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General Introduction 

The recent progress in the nanoscale synthesis and organization of molecular spin 

crossover (SCO) materials allowed the elaboration of a variety of molecular nano-objects 

(nanoparticles, thin films, nanopatterns, nanoscale assemblies, etc.) exhibiting SCO properties. 

These new nanometer-sized materials offer the appealing possibility to exploit their switchable 

(bistability) properties at the nanometric scale and open the way for the integration and 

implementation of SCO in various applications (optical memories/switches, sensors, electronic 

junctions or mechanical actuators) [1-3]. Despite the considerable progress accomplished in 

this research field in the past decade, numerous challenges remain to be addressed. Notably, it 

appears crucial to enlarge considerably the portfolio of SCO complexes displaying robust, near 

room temperature switching properties. Turning these compounds into high quality 

nanomaterials calls also for rigorous material science studies along with fundamental 

understanding of the role of surface/interface properties on the desired functionality. In 

addition, critical studies will be necessary to explore the possibilities of their integration, 

function and reliability in ‘real world’ devices. Of particular importance would be to clarify if 

the robustness of the SCO phenomenon and the scalability of the processing methods can meet 

the stringent requirements for commercial applications. In this context, this thesis work 

describes the growth and physical properties of nanometric thin films of the SCO compound 

Fe(HB(tz)3)2 (tz = 1,2,4-triazol-1-yl). Following a brief introduction on the SCO phenomenon 

and SCO films in Chapter 1, we describe in Chapter 2 the vacuum deposition of this compound 

by thermal evaporation and we show that a straightforward solvent vapor annealing process 

allows for obtaining unprecedented robust, high quality, thin films exhibiting SCO near room 

temperature. Chapter 3 is devoted to the deep investigation of the SCO properties, including 

the reversibility of the SCO over numerous switching cycles as well as its thermal, 

environmental and processing stability. A specific attention is placed also on the careful 

investigation of finite size effects when reducing the thickness of the films. Chapter 4 describes 

the properties of hybrid luminescent – SCO films consisting of a combination of Fe(HB(tz)3)2 

and Ir(ppy)3 (ppy = 2-phenylpyridine) molecules either in binary or multilayer films. The 

luminescence modulation by the SCO in these films provides a first step towards high-

resolution, near-field optical detection of the SCO phenomenon and, as a consequence, the local 

variation of temperature. Finally, in Chapter 5 we discuss the use of atomic force microscopy 

in the high spatial resolution imaging of the SCO in films of Fe(HB(tz)3)2 with particular 

emphasis on the quantitative measurements of mechanical properties. 
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Chapter 1. Introduction 

 
In this chapter, we will first briefly discuss the basic aspects of molecular spin crossover 

phenomenon, including the electronic and thermodynamical aspects as well as the different 

stimuli, which can induce the SCO. The second part of the chapter summarizes the state of the 

art of the fabrication and characterization of SCO films. 

 

1.1 Introduction to the Spin Crossover Phenomenon 

The spin transition phenomenon was observed for the first time in 1931 by Cambi and co-

workers who identified a strange magnetic behavior in a series of Fe (III) complexes based on 

tri-dithiocarbamate ligand [4]. They noticed a reversible conversion of the spin state as a result 

of temperature variation [5]. Until the mid-50s, they did not discuss about spin transition but 

“anomalous” magnetic behavior. In 1956, the notion of spin equilibrium behavior was evoked 

by Griffith [6]. In 1964, Baker and Bobonich demonstrated the first spin transition in the solid 

state on the [Fe(phen)2(NCS)2] (phen=1,10-phenanthroline) complex based on Fe (II) [7]. In 

the same year, Ewald et al., [8] introduced the notion of “spin-crossover”, as part of the ligand 

field theory, according to the Tanabe-Sugano diagrams in which appears the crossing of the 

energy curves of the electronic states as a function of the energy of the ligand field for 

octahedral d4 – d7 transition metal complexes. They established that a change in the spin state 

of the complexes is possible when the ligand field energy and energy of electron pairing in the 

orbitals d are comparable. Until now, this vision of the phenomenon has not been changed and 

can be found in different articles and textbook. 

The spin transition phenomenon can occur in compounds with metal ions belonging to 

the first series of transition metals and more particularly having electronic configurations 3d4 

to 3d7 as in compounds of Fe (III), Fe (II), Co (II) and less frequently in Co (III), Cr (II), Mn 

(II) and Mn (III). However, the majority of the studied complexes have an iron(II) central ion 

[9]. For this reason, in the following the general principles, which govern the spin transition, 

will be discussed for Fe (II). 

 

1.1.1 Crystal Field Theory 

In 1929, the physicist Hans Bethe proposed the crystal field theory [10]. This theory can be 

used to understand the origin of the spin transition phenomenon. In this theory, the interaction 

between the metal center and the ligands is considered mainly electrostatic. The metal ion is 
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positively charged, while the ligands have a negative charge. The ligand charge distribution 

determine the symmetry of the external electrostatic field who will act on the transition metal 

and cause the degeneration [11]. This model is relatively simple and allows a qualitative 

approach and a first explanation to the spin transition phenomenon. 

If we take the example of the free Fe (II) ion, where the electronic energy levels of the 

five 3d orbitals are degenerated. If the iron (II) ion is placed in a perfect octahedral geometry 

field Oh, formed by six negatively charged ligands, then the six 3d electrons of the metal center 

undergo repulsive forces from the ligands. 

For an easier understanding of the crystal field theory, we have to understand the 

description of the five degenerate d- orbitals (see figure 1.1): 

 dxy: the lobes are located between the x and the y axes; 

 dxz: the lobes are located between the x and the z axes; 

 dyz: the lobes are located between the y and the z axes; 

 𝑑𝑥2−𝑦2: the lobes are located on the x and y axes; 

 𝑑𝑧2: there are two lobes on the z axes and there is a donut shape ring that is on the xy 

plane around the other two lobes. 

 

 

Figure 1.1: Schematic representation of the 3d orbitals in an octahedral complex. 

 

According to the crystal field theory, the population of d orbitals will be governed by the 

minimization of electrostatic energy. The effect of an octahedral field causes the energy levels 

of the degenerated d orbitals (in the case of the free ion) to break up into two energy levels: a 

first low energy level t2g comprising three non-bonding degenerated orbitals: (dxy, dyz, dxz) and 

a second higher energy level eg composed of two anti-bonding degenerated orbitals (dz², dx²-y²) 

as shown in Figure 1.2. The energy gap between these two levels t2g and eg noted here with ∆o 

is determined by the strength of the ligand field (also called the crystal field splitting energy) 

which is 10Dq. Dq is a semi-empirical parameter associated with crystal field strength that 

depends on the charge distribution of the metal ion and the metal-ligand distance (r) as: 
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( 1/ nr   with n =5- 6) [11]. 

It is possible to decompose the energy of the t2g and eg levels into two contributions: a 

spherical field which has the effect and elevate the energy of the electronic levels of the free 

ion of an Espherical value and a contribution associated with the lowering of the symmetry and 

thus the partial lifting of degeneracy. 

  

(1.1)
 

 

where the Efree is the energy of the free FeII ion. 

 
 

Figure 1.2: Separation of the 3d orbitals of an Fe(II) ion in an octahedral environment induced by the 

ligand field strength 10Dq. 

 

In addition to this energy, the electron-electron repulsion, also called the spin pairing energy Π 

has to be taken into account. Depending on the intensity of the ligand field, the 6 electrons of 

the Fe (II) ion can be divided in two different ways (see figure above). Within the molecule, 

two main effects compete. In the first case, the electrons tend to occupy the orbitals d according 

to Hund's rule do to the exchange term. In the second case, they tend to fill the t2g level, of lower 

energy. As a result of this competition, it is possible to define two fundamental states with 

different distribution for the six d electrons depending on the magnitude of 10Dq and Π (see 

Figure 1.2): 
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 When Π > 10Dq (weak crystalline field), the electrons will occupy the five d orbitals 

according to Hund’s rule, with maximum spin multiplicity as for the free ion (2S+1=5). 

In the case of Fe (II), the total spin is S =2, and this paramagnetic ground state is 

denominated high spin state (HS), represented by the spectroscopic term 5T2g. 

 When Π < 10Dq (strong crystalline field), the electrons occupy the lowest energy level 

t2g, in violation of Hund’s rule and maximizing the number of paired electrons, with 

minimum spin multiplicity (2S+1=1). In the case of Fe (II), the total spin is S = 0, and 

this diamagnetic state is called low spin state (LS), represented by the spectroscopic 

term 1A1g. 

The energy difference between the LS and HS states is determined mainly by the 

strength of the ligand field around the Fe (II) ion. The strength of the ligand field is a function 

of the nature of the ligand and the distance (d) between the transition metal and the ligand. In 

the case of neutral ligand, the ligand field is descripted by the following equation: 

6
10 ( )o Dq d

d


                                                          (1.2) 

 

The ratio of the ligand field strengths between two spin states can be described by the 

following equation: 

10
1.75

10

n
LS

HS

HS

LS

rDq

Dq r

 
  
 

                                                 (1.3) 

 

where rLS and rHS are respectively the average metal-ligand distances in the LS and HS states 

and n = 5 – 6. In the LS state, the metal-ligand distance is in the order of rLS ≈ 2.0 Å. In the HS 

state, the metal-ligand distance is greater than the LS state and is therefore of the order of rHS ≈ 

2.2 Å (see Figure 1.3).  

The origin of these two spin states (LS and HS) can be predicted by Tanabe Sugano 

diagrams [12, 13]. For example, the diagram in Figure 1.4, show how the electronic states of 

the free Fe(II) ion are divided into ground and excited states under the influence of the ligand 

field strength in units of the Racah parameter (electronic repulsion B).  

The small difference in energy between a LS and HS configuration explains the limited 

number of spin transition compounds compared to the vast ‘library’ of Fe (II) coordination 

complexes. This also explains that a small change of the nature of the compound, as the 

modification of the ligand, anion or solvent disrupts completely, in some cases, the physical 

properties (magnetic, vibrational, optical, electrical and structural) of the complex. 
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Figure 1.3: Simplified configurational diagram of two molecular spin states (HS and LS). 

 

 

Figure 1.4: Tanabe-Sugano diagram for a transition metal ion with six d electrons in a 

octahedral ligand field symmetry. 

 

Based on the diagrams in Figure 1.3 and Figure 1.4, because 10 Dq depends on the 

metal-ligand bond length and as Π varies only slightly with temperature, the energy difference 

between the HS and LS states (ΔE0
HL = E0

HS - E0
LS) was estimated by A. Hauser as a function 

of 10DqHS or 10DqLS for octahedral Fe(II) complexes as illustrated in Figure 1.5, where 3 

regimes can be observed: 
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 For 10DqHS < 10000 cm-1 and 𝛥𝐸0
𝐻𝐿 < 0. In this case, the HS state is the quantum 

mechanical ground state and is thermodynamically stable at all temperatures. 

 For 10DqLS ˃ 23000 cm-1, 𝛥𝐸0
𝐻𝐿 ˃ 2000 cm-1. In this case, the LS state is the quantum 

mechanical ground state and remains thermodynamically stable for very high 

temperatures. 

 In the range 10DqHS = 11000 ÷ 12500 cm-1, 10DqLS = 19000 ÷ 22000 cm-1 and 0𝐻𝐿 = 0 

÷ 2000 cm-1 the phenomenon of thermo-induced spin transition may occur. 

 

 

 

Figure 1.5: Stability regions of the LS and HS states as a function of 10Dq for octahedral Fe(II) 

complexes [11]. 

 

1.1.2 Thermodynamic aspects of the spin transition 

The classical thermodynamic approach can describe the spin transition phenomenon as an 

equilibrium between two phases (LS and HS). For that, we consider a system constituted by a 

set of isolated molecules (without interaction). Under usual temperature and pressure 

conditions, the relevant thermodynamical function for this system is the Gibbs free energy, G. 

At constant pressure, the difference of Gibbs free enthalpy between the HS and LS states  

(ΔG = ΔGHS - ΔGLS) is written as follows [14, 15]: 

ΔG = ΔH – TΔS                                                        (1.4) 
 

where ΔH and ΔS correspond to the enthalpy (HHS - HLS) and entropy (SHS - SLS) variations 

during the LS → HS transition. When the proportions of molecules in the HS and LS states are 

equal, the equilibrium temperature T1/2, defined by ΔG = 0, is written as: 

1/2

H
T

S





                                                                (1.5) 
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where ΔH and ΔS must be of the same sign since T1/2, given in Kelvin (K), is always positive. 

Using the equation 1.5, it is possible to summarize the spin transition as follows: 

 If T < T1/2, then ΔH > TΔS, the enthalpy term dominates and the thermodynamic ground 

state is the LS state (GLS < GHS); 

 If T > T1/2, then ΔH < TΔS, the entropic term dominates and the thermodynamic ground 

state is the HS state (GLS > GHS); 

 If T = T1/2, then ΔH = TΔS, the enthalpy and entropy variations are equal and the two 

spin states are present in the same proportion (GLS = GHS). 

 

The variation of entropy can be estimated by taking into account the electronic, 

vibrational, configurational, rotational and translational contributions. These last two terms can 

be excluded if we consider the complex in the solid state. Moreover, in the absence of 

orientation disorder, the configurational term is also excluded. The entropy change is then 

composed of two primary contributions, one electronic (ΔSel) and the other vibrational (ΔSvib): 

 

ΔS = ΔSel + ΔSvib + ΔSrot + ΔStransl + ΔSconf                              (1.6) 

 

ΔSel is the sum of contributions due to changes in spin state and orbital moment: 

ΔSel = ΔSel
spin + ΔSel

orb                                                  (1.7) 

where: 

ΔSel
spin = R ln(2SHS + 1/2SLS +1)                                     (1.8) 

ΔSel
orb = R ln(2LHS + 1/2LLS +1)                                      (1.9) 

R represent the ideal gas constant [R = 8.314 J  K−1 mol−1]. 

Thereby, in the case of an Fe(II) complex, for a transition from the LS state (1A1) to the 

HS state (5T2),the two electronic contributions are calculated as follows: 

 

ΔSel
spin = R ln(5) = 13.38 J  K−1 mol−1                         (1.10) 

 

ΔSel
orb = R ln(3) = 9.13 J  K−1 mol−1                             (1.11) 

 

However, the symmetry around the metal ion is actually lower, the orbital degeneration 

is generally raised and ΔSel
orb becomes negligible. Therefore ΔSel ≈ ΔSel

spin = 13.38 J  K−1 mol−1. 

Calorimetric measurements performed on compounds based on Fe(II) typically give a variation 

https://en.wikipedia.org/wiki/Joule
https://en.wikipedia.org/wiki/Kelvin
https://en.wikipedia.org/wiki/Mole_(unit)
https://en.wikipedia.org/wiki/Joule
https://en.wikipedia.org/wiki/Kelvin
https://en.wikipedia.org/wiki/Mole_(unit)
https://en.wikipedia.org/wiki/Joule
https://en.wikipedia.org/wiki/Kelvin
https://en.wikipedia.org/wiki/Mole_(unit)
https://en.wikipedia.org/wiki/Joule
https://en.wikipedia.org/wiki/Kelvin
https://en.wikipedia.org/wiki/Mole_(unit)
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of ΔS between 40 - 60 J  K−1 mol−1 [16, 17]. We notice that these experimental values are much 

higher than 13.38 J K-1mol-1 corresponding to the variation of the entropy of electronic origin. 

The remaining contribution comes from the variations of the molecular vibration frequencies. 

Much of the difference in vibrational entropy is attributed to the difference of the intramolecular 

vibration modes (ΔSvib
intra) between the HS and LS state, due to the elongation of the metal-

ligands distances. The contribution of the vibrational entropy in the spin transition was initially 

demonstrated by Sorai and Seki [18] and observed by Raman spectroscopy in 2000 by 

Bousseksou et al. [19]. However, a material in the solid state has non-negligible intermolecular 

bonds, which gives rise to intermolecular vibrations. These vibrations are dependent on the spin 

state, imply a variation of entropy ΔSvib
inter and modify the variation of total entropy. 

 

1.1.3 Temperature induced spin crossover 

The spin transition can be triggered by different stimuli such as temperature variation, pressure, 

light irradiation, magnetic field, or gas/vapor adsorption [1, 20, 21], but the most usual way to 

induce spin transition is by temperature variation. 

In a diluted SCO system, the intermolecular interactions can be neglected hence the 

change of the spin state of the system can be described as a sum of the conversions of isolated 

molecules. In this case, the spin state change follows Boltzmann distribution. On the other hand, 

in the case of a bulk solid the intermolecular interactions and the crystal packing of the material 

will play an important role. When a molecule switches from the LS to the HS state there is an 

increase of volume of the molecule that will change the energy of the other molecules in the 

solid due to elastic stress and strain. In addition, this increase in volume is associated with a 

decrease of the intermolecular forces of the material that is translated in an increase of its 

compressibility. These elastic mechanisms are denoted globally as the cooperativity of the SCO 

material. 

By convention, a thermal spin transition curve is represented by the fraction of 

molecules in the HS state ( HSn ) depending on the temperature. In the example of a material with 

a spin transition composed of N molecules, at a given temperature and pressure, there will be 

NHS molecules in the HS and NLS =N – NHS in the LS state. The high-spin fraction nHS is defined 

as follows: 

HS HS
HS

HS LS

N N
n

N N N
 

                                (1.12) 

 

https://en.wikipedia.org/wiki/Joule
https://en.wikipedia.org/wiki/Kelvin
https://en.wikipedia.org/wiki/Mole_(unit)
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A spin transition curve plotted in this manner ( )HSn f T , can provide a lot of 

information according to its shape. Figure 1.6 shows the most frequently observed cases in spin 

transition materials. The main source of the diversity of the spin crossover curves is the degree 

of cooperativity between the molecules, which is determined by the lattice properties and the 

way that metal-ligand deformations are propagated through the solid. In general, gradual spin 

conversions (Figure 1.6a) are characteristic of materials where interactions between metal 

centers are weak. Each metal center then undergoes the change of spin state independently of 

its neighbors. 

In 1964, for the first time, a first-order spin transition was observed in the solid state by 

Baker and Bobonich for the compound [Fe(phen)2 (NCS)2] [7]. Three years later, in 1967, this 

observation was confirmed by Koenig and Madeja [22]. The abrupt transition is represented in 

figure 1.6b. This behavior was attributed to the intermolecular interactions and the notion of 

cooperative system was introduced [23, 24]. In very cooperative systems, we notice the 

appearance of a phase transition of the first order accompanied by a hysteresis cycle, 

represented in Figure 1.6c. This category of transitions are characterized by two “transition 

temperatures”: one for the heating mode T↑
1/2 (representing the transition temperature from the 

LS to the HS state), and another for the cooling mode T↓
1/2 (transition temperature from the HS 

to the LS state). For the occurrence of hysteresis in a spin transition curve, two main factors are 

responsible: first, the transition can be accompanied with a structural phase change in the lattice, 

and the second case, the intramolecular structural changes which take place upon the transition 

may be transmitted to the neighboring molecules due to strong elastic interactions between them 

[9]. This memory effect was observed for the first time by Kӧnig and Richter in 1976 for the 

[Fe(4,7-(CH3)2-phen)2(NCS)2] compounds [25]. 

The spin transition can also occur in several steps (figure 1.6d). The first 2-step 

transition was reported by Zelentsov for the case of a Fe (III) complex of 2-brommo-

salicylaldehyde-thiosemicarbazone [26]. These transitions are not common and may occur for 

different reasons. It may be linked simply to the existence of different crystallographic positions 

of metal ions in the crystal. However, this phenomenon can also exist in mono- or polynuclear 

systems where the environment of each metal ion is identical. In this case, the transition of one 

of the metals causes local distortions and makes the transition of the neighbor metal less 

favorable [27]. Such preferential formation of HS/LS pairs was associated with the competition 

of short- and long-range interactions [28, 29]. 
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Incomplete transitions were also reported (figure 1.6e). This may correspond to the 

appearance of a residual HS fraction at low temperature and/or a residual LS fraction at high 

temperature [8]. The occurrence of this kind of transition may be related to several causes. First, 

this phenomenon may appear due to a kinetic effect at very low temperatures when molecules 

in the HS state are trapped or “freeze” by a quenching effect. This effect is frequently seen 

around liquid nitrogen temperature [30]. Another cause is related to the existence of defects in 

the lattice able to prevent locally the formation of LS species (HS fraction) or HS species (LS 

fraction). 

 

Figure 1.6: Principle types of the thermal SCO responses plotting the high spin fraction (nHS) as a 

function of temperature. a) gradual spin conversion, b) abrupt spin transition, c) spin transition with 

hysteresis, d) double step spin transition and e) incomplete spin transition. [30] 

 

The link between cooperativity and crystal structure is evident but remains extremely difficult 

to quantify. Intermolecular contacts between spin centers can conduct to strong cooperativity. 

These interactions could occur through strong or weak hydrogen bonds, from π-π stacking, or 

simply from Van der Waals forces. Cooperativity is also transmitted mechanically in a 

molecular crystal, between molecules with a high degree of surface contact. Large structural 

differences between the HS and LS states can lead to strong cooperativity, as long as the lattice 

is sufficiently flexible to adapt these changes [31]. The hysteresis loop confers the system a 

bistability which can be exploited in different applications such as memory devices, molecular 

switches, sensors, or displays. 
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1.1.4 Pressure induced spin crossover 

Another external stimulus that can trigger or modify the spin transition is the application of an 

external pressure [32]. High-pressure spectroscopic studies of Drickamer, Ferraro and Evans 

starting in the sixties have already addressed the SCO phenomenon using Mössbauer, UV-Vis 

and IR spectroscopies associated with either piston-cylinder or anvil-type pressure cells. High-

pressure investigations using a plethora of different pressure cells and detection methods were 

then continued by many teams. They reported that in the case of Fe(II) compounds, under the 

action of external pressure, the spin transition is shifted to higher temperatures by ca. 15-20 

K/kbar. The pressure applied to the sample stabilizes the LS state of smaller volume and 

increases the transition temperature [33, 34]. By applying a ‘moderate’ pressure in the range of 

0 - 1 GPa, the potential wells suffer only a relative vertical displacement, and the gap between 

the LS and HS states increases by pΔV, where ΔV is the volume difference between the two 

spin states (Figure 1.7). Nevertheless, applying pressure to a spin transition compound can have 

other effects as well, such as the modification of the electronic structure, the modification of 

the crystallographic structure or both at the same time. In general, the application of pressure 

tends to smear out the hysteresis, but in a few cases, a stable or increasing hysteresis width was 

also reported. 

 
 

Figure 1.7: (left) Schematic representation of pressure effect on the LS and HS potential wells of Fe(II) 

compounds [9]. (right) High spin fraction vs. temperature for the compound [CrI2(depe)2] at different 

hydrostatic pressures [35]. 
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1.1.5 Light-induced spin state change 

The spin transition can be induced by light (UV, visible or near IR) in two mains ways: by 

direct effect on the ion at low temperature (LIESST effect: “Light Induced Excited Spin State 

Trapping”) or indirectly through a coordinated ligand (LD-LISC: “Ligand-Driven Light-

Induced Spin Changes”). 

Light irradiation effect on SCO compounds was reported for the first time in 1982 by 

McGarvey and Lawthers [36]. They reported the use of a pulsed laser to perturb the equilibrium 

between singlet (1A) and quintuplet (5T) states in several Fe (II) complexes SCO in solution. 

Subsequently, in 1984, the LIESST effect was discovered in the solid state by Decurtins et al. 

[37]. This solid state effect corresponds to the quantitative trapping of compounds in a 

metastable HS state by optical pumping at cryogenic temperature (typically below 50 K), in 

other words, when the relaxation HS → LS, fast at high temperature, is slowed down. They 

discovered that a light excitation at 530 nm transforms the LS state of the compound 

[Fe(ptz)6](BF4)2 into a metastable HS state whose lifetime at 20 K is greater than a week. The 

reverse phenomenon (reverse LIESST) was soon demonstrated by Hauser in 1986 on the same 

compound and corresponds to the switch from the metastable HS state to the LS state by 

irradiation in the near infrared (λ =820 nm) [38]. The Jablonski diagram (see Figure 1.10) 

illustrates the LIESST and reverse LIESST effects with vertical transitions and relaxation 

processes. 

 

Figure 1.10: Jablonski diagram showing LIESST and reverse LIESST effects: case of the 

[Fe(ptz)6](BF4)2 complex [39]. 
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The light induced switching process initially involves a transition from ground state 1A1 to 

excited state 1T1 which has a short life (< 1ps) [40] and suffers a relaxation into the metastable 

HS state 5T2. If the temperature is low enough, the system remains trapped in this state due to 

the energy barrier between the HS and LS states. This phenomenon has been observed for a 

large number of Fe(II) complexes [41] and it is much less common in the case of Fe(III) [42]. 

The phenomenon of reverse-LIESST involves irradiating the absorption band of the HS state 

with a λ = 820 nm wavelength thus populating 5E state (transition between the 5T2 and 5E 

levels). From this state the system can relax to the 1A1 (LS) state. 

 

Ligand-driven light-induced spin change (LD-LISC) was reported first by Zarembowitch 

et al., in 1992 in order to obtain photo-switchable compounds at higher temperatures than those 

of the LIESST effect [43]. These studies consist of introducing photo-isomeric ligands in the 

complex [44]. By irradiation with a wavelength corresponding to the isomerization of the 

ligand, the ligand field strength and the spin transition behavior change [45, 46]. For example, 

the [Fe(trans-stpy)4(NCS)2] compound has a gradual spin crossover centered around 180 K 

while the compound [Fe(cis-stpy)4(NCS)2] remains in the HS state down to 10 K. This 

difference in magnetic property is attributed to a stronger ligand field in the case of trans ligand 

relative to the cis ligand (see Figure 1.11). The LD-LISC effect offers potential applications in 

the storage of information at room temperature. 

 

 

 

 

 

 

 

 

Figure 1.11: a) The crystallographic structure for compound [Fe(trans-stpy)4(NCS)2] and [Fe(cis-

stpy)4(NCS)2]. [47] b) Temperature dependence of χMT for compound [Fe(stpy)4(NCS)2] in the cis and 

trans forms [48].  

a) b) 
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1.2 Spin crossover thin films 

Spin crossover compounds present adjustable properties under external stimuli, such as color, 

magnetic susceptibility, electrical conductivity, dielectric constant and mechanical properties 

[49-54]. The combination of all these properties gives to this category of materials the status of 

potential candidate in various areas of technology such as information storage devices, sensors, 

actuators, displays [52-57] and more recently in hybrid electronics [58], spintronics and 

optoelectronics [59]. 

For these applications, the key step that researchers want to overcome today in 

nanotechnology is related to the size reduction while maintaining crystallinity and the degree 

of cooperativity in spin-transition materials. Hence, in the last 10 years considerable effort has 

been made to reach the nanometer scale with SCO compounds [1]. The development of SCO 

materials at the nanoscale was achieved through several approaches: the synthesis of 

nanoparticles and nanocomposites or the elaboration of continuous and/or patterned thin films 

with nanometric thickness. Keeping in mind the potential applications, in this thesis, we will 

focus on the elaboration and investigation of thin films displaying SCO above room 

temperature. Before describing our results, in the following sub-chapters, we summarize the 

main approaches reported in the literature for the fabrication and characterization of SCO films. 

 

1.2.1 Fabrication methods of SCO thin films 

Various synthesis variants have been exploited to grow SCO films in a thickness range from 

the sub-monolayer to several micrometers. A common problem is the elaboration of 

homogeneous thin films as typically a variety of inhomogeneous thin deposits are obtained. 

Besides the morphology of the films, another typical issue is the modification/degradation of 

the SCO properties of the films. 

 

1.2.1.1  Langmuir-Blodgett technique  

The first approach used for the elaboration of thin films of spin crossover complexes was the 

Langmuir-Blodgett technique  [60]. This method consists in forming a monolayer of compound 

on the surface of an aqueous solution through the presence of amphiphilic molecules. By 

immersion of a solid substrate (see Figure 1.12), it is possible to obtain a film with a monolayer 

thickness. If several consecutive cycles are applied the final thickness will correspond to the 

sum of the monolayers. 
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Figure 1.12: Schematic diagram of Langmuir-Blodgett films preparation and schematic view of the 

phenanthroline ligand modified by hydrophobic chains. 

 

The first fabrication of thin films of SCO compounds using Langmuir-Blodgett method was 

reported in 1998 by Soyer et al. [61]. This film was developed using an amphiphilic iron (II) 

complex [FeIIL2(NCS)2, with L a substituted bipyridine]. The LB technique can provide very 

good homogeneity and thickness control of the order of one monolayer, but as a disadvantage 

requires the presence of specific amphiphilic functional groups in the SCO, and is therefore 

materials-dependent. 

 

1.2.1.2  Spin coating 

Spin coating is one of the most commonly used methods in laboratories to grow uniform thin 

films with calibrated thickness (ranging from a few nanometers to a few microns). This method 

involves depositing a small amount of solution (coating material) on the center of a rotating 

substrate (Figure 1.13). The rotation is continued until the solution is homogeneously distributed 

on the substrate by centrifugal force. Usually, the applied solvent is volatile and simultaneously 

evaporates. The final thickness of the film depends on the following factors: nature of the 

solvent, viscosity of the solution, substrate, temperature and the selected deposition parameters 

(rotational speed, acceleration and time). This method it was used for the first time in 2002 by 

Bousseksou et al., [62] who deposited by spin-coating a complex mixture of formula [Fe(4R-

trz)3]A2 with polyvinylacetate (PVA) in acetonitrile. In 2007, Matsuda and Tajima have 

demonstrated the ease of using this method to produce a homogeneous thin film of the complex 

[Fe(dpp)2](BF4)2(dpp = 2,6-di(pyrozollyl)pyridine) on a glass substrate. They obtained a thin 

film with thicknesses of 30 nm and an average roughness close to 3 nm [63]. In the next year, 

the same team uses this spin coated compound and they succeeded to incorporate it into the 
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light emitter layer of an organic luminescent device - OLED [59, 64]. In 2010, Tissot and co-

workers [65] have "spin-coated" a polymeric silica gel containing the complex of 

[Fe((mepy)3tren)](PF6)2. In this case the spin-coating method triggers the precipitation of 

nanoparticles of the complex in the polymer matrix. In our team, Félix et al. have used the spin 

coating method to fabricate nanometric layers of [Fe(hptrz)3]-(OTs)2 (hptrz = 4-heptyl-1,2,4-

triazole and OTs = tosylate) on glass substrate and demonstrated that the plasmon resonance 

can be used to detect de SCO phenomenon in this type of thin films [66]. Also in our team, 

Quintero et al., elaborated good quality thin films of [Fe(hptrz)3](OTs)2 doped with acride 

orange [67]. They demonstrate that the spin state change can be followed through luminescence 

measurements even in films with thickness below 100 nm (Figure 1.14). 

 

Figure 1.13: Schematic diagram of making a thin film by spin coating 

 

 
 

Figure 1.14: Normalized thermal variation of the luminescence intensity at 550 nm with an excitation 

at 450 nm in a spin coated thin film (85 nm) of [Fe(hptrz)3](OTs)2 doped with acride orange during three 

consecutive thermal cycles (dT/dt = 2 K min-1; open and closed symbols for heating and cooling modes, 

respectively). Insets: photograph of a spin coated SCO thin film on a 1 cm2 quartz substrate and AFM 

image (34 × 34 μm2) of its surface [67]. 
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1.2.1.3  Drop casting 

Drop casting is a very simple method for fabricating thin films. The process consists of the 

deposition of a drop of a solution (mixture of compounds) on a substrate and then the solvent 

is evaporated in a controlled environment. The critical points are the saturating vapor pressure 

of the solvent and the evaporation temperature which can accelerate or slow down the 

evaporation of the solvent. This method suffers from the intrinsic production of non-

homogeneous thin films because the solute tends to accumulate to the boundaries of the drop 

(coffee-stain effect)  [68]. The drop casting technique is often used therefore for preliminary tests 

(to obtain relatively thick deposits) or when the homogeneity of the deposit is not critical. 

 
 

Figure 1.15: Schematic diagram of making a thin film by drop casting 

 

 In 2001, Y. Galyametdinov et al., [69] developed a drop cast film which contains SCO 

compounds embedded in liquid crystals (LCs). This material was based on a Fe(III) complex 

combining both LC and SCO properties. In this case, the spin transition and liquid crystal 

properties did not operate in the same temperature range. The compound has a gradual spin 

transition between 300 K and 80 K, while the appearance of the smectic phase occurs around 

400 K. In 2006, Seredyuk et al. [70] have reported the design and successful synthesis of SCO 

liquid crystals operating around the room temperature. This was possible by using a triazole 

ligand functionalized by aromatic / alkyl chains [3,5-dialkoxy-N-4H-1,2,4-triazol-4-ylbenzamide 

ligands with Fe(4-MeC6H4-SO3)2 salt], resulting in a polymer complex with the formula 

[Fe(Cn-trz)3](4-Me-C6H4SO3)∙H2O. The SCO behavior occurs in this case in the temperature 

range where the material shows a discotic columnar mesophase. In the same year, Kuroiwa and 

co-workers, reported a new class of SCO compounds able to form thin films by casting, using 

ligands functionalized with lipophilic groups [71]. The SCO properties of lipophilic, 

supramolecular Fe(II)-1,2,4-triazole complexes were investigated in chloroform and cast films. 

The obtained film showed a reversible abrupt spin-crossover accompanied by thermal 

hysteresis. The observed bistability was related to dynamic structural transformations between 

lamellar and hexagonal structures. 
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1.2.1.4  Sequential surface assembly 

The sequential assembly makes it possible to obtain films of nanometric thicknesses and 

controllable compositions by immersion of a substrate in a series of different chemical solutions 

containing the reagents. In other words it consists of the direct synthesis of the SCO complex 

on the surface of different substrates (see figure 1.16). This approach needs a set-up similar to 

dip-coating. 

 

Figure 1.16: Schematic diagram of making a thin film by the sequential assembly method. 

 

In 2003, Nakamoto et al. synthesized films of the [FeII(H-trz)3]n complex by using an ion-

exchange resin (Nafion) as counter anion [72]. The SCO complex film preparation consisted in 

immersing the Nafion substrate in an aqueous solution of FeSO4 followed by an immersion in 

a methanol solution of 1,2,4-triazole (see Figure. 1.17). They reported that the thin films exhibit 

a spin crossover phenomenon at about 260 K and the existence of one-dimensional chain 

structure of [FeII(H-trz)3]n on Nafion was proved by means of EXAFS. Using the same method, 

Hajime et al., reported the synthesis of Fe(1,8-diaminosarcophagine) which preserve the SCO 

phenomenon as in the bulk and capable of working as a sensor for protons [73]. 

 
 

Figure 1.17: Schematic film preparation process of FeII(R-trz)-Nafion (N-N is the R-trz ligand) [72]. 
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Films of three-dimensional (3D) coordination networks can be also made by sequential 

assembly via successive adsorption reactions involving the formation of coordination bonds 

within a layer, but also between the different layers constituting the 3D networks. Our group 

was interested in this perspective and in 2006, Cobo et al. reported the fabrication of thin films 

using the sequential assembly of three dimensional SCO coordination polymers 

[Fe(pyrazine){M(CN)4}] (M=Ni, Pd, or Pt) via coordination reactions [74]. A gold-coated 

silicon substrate was first functionalized with a disulfide-based anchoring layer to ensure a 

quasi-epitaxy between the surface and the material to be deposited. Then, the process comprises 

a number of deposition cycles, each cycle corresponding to the assembly of the iron center, the 

tetracyanometalate unit and the pyrazine ligand (see Figure 1.18). It should be noted that in this 

case, all the reactions were conducted at low temperature (- 60 °C) to reduce the desorption rate 

of the coordinated species. The multilayers obtained revealed a hysteresis loop with a width of 

25 K centered around 310 K. This approach has been extended to novel coordination polymers 

displaying thermal, guest and light-induced SCO phenomena [75-77]. 

 

 
 

Figure 1.18: Film preparation process (layer by layer) of the compound [Fe(pyrazine){Pt(CN)4}] by the 

successive adsorption of metal ions and ligands. 
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1.2.1.5  Micro and nanopatterning of films 

To fabricate nanoscale objects, one may use two major approaches: top-down or bottom-up. In 

the former case, one starts with a (relatively) large object, which is cut it into smaller pieces 

until it is nanosized. Vice-versa the bottom-up fabrication consists of building a nano-object 

from atoms and/or molecules. In the SCO field different top down approaches, including 

lithographic and non-lithographic methods (lift-off processes, micro-contact printing, shadow 

masks, etc.) have been explored to generate distinct patterns of SCO films [78].  

In 2007, for the first time, our group reported a process for nano and microscale 

assembly of the 3D spin-crossover coordination polymer [Fe(pyrazine){Pt(CN)4}] by using a 

combination of top-down (lift-off) and bottom-up (multilayer sequential assembly) methods 

[79]. At first, a gold-coated silicon surface was covered by a conventional 

polymethylmethacrylate (PMMA) EBL resist, in which square-shaped patterns of different size 

and density have been written by a focused electron beam. Then the spin crossover complexes 

were deposited both in the openings of the resist as well as on top of the PMMA. Finally, the 

patterns were transferred by lifting off the PMMA. Remarkably, regular patterns of 

[Fe(pyrazine){Pt(CN)4}] could be formed on the surfaces down to 50 nm lateral sizes, which 

display SCO properties. 

 

 

 

Figure 1.19: Schematic procedure for the patterning of [Fe(pyrazine){Pt(CN)4}] (top) and SEM 

images of patterns of [Fe(pyrazine){Pt(CN)4}] (bottom) [79]. 
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1.2.1.6  Thermal evaporation 

One of the most desirable configuration of SCO materials for the development of nano-devices 

would be homogeneous thin films whose thickness can be adjusted with nanometric precision. 

Vacuum deposition of materials by thermal evaporation seems to be one of the best techniques 

to achieve such controlled, high quality, clean and homogeneous films (see Figure 1.20). 

 

 
 

Figure 1.20: Schematic representation of vacuum sublimation and AFM image of a vacuum 

evaporated film of Fe(phen)2(NCS)2 [58]. 

 

However, only a very limited number of spin crossover compounds can be deposited by this 

technique. From the existing literature, to our knowledge, up to now only 10 evaporable SCO 

complexes have been investigated to this purpose, including mainly the ferrous 
pyrazolylborate complexes,  [Fe(HB(pz)3)2] (pz  = pyrazolyl),[80]  [Fe((3,5-(CH3)2pz)3BH)2], [81] 

[Fe(H2B(pz)2)2(L)] with L = 2,2’-bipyridine 4 or 1,10-phenanthroline (phen), [82, 83] and the 

derivatives of the latter with L = 4-methyl-phen, 5-chloro-phen, 4,7-dichloro-phen, 4,7-

dimethyl-phen, [84] and 3,4,7,8-tetramethyl-phen, [85] as well as the complexes 

FeII(phen)2(NCS)2 [58, 86] and [FeII(NCS)2L] (L = 1-{6-[1,1-di(pyridin-2-yl)ethyl]-pyridin-2-

yl}-N,N-dimethylmethanne) [87]. 

These compounds allowed remarkable developments in the last six years for the 

investigation of the SCO phenomenon in single molecules and/or in ultra-thin films. In 

particular, a series of scanning tunneling microscopy (STM) investigations [88-93] provided 

convincing evidence for the possibility to detect and manipulate the spin-state of individual 

molecules on surfaces opening new exciting perspectives for the fields of molecular electronics 

and spintronics. As it can be expected [94] the subject of the interaction between the molecules 
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and the substrate surface has proven to be of particular importance and therefore, this issue has 

been addressed by different X-ray and UV-spectroscopic techniques [81, 87, 95-103]. Besides 

the fields of molecular electronics, evaporable SCO molecules are also of great interest for the 

possibility of their “faultless” integration into various nanoscale devices. This was 

demonstrated for micro-electromechanical (MEMS) [104] and electronic [80, 105, 106] devices 

but one can also predict their preferential use in a range of photonic applications requiring high 

quality films [107]. 

Unfortunately, the spin transition temperature of the evaporable SCO compounds 

reported up to now falls far below room temperature, except for [Fe(HB(pz)3)2], which shows, 

however, an extremely gradual spin conversion [108]. In addition, not all of the compounds 

could be obtained as high quality crystalline films. For example, films of 1,10-phenanthroline 

(phen) are smooth and continuous, but are also amorphous and exhibit a very gradual SCO in 

contrast to the bulk compound [83]. In order to facilitate the integration of SCO materials into 

‘real-world’ applications there is still a strong need for evaporable complexes, which can form 

high quality films with SCO at technologically relevant temperatures. In order to be sublimated, 

these compounds should meet several requirements. First, they should be neutral, have low 

molecular weight, thermally stable and should not contain other molecules, such as solvents 

and other guests, in the lattice. All these features must be combined with the presence of a 

reproducible and reversible SCO behavior above room temperature, which is maintained also 

by the films. 

Considering all these aspects, we examined the ‘forgotten’ SCO complex [Fe(HB(tz)3)2] 

(tz = triazolyl). The synthesis of this compound was pioneered by Trofimenko et al. [109] 

already in 1967 and it was investigated by the groups of Janiak and Miller later on [110-113]. 

Recently, our group has reinvestigated the bulk compound [114]. In particular, we could obtain 

single crystal X-ray structural data in the low spin (LS) and high spin (HS) forms and we have 

shown that the abrupt spin transition around 333 K is isostructural and very robust over 

successive thermal cycling. In addition, the possibility to form films by vacuum sublimation, 

which we used to purify the complex, was also evidenced. In the next chapter, we will present 

more in detail the properties of this sublimable SCO complex. 
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1.2.2  Characterization methods of spin crossover thin films 

 

SCO complexes undergo drastic variations in their crystallographic structure, but also in terms 

of electronic, magnetic, vibrational, and optical properties. The detection of the spin transition 

can be realized therefore by a variety of methods as a function of the different controllable 

external parameters (temperature, light irradiation, pressure, etc.). For the characterization of 

bulk SCO materials, the most common techniques are magnetic susceptibility measurements, 

Mössbauer spectroscopy, X-ray diffraction, UV-Vis optical absorption/reflectance measurements, 

vibrational spectroscopy (FTIR and Raman) and calorimetry. In the following we will highlight 

those, which are best suited for the characterization of SCO films and discuss emerging methods 

(refractive index sensing, scanning probe microscopies and X-ray spectroscopies), which are 

better adapted for the study of very thin films. 

Magnetic susceptibility measurements are probably the most used in history to characterize 

the SCO materials [115, 116]. In general, superconducting quantum interference device 

(SQUID) magnetometers are used and the change between the HS and LS states is put in 

evidence by the variation of the magnetic susceptibility (χM) of the SCO compound as a function 

of temperature (χM(T)). For a paramagnetic material, the product χMT is constant at any 

temperature, according to the Curie law. Therefore, this representation allows us to find the 

transition temperature of a SCO compound. The magnetic susceptibility χM for a spin crossover 

compound is determined by the temperature dependence of the contribution χHS and χLS, 

according with the following equation: 

 

( ) ( ) (1 ( ))M HS HS HS LST T T                                    (1.15) 

 

If we know the susceptibilities of the pure HS and LS states, the HS mole fraction can be easily 

determined and represented as a function of T to obtain the spin transition curve. However, 

most often we represent χT vs. T (when χHS and χLS are not known or determined imprecisely). 

Magnetometry has been used to investigate SCO films (see for example Figure 1.21), but this 

technique meets severe sensibility limitations for films below a few hundred nm thickness. To 

increase the detection limit often the films are deposited on flexible substrates (e.g. Kapton), 

which is then rolled on in order to be able to introduce a higher quantity of materials into the 

magnetometer. 
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Figure 1.21: Temperature dependence of χT for [Fe(H2Bpz)2(bipy)]: bulk at 1 T (black squares), thin 

film at 1 T on Kapton (red filled circles), and after irradiation at 5 T (green triangles) [83]. 

 

Crystallographic measurements such as X-ray diffraction techniques can be used to obtain 

the structural evolution of crystalline solids upon the SCO by measuring the unit cell 

parameters, the elongation of the metal-ligand distances and also the deformations of the angles 

between bonds [117]. Both single crystal and powder X- ray diffraction techniques can yield 

detailed structural insights into the SCO phenomenon and have been extensively exploited 

within the field. Unfortunately, X-ray diffraction measurements of nanometric thin films using 

conventional methods generally produces a week signal from the film and an intense signal 

from the substrate. One of the ways to avoid/reduce this problem is to perform measurements 

with a fixed grazing angle of incidence, popularly known as GIXRD. In this diffraction 

geometry, only crystal planes parallel to the substrate can be observed. This allows probing the 

crystallinity and crystal structure as well as to determine the orientation of the film (if any). As 

an example Figure 1.22 shows the angle-dependent GIXRD study of the SCO complex 

[Fe(qnal)2] [118]. 

 

Vibrational spectroscopic measurements, including both infrared absorption and Raman 

spectroscopies, are frequently used to characterize SCO complexes since the bond strength 

between the SCO metal and its ligands change significantly from one spin state to the other. 

Therefore, there will be vibrational modes characteristic of each spin state, which can be easily 

recognized due to the corresponding peak position and intensity change. Currently, these 

methods have been extended and coupled to optical microscopes in order to perform localized 

micro-Raman and micro-IR spectroscopies, which constitute the preferred means for the 
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investigation of micro and nano-scale samples. Figure 1.23 shows a typical investigation 

wherein thermal and light induced SCO was demonstrated in a film of the complex 

{Fe(azpy)[Pd(CN)4]} by Raman spectroscopy [75]. Yet, often the spectroscopic signals are 

rather weak and further work towards signal enhancement using SERS (surface-enhanced 

Raman spectroscopy) or PMIRAS (Phase Modulation Infrared Reflection Absorption 

Spectroscopy) will be necessary. 

 
 

Figure 1.22: (Left) Principle of the GIXRD experiment. (Right) GIXRD pattern (5–40 2θ) of the SCO 

film [Fe(qnal)2] at different incident angles (see legend). Insets show the principal diffraction peak (left), 

the higher-order peaks (middle), and the peak of the gold surface (right) in detail. Arrows indicate the 

intensity change upon incident angle increase [118]. 

 

  

Figure 1.23: Raman spectra of a thin film of {Fe(azpy)[Pd(CN)4]} at selected temperatures and 

normalized temperature dependence of the Raman marker peak at 1497 cm-1 revealing successive 

thermal (HS to LS) and light induced (LS to HS) spin transitions upon cooling [75]. 
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Optical reflectivity/absorption measurements are based on changes in the electronic 

absorption properties of materials during spin transition [11, 119]. For obvious reasons, 

different electronic absorption bands appear in the HS and LS electronic states in the UV-Vis-

NIR spectral ranges when considering ligand field (LF) or metal-ligand charge transfer (MLCT 

or LMCT) transitions. On the other hand, intra-ligand (IL) transitions might not be much 

affected by the SCO. (N.B. Less frequently MMCT and ILCT transition may also occur in SCO 

complexes.) In general, the HS state of iron (II) complexes is usually less colored compared to 

that of the LS state, which allows for the straightforward monitoring of the SCO phenomenon 

by optical reflectivity and absorption spectroscopies. However, in thin films these color changes 

cannot be always detected – in particular in the case of weak LF transitions, hence MLCT 

transitions (occurring often in the UV range) are preferentially monitored (see for example 

Figure 1.24). 

 

Figure 1.24: (a) Selected temperature-dependent absorption spectra of an 80-nm thin film of the 

compound [Fe(hptrz)3](OTs)2 in the UV spectral region. (b) Temperature dependence of the absorbance 

of the same film at 285 nm. (c) Variation of the absorbance at 285 nm as a function of the film thickness 

allowing to deduce an absorption coefficient of ca. 10000 cm-1 [120]. 

Refractive index sensing is an emerging approach to detect the spin transition in nanometric 

thin films. Indeed, SCO materials exhibit important changes of the refractive index through the 

whole UV–vis–IR spectral ranges due primarily to the important density change accompanying 

the spin state. As mentioned before, the unit cell expansion (ΔV∕V) upon the SCO varies 

typically between 1 and 10 %, depending on the nature of the compound. As a consequence of 

this significant density change, we expect a change of the real part of the refractive index upon 

SCO in the range between Δn = 0.01 − 0.1. Various approaches, including simple specular 

reflectivity measurements and more complex ellipsometry [121], SPR (surface plasmon 
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resonance – see Figure 1.25) spectroscopy [66] and optical diffraction [121] have been 

successfully employed to follow the spin state changes in very thin SCO films (down to a few 

nm thickness). 

 

 

Figure 1.25: Upper panel: SPR setup developed at the LCC-CNRS. Lower panel: (a) Angle-dependent 

reflectance spectra of a glass/Ti (5 nm)/Au (45 nm)/[Fe(hptrz)3](OTs)2 (30 nm) multilayer at 303K (LS 

state) and 336 K (HS state) (λ = 660 nm). (b) Temperature dependence of the plasmon resonance angle 

(reflectance minima) of the multilayer in the heating and cooling modes (dT/dt = 2 K/min) [66]. 

The previously mentioned SCO film characterization techniques are usually accessible locally 

in research laboratories. On the other hand, X-ray spectroscopies are mostly accessible at 

synchrotron light sources. X-ray spectroscopy encompasses a range of techniques where 

spectroscopic information is gained from a process in which a core hole is created by an X-ray 

photon. Such techniques can provide unique insight into the electronic and molecular structure, 

often combined with element-, spin-, orbital-, and orientational sensitivity and are particularly 
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well adapted for investigating SCO films down to the sub-monolayer thickness [122]. The most 

common of these techniques is X-ray absorption spectroscopy (XAS) with its variants: X-ray 

absorption near edge structure (XANES) and extended X-ray absorption fine structure 

(EXAFS), which have proven their utility in determining the spin state and the local structure 

around the absorbing SCO metal ion, respectively (see Figure 1.26 for an example). Another 

important technique is XPS (X-ray photoelectron spectroscopy), which is based on the emission 

of electrons from atoms induced by absorption of X-ray photons. The XPS spectra characterizes 

the electron binding energy and allows thus to determine (among other informations) the 

oxidation and spin state of SCO materials. Owing to the short mean free path of electrons in 

condensed matter, XPS is particularly well suited for the measurement of films with thicknesses 

of up to a few nanometers. 

 

Figure 1.26: Temperature dependent XAS spectra of the SCO film [Fe(qnal)2] revealing both X-ray 

induced (a) and temperature induced (b) spin state changes [118]. 

Scanning probe microscopy (SPM) refers to a family of surface analysis methods, which use 

a nanometric probe (“SPM tip”) in interaction with a sample surface and a scanner, which 

allows to control with nanometric precision the position of the probe with respect to the surface, 

both laterally and vertically. Beyond their surface imaging capabilities they provide also access 

to various material properties, such as surface charge and electro-magnetic field distributions, 

elastic moduli, thermal conductivity, etc. In the SCO field, until now, most of the published 

SPM results have been obtained using Scanning Tunneling Microscopy (STM), which probes 
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the local electronic structure of a surface with atomic resolution. This technique provided in the 

past few years a number of exciting results – such as the role of molecule – substrate interaction 

on the SCO properties (see Figure 1.27 for an example).  

 

Figure 1.27: STM topographic images of a single Fe(phen)2(NCS)2 molecule in the HS and LS states. 

Molecules were deposited on a Cu2N/Cu(100) substrate. Each image is 3.7 × 3.7 nm2 large [91]. 

However, STM can be used only to investigate the properties of isolated SCO molecules as 

well as molecules in ultrathin films consisting of only one or two layers. In this respect, atomic 

force microscopy (AFM) appears a more promising approach for the investigation of SCO films 

consisting of more than a few layers. In this thesis, we will focus therefore on the use of AFM 

approaches (see chapter 5). Variable temperature AFM has been previously used in our team to 

investigate a few SCO materials. Single crystals of the SCO complex {Fe(pyrazine)[Pt(CN)4]} 

have been imaged simultaneously by AFM (topography scans) and near-field scanning optical 

microscopy (NSOM) across the first-order thermal spin transition with sub-micrometer spatial 

resolution [123]. It was shown that the spin transition is accompanied by both reversible and 

irreversible (fatigue) changes of the surface topography of the crystals. The hysteresis 

associated with the spin transition could be reproduced both from the AFM topographic features 

and from the NSOM data (Figure 1.28). 
 

 

 

Figure 1.28: (left) Temperature dependence of the AFM topography (step height) and NSOM intensity 

on a selected surface area of a single crystal of {Fe(pyrazine)[Pt(CN)4]} around the spin transition [123]. 
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NSOM was also used to detect the spin transition in nanocrystalline films of the SCO complex 

[Fe(Htrz)2(trz)]BF4 (Htrz = 1,2,4-triazole and trz = 1,2,4-triazolato) and we suggested that this 

approach may open up perspectives for micro- and nano-thermometry measurements with sub-

wavelength spatial resolution [124]. Variable temperature AFM topography measurements on 

the same film revealed drastic changes of the surface topography upon the thermal spin 

transition, including both reversible and irreversible changes (Figure 1.29) [125]. These changes 

were correlated with the SCO behavior of this sample and it was suggested that the well-known 

shift of the spin transition temperature between the first and second heating cycles might arise 

due to microstructural changes in the sample. Interestingly, a slow recovery of the ‘irreversible’ 

morphology changes was also observed on a time scale of several weeks. 

 

Figure 1.29: High resolution AFM topography images obtained (a) on a fresh film of 

[Fe(Htrz)2(trz)]BF4 and (b) after eight spin state switching cycles [125]. 

 

While the [Fe(Htrz)2(trz)]BF4 films exhibited a very significant microstructural reorganization 

during the spin transition, films of the related iron-triazole complex [Fe(hptrz)3](OTs)2 (hptrz 

= 4-heptyl-1,2,4-triazole, OTs = tosylate) displayed no discernible surface topography changes 

between the HS and LS forms [126]. On the other hand, the quantitative nano-mechanical 

analysis of these films allowed to evidence a decrease of the Young’s modulus by ca. 25-30 % 

when going from the LS (1.7 GPa) to the HS (1.3 GPa) state – in line with the well-known 

softening of metal-ligand bonds in the HS state (Figure 1.30). These measurements provide thus 

scope for high-resolution quantitative imaging of the spin transition in thin molecular layers. 
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Nevertheless, several serious experimental challenges have been also evidenced during these 

experiments. In particular, it was shown that the geometry of the AFM probe changes 

continuously during the scans making any quantitative analysis difficult. In addition, whenever 

the temperature of the sample and the probe is different heat exchange may occur, leading to 

erroneous temperature readings - up to several tens of degrees [127]. 

 

Figure 1.30: Temperature dependence of the Young’s modulus of a 40 nm thick film of 

[Fe(hptrz)3](OTs)2 in the heating and cooling modes determined by AFM [126]. 
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Chapter 2. Elaboration of thin films of [Fe(HB(tz)3)2] 

 

Outside the field of spin-transition materials, the technique of vacuum evaporation is widely 

used for the manufacture of thin films of controllable thicknesses by playing on the temperature, 

the duration of deposition and the vacuum reached in the sublimator chamber. Moreover, this 

technique can be easily integrated into the processes used in the electronics industry. In this 

chapter we discuss the growth of high-quality films of the [Fe(HB(tz)3)2] SCO complex by 

thermal evaporation and we show these films exhibit a fully reversible spin transition above 

room temperature in ambient air upon repeated thermal cycling. 

 

2.1 Pristine thermally evaporated thin films 

We are interested in the [Fe(HB(tz)3)2] complex, which contains poly(azolylborate) ligands of 

the scorpionate type (hydrotris triazolylborate HB(tz)3). This mononuclear complex is neutral 

and low weight, which makes it a good candidate for sublimation. 

The solvent-free crystals of [Fe(HB(tz)3)2] crystallize in an orthorhombic space group 

Pbca with half a complex molecule in the asymmetric unit; the second half being generated by 

the symmetry operation 1-x,1−y, 1−z [114] (see Figure 2.1) [114]. 

 

     

Figure 2.1: Schematic drawing and structural view of the complex [Fe(HB(tz)3)2]. 
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Magnetic susceptibility measurements performed on powder samples revealed spin transition 

temperatures of 1/2T 
= 332 K for the cooling mode and 1/2T 

= 334 K for the heating mode, 

indicating thus a narrow hysteresis loop of ca. 2 K width (Figure 2.2). This (isostructural) spin 

transition is accompanied by a nearly isotropic change of the FeII–N bond lengths (8.3 ± 0.5 %) 

and a highly anisotropic unit cell volume change (4.6 %). The very high cooperativity of the 

spin transition in this compound (Γ =5700 ± 50 J mol−1) is rather unusual in mononuclear SCO 

compounds. This property can be related to the dense crystal packing and relatively high 

stiffness of the lattice (Debye temperature θD =198 ± 2 K), which involves numerous C–H⋯N 

hydrogen contacts between each molecule with fourteen neighboring molecules [114]. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Temperature dependence of molar magnetic susceptibility of the powder of [Fe(HB(tz)3)2] 

in the heating and cooling modes. 

 

Reagents and solvents used in this study are commercially available. The solvent-free 

microcrystalline powder of [Fe(HB(tz)3)2] was synthesized and obtained in our group by 

Sylvain Rat as described in ref [114]. Thin films were grown by thermal evaporation in a 

PREVAC thermal deposition system (see Figure 2.3) at a base pressure of ca. 2 x 10-7 mbar. 

The bulk powder was first purified by sublimation and then evaporated at 250 °C at a rate 0.03 

Å/s. The evaporation rate and film thickness were monitored in-situ by a quartz crystal 

microbalance. The films were deposited onto fused silica, crystalline silicon (100) and 

polycrystalline gold (15 nm thickness) substrates, which were cleaned with acetone and 

isopropanol to remove contaminants. The final control of the film thickness was carried out by 

AFM. 
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Figure 2.3: PREVAC thermal deposition system used in our study. 
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AFM topography measurements were done using a Cypher-ES microscope 

(Oxford Instruments) in amplitude-modulation mode at room temperature using 

OMCLAC160TS-R3 (Olympus) probes. The AFM analysis of the as-deposited film 

showed that the resulting films are smooth and continuous, but also rather heterogeneous 

in terms of morphology and roughness (see Figure 2.4). For example, the characterization 

of a film of ca. 1 cm2 surface area and 75 nm thickness revealed different regions with 

roughness ranging between ca. 0.5 and 5 nm. 

 

 

Figure 2.4: AFM topography images of a pristine thermally evaporated film (75 nm thickness) of 

[Fe(HB(tz)3)2]. Image sizes are 10 × 10 μm2. 

The spin transition in these films was followed by UV spectroscopy. Films were 

deposited on fused silica substrates in order to follow the thermal variation of the spin 

state of the complex by temperature dependent optical absorbance measurements. We 

have found that the films are transparent in the visible range independently of the 

temperature, while they exhibit a pronounced absorbance change associated with the 

SCO in the UV (see Figure 2.5). Temperature dependent absorbance spectra of the thin 

films were collected at wavelengths between 250 and 800 nm using a Cary 50 (Agilent 

Technologies) spectrophotometer and a Linkam FTIR-600 liquid nitrogen cryostat 
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(equipped with fused silica windows) (see Figure A2.1.1 in Annexes). The sample 

chamber was purged by dry nitrogen and spectra were acquired in the 293-393 K range 

with 1 K/min rate. The UV absorbance change at 317 nm for a 75 nm thick pristine film 

along four heating-cooling cycles is represented in Figure 2.6. The abrupt spin transition, 

similar to that obtained for the bulk powder, is apparent around 337 K. However, contrary to 

the powder sample, the spin transition in the pristine films is poorly reproducible: both the 

absorbance values and the shape of the curves change from cycle to cycle. 

 

Figure 2.5: Variable temperature (in °C) UV absorbance spectra of a 30 nm thick pristine evaporated 

film of [Fe(HB(tz)3)2] deposited on a fused silica substrate. 

 

 

Figure 2.6: Absorbance (λ = 317 nm) of a 75 nm thick pristine film of [Fe(HB(tz)3)2] along four 

heating-cooling cycles. 
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In order to unveil the origin of this lack of stability, the films were further characterized by X-

ray diffraction (Figure 2.7). The grazing incidence X-ray diffraction (GIXRD) experiments 

were carried out in a PANalytical X’Pert PRO MPD system using Cu-Kα radiation (45 kV and 

40 mA) with a parallel-beam configuration. The incident beam optics consisted of a mirror with 

a 1/32° divergence slit. A parallel plate collimator (0.18°) and Soller slits (0.04°) were mounted 

on the path of the diffracted beam. An X’Celerator detector in receiving slit mode was used for 

X-ray collection. Sample temperature was controlled using a Peltier stage.  The results in 

Figure 2.7 highlight that the freshly prepared films are amorphous. On the other hand, 

by prolonging the storage time (days/weeks) in ambient air, several peaks appear in the 

XRD pattern, i.e. the films evolve to a polycrystalline form. We have not carried out a 

detailed study of this ageing phenomenon, but we observed it repeatedly for different 

film thicknesses (see Figure 2.8). The amorphous nature of the films can probably 

explain the lack of appreciable spin transition in the as-prepared samples, while the 

structural change observed upon prolonged storage may account for the evolving SCO 

behavior (in time and also from one cycle to another). 

 

 

Figure 2.7: Evolution of the GIXRD pattern for different storage times is ambient air for a film of 

[Fe(HB(tz)3)2] with thickness of ca. 80 nm. 
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Figure 2.8: XRD patterns of pristine films of [Fe(HB(tz)3)2] with different thicknesses and storage 

times. 

 

2.2 Crystallization by solvent vapour annealing 

2.2.1 Water vapour annealing 

In order to obtain stable films with reproducible SCO behavior, we tried to convert the 

amorphous films to the crystalline form. To this aim thermal and solvent-vapour 

annealing are the most frequently used methods in the literature [128]. In our case we 

tried different methods, but we could not find any appropriate condition for thermally-

induced crystallization (see Figure 2.9). Freshly evaporated films were annealed at three 

different temperatures: 160, 220 and 280 °C for 15 s on a hot plate. After this protocol 

we noticed that annealing at 280 °C led to a complete film destruction, while films 

annealed at 160 °C showed inhomogeneous morphology as evidenced by optical 

imaging. Films annealed at 220 °C show better crystallinity, but also a heterogeneous 

structure on the whole surface of the sample with a significant roughness (Ra ≈ 29 nm) 

and they become hazy when observed by naked eye. Compared to humidity treated films, 

in the UV-Vis spectra of annealed films, the absorbance values are not proportional to 

the film thickness and the baseline tends to increase due to light scattering. 



44 
 

On the other hand, the fact that the films undergo a slow crystallization in ambient 

air suggested that water vapour (which is a moderate solvent for our SCO compound) 

might be used to accelerate this process. Indeed, the exposure of our fresh films to humid 

air (ca. 75÷80 %) at room temperature led to their very efficient and fast crystallization. 

This spectacular process was followed in-situ by AFM, optical absorption and Raman 

measurements. The AFM image in Figure 2.10a shows the topography of a freshly 

evaporated film revealing a very low roughness (Ra = 0.45 nm). Then, we added a water 

drop (ca. 20 µL) into the AFM chamber and we acquired immediately another 

topography scan. As shown in Figure 2.10b, at the timescale of the measurements (ca. 

2÷3 min) the film experienced a dramatic morphological transformation: the initially 

rather featureless surface of the film evolved into a nano-crystalline morphology 

displaying well-defined grain boundaries and a higher roughness (Ra = 6÷7 nm). 

 

Figure 2.9: Film annealing at high-temperature. Optical images of [Fe(HB(tz)3)2] films annealed at 160 

°C (a) and 220 °C (b). AFM images of films annealed at 160 °C (c) and 220 °C (d). UV-Vis absorbance 

spectra of annealed films (at 160, 220 and 280 °C) and humidity treated films (e). 

 

Interestingly, the addition of a water drop to another sample with the same thickness (150 nm), 

which was previously exposed to ambient air for 2 hours, did not induce any obvious change in 

the surface morphology (see Figure 2.10c,d). This means that ‘irreversible’ changes occur in 

the films in ambient air and the humidity treatment must be carried out on freshly prepared 

films in order to achieve a high degree of crystallinity. It is important to mention that the surface 

morphology depicted in Figure 2.10b does not represent the final stage of crystallization, as the 

humidity in the AFM chamber was not high enough for a complete transformation. Indeed, 
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when the solvent annealing was carried out in a dedicated chamber for 75÷80 % relative 

humidity (see Figure A2.2.1 in Annexes) we could obtain extremely well reproducible film 

morphologies with roughness (Ra) below 2.5 nm (150 nm thickness). Perhaps even more 

importantly, in contrast to the pristine samples, these crystalline films cover uniformly the 

whole substrate surface and their morphology was found stable on storage in ambient air for 

several months (this topic will be detailed in the next chapter of this thesis). On the other hand, 

solvent annealing did not change considerably the film thickness (see Figure A2.2.2 in 

Annexes). 

 

Figure 2.10: AFM imaging of the crystallization of a film of [Fe(HB(tz)3)2]  of 150 nm thickness. AFM 

topography of a fresh sample before (a) and after (b) exposure to humidity. (c-d) The effect of the same 

treatment on another film, which was stored previously in ambient air. Image sizes are 10 × 10 μm2. 

The increase of the UV absorbance upon exposure to humidity can be used to 

follow the crystallization process. For fully crystalline films we found that the 

absorbance at λ = 317 nm is closely proportional to the film thickness (see Figure 2.11). 

Hence it is possible to establish the efficiency of the annealing process from a simple 

room temperature absorption spectrum (provided the film thickness is known). As an 

example, Figure 2.12 shows the UV absorbance of two 90 nm thick films, either stored 

in ambient air or annealed in 80 % humidity, revealing a crystallinity of ca. 49% and 

100% respectively. Samples showing a complete and homogenous crystallization could 

be achieved with thicknesses ranging from ca. 20 to 200 nm. 
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Figure 2.11: Evaluation of the degree of crystallinity and the completeness of the spin transition 

in [Fe(HB(tz)3)2]  films. The graph shows the variation in absorbance between the LS and HS 

states (AbsLS-AbsHS) at 317 nm for various film thicknesses determined by AFM. The black 

squares correspond to the experimentally measured values, while the red line corresponds to the 

theoretically expected values for a fully complete spin transition. This evaluation is based on the 

assumption that the 194 nm film displays a complete spin transition, which was inferred from 

the temperature dependent Raman analysis of this film. The slope of the fitted line gives an 

absorption coefficient of ca. 30100 cm-1.  

 

 

 

 

 

 

 

 

 

 

Figure 2.12: Absorption spectra acquired at 293 K for 90 nm thick films of [Fe(HB(tz)3)2] stored either 

in 30 % (ambient air) or in 80 % relative humidity. The inset shows the AFM image of the humidity 

treated film (image size is 10 × 10 μm2). 
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Thicker films crystallized only partially, most probably only in the proximity of the surface 

layers (leaving the underlying ones in amorphous/semi-crystalline form), while films with a 

thickness below ca. 20 nm formed a more-or less discontinuous layer of grains. Figure 2.13 

shows characteristic AFM and TEM images as well as a photograph of a 70 nm thick film on a 

glass substrate. 

 

 

 

Figure 2.13: Characteristic AFM and TEM images of water annealed films of [Fe(HB(tz)3)2] (70 nm 

thickness). A photograph of a film deposited on a glass substrate is also shown. 
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These films are smooth, continuous and not observable by naked eye, neither by low 

magnification optical microscope – confirming their high quality. Interestingly, we remark both 

in the AFM and TEM images rather particular spherulitic film morphologies, which indicate 

radial film growth associated with a lamellar organization, but we have not investigated in more 

detail this complex phenomenon. 

We have analyzed the transformation of thin films from the amorphous to the crystalline 

form using Raman spectroscopy. Figure 2.14 shows the spectra of a film before, during and 

after the treatment and presents three different spectral footprints. 

 

 

Figure 2.14: Raman spectra of a thin film (138 nm thickness) of [Fe(HB(tz)3)2] at three stages of its 

synthesis: the pristine amorphous film, hydrated crystalline film (after humidity treatment) and the final 

dehydrated crystalline film (after heating to 313 K). 

A first spectral modification occurs upon exposure to water vapour, which we thus attribute to 

the crystallization process. Then, a slight heating of the film to ca. 313 K allowed us to obtain 

a spectrum, which remained stable and reproducible upon thermal cycling as well as on storage 

in ambient air. Since this latter spectrum corresponds closely to the spectrum of the powder of 
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the complex [114], we can attribute this second spectral change to the loss of water. 

Interestingly, the Raman spectrum of the film in its stable form (dehydrated crystalline) matches 

more closely the spectrum of oriented single crystals of our SCO compound than that of the 

polycrystalline powder [114]. This finding indicates that the crystalline films are possibly also 

oriented. To further investigate the crystallinity and texture of the films we acquired XRD data 

for humidity treated films. As shown in Figure 2.15 the diffraction pattern of the films consists 

of a single peak at 2θ = 10.02° indicating a preferential crystallographic orientation. (N. B. The 

very broad peak around 2θ = 20° ÷ 25° is typical for amorphous fused silica substrates) [81]. 

The peak intensity approximately scales with the film thicknesses. 

          

Figure 2.15: XRD patterns of crystalline thin films of [Fe(HB(tz)3)2] for various thicknesses. The inset 

shows the size of the crystalline domains as a function of the film thickness. The structure of the oriented 

film is also depicted. 

This diffraction pattern of the crystalline films can be compared with that of the bulk 

powder, which exhibits a peak at 2θ = 10.11° corresponding to the 002 reflection (see 

Figure 2.16). This peak assignment is clearly substantiated by the brusque shift of this 

diffraction peak from 2θ =10.02° (LS state) to 9.43° (HS state) during the SCO – closely 

matching the behavior of the bulk sample (see Figure 2.16). It should be noted also that 

no other 00l diffraction peaks have significant intensity in the simulated powder XRD 
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data of [Fe(HB(tz)3)2] complex [114]. We can thus conclude that the crystalline domains 

in the films grow preferentially with their orthorhombic c-axis normal to the substrate 

surface. This finding was repeatedly observed for different film thickness and for 

different substrates, such as glass, polymer, single crystalline silicon and polycrystalline 

gold substrates (see Figure 2.17). 

 

  

Figure 2.16: (left panel) PXRD patterns of the bulk powder of [Fe(HB(tz)3)2] in the LS and HS 

states. The peak corresponding to the (002) reflection shifts from 2 = 10.11° at 303 K to 9.59° 

at 373 K. (right panel) GIXRD patterns of a 194 nm crystalline film at different temperatures. 

 

 

Figure 2.17: XRD patterns of solvent annealed films of [Fe(HB(tz)3)2] on different substrates 

(fused silica, single crystalline silicon and polycrystalline gold). 
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It is interesting to note that single crystals of [Fe(HB(tz)3)2] tend also to grow naturally 

with large 00l facets suggesting these facets have relatively low surface energy. It is 

worth to mention also that the LS to HS spin transition in this compound leads to a very 

significant strain (ca. +5.6 %) along the orthorhombic c-axis, while in the other 

directions the changes are smaller or even opposite (a-axis: -2.3 %, b-axis: +1.0 %) [114]. 

Neglecting other possible contributions (e.g. micro-strain) one can estimate the mean 

size of the ordered (crystalline) domains, which is directly linked to the peak broadening 

in the XRD diffraction patterns through the Scherrer equation [129]: 

cos

K


 
                                                      (2.1) 

 

where τ is the mean size of the ordered (crystallite) domains, K is a dimensionless shape 

factor with a value close to the unity, λ is the X-ray wavelength, β is the line broadening 

at half the maximum intensity (FWHM) after subtracting the instrumental line 

broadening (in radians) and θ is the Bragg angle. 

As shown in the inset of Figure 2.15 the size of crystalline domains (along the c-

axis) remains quite similar (from 43 to 53 nm) for film thicknesses between ca. 45 and 

200 nm. One may note that the Scherrer analysis of the bulk powder led to ca. 80-100 

nm crystalline domain sizes [114]. 

 

2.2.2 Spin crossover properties of crystalline films 

We will now focus on the spin transition properties of recrystallized films. To follow the spin 

transition in a quantitative manner, variable temperature optical absorption measurements were 

performed over four heating-cooling cycles between 293 K and 393 K with a rate of 1K/min. 

Figure 2.18 shows the absorbance spectra of a 90 nm thick crystalline film at different 

temperatures in the UV region. The intense absorption bands between 260 and 340 nm exhibit 

three maxima around 272, 305 and 317 nm at 293 K (see inset in Figure 2.18a). The absorption 

coefficients associated with these peaks are ca. 104 cm-1 indicating these are strongly allowed 

charge transfer transitions. These absorption bands are bleached upon increasing the 

temperature to 393 K, which we can obviously assign to the SCO phenomenon. Indeed the plot 

of the absorbance at 317 nm as a function of the temperature (Figure 2.18b) reveals an abrupt 

change around 338 K with a small hysteresis, which is virtually the same as the one observed 

for the bulk powder [114]. (N. B. The spin transition in the crystalline films was also confirmed 

by magnetic measurements. See Figure A2.2.3 in the Annexes). 



52 
 

Since the spin transition is virtually complete in both directions (see Figure 2.11 for 

details) and the absorbance at 317 nm is directly proportional to the LS fraction (nLS) the plot 

in Figure 2.18b can be considered as a quantitative spin transition curve (nLS vs. T). It is 

interesting to note that during the first heating the transition temperature (
1/2T   = 339.8 K) is 

slightly higher than in the successive cycles, which is the well-known “run-in” phenomenon 

[130]. However, beyond the first heating the transition temperatures (
1/2T   = 338.1 K and 

1/2T   = 

337.6 K) become perfectly reproducible, which can be well appreciated from the derivatives of 

the transition curves in the inset of Figure 2.18b. 

 

Figure 2.18: (a) Absorbance spectra of a 90 nm crystalline film of [Fe(HB(tz)3)2] acquired at different 

temperatures on heating. The inset shows peak fitting of the baseline subtracted spectrum at 293 K. (b) 

Temperature dependence of the absorbance at 317 nm along four thermal cycles recorded at 1 K/min 

scan rate. The inset shows the derivatives of the transition curves. 

This SCO behavior observed for the 90 nm thick film was perfectly reproduced for all other 

crystalline films with different thicknesses (see Figure 2.19) and, at first sight, no remarkable 
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size effect has been observed. (As we will discuss in Chapter 3, a careful investigation allowed 

us to reveal a slight, but very well-defined size effect in these films.) In order to further 

investigate the SCO behavior, temperature dependent Raman spectra were also acquired 

(Figure 2.20, see also Figure A2.2.4). During the spin transition, the Raman spectra of the films 

undergo characteristic changes in intensity and frequency in agreement with the spectra of the 

bulk powder [114]. In particular, one can observe the increase in intensity of representative HS 

peaks around 1407, 1046, 123 and 102 cm-1, while the LS markers around 1420 and 113 cm-1 

loose in intensity. Raman spectra enable also the observation of the coexistence of the LS and 

HS states at 338 K and confirm the completeness of the spin transition. 

 

Figure 2.19: Temperature dependence of the absorbance at 317 nm along four heating-cooling cycles 

recorded at 1 K/min scan rate for films of [Fe(HB(tz)3)2] with thickness of 45 nm (a) and 194 nm (b). 

 

We have also investigated the SCO properties of thicker films. In order to achieve crystalline 

films with thicknesses above ca. 200 nm it appears necessary to do the film growth in two steps. 

First, we prepared a freshly evaporated film with thickness of ca. 185 nm and then exposed to 

controlled air humidity of 75-80 % for 10 min in order to achieve a good crystallinity. In the 

next step, a second 185 nm thick film of the SCO complex [Fe(HB(tz)3)2] was deposited by 

vacuum thermal evaporation on top of the existing film. Then, the freshly prepared second layer 

was exposed to the ‘standard’ humidity treatment (the same as the previous one). Finally, a 

third layer with a thickness of ca. 185 nm was subsequently deposited, but this time without 

exposing the new layer to a humidity treatment. At each step, the film was analyzed by variable 

temperature UV absorption spectroscopy (see Figure 2.21 for the room temperature spectra and 

Figure 2.22 for the full study of the final film). From these results, we can conclude that by 

preparing a first well-crystallized layer with thickness below 200 nm it is possible to achieve 
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the regrowth of next layers to obtain thicker crystalline films. It appears that the humidity 

treatment is necessary only for the first layer. 

 

Figure 2.20: Raman spectra of a 194 nm thick crystalline film of [Fe(HB(tz)3)2] acquired at different 

temperatures in the heating mode. 

 

Figure 2.21: Absorbance spectra acquired at 293 K following the subsequent deposition of 3 layers of 

[Fe(HB(tz)3)2] with ca. 3×185 nm thickness. Only the first two layers were annealed in humidity. 
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Figure 2.22: a) Variable temperature absorbance spectra and b) Temperature dependence of the 

absorbance along the first heating–cooling cycle recorded at 1 K min−1 scan rate for the 3-layer film. 

 

2.2.3 In-situ investigation of the crystallization in controlled humidity 

The crystallization process upon water exposure was further investigated by in-situ UV-VIS 

absorbance measurements using a dedicated environmental chamber with simultaneous 

humidity and temperature control. For in-situ absorbance measurements, the heating-cooling 

stage was connected to a Linkam RH95 humidity controller (see Figure A2.2.5 in Annexes), 

which allows for a fine control of the humidity around the sample between 5 and 90 % RH. 

(N.B. Due to the fast kinetics of the annealing process we were unable to conduct in-situ AFM 

and GIXRD measurements.) For in-situ spectroscopy, a freshly evaporated film of 

[Fe(HB(tz)3)2] with thickness of ca.100 nm was placed in a temperature controlled chamber, 

wherein the relative humidity was changed from 40 to 80 % while measuring the absorbance 

of the film at a sampling rate of 10 Hz. Figure 2.23 displays the absorbance change at 318 nm 

together with the variation of RH for a fixed temperature of 298 K. The striking observation 

here is the very abrupt change in absorbance at a relative humidity value of ca. 72 %. In a short 

period of ca. 8 s, the absorbance of the film increases sharply from 0.27 to 0.40. Before this 

increase the absorbance change is slow, while after the jump the absorbance of the film remains 

constant for any value of RH, i.e. the effect is irreversible. This result was repeatedly observed 

on fresh films (see Figure A2.2.6 in Annexes) and indicates that the crystallization of the film 

during the water vapor annealing occurs by the simultaneous nucleation of a large number of 

seeds, which then form small, densely packed crystals. The crystalline state reached at the end 

a) b) 
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of the process is extremely stable in air even for repeated thermal cycling. It is worth noting 

that the humidity treatment results in a solvated film, but the water molecules are desorbed in 

ambient air below the spin transition temperature and they have therefore no effect on the SCO 

properties [114]. 

 
 

 

Figure 2.23: Absorbance change (baseline corrected) at 318 nm of a [Fe(HB(tz)3)2] thin film as a 

function of time (blue curve) for increasing and decreasing values of relative humidity (black curve) at 

a fixed temperature of 298 K. (Note that between ca. 12.5 and 17.5 min no absorbance data were 

acquired.) 

 

Obviously, the water vapor annealing process is influenced by many parameters such as 

temperature, fluctuations of RH and exposure time. Regarding this last parameter, we observed 

that the films remain stable during longer exposure (2 h) to humidity. As already mentioned 

before, we also noticed that keeping the films in ambient air before water vapor treatment leads 

to an irreversible evolution (‘aging’) of the films towards an ill-defined, semi-crystalline state. 

Figure 2.24a depicts the results of water vapor annealing of three similar films with ca. 100 nm 

thickness, which were exposed to an ambient humidity of ca. 57 % for 2 min, 15 min and 2.5 

hours before the SVA treatment. One can notice that the film exposed for 2.5 hours displayed 

a high initial absorbance and did not show any further increase of absorbance with increased 

relative humidity. This film then revealed different properties compared to the ‘freshly treated’ 

samples. Notably, the 10.01° XRD peak intensity of the film exposed to ambient air for 2.5 h 

is four times less than the peak intensity of the film with only 2 min exposure to ambient air 

(see Figure 2.24b and Table 2.1).  

0 5 10 15 20 25

0.20

0.25

0.30

0.35

0.40
A

b
s
o

rb
a
n

c
e

 a
t 

3
1
8
 n

m

Time (min)

t = 8 s

30

40

50

60

70

80

90

R
e

la
ti
v
e

 h
u

m
id

it
y
 (

%
)



57 
 

 
 

Figure 2.24: (a) Absorbance change (λ = 318 nm; baseline corrected) on increasing relative humidity 

values, (b) XRD patterns and (c) temperature dependence of the absorbance along the second heating–

cooling cycle (λ = 318 nm, dT/dt = 1 K min−1; baseline corrected) for three [Fe(HB(tz)3)2] thin films 

stored in air for 2 min, 15 min and 2.5 hours before water vapor annealing. (d) Effect of temperature on 

the humidity annealing of [Fe(HB(tz)3)2] thin films (scans between 43% and 90 % RH). 

In addition, the relative intensity of other diffraction peaks became more pronounced, indicating 

that in ambient air, the film evolves in an irreversible manner towards a less crystalline state 

and less oriented texture. In line with this observation, the spin transition became less complete 

and less abrupt for prolonged ‘aging’ in ambient air (Figure 2.24c). In addition, the shape of the 

SCO curves displays an unusual hysteresis over the entire heating-cooling cycle, which 

indicates continuous sample evolution.  
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We have also investigated the effect of solvent annealing temperature and it turned out 

that increasing the temperature of the substrate during the water vapor annealing led to 

decreasing efficiency. At 303 K, the crystallization was still observed, although more gradually. 

At higher temperatures, however, no absorbance change was detected even for RH 90% 

indicating less efficient interaction with the water molecules (see Figure 2.24d). 

We can thus conclude that water vapor annealing (RH > 72 %) applied to freshly 

evaporated [Fe(HB(tz)3)2] films provides a simple, yet very efficient means to achieve an abrupt 

and complete SCO transition with a high environmental stability, while the slow ‘aging’ of the 

films at lower relative humidity (i.e. in ambient air) leads to less stable, less oriented, semi-

crystalline films displaying incomplete and broad spin transitions. 

Table 2.1. Properties of [Fe(HB(tz)3)2] films stored in air for different times before humidity treatment. 

Aging time T1/2 (K) ∆T (K) AbsLS-AbsHS I002 (counts) Abs400nm 

(baseline corrected) 

2 min 339.2 0.9 0.32 11200 0.09 

15 min 339.0 2.4 0.29 7200 0.14 

2.5 h 339.5 3.8 0.26 2800 0.20 

 

2.2.4 Annealing in different solvents 

Solvent vapor annealing (SVA), which consists of exposing a film to a solvent vapor at (or 

near) room temperature, has recently become an increasingly popular ‘mild’ method to control 

thin film morphology and crystallinity. Considering that one can use various solvents with 

different solubility parameters and vapor pressure, SVA represents a highly versatile approach. 

In particular, the effects of solvent vapors on block copolymer films,[128, 131-133] organic 

semiconductors films [134-138] and compounds of pharmaceutical interest [139, 140] have 

been described formerly. However, the effects of solvent vapors on SCO films were previously 

not much explored [141]. The effects of SVA mainly depend on the properties of applied 

solvents [134, 135, 137]. Solvent molecules interact with the surface of a material and, depending 

on solvent-material affinity, film permeability, morphology, exposure time and temperature, 

the solvent can diffuse into it or condense on the surface and dissolve molecules. In either case, 

the ‘softening’ of the material then enables movement and/or rearrangement of molecules. 

In order to deepen our understanding of this process, we systematically examined the 

crystallinity, morphology and SCO characteristics of thin films of [Fe(HB(tz)3)2] after their 

exposure to the vapors of five different solvents: diethyl ether, acetone, dichloromethane, 

ethanol and water. [Fe(HB(tz)3)2] films were characterized by means of grazing incidence X-
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ray diffraction (GIXRD), atomic force microscopy (AFM) and variable-temperature ultraviolet-

visible (UV-Vis) absorption techniques. 

The films were deposited onto fused silica substrates, which were cleaned with acetone 

and isopropanol to remove contaminants. After film deposition, the substrates with 

[Fe(HB(tz)3)2] thin films were immediately placed in a sealed vial of 60 ml along with an open 

vial containing 10 ml of a given solvent. This led to a saturated solvent atmosphere in the large 

vial while direct contact between the film and the liquid was avoided. Except otherwise stated, 

annealing was carried out at room temperature for 10 min. Identical vials were used for each 

experiment thus leading to different saturated vapor pressures for the different solvents.  

The solubility of [Fe(HB(tz)3)2] is rather low in common solvents. Among those used 

in our study, diethyl ether, acetone and ethanol can be considered as non-solvents, while water 

and dichloromethane are “poor solvents” (ca. 1 mg/mL at 298 K). We have chosen these 

solvents with different polarities, vapor pressures and hydrogen-bonding abilities to enable 

meaningful comparisons. Table 2.2 gathers some commonly used quantitative parameters 

describing these properties. In particular, the Hansen solubility parameters characterize the 

cohesive energy density of the substance, decomposed for dispersive interactions (δd), polar 

interactions (δp) and hydrogen bonding contributions (δH). The vapor pressure (Pv), boiling 

point (Tb) and surface tension (γ) are also related to the cohesive forces between the solvent 

molecules, while the Gutmann donor number (DN) is used to quantify the Lewis basicity of 

solvents. 

First, we analyzed by GIXRD the crystalline structure of the five solvent-exposed 

[Fe(HB(tz)3)2] films of ca. 200 nm thickness. In the diffraction geometry used, only crystal 

planes parallel to the substrate can be observed. This allows probing the crystallinity (and 

crystal structure) and determination of the preferred crystal orientation. Figure 2.25 shows the 

diffraction patterns of the solvent annealed films as well as that of the freshly evaporated film. 

One may notice that the initial featureless diffraction pattern of the amorphous, pristine film 

drastically changes after exposure to the different solvents. Remarkably, the diffraction pattern 

of each solvent annealed film is dominated by a single, intense and narrow peak at a 2θ value 

of 10.01°. In other words, water is not the only solvent, which recrystallizes the films. However, 

one may notice that the film treated with CH2Cl2 exhibits significantly weaker diffraction 

intensity at 10.01° in comparison with the films exposed to other solvents. In addition, the XRD 

pattern of the dichloromethane-exposed film exhibits other diffraction peaks with relatively 

high intensities (with respect to the main peak). These results denote that the crystallinity and 

ordering of the dichloromethane-annealed films is lower when compared to other samples. 
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Table 2.2. Solvent properties [142]: Hansen solubility parameters (dispersive, polar and H-bonding) in 

units of MPa, vapor pressure (at 20 °C) in units of kPa, boiling point (at 1 atm) in units of °C, surface 

tension (at 20 °C in air) in units of mN/m and Gutmann donor numbers in units of kcal/mol. 
 

Solvent δd δp δH Pv Tb γ DN 

Water 15.5 16.0 42.3 3.17 100 72.8 18 

Ethanol 15.8 8.8 19.4 5.95 78.3 22.1 32 

Diethyl ether 14.5 2.9 4.6 58.7 34.6 17.1 19.2 

Dichloromethane 17.0 7.3 7.1 57.3 39.8 26.5 1 

Acetone 15.5 10.4 7.0 30.6 56.3 25.2 17 

 

 

Figure 2.25: XRD patterns of [Fe(HB(tz)3)2] thin films exposed to different solvents. The diffractogram 

of a pristine film is also shown. (N.B. The broad peak around 2θ = 15°÷27° is typical for amorphous 

fused silica substrates used in this study [81]). 

 

To investigate how the different crystallinity of the films alter the SCO properties, we 

performed variable temperature optical absorption measurements over two heating – cooling 

cycles between 293 K and 393 K. Figure 2.26a shows selected UV absorbance spectra of the 

SCO thin films annealed with different solvents. The intense absorption bands between 260 and 
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340 nm are bleached upon increasing the temperature from 293 to 393 K, which can be 

explained by the SCO phenomenon. Figure 2.26b displays the absorbance (at 318 nm) as a 

function of temperature for the different solvent-treated films. 

 

Figure 2.26: (a) Absorbance spectra acquired at 293 K (LS) and 393 K (HS) in the heating mode for 

[Fe(HB(tz)3)2] films annealed with different solvents. (b) Temperature dependence of the absorbance 

coefficient at 318 nm (baseline corrected) along the second heating–cooling cycle recorded at 1 K min−1 

scan rate for different solvent treated samples. (c) Absorbance coefficient change at the spin transition 

(λ = 318 nm), intensity of the 002 XRD peak (thickness normalized) and solvent donor number for 

different solvent treated samples. (d) Absorbance coefficient at 400 nm (baseline corrected) as a function 

of the Hansen solubility parameter δH. 

 

One may note that all films exhibit a rather abrupt spin transition with similar transition 

temperatures (T1/2  336 K) and small hysteresis widths (ΔT  2 K) (see also Table 2.3). 

However, the shape and intensity of the absorption spectra of the CH2Cl2-treated sample is 

different from the others and therefore the absorbance change upon the spin transition is 

drastically reduced in this sample indicating an incomplete SCO (ca. 36 %). In addition, the 

absorbance change between the LS and HS states (AbsLS- AbsHS) and intensity of the XRD peak 
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at 2θ = 10.01° (I002) are correlated for the different samples (see Figure 2.26c and Table 2.3). 

These findings suggest that the lower degree of crystallinity and ordering could be the primary 

cause for the very incomplete spin transition in the CH2Cl2 vapor annealed sample. 

 

Table 2.3. Properties of solvent annealed films: spin transition temperature, hysteresis width, 

absorbance coefficient change upon the spin transition (at 318 nm), intensity of the 002 XRD peak 

(thickness normalized), UV-Vis absorption coefficient at 400 nm (baseline corrected). 

 

Solvent T1/2 (K) ΔT (K) αLS-αHS (104 cm-1) I002 (counts) α400nm (104 cm-1) 

Diethyl ether 335.6 1.6 2.85 13000 0.64 

Acetone 336.0 1.3 2.97 13500 0.77 

Dichloro-methane 338.9 3.5 1.05 4740 1.16 

Ethanol 335.7 3.1 2.92 12400 0.56 

Water 336.0 2.2 2.74 12100 0.35 

 

When comparing the properties of the different solvents used (see Table 2.2 and Figure 2.26c), 

it appears that the poor crystallinity of the sample treated with dichloromethane and 

consequently its inferior SCO properties might be related to its low donor number, i.e. its low 

ability to accept hydrogen bonds, in comparison with the four other solvents used in our study. 

We can thus suggest that the SVA treatment of films of [Fe(HB(tz)3)2] is more efficient when 

the SCO molecules can form hydrogen bonds with the solvent molecules. Since [Fe(HB(tz)3)2] 

is much less soluble in diethyl ether/acetone/ethanol than in dichloromethane, the most 

plausible mechanism of SVA in the present case would be solvent diffusion into the film 

causing intermolecular hydrogen bonds to break. Then, the higher mobility of the SCO 

molecules can allow the pristine metastable film to evolve into a thermodynamically more 

favorable crystalline state. 

Another interesting observation one can make about the absorption spectra in Figure 

2.26a-b of the different solvent treated samples is their substantially different spectral baseline 

(see also Table 2.3). This finding denotes that the light scattering intensity of the films strongly 

differs, indicating that the morphology of the films must be different. To further investigate this 

aspect, we examined the surface morphology of different solvent-exposed [Fe(HB(tz)3)2] films 

using optical microscopy and AFM. Figure 2.27 shows the optical and AFM topography images 

of the thin films after exposure to the solvents. The water-exposed [Fe(HB(tz)3)2] film is 
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characterized by a smooth and continuous morphology, while the other samples appear more 

irregular. At first glance, the AFM topography images suggest that CH2Cl2 as well as EtOH 

treated films are smooth, characterized by low values of arithmetic average roughness Ra. 

However, in this case the small area AFM topography analysis is not representative as optical 

images show the presence of some large-scale aggregates/crystals in these samples as well. 

Interestingly, the light scattering intensity (i.e. the baseline of the absorbance spectra) 

is correlated with the Hansen solubility parameter δH of the solvents (Figure 2.26d), denoting 

that the surface roughness decreases when δH increases. (N.B. The case of CH2Cl2 deviates from 

this trend, but we believe the deviation occurs due to its different crystallinity.) The solubility 

parameters of solvents have already been reported to be correlated with the changes in 

crystallinity and morphology of various organic films when exposed to the solvents [134, 135, 

139, 140, 143]. In our case we can suggest that during SVA, water condenses on the smooth and 

amorphous surface of the pristine film. Since the solubility of [Fe(HB(tz)3)2] in water is not 

very high, fast supersaturation occurs and a large number of crystallization seeds form 

simultaneously, leading to densely packed, small crystallites and thus a smooth surface 

morphology. For the other solvents, larger crystals form, which indicates different film growth 

mechanism(s) involving possibly no surface condensation and less nucleation seeds. 

Overall, we can conclude that the water vapor annealing gives the most efficient 

recrystallization procedure, offering the best control on film morphology, crystallinity and SCO 

properties. 

 

 
Figure 2.27: Optical microscopy (top panel) and AFM surface topography (bottom panel) 

characterization of the different solvent vapor annealed [Fe(HB(tz)3)2] films. Scale bar in optical images: 

500 µm; AFM image size: 30×30 µm2. 
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2.3 Conclusions 

High quality thin films of the spin crossover complex [Fe(HB(tz)3)2] have been 

successfully deposited by high-vacuum thermal evaporation on different substrate 

materials with an accurate control of the film thickness. The as-deposited amorphous 

films could be fully recrystallized using solvent-vapour annealing. To this aim, five 

different solvents were tested: diethyl ether, acetone, dichloromethane, ethanol and 

water. Grazing incidence X-ray diffraction and UV spectrophotometry showed that the 

EtO2, (CH3)2CO, EtOH and H2O treated films feature highly oriented crystalline 

structure - with the orthorhombic c-axis normal to the substrate - and an abrupt spin 

transition at ca. 336 K. CH2Cl2 vapor annealed films are less crystalline and do not 

exhibit a complete spin transition. On the other hand, AFM analysis showed that water 

is the only solvent, which provides a smooth, homogenous and continuous film 

morphology (down to ca. 20 nm thickness). Based on these findings we suggested that 

the key parameters responsible for film crystallinity and for the control of film 

morphology could be the hydrogen bonding ability of the solvents as well as their 

solubility parameters.  

The recrystallization process in water was more deeply studied by UV absorption 

measurements with in situ humidity control. This analysis showed that the crystallization 

in approx. 75-80 % relative humidity air at room temperature is complete within a few 

seconds above a threshold humidity value (~100 % crystallinity for thicknesses below 

ca. 200 nm). A subsequent slight thermal annealing at 313 K led to very robust, 

dehydrated crystalline films. The Raman spectrum of these films is comparable with that 

of the bulk [Fe(HB(tz)3)2] sample. The detailed temperature dependent UV absorption 

and Raman spectroscopic study demonstrated that the crystalline films display a 

cooperative, complete and tightly reproducible spin transition above room temperature, 

similar to the bulk material. All these properties make the humidity annealed films of 

[Fe(HB(tz)3)2] a very attractive candidate for integration in nanoscale photonic, 

actuating and electronic devices.  

On the whole, we found that solvent vapor annealing provides a simple and fast, yet 

very powerful method to control crystallinity, texture, morphology, spin crossover properties 

and environmental stability of thin films of [Fe(HB(tz)3)2]. We believe this approach will be 

increasingly important for the engineering of various SCO films. 

 



65 
 

Chapter 3.  Spin transition properties of [Fe(HB(tz)3)2] films 

In this chapter we present a deep investigation of the spin crossover properties of the 

[Fe(HB(tz)3)2] films whose fabrication was detailed in Chapter 2. We were particularly 

interested about the stability of the SCO in these films (towards thermal cycling, storage and 

processing conditions, etc.) as well as about the possible size dependence of the spin transition. 

3.1 SCO and its stability 

The ability to process homogeneous, reproducible and stable thin films is a fundamental 

requirement for any application of functional materials, especially in the case of SCO systems, 

whose behavior is critically related to the local environment. Furthermore, stability and 

reversibility are also mandatory prerequisites for physical properties studies, such as the 

scanning probe microscopy investigations we discuss in Chapter 5. The thin films of 

[Fe(HB(tz)3)2] described in Chapter 2 appear as promising samples in terms of stability. As was 

mentioned before, using a very rigorous protocol during deposition and post-deposition it is 

possible to obtain films with very high purity and tight thickness control. In the next sub-

sections we discuss the results we obtained during the investigation of stability of the spin 

transition in this film under the action of different factors such as: temperature, switching 

cycles, storage time and processing conditions. 

3.1.1 Thermal stability 

From a technological point of view, the highest processing temperature that the sample can 

withstand is a particularly important information. To investigate this issue we prepared by 

thermal evaporation on fused silica substrate a [Fe(HB(tz)3)2] film of ca. 125 nm thickness. 

Prior the thermal stability study, we performed on this thin film variable temperature optical 

absorption measurements over four heating – cooling cycles between 293 K and 393 K, which 

revealed stable SCO properties, similar to what we have seen previously in Chapter 2 (see 

Figure A3.1.1 in Annexes). In the next step, we have carried out a series of heating-cooling 

cycles such a way that the heating range was increased in each successive cycle by 10 K. The 

sample temperature in these measurements was controlled using a Linkam THMS600 liquid 

nitrogen cryostat and measurements were performed at 4 K min−1 in dry nitrogen atmosphere 

while monitoring the UV absorbance of the film at 317 nm. After each cycle temperature, a 

UV-vis absorption spectrum was recorded at room temperature. Figure 3.1a shows these 

spectra, while Figure 3.1b represent the evolution of the (room T) absorbance at 317 nm as a 

function of the annealing temperature. As we have seen before, at room temperature (LS state) 
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the films exhibit intense absorption bands in the UV range between 250 and 340 nm. These 

absorption bands remain unchanged even after annealing the films at temperatures as high as 

230 °C. For annealing temperatures above ca. 260 °C the absorbance disappears. Since this 

temperature corresponds to the sublimation temperature, we can conclude that no major 

degradation of the films takes place before the film is evaporated. Most importantly for us, the 

spin transition properties of the film have been perfectly reproducible for annealing 

temperatures up to 230 °C – which can be clearly inferred from the thermal SCO curves 

displayed in Figure 3.2. 

 

 

 

 

 

Figure 3.1: a) UV absorbance spectra of a 125 nm thick film of [Fe(HB(tz)3)2] acquired at room 

temperature after the sample was annealed successively at temperatures between 120 °C and 290 °C. b) 

Evolution of the room temperature absorbance of the film at 317 nm as a function of the annealing 

temperature. 
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Figure 3.2: Temperature dependence of the absorbance spectra along seventeen cooling cycles recorded 

at 4 K/min scan rate for a 125 nm thick film of [Fe(HB(tz)3)2]. For each cycle, the heating range was 

extended by a step of 10 K.  

 

3.1.2 Long term environmental stability 

Another important concern is the stability of the films upon extended periods of storage in 

ambient air. In order to examine this question several crystalline thin films with different 

thicknesses from different batches have been stored in ambient air for a year and their properties 

have been regularly inspected. The first proofs for the stability of the films was obtained by 

tracking the room temperature optical absorption in the UV spectral region (See Figure 3.3 and 

Figure A3.1.2.1 in the Annexes for further examples), which allowed us to demonstrate the 

invariance of the LS absorption bands over a period of 59 weeks, and also by AFM microscopy, 

which allowed to show that the film morphology is also stable (Figure 3.4). For the sample 

analyzed in Figure 3.3 we have also carried out temperature dependent UV absorbance 

measurements after a long period of storage. Figure 3.5 compares the thermal spin transition 

properties of the freshly prepared sample with that of the same sample following 59 weeks of 

ageing in air. Remarkably, the temperature of the transition, the shape of the transition curve 

and the completeness of the SCO remain virtually unaltered (within the experimental accuracy) 

300 320 340 360 380 400

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

T = 280 °C

A
b

s
o

rb
a
n

c
e

Temperature (K)

 cooling_120-20 °C

 cooling_120-20 °C

 cooling_130-20 °C

 cooling_140-20 °C

 cooling_150-20 °C

 cooling_160-20 °C

 cooling_170-20 °C

 cooling_180-20 °C

 cooling_190-20 °C

 cooling_200-20 °C

 cooling_210-20 °C

 cooling_220-20 °C

 cooling_230-20 °C

 cooling_240-20 °C

 cooling_250-20 °C

 cooling_260-20 °C

 cooling_270-20 °C

 cooling_280-20 °C

T = 270 °C



68 
 

over this period of more than 1 year. We notice a slight vertical upshift of the whole transition 

curve, which may be attributed either to an increased light scattering of the films or, most likely, 

due to slight differences in the experimental conditions (e.g. position of the cryostat vs. the light 

beam of the spectrophotometer, etc.). It should be noted that the ensemble of the results 

regarding the environmental stability were obtained with relatively thick films (in the 50- 200 

nm range) and it is possible that for very thin films (< 10- 20 nm) the temporal evolution of the 

SCO properties is more pronounced. Indeed, preliminary XPS results on our films (provided by 

Bruno Domenichini from the University of Dijon) indicate that upon a long period of storage 

in ambient air (months scale) the surface of the films becomes oxidized as the presence of FeIII 

is detected (Figure 3.6). 

 

Figure 3.3: Absorbance spectra of a 175 nm thick crystalline film of [Fe(HB(tz)3)2] acquired at 293 K 

regularly along a period of 59 weeks of storage in ambient air.  

 

Figure 3.4: Selected AFM topography images of crystalline films of [Fe(HB(tz)3)2]: (a)-(b) two different 

zones of a 90 nm film; (c) the same film after 3 months of storage in ambient air; 
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Figure 3.5: Temperature dependence of the absorbance spectra of a 175 nm thick crystalline film of 

[Fe(HB(tz)3)2] recorded at 1 K/min scan rate following immediately the film preparation and after 59 

weeks of storage in ambient air. 

 

Figure 3.6: XPS spectra (Fe2p) of [Fe(HB(tz)3)2] recorded at 293 K after different storage times. 
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3.1.3 Processing stability 

In order to be able to integrate [Fe(HB(tz)3)2] films into different devices one must be able to 

deposit the films on various surfaces and, in many cases, it is also necessary to deposit further 

layers on top of the SCO film. As we have already seen in chapter 2 the crystallinity and SCO 

properties of our films do not seem to be influenced considerably by the underlying substrate. 

We used polycrystalline aluminium and gold, single crystalline silicon, glass ITO, cellulose, 

polymer, etc. substrates – in each case comparable results. Some further examples for different 

substrates will be also presented in Chapters 4 and 5 with the same conclusion. We attribute 

this invariance of the properties of the film on the nature of the underlying substrate to the fact 

that the films are submitted to a post-deposition water vapor annealing treatment 

(recrystallization), which involves crystallization starting from the top of the film and which 

presumably overwhelms any eventual effect of the substrate.  

On the other hand, we have observed more substantial effects when depositing different 

materials on top of the [Fe(HB(tz)3)2] film. Indeed, any deposition process is associated with 

different physico-chemical influences, such as heating, exposure to various radiations and/or to 

solvents, which can negatively affect the underlying film. Notably, we tried to deposit an SiOx 

layer over a film of [Fe(HB(tz)3)2] using plasma-enhanced chemical vapor deposition 

(PECVD). As it can be observed in Figure 3.7 during the process the SCO film suffered serious 

damages – in some cases even film delamination occurred – which we attribute to the presence 

of highly reactive ionized gaseous species in the processing plasma (e.g. SiH4, NO2, H2, etc.). 

         

Figure 3.7: Optical microscopy images of the surface of a [Fe(HB(tz)3)2] film before (left) and after 

(middle) the deposition of a layer of SiOx by PECVD. A witness surface (substrate only) is also shown 

after PECVD deposition (right). 

We could obtain significantly more promising results for metal deposition. Notably, we 

deposited a 100 nm thick Al film by vacuum thermal evaporation with a rate of 10 Å s-1 on 

films of [Fe(HB(tz)3)2] with different thicknesses (100 and 200 nm) on ITO/glass substrates. 
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During the evaporation of the Al film, the samples were cooled by water to prevent the 

perforation of the SCO layer. Figure 3.8 shows scanning electron microscopy (SEM) analyses 

on the cross-sections of these multilayers following focused ion beam (FIB) milling. We can 

observe regular arrangements without noticeable degradations/perforations. More importantly, 

the spin transition properties of the films were preserved after the deposition of the aluminum 

layer, which we could infer from variable temperature optical reflectivity measurements 

(through the transparent substrate) shown in Figure 3.8. It is fair to note, however, that 

deposition of gold and cobalt layers on the SCO field gave less satisfactory results and led to 

damages in the SCO film. 

 

 

Figure 3.8: (Top panel) SEM images of FIB milled cross-sections of glass/ITO/[Fe(HB(tz)3)2]/Al stacks 

for two different SCO thicknesses. (Bottom panel) variable temperature optical reflectivity of the same 

glass/ITO/[Fe(HB(tz)3)2]/Al stacks. 

Towards the processing of our films we have also deposited a ca. 1 μm thick layer of a 

photolithographic resist (SU8) on top of a 140 nm thick [Fe(HB(tz)3)2] film by spray coating 

the acetone solution of the resist. After the spray coating process, the sample was exposed to 

UV-irradiation and heated in two steps to 363 K (2 min) and 423 K (3 min) to achieve the cross-

linking of the resist. Finally, variable temperature UV absorption spectroscopy was used to 

analyze the effect of the SU8 layer on the SCO properties. As shown in Figure 3.9 the deposition 
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of the SU8 layer only slightly altered the spin transition properties including a ca. 2-3 K 

downshift of the transition temperature and a slight reduction of the completeness of the spin 

transition. 

Overall, we can conclude that we succeeded to deposit both conducting metallic and 

optically transparent dielectric layers on top of the [Fe(HB(tz)3)2] opening up possibilities for 

the integration of these films into various devices. Further work will be necessary to fabricate 

high quality multilayers with other technologically interesting materials and to achieve micro- 

and nanoscale patterning of the different parts of the multilayers. 

 

Figure 3.9: (Left panel) Optical absorbance spectra of a140 nm thick [Fe(HB(tz)3)2] film in the HS (120 

°C) and LS (20 °C) states, before and after spray coating with SU8. (Right panel) Spin transition curves 

before (red) and after (blue) SU8 coating. 

3.1.4 Switching stability 

Most crucially, the robustness of the spin transition must be determined for our SCO thin film, 

i.e. we have to investigate if it can withstand multiple thermal cycling. Usually, in the literature, 

the SCO is induced thermally for different samples and the transition curve is recorded over 

only a few heating-cooling cycles. Yet, even for a small number of thermal cycles, depending 

on the compound, the spin transition behavior may change or even disappear due to various 

phenomena, which include the loss or uptake of solvent molecules, mechanical fatigue or 

irreversible structural changes.  

To our best knowledge, fatigability tests have been performed up to now only on the 

[Fe(Htrz)2(trz)](BF4) SCO compound. Gural’skiy and coworkers reported a first proof of this 

stability using a bilayer actuator device (built using an SCO/PMMA composite) which was 
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actuated by applying current over more than 300 actuating cycles with no observed fatigue of 

the actuator [144]. Nagy et al., investigated a cellulose composites of the same SCO compound 

for its reversible thermochromic properties and reported that the color change was detected 

even after 1000 thermal cycles [145]. Lefter and coworkers have analyzed the thermal stability 

of the SCO compound [Fe(Htrz)2(trz)](BF4) over a series of 3000 consecutive thermal cycles 

in ambient air by means of optical reflectivity measurements [146]. They reported that the 

sample still presents a hysteretic behavior even after 3000 thermal cycles, but the hysteresis 

width decreased from 40 K to 28 K temperatures (see Figure 3.10). A crystallographic study of 

Grosjean et al. [147] was carried out on sub-micrometer-size particles of [Fe(Htrz)2(trz)](BF4). 

The particles were submitted to 50 thermal cycles and the evolution of their crystal structure 

and microstructure was followed in situ by means of powder X-ray diffraction (PXRD). It 

turned out that the unit cell, in particular parameter a, is slightly modified during the first few 

cycles, but remains well reproducible afterwards. It was thus suggested that the initial “run-in” 

of the SCO properties during the first heating occurs not due to solvent loss as it was previously 

suggested, but as a result of a small ordering of the lattice. On the other hand, the authors pointed 

out a significant structural fatigability reflected by a continuous and highly anisotropic decrease 

of the coherent domain size along the crystallographic b direction (i.e., along the Fe-triazole 

chains) over successive thermal cycles. In agreement with the XRD analysis, Manrique et al. 

has revealed by variable temperature AFM topography measurements both reversible and 

irreversible morphological changes of this sample upon thermal cycling [125]. 

 

Figure 3.10: (Left panel) Thermal SCO hysteresis of [Fe(Htrz)2(trz)](BF4) before and after 1100 and 

3000 consecutive cycling.[146] (Right panel) Evolution of the average crystallographic domain size in 

[Fe(Htrz)2(trz)](BF4) particles over 50 thermal cycles [147]. 
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In order to investigate the switching stability (LS↔HS state) of the [Fe(HB(tz)3)2] films, we 

performed two experiments. First, a series of ca. 10000 consecutive thermal cycles were 

imposed to a film deposited on a glass substrate and the quantitative spin transition curves have 

been recorded before and after the cycling by means of variable temperature optical absorption. 

Then, we have also deposited a film on a gold microwire, which we used as a fast microheater 

in order to submit the SCO film to a large number of thermal cycles (ca. 1 million). In this case 

the SCO was followed by variable temperature optical reflectance measurements. 

For the first experiment, the film was placed on a temperature controlled Peltier stage (Linkam 

PE94 - see Figure 3.11) and cycled between 55 °C and 75 °C (in order to ensure a full LS - HS 

- LS conversion) with a rate of 20 °C/min while recording the time – temperature profiles. 

 

Figure 3.11: Photo of the Peltier stage and screen-prints recorded during the fatigability study. 

We have acquired variable temperature optical absorption data of the films before the 

fatigability test, after 1858 cycles (in the course of the thermal cycling) and finally at the end 

of the test following 10321 cycles. Figure 3.12 summarizes these results. First, one can observe 

that the room temperature optical absorption spectra are virtually the same before and after 

10321 thermal cycles. Even more impressive is the overlap of the thermal spin transition curves 
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with a spin transition temperature, which remains the same with a variation of less than 0.5 K. 

We only observe a slight decrease in the amplitude of the absorbance change, but this remains 

close to the experimental uncertainty. 

 

Figure 3.12: (Left panel) Absorption spectra and (Right panel) thermal spin transition curves of a 

[Fe(HB(tz)3)2] film before and after 1857 and 10320 consecutive cycling. 

The first fatigability test lasted over nearly two weeks because the highest heating-cooling rate 

we can achieve with the Peltier stage is only 20 K/min. In order to be able to accomplish a 

significantly higher number of thermal cycles in a reasonable lapse of time, we decide to use 

metallic microwires heated by Joule effect. Due to their small thermal mass, the temporal 

response of such microwires is very fast and the temperature distribution is spatially well 

confined [148]. These two important properties, together with their reliable all-electrical 

operation, make these wires ideal test stands. The performance of the heating platform is largely 

dependent on its design, the material properties and the geometry of the different components. 

For these reasons, the precise thermal characterization of these heating elements is a critical 

step. The concept of the device and the fabrication of the nanowires were carried out by Olena 

Kraieva and Carlos Quintero in collaboration with Christian Bergaud (LAAS–Toulouse). It was 

shown both experimentally and by finite element simulations that the microheaters have a very 

fast response time (ca. 1 µs) and they do not induce any thermal drift of the sample [149]. The 

fabrication of the wires was accomplished by successive photolithography, metal deposition 

and lift off both on glass and silicon wafers. The wafers with the wires were cut into smaller 

pieces that correspond to chips (typically of sizes 20×10 mm). Regarding the possible 
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connections of the wires, 7 wires per chip were placed with a common path (see Figure 3.13(a)) 

to attach it to an 8-track connector, see Figure 3.13(b) [150]. 

 

Figure 3.13: (a) The schema of a chip (20×10 mm) with 7 gold microwire heaters. (b) Photo of the 8 

track connector with two chips on silicon (above) and glass (below) substrates [150]. 

 

For our experiment, a layer of ca. 175 nm of [Fe(HB(tz)3)2] was deposited directly by thermal 

evaporation on the surface of the resistive heated nanowire and the post-deposition humidity 

treatment was carried out. This original approach allows us to heat a small sample area quickly 

and locally. Electrical characterizations and measurements were carried out by applying a bias 

current in order to guarantee always a reproducible current excitation and temperature 

difference due to the Joule effect. The temperature calibration of the gold nanowire was 

performed combining two different electrical measurements. First, the resistance of the wires 

at low bias current was measured as a function of the temperature (T) using an input current 

source-meter (Keithley 2420) and a heating stage. The resistance of the selected heating element 

in the chip was monitored in the temperature range of 30 to 95 °C. In a second time, the 

resistance of the selected heater was measured as a function of the applied electrical current 

while keeping the temperature of the substrate fixed at 35 °C. Assuming that the resistance 

variation mainly comes from the change of the temperature in the microwire, it is possible to 

relate the two measurements to obtain a calibration of the mean temperature of the wire as a 

function of the applied current.  

For the fatigability test, the SCO coated wires were placed on the Peltier stage (Linkam 

PE 94) and the base temperature was fixed at 35 °C. A square shaped ac current oscillating 

between 0 and 38 mA at a frequency of ca. 1 Hz was then applied to the sample during two 

weeks. According to our calibration, this corresponds to successive temperature jumps between 

30 and 100 °C, i.e. to a full LS - HS - LS switching cycle in 1 second. To confirm this 

temperature change the optical microscopy image of this wire was recorded in reflectance mode 

(λ = 450 nm) using a CCD camera (Andor Technology Clara – see Figure 3.14) at regular 

intervals (30 min every morning) and 4 successive spin transition curves were also acquired.  
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Figure 3.14: (Top, left) Photo of the experimental setup, (Top, right) Optical microscopy image of a 

section of a gold microwire used in our experiment. The width of the wire is 1 μm, its thickness is 300 

nm and its length is 80 μm. (Bottom) Photo of the chip with the connector below the microscope 

objective. 

 

Figure 3.15 depicts the recorded oscillations of the optical reflectance upon the oscillating 

current excitation. Unfortunately, there is a baseline drift over the two weeks long experiment. 

We attribute this on one hand side to the intrinsic stability of the CCD camera and on the other 

hand to the fact that the experiment was performed in ambient air at high temperatures and 

under electrical bias leading to the slow accumulation of dust on the surface. Nevertheless, the 

amplitude of the oscillations remain comparable denoting comparable changes of temperature. 

The spin transition curves after ca. 100 cycles and 1 million cycles are plotted in Figure 3.16. 

Remarkably, the spin transition temperature remains unchanged (within the experimental 

precision) and the shape of the spin transition curves is only slightly altered. We can thus 

conclude that films of [Fe(HB(tz)3)2] show extremely high resilience to repeated thermal spin 

state switching in ambient air. 
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Figure 3.15: Optical reflectivity recorded during the current excitation for different width of current 

pulses from 0 s to 20 s. 

 

Figure 3.16: Variation of the reflectivity signal of a [Fe(HB(tz)3)2] film deposited on a gold microwire 

heater as a function of the temperature (heating mode): a) after 100 cycles and b) after 1000000 cycles. 
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3.2 Size reduction effects in [Fe(HB(tz)3)2] films 

Phase transitions at the nanometric scale in functional materials [151] have attracted 

much attention of scientists for this last decade. In this context, the interest in the elaboration 

and the integration of nano-objects based on phase change molecular compounds have grown 

considerably thanks to their applicative potentials in memory and display devices. The phase 

stability of bulk materials is inexorably altered at reduced sizes due, mostly, to the increasing 

role of surfaces/interfaces. The most well-known example for this phenomenon is the melting 

point depression of metallic nanoparticles [152]. Finite size effects on solid-solid polymorphism 

has been less investigated, but similar to the melting phenomenon, an increase (decrease) of the 

transition temperature (pressure) is observed universally [153-160]. This change of the P,T-

phase diagram is driven fundamentally by the fact that the cohesive energy of high temperature 

(low pressure) phases is generally lower, which implies also a lower surface energy. Higher 

energy polymorphs, which are unstable in the bulk material, become thus thermodynamically 

stabilized in small particles due to the increasing contribution of the surface energy to the total 

free energy of the particle. A notable exception to this trend is the melting point elevation of 

small particles when embedded in a solid matrix with an epitaxial confinement (Figure 3.17) 

[161]. 

 

Figure 3.17: Variation of melting point with the particle size for In nanoparticles embedded in an Al 

matrix in two kinds of In /Al nanogranular samples prepared by means of melt-spinning and ball-milling. 

The remarkable different melting point variations in these two cases might be attributed to the In /Al 

interfacial structures. For the melt-spun sample a semi-coherent In /Al interface was formed as 

evidenced by the HRTEM image of the In particle and the electron diffraction pattern, and for the ball-

milled sample, the In /Al interfaces are random [161]. 
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This phenomenon is believed to result from the specific properties of the epitaxial interface, but 

the mechanistic details remain often elusive. As a new example for such atypical behavior, we 

provide evidence on the elevation of the spin transition temperature in nanocrystalline thin films 

of [Fe(HB(tz)3)2] when reducing their thickness. We show that this unusual stabilization of the 

low temperature phase can be linked to the particular anisotropy of the structural changes 

associated with the LS to HS transition in [Fe(HB(tz)3)2]. 

In the past decade, the investigation of nanometer-sized molecular SCO materials has 

generated significant interest [1, 3, 162, 163]. Understanding the complex relationships between 

the size, crystal structure, surface/interface properties and the SCO behavior of these various 

nano-objects is arduous, but will be crucial for integrating them into useful devices. The general 

experimental observation [164-167], supported also by various theoretical predictions [168-

171], is a loss of the hysteresis properties, a downshift of the transition temperature (i.e. the 

stabilization of the HS phase) and the occurrence of incomplete transitions when the size of the 

objects is reduced. All these observations were satisfactorily explained on simple 

thermodynamical grounds, assuming that the surface energy of these systems is lower in the 

high spin state [172].  

Unfortunately, at present the link between theory and experiment remains rather poor 

for different reasons. First of all, the surface energies of SCO compounds are not known as 

these quantities are difficult to determine in both spin states using conventional experimental 

(contact angle, calorimetry) or theoretical methods (molecular dynamics, density functional 

theory. In addition, to produce SCO nano-objects with different sizes it is (obviously) necessary 

to use different synthesis conditions, which consequently can lead to differences not only in the 

size of the object, but also in other parameters, such as the particle shape, composition, 

crystallinity, surface coating, defects and so forth. Unfortunately, these parameters remain often 

ill-determined for the lack of appropriate sample characterization tools. Considering this, it 

becomes necessary to develop series of high quality, size-controlled samples, which are 

comparable in terms of morphology, chemical composition, crystallinity, surface/interface 

properties. 

In this context, thin films of [Fe(HB(tz)3)2] prepared by thermal evaporation appear as 

“ideal” samples for the study of size reduction effects. As we mentioned in the previous chapter, 

using a very rigorous protocol (both during deposition and post-deposition) it is possible to 

obtain films with very high purity and tight thickness control. The post-deposition 

recrystallization of [Fe(HB(tz)3)2] allows for highly oriented nanocrystalline films 

(orthorhombic c-axis normal to the surface) with smooth surfaces and robust, well-reproducible 
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SCO properties. Indeed, from crystallographic, Raman spectroscopic data, AFM and optical 

absorption, we noticed that in a thickness range of approx. 40 - 200 nm, these films appear 

identical in all aspects. Their similarity is most clearly attested by the fact that, at a first 

examination, we have noticed no significant difference between the spin transition curves of 

films with different thicknesses, which is a very sensitive indicator of the sample quality. 

For this study, eight thin films of [Fe(HB(tz)3)2] with thickness between 45 nm and 201 

nm were prepared by high vacuum deposition on fused silica substrates. A subsequent treatment 

for 10 min in air with a relative humidity of approximately 80 % was further employed for the 

formation of stable and fully crystalline layers. The film thickness was determined from AFM 

data (see Figure A3.2.1 in Annexes). The films are characterized by a homogenous morphology 

with an arithmetic average surface roughness Ra of ca. 1-2 nm (see Figure 3.18 for AFM surface 

topography images). 

 

a) 

b) 
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Figure 3.18: Representative AFM topography images (10×10 and 2×2 μm2) of films of [Fe(HB(tz)3)2] 

with different thicknesses: a) 45 nm; b) 55 nm; c) 72 nm; d) 92 nm; e) 100 nm; f) 112 nm; g) 155 nm 

and h) 201 nm. 
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Variable temperature optical absorption measurements were performed over four heating – 

cooling cycles between 293 K and 393 K with a rate of 1 K/min – with a tight control on all 

experimental conditions (synthesis, pre-treatment, storage and measurement), including even 

details such as the time laps between the film deposition and the measurement cycles. It may 

be worth to note that the spin transition temperatures of [Fe(HB(tz)3)2]  were shown to be strictly 

rate-independent between 0.1 and 1 K/min [114], i.e. they denote the quasi-static hysteresis.  

 

Figure 3.19: Temperature dependence of the normalized absorbance at 317 nm along the fourth heating-

cooling cycle recorded at 1 K/min scan rate for eight films of [Fe(HB(tz)3)2] with different thicknesses 

between 45 and 201 nm. The inset shows the derivatives of the absorbance curves in the heating mode. 

The abrupt change of the absorbance around ca. 337-338 K with a small hysteresis of ca. 0.5 K 

width clearly reflects the SCO phenomenon. The SCO curves are very similar for different 

thicknesses: one can observe the same shape and the same small hysteresis, which is a very 

sensitive indicator of the sample quality. However, a closer look at the SCO curves reveals a 

slight, but systematic increase of the transition temperature for decreasing film thickness, which 

is particularly obvious in the derivative curves (see the inset of figure 3.19). The perfect linear 

fit on the UV absorbance vs. thickness curve (see Figure 2.11) confirms also the full 

crystallinity and complete spin transition in each film. 
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Figure 3.20a and Figure 3.20b show the thickness dependence of the spin transition 

temperature T1/2 (which we approximate here as the barycenter of the hysteresis loop) and the 

hysteresis width, respectively. We must note that during the first heating of the sample the spin 

transition occurs at a slightly higher temperature than in the successive cycles (see Figure 3.21), 

which can be possibly attributed to the relaxation of some residual film growth stress. Then, the 

transition temperatures of the successive cycles become well reproducible. Hence in figure 3.20 

the transition temperatures and hysteresis widths corresponding to the 2-4th thermal cycles are 

shown only, as these quantities cannot be defined for the first cycle. The key experimental 

finding here is the systematic upshift by ca. 3 K of T1/2 when decreasing the film thickness from 

201 to 45 nm. What deserves also attention is the fact that the hysteresis width, unlike T1/2, 

remains virtually the same for different film thicknesses (ca. 0.5 K). 

 

 

 

 

 

 

 

 

 

Figure 3.20: a) Spin transition temperature and b) hysteresis width as a function of the film thickness 

of [Fe(HB(tz)3)2] for the different heating-cooling cycles. (The dotted lines are guides to the eye.) 

 

Before discussing the intrinsic film properties, one should notice that the observed decrease of 

T1/2 with increasing film thickness might also occur due to the heating of the film by the UV 

light, which is used to probe its spin state. In order to examine this possibility we performed 

UV absorption measurements by placing a ca. 2.6 % UV transmission filter in front of the 

samples to expose them to reduced light intensity. The measurements done with and without 

the filter gave strictly the same result demonstrating the absence of any significant thermal 

effect (see Figure 3.22). 

b) 

40 80 120 160 200

336.0

336.6

337.2

337.8

338.4

339.0  Cycle 2

 Cycle 3

 Cycle 4

T
1

/2
 (

K
)

Thickness (nm)

a) 

40 80 120 160 200

0

1

2

3
 Cycle 2

 Cycle 3

 Cycle 4

H
y
s
te

re
s
is

 w
id

th
 (

K
)

Thickness (nm)



86 
 

 

Figure 3.21: Transition temperatures on heating (Tup) and cooling (Tdown) as a function of the film 

thickness of [Fe(HB(tz)3)2] for the first four heating-cooling cycles. The dashed/dotted lines are guides 

to the eye. 

 

 

  

Figure 3.22: Temperature dependence of the absorbance of a 200 nm thick film of [Fe(HB(tz)3)2] 

recorded at 317 nm at a 2 K/min scan rate with and without a blocking filter (2.6 % transmission) in 

front of the sample. 
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The origin of the upshift of the transition temperature can be multiple. From a mechanical point 

of view, it may result from a biaxial stress in the SCO film due to its mechanical coupling with 

the substrate leading to a spin-state dependent elastic work. From a nano-thermodynamical 

point of view it may result from excess quantities due to the increasing surface-to-volume ratio 

at this scale. In this latter case, the relevant parameters are surface energy and stress, which can 

provide a driving force for phase transitions, which minimize the surface/interface energy [157, 

158]. If we take into account these ingredients as well as the bulk free energy, the change in the 

Gibbs free energy of the film for the LS to HS transition can be expressed as: 

 

 ( ) HS LS gb gb sv sv ss ss elG T G G H T S A A A W                          (3.1) 

 

where H is the bulk enthalpy, S is the bulk entropy, 𝛾 is the surface energy density, 𝐴 is the 

surface/interface area and 𝑊𝑒𝑙 the mechanical work due to the elastic interfacial stress at the 

film/substrate interface. The subscripts gb, sv and ss stand for the different interfaces (grain 

boundary, solid-vapor and solid-solid, respectively). At equilibrium, ΔG(T1/2) = 0,  we obtain: 

 

1/2 1/2

gb gb sv sv ss ss elB
A A A W

T T
S

        
 


                         (3.2) 

 

 

where 𝑇1/2
𝐵 =  

Δ𝐻

ΔS
 is the bulk transition temperature of the film. 

Now, let us examine one by one the role of these parameters. The biaxial stress and the 

resulting elastic work 𝑊𝑒𝑙 was first pointed out to be at the origin of the transition temperature 

shift. Indeed, most thin films are under biaxial mechanical stress, whose sign (compressive or 

tensile) and magnitude can be thickness dependent. In our case, Mikolasek et al. determined the 

intrinsic film stress using a recently developed approach based on micromechanical devices and 

assessed a ca. 320 MPa value [173]. Such high tensile stresses occur frequently in annealed 

films as the crystallization process results usually in denser films [174]. Perhaps even more 

importantly, the strain associated with the SCO leads also to the variation of stress state of the 

film. Indeed, as it was discussed by Rat et al. [114], the LS to HS transition in [Fe(HB(tz)3)2]  

leads to an important expansion of the orthorhombic (Pbca) unit cell volume by +4.5 %, but 

this strain is strongly anisotropic: −2.3 % for the a-axis, +1.0 % for the b-axis and +5.6 % for 

the c-axis. However, these phenomena (i.e. intrinsic and SCO induced stress) should not lead 

to a considerable elastic work in our case due to the very important difference between the 

thickness of the stiff glass substrate and the deposited film. We can thus neglect this term in our 

case. 
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From our previously discussed X-ray diffraction study the average crystalline domain 

size was estimated as ca. 45 - 50 nm for each film and it was shown that the crystalline domains 

were oriented with their orthorhombic c-axis normal to the surface (see Figure 2.15). Taking 

into account the similar crystallite sizes the grain boundary energy gb  should not play an 

important role here,[175] all the more that the grain boundaries are likely to consist of low-

energy (semi)coherent interfaces. The high-energy solid-vapor and film-substrate interfaces 

should therefore account primarily for the size dependence of the transition temperature. For a 

further simplification we can assume 0sv ssA A A   and ( ) / 2ss sv      . Finally, we 

obtain: 

 

 0 0
1/2 1/2 1/2 1/2

2 2 2 1B B B
A A

T T T T
S s V s h

    
     

  
                    (3.3) 

 

where: Δs is the entropy density, V is the film volume, and h is the film thickness. It is important 

to note that the equation above (eq.3.3) does not take into account explicitly the effect of surface 

stress, but we shall consider that both surface energy and surface stress contribute to the shift 

of T1/2 [157]. The best fit of equation 3.3 on the experimental data is shown in figure 3.23a. To 

further improve the fit we took into account the experimentally determined surface roughness 

by assuming a linear variation of the surface area with the roughness: 

 

 0 (1 )aA A nR                             (3.4)  

 

As shown in Figure 3.23b, considering the surface roughness of the films not only 

improves the fit, but also allows one to understand the apparent non-monotonous evolution of 

T1/2 below and above ca. 100 nm thickness. The fit parameters, n,  , and 1/2

BT  are summarized 

in Table 3.1. The obtained bulk transition temperature (ca. 336 K) is reasonably close to the 

values reported for powder and single crystal samples (331 - 334 K) [114]. The key finding, 

however, is the positive value of  . This unusual increase of the (00l) surface energy (and 

surface stress) in the HS phase is perfectly in line with the crystallographic data, which indicates 

an unusual contraction of the (00l) crystal planes in the HS state, despite the overall expansion 

of the lattice. Interestingly, this finding not only explains the upshift of the spin transition 

temperature for reduced film thicknesses, but corroborates also the unexpected bending 

behavior of silicon microcantilevers when actuated with thin films of [Fe(HB(tz)3)2] [176]. 
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Figure 3.23: h-T phase diagram of oriented [Fe(HB(tz)3)2] thin films. Blue circles are the averaged 

experimental data. (a) The dashed line is the fit using equation (3.3), i.e. assuming the same surface area 

for each film. (b) The orange squares are fitted values using both equations (3.3) and (3.4), i.e. taking 

into account the experimental surface roughness. The inset in (b) shows the mean surface roughness vs. 

film thickness extracted from the AFM topography images. 

 

Table 3.1. Fit parameters obtained using equations 3.3 and 3.4, with and without taking into account the 

surface roughness. 

 

 

 

 

 

Regarding the magnitude of the (00l) surface energy change between the two spin states (ca. 5 

mJ/m2), it is comparable with those reported for polymorphic thin films of organic compounds 

[155]. This model is seen to describe thus quite closely the effect of film thickness on the spin 

transition temperature of [Fe(HB(tz)3)2]. Nevertheless, other parameters (e.g. defects), which 

Fit parameters Without roughness With roughness 

1/2

BT  (K) 336.6 ± 0.3 335.9 ± 0.3 

  (mJ/m2) 7.53 ± 0.9 5.18 ± 0.5 

n (nm-1) 0 (fixed) 0.87 ± 0.03 
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remain hidden in the experimental characterization of the samples might also play a role here. 

From this point of view, the observed rather small shift of T1/2 (ca. 3 K) and the tightly 

comparable shape of the SCO curves (Figure 3.21b) are very useful features, as they prove that 

the films are indeed very similar in all aspects, except their thickness. A higher shift of T1/2 can 

be obtained simply by increasing the surface to volume ratio of the objects (e.g. in small SCO 

nanoparticles) [164], but this will also inevitably increase the uncertainty in the analysis of 

different sized objects. 

 

3.3 Conclusions 

In contrast to what is usually thought about SCO materials, our investigations revealed an 

unexpected and unprecedented robustness of the water vapor treated thin films of 

[Fe(HB(tz)3)2]. In particular, we have shown that (1) the SCO properties do not evolve 

significantly upon storage in ambient air (at least on a year scale), (2) the films exhibit no 

appreciable change of their SCO properties upon the elevation of temperature up to the 

sublimation temperature (ca. 260 °C), (3) the SCO properties remain virtually unchanged upon 

repeated spin state switching (at least up to one million switching cycles), and (4) the SCO 

properties can be maintained when encapsulating the films in between polymer (SU8) layers. 

This exceptional stability and reversibility of the SCO in the films of [Fe(HB(tz)3)2] allowed us 

to carry out a careful investigation of finite size effects on a series of films with different 

thicknesses. These measurements provided unambiguous evidence for the elevation of the spin 

transition temperature when reducing the film thickness. We show that this unexpected 

behavior is fully compatible with the nanothermodynamical theory of spin transitions by 

assuming an increase of the relevant surface energies when going from the low-spin to the high-

spin phase (instead of the usual decrease). The particular anisotropy of the transformation strain 

in the oriented films appears as the origin of this behavior. This result calls for a modification 

of the paradigm of how the phase diagram of nanocrystalline materials (not only SCO) scales 

as a function of size and indicates the tight relationships among structural anisotropy, surface 

energy and phase stability.  
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Chapter 4. Combining spin crossover with luminescent properties 

In this chapter, we present a novel approach for luminescence modulation by spin crossover, 

based on the deposition of our [Fe(HB(tz)3)2] thin films on top of a luminescent film. We show 

that by an appropriate combination of materials their properties can be preserved by this 

straightforward method and it becomes therefore possible to modulate in a fully reversible and 

predictable manner the emission intensity of a luminescent film using the thin, transparent SCO 

top-coating. This combination of luminescence and SCO properties can be particularly 

interesting for micro- and nano-scale thermometry purposes in particular in combination with 

near-field scanning optical microscopy (NSOM) methods. 

4.1 Fluorescence switches 

Fabbrizzi et al. defined “Fluorescence switches as molecular systems containing a light-

emitting fragment whose activity can be quenched/revived reversibly, at will, through an 

external parameter”  [177]. Fluorescence switches are very useful notably for detection, imaging 

and optical storage devices. Therefore, they have applications in a large diversity of fields 

ranging from health to informatics via environment. The concept of fluorescence switches 

requires a way to controllably and reversibly modify the luminescence intensity. To obtain a 

modification of the luminescence activity, an external stimulus (chemical, thermal, 

mechanical…) is applied to the system. 

The use of chemical compounds in fluorescence switches is applied in the field of 

medicine, analysis and detection; it is probably the most documented in the literature [178, 179]. 

In this case, chemical reactions [180-182] (Figure 4.1a) or intermolecular interactions [183-190] 

(Figure 4.1b) lead to a modification of the system, and therefore yield an increase or decrease 

of the luminescence. 

To obtain a highly specific and reversible luminescence switching, an important and 

challenging chemical design is crucial and this important research work has to be done for each 

targeted molecule. In a similar manner, the chemical structure of the luminophore could change 

significantly if the luminescent material is in acid/basic medium, under oxydo/reduction 

conditions or even under UV/visible irradiation (Figures 4.1c and 4.1d) [191-202]. For some 

applications as optical or electronic materials, chemical modification is not the best choice; 

however, fluorescent switches can also so be activated by thermal, electrothermal or mechanical 

stimuli as well as by light irradiation. 
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Figure 4.1: Selected examples of fluorescence switches working with (electro) chemical stimuli 

 

Under mechanical stimuli are regrouped all technics as grinding, apply of pressure or 

removing the solvent by evaporation, that can be used to modify the molecular arrangement of 

luminophore compounds [203]. Indeed, several compounds exhibit significantly different 

luminescence properties depending if molecules are isolated from each other, which is the case 

when the compound is dissolved in a solvent, or aggregated (Figure 4.2a) [204]. In the 

crystalline state, the luminescent property depends also on the specific molecular arrangement, 

which is maintained by intermolecular interactions, such as π - π stacking, hydrogen bonding 

or dipole-dipole interactions. These interactions are weak and can easily be broken by grinding 

or by applying pressure and this results in a modification of the luminescent property [205, 206]. 

In a similar fashion, a phase-transition can be detected by a modification of luminescence [206, 

207]. Finally, some compounds exist in distinct conformers, which can have different 

luminescent properties. Conformational interconversion can easily and rapidly occur in 

solution, whereas this interconversion is hampered in the solid state (Figure 4.2b) [208, 209]. 

If by mechanical stimuli the chemical structure of the compound remains unchanged, two main 

challenges have to be taken up. Firstly, as it was pointed out by Di et al. “For the development of 

efficient and useful mechanoluminescence materials, further revealing the mechanisms that 

induce these phenomena to establish a design strategy of the molecules, and deeper 

understanding of the relationship between molecular structures and the mechano-responsive 

behaviors are highly desirable” [203]. Moreover some improvements have to be done in order 
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to perform the modification of molecular arrangement in a faster way and in conditions 

compatible with a use in optical or electrical devices. 
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Figure 4.2: Selected examples of fluorescence switches working with physical stimuli. 
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Luminescence switching can also be triggered by a thermal stimulus (Figure 4.2c-d). 

The principal causes of this modulation can be either a chemical modification or a different 

molecular arrangement of the system [210, 211, 213-222]. Several articles emphasize the 

improvement of the luminescence switching by the association of luminophore molecules with 

a substrate or other type of molecules. Lee et al. elegantly demonstrated that their system 

exhibits four different luminescence properties depending of the temperature [210]. Their 

material consists of a graphene oxide substrate functionalized by an association of three 

different luminophore molecules. The luminescence property of the material is the sum of the 

luminescence of each type of molecules. The luminescence is a result of a FRET (Förster-type 

resonant energy transfer) from the molecules to the graphene oxide and therefore depends of 

the disposition of the molecules relative to the substrate. This disposition can be modulated by 

a change of temperature, which was found different for each type of molecule. Then, the 

luminescence comes from the association of the molecules and the graphene oxide, whereas the 

four different luminescence characters of the material are explained by the combination of the 

three types of molecules. In 2016, an article of Gareau and coworkers is another example of the 

benefit to associate two different classes of molecules [211]. It is documented that to attach a 

luminophore and its quencher to the extremities of DNA stem-loops allows obtaining a thermal 

luminescence switching. Indeed, when the loop is closed the luminophore interacts with its 

quencher and no luminescence is observed whereas at higher temperatures, the loop is open and 

the luminescence significantly increases. Gareau and coworkers make an important 

improvement of the system by adding a DNA strand to the functionalized DNA stem-loops. 

Indeed, this allows them to get a more important intensity ratio between the open and closed 

forms in a small temperature range gaining therefore more precision of the measure of 

temperature, which is an important issue to utilize their concept as nanothermometer. Moreover, 

they also demonstrate that changing the size of the DNA stabilizer allows them to cover a wide 

range of temperatures, which was not accessible without stabilizing the DNA strand. 

Recently, Lin and coworkers described an electrothermal fluorescent switching [212]. 

Their sophisticated device is constituted by an electrode, which is connected to an electric 

generator, a hybrid film, which is composed of multilayers of liquid crystal elastomers (LCE) 

and titanium oxide (TiO2) successively, and a luminophore layer deposited on the top of the 

material (Figure 4.2e). It is important to note that a so efficient luminescence modulation cannot 

be achieved by electrothermal stimuli without their hybrid material LCE / TiO2. Indeed, their 

luminescence switching is based on the amount of photons having the adequate wavelength to 

excite the luminophore. This amount of photons, received by the luminophore, is efficiently 
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modulated by the hybrid film composed of LCE and TiO2. On one hand, liquid crystals can act 

as wavelength guides and mirrors. Moreover, on the other hand, molecular arrangements of 

liquid crystals are highly dependent on different parameters, such as temperature or electric 

field, which lead to materials having distinct optical properties. When an electric field of 35V 

is applied to the hybrid material, an important blueshift of the reflectance wavelength is 

observed, which probably results from a modification of the molecular arrangement of liquid 

crystals. Because of this 40 nm shift, only a slight spectral overlap is observed between the 

Rhodamine and the hybrid material under electrothermal stimuli, whereas a perfect overlap is 

observed in the absence of electrothermal stimuli. Consequently, under electrothermal stimuli, 

only 20% of luminescence intensity of Rhodamine is observed. Finally, Lin et al. claim that 

their process can be used for a large diversity of luminophores [212]. Indeed, hybrid films with 

reflectance wavelengths ranging from 438 to 660 nm can be prepared by adjusting the thickness 

of the liquid crystal elastomer and TiO2 layers. 

 

4.1.1 Spin crossover based luminescence switches 

In this context of luminescence switching, an attractive strategy consists to fabricate a hybrid 

material, which combines a luminophore species with a spin-crossover (SCO) molecule. These 

latter are transition metal complexes, which can be reversibly switched between the low spin 

(LS) and the high spin (HS) states of the central metal ion. The SCO is trigged by the application 

of an external stimulus such as an increase / decrease of pressure or temperature, an inclusion / 

removal of a guest molecule in the material, light irradiation or the presence of an magnetic 

field. The spin transition phenomenon leads to a significant change in the chemical and physical 

properties of the metal complex including the modification of its magnetic susceptibility, 

dielectric permittivity, mass density, color, refractive index and elastic moduli [1, 31, 78, 223-

225]. SCO complexes have received recently increasingly interest because they offer an 

opportunity to fabricate switchable nanomaterials and devices [3, 196, 226-228]. When combined 

with a luminophore, the presence of the SCO complex allows to transform a stimulus, which has 

no (or moderate) effect on the luminescent property, into a stimulus, which strongly influences 

the emission intensity. For example, the luminescence intensity in general slowly decreases at 

increasing temperatures due to the thermal activation of non-radiative decay channels. However, 

this trend can be inversed by associating the luminophore to an SCO complex, which will 

strongly quench the luminescence in the low temperature (LS) state. 
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The combination of a luminophore with a SCO complex can lead to a luminescence modulation 

fundamentally by three different pathways [229]:  

(i) The luminescence emission can be selectively re-absorbed by either the HS or the LS 

state, depending on the overlap between the emission spectrum of the luminophore and 

the absorbance of the complex in a given spin state. This will lead to a modulation of the 

luminescence intensity and, in certain cases, to spectral shifts, but the excited state 

lifetime of the luminophore will remain obviously unaffected. This emission-

reabsorption mechanism has been proposed to be dominant in several cases.  

(ii) Alternatively, the excited state energy of the luminescent molecule can be transferred to 

the metal complex via Fӧrster-type dipole-dipole interactions without photon emission. 

Since this resonant process is also governed to a large extent by the spectral overlap 

between the complex and the luminophore, it will occur selectively in one or the other 

spin state. Consequently, the luminescence emission intensity can be drastically 

quenched, but in contrast to the re-absorption scenario, this will be also accompanied by 

the modulation of the luminescence lifetime. On the other hand, no significant spectral 

shifts are expected for such resonant energy transfer process. To our best knowledge, 

there is no literature report wherein this mechanism could be unambiguously 

demonstrated for a luminescent SCO material.  

(iii) Finally, various “environmental effects” may also lead to the modulation of the 

luminescence upon the SCO process. These effects include the change of the polarity and 

stiffness of the local environment, the modulation of intermolecular distances as well as 

charge transfer phenomena. Contrary to the re-absorption and energy transfer phenomena, 

the occurrence and manifestation of this last category of effects remains difficult to 

predict and interpret. The change of local environment involves in most cases not only 

the modulation of emission intensity, but also a change of the non-radiative decay rate 

and spectral shifts. The most obvious diagnostic feature of these phenomena remains, 

however, the feeble correlation between the luminescence modulation and the spectral 

overlaps. We believe that these “environmental effects” play a non-negligible role in most 

reported examples of luminescent SCO materials. 

Previous literature reports, which associate SCO and luminescent properties in a hybrid material 

can be classified in four categories (see Figure 4.3 for a few examples) [229].  
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(i) In the first case, the SCO complex contains a luminescent ligand [230-239]. Albeit 

elegant, one main challenge of this “luminescent-SCO complex strategy” is the 

possibility to lose the SCO and/or the luminescent properties, which remain rather 

difficult to predict for a rational design of new complexes. In addition, the high 

concentration of luminophores may lead to self-quenching.  

(ii) The second strategy consists of mixing (doping) the SCO material with a fluorophore.[59, 

64, 240-242] This can usually be achieved in a straightforward manner by adding a few 

percent of luminescent species to the SCO material during the synthesis of the latter. The 

advantage of this approach is its simplicity and efficiency. However, it is often difficult 

to control the homogeneity of the material and to locate the luminophore within the 

mixture.  

 

 

Figure 4.3: Selected examples of fluorescent-SCO switches [229]. Top left and middle (luminescent 

SCO complex approach): Temperature dependence of the luminescence wavelength and intensity for 

[Fe2(L2)5(NCS)4]2.(MeOH)4. Top right (substitution approach): Temperature dependence of the 

luminescence (open circles) and absorption (filled squares) of an iron(II)-triazole derivative with 

pyrene-derivative counter-anions. Bottom left and middle (doping approach): Fluorescence (excitation 

and emission) and absorption (HS and LS) spectra of a rhodamine doped iron(II)-triazole derivative, 

and thermal variation of the luminescence intensity. Bottom right (hierarchical assembly approach): 

Schematic view of iron(II)-triazole nanoparticles covered by a silica shell on which organic luminophore 

molecules are grafted. 
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(iii) To overcome the latter problem one might also partially substitute different components 

of the SCO material (e.g. the counter-ions, the ligands or even the metal ion) by a 

chemically similar, but luminescent species. This way one may obtain ‘co-crystals’ of the 

SCO and the luminescent species [240]. This “substitution approach” can be seen also as 

a combination of the first two strategies. Yet, it is still not guaranteed that the substituted 

material will conserve intact the properties of each constituent. Indeed, the introduction 

of the luminescent molecule into the SCO material, even in low percentage, can lead to a 

significant change of the spin transition properties and, vice-versa, the luminescence may 

also be drastically altered by the SCO crystal lattice.  

(iv) In a forth strategy, the luminophore and the SCO parts are juxtaposed in a spatially 

controlled assembly [243-249]. This “hierarchical assembly strategy” was mainly 

applied to the synthesis of nanoparticles with a SCO core and a luminescent shell. 

Notably, [Fe(Htrz)2(trz)]BF4 (trz = triazolato) SCO nanoparticles were covered by a thin 

silica layer and luminescent molecules were then grafted on the oxide surface [246]. This 

way the luminophores are well localized, while they are not expected to infer substantially 

with the SCO properties of the core-shell particles. 

 

4.2 Sample fabrication and properties 

    4.2.1     Methods 

Reagents and solvents used in this study are commercially available. The bulk powder 

of [Fe(HB(tz)3)2] was synthesized as described in ref [114]. The Ir(ppy)3 powder was obtained 

from Sigma Aldrich and used without any further purification. The fused silica substrates were 

purchased from SCHOTT AG and cleaned with acetone and 2-propanol to remove 

contaminants. Multilayer films were grown by thermal evaporation in a PREVAC thermal 

deposition system at a base pressure of ca. 2 × 10−7 mbar. The SCO (luminescent) complex was 

heated until 250 °C (280 °C) in a quartz crucible and evaporated at a rate of 0.07 Å s-1 (0.03 Å 

s-1). For co-deposition, the two complexes were evaporated simultaneously at a pressure of ca. 

5 × 10-7 mbar. The deposition rate was 0.2 Å s-1 and 0.03 Å s-1 for the [Fe(HB(tz)3)2] and 

Ir(ppy)3 molecules, respectively. After deposition, the [Fe(HB(tz)3)2] films were annealed for 

10 min at room temperature in ca. 80 % relative humidity air in order to achieve a better 
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crystallinity. The evaporation rate and film thickness were monitored in situ using a quartz 

crystal microbalance.  

The final control of the film thickness and topography was carried out using a Cypher 

ES microscope from Oxford Instruments in amplitude modulation mode in ambient air using 

OMCLAC160TS-R3 (Olympus) probes. Grazing incidence X-ray diffraction (GIXRD) 

experiments were carried out in a PANalytical X’Pert PRO MPD system using Cu-Kα radiation 

(45 kV and 40 mA) with a parallel-beam configuration. The incident beam optics consisted of 

a mirror with a 1/32° divergence slit. A parallel plate collimator (0.18°) and Soller slits (0.04°) 

were mounted on the path of the diffracted beam. An X’Celerator detector in receiving slit mode 

was used for X-ray collection. Temperature-dependent absorbance spectra of the films were 

collected at wavelengths between 200 and 800 nm using a Cary 50 (Agilent Technologies) 

spectrophotometer and a Linkam FTIR-600 heating/cooling stage (equipped with fused silica 

windows). The sample chamber was purged by dry nitrogen and spectra were acquired in the 

293 - 393 K range with 1 K/min scan rate. 

A Fluoromax-4 (Horiba) spectrofluorimeter equipped with a xenon lamp source and an 

Optistat DN-V liquid nitrogen cryostat connected to an ITC601 temperature controller (Oxford 

Instruments) was used to acquire fluorescence excitation and emission spectra as a function of 

temperature (see Figure A4.2.1 in Annexes). Fluorescence spectra were corrected for the 

instrumental response as implemented in the software. Luminescence lifetime measurements 

were performed using the time-correlated single photon counting (TCSPC) technique by means 

of a DeltaFlex (Horiba) instrument equipped with a 303 nm (pulse duration ~1 ns) as well as 

with a 280 nm (pulse duration > 100 ns) electroluminescent diode. Variable temperature 

lifetime measurements were conducted using an Optistat DN-V cryostat. Fittings and lifetime 

calculations were performed using DAS6 fluorescence decay analysis software. 

 

4.2.2 Choice of materials 

We aim to stack on a transparent substrate a thin layer of luminescent molecules covered by a 

layer of SCO molecules in order to achieve a luminescence intensity modulation driven by the 

spin state switching phenomenon. Obviously, the choice of the two types of molecules is 

crucial. We decided to combine our high quality SCO films of [Fe(HB(tz)3)2] with the tris[2-

phenylpyridinato-C2,N]iridium(III) luminophore - Ir(PPy)3 (see Figure 4.4). 
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Sketch of our materials Chemical structure of SCO complex  
Chemical structure of 

luminescent molecule 

  
 

 

Figure 4.4: Outline of the bilayer stack and chemical structure of the iron and iridium complexes. 

 

As we have shown in the previous chapters, high quality films of the SCO complex 

[Fe(HB(tz)3)2] can be prepared by vacuum evaporation on a substrate. These films can 

potentially be used for optical applications since sub-micrometric layers of [Fe(HB(tz)3)2] are 

largely transparent in the visible and near-infrared spectral ranges in both spin states. In 

addition, when using an appropriate annealing procedure they form a homogenous nano-

crystalline texture with smooth surface topography, hence not only absorption, but also 

scattering losses are very small. On the other hand, the complex [Fe(HB(tz)3)2] in the LS state 

absorbs much more UV light than in the HS state. For example, at 318 nm the absorption 

coefficient, related most probably to a singlet-singlet charge transfer transition between the 

metal center and the ligand, decreases from ca. 3×104 cm-1 till completely vanishing when 

switching the complex from the LS (1A) to the HS (5T) state. It is this huge difference that we 

would like take advantage of in modulating the intensity of the luminescence. Indeed, the 

complex [Fe(HB(tz)3)2] in the LS state will strongly absorb and thus block UV irradiation. 

Whereas, in the HS state, it is quasi-transparent in the UV, so the main part of the irradiation 

will reach and excite the underneath luminophore layer. Therefore, we expect that the 

luminescent intensity of the material with the complex [Fe(HB(tz)3)2] in the LS state should be 

substantially weaker than with 1 in HS state. Obviously, this strategy implies that UV irradiation 

should be used to excite the luminescence emission.  

To this aim we have chosen the luminescent complex Ir(PPy)3, which is probably one 

of the most studied molecules in the OLEDs (Organic Light-Emitting Diode) field and deep 

investigations have been performed in order to understand its luminescent properties [250-252]. 
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This compound is well known to absorb light in the UV between 250 and 320 nm, which has 

been assigned to singlet-singlet π-π* transitions of the ligand [253]. It is well documented that 

its excitation under UV irradiation leads to a prominent green emission centered at 515 nm, 

which is attributed to the radiative decay of the triplet 3MLCT (metal ligand charge transfer) 

state to the ground state [253]. As the SCO film is transparent in visible region, this green 

emission of Ir(PPy)3 will not significantly be attenuated by the presence of a thin layer of 

[Fe(HB(tz)3)2]. Besides these favorable and very well documented luminescent properties, we 

shall note that compound 2 is easily available commercially and can be prepared in thin film 

form by vacuum evaporation.  

 

4.3 Characterization of the luminophore films 

Films of Ir(PPy)3 were made by thermal evaporation under vacuum. Optical microscopy and 

atomic force microscopy (AFM) observations revealed the formation of homogeneous films 

(Figure 4.5a and 4.5b). From the AFM measurements, a film thickness of ca. 30 nm and the 

root-mean-square (RMS) surface roughness of ca. 0.3 nm was inferred (see Figure A4.3.1 in 

Annexes). Interestingly the obtained film morphology is rather different from the rod-like 

structures previously reported in the literature [253]. However, GIXRD measurements indicate 

that, contrary to those reports, the films of Ir(PPy)3 made by us are amorphous (see Figure 4.5c), 

which is probably the main reason for the different film morphologies. 

Figure 4.5d represents the UV-vis absorbance spectrum of the film of Ir(PPy)3 on a 

fused silica substrate. We observe absorbance bands around 300 nm and 400 nm. (N.B. The 

strong absorption below ca. 250 nm occurs due to the substrate.) The excitation of the film in 

these absorption bands yields a broad luminescent emission centered at 520 nm (Figure 4.5e). 

The temperature dependence of this luminescence intensity turned out to be negligible in the 

investigated range (from 300 K to 370 K). This property is very advantageous as it allows one 

to investigate the influence of the thermal SCO phenomenon without any intricacy due to 

intrinsic luminescence thermal quenching phenomena. In a similar fashion, it appears that the 

luminescent lifetime of films of Ir(PPy)3 is not temperature dependent either (see Figure 4.5f). 

The luminescence decay can be reasonably well fitted only with three exponential functions 

from which the average lifetime is estimated to be a few μs, which is consistent with previous 

literature reports. 
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Figure 4.5: Characterization of films of Ir(PPy)3. Typical optical microscopy (a) and AFM 

topography (b) images, (c) GIXRD pattern, (d) UV absorption spectrum (30 nm thickness – background 

corrected), (e) luminescence emission spectrum (excitation: 300 nm) and its temperature dependence in 

insert and (f) variable temperature luminescent decay curves (excitation: 286 nm, emission 520 nm) 

recorded over the first 800 ns of the decay. 

4.4 Characterization of the bilayer films 

In the next step, a 107 nm thick film of [Fe(HB(tz)3)2] was deposited by vacuum thermal 

evaporation on top of the luminophore layer. Optical microscopy and AFM images (Figures 

4.6a-4.6b), clearly show the change of surface morphology and reveal the formation of some 

islands. The RMS surface roughness of the bilayer is around 3 nm (for a bilayer thickness of 30 

a) 

 

b) 

 

d) 

e) f) 

c) 
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b) 

+ 107 nm), which is higher than typical values obtained after the evaporation of the SCO 

complex directly on the fused silica substrate.  

 

 

 

 

 

 

 

Figure 4.6: Characterization of bilayer films of Ir(PPy)3 and [Fe(HB(tz)3)2]. Typical optical 

microscopy (a) and AFM topography (b) images, (c) GIXRD pattern, (d) variable temperature UV 

absorption spectra (30 + 107 nm thickness – background corrected), (e) variable temperature 

luminescence emission spectrum (excitation: 300 nm) and (f) variable temperature luminescence decay 

curves recorded over the first 800 ns of the decay. 
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Figure 4.6c shows a typical GIXRD trace for a bilayer film evidencing a single diffraction peak 

near 2θ = 10°. In line with our previous investigations, this diffraction pattern denotes that the 

films of [Fe(HB(tz)3)2] deposited on top of the fluorescent layer are crystalline and oriented. 

Figure 4.6d represents the absorbance spectra of the bilayer acquired at different temperatures 

between 293 and 393 K. As expected, the low temperature (i.e. low spin) absorbance spectrum 

overlaps with that of the iridium complex around 300 nm. When heating the sample above the 

spin transition temperature the optical density of the SCO film decreases drastically. For 

example, at 300 nm the absorbance of the bilayer drops by Δabs = 0.33 when going from the LS 

to the HS state. The highest absorbance change (Δabs = 0.39) is observed at 318 nm, which 

corresponds to our previous observations for a complete spin transition in film of [Fe(HB(tz)3)2] 

with ca. 125 nm thickness. The absorbance change as a function of temperature at this 

wavelength is shown in Figure 4.7. An abrupt and well reversible change of the absorbance 

occurs around 337 K with a small hysteresis. This thermal spin transition curve is strictly the 

same as it was observed for films deposited directly on glass substrates, from which we can 

infer that the SCO properties of [Fe(HB(tz)3)2] are not significantly modified by the presence 

of the luminescent film underneath. This result corroborates our previous observations about 

the negligible role of the nature of the substrate on the properties of films of [Fe(HB(tz)3)2] (see 

Chapters 2-3). Figure 4.6e depicts the luminescence emission spectra of the bilayer film at 

different temperatures. Overall, these spectra closely resemble to that of the neat fluorescent 

film, despite the excimer shoulder around 600 nm is somewhat more intense. Remarkably, in 

the bilayer the luminescence intensity changes drastically between ca. 333 and 350 K – in harsh 

contrast with the quasi-constant luminescent intensity of the film of Ir(PPy)3 in the same 

temperature range. On the other hand, the luminescent lifetime of Ir(PPy)3 is not significantly 

altered by the presence of the SCO layer and the decay curves remain virtually temperature 

independent (Figure 4.6f). In Figure 4.7 we compare the temperature dependences of the 

absorbance (λ = 300 nm) and the luminescence intensity (λexcitation = 300 nm, λemission = 520 nm) 

of the bilayer film over two thermal cycles between 300 and 380 K. The drastic increase in the 

intensity of the luminescence above ca. 335 K can be unambiguously attributed to the spin 

transition phenomena. (N.B. The slight difference in SCO transition temperatures observed in 

absorbance and fluorescence experiments can be attributed to the different heating-cooling 

equipment used to control the temperature of the sample.) It may be worth to note also the good 

overall reproducibility of these measurements over successive heating-cooling cycles – despite 

a small, continuous decrease of the luminescence intensity due to a slow (hours scale) photo-

bleaching phenomena. 
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Figure 4.7: Normalized temperature dependence of the UV absorbance and the luminescence emission 

intensity of the bilayer film (30 + 107 nm thickness, excitation: 300 nm, emission 520 nm). 

 

At this point, we can conclude that the intrinsic properties of each compound, luminescent and 

SCO, are not significantly affected by the presence of each other. Yet, we observe a reversible 

modulation of the luminescence intensity at the SCO, which we can attribute to the different 

UV absorbance properties of the iron complex in its two different spin states: either fully 

transmitting (HS state) or partially blocking (LS state) the light beam used for luminescence 

excitation. This hypothesis is supported by the fact the promotion of the iron complex from the 

LS to the HS state doubles the luminescence intensity of our bilayer film, while its UV 

transmittance (λ = 300 nm) doubles as well. In the same time, the luminescence spectral shape 

and lifetime remain temperature and spin-state independent, which is also fully compatible with 

the proposed mechanism. 

In order to obtain further proof for this explanation and to verify the scalability of the 

luminescence modulation amplitude, we have prepared two other bilayer samples with SCO 

layers of ca. 200 nm and 800 nm thickness. For the thickest sample, we had to overcome a 

difficulty concerning the formation of a high quality crystalline film. As we have already 
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discussed it in detail, oriented, crystalline SCO films of [Fe(HB(tz)3)2] are obtained by 

annealing the pristine evaporated film in humid air with ca. 80 % relative humidity. However, 

this method is not fully efficient when the thickness of the film is greater than 200 nm. To 

prepare the sample with 800 nm of SCO thickness (see Figure A4.4.1 in Annexes), we have 

therefore first deposited an SCO layer of 200 nm on top of a 30 nm layer of Ir(PPy)3 and we 

have annealed the film as usual. Then, we have put back the annealed sample in the evaporator 

to grow an additional 600 nm thick layer of SCO molecules. Similar to the thin films, X-ray 

diffraction on this thick film revealed only one significant diffraction peak near 2θ = 10° (see 

Annexes). In other words, solvent-annealed thin films of [Fe(HB(tz)3)2] (< 200 nm) can be used 

to regrow thicker films of [Fe(HB(tz)3)2] on top of the Ir(PPy)3 film, while keeping a reasonable 

quality in terms of crystallinity, preferential orientation, optical and SCO properties (vide infra). 

The results obtained with the three different SCO film thickness are summarized in 

Figure 4.8. The spin transition curves are comparable for each sample in terms of spin transition 

temperatures, though slight differences in the shape of the curves can be depicted (Figure 4.8a). 

On the other hand, the absorbance change between the LS and HS states (ΔALH) does not scale 

with the film thickness (determined by AFM), which indicates that the crystallinity and thus the 

spin transition is not complete in the thick sample (Figure 4.8b). In response to this absorbance 

change, in each bilayer sample an important reversible change of the luminescence intensity is 

also observed around 337 K (Figure 4.8c). As expected, the extent of the luminescence 

modulation (IHS/ ILS) increases with the thickness of the SCO layer. Changes from ca. 200 % to 

1300 % (with reference to the room temperature value) from thinnest to thickest film, 

respectively, are obtained (see Table 4.1).  

The most remarkable point, as illustrated both in Table 4.1 and Figure 4.8d, is the perfect 

one-to-one correlation between the luminescence modulation IHS / ILS in the film of Ir(PPy)3 and 

the transmittance change TrHS / TrLS in the film of [Fe(HB(tz)3)2]. In other words, the UV 

transmittance of the SCO films gives an accurate scale of modification of the luminescence 

intensity of the iridium complex. This means that one can modulate the luminescence intensity 

‘at will’ by adjusting the thickness of the SCO layer. The results in Figure 4.8 provide an 

irrefutable proof of the mechanism of the luminescence modulation in the bottom layer, which 

occurs via the modulation of the exciting light intensity by the spin-state dependent UV 

absorbance of the top layer. 
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Figure 4.8: Correlation between the absorbance of [Fe(HB(tz)3)2] and the luminescence of 

Ir(PPy)3. (a) Normalized temperature dependence of the UV absorbance (at 318 nm) for three bilayer 

samples with different SCO layer thicknesses (107, 214 and 765 nm). (b) Absorbance changes associated 

with the SCO for different SCO film thickness. (c) Normalized temperature dependence of the 

luminescence intensity for different SCO film thickness. (d) Plot of the luminescence intensity ratio vs. 

the UV transmittance ratio between the HS and LS states.  

 

Table 4.1. Comparison of the UV absorption and luminescent properties of bilayer films with different 

thickness of SCO layers 

Thickness of SCO 

layer 

ΔAbs = AbsLS - AbsHS Trmax/Trmin 

at 300 nm 

Imax / Imin 

at 300 nm at 318 nm 

107 nm  0.331 0.392 2.14 1.95 

214 nm  0,582 0.755 3.82 3.59 

765 nm  1.118 1.204 13.05 13.12 

 

300 320 340 360 380 400

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

N
o

rm
a
li
z
e
d

 a
b

s
o

rb
a
n

c
e
 a

t 
3
1

8
 n

m

Temperature (K)

 50nm fluo + 107 nm SCO_ heating

 50nm fluo + 107 nm SCO_ heating

 50nm fluo + 214 nm SCO_ heating

 50nm fluo + 214 nm SCO_ cooling

 35nm fluo + 765 nm SCO_ heating

 35nm fluo + 765 nm SCO_ cooling

a) 

240 260 280 300 320 340 360 380 400

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4 300

A
b

s
L

S
 -

 A
b

s
H

S

Wavelength (nm)

 S3.4: 2 layers - 765 nm

 S3.1: 2 layers - 214 nm

 S3.1: 1 layer - 107 nm

318b) 

300 310 320 330 340 350 360 370 380 390

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a
li
z
e
d

 i
n

te
n

s
it

y

Temperature (K)

 1
st
 heating_(30nm fluo)

 1
st
 cooling_(30nm fluo)

 1
st
 heating_(50nm fluo + 107nm SCO)

 1
st
 cooling_(50nm fluo + 107nm SCO)

 1
st
 Heating_(50nm fluo + 214nm SCO)

 1
st
 Cooling_(50nm fluo + 214nm SCO)

 1
st
 heating_(35nm fluo + 765nm SCO)

 1
st
 cooling_(35nm fluo + 765nm SCO)

c) d) 



108 
 

4.5 Mixed SCO – luminescent films 

We have also investigated if a closer contact between the SCO and luminescent molecules in a 

mixed film could allow for an efficient luminescence modulation. Indeed, a few examples in 

the literature demonstrate that a luminescent molecule can interact strongly and selectively with 

SCO complexes in either the low or the high spin state [229]. Obviously, the probability of an 

efficient electronic energy transfer between the triplet emitting state of the luminophore and the 

week singlet d-d absorption band of the LS complex is extremely low. Nevertheless, one might 

expect a significant amplification or quenching of the luminescence emission via 

‘environmental effects’ related to the structural changes which accompany the SCO. In any case 

(i.e. electronic or structural effects), a close proximity between the two types of molecules is 

required.  

To investigate this possibility we co-evaporated the SCO and luminescent molecules to 

form mixed films with ca. 12 %, 15 % and 21 % nominal luminophore content. Overall, we 

observed that for increasing doping levels the SCO properties of the films degrade and the 

luminescence modulation thus becomes negligible. Figure 4.9 summarizes the results obtained 

for the lowest doping (12 %), while the data obtained with the other two samples are gathered 

in the Annexes A4.5.  

 

Figure 4.9: Characterization of a [Fe(HB(tz)3)2] film doped with 12% Ir(PPy)3. (a) Representative 

GIXRD pattern. The inset shows the outline of the sample. (b) Temperature dependence of the UV 

absorbance and luminescence intensity on heating and cooling. 

 

As shown in Figure 4.9a the X-ray diffraction spectrum of the doped film can be ascribed to an 

amorphous / semi-crystalline film without any particular texture. This means that the presence 
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of the luminophore molecules within the deposit inhibit the recrystallization of the SCO film. 

Consequently, the spin transition curves obtained from variable temperature absorbance 

measurements on the mixed films (Figure 4.9b) are very different from what we generally 

observe for the pure films of [Fe(HB(tz)3)2]. In particular, the absorbance change associated 

with the SCO is very low (ΔA = 0.057); it is approximately ten times smaller than what is 

expected for a pure SCO film with the same thickness. As it can be expected, we observe thus 

only a very weak effect of the spin transition on the luminescence emission intensity ratio (IHS 

/ ILS = 1.2) (Figure 4.9b). 

 

4.6 Conclusions 

In this chapter, we outlined an efficient approach to fabricate hybrid materials, which combine 

luminescent and spin crossover molecules in a bilayer film stack. Crucially, we have shown 

that the intrinsic properties of the two layers were not affected by the presence of the other. Yet, 

the luminescence intensity reversibly increased when the spin crossover molecules were 

switched from the LS to the HS state in the uppermost layer. We found a strict one-to-one 

correlation between the luminescence modulation (IHS/ILS) and the UV transmittance change 

with the spin transition (TrHS/TrLS). In the same time, neither the spectral shape neither the 

decay time of the luminescence emission were altered. These results prove that the origin of the 

luminescence modulation is a direct result of the different attenuation of the exciting UV light 

in the two spin states. These results also show that luminescence can be a very sensitive 

indicator of the thermally induced spin transition, which could be exploited for micro- and 

nanoscale thermal sensing and imaging applications – in particular when combined with near-

field scanning optical microscopy. 
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Chapter 5.  Investigation of SCO thin films using AFM 

An important objective of this thesis work was the development of efficient methodologies for 

the high spatial resolution investigation of the SCO phenomenon in thin films by means of 

scanning probe microscopic (SPM) approaches. Indeed, as it was discussed in Chapter 1, 

conventional experimental approaches used to characterize bulk SCO materials (magnetometry, 

X-ray diffraction, calorimetry, Mössbauer, electronic and vibrational spectroscopies), are often 

not well adapted to investigate nanoscale SCO objects, generally due to the low amount of 

matter, and new technics are needed to characterize them. In particular, there is a need for high 

spatial resolution microscopy tools as well as for high sensitivity methods able to detect 

molecular spin-state changes in very small amounts of matter, ideally in a single, isolated nano-

object. Beyond their high resolution and/or high sensitivity, these new experimental approaches 

can provide also information on material properties, which are either difficult to access by 

conventional methods or not so relevant at other size ranges.  

Far-field optical microscopy techniques have already been employed with success to 

monitor the spin state changes in a single nanometric object. For example, single SCO 

nanoparticles were studied using fluorescence [67], Raman [79] and differential interference 

contrast [254] microscopy. On the other hand, nanometric thin films of SCO complexes were 

analyzed by different refractive index sensing methods (see Chapter 1.2.2). In order to surmount 

the rather limited spatial resolution of far-field optical methods one may use electron or X-ray 

beams, which can provide structural and spectroscopic information with high spatial resolution. 

In the case of relatively fragile molecular SCO materials care must be taken, however, due to 

the invasive nature of these techniques: sample heating and radiation damage are in fact 

frequently encountered.  These problems have been largely alleviated in a work, which used 

aperture-based time-resolved electron microscopy to follow the spin transition in individual 

nanoparticles [255].  

Another possible approach, which we explored in this thesis work, is based on SPM. 

Although SPMs have been already used to study phase transitions in different materials, SPM 

studies on spin crossover materials are very scarce (see section 1.2.2). Actually mostly scanning 

tunneling microscopy (STM) has been used in this field, but STM is more relevant in the context 

of single molecule studies and not readily applicable for the study of insulating SCO films, 

which are the scope of our work. Atomic force microscopy (AFM) and near-field scanning 

optical microscopy (NSOM) techniques have been previously explored in our team to this aim 

(thesis of Edna Hernandez). Among the different detection channels provided by the AFM and 
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the NSOM, quantitative mechanical detection turned out to be the most promising approach 

and we focused thus our efforts mostly on AFM nano-mechanical measurements. In the 

beginning of this chapter, we will thus summarize our current knowledge about the mechanical 

properties of SCO materials. Then, a brief introduction to selected AFM measurement 

techniques will be presented with particular emphasis on AFM mechanical modes. In the second 

part of the chapter we present a preliminary investigation of films of the SCO complex 

[Fe(H2B(pz)2)2(phen)] at room temperature using different AFM instruments and detection 

modes. Then we turn our attention to films of Fe(HB(tz)3)2 and we discuss different approaches 

for variable temperature investigation of the spin state change using the so-called bimodal 

(AMFM) approach. 

5.1 Mechanical properties of SCO materials 

The knowledge of the elastic constants of SCO materials and their spin-state dependence is of 

primary interest because mechanical properties play an important role in the spin-transition 

behavior of SCO solids. In particular, cooperative phenomena and phase stability can be 

rationalized only by taking into account the volume difference between the HS and LS states 

and the concomitant elastic interactions between the SCO molecules [256]. Furthermore, the 

recently proposed use of SCO materials in actuator devices [104,257] requires also obviously a 

detailed knowledge of their mechanical properties, such as the Young’s modulus, Poisson’s 

number and the mechanical strain. Finally yet importantly, the observed fatigue of various SCO 

materials on repeated spin state switching was also associated in many cases with mechanical 

effects (e.g. self-grinding and other mechanical failures). 

As was mentioned in Chapter 1, the HS to LS transition involves a drastic decrease of 

the metal-ligand bond lengths (approximately 10 % for FeII-N bonds) [116]. This is reflected 

by an overall upshift of the Raman and FTIR vibrational frequencies - in particular those 

associated with the metal-ligand stretching modes. Overall, in the low spin state the SCO 

molecules occupy thus a smaller volume; have a higher mass density and higher stiffness with 

respect to the high spin state. In the past, the mechanical properties of SCO materials were often 

discussed on the basis of the Debye model, which assumes a simplified phonon spectrum based 

on a single parameter, the Debye temperature ΘD. The values of ΘD were determined for iron 

complexes by 57Fe Mössbauer spectroscopy [258] and revealed typically an increase of ΘD on 

the order of 5-10 % when going from the HS to the LS state - in line with expected stiffening 

of the lattice.  
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If we take into account the central role of mechanics in the SCO phenomenon it is rather 

surprising to realize that the elastic constants of spin-transition materials have been determined 

only in a few occasions - and usually in only one spin state. The main cause of this lack of 

information is that the SCO materials are commonly obtained as nanoparticles, powders or 

microscopic crystals, which makes difficult the extraction of their mechanical properties using 

conventional characterization methods at the macroscopic scale. In addition, the extraction of 

such properties at different temperatures is not obvious and instrumental challenges need to be 

overcome in order to obtain reliable data. The methods, which have been used to this aim 

include high pressure X-ray diffraction (HPXRD) [259,260], Brillouin spectroscopy [261], 

AFM force spectroscopy [126], nuclear inelastic scattering (NIS) [262] and micromechanical 

measurements using MEMS cantilevers [176]. The reported HS values of bulk and Young’s 

moduli fall typically in the range between 1 - 10 GPa with increasing values in the LS state (up 

to 50 % increase). Table 5.1 summarizes the available experimental data. Of particular interest 

for us are the elastic constants of the [Fe(HB(tz)3)2] complex, which have been determined in 

the HS and LS states, both for bulk and thin film samples [173]. It is important to stress that the 

reported values are ‘effective’ elastic moduli as they refer to averaged values along different 

crystallographic axes. Nevertheless, from HPXRD measurements some information about the 

anisotropy of the elastic properties could be inferred, with the orthorhombic b-axis being the 

stiffest and the a-axis the softest direction [173]. 

Table 5.1 Comparison of reported effective (isotropically averaged) elastic moduli of different SCO 

complexes (B: bulk modulus, E: Young’s modulus, v: Poisson’s number) [173]. 

 

Compound Elastic moduli (GPa) Method Sample 

Fe(phen)2(NCS)2 BHS = 9.3, BLS = 12.2  HPXRD [259] Single crystal 

Fe(btz)2(NCS)2 BHS = 8.3, BLS = 11.2  HPXRD [259] Single crystal 

Fe(dpp)2(NCS)2.py BHS = 10.6 HPXRD [260] Single crystal 

[{Fe(bpp)(NCS)2}(4,4’-bpy)].2MeOH B = 6.2 HPXRD [263] Single crystal 

[Fe(TPA)(TCC)]SbF6 BLS = 10.8 HPXRD [264] Single crystal 

[Fe(3-MeOsalEen)2]PF6 BHS = 4.3 HPXRD [265] Single crystal 
[Fe(hptrz)3](OTs)2 EHS = 1.3, ELS = 1.7 AFM [126] Film 

[Fe(ptz)6](BF4)2 BHS = 4.8 
EHS = 4.5 
vHS = 0.34 

Brillouin spectra [261] Single crystal 

[Fe(pyrazine)(Ni(CN)4)] EHS = 10.4, ELS = 13.5 NIS [258] Crystalline 
powder 

[Fe(H2B(pz)2(phen)] EHS = 4.7, ELS = 5.2 
EHS = 6.9 

NIS [262] 
MEMS [266] 

Crystalline 
powder 
Amorphous film 

{Fe(3-CNpy)[Au(CN)2]2}·2/3H2O ELS = 7.5 Cantilever bending [257] Single crystal 
[Fe(HB(tz)3)2] EHS = 7.1, ELS = 10.9 

BLS = 11.5 
vLS = 0.34 
EHS = 9.9, ELS = 12.0 

NIS [173] 
HPXRD [173] 
 
MEMS [173] 

Crystalline powder 
Single crystal 

 
Crystalline film 
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5.2 AFM operating modes for mechanical property analysis 

The quantitative imaging of mechanical properties using an AFM represents a big challenge 

due to the problems to quantify tip-sample interactions and the contact geometry. In the course 

of this thesis, we used different AFM techniques to extract mechanical properties of SCO thin 

films. In this section, a description of these modes will be presented. They are divided into two 

major categories: dynamic AFM (often called “tapping mode”) and force curves. (N.B. It may 

be worth to mention here that several other AFM techniques have been developed for 

mechanical measurements, mostly high frequency ‘ultrasonic’ methods such as the force-

modulation or the contact-resonance techniques. However, these are more relevant for the 

investigation of stiff surfaces and are not included therefore in this discussion.) 

5.2.1 Tapping mode and its variants 

All the techniques which are based on dynamic (or AC) AFM modes have the capability to 

perform fast and ‘gentle’ measurements, minimizing the effects of friction. In the most 

frequently used AC-AFM configuration (Figure 5.1), the tip/cantilever ensemble is vibrated by 

a piezoelectric transducer around its resonance frequency, while the sample is raster scanned in 

the xy directions using piezo actuators and the deflection of the cantilever is detected by a laser 

beam deflection method. We can differentiate operation modes depending on which parameter 

of the sinusoidal oscillation (amplitude A, frequency f or the phase φ) is used to control the 

feedback loop.  

a) Amplitude modulation 

Due to the frequently occurring intermitted contact between tip and sample at the lowest point 

of the oscillation, the amplitude modulation (AM) mode has often been denoted as “tapping 

mode”. Over the years, the use of the term “tapping mode” has then evolved into a synonym 

for the amplitude modulation (AM) mode in many publications, disregarding whether the tip is 

actually making intermitted contact or not.  

In AM-AFM mode, the probe is externally vibrated at a constant frequency near its resonance 

and a feedback loop acts on the tip-sample distance (i.e. on the z piezo) in order to keep the 

amplitude of the oscillation constant around a user specified set-point value. In other words, the 

average normal tip-sample interaction force remains constant. During the xy scan, the 

experimental observables are the surface topography (z), the oscillation amplitude (i.e. the 

error signal) and the phase of the oscillation. The phase shift (Δφ) will depend on the 

viscoelastic properties of the sample surface. Phase imaging is sensitive to surface stiffness and 
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adhesion between the tip and sample. It allows thus chemical mapping of surfaces based on 

these material properties. For a damped, driven harmonic oscillator, the phase angle φ of a 

cantilever oscillation can be calculated as a function of the driving frequency ω as follows [267] 

 
 

0

2 2

0

/
tan

Q


 



                                                            (5.1) 

where: ω0 is the resonant frequency and Q is the quality factor of the cantilever. This factor 

characterizes the damping of the oscillator and can be calculated as 0Q






, where Δω is the 

half-power bandwidth. 

From equation (5.1), the probe phase angle is 90° at the resonance frequency. When the 

cantilever is far from the sample, there is no interaction between the tip and the sample. Thus, 

the probe phase angle is 90° when the driving frequency is chosen as the cantilever resonance 

frequency. As the probe approaches the sample surface, the attractive forces acting on the probe 

decrease the resonance frequency. Hence, the probe driving frequency becomes larger than the 

probe resonance frequency and therefore, the probe phase angle is 
090  .When the tip is 

further approaching the sample the probe works in a repulsive force region, the resonant 

frequency becomes larger than the driving frequency and the probe phase angle is 
090  . In 

other terms, attractive forces make the cantilever “softer”, reducing the cantilever resonant 

frequency. In contrast, repulsive forces make the cantilever “stiffer”, increasing its resonant 

frequency. Therefore it is possible to obtain qualitative information regarding the 

adhesive/repulsive forces and the viscoelastic properties [268,269].  

  

Figure 5.1: (a) The most frequent design of an AFM and (b) schematic picture of the AC mode. 
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b) Frequency modulation 

In the FM-AFM mode, the cantilever is vibrated always at its resonance frequency by adjusting 

continuously the cantilever excitation frequency such that  = 90°. In addition, the oscillation 

amplitude is also kept constant by adjusting the drive amplitude with a second feedback loop. 

The shift of the resonance frequency is the main control parameter in FM-AFM: it is used as 

the set-point signal for the z piezoelectric actuator. The topography of the sample is then 

obtained by adjusting the tip-sample distance to keep the resonance frequency constant. The 

record of the drive amplitude over the course of a scan provides a second image where 

variations in the drive amplitude are proportional to the energy dissipated by non-conservative 

tip-sample interactions (viscoelasticity, friction, …) [270]. The drive signal image (similar to 

the phase image in AM-AFM) provides thus a compositional map, because, unlike the 

frequency shift, the drive signal is free to vary during the course of a scan according to the 

composition of the sample. A particular interest of FM-AFM is that it provides a way to access 

short-range tip-sample interactions and, in certain cases, atomic resolution can be thus reached. 

c) Phase modulation 

Compared with the FM-AFM where the scan is performed at the resonant frequency by 

adjusting the drive frequency, in the case of PM-AFM, the scan is performed by adjusting the 

phase difference. The phase-modulation technique is capable to measure conservative and 

dissipative tip-sample forces without any jumps caused by instabilities. This feature is an 

important advantage compared to the conventional AM-AFM mode [271]. The dissipation 

channel is given by the amplitude signal. Using the amplitude image, we can thus observe a 

contrast due to the differences in the viscoelastic properties of the sample.  

d) Loss tangent mode 

Notable progress has been made in quantifying phase imaging in terms of the tip – sample 

energy dissipation [272-274] or conservation [275]. Even with these advances, obtaining 

quantitative material or chemical properties of the surface remains problematic. Loss tangent 

imaging is a recently introduced quantitative technique [276], that recasts the interpretation of 

phase imaging into one term that includes both the dissipated (E′′) and the stored (E′) energy of 

the tip sample interaction. The loss tangent is a well-characterized quantitative material 

property, which is defined as tan() = E”/E’. 

For many materials (polymers, etc.), the loss tangent is a very sensitive probe of phase 

transitions. When measured on bulk samples with traditional dynamical mechanical analysis 
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(DMA) techniques, tan δ typically ranges from less than 0.001 for metals and ceramics to more 

than 1 for elastomers and biological materials (Figure 5.2). For most materials, tan δ < 3. 

The loss tangent measurement in AFM is achieved in two pass (Figure 5.2). In the first pass, 

the topography, amplitude and phase images are recorded in standard AM-AFM mode with 

care taken to conduct the measurement in the ‘repulsive regime’. In the second pass, the tip 

moves at a preset height Δz = 50-100 nm above the surface (the so-called ‘lift’ or ‘nap’), where 

the resonant frequency (free) and the reference amplitude (Afree) are measured by operating the 

cantilever in phase locked loop ( = 90°). Then the loss tangent is obtained as: 
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                                            (5.2) 

The quality factor Q and the resonance frequency ω are extracted from a frequency sweep 

(tune). ωfree and Afree are determined during the second scan, while A1 and φ1 are measured 

during the first scan. AFM loss tangent measurements provide a simple means to access a well-

defined material property at the nanoscale, but remain controversial as several potential 

artefacts may occur. Air damping effects are effectively reduced thanks to the second scan, 

while capillary effects can be largely decreased by purging the AFM sample chamber with an 

inert gas at elevated temperatures (e.g. 100 °C). Yet, many other sources of error can arise, 

which need to be considered case-by-case (e.g. sample plasticity, attractive forces, etc.).. 

            

Figure 5.2: (left) Schematic representation of the two-pass loss tangent measurement method, (right) 

loss tangent vs. elastic modulus for some common materials [276, 277]. 
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5.2.2 Multi-frequency methods 

Multi-frequency AFM is based on the simultaneous excitation and detection of more than one 

eigenmodes of the AFM cantilever, typically the first and the second modes, although other 

combination of eigenmodes could be used. The observables of the first mode are primarily used 

to generate the topography of the surface, while the observables of the second mode in 

combination with those of the first mode are used to generate maps of mechanical/viscoelastic 

properties such as the Young’s modulus, dissipation, indentation depth, peak force or viscous 

coefficients [278]. A distinctive feature of bimodal force microscopy is the capability to obtain 

quantitative information with fast scan rates. 

Three main factors singularize bimodal AFM operation [279]: (i) the coupling between 

excited modes induced by the nonlinear tip-surface force, (ii) the doubling of the number of 

observables to record information on material properties and (iii) the lack of feedback 

restrictions for the additional excited mode. The eigenmodes of a cantilever have different force 

constants, quality factors and resonant frequencies; consequently they do not offer the same 

sensitivity to detect material properties. Depending on the type of feedback applied to a given 

excited mode (amplitude, frequency or open loops) different bimodal configurations can be 

obtained. Table 5.2 shows a classification of the most common bimodal AFM approaches with 

the feedback technique (amplitude modulated or frequency modulated) for each flexural mode 

and the properties that can be measured quantitatively. 

Table 5.2: Bimodal AFM configurations 

Mode name Feedback 

mode 1 

Feedback 

mode 2 

Material Property 

Bimodal AM AM open Loss tangent 

AM-FM AM FM Loss tangent, stiffness, Young’s modulus 

Bimodal FM FM open Dissipation, stiffness, Young’s modulus 
 

Figure 5.3 illustrates the fundamental principles of operation of the AM­FM mode. Two 

function generators emit signals, which are used concomitantly to excite the cantilever. This 

results in the simultaneous excitation of two different vibrational modes of the cantilever. The 

first and the second flexural resonances are generally applied. The lower cantilever resonance 

runs in amplitude-modulation mode. A lock­in amplifier measures the amplitude and phase at 

a fixed frequency. The loss tangent is determined from these signals. The AFM also applies the 

amplitude for feedback control, fine­tuning the tip-sample distance to maintain the amplitude 
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at the set-point value. Such as in tapping mode, topography data can be obtained from this 

signal. At the same time, the amplitude and phase are measured by a second lock­in amplifier 

in the frequency modulation mode (higher resonance mode). The amplitude is maintained 

constant by an automatic gain control (AGC) circuit through the adjustment of drive amplitude. 

The phase is kept at 90º by a phase­locked loop (PLL) by adjusting the drive frequency. The 

output drive voltage signal provides information about dissipative forces, while the output 

resonance frequency delineates the elastic interaction between the sample and tip. Higher 

frequency indicates greater modulus or stiffness. Simply put, a stiffer sample shifts the second 

resonance to a higher value while a softer sample shifts it to a lower value. 

 

Figure 5.3: Schematic representation of the AM-FM mode, where two separated excitation signals are 

sent to the tip (blue and red) [280]. 

 

Using a contact mechanics model, the elastic modulus can be quantified. For the particular case 

of a Hertz indenter (see section 5.2.3), Garcia et al. has shown that 
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with: 
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where v is the Poisson’s ratio and E is the Young’s modulus. The subscripts eff, t and s refer to 

effective, tip and sample properties, respectively. If Et >> Es one obtains Eff  Es. Equation 5.3 

means that the sample modulus can be calculated from the resonance frequency shift of the 

second mode f2 (with respect to the resonance frequency of the free cantilever f0,2) if the force 



119 
 

constant of the second mode (k2) and the tip contact radius (rc) are known. In practice, using a 

reference sample of known modulus, one does not need to determine the model parameters such 

as the radius of the tip. Here, one assumes that a single calibration constant (C2) relates the 

frequency shift of the second mode to the elastic modulus: 

 2 2effE C f        (5.5) 

Highly accurate results are obtained when the moduli of the reference and test samples are 

similar. In addition, during the AMFM scan maps of sample indentation, dissipation, and loss 

tangent are collected for further analysis. 

5.2.3 Force curves based methods 

Nanoindentation testing is a method of measuring the mechanical properties of a material such 

as hardness and Young’s modulus on the microscopic scale [281]. This method consists of 

applying pressure to the sample using a hard tip with known mechanical properties. The applied 

pressure is determined as a function of the indented depth or the residual indentation area. In 

the AFM nanoindentation, the force applied by the tip can be in the range of few pN for softer 

samples (e.g. cells) to μN for harder samples (e.g. silicon wafers). In an effort to combine AFM 

force spectroscopy and imaging with nanometric resolution different methods have been 

developed by the AFM manufacturers, such as ‘force volume mapping’, ‘quantitative imaging’ 

and ‘peak force tapping’. The primary difference between these methods is the way the probe 

is moved along the sample surface (Figure 5.4). In any case, the key issue is to achieve 

reasonable imaging time while obtaining proper and detailed spectral data from each pixel. 

 

Figure 5.4: Schematic representation of the tip movement in force-volume mapping (FV), quantitative 

imaging (QI) and peak force tapping (PFT). The arrows show the tip movement. 
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a) Force-distance curves 

Force spectroscopy allows a quantitative determination of different physical and mechanical 

properties such as the Young’s modulus, adhesion and dissipated energy. Figure 5.5 depicts a 

typical force-distance curve obtained with an AFM. The different interactions between the tip 

and the sample are marked with numbers (1-5). As the cantilever approaches the surface, 

initially the forces are too small to give a measurable deflection of the cantilever, and the 

cantilever remains in its free position (1). At a certain tip-sample distance, attractive forces 

(usually Van der Waals or and capillary forces) overcome the cantilever spring constant and 

the tip jumps into contact with the surface (2). Once the tip is in contact with the sample, it 

remains on the surface as the separation between the base of the cantilever and the sample 

decreases further, causing a deflection of the cantilever and an increase in the repulsive contact 

force (3). As the cantilever is retracted from the surface, often the tip remains in contact with 

the surface due to some adhesion and the cantilever is deflected downwards (4), until the tip is 

suddenly released from the surface (5). For measurements in air, such as the one shown in 

Figure 5.5, there is usually adhesion from capillary forces between the tip and sample.  

 

 

Figure 5.5: Force-distance curve of a [Fe(H2B(pz)2)2(phen)] film obtained with an AFM. The Young’s 

modulus is obtained from the linear fit of the repulsive region (between 3 and 4), while the work of 

adhesion is calculated from the hysteresis area between the ‘approach’ and ‘retract’ curves. 
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b) Force – distance calibration 

The deflection of the cantilever spring is directly proportional to the tip-sample interaction 

force, but two measurements are required to convert the photodetector signal into a quantitative 

value of force.  

The first step is to calibrate the cantilever deflection (D), measured as a photodetector 

voltage, by determining the deflection sensitivity (S), which has units of nm/V. The value of S 

depends on the type of the cantilever, but also on the optical path of the AFM laser beam 

deflection system and will be slightly different each time the cantilever is mounted. The 

deflection sensitivity can be determined from a force-distance curve between a cantilever tip 

and a hard, non-deformable substrate (silicon or sapphire). This is a measurement of the 

deflection of the tip in nanometers for a given movement of the detection laser on the 

photodetector. The repulsive contact region, where the deflection rises steeply upwards, is 

linear for a hard surface and tip. Therefore, the factor for converting volts into nanometers is 

obtained by a simple linear fit. This calibration process can damage the tip and it should be 

performed thus at the end of an experiment. It should be noted that the deflection sensitivity 

calibration is a major source of error in force spectroscopy. 

Once the deflection of the cantilever is known as a distance, DS, the tip position can be 

calculated from the z piezo position as follows: 

d = z – DS       (5.6) 

Yet, the spring constant, k, is needed to convert the cantilever deflection into a force F, using 

Hooke's law:  

F = kDS                                                                     (5.7) 

Uncertainty in cantilever spring constants is also a critical issue. Several methods have been 

developed to obtain the spring constant (k) [282-288]. Two of the most common calibration 

methods, the thermal tuning and the Sader’s method are equally reliable and offer similar 

uncertainty in the calibrated spring constants, about 5% [285]. For thermal tuning, the thermal 

resonance curve is fitted to a Lorentz function, which allows calculation of the spring constant. 

This method has the advantage that it can be conducted in-situ with software analysis. The 

normal spring constant of a rectangular AFM cantilever can be also determined using the Sader 

equation [283]:  

2 20.1906 ( )f

z f f i fk b LQ                                                      (5.8) 
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where L and b are the length and width of the cantilever, respectively. ρ is the density of the 

fluid, ωf and Qf are the resonant frequency and quality factor of the fundamental resonance 

peak, respectively. Γi
f is the imaginary part of the hydrodynamic function, which is discussed 

in more details in Sader’s publications [289]. A key issue with the Sader method is that the 

cantilever geometry is not always accurately known and its experimental determination is 

fastidious. 

c) Tip-sample interaction 

The contact mechanics between the sample and the AFM probe is a critical issue – not only for 

force spectroscopy, but for all AFM based mechanical measurements. The usual starting point 

to describe the tip sample interaction is the Hertz model, which describes the contact stress 

when two curved surfaces come into contact. This model gives the contact stress as a function 

of the applied force, the radii of curvature of the surfaces and the elastic moduli of the materials. 

The main assumptions behind this approach are: 

- The deformations are small and the behavior of the bodies is fully elastic. 

- The surfaces are smooth, continuous, homogenous and non-conforming (small contact). 

- There is no friction and no adhesion forces. Only normal forces operate. 

With these assumptions, Hertz has shown that in the case of a sphere (i.e. the tip) in contact 

with a plane (Figure 5.6) the force between the tip and the sample is: 

* 3

0

4
( )

3
tsF E R d d      (5.9) 

where E* is the effective Young’s modulus defined by eq. 5.4, R is the tip radius and d-d0 is the 

indentation depth (with the contact point d0). In order to determine the Young’s modulus of the 

sample from a force-distance curve one needs to know the Poisson’s ratio of the sample (if not 

known, it is usually assumed to have a value between 0.2 and 0.4) and, more crucially, the tip 

radius. In practice, the latter can be determined using a polystyrene calibration sample with 

known values of E (2.7 GPa) and v (0.35). When the adhesion is not negligible, one may use 

instead the Dejarguin, Müller, Toporov (DMT) model (Figure 5.6), wherein the tip-sample 

interaction force takes also into account the adhesion force (Fadh) extracted from the force 

spectrum: 
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Figure 5.6: Hertz and DMT models of the mechanics of a spherical tip in contact with a flat surface 

 

5.3 A comparative investigation of AFM based quantitative mechanical 

measurement techniques 

Variable temperature quantitative AFM mechanical imaging of samples with unknown elastic 

properties (SCO thin films in our case) is very challenging. To test the performance of different 

AFM mechanical modes we have used in a first time a thin film of the SCO compound 

[Fe(H2B(pz)2)2(phen)] (pz=pyrazolyl, phen=1,10-phenantroline). We have chosen this 

compound for our experiments because it can be conveniently deposited by thermal 

evaporation, and has the advantage of giving smooth, homogeneous films with low roughness 

[82,83]. In addition, at the time when we started this work it was the only SCO film with known 

Young’s modulus (see Table 5.1). This complex appeared therefore as a good candidate for 

AFM mechanical tests.  

5.3.1 Generalities on the sample [Fe(H2B(pz)2)2(phen)] 

The SCO complex [Fe(H2B(pz)2)2(phen)] has been reported first by Real and coworkers [290] 

in 1997, while the successful film deposition was achieved by Naggert et al. in 2011 [82]. The 

microcrystalline powder displays a rather abrupt, cooperative, first-order thermal spin transition 

around 163 K with a narrow hysteresis (2 K), while the vacuum-deposited, amorphous films 

exhibit a very gradual thermal spin crossover between ca. 100 K (LS state) and 200 K (HS state) 

(see Figure 5.7). Both the powder and film samples exhibit light-induced excited spin-state 

switching. For our work, the bulk, powder of [Fe(H2B(pz)2)2(phen)] was synthesized by Sylvain 

Rat (LCC-CNRS) and thin films of were grown by thermal evaporation at 160 °C at a base 

pressure of ca 10-8 mbar by Isabelle Séguy (LAAS-CNRS). The films were deposited onto fused 

silica substrates, which were before cleaned with acetone and isopropanol to remove 
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contaminants. The control of the film thickness was carried out by AFM in tapping mode in 

ambient air using a Bruker Icon AFM instrument and MPP11120 (Bruker) probes. The films 

are homogeneous, continuous and smooth (see Figure 5.8), and the thickness obtained is 

consistent with the desired nominal thickness. 

  

Figure 5.7:  Molecular structure and spin crossover properties of the compound [Fe(H2B(pz)2)2(phen)]. 

The thermal spin crossover is shown both for the bulk powder and for a thin film sample [82, 83]. 

  

 

 

 

 

 

 

 

Figure 5.8: AFM image and corresponding height histogram of a thin film of [Fe(H2B(pz)2)2(phen)] 

with nominal thickness of 200 nm (image size 10 x 10 µm2). 

5.3.2 AFM mechanical measurements 

All measurements presented in this section were performed in ambient air at room temperature 

(i.e. in the HS state) on a thin film of ca. 200 nm thickness of the SCO compound 

[Fe(H2B(pz)2)2(phen)] - unless otherwise stated. Our aim was to compare three different 

Ra = 0.25 nm 
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mechanical modes implemented on three different AFM instruments: bimodal AM-FM mode 

with a CYPHER-ES AFM from Oxford Instruments, Peak-Force Tapping Quantitative 

Nanomechanical Measurements (PFT-QNM) mode on a Dimension Icon AFM from Bruker 

and Quantitative Imaging (QI) mode with a NanoWizard3 AFM from JPK Instruments. In each 

case, to determine the tip radius, a polystyrene calibration sample (Bruker PSFILM, with E = 

2.7 GPa and Poisson’s ratio = 0.35) was used in conjunction with the Hertz model (AMFM and 

QI) or the DMT model (PFT) as implemented in the software of each AFM instrument. 

Measurements in AM-FM mode were performed using Si probes (OMCLAC160TS-R3, 

Olympus). These probes are characterized by a nominal resonance frequency of 300 kHz, a 

spring constant of 26 N/m and a tip radius of 7 nm. Figure 5.9a shows an example of sample 

topography and Young’s modulus maps of the film recorded at room temperature. We observe 

a very smooth surface: the arithmetic mean surface roughness, Ra, is only 0.24 nm. We note 

also that the average value of the Young’s modulus (2.54 ± 0.09 GPa) is of the same order of 

magnitude, yet significantly smaller than the value (6.9 ± 0.1 GPa) obtained by Manrique et al. 

[266] on the same film by means of MEMS micromechanical measurements. Our AFM 

instruments do not allow us low temperature imaging of the films in the LS state. Nevertheless, 

to test the temperature dependent behavior of the mechanical properties we heated the sample 

to 333 K using the heating stage of the Cypher microscope. In the case of thermomechanical 

property studies an obvious problem is related to the fact that the mechanical properties of the 

probe (spring constant, resonant frequency, etc.) change also with the temperature. Therefore, 

these parameters were recalibrated at each temperature change. The AMFM data obtained at 

333 K are shown in figure 5.9b. While the sample topography remained virtually the same, we 

observe a decrease of the Young’s modulus from ca. 2.54 GPa to 1.2 GPa – in agreement with 

its expected softening upon heating. Then, to verify the reversibility of the measurements we 

cooled back the sample to room temperature. As shown in Figure 5.9c the initial room-

temperature value of the Young’s modulus is recovered after a full thermal cycle within the 

experimental uncertainty (2.49 vs. 2.54 GPa), providing evidence that the observed changes are 

not linked to sample degradation or instrumental drift. For multiple scans, however, the wearing 

of the tip becomes a critical issue. For example, studies of the wear of different tips have been 

made by Vahdat et al. [291] in tapping mode and the authors showed that the radius of a silicon 

tip doubled after only nine scans. We observed similar phenomena in our experiments. Hence, 

before each measurement, a further calibration on polystyrene was necessary to control the tip 

radius. This protocol is not only very time consuming, but makes extremely difficult to conduct 

longer series of measurements as a function of the temperature. 
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Figure 5.9: AM-FM topography and Young’s modulus images and associated Young’s modulus 

histogram for a 200 nm [Fe(H2B(pz)2)2(phen)] thin film acquired successively at 298 K (a), 333 K (b) 

and again at 298 K (c). The scan rate was 1.5 Hz. 

a) 

b) 

c) 
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Measurements in PFT-QNM mode were performed using reflective (Al-coated) RTESPA 

probes (Bruker) with a nominal resonant frequency of 300 kHz, a spring constant of 40 N/m 

and a tip radius of 8 nm. AFM images (scan size 500 nm × 18 nm) were recorded at a scan rate 

of 0.6 Hz at 2 kHz modulation. The peak force set-point (24.4 nN) was chosen to achieve small 

sample indentations within the elastic limit. The deflection sensitivity of the photodetector was 

obtained on a silicon wafer and the spring constant of the cantilever was determined by thermal 

tuning (k = 20.03 N/m). The tip radius determined using the polystyrene calibration sample was 

9.5 nm. The images acquired at room temperature for different channels (Young’s modulus, 

adhesion, deformation and topography) are presented in figure 5.10 together with the associated 

histograms.  

 

 

Figure 5.10: PFT-QNM images and histograms for a thin film of ca. 200 nm thickness of 

[Fe(H2B(pz)2)2(phen)]. a) Young’s modulus, b) Adhesion, c) Deformation and d) Topography. 

a) b) 

c) d) 

E = 1.74 ± 0.09 GPa Fadhesion = 3.4 ± 1.0 nN 

Indentation = 2.1 ± 0,3 nm Ra = 0.48 nm 
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From the histogram of Young’s moduli (Figure 5.11) one can deduce an average value of ca. 

1.75 ± 0.09 GPa. The average indentation depth was 2.1 ± 0.3 nm, the sample roughness Ra = 

0.48 nm and the average adhesion force Fadh = 3.4 ± 1.1 nN. From this latter value, one can 

estimate an average surface energy of ca. 10-20 mJ/m2 [https://tel.archives-ouvertes.fr/tel-

00669475/]. 

For measurements in QI mode, we used OMCLAC160TS-R3 (Olympus) probes. Force-

distance curves were saved for posterior analysis using the JPK software, SPM Data Processing. 

Figure 5.11 shows a typical force spectrum while the images recorded in the QI mode are 

presented in the Annexes A.5.3.2.1. By assuming a Poisson’s ratio of 0.3, from the QI data we 

extracted a Young’s modulus value of 2.70 ± 0.02 GPa. 

 

Figure 5.11: Force-distance curve of a 200 nm thick film of [Fe(H2B(pz)2)2(phen)] obtained in QI mode 

The summary of the AFM mechanical data obtained with different AFM instruments is 

presented in the Table 5.3. Overall, we can conclude that: (i) using different AFM techniques 

we have obtained very similar values for the Young’s modulus of our sample (ca. 2.0 ± 0.5 

GPa); (ii) the values obtained are smaller than the MEMS data (6.9 GPa), but in the same range; 

(iii) we can follow the effect of an external stimuli (i.e. temperature) on the Young’s modulus; 

(iv) with careful calibration a precision of nearly 0.1 GPa can be reached along a measurement 

series; (v) the repetability is, however, less good: up to 1 GPa variation is observed from one 
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series to another. Overall, the wear of the tip and the sample during successive scans as well as 

the occurrence of unwanted thermal effects remain very difficult to handle because the different 

measurement parameters (cantilever stiffness, tip radius, etc.) must be continuously verified. In 

particular, the regular control of the tip radius on an external reference sample (i.e. the 

polystyrene) appears practically not feasible. For this reason, we have developed novel 

measurement strategies, which will be described in the next sections. 

Table 5.3: Summary of AFM mechanical data on a [Fe(H2B(pz)2)2(phen)] film 

T (°C) 
Young’s modulus 

(GPa) 
Tip radius (start) 

(nm) 
Tip radius (end) 

(nm) 
AFM Instrument 

23 2.54 

4.1 7.0 Cypher 60 1.2 

23 2.49 

23 2.7 8.3 4.1 NanoWizard 

23 1.94 25.0 16.0 Cypher 

23 1.7 9.5 2.5 Dimension Icon 

23 1.39 

8.8 5.3 Cypher 60 0.55 

23 1.18 
 

 

5.4  Nanomechanical investigation of the spin transition in Fe(HB(tz)3)2] films 

The work described in this section has been carried out on the [Fe(HB(tz)3)2] thin films 

described in the previous chapters of the thesis. This sample is particularly well adapted to AFM 

thermomechanical studies as (i) it is extremely robust on repeated thermal cycling in air, (ii) its 

spin transition temperature (ca. 335 K) is easily accessible for most AFM instruments and (iii) 

its elastic moduli have been determined in both spin states using different characterization 

methods (see Table 5.1) [173]. As for the AFM methodology, we decided to focus on the 

AMFM mode implemented in the Cypher-ES (Oxford Instruments), due to the advantage of 

having the heater/cooler stage incorporated in the body of the AFM microscope as well as due 

to the high speed and good quantitative performance of the AMFM technique (see section 5.3). 

5.4.1 AMFM scans at constant heating/cooling rates 

At the beginning of our work, we wanted to control the performance of the AFM 

heater/cooler stage and verify possible issues, which may arise due to the heat exchange 

between the sample and the AFM probe. Indeed, Hernandez et al. [127] has shown that the 

presence of a cold AFM probe above a hot sample stage in ambient air can lead to a local 
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temperature decrease of as much as 20 K – primarily due to heat exchange by convection. To 

investigate these issues first we used a single crystal of the compound [Fe(HB(tz)3)2] 

synthesized in its solvent-free form as described by Rat et al. [114]. These crystals exhibit an 

extremely abrupt first-order spin transition centered around 333 K, associated with a narrow (1 

K wide) thermal hysteresis loop. The crystal was placed on the top of the AFM stainless steel 

disk sample holder and we performed a heating-cooling cycle between 330 – 340 K at a rate of 

0.6 K/min – without the AFM probe. During the thermal cycle, optical reflectivity images were 

recorded at 0.100 Hz capture rate using the CMOS camera integrated in the Cypher AFM. From 

the color change of the crystal (see Figure A5.4.1 in Annexes) we identified the spin transition 

temperatures T1/2↑ = 333.7 K and T1/2↓ = 332.7 K upon heating and cooling, respectively. The 

values obtained are in close agreement with those reported by Ridier et al. [292] using a Linkam 

Scientific heating/cooling stage and optical microscopy (between 332 and 335 K – varying 

slightly from crystal to crystal) - confirming thus the excellent temperature accuracy of the 

heating-cooling stage of our AFM.  

In the next step, we performed tests on a nanocrystalline [Fe(HB(tz)3)2] film of 100 nm 

thickness, which was grown on a quartz substrate using the conditions described in Chapter 2. 

The aim of these experiments was to detect the spin transition in-situ while acquiring AFM 

data. (In other words, contrary to the previous experiment on the crystals, here the AFM probe 

was mounted in the probe holder and engaged on the surface of the sample upon heating and 

cooling.) First, an AMFM scan was carried out at a constant temperature (331 K) in the LS state 

just below the spin transition temperature using an OMCLAC160TS-R3 (Olympus) probe. 

Then, in order to detect the spin transition in the film we carried out a second AMFM scan at a 

scan rate of 1.2 Hz while heating the sample from 331 K to 341 K at a constant rate of 3 K/min. 

The scan size was 2 μm × 2 μm with 256 × 256 lines. Therefore, every 0.25 μm in the image 

(i.e. 32 lines) corresponds to a temperature interval of 1 K. After the end of the heating, another 

image was acquired at a constant temperature (341 K) in the HS state to stabilize the system. 

Finally, an AMFM scan was also recorded in the cooling mode between 341 K and 331 K. 

Figure 5.12 shows selected AFM images (topography, phase of the AM mode, Young’s 

modulus and dissipation channels) recorded in the heating and cooling modes. One can observe 

that around a specific temperature, the AFM images become extremely noisy and the probe is 

not able to track the surface during approx. 5-10 sec. However, when this ‘critical’ temperature 

region is passed the AFM imaging of the surface continues as before. We can obviously 

attribute this phenomenon to the spin transition in the film. As discussed in chapter 1, the first-

order spin transition in [Fe(HB(tz)3)2] crystals is accompanied with a discontinuous increase of 
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the unit cell volume. We believe that this spontaneous strain at the SCO leads to a loss of the 

AFM tracking – as if one would ‘shake’ the sample during the AFM scan. Once the compound 

is in the new phase, the image becomes again stable.  

 

 

Figure 5.12: Height, phase, Young’s modulus and dissipation images of a 100 nm thick [Fe(HB(tz)3)2] 

film obtained in AMFM mode upon heating (upper panel) and cooling (lower panel) the sample between 

331 K to 341 K at a rate of 3 K/min. The white arrows indicate the scan direction with the corresponding 

temperatures. Red arrows point to the scan lines where the surface tracking was temporarily lost. 

The spin transition is particularly clear when plotting the different AMFM observables as a 

function of the temperature. For example, Figure 5.13 shows the temperature dependence of 

the effective Young’s modulus, the phase of the AM signal and the dissipation. Sharp peaks are 

observed around T1/2↑ = 340.2 K and T1/2↓ = 333.8 K upon heating and cooling, respectively. 

Obviously, these peaks have no physical meaning, but they allow us to detect accurately the 

occurrence of the spin transition. For comparison, Figure 5.13d shows the derivative of the spin 

transition curve of the same sample obtained from variable temperature UV absorbance 

Height 
 

Phase Young’s modulus Dissipation 

Height Phase Young’s modulus Dissipation 

331 K 

341 K 

331 K 

341 K 
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measurements. Several interesting observations can be made at this point by comparing the 

local AFM measurement with the ensemble averaging UV data. First, the equilibrium 

temperature, which can be defined roughly as the barycenter of the hysteresis, is nearly the 

same in the two experiments (ca. 336-337 K). This confirms that the local temperature of the 

sample during the AFM scan is not much different from the temperature of the heating-cooling 

stage. We attribute this good performance to the compact design of the environmental chamber 

of the Cypher-ES, which allow us efficiently thermalize not only the sample, but also the probe 

and the surrounding atmosphere.  

  

 

Figure 5.13: (a) Young’s modulus, (b) phase and (c) dissipation data for a 100 nm thick [Fe(HB(tz)3)2] 

film as a function of temperature upon heating (red color) and cooling (blue color). These data were 

extracted from the AFM images shown in Figure 5.12. (d) Derivative of the spin transition curve of the 

film obtained from UV absorbance measurements. The dashed lines indicate the temperature limits of 

the AFM scan. 

That said, there are also obvious differences between the AFM and UV absorbance data. 

Notably, the hysteresis width is much larger in the case of the AFM results (ca. 6-7 K vs. 0.5-1 
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K). We believe that this large hysteresis is just apparent and actually does not correspond to the 

quasi-static hysteresis loop. In other words, most likely it just indicates the limits of the sample 

thermalization in our AFM experiment. In fact, due to the presence of the AFM probe, upon 

cooling (heating) the local temperature below the probe decreases (increases) slower than the 

mean temperature of the stage and this leads to an apparent broadening of the hysteresis width.  

Another interesting observation is that the spin transition spans over a much smaller 

temperature range in the AFM experiment (T  0.5 - 1 K) when compared to the UV 

absorbance measurement (T  15-20 K). We can interpret this result by considering that in 

the AFM we detect the SCO only in a few hundreds of nanocrystals and, more importantly, 

only during the nucleation and growth period. On the contrary, in the UV-absorbance 

measurement, we average the properties of hundreds of millions of nanocrystals and we probe 

any spin state change likewise whether it occurs by nucleation and growth or not. These AFM 

results tell us therefore that the spin transition in the nanocrystals occurs in a very abrupt 

manner, similar to the bulk single crystals. In addition, they indicate that the relatively broad 

span of the spin transition curves of the films cannot be accounted solely for ensemble 

averaging effects, but also for a combination of different spin transition mechanisms (abrupt 

and gradual).  

Overall, these in-situ AFM measurements revealed to be very useful in determining the 

temperature(s) at which the spin transition occurs during the AFM imaging and brought into 

light a few interesting aspects of the SCO at the nanoscale. On the other hand, it should be noted 

that the mean values of the Young’s modulus in the two spin states (within the hysteresis region) 

are very similar, ca. 4.5 – 4.6 GPa (Figure 5.13). These values are significantly smaller than the 

Young’s modulus of [Fe(HB(tz)3)2] obtained by other methods (see Table 5.1). Our AFM 

measurement fails thus to give an accurate value for the Young’s modulus and it does not allow 

us to detect the softening of the film in the HS phase. We attribute these discrepancies to the 

low quantitative accuracy of the in-situ measurements. A further plausible issue is the presence 

of humidity adsorbed on the sample surface, which may hamper the accurate assessment of the 

elastic moduli.  

5.4.2 Isothermal AMFM scans 

To progress towards our initial aim we have decided to carry out a series of AMFM 

measurements at fixed temperatures. First, we performed topography analysis at different 

temperatures in order to verify if any reversible and/or irreversible changes occur in the surface 

topography between the HS and LS states as it was reported for some other SCO materials (see 
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section 1.2.2). AFM images sizes of 10 μm × 10 μm and 2 μm × 2 μm were recorded with 256 

× 256 lines resolution between 293 K and 373 K. Figure 5.14 shows representative topography 

images acquired over a heating – cooling cycle.  

 

 

 

a) b) 

T = 20 °C 

c) 
d) 

T = 65 °C 

e) f) 

T = 100 °C 
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Figure 5.14: AFM topography images of a 100 nm thick film of [Fe(HB(tz)3)2] acquired at different 

temperatures over a heating - cooling cycle.  

Thanks to the closed loop operation of the AFM, the images recorded at different temperatures 

correspond closely to the same area. Remarkably, the images in the HS and LS states as well 

as at the beginning and at the end of the thermal cycle are virtually indistinguishable. In other 

words, the thermal spin transition in the films of [Fe(HB(tz)3)2] does not lead to important 

changes of the surface topography. This finding constitutes probably a part of the explanation 

for the outstanding reproducibility of the spin transition in these films (cf. section 3.1). Yet, 

upon a close inspection, we noticed a few minor differences in topography between the start 

and the end of the experiment (e.g. the disappearance or modification of small ‘terraces’). This 

slight variation is also reflected by Figure 5.15a-b, which displays the mean arithmetic surface 

roughness Ra as a function of the temperature for two successive heating – cooling cycles. 

Indeed a slight, but systematic increase of Ra is detected in these experiments, but the variation 

g) h) 

T = 60 °C 

i) j) 

T = 20 °C 
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remains close to the experimental uncertainty and therefore further experiments have not been 

conducted.  

  

  

Figure 5.15: Temperature dependence of the surface roughness (a-b) and the Young’s modulus (c-d) of 

a 100 nm thick film of [Fe(HB(tz)3)2] obtained from AMFM measurements upon two successive heating 

– cooling cycles. 

While the surface topography appeared very stable and reproducible, the Young’s modulus 

values extracted from these experiments display a rather erratic behaviour, with variations 

between 0.5 and 5 GPa – irrespective of the spin state of the film (Figure 5.15c-d). Despite 

several trials, we could not obtain more ‘reasonable’ mechanical data in these experimental 

conditions. We have therefore decided to implement a new experimental strategy wherein we 

scan together with the [Fe(HB(tz)3)2] film a ‘reference’ sample with known thermomechanical 

properties. As for the reference sample, we have chosen the epoxy-based photoresist SU-8, 

which is well known for its good thermal, mechanical and chemical stability. Its final properties 

depend, however, on the processing conditions [293]. Following standard processing, the elastic 

(a) (b) 

(c) (d) 
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modulus of SU-8 is typically around 3.5 GPa, which decreases monotonously to a value of ca. 

2.5 GPa when rising the temperature to 100 °C [294]. As shown in Figure 5.16, this temperature 

dependence slightly diminishes at increasing frequencies. 

 

Figure 5.16: Temperature dependence of the elastic modulus of SU-8 at different frequencies [294]. 

In our experiments, we have carried out variable temperature measurements using the SU-8 as 

a calibration sample. A film of SU-8 (ca. 800 nm thickness) was spin-coated on the silicon 

substrate, but only a half of the substrate was coated by SU-8 while a blue polyester cleanroom 

tape covered the other half. The interest of this tape is that it removes without residue. After the 

UV crosslinking and post-baking of SU-8, the blue scotch was removed and we now masked 

the SU-8 coated part of the substrate. In the final step, a thin film of ca. 100 nm thickness of 

[Fe(HB(tz)3)2] was deposited by thermal evaporation followed by standard recrystallization in 

humid air. This way we obtained a substrate half of which was covered by SU-8 and the other 

half with the SCO sample. AFM measurements were then carried out such a way that each scan 

comprises part of both materials. 

AFM analysis of the films was performed between 303 K and 373 K using a Cypher-

ES AFM (Oxford Instruments) and reflective Al-coated Si probes (HQ:NSC15/Al BS, 

MikroMasch). These probes are characterized by a nominal resonance frequency of 325 kHz, a 

spring constant of 40 N/m and a tip radius of 8 nm. AFM images (typically 14 μm × 3.5 μm, 

512 pixels × 128 pixels) were recorded at a scan rate of 1.95 Hz in AMFM mode. The initial 

tip radius was determined using the Hertz model implemented in the software and a polystyrene 

calibration sample (Bruker PSFILM). The average Young’s modulus of the SU-8 calibration 

sample at room temperature is E = 3.8 GPa which is in good agreement with the value reported 

in the literature [294]. As an important new feature of this experiment, at the beginning we 

purged the AFM chamber with dry nitrogen gas while heating the sample to 100 °C in order to 

remove moisture and dehydrate the sample surface as much as possible. Another important 
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novelty of our analysis is that the SU-8 and the SCO films were scanned together in each image, 

and the tip radius was adjusted in-situ at the beginning of each scan until we obtained the 

expected value of the Young’s modulus of SU-8 at a given temperature (taken from Figure 

5.16). Figure 5.17 shows the Young’s modulus maps of the two films at selected temperatures.  

    

 

Figure 5.17: Young’s modulus maps (in GPa) of the SU-8 and [Fe(HB(tz)3)2] films at selected 

temperatures. The image size is 14 μm × 3.5 μm. The zoom at 60 °C shows the co-existence of the LS 

(gold color) and HS (blue color) states. 

SU-8 SCO 
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The most important finding here is that for temperatures above ca. 330 K a very substantial 

decrease of the Young’s modulus occurs in the SCO film, reflected by a sudden change of 

contrast between the SCO film and the reference sample. Figure 5.18 shows the average value 

of the Young’s modulus extracted from the AFM images shown in Figure 5.17. The raw data 

has been further treated by assuming a linear variation of the Young’s modulus of SU-8 from 

3.5 GPa (at 303 K) to 2.7 GPa (at 373 K) as depicted in Figure 5.16 [294]. Below and above 

333 K, the mean Young’s modulus value corresponds to the pure LS and HS states and has 

values of ca. 6 GPa and 4 GPa, respectively. This pronounced drop of the Young’s modulus 

when going from the LS to the HS state is in good agreement with previous results obtained for 

[Fe(HB(tz)3)2] using nuclear inelastic scattering (ELS = 11 GPa, EHS = 7 GPa) and MEMS 

micromechanical measurements (ELS = 12 GPa, EHS = 10 GPa, see Table 5.1). On the other 

hand, the absolute values are systematically smaller in our AFM measurements. Of course, 

measurement uncertainties are important for each method (at least ~GPa). In addition, due to 

the specific orientation of our films we actually measure by AFM the Young’s modulus 

corresponding the c-axis of the orthorhombic structure, while the other methods average the 

stiffness along the different crystallographic axes  (with different weighs), and provide therefore 

an ‘effective value’. Nevertheless, we believe that the reduced Young’s modulus values seen 

by AFM reflect also some physical phenomena specific to the surface of the samples. Notably, 

despite the dehydration of the films we expect the presence of different adsorbates on the 

surface (e.g. water molecules). In addition, the topmost molecular layers - which are actually 

indented – are probably disordered. All these factors contribute likely to a decrease of the 

Young’s modulus observed by AFM. 

  

Figure 5.18: Temperature dependence of the average Young’s modulus of [Fe(HB(tz)3)2] obtained from 

the AMFM images shown in Figure 5.17. Data were further treated by assuming a linear variation of the 

Young’s modulus of SU-8 from 3.5 GPa (at 303 K) to 2.7 GPa (at 373 K) as depicted in Figure 5.16. 
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We have also tried to extract information about the dissipation behavior of our film. To this aim 

we extracted the average loss tangent values both for the SU-8 and the [Fe(HB(tz)3)2] films. As 

shown in Figure 5.19 the raw loss tangent data shows a (nearly) monotonous increase for both 

compounds, which corresponds to classical thermoelastic damping observed for most materials 

at increasing temperatures. Figure 5.19 depicts also the temperature dependence of the loss 

tangent difference between the SCO and SU-8 films. Remarkably, a loss peak is observed in 

this plot near the spin transition temperature (ca. 338 K). As it was discussed by Pérez-Saez et 

al. [295], first order phase transitions in a variety of materials (ferroelectric, ferroelastic, …) 

are accompanied by internal friction peaks, which arise from different mechanisms. It is thought 

that the most important contribution comes from the viscous displacements of phase boundaries 

(domain walls) during the phase transition. As such, the loss peak observed in Figure 5.19 for 

our [Fe(HB(tz)3)2] film is an indication of the formation and movement of phase boundaries in 

our film. Indeed, a closer inspection of the Young’s modulus map recorded in the course of the 

spin transition at 333 K (see zoom in Figure 5.17) reveals that nucleation of the HS phase occurs 

primarily around cracks in the film and then the growth of these germs leads to phase separation 

at a size scale, which is significantly larger (m scale) than the size of the nanocrystals (ca. 50 

nm). This unprecedented observation indicates that the nanocrystals are strongly ‘glued’ 

together at the grain boundaries allowing for an efficient transmission of the mechanical strain 

induced by the spin transition.  

 

Figure 5.19: Temperature dependence of the average loss tangent of [Fe(HB(tz)3)2] and SU-8, as well 

as their difference, obtained from the AMFM images shown in Figure 5.17. 

An interesting comparison can be made here with the MEMS micromechanical analysis of 

[Fe(HB(tz)3)2] films reported by Manrique et al. [176]. Figure 5.20 shows the temperature 
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dependence of the MEMS resonance frequency and Q-factor upon heating and cooling. The 

dynamical mechanical behavior of the MEMS cantilever is shown before as well as after the 

deposition of the [Fe(HB(tz)3)2] film (ca. 140 nm thickness) on top of the micromechanical 

device. Similar to our AFM experiments a reversible drop of the resonance frequency was 

detected around the spin transition temperature when going from the LS to the HS state, which 

can be traced back in both experiments to the decrease of the Young’s modulus of the film. On 

the other hand, a damping peak in the Q factor around the phase transition has been also 

observed and can be readily correlated with the loss tangent behavior in the AFM experiments. 

 

Figure 5.20: Temperature dependence of the resonance frequency and quality factor of a MEMS 

microcantilever before and after its coating with a 140 nm thick layer of [Fe(HB(tz)3)2] [176]. The spin 

transition temperature is depicted by the vertical dashed line. 

 

5.5 Conclusions 

We have explored the use of atomic force microscopy for the high spatial resolution 

investigation of the spin transition phenomenon in thin, nanocrystalline films of [Fe(HB(tz)3)2]. 

Based on previous works in the team, we have focused on quantitative nanomechanical 

investigations using the AFM. We have shown that the different measurement methods and 
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instruments provided by AFM manufacturers give similar results in terms of elastic modulus 

values and measurement precision/repeatability. For its high speed imaging capability, we have 

used in most of our work the bimodal AMFM technique implemented in the Cypher-ES (Oxford 

Instruments). Using this method, we have been able to detect in-situ the spin transition in the 

films of [Fe(HB(tz)3)2] and, using an original method for tracking and correcting the tip radius 

changes, we were able to evidence also a substantial decrease of the Young’s modulus (by ca. 

50 %) when going from the LS to the HS phase. On the other hand, we observed no significant 

topography change due to the spin transition. Our nanomechanical measurements correlate well 

with previous micromechanical MEMS measurements and allow, in addition, the nanoscale 

imaging of the SCO. Indeed, from these AFM data, several important findings about the 

mechanism of the spin transition in the films could be inferred. Notably, we observed nucleation 

and growth phenomena at size scales much larger than the crystallite size, indicating an efficient 

mechanical coupling through the grain boundaries. In addition, we evidenced a considerable 

difference in the abruptness of the spin transition detected by AFM in comparison with 

ensemble averaging methods. We suggested that this is an indication of the co-existence of 

gradual spin conversion and nucleation-growth mechanisms in the films. Further work will be 

necessary to clarify different aspects of the variable temperature AMFM measurements. In 

particular, it will be necessary to assess carefully the temperature dependence of mechanical 

properties of SU-8 in our hands. Nevertheless, these results open up an interesting scope for the 

nanoscale investigation of mechanical couplings in SCO materials, with particular relevance 

for SCO – polymer composite actuator materials. 
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General conclusions and perspectives 

Nanoscale spin-crossover materials capable of undergoing reversible switching between two 

electronic configurations with markedly different physical properties are excellent candidates 

for various technological applications. In particular, they can serve as active materials for 

storing and processing information in photonic, mechanical, electronic and spintronic devices 

as well as for transducing different forms of energy in sensors and actuators. 

Despite the considerable progress, which has been achieved in the past decade in the 

synthesis, characterization and theoretical modelling of spin crossover nanomaterials, there 

remains several crucial steps to be accomplished before one can turn towards real technological 

applications. In particular, it will be necessary to produce robust nanoscale materials, which 

display spin crossover at technologically relevant temperatures and with the desired 

functionalities (hysteresis or gradual transition, colored or transparent, conducting or insulator, 

…). An important effort is therefore still needed for the development of methods for the growth 

of high quality spin crossover nano-objects. These new nanomaterials call also for novel 

characterization methods, in addition to those traditionally used in the spin crossover field 

(magnetometry, X-ray diffraction, calorimetry, Mössbauer, electronic and vibrational 

spectroscopies, …). In particular, there is still a need for high spatial resolution microscopy 

tools as well as for high sensitivity methods able to detect molecular spin-state changes in very 

small amounts of matter, ideally in a single, isolated nano-object. Beyond their high resolution 

and/or high sensitivity, these new experimental approaches can provide also information on 

material properties, which are either difficult to access by “traditional” methods or not so 

relevant at other size ranges. For the same reason, new theoretical approaches have been 

developed focusing on the increasingly dominant role of surfaces/interfaces in determining the 

properties of these reduced sized objects. Yet, the confrontation of these models with 

experiments as well as the use of high resolution, sensitive experimental methods are seriously 

hampered by the lack of high quality, robust spin crossover nano-objects. 

This thesis work has allowed for some advances in these different directions. First of 

all, we succeeded in growing unprecedented high quality, robust, reproducible thin films of the 

[Fe(HB(tz)3)2] complex, which display spin transition just above room temperature. This spin 

transition turned out to be stable in ambient air on a year scale (at least), on thermal stress (up 

to ca. 260 °C) and on repeated switching between the two spin states (more than 1 million 

cycles). One key reason behind these amazing properties is the intrinsic stability of this 

compound in crystalline state. The understanding of this structural stability and resilience will 
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be clearly one important future perspectives of this thesis work. Another reason for the stability 

of the films is that we could establish, by a detailed and rigorous analysis of the film growth 

process, a fabrication protocol producing very reproducible, smooth, fully crystalline and 

oriented deposits. To this aim, we used - for the first time in the spin crossover field - vacuum 

thermal evaporation combined with solvent vapor annealing. We have shown that different 

solvents with hydrogen bonding ability can afford for the recrystallization of the initially 

amorphous films. Among these solvents, water turned out to be the most efficient and we used 

therefor humidity treatment in the rest of our work. 

Indeed, thanks to the high quality of the humidity treated films we were able to provide 

key experimental data for assessing the validity of the nanothermodynamical model of spin 

crossover nanomaterials. In particular, we could evidence a clear upshift of the spin transition 

temperature when reducing the film thickness, which we correlated with the increase of the 

surface energy in the high spin state. This, somewhat unexpected result, was then rationalized 

taking into account the strong anisotropy of the spin transition in this sample. 

We have also embarked in the investigation of our films using different scanning probe 

microscopy approaches. In a first time we prepared luminescent bilayers films, combining the 

well-known luminophore Ir(PPy)3 with [Fe(HB(tz)3)2], with the aim of providing a strong 

optical contrast between the high spin and the low spin states, which could be exploited by near-

field optical scanning microscopy. Up to now, we were not able to exploit these bilayer in 

NSOM experiments (this remains therefore an important perspective), but we could 

demonstrate an effective and well-predictable luminescence switching of Ir(PPy)3 by more than 

one order of magnitude due to the spin transition in [Fe(HB(tz)3)2]. A further step will consist 

in the nanopatterning of the films by means of e-beam lithography and lift-off – taking 

advantage of their very low solubility of most common solvents. In another approach, following 

a fastidious optimization process, we have successfully exploited the atomic force microscope 

to achieve high spatial resolution imaging of the spin transition through quantitative nano-

mechanical measurements. In particular, the double-frequency, combined amplitude-

modulation and frequency-modulation (AMFM) imaging method turned out to be very sensitive 

to the stiffness change, which accompanies the spin transition. From the shift of the second 

mode frequency we could clearly infer the spin transition and we were even able to extract the 

associated change of the Young’s modulus. On the other hand, contrary to other AFM 

observations on spin crossover films, we observed no discernible change of the surface 

topography between the high spin and low spin forms. It may be worth to mention that we have 

also embarked in the investigation of electrical properties of our films using conductive AFM, 
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but the very high resistivity of the films makes these measurements difficult. Further work in 

this direction may be possible using a few monolayer thickness films. 

A very important perspective of our research is the development of proof of concept 

devices using the appealing properties of our [Fe(HB(tz)3)2] films. Actually, during this thesis 

work colleagues from the LAAS-CNRS and LCC-CNRS have already explored the possibility 

of integrating these films into crossbar type electronic junctions as well as into 

microelectromechanical systems (MEMS). The first results along these directions turned out to 

be extremely promising, revealing both resistance switching and actuating properties at the 

device level, and encourage us to continue working on these prototypes. In addition, we have 

also started to work towards the integration of these spin crossover films into photonic 

waveguides in collaboration between the LAAS and the LCC. The aim here is to exploit the 

spectacular change of the refractive index, which accompanies the spin transition. Of particular 

interest would be spatial light modulator and photonic integrated circuit applications requiring 

low loss and transparency in the visible spectral range and/or high speed of index switching. 
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Annexes 

 

A2. Elaboration of thin films of [Fe(HB(tz)3)2] 

 

A2.1 Pristine thermally evaporated thin films 

Figure A2.1:  Photo of the setup used for variable temperature optical absorption measurements. 
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A2.2 Crystallization by solvent vapour annealing 

 

Figure A2.2.1: a) Scheme of the setup used in our study for humidity treatment; b) Photo of 

the setup used for humidity treatment 

 

 

 

 

 

 

 

 

Figure A2.2.2: Selected AFM images of crystalline films obtained by solvent vapour 

annealing: (a)-(b) two different zones of 90 nm film; (c) 90 nm film after 3 months of storage 

in ambient air; (d) 150 nm film with roughness 2.5 nm; (e) film thickness evaluation. 

 

 

a) b) 
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Figure A2.2.3: Temperature dependent magnetic measurements for a crystalline film of ca. 

200 nm thickness, deposited on a paper substrate and rolled-on to increase the quantity of matter 

analyzed. Measurements were done at 2 K/min heating-cooling rate. 
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Figure A2.2.4: Thermal variation of Raman spectrum of a 194 nm crystalline film on heating.  
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Figure A2.2.5: Photo of the setup used for in-situ absorbance measurements [Linkam RH95 

humidity controller connected to a Cary 50 (Agilent Technologies) spectrophotometer]. 

  

Figure A2.2.6: Absorbance change at 318 nm of a [Fe(HB(tz)3)2] thin film as a function of time (black 

curve) for increasing and decreasing values of relative humidity (red curve) at a fixed temperature of 

298 K 
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Deposition of thin layers using different techniques 

 

 

 

 

 

 

 

 

Solution 1 were prepared mixing together 4.5 mg of [Fe(HB(tz)3)2] powder and 50 μl of ethanol. 

The resulting solution was sonicated during 5 minutes. Then 5 drops of distilled water were 

added for solubilization. 

Solution 2 were prepared mixing together 20 mg of [Fe(HB(tz)3)2] powder and 50 μl of ethanol. 

The resulting solution was sonicated during 5 minutes. Then 5 drops of distilled water were 

added for solubilization. 

Solution 3 were prepared mixing together 4.5 mg of [Fe(HB(tz)3)2] powder and 100 μl of 

ethanol. The resulting solution was sonicated during 5 minutes. Then 5 drops of distilled water 

were added for solubilization. 

  

Solution 3 Solution 1  Solution 2 
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Spin coating method  

  

Ra = 30.89 nm 

Concentrated solution (1 drop of 10µl solution) 

Ra = 2.43 nm 

Diluted solution (1 drop of 10µl solution) 
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Drop casting method 
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Solution crystallization method 
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A3. Spin transition properties of [Fe(HB(tz)3)2] 

 

A3.1 SCO and its stability 

A3.1.1 Thermal stability 

 

Figure A3.1.1: Temperature dependence of the absorbance at 317 nm along four heating-

cooling cycles recorded at 1 K/min scan rate for film of [Fe(HB(tz)3)2] with ca.125 nm 

thickness. 
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A3.1.2 Long term environmental stability 

Figure A3.1.2.1: Absorbance spectra of different crystalline thin films acquired at 293 K after 

several months of storage in ambient air 
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A3.2 Size effect of [Fe(HB(tz)3)2] films 

 

Figure A3.2.1: AFM film thickness analysis. 
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A4. Combining spin crossover with luminescent properties 

 

A4.2 Sample fabrication and properties 

Figure A4.2.1: Photo of the setup used to acquire fluorescence excitation and emission spectra 

as a function of temperature [Fluoromax-4 (Horiba) spectrofluorimeter equipped with a xenon 

lamp source and an Optistat DN-V liquid nitrogen cryostat connected to an ITC601 temperature 

controller (Oxford Instruments)]. 
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A4.3 Characterization of the luminophore films 

Figure A4.3.1: (Top side) AFM image of ca.30 nm film with roughness 0.27 nm; (Bottom side) 

Film thickness evaluation 
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A4.4   Characterization of the bilayer films 

 

Figure A4.4.1: (Top side) AFM image of ca.800 nm film and (Bottom side) AFM film 

thickness analysis of the bilayer sample with SCO layers of ca.800 nm. 
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Film thickness evaluation of the co-evaporated S31 sample. From quartz balance: ~ 264 nm (50 

nm fluo+107 nm SCO+107 nm SCO) 
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A4.5  Mixed SCO – luminescent films  

 

 

 

Film thickness evaluation of the co-evaporated C2 sample (ca. 15 % nominal luminophore 

content). From quartz balance: ~ 223 nm (195 nm SCO + 28 nm fluo) 
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Film thickness evaluation of the co-evaporated SCO1 sample (with ca. 15 % nominal 

luminophore content). From quartz balance: ~ 150 nm (136.5 nm SCO + 13.5 nm fluo). 

 

 

 

 

Figure A4.5.1: Temperature dependence of the luminescence intensity on heating and cooling 

(co-evaporated the SCO and luminescent molecules with ca. 15 % and 21 % nominal 

luminophore content). 
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A5. Investigation of SCO thin films using AFM 

 

Figure A.5.3.2.1: AFM images acquired in QI mode of [Fe(H2B(pz)2)2(phen)] thin film. a) 

Adhesion map; b) Baseline map; c) Slope map and d) Setpoint map. 

 

 

 

 

 

 

 

 

 

 

d) c) 

a) b) 

T = 24 °C (end of the experiment) T = 24 °C (start of the experiment) 
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5.4  Nanomechanical investigation of the spin transition in Fe(HB(tz)3)2] films 

Figure A5.4.1: Color change of the crystal as a function of temperature 
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INTRODUCTION GENERALE 

 

Les récents progrès en chimie de synthèse inorganique et dans l'organisation à l'échelle 

nanométrique des matériaux moléculaires à transition de spin moléculaire (SCO) ont permis 

l'élaboration d'une variété de nano-objets (particules, films minces, structures, assemblages à 

l'échelle nanométrique, etc.) présentant des propriétés de transition de spin. Ces nouveaux 

matériaux de taille nanométrique offrent la possibilité attrayante d’exploiter leurs propriétés 

commutables (bistabilité) à l’échelle nanométrique et ouvrent la voie à l’intégration et à la mise 

en œuvre du phénomène à transition de spin dans diverses applications (mémoires / 

commutateurs optiques, capteurs, jonctions électroniques ou actionneurs mécaniques).  

Malgré les progrès considérables accomplis dans ce domaine de recherche au cours de 

la dernière décennie, de nombreux problèmes restent à résoudre. Notamment, il apparaît crucial 

d’élargir considérablement la famille de complexes à transition de spin affichant des propriétés 

de commutation robustes/reproductibles autour de la température ambiante. La transformation 

de ces composés en nanomatériaux de qualité nécessite également des études scientifiques 

approfondies en science des matériaux ainsi qu'une compréhension fondamentale du rôle des 

propriétés de surface / interface sur la fonctionnalité souhaitée. En outre, des études approfondies 

sont nécessaires pour explorer leurs possibilités d’intégration, de fonctionnement et de fiabilité 

dans des dispositifs du ‘‘monde réel’’. Il est particulièrement important de préciser si la 

robustesse du phénomène SCO et l’évolutivité des méthodes de traitement peuvent répondre 

aux exigences assez strictes imposées par les diverses applications industrielles. Dans ce 

contexte, ce travail de thèse décrit la croissance et les propriétés physiques de couches minces 

nanométriques du composé [Fe(HB(tz)3)2] (tz = 1,2,4-triazol-1-yl) à transition de spin.  

Après une brève introduction sur le phénomène de transition de spin et les films bistables 

dans le chapitre 1, nous décrivons dans le chapitre 2 le protocole de dépôt en couches minces 

sous vide de ce composé par évaporation thermique et nous montrons qu’un processus simple 

de recuit en atmosphère contrôlée avec la vapeur du solvant permet d’obtenir des films minces 

de grande qualité, robustes et sans précédent avec une bistabilité autour de l’ambiante.  

Le chapitre 3 est consacré à l’étude approfondie des propriétés de transition de spin, 

notamment de leur réversibilité sur de nombreux cycles de commutation, ainsi que leur stabilité 

thermique/environnementale lors de la transformation/manipulation du matériau. Une attention 

particulière est également portée à l'examen minutieux des effets de taille finie lors de la 

réduction de l'épaisseur des films déposés.  
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Le chapitre 4 décrit les propriétés des films SCO hybrides luminescents construits par 

combinaison de molécules de [Fe(HB(tz)3)2] et d'Ir(ppy)3 (ppy = 2-phénylpyridine) en films 

minces binaires ou multicouches. La modulation de la luminescence par la transition de spin 

dans ces films constitue un premier pas vers la détection optique à haute résolution et en champ 

proche du phénomène et, par conséquent, de la variation locale de la température. 

Enfin, dans le chapitre 5, nous aborderons l’utilisation de la microscopie à force 

atomique (AFM) dans l’imagerie à haute résolution spatiale de la SCO dans des films de 

[Fe(HB(tz)3)2], en mettant l’accent sur les mesures quantitatives de leurs propriétés mécaniques. 

 

CHAPITRE 1 : INTRODUCTION A LA TRANSITION DE SPIN 

Ce chapitre est une introduction au phénomène de la transition de spin tout en exploitant 

la théorie du champ cristallin et la thermodynamique. Les différents prérequis et techniques de 

mise en œuvre pour pouvoir mettre en forme et caractériser ces matériaux en filmes minces en 

vue de les intégrer dans différents types de dispositifs sont ensuite abordés.  

Le phénomène de "transition de spin" a été caractérisé pour une grande variété de 

complexes métalliques mono- et polynucléaires. Il a pu être observé dans les complexes des 

métaux de transition de configuration électronique allant de 3d4 à 3d7 comme les ions Fe(III), 

Co(II), Co(III), Cr(II), Mn(II), Mn(III), l’ion Fe(II) ayant été sujet au plus grand nombre 

d’études à ce jour. Ces études utilisent principalement la température pour induire la transition 

de spin, mais d’autres types de stimuli, tels que la pression ou une irradiation lumineuse ou un 

champ magnétique intense, peuvent être également utilisés. 

La théorie du champ cristallin peut être employée afin de comprendre l’origine du 

phénomène de la transition de spin. L’exemple le plus souvent utilisé est celui de l’ion Fe(II) 

libre qui a les niveaux d’énergie électronique de ses cinq orbitales 3d dégénérés. L’ion Fe(II) 

est placé dans un champ de géométrie octaédrique parfaite, formé par six ligands chargés 

négativement. Les électrons du centre métallique subissent des forces répulsives de la part des 

ligands. La conséquence est une levée de dégénérescence partielle des niveaux d’énergie en un 

niveau de basse énergie t2g composé des trois orbitales non-liantes dégénérées et un niveau de 

plus haute énergie eg composé des deux orbitales anti-liantes dégénérées (Figure 1.1). L’écart 

d’énergie entre ces deux niveaux est déterminé par la force du champ de ligands (10Dq). Au 

sein de la molécule, deux effets principaux entrent en compétition. D’une part, les électrons 

tendent à occuper les orbitales d selon la règle de Hund en fonction de l’énergie d’appariement 

des électrons . D’autre part, ils tendent à remplir le niveau t2g, de plus basse énergie. Cette 
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compétition a pour conséquence l’existence possible de deux états fondamentaux : l’état Bas-

Spin (BS) diamagnétique t2g
6eg

0 avec un spin S = 0 et l’état haut spin (HS) t2g
4eg

2 

paramagnétique S = 2. 

 

Figure 1.1. Levée de dégénérescence et configuration électronique des états HS et BS dans le cas d’un 

complexe de FeII avec un environnement octaédrique. 

 

 

Figure 1.2. Principaux types de transitions de spin thermiques, représentant la fraction HS en fonction 

de la température : (a) transition de spin graduelle, (b) transition de spin abrupte, (c) transition de spin 

avec cycle d’hystérésis, (d) transition de spin en deux étapes et (e) transition de spin incomplète. 
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Plusieurs voies de synthèse ont été exploitées pour mettre en forme les complexes à transition 

de spin dans une gamme de tailles allant du nanomètre jusqu’au macroscopique. Les techniques 

principalement utilisées sont : 

- Dépôt Langmuir-Blodgett technique, 

- Enduction par centrifugation, 

- Evaporation de goutte, 

- Assemblage séquentiel, 

- Evaporation thermique sous vide. 

Cette dernière technique de déposition par sublimation présente des avantages significatifs par 

rapport aux autres techniques pour obtenir des films minces et homogènes (Figure 1.3) et une 

attention particulière sera porté sur cette approche lors de ce travail de thèse. 

 

 

 

Figure 1.3. Schéma de principe de la sublimation sous ultravide et topographie AFM d’une couche 

mince du complexe Fe(phen)2(NCS)2 obtenu par évaporation. 

 

La transition de spin est associée avec une variation de la configuration électronique de la 

molécule et aussi avec une variation de sa géométrie. Par conséquent, différentes propriétés du 

matériau, tels que les propriétés magnétiques, électriques, optiques et mécaniques se trouvent 

modifiés lors de la transition, offrant de différentes possibilités pour la détection du phénomène, 

et pour son application technologique. Dans le matériau massif, les méthodes les plus utilisés 

pour suivre la transition de spin sont des mesures de susceptibilité magnétique, des mesures 

d’absorption optique, les spectroscopies vibrationnelles (Figure 1.4), les mesures de diffraction 

des rayons X et la calorimétrie. Dans le cas des couches minces à transition de spin, d’autres 
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méthodes, telles que les microscopies à sonde locale, les microscopies électroniques, des 

mesures d’indice de réfraction et les spectroscopies des rayons X (XANES, XPS, EXAFS, etc.) 

sont également employés. 

  

Figure 1.4: Spectres Raman d’une couche mince du composé {Fe(azpy)[Pd(CN)4]} enregistrés à 

différentes températures et la courbe de transition de spin extraite de ces spectres. 

 

CHAPITRE 2.  ELABORATION DE FILMS MINCES DU COMPOSE [Fe(HB(tz)3)2] 

Dans ce chapitre, nous discutons de la croissance de films de haute qualité du complexe 

[Fe(HB(tz)3)2] à transition de spin, qui contient des ligands scorpionate de type 

poly(azolylborate) (hydrotris triazolylborate HB(tz)3) (voir Figure 2.1). 

     

Figure 2.1: Structure du complexe [Fe(HB(tz)3)2]. 

 

Des couches minces du composé [Fe(HB(tz)3)2] ont été élaborées par évaporation thermique 

avec un système de dépôt thermique PREVAC à une pression de base d’environ. 2 x 10-7 mbar. 

La poudre du composé a d'abord été purifiée par sublimation puis évaporée à 250 °C à une 

vitesse de 0,03 Å / s. La vitesse d'évaporation et l'épaisseur du film ont été contrôlées in situ 
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par une microbalance à cristal de quartz. Le contrôle final de l'épaisseur du film a été effectué 

par AFM. 

 Contrairement à l’échantillon de poudre, la propriété de transition de spin dans 

les films fraichement élaborés s’est révélée peu reproductible. Afin de révéler l'origine de ce 

manque de stabilité, les films ont en outre été caractérisés par diffraction des rayons X à 

incidence rasante. Ces études ont révélé que les films fraîchement préparés sont amorphes, mais 

deviennent semi-cristallins lors de leur stockage à l'air ambiant. La nature amorphe des films 

peut probablement expliquer l'absence de transition de spin appréciable dans les échantillons 

ainsi préparés, tandis que le changement structurel observé lors d'un stockage prolongé peut 

expliquer l'évolution des propriétés de transition. 

Afin d'obtenir des films stables avec un comportement reproductible, nous avons 

essayé de convertir les films amorphes en films cristallins. Fait intéressant, nous avons 

observé que l'exposition des films fraîchement déposés à l'air humide (entre 75 et  80%) 

à la température ambiante entraînait leur cristallisation très efficace et rapide. Ce 

processus spectaculaire a été suivi par les mesures AFM, absorption optique, Raman et 

GIXRD. En particulier, lorsqu’ils étaient exposés à l’humidité, les films subissaient une 

transformation morphologique spectaculaire: la surface du film, initialement 

relativement dépourvue d’aspérité, s’était transformée en une morphologie 

nanocristalline présentant des joints de grains bien définis et une rugosité plus élevée. 

Pour étudier plus en détail la cristallinité et la texture des films, nous avons acquis 

les données DRX pour les films traités à l’humidité. Comme le montre la figure 2.2, le 

diagramme de diffraction des films consiste en un seul pic à 2θ = 10.02 °, indiquant une 

orientation cristallographique préférentielle. Par comparaison avec l'échantillon massif, 

nous avons conclu que les domaines cristallins dans les films se développent 

préférentiellement avec leur axe c orthorhombique normal à la surface du substrat. 

Pour suivre la transition de spin de manière quantitative, des mesures d'absorption 

optique à température variable ont été effectuées sur quatre cycles de chauffage-

refroidissement. La figure 2.3 montre les spectres d'absorbance d'un film cristallin de 90 nm 

d'épaisseur à différentes températures. Les bandes d'absorption LS intenses dans la région UV 

disparaissent lorsque la température est augmentée à 393 K, ce que nous pouvons évidemment 

attribuer au phénomène de transition de spin. En effet, la courbe de l'absorbance à 317 nm en 

fonction de la température révèle un changement brusque aux alentours de 338 K avec une 

petite hystérésis, presque identique à celle observée pour le composé massif. 
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Figure 2.2: Diffractogrammes des rayons X du film cristallin du composé [Fe(HB(tz)3)2] pour 

différentes épaisseurs. La structure du film orienté est également montrée. 

 

 

Figure 2.3: (a) Spectre d’absorbance pour un film cristallin de 90 nm d’épaisseur du composé 

[Fe(HB(tz)3)2] obtenu a différentes températures lors du chauffage (b) Variation thermique de 

l’absorbance à 317 nm au cours de 4 cycles thermiques mesurés à 1 K/min.  
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Pour approfondir notre compréhension de ce processus, nous avons systématiquement 

examiné la cristallinité, la morphologie et les caractéristiques de transition de spin de couches 

minces de [Fe(HB(tz)3)2] après leur exposition aux vapeurs de cinq solvants différents: éther 

diéthylique, acétone, dichlorométhane, éthanol et eau. Les films du composé [Fe(HB(tz)3)2] ont 

été caractérisés au moyen de techniques d'absorption GIXRD, AFM et UV-Vis à température 

variable. La figure 2.4 montre les diagrammes de diffraction des films recuits au solvant ainsi 

que ceux du film fraîchement évaporé. Il est clair que l'eau n'est pas le seul solvant qui 

recristallise les films. Cependant, on peut remarquer que le film traité avec le dichlorométhane 

présente une intensité de diffraction significativement plus faible à 10,01 ° par rapport aux films 

exposés aux autres solvants. En outre, le motif de diffraction des rayons X du film exposé au 

dichlorométhane présente d'autres pics de diffraction d'intensités relativement élevées. Ces 

résultats indiquent que la cristallinité et l'ordre des films recuits au dichlorométhane sont 

inférieurs à ceux des autres échantillons. De plus, nous avons observé que la transition de spin 

est très incomplète dans cet échantillon (environ 36%). Ces résultats suggèrent que le plus faible 

degré de cristallinité pourrait être la principale cause de la transition de spin très incomplète 

dans l'échantillon recuit en phase vapeur de dichlorométhane. Nous avons suggéré que la faible 

cristallinité de l'échantillon traité au dichlorométhane et, par conséquent, ses propriétés de 

transition de spin incomplètes pourraient être liées à sa faible capacité à accepter des liaisons 

hydrogène, par rapport aux quatre autres solvants utilisés dans notre étude. Nous pouvons donc 

suggérer que le recuit au solvant de films du composé [Fe(HB(tz)3)2] est plus efficace lorsque 

les molécules à TS peuvent former des liaisons hydrogène avec les molécules de solvant. 

 

Figure 2.4: Diffractogrammes RX de films du composé [Fe(HB(tz)3)2] exposés à différents solvants.   
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Chapitre 3. Propriétés de transition de spin des films minces de [Fe(HB(tz)3)2] 

Dans ce chapitre, nous présentons une étude approfondie des propriétés de transition de spin 

des films minces du composé [Fe(HB(tz)3)2] dont la fabrication a été détaillée au chapitre 2. 

Nous nous sommes particulièrement intéressés à la stabilité du phénomène de TS dans ces films 

(dépendamment des conditions de stockage, des méthodes de traitement, ou encore sous l’action 

répétée de cycles thermiques, etc.) ainsi que des possibles effets de réduction de taille. 

Contrairement à ce qui est observé généralement dans les matériaux à transition de spin, 

nos recherches ont révélé une stabilité inattendue et exceptionnelle de ces films minces obtenus 

après un traitement à la vapeur d’eau. En particulier, nous avons montré que : 

(1) les propriétés de transition n’évoluent pas de manière significative lors du stockage à l'air 

ambiant (au moins pendant un an), 

(2) les films ne présentent aucun changement appréciable de leurs propriétés de transition 

lors d’une élévation de température jusqu’à environ 230°C (voir figure 3.1), 

(3) les propriétés de transition peuvent être conservées lors de l'encapsulation de ces films 

entre des couches polymères (SU8) ou lorsqu'elles sont recouvertes d'un film métallique (Al), 

(4) les propriétés de transition restent pratiquement inchangées lors de la commutation 

répétée de l'état de spin. 

 

 

Figure 3.1: Évolution de l'absorbance optique (à 317 nm) à température ambiante d'un film mince de 

[Fe(HB(tz)3)2] de 125 nm d'épaisseur en fonction de la température de recuit. 
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Une des caractéristiques essentielles est la stabilité du phénomène de transition de spin 

sous l’action de cycles thermiques répétés. Habituellement, dans la littérature, la courbe de 

transition induite thermiquement est enregistrée sur seulement quelques cycles de 

chauffage/refroidissement. Cependant, même pour un petit nombre de cycles thermiques, le 

phénomène de transition de spin dans ces matériaux peut changer radicalement ou même 

disparaître, en raison de divers phénomènes tels que la perte ou l’absorption de molécules de 

solvant, une fatigue mécanique ou différents changements structurels irréversibles.  

Afin d'étudier la stabilité de la commutation BS ↔ HS dans les films minces du 

composé [Fe(HB(tz)3)2], nous avons mené différentes expériences. Tout d'abord, nous avons 

réalisé une série d’environ 10 000 cycles thermiques consécutifs sur un film mince et enregistré 

les courbes de transition de spin par absorption optique avant et après les cycles thermiques. La 

figure 3.2 résume ces résultats. Premièrement, on peut observer que les spectres d’absorption 

optique à température ambiante sont pratiquement les mêmes, avant et après les 10321 cycles 

thermiques effectués. De plus, on constate que les courbes de transition se superposent 

parfaitement, la variation de la température de transition du film restant inférieure à 0,5 K. Une 

légère diminution de l'amplitude de variation de l’absorbance optique est cependant observée, 

mais elle reste proche de l'incertitude expérimentale. 
 

 

 

 

Figure 3.2: (Gauche) Spectres d’absorption et (droite) courbes de transition de spin thermique d’un film 

de [Fe(HB(tz)3)2] après différents nombres de cycle thermiques consécutifs. 

 

300 400 500 600 700 800

0.0

0.5

1.0

1.5

2.0

2.5

3.0

A
b

s
o

rb
a

n
c

e

Wavelength (nm)

 20 °C_after_4th cycle

 20 °C_after 1858th cycle

 20 °C_after 10321st cycle

300 320 340 360 380
0,0

0,1

0,2

0,3

0,4

0,5

0,6

A
b

s
o

rb
a

n
c

e

T (K)

4
th
 cycle

1858
th
 cycle

10321
st
 cycle

 

 



190 
 

Afin de pouvoir réaliser un nombre plus élevé de cycles thermiques en un laps de temps 

raisonnable, nous avons décidé d’utiliser des microfils métalliques chauffés par effet Joule. En 

raison de leur faible masse thermique, la réponse temporelle de ces microfils est très rapide et 

la distribution de température est spatialement bien confinée. Pour notre expérience, une couche 

d’environ 175 nm du composé [Fe(HB(tz)3)2] a été déposée par évaporation thermique 

directement à la surface du nanofil chauffant. Un courant alternatif, de forme carrée, oscillant 

entre 0 et 38 mA à une fréquence de 1 Hz, a ensuite été appliqué à l'échantillon pendant deux 

semaines. Cela a permis d’induire successivement plus d’un million de sauts de température 

entre 30 et 100°C et ainsi d’induire plus d’un million de cycles BS-HS-BS. De manière 

remarquable, la température de transition de spin est restée inchangée et la forme des courbes 

de transition n’a été que très légèrement modifiée. 

Au cours de ces dix dernières années, l'étude des nanomatériaux à transition de spin a 

suscité un intérêt considérable. Comprendre les relations qui existent entre la réduction de taille, 

la structure cristalline, les propriétés de surface/interface et le comportement de transition de 

ces nano-objets bistables s’avère en effet crucial pour leur intégration dans des dispositifs 

futurs. Dans ce contexte, les films minces de [Fe(HB(tz)3)2] déposés par évaporation thermique 

apparaissent comme des échantillons « idéaux » pour étudier les effets de réduction de taille. 

Pour cela, huit films minces d’épaisseur comprise entre 45 nm et 201 nm ont été préparés par 

sublimation thermique sur des substrats de silice fondue. Un traitement ultérieur de 10 minutes 

à l’air, sous une humidité relative d’environ 80 %, a été réalisé pour obtenir des films stables et 

entièrement cristallins. L'épaisseur des films a été déterminée à partir de données AFM. Les 

températures de transition de ces films ont été extraites de manière précise par des mesures 

d’absorption optique effectuées sur quatre cycles de chauffage/refroidissement. La figure 3.3 

montre la dépendance de la température de transition T1/2 et de la largeur du cycle d’hystérésis 

thermique en fonction de l’épaisseur du film. De manière remarquable, un décalage 

systématique de T1/2 d’environ 3 K est observé vers les hautes températures lorsque l’épaisseur 

du film est diminuée de 201 à 45 nm. De plus, contrairement à T1/2, la largeur du cycle 

d’hystérésis thermique (environ 0,5 K) reste pratiquement indépendante de l’épaisseur du film. 

Nous avons montré que ce comportement inattendu peut être expliqué à l’aide d’un 

modèle nano-thermodynamique, en supposant une augmentation de l’énergie de surface lors du 

passage de la phase BS à la phase HS (au lieu d’une diminution habituellement considérée). En 

particulier, le caractère anisotrope des déformations structurales lors de la transition dans ces 

films orientés apparaît comme étant à l'origine de ce comportement. Ce résultat appelle une 
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modification du paradigme sur la façon dont le diagramme de phase des matériaux 

nanocristallins (pas seulement à transition de spin) varie avec la réduction de taille et souligne 

les relations étroites qui existent entre l'anisotropie structurelle, l'énergie de surface et la 

stabilité des phases. 

 

Figure 3.3: Evolution (a) de la température de transition et (b) de la largeur du cycle d’hystérésis 

thermique en fonction de l'épaisseur du film de [Fe(HB(tz)3)2] pour les différents cycles de chauffage / 

refroidissement. (Les lignes en pointillés servent de guide pour les yeux.) 
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CHAPITRE 4.  ASSOCIATION DE LA TRANSITION DE SPIN AUX PROPRIETES 

LUMINESCENTES 

 

Dans ce chapitre, est présentée une nouvelle approche de modulation de la luminescence 

par la transition de spin. Elle consiste au dépôt de nos films minces [Fe(HB(tz)3)2] sur un film 

luminescent. L’association des propriétés de luminescence et de transition de spin (TS) peut 

être particulièrement intéressante pour la thermométrie à l'échelle micro et nanométrique, en 

particulier lorsque des méthodes de microscopie optique à balayage en champ proche (NSOM) 

sont utilisées. La combinaison d'un luminophore et d’un complexe à TS peut conduire à une 

modulation de la luminescence selon trois mécanismes différents: 

(i) L'émission de luminescence peut être ré-absorbée sélectivement par l'état haut spin (HS) 

ou bas spin (BS). 

(ii) De façon alternative, l'énergie de l'état excité de la molécule luminescente peut être 

transférée au complexe métallique, dans un état de spin donné, via un processus de 

transfert d'énergie résonante sans émission de photons. 

(iii) Enfin, divers «effets environnementaux» peuvent également conduire à la modulation de 

la luminescence lors de la TS. Parmi ces effets on retrouve : le changement de polarité et 

de rigidité de l'environnement local, la modulation des distances intermoléculaires ainsi 

que des phénomènes de transfert de charge. 

Afin d'obtenir une modulation d'intensité de luminescence induite par le phénomène de 

commutation d'état de spin, des dispositifs ont été fabriqués par évaporations successives sur 

un substrat, transparent, d’une couche mince de molécules luminescentes suivie de celle d'une 

couche de molécules à TS. Nous avons décidé de combiner nos films [Fe(HB(tz)3)2] avec le 

luminophore tris[2-phenylpyridinato-C2,N]iridium(III) - Ir(PPy)3 (voir Figure 4.1). 

Des films de complexe d’iridium d’environ 30 nm d’épaisseur ont été formés par 

évaporation thermique sous vide. L'excitation de ces films, à 300 nm, conduit à une large 

émission luminescente centrée à 520 nm. La dépendance de l’intensité et de la durée de vie de 

cette luminescence en fonction de la température s’est avérée négligeable dans la plage de 

températures étudiée (300 - 400 K). 

Par la suite, un film de [Fe(HB(tz)3)2] de 107 nm d'épaisseur a été déposé par 

évaporation thermique sous vide au-dessus de la couche de luminophore. La figure 4.2 décrit 

les spectres d'émission de luminescence du film bicouche à différentes températures. De façon 

remarquable, le changement radical entre 333 et 350 K de l'intensité de la luminescence dans 

la bicouche contraste fortement avec la quasi constance, dans la même plage de température, 
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de l'intensité luminescente du film d'Ir(PPy)3. Par ailleurs, la durée de vie luminescente de 

Ir(PPy)3 reste, également, pratiquement indépendante de la température dans la bicouche 

(Figure 4.2). 

 

Représentation schématique 

du dispositif 

Structure chimique du complexe à 

TS 

Structure chimique de 

la molécule 

luminescente 

  
 

 

Figure 4.1: Représentation schématique du dispositif et structures chimiques des complexes de fer et 

d’iridium.  

 
 

Figure 4.2: Caractérisation du film bicouche d’Ir(PPy)3 et de [Fe(HB(tz)3)2]. (Figure à gauche) Spectres 

d’émission, en fonction de la température, obtenus par excitation du complexe d’iridium à 300 nm. 

(Figure à droite) courbes de décroissance de la luminescence en fonction de la température enregistrées 

lors des premiers 800 ns de la décroissance.  

 

Dans la figure 4.3, nous comparons les dépendances de l'absorbance (λ = 300 nm) et de 

l'intensité de luminescence (λexcitation = 300 nm, λémission = 520 nm) du film bicouche lors de deux 

cycles thermiques compris entre 300 et 380 K. La forte variation de l'intensité de la 

luminescence du complexe  Ir(PPy)3 à environ 335 K est bien corrélée avec la diminution de 
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l'absorbance UV de [Fe(HB(tz)3)2] et peut donc être attribuée sans ambiguïté au phénomène de 

transition de spin. Il convient également de noter la bonne reproductibilité globale de ces 

mesures, au fil des cycles de chauffage et de refroidissement successifs et ce malgré une légère 

diminution continue de l'intensité de la luminescence due à un phénomène de photo-

blanchiment lent (à l'échelle des heures). 

 

Figure 4.3: Dépendances thermiques normalisées de l’absorbance UV et de l’intensité de l’émission 

luminescente du film bicouche (30 + 107 nm d’épaisseur, excitation: 300 nm, émission 520 nm). 

 

La modulation réversible de l'intensité de la luminescence au niveau de la TS peut être 

attribuée à la différence des propriétés d'absorbance des rayons UV du complexe du fer dans 

ses deux états de spin: soit totalement transmettant (état HS), soit bloquant partiellement (état 

BS) le faisceau de lumière utilisé pour exciter le complexe d’iridium et obtenir la luminescence. 

Afin de prouver cette hypothèse et d’évaluer l’amplitude de modulation de luminescence par la 

TS, nous avons préparé deux autres films constitués respectivement de couches de complexe à 

TS d’environ 200 nm et 800 nm d'épaisseur. Les résultats obtenus avec les trois différentes 

épaisseurs de film à TS sont regroupés dans la figure 4.4. Dans chaque échantillon bicouche, 

un changement important et réversible de l'intensité de la luminescence est également observé 

autour de 337 K. Comme prévu, l'ampleur de la modulation de la luminescence (IHS / IBS) 

augmente avec l'épaisseur de la couche à TS. Des modulations d’environ 200% à 1300% (par 

rapport à la valeur de l’intensité luminescente obtenue  à température ambiante) ont été 

respectivement observées pour le film le plus mince et pour le plus épais. Comme le montre la 
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figure 4.4, le point le plus remarquable est la corrélation parfaite entre la modulation de 

luminescence IHS / IBS dans le film de Ir(PPy)3 et le changement de transmittance TrHS / TrBS 

dans le film de [Fe(HB(tz)3)2]. Ce résultat fournit une preuve irréfutable du mécanisme de 

modulation de la luminescence dans la couche inférieure, qui se produit via la modulation de 

l'intensité de la lumière d'excitation par l'absorbance UV en fonction de l'état de spin de la 

couche supérieure. 

 

 
 

Figure 4.4: (Figure en haut) Dépendance thermique normalisée de l’intensité de la luminescence pour 

différentes épaisseurs de la couche de complexe à TS dans les films bicouches TS-luminescent. (Figure 

en bas) tracé du ratio de l’intensité de la luminescence en fonction du ratio de la transmittance du 

complexe dans les états HS et BS. 
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CHAPITRE 5.  ETUDE DES COUCHES MINCES A TRANSITION DE SPIN PAR 

MICROSCOPIE A FORCE ATOMIQUE (AFM) 

 

Un objectif important de cette thèse était le développement de méthodologies efficaces 

pour l’analyser avec une haute résolution spatiale le phénomène de la transition de spin dans 

les couches minces au moyen de technique de microscopie à sonde locale. En effet, à l’heure 

actuelle, il y a un besoin de nouveaux outils de type microscopie à haute résolution spatiale 

ainsi que des techniques et méthodes expérimentales possédant une sensibilité de mesure 

suffisante pour détecter le changement d'état de spin moléculaire dans des matériaux contenant 

une très petite quantité de matière, idéalement dans un unique nano-objet isolé. Parmi les 

différentes possibilités de détection offertes par la microscopie à sonde locale, la détection 

quantitative des propriétés mécaniques s’est avérée être la plus prometteuse. Nous avons donc 

concentré nos efforts principalement sur les mesures nano-mécanique par microscopie à force 

atomique (AFM). 

En générale, une molécule dans l’état bas spin occupe un moindre volume que dans 

l’état haut spin. Il en résultat que le solide à transition de spin dans sa phase bas spin est plus 

rigide et possède une masse volumique plus importante que dans sa phase haut spin. En effet, 

les valeurs expérimentales de module d’Young d’un matériau TS dans sa phase haut spin, se 

situent dans un intervalle allant de 1 à 10 GPa. Cette valeur augmente de manière significative 

(jusqu’à 50 %) lorsque le solide à TS transite vers la phase bas spin. Le tableau 5.1 répertorie 

l’ensemble des données expérimentales disponibles des modules élastiques des matériaux à 

transition de spin dans l’état haut spin et bas spin (quand la technique expérimentale le permet). 

Les constants élastiques du complexe [Fe(HB(tz)3)2], qui ont été déterminées dans les deux 

états de spin, aussi bien pour le matériau massif, les poudres microcristallines que pour les 

couches minces, nous intéressent tout particulièrement. 

L'imagerie quantitative des propriétés mécaniques à l'aide de la microcopie à force 

atomique représente un défi de taille en raison des problèmes liés à la quantification des 

interactions pointe-échantillon et de la géométrie de contact. Dans nos travaux, nous avons 

principalement utilisé l’AFM en mode multi-fréquence (le mode AMFM), qui repose sur 

l’excitation et la détection simultanée des premiers et seconds modes propres de vibration du 

micro-levier de l’AFM (Figure 5.1). La collecte du premier mode sert principalement à générer 

la topographie de la surface, tandis que les mesures du deuxième mode servent à générer des 

cartographies des propriétés mécaniques / viscoélastiques telles que le module de Young, la 

dissipation et la profondeur d’indentation. L’une des spécificités de l’AFM en mode multi-
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fréquence est la capacité d’obtenir des informations quantitatives en conservant des taux de 

balayage rapides. 

 

Tableau 5.1: Comparaison des différents modules d’élasticité effectifs reportés dans la 

littérature entre différents complexes à transition de spin (B: module d’élasticité isostatique, E: 

module d’Young, v: coefficient de Poisson) 

 

 

 

 

Figure 5.1: Représentation schématique du principe de fonctionnement de l’AFM en mode multi-

fréquence (AMFM mode), où deux excitations sinusoïdales sont envoyées vers la pointe AFM (en bleu 

et en rouge). 

Composés  Module d’élasticité 
(GPa) 

Méthode  expérimente        échantillon 

Fe(phen)2(NCS)2 BHS = 9.3, BLS = 12.2 HPXRD [259] monocristal 

Fe(btz)2(NCS)2 BHS = 8.3, BLS = 11.2 HPXRD [259] monocristal 

Fe(dpp)2(NCS)2.py BHS = 10.6 HPXRD [260] monocristal 

[{Fe(bpp)(NCS)2}(4,4’-
bpy)].2MeOH 

B = 6.2 HPXRD [263] monocristal 

[Fe(TPA)(TCC)]SbF6 BLS = 10.8 HPXRD [264] monocristal 

[Fe(3-MeOsalEen)2]PF6 BHS = 4.3 HPXRD [265] monocristal 
[Fe(hptrz)3](OTs)2 EHS = 1.3, ELS = 1.7 AFM [126] Film 

[Fe(ptz)6](BF4)2 BHS = 4.8 
EHS = 4.5 
vHS = 0.34 

          Brillouin spectra [261] monocristal 

[Fe(pyrazine)(Ni(CN)4)] EHS = 10.4, ELS = 
13.5 

NIS [258] Poudre cristalline 

[Fe(H2B(pz)2(phen)] EHS = 4.7, ELS = 5.2 
EHS = 6.9 

NIS [262] 
MEMS [266] 

Poudre cristalline 
 

film amorphe 
{Fe(3-CNpy)[Au(CN)2]2}·2/3H2O ELS = 7.5           Cantilever bending [257]        monocristal 
[Fe(HB(tz)3)2] EHS = 7.1, ELS = 10.9 

BLS = 11.5 
vLS = 0.34 
EHS = 9.9, ELS = 12.0 

NIS [173] 
HPXRD [173] 
 
MEMS [173] 

Poudre cristalline 
monocristal 

 
film cristallin 
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Nous avons effectué des mesures AMFM sur des films nanocristallins du composé 

[Fe(HB(tz)3)2], déposés sur un substrat de quartz dans les conditions décrites au chapitre 2. Afin 

de détecter la transition de spin dans le film, nous avons effectué des balayages AMFM en 

chauffant ou refroidissant lentement l'échantillon autour de sa température de transition de spin. 

Nous avons observé que, aux alentours d'une température donnée, le signal détecté par la point 

AFM devient extrêmement bruitées; la sonde n'est plus en mesure de suivre la surface pendant 

un intervalle de temps d’environ. 5-10 secondes. Cependant, lorsque cet intervalle de 

température, sur lequel ce brouillage mécanique se produit, est dépassé, l’imagerie AFM de la 

surface se poursuit à nouveau dans des conditions standards de mesure. On peut évidemment 

attribuer ce phénomène à la transition de spin dans le film. Nous pensons que les contraintes 

élastiques spontanées générées durant la transition de spin ne permettent pas à la pointe AFM 

de suivre la réponse du matériau aux excitations sinusoïdales - comme si l’échantillon était 

“secoué” lors de l’analyse de l’AFM. Une fois que le composé est dans la nouvelle phase, 

l'image redevient stable. La transition de spin est particulièrement nette lorsque l’on s’intéresse 

à l’évolution avec la température des différentes quantités mesurées par microscopie à force 

atomique en mode AMFM. Par exemple, la figure 5.2a-c montre la dépendance en température 

du module d’Young effectif, de la phase du signal AM ainsi que de la dissipation. Des pics sont 

clairement observés autour de T1/2↑ = 340,2 K et T1/2↓ = 333,8 K lors du chauffage et du 

refroidissement, respectivement. Ces pics n'ont évidemment aucune signification physique, 

mais ils nous permettent de détecter avec précision l'apparition de la transition de spin. 

À titre de comparaison, la figure 5.2d présente la dérivée de la courbe de transition de 

spin thermique du même échantillon obtenue à partir de mesures d'absorbance UV. 

Remarquablement, la transition de spin s'étend sur une plage de températures beaucoup plus 

réduite dans l'expérience AFM (T 0,5 - 1 K) par rapport à la mesure d'absorbance UV (T 15-

20 K). Nous pouvons interpréter ce résultat en considérant que dans l'AFM, nous ne détectons 

le changement d’état de spin que dans quelques centaines de nano-cristaux et, plus important 

encore, uniquement pendant la période de nucléation et de croissance. Au contraire, dans la 

mesure de l'absorbance UV, nous faisons la moyenne des propriétés de centaines de millions 

de nano-cristaux et nous sondons également tout changement d'état de spin, qu'il se produit ou 

non par nucléation et croissance. Ces résultats AFM nous indiquent donc que la transition de 

spin dans les nano-cristaux se produit de manière très abrupte, comme dans les monocristaux. 

De plus, ils indiquent que le large intervalle de température sur lequel se déroule la transition 

de spin observée dans les films minces ne peut pas s’expliquer uniquement par le fait que les 

différentes quantités extraites expérimentalement sont des moyennes spatiales effectuées sur un 
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ensemble de nano-cristaux pouvant posséder des propriétés de commutation légèrement 

différente. En effet, le phénomène observé peut être attribué à une combinaison de différents 

mécanismes de transition de spin (à la fois abrupt et progressif). 

 

  

 

Figure 5.2: Evolution avec la température du (a) Module d’Young, (b) de la phase et (c) de la dissipation 

pour un film mince de 100nm du composé [Fe(HB(tz)3)2] obtenue par mesure AFM en mode multi-

fréquence. La courbe rouge (resp. bleu) représente la phase de chauffage (resp. la phase de 

refroidissement). (d) Dérivée de la courbe de transition de spin du même film obtenue par mesures 

d’absorbance UV.  

 

Ensuite, nous avons mis en œuvre une nouvelle stratégie expérimentale consistant à effectuer 

simultanément des mesures AFM sur un film mince du composé [Fe(HB(tz)3)2] et sur un 

échantillon "de référence" possédant des propriétés thermomécaniques connues. En ce qui 

concerne l'échantillon de référence, nous avons choisi le matériau photorésistant SU-8 à base 

d'époxy dont on connait parfaitement les propriétés mécaniques. Comme caractéristique 

importante de cette expérience, nous avons purgé la chambre AFM avec de l'azote à la 
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température de 100 °C afin de déshydrater au mieux la surface de l'échantillon. La principale 

nouveauté de notre analyse est que les films SU-8 et SCO ont été balayés ensemble pour chaque 

image AFM et que le rayon de la pointe a été ajusté in situ au début de chaque balayage jusqu'à 

obtenir la valeur attendue du module de Young du matériau de référence pour une température 

donnée. La figure 5.3 montre des cartographies du module d’Young des deux films pour 

différentes températures. Une conclusion importante ici est que pour des températures 

supérieures à env. 330 K, une diminution très importante du module de Young est observée 

dans le film SCO, ce qui se traduit sur l’image AFM par un changement soudain de contraste 

entre le film SCO et l’échantillon de référence. Le graphique de la figure 5.3 montre la valeur 

moyenne du module de Young extraite des images AFM. En dessous (resp. au-dessus) de la 

température de 333 K, la valeur d’env. 6.5 GPa (resp env. 4 GPa) correspond à la valeur 

moyenne du module d’Young dans la phase bas spin (resp. haut spin). La diminution observée 

du module d’Young lorsque le système transite de l’état bas à l’état haut spin est en bon accord 

avec les résultats obtenus précédemment pour ce composé. Cette baisse prononcée du module 

de Young lorsque l'on passe de l'état BS à l'état HS est en bon accord avec les résultats 

précédents obtenus pour [Fe(HB(tz)3)2] par diffusion inélastique nucléaire (EBS = 11 GPa, EHS 

= 7 GPa) et par mesures micromécaniques MEMS (EBS = 12 GPa, EHS = 10 GPa, voir tableau 

5.1).  

Nous avons également essayé d'extraire des informations sur les mécanismes de 

dissipation d’énergie du fait de la transition de spin dans le film; un pic de perte d’énergie est 

observé autour de la température de transition de spin (environ 338 K). Il semblerait que la 

contribution la plus importante à ce pic de dissipation interne provient du déplacement des 

parois de domaines séparant les deux phases en présence de frottements visqueux Durant la 

dynamique spatio-temporelle du changement d’état de spin. Le pic de perte observé est une 

indication de la formation et du mouvement des parois de domaines dans ces films 

nanocristallins. En effet, l’inspection plus minutieuse de la carte du module de Young 

enregistrée au cours de la transition de spin à 333 K (voir l’agrandissement de la Figure 5.3) 

révèle que la nucléation de la phase HS se produit principalement autour des fissures existant 

dans le film. Ensuite, la croissance de ces germes conduit à une séparation de phase hétérogène 

à une échelle de taille nettement plus grande (échelle du µm) que la taille des nano-cristaux 

(environ 50 nm). Cette observation sans précédent indique que les nano-cristaux sont fortement 

«collés» au niveau des joints de grains, ce qui permet une transmission efficace de la contrainte 

mécanique induite par la transition de spin. 
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Figure 5.3: Cartographie du module d’Young (en GPa) du matériaux SU-8 and [Fe(HB(tz)3)2] pour 

différentes températures sélectionnées. La taille des images est de 14 μm × 3.5 μm. L’agrandissement 

de l’image correspondant à la température de 60°C montre la surprenante coexistence des phases bas 

spin (couleur or) et haut spin (couleur bleue). La dépendance thermique du module d’Young moyen 

obtenue à partir des images AFM en mode multi-fréquence est également représentée. 
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CONCLUSIONS GENERALES ET PERSPECTIVES 

Les matériaux moléculaires à transition de spin à l'échelle nanométrique présentant une 

commutation réversible entre deux configurations électroniques avec des propriétés physiques 

distinctes sont d'excellents candidats pour diverses applications technologiques. En particulier, 

ils peuvent servir de matériaux nanométriques actifs pour stocker et traiter l’information dans 

des dispositifs photoniques, mécaniques, électroniques et spintroniques, ainsi que pour la 

transduction de différentes formes d'énergie dans des capteurs et des actionneurs. 

Malgré les progrès considérables réalisés au cours de la décennie écoulée dans la 

synthèse, la caractérisation et la modélisation théorique de ces matériaux bistables, il reste 

encore plusieurs étapes cruciales à accomplir avant de pouvoir se tourner vers de véritables 

applications technologiques. En particulier, il sera nécessaire de produire des matériaux 

robustes à l'échelle nanométrique, qui présentent une transition de spin à des températures 

pertinentes sur le plan technologique et avec les fonctionnalités souhaitées (hystérésis ou 

transition progressive, coloré ou transparent, conducteur ou isolant…).  Il reste encore, en effet, 

beaucoup à faire pour mettre au point des méthodes efficaces permettant de développer des 

nano-objets à transition de spin de spin de haute qualité. Ces nouveaux nanomatériaux font 

appel également à de nouvelles méthodes de caractérisation, en plus de celles traditionnellement 

utilisées dans le domaine de la transition de spin (magnétométrie, diffraction des rayons X, 

calorimétrie, Mössbauer, spectroscopies électroniques et vibrationnelles…). En particulier, il y 

a toujour besoin d'outils de microscopie à haute résolution spatiale ainsi que de méthodes 

hautement sensibles capables de détecter les changements d'état de spin moléculaire dans de 

très petites quantités de matière, idéalement dans un seul nano-objet isolé. Au-delà de leur haute 

résolution et / ou de leur grande sensibilité, ces nouvelles approches expérimentales peuvent 

également fournir des informations sur les propriétés de ces matériaux, difficiles d’accès par 

des méthodes « conventionnelles » ou peu pertinentes pour d’autres gammes de tailles.  

Pour les mêmes raisons, de nouvelles approches théoriques ont été développées, mettant 

l'accent sur le rôle de plus en plus dominant des surfaces / interfaces dans la détermination des 

propriétés de ces objets de taille réduite. Cependant, la confrontation de ces modèles avec les 

expériences associées ainsi que l’utilisation de méthodes expérimentales sensibles à haute 

résolution sont sérieusement freinées par le manque de nano-objets à transition de spin robustes 

et de qualité. 

Ce travail de thèse a permis des avancées considérables dans ces différentes directions. 

Tout d’abord, nous avons réussi à développer des couches minces du complexe [Fe(HB(tz)3)2], 
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de grande qualité, robustes et reproductibles et qui présentent une transition de spin juste au-

dessus de la température ambiante. Cette transition de spin s’est révélée être stable à l’air 

ambiant (test sur une année), à la contrainte thermique (jusqu’à environ 260 °C) et lors de 

commutations répétées entre les deux états de spin (plus d’un million de cycles) ! 

 L'une des principales raisons de ces caractéristiques uniques et étonnantes est la stabilité 

intrinsèque de ce composé à l'état cristallin (via les liaisons nombreuses liaison hydrogène 

intermoléculaires). La compréhension chimique approfondie de cette stabilité structurelle et de 

cette résilience sera clairement l'une des perspectives futures de ce travail de thèse.  

Une autre raison de la stabilité des films réalisés est que nous avons pu établir, par une 

analyse détaillée et rigoureuse du processus de croissance du film, un protocole de fabrication 

produisant des dépôts très reproductibles, de bonnes qualité et parfaitement cristallins et 

orientés. Pour ce faire, nous avons utilisé - pour la première fois dans le domaine de la transition 

de spin- une évaporation thermique sous vide combinée à un recuit à la vapeur de solvant. Nous 

avons montré que différents solvants ayant une capacité de liaison hydrogène peuvent permettre 

la recristallisation des films initialement amorphes. Parmi ces solvants, l’eau s’est avérée la plus 

efficace et nous avons utilisé le traitement de ces films par l’humidité dans la suite de nos 

travaux. En effet, grâce à la haute qualité des films traités à l'humidité, nous avons été en mesure 

de fournir des données expérimentales essentielles pour évaluer la validité du modèle nano-

thermodynamique des nanomatériaux à transition. En particulier, nous avons pu mettre en 

évidence une nette augmentation de la température de transition de spin lors de la réduction de 

l'épaisseur du film, corrélée à l'augmentation de l'énergie de surface dans l'état de haut spin. Ce 

résultat quelque peu inattendu a ensuite été rationalisé en prenant en compte la forte anisotropie 

de la transition de spin dans ce matériau. 

Nous nous sommes également lancés dans l'étude de nos films en utilisant différentes 

approches de microscopie électronique à balayage. Dans un premier temps, nous avons préparé 

des films bicouches luminescents, associant le luminophore bien connu Ir(PPy)3 à 

[Fe(HB(tz)3)2], dans le but de fournir un fort contraste optique entre les états haut spin et bas 

spin, qui pourraient être exploités par microscopie à balayage optique en champ proche. Jusqu'à 

présent, nous n'étions pas en mesure d'exploiter ces bicouches dans les expériences NSOM (cela 

reste donc une perspective importante), mais nous avons pu démontrer une commutation 

efficace de la luminescence efficace de Ir(PPy)3 de plus d'un ordre de grandeur dû à la transition 

de spin dans [Fe(HB(tz)3)2]. Une étape supplémentaire consistera à réaliser le nano-tissage de 

ces films qui est déjà prévus. 

  



 
 

Etude de la croissance et des propriétés physiques des couches minces moléculaires du composé 

Fe(HB(tz)3)2 à transition de spin 

Les progrès récents réalisés pour la synthèse à l'échelle nanométrique et dans l'organisation de matériaux à 

transition de spin ont permis l'élaboration d'une variété de nano-objets moléculaires (nanoparticules, films minces, 

nano-motifs, assemblages à l'échelle nanométrique, etc.) présentant des propriétés remarquables. Ces nouveaux 

matériaux de tailles nanométriques offrent la possibilité intéressante d’exploiter leurs propriétés commutables à 

l’échelle nanométrique et ouvrent la voie à l’intégration et à la mise en application du phénomène de transition de 

spin dans diverses applications (capteurs, actionneurs, dispositifs pour le traitement de l’information et de 

stockage). Malgré les progrès considérables accomplis, il reste de nombreux défis à relever. Notamment, il apparaît 

crucial d’élargir considérablement le portefeuille de complexes à transition de spin montrant des propriétés de 

commutation robustes proches de la température ambiante. La transformation de ces composés en nanomatériaux 

de haute qualité nécessite également des études scientifiques approfondies sur la science des matériaux ainsi qu'une 

compréhension fondamentale du rôle des propriétés de surface / interface sur la fonctionnalité souhaitée. Il serait 

particulièrement important de préciser si la robustesse du phénomène peut répondre aux exigences strictes pour 

une application "réelle". Dans ce contexte, ce travail de thèse décrit la croissance et les propriétés physiques de 

couches minces de tailles nanométriques du composé Fe(HB(tz)3)2 (tz = 1,2,4-triazol-1-yl). Notamment, nous 

décrivons le dépôt sous vide de ce composé par évaporation thermique et montrons qu’un simple processus de 

recuit par vapeur de solvant permet d’obtenir des films minces nanométriques de haute qualité présentant une 

transition de spin proche de la température ambiante. Nous révélons également une résilience sur de nombreux 

cycles de commutation (> million) de la transition de spin dans ces films qui montrent également une bonne 

stabilité thermique, environnementale et une excellente processabilité. Cette stabilité exceptionnelle nous a permis 

(1) de mener une étude minutieuse des effets de taille sur les propriétés de transition, ainsi que (2) de mettre en 

œuvre une imagerie quantitative des films par microscopie à force atomique avec un accent particulier sur l'analyse 

des propriétés mécaniques (module de Young, tangente de perte, etc.). En vue d’études plus approfondies en 

optique en champ proche à haute résolution spatiale, nous avons également mis au point des films hybrides 

luminescents à transition de spin consistant en une combinaison de molécules Fe(HB(tz)3)2 et de Ir(ppy)3 (ppy = 

2-phénylpyridine) et démontré la modulation de la luminescence par le composé à transition de spin. 

Mots-clés: Transition de spin, couches minces, luminescence, microscopie à force atomique 

 

Investigation of the film growth and physical properties of thin molecular layers of the spin 

crossover compound Fe(HB(tz)3)2 

The recent progress in the nanoscale synthesis and organization of molecular spin crossover (SCO) materials 

allowed the elaboration of a variety of molecular nano-objects (nanoparticles, thin films, nanopatterns, nanoscale 

assemblies, etc.) exhibiting SCO properties. These new nanometer-sized materials offer the appealing possibility 

to exploit their switchable properties at the nanometric scale and open the way for the integration and 

implementation of SCO in various applications (sensors, actuators, information processing and storage devices). 

Despite the considerable progress accomplished, numerous challenges remain to be addressed. Notably, it appears 

crucial to enlarge considerably the portfolio of SCO complexes displaying robust, near room temperature 

switching properties. Turning these compounds into high quality nanomaterials calls also for rigorous material 

science studies along with fundamental understanding of the role of surface/interface properties on the desired 

functionality. Of particular importance would be to clarify if the robustness of the SCO phenomenon can meet the 

stringent requirements for ‘real world’ applications. In this context, this thesis work describes the growth and 

physical properties of nanometric thin films of the SCO compound Fe(HB(tz)3)2 (tz = 1,2,4-triazol-1-yl). Notably 

we describe the vacuum deposition of this compound by thermal evaporation and we show that a straightforward 

solvent vapor annealing process allows for obtaining high quality, nanometric thin films exhibiting SCO near room 

temperature. We reveal also an unprecedented and unexpected reversibility of the SCO in these films over 

numerous switching cycles (> million) as well as its thermal, environmental and processing stability. This 

exceptional stability of the SCO allowed us (1) to carry out a careful investigation of finite size effects for different 

film thicknesses as well as (2) to implement quantitative atomic force microscopy imaging of the films with 

particular emphasis on the analysis of mechanical properties (Young’s modulus, loss tangent, etc.). In view of high 

spatial resolution near-field optical studies, we also developed hybrid luminescent – SCO films consisting of a 

combination of Fe(HB(tz)3)2 and Ir(ppy)3 (ppy = 2-phenylpyridine) molecules and demonstrated the luminescence 

modulation by the SCO.  

Keywords: Spin crossover, thin films, luminescence, atomic force microscopy 


