: temperature [2-4], pressurel[§ht [6,7] have already been reported using
APC.

From an experimental point of view, a substargfédrt has been directed to the study
of 1D (chain) F& compounds [8,9] in various research groups. Brigghe gap between
theory and experiment is expected to be achieveithénnear future by researchers. Thus,
correlations between calculations from the modeld the observations of the synthetic
chemists could be established soon. Physicallis difficult to control all the parameters
which govern the ST process, but it is expectedt] thaderstanding the mechanism of ST in
molecular chains will be a big step forward in urstiending two or three dimensional
systems.

In this chapter the atom-phonon coupling modelised to explain and illustrate the
behavior of a linear chain of molecules pertainingsCO compounds. It is well known that
apart from the system’s cooperativity, which inflaes the hysteretic behavior of SCO
complexes, the size of the system also plays ardetant role. The properties of the system
are analyzed using a parabolic algorithm as a nethod proposed in order to take into
account the phonon contribution. Based on exacutations, this method is closer to reality
and more efficient than the mean-field approxima(@FA). In particular, both the parabolic
algorithm and the dynamic-matrix method are tested compared and the analysis of the
system’s behavior shows that large size systemsbeatreated without generating all the
system states. We also analyzed the role of degeyeand the thermal variation of both the
entropy and heat capacity in the ferromagnetic-likeipling case. These studies play an
important role in the choice process of SCO comgsuor the desired application. Thus, it is
known that the compounds that exhibit transitiothwiysteresis have the main domain of
application the memory devices. The compounds \witgradual transition, with a weak
cooperativity, are destined to sensors devicesb8mre to build a sensor it is important to
know how to choose the compound according to tlopexativity and how will be influenced
the behavior by interaction with other perturbatiactors.

The originality of the APC model comes from theswaaption that the neighboring
molecules are connected by a spring whose elastistant depends on the molecular states.
Because the intra-molecular vibrations are notrakeo account in the model, the SCO
molecules are treated as atoms. Thus, the thregcetmnstants are defined as:C,; when
both the atoms are in the LS state, ys@hen one atom is in a LS state and the other atom
in a HS state, and =Cyy when both the atoms are in a HS state (figure 21 makes the
Hamiltonian of the system easy to cast.
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Figure 4.1 Schematic representation of telastic constan related to the thre
molecularconfiguration.

Recenly, a theoretical analysis @ two-step transitiorwas performedusing both the
Isingdike model within the mea-field approximation (MFA) frameworlby Chiruta et al
[10] and the APC model bNasselet al. by Gindulesci et al [2,4]. The formeipresented th
two-stefs behavioras a strong cooperative effect betwantiferromagneti-like shor-range
interaction and ferromagneticlong+ange interactionwhile, the latter,explainedit on the
basis of phonon contributio, considering that the elastic constant value n
antiferromagnet-like configuration,C,y is closer tcCyy. Becausethe long-rangeinteractior
(G) in the Isin¢-like modelis actually taking into accour the phonon contributic of the APC
model, a correspondencibetweenthe APC model and the Isir-like mode can only be
achievel when both the short J) and long rangeG) interaction are considered within tr
Isingdike model.

The Isingsystemchains, with contributionfrom bothtypes ofinteraction, display a S1
transition with differer hysteresisloop widtrs which depend c the interactior (J andG)
strength. Furthermo, Chirutaet al [11] showed thatfor 1D Ising casethere isa critical
value G¢) of longrange interactionat whichthe spin conversion curve transfcsinto aST
curve.The G. is then afunctior of (energy gap between the tspin states) shor-range
interactions J) parameter, ar degeneracy

In our previous work we showtthar i) a 1D Ising syste, with botl interactior types,
displays a ST transition with hysteresis for different temgiare rangs, ii) in a 1D Ising
system the tw-steys transition is a consequence the interplay between shc and lon¢-
range interactions, iiia two-stefs transition can k reproduced witlthe APC mode. In this
work our main goal is to apply a new methodsolve the APCHamiltonian and to show tf,
with this approac, a phase transitic with both interaction:can be obtaine, thesameas in
the 1D Ising mod, and alsdo study large size syste.

The APC Hamiltonian solved wit the dynamic matrixmethoc gives the &act solutior
for the syster. Within MFA, which has been used to solve the Hamilto for 1D and 2C
system, we illustrate, for the first tin in this pape, how the corresponding Hamiltonian ¢
be solved using the parabolic methRecall thatit is known tha the MFA gives different
resultsto those of th dynamic matrix method because IMFA replacss the three elasti
constants witlonly oneconstar.

In this workwe usethe parabolic method to so the Hamiltoniai modelconsideing
three representati configurations: the “ferromagnetic” LS and H&HS and the
antiferromagneti LS-HS. We first study the differens betweerthe dynami-matrix method
the MFA, and this new approximati (the parabolic methc). A second part of our work
devotec to the influence of the degeneracy in the parabwlethod.Lastly, we study the
entropy ancthe heat capacit starting froma small size (umber of moleculeN=8, 20)to a
larger one N=1C0 molecule) for differen elastic interactio strength between the
molecules
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4.2 The model

In this section only some aspects of the APC madelconsidered and so we recall
some of the equations which are the prerequisitéetrribe this work. More details about
APC can be found in [2] as fully discussed by Nasteal To study the behavior of SCO
systems in the framework of the APC model, we aergid a circular chain of N atoms
interconnected by a spring, with elastic constastsalready described in the introduction;
where > p > . To present the electronic state of the atomsasseciate to each electronic
state of the atoms a fictitious spin operatavhich has two eigenvalues +1 or -1 as a function
of the atom state (HS or LS respectively).

In the framework of the APC model, the thermaliaton of the (high spin
fraction) is mediated by the competitions betwdenghonons which favor the HS state and
the energy gap, between the HS and the LS states, which faverd $hstate. It is worth to
note that in this contribution we consider theistgpin configurations and we don’t take into
account the dynamic behavior as it has been donBdoylla et al [12] and Rikvoldet al
[13,14].

The total Hamiltonian of the chain can be writtes the sum of spin and phonon
contributions as:

H = Hspin + H phonor (41)

From the definition of which is the difference in energy between the elextronic levels
(LS) and (HS), the spin Hamiltonian and phonon Hemian can be expressed as:

D

Hspin = ESi (42)

H phonon: gnhSB( f|) (43)
where B () is the Boltzmann factor for each configuration(i)

Then, the Hamiltonian given by equation (4.1) barsolved in three different cases as
shown below.

4.3 The methods
Dynamic Matrix method

For a number N of atoms we can generate all tlssiple configurations as sketched in
figure 4.2. In this case we explore all the posisiés which are in good agreement with a real
system.

Figure 4.2 Schematic representation of the possible atomdigunations in the chain.
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Taking into account that, when one molecule isgiray its state from LS to HS or vice
versa, the whole chain is influenced, it is neagssa calculate for each configuration the
Boltzmann factor as given by (equation (4.4)):

B( ) =exp(- bE) (4.4

where: b:ﬁ, Ei is the energy of state kg is the Boltzmann’s constant, afdis the
B
temperature.

The dynamic matrix is determined from the equatbmotion of the atoms (equation (4.5))
and the frequency of each molecule is given by the eigen valuehefdystem formed by
equation (4.5) and written as:

my = G (- up+ Gy(w- Y
my, = Ci(u- w+ G (Y U (4.5
my =Q,i+1(U+1' U)"‘ C—l,(iuf iu)

where:C;+1 represents the elastic constant between two neighblecules and which can be
any ofC., Cy, Cyn; Ui is the movement of one molecule from any conseediatd, i+1.

Taking u, andu, :
u = Ae™ (4.6
u =-nw'Ae™ 4.7

and after substitution in equation (4.5), with afiéhe elastic constants corresponding to the
spin states of the atoms, the dynamic matrix iemivy:

Ci. + Cin  Cp Gy

C. G G Cu

- G, Cl,2+ Cos  Cus (4.9
Cu G G G

G - Gy Cy LN, Cyi
Cu Cu G G

Then one finds the expressions pand j, the eigenvalues and corresponding frequencies of
this dynamic matrix, as expressed in (equatior$) @nd (4.10)):

2
j =M (4.9
LL
— CLL
w = ?\/T (4.10

The vibrational frequencies of the molecules armiolkd by calculating the eigen values of
the system, which depend only on the elastic cohstad on the massa of the atom and can
be rewritten (equation (4.12)) in terms gfaxdefined by equation (4.11) as:

W =2 /%L (4.1
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w =2 [1) (412
The partition function is given by:
P 1
Zk = ganl e?2 O »
=N oginh (413
2k, T

Constructing the dynamic matrix from all the ssathkstribution as sketched in figure
4.2, will result in some configurations which wilave the same value of the partition
function (Z). To override this aspect we defineaagmeter'nbre(nys)” which is the sum of
the configuration with the samens’ value and with the same eigen values (frequency).
Since we take only the phonon contribution we mdstide each partition function

corresponding to each configuration by . is the partition function when the all the
molecules in the chain are in the LS state.
Zy= N dnbréng Z1 34 (4.19

4.3.2 The Parabolic algorithm

Understanding the mechanisms underlying the behavicomplex systems is a priority
in various fields whether pertaining to fundamemtabpplied research. During the last years
a significant interest in research has thus beegcidid to the development of models and
methods which can simulate the behavior of diffelénds of such complex systems. In the
physics of the bistable systems, only few methodist®that allows to solve exactly finite or
infinite systems, but fortunately enough, in theecaf finite systems, numerical methods can
be developed to achieve exact or approximate soisiti

In this respect, we propose a new method, or iigoy based on a parabolic equation
to determine a distribution over the system’s state energies. This equation is expressed as:

f (x) = ax + bx (4.19

For a configuration with an elastic constant bemvéhe atoms equal 6, the partition
function is given by:

= = 1

6= 0 —
a:’_rl,iZ,...;r%-l% 2sinh \/7 Si aﬂ (4-]-@

2t\/ N
wheret is a reduced parameter expressed as:
ke T
t=—38____

Wmax(/ ) (4.17

In the framework of this parabolic approximation wensider three different situations,
namely:

i) when all the molecules are in a LS state, teawith a chain with the following atomic
configuration (LS-LS-LS...LS-LS-LS), and with the paon function given by :
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1
%15 2sinh thsir"a ’Z‘ (4.19

(@]

O(/)=

a==1,+2,...

T+

i) when all the molecules are connected by a gpriorresponding to the system’s chain
with the atomic configuration (HS-HS-HS....HS-HS-H@&hd with the partition function
given by:

~ ~ 1
O)= 0O
a:il,ir2,...,t%—l% 25inh i Q Si aﬂ (4-19
2N/ N

iii) and finally, the third case, when the chairaisixture of molecules in LS or HS states for
whichK=, and with the partition function given by:

A~ 1
O(m=
Nl oginh /’"sir'aﬂ‘ (4.20
2t\/ N

We first define a partition function parameRpr connected only to the phonon contribution.
Depending on the molecules’ spin state, we defieddllowing parameters:

(@]

a=#1,+2,..

™+

a) R, (m :ﬂ when the chain is a mixture of molecules in HS hBdstates (HS-LS-
" (/)

HS...LS-HS-LS) with ps=N/2;

b) R, () =% when the chain consists only of molecules in HfesfHS-HS-HS....HS-

HS-HS) with ms=N;

In the framework of the “parabolic approximatiomietphonon contribution to the partition
functionRyp, as previously defined, can be written in the palia form as follows:

In(Rph):arﬁs"' bn, (4.21)

Replacing the partition functions and in equation (4.21) we obtain a system
which takes the following form:

In(R,,(m)=a (N/2f + b(N/32

In(R,,(7))=a N°+ b N “23
from which a and b can be solved as:
a:2ln(Rph(n))- 4 1n( R, (m)
N 4.2
e n(Ry(n)) n(R(A) 429

N

From the partition function of equation (4.21) esponding to different chain’s states, the
total partition function of the system can therch&ulated as:
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N!

- —(2nhs N Rl e
th( parabolic) = gr 62t(2 hs N) BRw  g(N-nhgi nhs (4.24

nhs

where is another reduced parameter expressed as:
ad=—7>
W ( /) (4.25

4.3.3 Mean field approximation

It is already known [2,4] that MFA can be appliedsolve the APC Hamiltonian. The
effective uniform field,h, and the effective exchange-like interactihrare used to express
the variation of the HamiltonianoH4]:

Ho =Hos (,3) + Hop( K) (4.2

where

N N
Hee= -hsi+ - Js5, (4.27)

i=1 i=1

And where the phonon contribution to the Hamiltonggiven by:

"L, K e
H,n(K)= —/—+ —q 4.2
Oph( ) - 2m - 2 ql ( &

Under the assumption that the elastic con¥aistthe same for all atoms. For a configuration
given by the fictitious magnetizatian=< ;> and spin correlations= < ; >, the effective
elastic constari determined by this technique is given by [4]:

[+2n+n n-/ _ [ - @&+n
= + m+ S
4 2 4
and the phonon part of the Hamiltonian can thewtiigen as:

Wmax / K .
H phonon(K) = %\//: sin

Thus, the fictitious magnetization, m, and theitimiis spin correlation, s, are given by the
following equations, as it has been proposed in[Ref

K

(4.29

o,

Wmaxq ) K H ,0
coth —,/— sina —
N 2 / r{ N‘ (430

a—

esinh b h+ lenzg

= = (4.3)
s=1- 2:;; (4.32

The parameters A, B, h, J can then be expressieti@ss:
A= e’coshé’ sinh b h+ k‘IJ% (4.33
B=¢€"sinit b h+ k'IJ% + & (4.39
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D /7'/ thonon[K]

h=-—- ; 4.3
2 4K N (439
o @0 HolK] 429
8K N

where the elastic constants depend on the spie sfathe atoms in the chain as given
explicitly in equations (4.35) and (4.36) for théesetive uniform field,h, and for the effective
exchange-like interactiod, respectively.

4.4 Results and discussions

Solving the system’s Hamiltonian (equation (4.y)using either of the above three
mentioned methods, allows the determination of Hh® fraction as function of
temperature.

Figure 4.3a and figure 4.3b show numerical resciscerning the evolution of HS
fraction. Before presenting in details the nexufegy we recall that the Ising like models lead
to phase transitions when the balance between-shruge and long-range interactions allow
cooperative effects.

In the APC model the x and y reduced parametersnénoduced as follows:

n
= (4.37)

/4 [ A
= + 4.3
> > (4.38

The parameter y is related to the short-rangeant®n: y=0 corresponds to the absence
of short range interaction. y>0 and y<O0 are relatedhe “ferromagnetic-like” and “anti-
ferromagnetic-like” coupling respectively.

Figures 4.3a and 4.3b display the evolution offHiStion given by the three methods
for a chain of N=8 molecules (figure 4.3a) or N=Rtblecules (figure 4.3b) with the
calculated values plotted as circles, triangles stads. The circles correspond to the date
obtained within the MFA method; the triangles witlthe parabolic method and the stars
within the dynamic matrix method.

For regular interactions strength correspondingxt®.2 and y=0.2, the variation
displayed in figures 4.3a and 4.3b shows that #ralwlic method gives the same results as
the dynamic matrix method, that is a gradual ttéorsi In the frame-work of the MFA
method, the system displays a hysteretic behawidtlr a hysteresis width equal to 0.15 for
N=8 molecules and 0.2 for N=20 molecules. Furtheemtihe critical temperature;J, which
corresponds tog3=0.5, is shifted to higher temperatures when trstesy’'s size is increased.
Here it is worth noting that the MFA method givebyateretic behavior because it generates
artificially infinite long-range interactions.

Motivated by the good agreement between the phcabeethod and the dynamic
matrix method, the former method has been apptidifterent cases as described in the next
section. The purpose is to find out if the paraboiethod always gives the same results as the
exact method or if it is influenced by other partene so as to determine its range of
application.
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Figure 4.3 The thermal variation of high spin fractionsfor a 1D SCO compound a) N=8
molecules b) N=20 molecules using the MFA methodclgs), the Parabolic method
(triangles), the Dynamic matrix (stars). Other pagger are x=0.2, y=0.2, g=5 and4.

4.4.1 Role of parameters in the parabolic algorithm

In this section the main goal is to develop a métto study large systems (high number
of molecules) through the parabolic algorithm withdaving to generate all the state
distribution as with the dynamic matrix method. viadidate our new method we first study in
this section the key factors which influence theves calculated with the parabolic algorithm
by considering only short range interactions ondhe hand and then both short and long

range interactions on the other.
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Figure 4.4 The thermal variation of the high spin fractiogsfor a 1D SCO compound (N=8

molecules) for different degeneracies a) g=5 b)5§=t) g=1000 d) g=5000 using, the

Parabolic method (triangles), the Dynamic matrtar®). Other parameter are x=0.3, y=0, and
=0.6.
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It is known that in SCO compounds, two main typlmehaviors can be distinguished in
relation to the phenomenological transformationswben the LS and HS states: the
cooperative case in which the ST transformatiorucabruptly within a limited temperature
range of some Kelvin and the other type, non-ccatpar case, usually called gradual case, in
which the ST takes place gradually over an ampigp&zature range, typically greater than
50K. To elucidate the factors which contributehte system’s behavior, all the studies carried
over the years illustrated different aspects. Thesjdes the influence of the interactions in
the system, an important role is played by theatam of the molar entropyS. Taking into
account that g= S/R, with R the universal Gas Constant, the themwalution of the high
spin fraction for different values of degeneracyig¢gdisplayed in figures 4.4 and 4.5.

The thermal dependence of the HS fraction obtausadg both methods: the dynamic
matrix and the parabolic method, for various valoéshe degeneracy is reported in figure
4.4. The presence of short-range interactions hasnportant contribution on the system’s
behavior and leads to a gradual spin conversioa.rékults obtained within both methods are
in excellent agreement as shown in figures 4.4.

The system’s behavior when both the short-rangerantions and long-range
interactions are taken into account is shown iarBgd.5 in the limiting case, when the system
presents strong interactions (x=0.1, y=0.9).
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Figure 4.5 The thermal variation of 43 for a 1D SCO compound (N=8 molecules) for
different degeneracy values a) g=5 b) g=150 c) §81d) g=5000 using the Parabolic method
(triangle curve), the Dynamic matrix (stars curvEhe following computational parameters
have been used: x=0.1, y=0.9, and.6.

The following characteristics can be depicted friogares 4.5a) to 4.5d): (i) when the
interactions between the molecules (denoted here layd y) are increased the gradual
transition moves to an abrupt one, (ii) at low &ngh temperatures the values given by both
methods are the same, and (iii) for small degemesaa difference is noted in the results
given by the two methods when the system is chanaed by strong interactions between the
molecules. Comparing results reported in figureahd figure 4.5, it can be observed that, for
small values of the degeneracy different resultehmeen obtained when both short and long-
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range interactions are taken into account. Whenlégeneracy is increased, as can be seen in
figures 4.5¢ and 4.5d, for g=1000 and g=5000, theeas obtained using the two methods are
similar. Thus within the APC model, the choice lo¢ degeneracy parameter is an important
point underlining the importance of the phonon dbuotion. Indeed, it is known that the
degeneracy factor takes into account both elearand vibrational contributions. Note that
by increasing the degeneracy value the equilibtieimperature 7, is decreasing.

4.4.2 Entropy variation and heat capacity using the dynant matrix method vs.
the parabolic method

Following the results given in the previous sattishowing the good agreement
between the exact method (dynamic matrix) and #rakwlic method, at high degeneracies,
the thermal dependence of the entropy and heacitpgar different interactions and sizes
were calculated under these conditions. The systefmopy could be calculated as the first
derivative of the Gibbs free energy with resped¢hwhe temperatur8= -dF/dt

Computations were carried for two chains’ leng{hs= 8 molecules and N = 20
molecules) and for two cases: when short-rangedations are absent in the systems (y=0)
and when the SCO system is characterized by tlsepce of strong short-range interactions.

Both the parabolic method and the dynamic matmethod lead to the same curves and
the same evolution between the LS and HS stateb@sn in figure 4.6. One may also note
the gradual entropy variation in figure 4.6b arglife 4.6d as a consequence of weak or the
absence of cooperativity effects in the systems Hspect is expected because short-range
interactions being equal to 0, the system is imftegl only by long-range interactions.
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Figure 4.6 Time dependence of the entropy per atom obtairsgaguthe dynamic matrix
method (red curve) and the parabolic method (blueve) for two different sizes and
interactions. Other parameter are g=1000 &a6.

Figure 4.7 display the evolution of the heat cétgaas calculated from the relationship,
C = dS/dtfor a chain which contains 8 molecules (figuregadand 4.7b) and 20 molecules
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(figures 4.7c and 4.7d). The two methods, this tainew a difference in the evolution of heat

capacity in all cases. The heat capacity curvesidd with the exact method have a lower

maximum compared with those obtained using thalmdic method because the total free

energy of the system for a given temperature obthirsing the exact method is less than the
total free energy of the system given by the pdraineethod.
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Figure 4.7 Time dependence of the heat capacity obtainedyugie dynamic matrix method
(red curve) and the parabolic method (blue curee)tivo different sizes and interactions.

Other parameter are g=1000 ard.6.

The dynamic matrix method needs a higher commutgiower than the parabolic one,
because it is necessary to generate all theN2= number of molecules) states of the system.
For large systems, the parabolic method becomes attractive and easier to apply from this
point of view and in the next figures (4.8 and 48 given the variation of entropy and heat
capacity using parabolic method for N=50 molecaled N=100 molecules.

As was expected in the evolution of the entropgrevf the size is big (N=100
molecules), for small interactions (figures 4.8l ah8d) the system does not present an
abrupt thermal variation of the entropy as for éangteractions (figures 4.8a and 4.8c). This
aspect between the systems behavior is also aotbastic of the heat capacity evolution
where for (x=0.1 and y=0.9) appears a dominant peakind T compared with results
obtained with (x=0.3 and y=0.).

Finally, lets remark that the abrupt entropy whégipears around. Tin figure 4.8a and
4.8d) has been observed experimentally for [Fe(ph@NCS)] and [Fe(phen)(NCSe)]
compounds as can be found in some reviewed pap&f$g]. The anomalous large peak of
the heat capacity around fleported in figures 4.9a and 4.9d has also beermrebd for the
first time by Sorai and Seki [18] and was attrililite a phase transition.
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