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14.1 Introduction

Since the report of the first example of a spin-crossover (SCO) complex in 1931 by Cambi and co-workers1

and the vision of Kahn and co-workers in 1996 towards the application of SCO compounds in data process-
ing,2 a long and impressive literature on SCO has developed with the discovery of several new examples of
SCO compounds, the explanation of different types of SCO profiles, and the modification of SCO examples
to increase cooperativity and to direct the application to materials science. Scientists have developed SCO
networks,3–5 SCO frameworks,6–8 SCO gels,9–11 SCO liquid crystals,12–14 SCO nanoparticles and nanocrys-
tals, SCO thin films and have also applied patterning techniques to fabricate SCO devices. More recently
electrical control of SCO has been achieved and this work reviews research made so far with concern to
nanoparticles, thin films, surface patterns and devices from SCO materials.

SCO complexes are a particular class of compounds of 3d4 to 3d7 transition metals ions in an octahedral (Oh)
field, which can interchange between two electronic states, high spin (HS) and low spin (LS), by application
of an external perturbation such as temperature, pressure, light or magnetic field.15 This property can be
either present in solution or solid state and while in solution the system is diluted and the process essentially
molecular, in solid state the process may involve elastic interactions conferring different types and shapes of
transition curves. SCO was first reported by Cambi and co-workers when they observed unusual magnetism
in iron(III) derivatives of various dithiocarbamates which resulted in the recognition of the interconversion of
two spin states as a result of variation in temperature.1, 16, 17 Despite this discovery in the early 1930s a boom
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in SCO research has only occurred in the last 15 years with the miniaturisation of electronic devices and the
approach of the superparamagnetic limit for magnetic materials.

14.2 Nanoparticles and Nanocrystals

A key factor in the application of SCO systems into materials development is the control of the size of the object
that displays hysteresis.18 For production of functional devices, the use of nanometre-range SCO materials
is required and, combined with this, their magnetic and cooperative behaviour should be retained at low
dimensions. SCO nanoparticles have been produced that mainly recur to two distinct families of compounds:
the [Fe(R-trz)3]X2 family (trz = 1,2,4-triazole) and the [Fe(pz)]{M(CN)4} family (pz = pyrazole). The results
obtained for SCO nanoparticles derived from [Fe(R-trz)3]X2 (Fig. 14.1) have been very interesting.

14.2.1 Reverse Micelle (Microemulsion) Technique

In this technique, the resultant particle volume is defined by the size of the water droplet within the emulsion.
The most effective way to control the water droplet size is to vary the relative ratio of the water-to-oil, such
that smaller droplets are formed when the amount of oil is increased.19, 20

Diverse techniques have been used to produce SCO nanoparticles but undoubtedly the most widely used
has been the reverse micelle method, Fig. 14.1. This section reviews work done to produce SCO nanoparticles
using reverse micelle, dispersion and sol-gel techniques.

14.2.1.1 Triazole Derivatives

Coronado pioneered the preparation of SCO nanoparticles using the reverse micelle type technique, which
used either a water-in-oil or ethanol-in-oil microemulsion to grow SCO nanoparticles of [Fe(Htrz)2(trz)](BF4)
which were purple in colour and with an average size of around 15 nm.21 Evaporation of the solvent produced
a solid that could be suspended in n-octane yielding a bright transparent suspension. The thermochromic
behaviour of such suspensions was investigated, with the nanoparticles presenting a colour change associated
with both HS (pink) and LS (colourless) states. Transmission electron microscopy (TEM) images of isolated
particles showed regular sized spherical nanoparticles, Fig. 14.2a. Magnetic investigation of the isolated
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Figure 14.1 Iron(II) triazole-nanoparticles. (Left) representation of main family of compounds ([Fe(R-trz)3]X2)
used to produce SCO nanoparticles; (right) synthetic route used to produce nanoparticles of [Fe(NH2-trz)3].
Reproduced from ref. 22. Copyright Royal Society of Chemistry.
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Figure 14.2 SCO nanoparticles of ([Fe(R-trz)3]X2: (a) TEM image of [Fe(Htrz)2(trz)](BF4) nanoparticles; (b)
magnetic thermal hysteresis of [Fe(Htrz)2(trz)](BF4) nanoparticles with 1st cycle represented by black circles,
2nd cycle represented by red squares, 3rd cycle represented by blue triangle and 4th cycle represented by yellow
diamonds;21 (c) TEM image of [Fe(NH2trz)3](Br)2·3H2O·0.03(surfactant) nanoparticles with statistic distribution
based TEM images on ca. 300 particles, showing average size 69 nm, minimum and maximum sizes, 26 and
147 nm and disparity 19 nm; (d) Magnetic plot of [Fe(NH2trz)3](Br2)·3H2O·0.03(surfactant) for nanoparticles (-)
and for macroscopic particles obtained from a typical synthesis (–). Reproduced from refs 21 and 22. Copyright
Wiley VCH and the Royal Society of Chemistry.

nanoparticles showed that both the transition temperature (T1/2↑ = 386 K and T1/2↓ = 343 K) and the large
43 K wide hysteresis window were preserved when compared to the original nonengineered powder samples,
Fig. 14.2b.

In a parallel development Létard et al. prepared nanoparticles of a related compound where the triazole is
appended with an amino function and the bromide salt is used, [Fe(NH2-trz)3](Br)2·3H2O.0.03(surfactant =
Lauropal).22 In contrast to the nanoparticles previously described, their hysteresis window is preserved only
for large particles (>50 nm). It is interesting that these authors used a nonionic surfactant in contrast to
sodium dioctyl sulfosuccinate used by Coronado and co-workers. TEM images of isolated nanoparticles
dispersed in an ethanol solution, showed a good distribution of spherical particles with an average size of
69 nm, Fig. 14.2c.

Magnetic measurements for a collection of nanoparticles in both cooling and warming modes showed an 8 K
wide hysteretic SCO system (T1/2↑ = 311 K and T1/2↓ = 303 K). When compared to the macroscopic particles
(bulk sample) it was possible to observe that the width of the hysteresis window and consequently the degree
of cooperativity decreases for the nanoparticles, Fig. 14.2d. In a follow up, Létard and co-workers applied the
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same reverse micelle technique to the previously studied system and analysed the influence of the particle size
on the SCO properties.23 In a controlled fashion, particles with different sizes were produced by changing
the surfactant/water ratio. TEM images of the particles as function of the surfactant/water percentage ranging
from 50–85% were obtained, Fig. 14.3a. The authors concluded that homogeneity increases and particle size
decreases with increasing proportions of surfactant, yielding 30 nm size nanoparticles when 85% of surfactant
was used.

The magnetic properties in cooling and warming modes as a function of surfactant/water percentage were
determined, Fig. 14.3b. The abruptness of the transition was quantified using a parameter introduced by the
authors (�T80), corresponding to the difference of temperature at which 80 and 20% of the iron(II) metal ions
undergo spin-transition. Examination of the magnetic plots concluded that although the transition temperature
is not strongly influenced by the size of the particles, the width of the hysteresis is strongly dependent on the
size of the particles. The authors also pointed out that irrespective of the particle size the materials display
a large absorption shoulder at around 520 nm, as a result of the d–d transition of the LS state (1A1g→1T1g).
The d–d transition of the HS state (5T2g→5Eg) is expected to be observed at lower energy at 830 nm.

Recently, Coronado and Galán-Mascarós have studied the effect of chemical and size tuning
on the thermal hysteresis of bistable SCO nanoparticles. Nanoparticles of [Fe(Htrz)2(trz)](BF4),
[Fe(Htrz)3-x(NH2trz)x](ClO4)2 and [Fe0.8Zn0.2(Htrz)2(trz)](BF4) were prepared using the reverse micelle tech-
nique. The authors observed that mean size of the [Fe(Htrz)2(trz)](BF4) nanoparticles can be tuned down to 6
nm in diameter, with a considerable homogeneity shown by the narrow size distribution. The abruptness of the
SCO was not affected by tuning down the size of the nanoparticles, which maintained thermal hysteresis loop
widths of 30–40 K. Doped nanoparticles, [Fe(Htrz)3-x(NH2trz)x](ClO4)2 and [Fe0.8Zn0.2(Htrz)2(trz)](BF4),
presented sizes ranging from 10–15 nm with SCO temperatures closer to room temperature and thermal
hysteresis loops narrower than the ones produced by undoped nanoparticles (15–20 K). TEM, Fig. 14.4a–c,
and atomic force microscopy (AFM), Fig. 14.4d and Fig.14.4e, after deposition on gold or silicon surfaces
were used to characterise produced nanoparticles.24

Bousseksou et al. also contributed considerably to advance the research on SCO nanoparticles by prepar-
ing nanoparticles of [Fe(NH2trz)3](tos)2 (tos = tosylate) doped with fluorescent Rhodamine 110 (Rh110),
Fig. 14.5.25 The authors choose Rh110 as fluorescent marker because this exhibits only a very weak thermal
extinction of its luminescence around room temperature. Its emission spectrum and the low energy tail of its
excitation spectrum both overlap the 1A1g→1T1g absorption band of the iron(II)-triazole complex. Finally,
Rh110 also exhibits relatively weak photobleaching, and its properties within reverse micelles had been
previously explored by others.26

Undoped nanoparticles showed reversible thermochromic behaviour, with a violet suspension turning
colourless when heated to 50 ◦C which indicated possible SCO behaviour, Fig. 14.5a. Fluorescence of 10(6) nm
nanoparticles of [Fe(NH2trz)3](tos)2 doped with 3% Rh110, and 3 nm nanoparticles of [Fe(NH2trz)3](NO3)2

doped with 0.01% Rh110, were investigated. The thermal variation of the fluorescence intensity at 540 nm
showed that for [Fe(NH2trz)3](tos)2 doped with 3% of Rh110, the transition temperatures are 301 and 306 K
in the heating and cooling modes, respectively. In contrast to what would be expected, the authors observed
that the emission intensity increases with the temperature. In the case of [Fe(NH2trz)3](NO3)2 nanoparticles
doped with 0.01% of Rh110, the absence of hysteresis allowed the authors to develop a thermometer for
real-time thermometry, Fig. 14.5c.

In parallel to the developments on fluorescent SCO nanoparticles, Bousseksou and co-workers also inves-
tigated the cooperative SCO phenomena in [Fe(NH2trz)3](tos)2 nanoparticles.27 Particles with 3–4 nm size
were obtained using a nonionic surfactant to avoid anion exchange. TEM, high-resolution transmission
electron microscopy (HRTEM), dynamic light scattering (DLS), UV-vis spectroscopy and magnetic mea-
surements were used to characterise dried particles and particles in suspension. TEM images of nanoparticles
of [Fe(NH2trz)3](tos)2 show similar, spherical, nonaggregated nanoparticles with a narrow size distribution.
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Figure 14.4 Structural characterisation of SCO nanoparticles: (a) TEM image of NPs of [Fe(Htrz)2(trz)](BF4);
(b) TEM image of NPs of [Fe(Htrz)3-x(NH2trz)x](ClO4)2; (c) TEM image of NPs of [Fe0.8Zn0.2(Htrz)2(trz)](BF4);
(d) AFM images of nanoparticles of [Fe(Htrz)2(trz)](BF4) on a gold substrate (left) and on a silicon substrate
(right); (e) AFM high resolution topography image of nanoparticles of [Fe(Htrz)2(trz)](BF4) on a gold substrate.
Reproduced from ref. 24. Copyright American Chemical Society.

This was further confirmed by DLS at room temperature. The SCO behaviour of such particles was investi-
gated by variable temperature UV-vis experiments by following the change in intensity of the LS absorption
peak centred at 540 nm. Thermal SCO curves of [Fe(NH2trz)3](tos)2 nanoparticles exhibit a sharp transition
around T1/2 = 295 K, which was also confirmed by magnetic measurements on colloidal suspensions of the
same sample. The authors also pointed out that heating the sample above 313 K changes the SCO properties
of the [Fe(NH2trz)3](tos)2 nanoparticles.

Colacio and Herrera applied the same principle to prepare and design bifunctional hybrid SCO silica
nanoparticles, Fig. 14.6a.28 The authors stated that silica is a particularly suitable material for the preparation
of SCO silica nanoparticles systems because its high porosity allows for the incorporation of SCO compounds.
Moreover, as silica does not absorb light and does not interfere with magnetic fields the SCO compounds inside
the silica nanoparticles will keep their original optical and magnetic properties. {[Fe(Htrz)2(trz)](BF4)}n and
doped {[Fe1-xZnx(HTrz)2(Trz)](BF4)}n were used to produce three hybrids based on the ratio of Fe/Zn
used. The resultant nanoparticles were characterised by TEM and high-angle annular dark-field-scanning
transmission electron microscopy (HAADF-STEM) and their composition analysed by energy dispersive
X-ray spectroscopy (EDX), Fig. 14.6b. The isolated SCO silica nanoparticles were finally functionalised by
grafting the organic fluorophore 3-(dansylamido)propyltrimethoxysilane (dansyl) to the silica nanoparticles
surface.
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Figure 14.5 Optical properties of Fe(NH2trz)3(tos)2 nanoparticle suspensions: (a) (top) absorption spectra of
an octane suspension of Fe(NH2trz)3(tos)2 nanoparticles at selected temperatures in the cooling mode; (bottom)
thermal variation of the absorbance of the suspension at 540 nm in the heating (open symbols) and cooling
(closed symbols) modes, showing photographs of the sample at 295 K (violet) and 320 K (transparent); (b) (top-
left) fluorescence excitation (λemission = 540 nm) and emission (λexcitation = 475 nm) spectra of a rhodamine-110
doped (3%) Fe(NH2trz)3(tos)2 nanoparticle suspension at room temperature; (top-right) thermal variation of
the emission intensity at 540 nm in the heating (open symbols) and cooling (closed symbols) modes, showing
photographs of a sample (0.001%) under white light excitation at 295 K and 320 K; (bottom-left) emission
spectra of suspensions with diverse rhodamine concentrations. For each concentration the spectra were recorded
successively at 288 K (solid line), 318 K (dashed line) and 288 K (dotted line); (bottom-right) fluorescence
intensity maxima as a function of the rhodamine concentration (288 K); (c) thermal variation of the fluorescence
intensity at 540 nm in the heating (open symbols) and cooling (closed symbols) modes for a 3 nm rhodamine-110
doped (0.01%) [Fe(NH2trz)3](NO3)2 nanoparticle suspension. Reproduced from ref. 25. Copyright Royal Society
of Chemistry.
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Figure 14.6 SCO luminescent SiO2 nanoparticles: (a) synthetic route; (b) TEM (top left) and high angle annular
dark field-scanning transmission electron microscopy (HAADF-STEM) (top right) images of nanostructures of
{[Fe1-xZnx(HTrz)2(Trz)](BF4)}n. EDX compositional maps of Fe (bottom left) and Si (bottom right) collected from
the square area indicated on the HAADF-STEM image; (c) magnetic plots for different Fe/Zn ratios. Reproduced
from ref. 28. Copyright Wiley/VCH.
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The size of the particles produced depends on the ratio of Fe/Zn used with average dimensions ranging
from side length and width of 147 ± 11.7 nm and 92.1 ± 12.1 nm when no Zn is used to 188.9 ± 37.4 nm
length and 28.8 ± 7.1 nm width when the ratio of Fe/Zn is 0.5:0.5. Silica nanoparticles grafted with dansyl
have shown no significant difference in dimension when compared to the ungrafted nanoparticles.

Magnetic measurements on the three different silica nanoparticles showed that SCO behaviour is not lost
when these are incorporated in silica or even when the system is diluted with Zn, Fig. 14.6c. For the undoped
system, a complete and abrupt SCO was observed with T1/2↓ = 345 K and T1/2↑ = 385 K and a hysteresis
loop of 40 K, which resembles the magnetic profile of the bulk sample.29 For silica nanoparticles doped with
Fe/Zn 0.8:0.2, SCO becomes less abrupt and shifts to lower temperatures with T1/2↓ = 330 K and, in the
warming mode, a stepped transition with T1/2↑ = 353 K and T1/2↑ = 374 K. Finally, for the system doped
with Fe/Zn 0.5:0.5, the transition becomes rather smooth with T1/2↓ = 316 K and T1/2↑ = 342 K. Grafting
the surface of SCO silica nanoparticles did not alter the magnetic profile of the nanoparticles. The authors
also observed that the luminescence properties of the fluorophores grafted on the surface of the SCO silica
nanoparticles can be adjusted by the spin state of the SCO polymer.

A very interesting approach has been described by Pillet and co-workers, who recently reported the prepa-
ration of nanoparticles of [Fe(Htrz)2(trz)](BF4) using the reverse micelle technique and reverse hexagonal
liquid crystalline phases.30 The latter permitted the fabrication of polydispersive 1D nanoparticles which were
characterised by variable temperature Raman spectroscopy. 1D nanoparticles have been shown to retain their
SCO behaviour displaying abrupt SCO above room temperature with a hysteresis loop of 27 K.

14.2.1.2 Hofmann-Like Derivatives

SCO nanoparticles produced from Hofmann-like frameworks have also been prepared, Fig. 14.7a.31 Catala
and Mallah also used the reverse micelle technique which consisted of mixing a reverse microemulsion of
Fe(BF4)2·6H2O and pyrazine with a second microemulsion containing K2Pt(CN)4. This was followed by
precipitation with p-nitrobenzylpyridine in the presence of the surfactant sodium bis(2-ethylhexyl sulfosuc-
cinate). HAADF-STEM showed that the size of the particles is dependent on the concentration of metal ions
used with sizes varying from 7.7 nm for higher concentrations to 40 nm for lower concentrations of metal
ions, Fig. 14.7b. In the case of nanoparticles of Hofmann-like frameworks the SCO profile of the nanoparticles
differs from the bulk powder, occurring at a lower temperature for the nanoparticle samples, Fig. 14.7c.

Matrix-dependent cooperativity in anisotropic SCO nanoparticles of Fe(pyrazine)Pt(CN)4 was investigated
by Catala and Mallah.32 The authors tried to prove that the environment of the nanoparticles plays a crucial role
in the SCO process and that the cooperativity can be tuned by the matrix surrounding the nanoparticles. TEM
images showed mainly square-like particles with 10 × 10 nm. Matrix effects on the SCO and cooperativity
of the system have been studied using two coating agents: a calixarene based ligand bearing 8 pyridine
functions; and an inorganic polymer silica with thin and thick SiO2 shells. Magnetic studies have shown that
for particles with a thin silica shell, a hysteresis loop of 15 K is observed with transition temperatures close
to room temperature. For calix-covered nanoparticles, only a very small hysteresis loop of 2 K is observed
and no hysteresis was shown for the diluted composites whether in silica or in PVP.

SCO nanoparticles and nanocrystals of a 2D coordination polymer derived from [Fe(3-Fpy)2M(CN)4]
(M = Ni, Pd, Pt and 3-Fpy = 3-fluoropyridine) have also been prepared using the coating polymer
poly(vinylpyrrolidone) (PVP), which was added to an aqueous solution of the starting materials and sub-
sequent mixtures of these.33 The bulk material, nanoparticles and nanocrystals have very distinct magnetic
profiles. Their SCO properties are drastically influenced by the dimensions of the crystal or the particle.
Square-like nanocrystals of Ni, Pt, and Pd derivatives with dimensions 400 × 400 × 30 nm, undergo a first
order spin-transition. Earlier, other techniques, such as a variation of the reverse micelle synthesis, have been
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Figure 14.7 SCO nanostructures derived from Hoffmann-like objects: (a) representation of a 3D network of
Fe(pyrazine){Pt(CN)4};8 (b) HAADF-STEM imaging and size distribution of particles (top, scale-bar 50 nm and
bottom, scale-bar 50 nm); (c) magnetic plots of the objects obtained from two different concentrations: 1, 0.14
mol L−1 and 2, 0.08 mol L−1 and bulk compound at a sweep rate of 1 K min−1 (left) and for 0.08 mol L−1 at three
different sweep rates (right). Reproduced from ref. 31. Copyright American Chemical Society.

used to give surfactant-free nanocrystals of [Fe(pz)Pt(CN)4] displaying size-dependent SCO with hystere-
sis.34 Ultra-small monodisperse nanoparticles of the 3D SCO coordination polymer [Fe(pyrazine){Ni(CN)4}]
obtained using the biopolymer chitosan as matrix were also reported with these particles retaining the coop-
erative SCO behaviour.35

14.2.1.3 Pyridyl Derivatives

In 2010 Létard et al. investigated light-induced storage of information in nanoparticles.20 Nanoparticles
of [Fe(NCS)2(bpe)2] [bpe = 1,2-bis(4′-pyridyl)ethane] were prepared by the water-in-oil reverse micelle
technique, varying the amount of surfactant used, Fig. 14.8a. The reactant concentration was kept constant
(0.05 M) and the mass of the nonionic polyoxyethylenic surfactant Ifralan D0205 was varied between
[Fe(NCS)2(bpe)2]-25%, [Fe(NCS)2(bpe)2]-78%, [Fe(NCS)2(bpe)2]-85%. The consequences of particle size
reduction on light-induced and thermally induced SCO properties have been investigated. TEM images of
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Figure 14.8 Nanostructures from [Fe(NCS)2(bpe)2]: (a) structure of the compound used to produce nanoparti-
cles; (b) (top) TEM images when 25% of surfactant was used (1–4 μm) and (bottom) when 85% of surfactant was
used (30–80 nm) with respective size distribution histograms; (c) magnetic plot for bulk [Fe(NCS)2(bpe)2] (�,
T1/2

= 80/133 K), [Fe(NCS)2(bpe)2]-(25%-surfactant) (•, T1/2
= 120 K), [Fe(NCS)2(bpe)2]-(78%-surfactant) (�,

T1/2
= 110 K), [Fe(NCS)2(bpe)2]-(85%-surfactant) (�, T1/2

= 90 K); (d) magnetic plot for the thermally induced
and light-induced SCO of bulk [Fe(NCS)2(bpe)2] (macroscale particles, �), [Fe(NCS)2(bpe)2]-(25%-surfactant)
(microscale particles, •) and [Fe(NCS)2(bpe)2]-(85%-surfactant) (nanoscale particles, �). Reproduced from
ref. 20. Copyright Wiley/VCH.

the particles showed that their size is dependent on the amount of surfactant used. This is not surprising, as
it had been previously shown. For lower amounts of surfactant the particles show rod-like features with sizes
ranging 1–4 μm. The size can be tuned down to 30–80 nm when 85% of surfactant is used, Fig. 14.8b.

Unlike the bulk material, the magnetic profile of the nanoparticles shows a slow one-step SCO for all
amounts of surfactant used with T1/2 shifting to lower temperatures with increasing of the amount of surfactant
used, Fig. 14.8c.

Light-induced excited spin state trapping effect (LIESST) was investigated by sample irradiation at 10 K
with light working at λ = 530.2 nm. A light-induced excitation of the LS state to a metastable HS state was
observed with the degree of conversion being dependent of the amount of surfactant used and consequently
the size of the particles, Fig. 14.8d.
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14.2.2 Sol-Gel Techniques

Alternative techniques to the reverse micelle method to prepare nanoparticles have been used by Boillot and
co-workers to give access to thermo and photoswitchable SCO nanoparticles of an FeII complex trapped
in transparent silica thin films.36 For that the authors used the sol-gel technique to fabricate nanoparticles
of discrete molecules based on [Fe((mepy)3tren)](PF6)2 ((mepy)3tren = tris(4-[(6-Me)-2-pyridyl]-3-aza-3-
butenyl)amine), Fig. 14.9a. Nanoparticles were produced by mixing the crystalline solid in a previously aged
solution containing tetramethoxysilane (TMOS), dimethyldimethoxysilane (DMDMS), acetone and H2O.

Figure 14.9 Sol-gel technique to produce SCO nanoparticles: (a) molecular formula; (b) SEM images of
[Fe((mepy)3tren)](PF6)2 nanoparticles embedded in silica thin films; (c) relative area variation of MLCT absorp-
tion extracted from the Vis absorption data for 47 nm nanoparticles (�), 730 nm nanoparticles (�), precipitated
powder (�) and crystalline powder (♦). The ratio (A10 – AT)/(A10 – A300) corresponds to the fraction of SCO
compounds in the HS state. Reproduced from ref. 36. Copyright Royal Society of Chemistry.
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The obtained solution was then spin-coated on a glass slide where rapid evaporation of solvents quenches
the growth of the particles in the silica thin film. Nanoparticles with different dimensions were obtained
depending on the aging time of the sol, giving particles with dimensions of 730 (± 80), 300 (± 40), 72 (±
16) to 47 (± 10) nm after 1 h, 2, 10 and 15 days, respectively, Fig. 14.9b.

Variable-temperature magnetic measurements were carried out both for the microcrystalline and the precip-
itated powders. Although the nanoparticles show thermochromic behaviour, magnetic measurements on thin
films of nanoparticles prepared by spin coating were inconclusive and the authors used variable temperature
UV-vis to probe the spin-transition in the nanoparticles, Fig. 14.9c. These have shown that the nanoparticles
have a magnetic behaviour very similar to that of the precipitated powders with T1/2 = 130 ± 5 K resulting in
decreased cooperativity when compared to the crystalline sample. The authors also observed that the magnetic
profile of the nanoparticles is size independent. Like the precipitated powders, the nanoparticles also show
LIESST effect.

Faulmann et al. prepared nanoparticles of the SCO complex [Fe(Htrz)2(trz)](BF4) in xerogel transparent
composite films.37 The dispersion and consecutive inclusion of the iron complex in a silica matrix prepared
from TMOS or tetraethoxysilane (TEOS) afforded monoliths or films with a violet colour at room temperature,
which turns white above 380 K. Particles with sizes ranging from 1 to 5 nm were imaged by TEM and their
composition was confirm by EDX. Magnetic measurements showed that for films of nanoparticles in TMOS
the transition temperatures shifted towards higher temperatures with the hysteresis loops also getting narrower
with the number of cycles like the bulk sample. The SCO of crushed thin films and as prepared thin films was
further confirmed by variable temperature Raman.

14.3 Thin Films

The engineering of SCO molecules towards processable memory devices is the main goal of applied SCO
research. One of the most active routes pursued has been the deposition of such SCO active molecules on
surfaces. For this, several techniques have been used (Langmuir–Blodgett (LB) deposition, surface-assisted
molecular self-assembly, dip coating/drop casting, spin coating, complexes imbedded into matrixes), although
only a few of these have been successful. One technique which has been most used to fabricate thin films of
SCO active molecules is LB deposition. This and the other surface deposition techniques are reviewed below.

14.3.1 Langmuir–Blodgett Deposition

A single layer of molecules on a liquid–air interface is termed a Langmuir monolayer, and after transfer,
is termed an LB film. It may be possible to transfer the monolayer to a surface if the surface substrate is
immersed into and emmersed carefully from the trough. More than one layer may be transferred by successive
immersions and emersions, although this is not always possible. Upon LB layer formation on a surface three
different film architectures can result. Y-type multilayers are most common and X-type and Z-type films are
rare.38

The first attempts to form a SCO LB film were made by Kahn and Ruaudel-Texier using an amphiphilic
derivative of the well-known [Fe(phen)2(SCN)2] complex, Fig. 14.10a.39, 40

The LB film of this complex was transferred onto calcium fluoride and quartz substrates accomplishing a
successful transfer of up to 200 layers, Fig. 14.10b. The type of film was inconclusive and of type X or Z and
has been shown by variable temperature IR to exhibit thermal SCO with T1/2 = 260 K and a hysteresis loop
of ca. 4 K, Fig. 14.10c.40
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Figure 14.10 Production of SCO LB films: (a) molecular structure of [Fe(phen)2(SCN)2] derivative;39, 40 (b)
Langmuir–Blodgett deposition on a surface starting with a hydrophobic substrate;38 (c) temperature dependence
of molar fraction of HS species in both cooling and warming modes based on vibrational modes changes followed
by IR. Reproduced from refs 38 and 40. Copyright American Chemical Society and the Royal Society of Chemistry.

Later in 1998, Mingotaud and co-workers studied the formation of Langmuir and LB films on a deriva-
tised [Fe(bpy)2(SCN)2] with bpy = 2,2′-bipyridine. Langmuir films were found to be very unstable when
formed at the air–water interface. The problem was overcome when a mixed liquid phase was used. The
stability of the Langmuir films increased considerably when a water:DMF mixture was used as liquid
phase, and a further increase in stability was achieved when a mixture of water:DMF:KNCS was used.
Y-type LB multi-layered films were transferred onto a calcium fluoride substrate and characterised by
variable temperature IR spectroscopy. The SCO showed a quite distinctive profile if the magnetic mea-
surements on the film were performed below 340 K (gradual and incomplete with T1/2 = 292 ± 7 K), or
by heating above 340 K. The latter transition is more abrupt and complete than the former cycle, but is
irreversible.41, 42

A third Fe(II) LB film was obtained using a small variation of the bpy ligand described in the previous
example. Langmuir films obtained using an aqueous solution of KSCN as subphase and complexes with a
ligand derived from bpy with R groups (CH2)12-(CF2)5-CH3 and Me were transferred onto a Mylar substrate.
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Multilayered (>1200 layers) LB films were also shown to display thermal SCO with hysteresis. Furthermore,
the complex was shown to present the Light Induced Excited Spin State Trapping (LIESST) effect, showing
a more efficient LIESST process when compared to the powdered sample.43–45

Armand et al. used the same approach to fabricate LB films of the alkylated coordination polymer
[Fe(C18trz)3]X2 (X = perchlorate, triflate, tosylate).46 The attempts were not successful due to the instability
of the complexes at the air–water interface.46 This is not surprising, as LB films of SCO complexes have often
exhibited assembly problems, due to chemical instability of the iron complexes at the air–water interface and
consequent hydrolysis of the coordination bonds, or oxidation of the metal centres. Attempts to minimise
the hydrolysis have included the use of a DMF-water mixture as the subphase instead of pure water, and the
use of semifluorinated chains to avoid organic solvents. A very interesting approach by Roubeau towards
stabilisation of the Langmuir films at the air–water interface was the use of aqueous solutions of metal
salts as a subphase. Solutions of Co(NO3)2, Ni(NO3)2 and Zn(NO3)2 all proved successful. These salt
solutions permitted closer packing and formation of stable Langmuir monolayers, which were suitable for
the fabrication of up to 1100 LB multilayers.47 When this technique was applied to SCO complexes, partial
thermal SCO in [Fe(C18trz)3](NO3)2 polymers was detected by magnetic measurements of 400–1100 LB
multilayers deposited from a subphase containing Fe(NO3)2. For subphases containing other metal salts, no
SCO was observed in LB films of [Fe(C18trz)3](NO3)2 polymers.47, 48

A different and more recent approach was developed by Kurth and co-workers where they fabricated
LB multilayers using a polyelectrolyte-amphiphile complex (PAC). PAC were formed by self-assembly of
a metallo-supramolecular polyelectrolyte (MEPE) based on the ditopic bis-terpyridine 1,4-bis(2,2′:6′,2′′-
terpyridine-4′-yl)benzene and dihexadecyl phosphate (DHP). LB films of PAC with 11–15 layers have been
prepared and structurally characterised.49, 50 Unlike the bulk material, the SCO of the PAC LB films is
incomplete but reversible.51, 52

Brooker and Albrecht have used the LB technique to prepare Langmuir films of discrete Fe(II) complexes
which have been shown to be very unstable.53 More recently they have shown that functionalisation of
the 3,5-di(2-pyridyl)-4H-1,2,4-triazole (dpt) ligand with a C16 aliphatic chain forms a SCO Fe(II) complex,
[Fe(C16dpt)2(NCS)2], with T1/2 = 290 K. This Fe(II) complex was also found to form stable Langmuir
monolayers at the air–water interface but no attempts to form LB films were reported.54

Recently Albrecht and Morgan extrapolated these same principles to Fe(III), Co(III) and Mn(III)
amphiphiles. The authors reported the formation of stable Langmuir films with redox stable Fe(III) amphiphilic
complexes derived from [Fe(sal)2trien]+ (sal = salicylaldehyde, trien = triethylenetetramine), Fig. 14.11.55

Although these complexes do not show SCO in the solid state, the longer C18 complex shows an abrupt
SCO in solution.56 Complexes with alkyl chains with a length ranging from six to eighteen carbons were
tested and their ability to form Langmuir films was investigated. The authors observed that only the longer
C18 complexes formed suitable Langmuir films for surface transfer. The transfer process was limited to
four layers and the spectroscopic characterisation was inconclusive with respect to occurrence of LB
film SCO.

The extension of similar amphiphilic systems to Mn(III) was accomplished by functionalisation of a ligand
know to promote SCO with Mn(III) ions.57 It was observed that in these ions the SCO is sensitive to the
length and position of the alkyl chains with all spin transitions gentle and incomplete. It was also observed
that the complexes with longer alkyl chains (C12 and C18) formed densely packed Langmuir monolayers
with intermolecular contacts occurring at earlier stages of compression for the C18-functionalised complexes.
Stability tests using the C18-functionalised complexes have shown that only the complex bearing cisoid
alkyl chains were able to form reasonably stable Langmuir films over extended periods of time. Attempts to
transfer Langmuir films were not successful resulting in only partial transfer due to significant desorption of
the material during downstrokes.
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Figure 14.11 Production of [Fe(R-sal)2trien]+ LB films: (a) C18 amphiphilic compound used to fabricate LB films;
(b) Langmuir layers of [Fe(C18-sal)2trien]NO3, transferred onto glass support; (c) representation of type of LB film
formed. Reproduced from ref. 55. Copyright Royal Society of Chemistry.

14.3.2 Surface-Assisted Molecular Self-assembly

A more successful approach than the LB technique is the multilayer sequential assembly (MSA) technique.
This technique consists of the deposition/assembly of sequential layers by coordination bonds.58, 59 Thus,
Bousseksou and co-workers have prepared thin films with multilayers of the Hofmann-type SCO compound,
[Fe(pz)M(CN)4] where M = Ni, Pd, or Pt using the MSA method by epitaxial growth on gold surfaces,
Fig. 14.12a.60

The thin films formed by MSA retained the SCO characteristic of the bulk material. The SCO in the
multilayers shows a 25 K wide hysteresis window centred around 310 K but the transition is less abrupt than
in the powdered sample, Fig. 14.12b and 14.12c.

14.3.3 Diverse Techniques

Spin coating is a widely used and very versatile technique with several advantages. It is simple, cost effective,
produces a low amount of waste, is rapid and highly reproducible and produces homogeneous films on a
substrate. Spin coating is widely used in fabrication of inorganic nanostructure self-assemblies but major
drawbacks are the limitation by the solvent and the lack of order after evaporation of the solvent.61
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Figure 14.12 Surface confined Hofmann-type SCO assemblies: (a) representation of SCO thin film formation
of [Fe(pz)Pt(CN)4].; (b) temperature dependence of the χmT product (×) and the normalised Raman intensity
ratio (�) for [Fe(pyrazine)Pt(CN)4] powder on cooling and heating modes. (c) Temperature dependence of the
normalised Raman intensity ratio for [Fe(pyrazine)Pt(CN)4] powder (�) and film (◦) samples on cooling and
heating modes. Reproduced from ref. 60. Copyright Wiley/VCH.

The spin coating technique has also been applied to SCO complexes and the first report on attempts
to fabricate a SCO thin-film by this technique was by Matsuda and Tajima.62 [Fe(dpp)2](BF4)2 (dpp =
2,6-di(pyrazolyl)pyridine) was chosen, which shows an abrupt spin-transition centred at 259 K with a 3 K
hysteresis loop in the solid state, and a gradual transition in acetone solution. Smooth 30 nm thick films were
prepared on a glass substrate from a saturated acetonitrile solution of the complex. The SCO property of the
prepared film was investigated by variable temperature UV-vis spectroscopy and SQUID magnetometry and
shows that these films show an abrupt and reversible SCO at ca. 260 K. Conductivity measurements performed
on films sandwiched by indium-thin oxide (ITO) and aluminium over the SCO transition temperature have
shown that there is a small change in resistivity with change in spin state.

As a follow up, the authors utilised the same SCO molecule and spin coating method to embed a SCO com-
plex into a light-emitting layer of an EL device of chlorophyll a. By doping chlorophyll a with a SCO complex
the authors achieved a drastic change of the EL intensity accompanying the SCO of [Fe(dpp)2](BF4)2.63

A different approach has been developed by Kojima and co-workers, in which a Nafion film was doped
with the SCO complex [Fe(Htrz)3].64 The properties of thermal spin-transition as well as photoinduced SCO
on the film have been reported. The Fe(II)-doped Nafion film was prepared by immersion of a Nafion film in
an aqueous solution of an iron salt followed by immersion in a methanolic solution of 1,2,4-1H-triazole. The
magnetic profile of the film, which shows a SCO around T = 250 K with a small hysteresis loop of about 5 K,
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has been characterised in a separate report by Kojima et al. published around the same time.65 Photoinduced
SCO has been observed at low temperatures with an efficiency of conversion of 70% and decay dynamics
suggesting that stochastic nucleation dominates the relaxation process. Later, the SCO behaviour of the film
was further confirmed by Mößbauer spectroscopy.66 The P-T phase diagram for the photoexcited steady state
of the Nafion-[Fe(Htrz)3] film has also been determined67 and the same investigations have been extended to
the parent system [Fe(NH2-trz)3]-Nafion. The prepared film shows a smoother SCO centred at 198 K.68 To
finalise the extensive work developed on these Nafion-[Fe(R-trz)3] films, Kojima and co-workers reported in
2005 the preparation of transparent SCO Nafion-[Fe(Htrz)3] film showing thermochromic behaviour changing
from transparent (HS) to purple (LS).69

Recently, Kojima et al. demonstrated that the same principle can be applied to other SCO systems.70 The
elected candidate between the broad range of examples of Fe(II) SCO complexes has been [FeII(diAMsar)]2+

(diAMsar = 1,8-diaminosarcophagine) where, as in the powdered samples, [FeII(diAMsar)]-Nafion films
show a thermochromic dependence with the pH which is correlated with the SCO property of either the
powder or the films.

Boillot reported poly(methyl methacrylate) (PMMA) polymeric films doped with the Fe(II) SCO complex
[Fe(stpy)4(NCSe)2] (stpy = styrylpyridine).71 Films were prepared from a mixture of PMMA with increasing
amounts (2–20 wt %) of the [Fe(stpy)4(NCSe)2] complex. Transparent and semi-rigid PMMA doped thin
films showed SCO at T = 135 ± 25 K, which is comparable to that of the crystalline sample (T1/2 = 163 K).

Finally, vacuum deposition has been used to produce thin films of SCO complexes. This method can only
be applied to molecules that are stable to decomposition under the ultra-high vacuum deposition conditions
and has several advantages: it avoids dilution of the complexes embedded in a matrix; it allows exact control
of the thickness of the films; and it can be applied to patterning techniques. Despite all these advantages,
until now only two examples have been reported.

The first example was reported by Shi and Beaurepaire.72 The authors described high-quality thin films of
[Fe(phen)2(SCN)2] deposited on silicon or glass substrates by evaporation under high vacuum. However, the
film morphology was shown to be sensitive to air and became coarse under ambient conditions. The composi-
tion of the film and confirmation of its integrity was demonstrated by X-ray photoelectron spectroscopy (XPS)
on a 280 nm thick [Fe(phen)2(SCN)2] film. Optical transmission measurements were used to investigate the
electronic structure of the films and the authors claimed that for films ranging from 7 to 530 nm the electronic
structure of these remains practically unaltered. Moreover the magnetic profile of a 280 nm thick film was
characterised by SQUID magnetometer measurements, showing that thicker films retain the SCO property
with T1/2 = 175 K.

A more recent report by Quandt and Tuczek exploits the formation of thin films by high vacuum deposition
method of SCO complexes exhibiting a LIESST effect.73 The complexes studied were [Fe(H2Bpz)2(phen)]
(H2Bpz = bis(pyrazolyl)borate) and [Fe(H2Bpz)2(bipy)] (bipy = 2,2′-bipyridine). In the solid state,
[Fe(H2Bpz)2(bipy)] shows a SCO centred at T1/2 = 159.5 K and a TLIESST = 52 K, while [Fe(H2Bpz)2(phen)]
shows a SCO centred at T1/2↑ = 165.0 K, T1/2↓ = 162.7 K and a TLIESST = 44 K.7 Thin films were deposited
on ITO-coated glass or polymer tape and the thicknesses of the films were determined by a profilometer, their
surface quality was investigated 4by AFM. A thin film of [Fe(H2Bpz)2(phen)] was prepared with a thickness
of 480 nm and a rms roughness of 3.15 nm and a second thin film of [Fe(H2Bpz)2(bipy)] was also prepared
with a thickness of 410 nm and rms roughness of 3.7 nm. The thermal and light-induced spin-transitions of
the thin films were monitored by UV-vis absorption spectroscopy.

From the UV-vis spectra, the authors deduced the spin-transition temperatures for each of the thin films.
For thin films of [Fe(H2Bpz)2(phen)] the T1/2 = 155 K (± 1 K) which is comparable with the transition
temperature of the solid sample (T1/2↑ = 165.0 K, T1/2↓ = 162.7 K). For thin films of [Fe(H2Bpz)2(bipy)] the
T1/2 = 166 K (± 1 K) which is also close to the transition temperature of the solid sample (T1/2 = 159.5 K).
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LIESST-effect studies on thin films of both complexes were performed by irradiation of the film with a 525 nm
wavelength light. For thin films of [Fe(H2Bpz)2(phen)], TLIESST = 44 K with an efficiency of conversion to
metastable HS of 83%. For films of [Fe(H2Bpz)2(bipy)], TLIESST = 51 K with an efficiency of conversion to
metastable HS of 85%.

14.4 Surface Patterns

The search for practical applications within the field of SCO either by insertion of active molecules into
devices or by constructing devices out of SCO materials have brought together chemists and material
scientists. In a different but complementary approach to those described above, Ruben and Cavallini, Molnár
and Bousseksou, and finally Vieu, have investigated the possibility of depositing SCO compounds on surfaces
through patterning techniques.

14.4.1 Surface Patterns of Spin-Crossover

Ruben et al. used discrete molecules to reproduce the pattern of a CD through lithographic techniques. For this
the authors considered that the information generated in a SCO switching event occurs within the nanometric
regime, thus the interfacing of the molecular switching units with the microscaled device environment would
be of crucial importance. Considering this, the elected candidate for patterning was the neutral SCO complex
cis-bis(thiocyanato)bis(1,10-phenanthroline)iron(II) which shows a thermal spin-transition centred at 176K,
Fig. 14.13a.75, 76

The techniques used to deposit the SCO molecules on surfaces were Micro Injection Molding in Capil-
laries (MIMIC) to fabricate micrometric stripes and Lithographically Controlled Wetting (LCW) to pattern
submicrometric and nanostructures, Fig. 14.13b. It has been observed that the SCO compound crystallises
into micro- and nanowires or dots. Such patterns were characterised by AFM, polarised optical microscopy,
grazing incidence X-ray diffraction (GIXD) and Raman spectroscopy.

AFM studies of structures of the SCO compound printed by MIMIC on silicon revealed the formation
of strip-like structures (micrometric stripes) 1 μm in width, similar to the features of a stamp, Fig. 14.13c
(left). Optical images obtained by polarised microscopy indicated behaviour typical for optically anisotropic
materials exhibiting birefringence, Fig. 14.13c (centre and right). In particular, the microstripes appeared
homogeneously coloured indicating that their thickness is almost constant over the entire stripe but changes
between different stripes. Based on these observations it was deduced that confined deposition by MIMIC
induced a coherent, long-range order along the length of the stripes. To obtain features in the nanometre
regime the LCW technique was used. Structures with a resolution of approximately 160 nm were achieved,
by estimation of the full width at half-maximum; below this limit the stamp features were not perfectly
replicated.

The structure of nanopatterned films was investigated by GIXD. Azimuthal scans for both 010 and 001
reflections, forbidden for the original structure, were measured, indicating that the molecular arrangement
(with loss of symmetry elements) is slightly different from that in the bulk, Fig. 14.13d. Finally, the authors
aimed to pattern SCO representing information storage. For this, films of [Fe(phen)2(SCN)2] were moulded
by LCW into a logic pattern replicating a recorded compact disk. The imaging of the patterned film by
dark-field optical microscopy and AFM revealed an ordered array of crystallites of [Fe(phen)2(SCN)2]. The
SCO was probed by variable temperature Raman performed on freshly prepared films, Fig. 14.13e. Freshly
prepared films exhibited Raman spectra very similar to those of the powder retaining the SCO property.75

This property was found to be unstable over time due to aging of the micro/nano architectures.
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Figure 14.13 Stamping of SCO nanostructures: (a) molecular structure of compound used to create patterns;
(b) representations of the processes used to patterning SCO molecules; (c) microstripes of [Fe(phen)2(SCN)2]
fabricated by MIMIC on a silicon surface: (left) AFM topography (z scale is 50 nm), (middle) optical micrographs
recorded with unpolarised light, (right) micrographs recorded with crossed polars oriented along the axes of
the image; (d) GIXD azimuthal scan for the (010) of microstripes printed by MIMIC and respective top view
of the 3D structure of [Fe(phen)2(SCN)2] in the microstripes, as oriented in one domain. The red arrow indicates
the orientation of the microstripes; (e) Raman spectra of freshly prepared films, at 300 and 77 K with SCO
evident from the vibrational modes at 1449, 1420 and 2070 cm−1. Reproduced from refs 75 and 76. Copyright
Wiley/VCH and the American Chemical Society.

More recently, the same authors built on the experience obtained with the previous system, to fabricate
thin deposits and patterns of a room-temperature-switchable 1D SCO compound which crystallises to form
an infinite 1-D chain exhibiting a SCO at T = 286 K.77 With the aim of controlling the spatial distribution and
the morphology of thin deposits, the authors used the LCW technique. The thin films and patterns prepared
were characterised by AFM, polarised optical microscopy, XRD and Raman spectroscopy. Patterns of the
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SCO compound prepared by LCW revealed the formation of stripe-like structures of 1 μm width, observed
by optical microscopy and AFM.

It was found after a detailed AFM analysis of the morphology of the stripes, that the patterns show that
each stripe is formed by rod-like crystallites. The SCO properties of these stripes were investigated by Raman
spectroscopy. Raman experiments showed that the compound retains its SCO nature when the solvent shrinks
slowly; interestingly, when fast shrinkage was employed, the thin deposit lost the ability to undergo SCO.

In 2007, Bousseksou and Molnár reported on a process for nano and microscale assembly of the 3-D SCO
coordination polymer Fe(pyrazine)[Pt(CN)4] which displays a very strong cooperative spin-transition with
a ca. 25 K wide hysteresis loop centred around room-temperature.78 These nano and microscale assemblies
were produced using a combination of top-down (lift-off) and bottom-up (MSA) methods, employing a gold-
coated silicon surface covered by a conventional polymethylmethacrylate (PMMA) EBL resist. Square-shaped
patterns of different sizes and densities were written by a focused electron beam. After resist development,
the substrates were dipped into a solution of 4,4′-azopyridine to prepare an anchoring layer for the thin film.
Patterns of sizes ranging from 50 nm to 2 μm were created and imaged by SEM.

Limiting factors present during the process were desorption and re-adsorption accompanied by the forma-
tion of crystallites which originated 3-D crystallites with substantial roughness at large thickness. To probe
the spin state of the micro and nanopatterned assemblies, Raman spectroscopy was used on patterns of 2 μm,
500 nm and 200 nm. Raman spectra of the larger nanopatterns allowed the identification of a thermal spin-
transition where the vibrational mode at 1232 cm−1 changes dramatically in relative intensity. For smaller
sizes the identification of the change in relative intensities was much more difficult, with arrays of 200 nm
nanopatterns giving Raman spectra at both temperatures that were very similar, but sufficient for the authors
to claim a spin-transition at the nanometric regime.

Later, Bousseksou produced 3-D coordination polymers derived from [FeII(azpy)(MII(CN)4)]·nH2O
(azpy = 4,4′-azopyridine; M = Ni, Pd, and Pt), to fabricate nanopatterned thin films on gold substrates.
Micro- and nanometric patterns were obtained using a PMMA mask as a physical barrier for the assembly of
the multilayers on the substrate, Fig. 14.14a, b and c.79 The authors have characterised the SCO characteristic
of both bulk materials and nanopatterned materials by Raman and concluded that nanopatterned thin films
on gold substrates retained their SCO characteristics, Fig. 14.14d and e.

Recently, Bousseksou and Salmon used the previously described methods to fabricate micro- and nanopart-
terned thin layers of the compound [Fe(bpac)(M(CN)4)] (bpac = bis(4-pyridyl)acetylene; M = Ni, Pd, and Pt)
with pattern sizes of 2000, 200 and 30 nm.80 The authors investigated the uptake of guest solvent molecules
by the porous patterns and observed that the SCO behaviour is different and reversible when inclusion of
pyridine occurred.

Finally, Vieu et al. reported their work on soft lithographic patterning of SCO nanoparticles using micro-
transfer moulding (μTM) to pattern [Fe(NH2trz)](tos)2 (tos = tosylate, NH2trz = 4-amino-1,2,4-triazole).
This SCO compound is known to exhibit a relatively abrupt thermal transition between the HS and LS forms
around room temperature. To form such patterns of SCO nanoparticles, a drop of the nanoparticle suspension
was placed on the patterned surface of a PDMS stamp and the excess solution was removed by a stream of
nitrogen until the PDMS stamp was completely dry. Finally, the filled stamp was placed in contact with a
substrate and peeled away.81 Using this method the authors fabricated micrometric features of 5 μm meshes
that were perfectly ordered with no defects. The resolution limit of the patterned stripes was further moved
into the nanometer regime by using μTM. Structures with a resolution of approximately 300 nm could be
achieved with good thickness homogeneity and very few defects. Despite the difficulties in assigning the SCO
transition of the patterned nanoparticles because the spectrum of the microstructures is dominated by the
strong Raman scattering of the NaAOT surfactant used during the fabrication process of the nanoparticles, the
authors claimed to have prepared micro- and nanopatterns of SCO nanoparticles retaining their spin switching
characteristic after fabrication of such materials.
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Figure 14.14 Templating of SCO nanostructures: (a) 3-D coordination polymer of [FeII(azpy)(MII(CN)4)]·nH2O;
(b) scheme of deposition of 3-D coordination polymer on gold surface; (c) SEM images of patterns of
Fe(azpy)[Pd(CN)4] obtained following 10 deposition cycles for different shapes with distinct sizes between
2 μm and 30 nm; (d) variable temperature Raman spectra of bulk material indicating SCO; (e) variable temper-
ature Raman spectra of nanopatterns indicating SCO. Reproduced from ref. 79. Copyright American Chemical
Society.

14.5 Electrical Spin State Control

Fabrication of typical data storage devices is performed using a top-down approach where the size of discrete
magnetic domains is constantly reduced in dimensions.82 The size of discrete magnetic domains can be
reduced until the super paramagnetic limit is reached, where ambient temperature is sufficient to invert the
magnetisation of such domains leading to highly unstable devices.83, 84 To overcome this problem scientists
have been developing strategies using diverse and imaginative solutions such as antiferromagnetic coupling
media recording,85 perpendicular recording86 and lithographically patterned media recording,87 while the
assembly of magnetic molecules into nanowires has been reported producing a huge advance in the area of
information storage.88, 89

In a complementary bottom-up approach, chemists have applied supramolecular principles to fabricate
molecular machines, motors and switches, and devices for information storage and processing represent a
particularly attractive field in this research area. For example, reversible data storage may become possible on
the nanoscale by imprinting information via a change of magnetisation. Reversibility of this process requires
materials with variable magnetisation states that can be addressed selectively and without perturbation of
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Figure 14.15 Electrical properties of a SCO film: current–voltage characteristics for a 240 nm thick film of
[Fe(phen)2(SCN)2] evaporated on a silicon substrate at 300 K and linear fits to the data. Reproduced from
ref. 72. Copyright American Institute of Physics.

the entire environment. Research has been developed where bistable magnetic states are addressed mainly
by application of temperature or light. For electronic purposes, it is desirable to apply an electric field to
switch between two states which would permit fabrication of molecular devices where the magnetic states
are controlled electrically.

Studies on attempts to electrically control the spin states on SCO complexes are quite recent and the
first studies on devices have been reported by Shi and Beaurepaire, Fig. 14.15.72 A device was constructed
using a 240 nm thick film of [Fe(phen)2(SCN)2] evaporated on a silicon substrate with gold electrodes. The
current–voltage (I-V) characteristics at room temperature of the device were determined, and at low voltage
the ln(I)-ln(V) characteristic is linear with a slope of 1.17 suggesting Ohmic conduction. Above 1.4 V, the
ln(I)-ln(V) characteristic remained linear but with a slope of 2.04, indicating a space charge-limited current
(SCLC) regime. The authors extracted a mobility of 6.53 × 10−6 cm2/Vs in the space charge-limited regime,
comparable to that found in typical small organic molecules.

Developments of Coronado’s work with SCO nanoparticles reported in 2007 have been recently achieved,
where Coronado and van der Zant described devices built from a single SCO nanoparticle.90 Nanoparticles
based on a core of the Fe(II) coordination polymer [Fe(trz)3](BF4)2 (trz = triazole) and a surfactant shell
around 11 nm in diameter were placed between two nanometer-spaced electrodes. Such particles have been
characterised in detail and show a cooperative spin-transition from Fe(II) low spin, S = 0, to high spin,
S = 2, exhibiting a thermal hysteresis loop above room temperature with a width of ca. 40 K.21, 24

Current–voltage (I–V) experiments at 10 K led to the observation that for the 100-nm-wide electrode,
equidistant step-like features and peaks in the corresponding derivative

(dI/dV), are reminiscent of a Coulomb staircase. Based on these observations, the authors concluded that
the transport mechanism is due to sequential single-electron tunnelling through an asymmetric double-barrier
junction. The nanoparticle core is isolated from the electrodes by tunnel barriers defined by the surfactant
layer where, electrons first tunnel onto the particle and remain there for some time before tunnelling off again.
Coulomb steps are equidistant and therefore indicate that transport occurs through a single particle.

The current–voltage characteristics of the devices measured between 300–400 K show that there was a
change in conductance in the temperature region of the SCO. Moreover, a hysteresis loop was observed
in the current–voltage characteristic of the devices, although this was only observed in 30% of the devices
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Figure 14.16 Device of [Fe(trz)3](BF4)2SCO nanoparticles: (a) Current–voltage characteristics of a 1-μm-wide
electrode device at low temperature; (b) current–voltage characteristic of a 100-nm-wide electrode device at
340 K. The conductance (I/V) at 0.4 V coincides with the values observed in the thermal hysteresis of the same
device, showing that the bistability can be probed with an applied voltage; (c) repetitive cycling of the voltage
between 0 and 1 V at low temperature (10 K) of the device. Reproduced from ref. 90. Copyright Wiley/VCH.

tested. The authors found that by keeping the temperature constant but changing the applied bias voltage, a
transition between the low- and the high-conductance state occurs, being the effect more pronounced at low
temperature, Fig. 14.16.

The device whose conductance is represented in Fig. 14.16a was cycled 6 times and it was observed that the
lifetime of the high-conductance states varies. Factors such as electric field polarisation, intersystem crossing
through excited states and local resistive heating are possible explanations for this observation.

More recently, Ruben and van der Zant reported on the electrical control of SCO in a single molecule.91

The approach used by the authors was different from that previously reported, where SCO is triggered by
charging the molecule with two electrons. This was predicted by theoretical calculations and confirmed
experimentally by a split of zero bias (Kondo) resonance in the current–voltage characteristics. Theoretical
calculations suggest that the spin-transition should manifest itself in an electron transport experiment by the
specific structure of its magnetic excitations and experiments were carried out with a three terminal device
and the low-energy excitation probed by inelastic tunnelling spectroscopy. Transport experiments revealed a
double-quantum-dot behaviour in combination with a split Kondo peak, Fig. 14.17. This experiment opens
the realm of active spin state modulation in a molecule; the smallest possible SCO switching unit.

Finally, Bousseksou reports on electrical properties and the nonvolatile memory effect of a SCO complex.92

The authors built a nonvolatile memory device based on changes of the dielectric permittivity allowing the
information to be stored in the high- and low-capacitance states. The compound elected for these studies
was [Fe(HB(pz)3)2] where HB(pz)3 = hydrotris(1-pyrazolyl)borate. This compound is known to undergo a
thermal spin transition in the 300–450 K temperature range with the first heating cycle completely different
from successive thermal cycles. Such a difference has been attributed to a crystallographic transformation.
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Figure 14.17 (a) Simulation of the differential conductance vs. source-drain (Vb) and gate (Vg) voltages cal-
culated for T = 4.2 K; (b) schematic representation of the double-dot system. T: transfer dot, S: spectator dot;
(c) schematic representation of molecule-electrode contacts realising the double-dot system. Reproduced from
ref. 91. Copyright American Physical Society.

Thin films of the compound, of ca. 200 nm thickness, were deposited on gold interdigitated microelectrodes
by thermal evaporation and the composition of the films was confirmed by Raman spectroscopy.

The resulting thin film had a densely covered surface with a granular morphology composed of nanocrystals,
and was used for AC conductivity measurements as a function of frequency and temperature. Isothermal
frequency measurements revealed a change in conductivity with a frequency dependence more pronounced
than in the powdered sample, which the authors attributed to a higher degree of disorder of the thin films.
I-V measurements were performed on a thin film, at room temperature, before and after heating the film to
408 K, showing that these differ considerably. A complementary experiment was carried out by changing the
applied electric bias from 1 to 10 V. An increase in current was observed upon changing the applied bias from
1 to 2 V, but over time the current drops to low conductivity values. A further increase in voltage showed a
small increase in current, which remained in the low conductivity region. Based on these observations the
authors claimed the construction of a nonvolatile read-only memory (ROM) using a SCO compound.

14.6 Conclusion

SCO is a fascinating interdisciplinary area of research which has attracted experimentalists and theoreticians
from chemistry, physics, materials science and engineering. SCO research emerged 80 years ago and a long
and impressive literature on SCO has been developed with the discovery of several new examples of SCO
compounds, the explanation of different types of SCO profiles and the modification of SCO examples to
increase cooperativity and to direct the application to materials science. The development of materials from
SCO molecules has attracted scientists and has been a very active area in recent years. These include the
fabrication of SCO nanoparticles and nanocrystals, the fabrication of SCO thin films, the use of patterning
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techniques to fabricate SCO nanostructures and more recently the fabrication of devices using SCO materials
where spin states are addressed electrically.

SCO nanoparticles are of great interest and have shown to display interesting properties. Reports on SCO
nanoparticles and nanocrystals are limited to a few research groups and it will be important in the future
to investigate physical properties of a single particle and size effects on physical properties. Also, new
examples of nanoparticles and other nano-objects with higher control of size and spatial orientation of the
SCO molecules in the nano-objects would be desirable.

Fabrication of SCO thin films was a very active area in former years with work initiated by Kahn and
built on by others. Unfortunately, due to the lack of predictability and control this area has been neglected.
Undoubtedly, the most interesting method for producing regular thin films is the ultra-high vacuum deposition
of thin films. This lacks examples due to the limitation of the method to molecules that are stable under the
deposition conditions. New examples of neutral SCO molecules would help to advance this field.

Patterning of SCO molecules permits the fabrication of materials with different sizes and shapes which is
very appealing for materials development and device fabrication. The major drawback of this technique is its
cost and processing times, and without new cost-effective hardware to produce nanopatterned materials, this
will not be pushed forward.

Finally, devices where spin states are addressed electrically, in particular at the single molecule limit, are
the most interesting and important of the advances in SCO research towards application of SCO materials.
This would permit the fabrication of cost-effective hybrid assemblies, where SCO molecules or objects are
integrated into electronic circuits acting as active switching units in spintronic devices.93
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