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Chapter 1

Abstract

The potentially complex energy redistribution processes that occur in

inorganic transition metal complexes make the interpretation of their relaxation

dynamics a significant challenge. Unlike in organic molecules, where rates for

processes such as intersystem crossing can take up to and in excess of many

nanoseconds, the timescales involved in inorganic materials are of picosecond /

femtosecond timescales and therefore require a more advanced experimental setup

to study them. The dynamic processes that are of interest are the evolution of

the electron population after excitation through external stimuli, via the various

charge transfer and decay processes. These processes can also induce changes in

the population of the valence orbitals on the metal ion centres causing a change

to the overall spin state. This work aims to develop techniques to monitor the

redistribution of the electron population along with the magnetisation of the

materials of interest.

The dynamic processes are much too fast to be captured using standard spectro-

meters and magnetic techniques, so a technique which can operate on these

very fast timescales is required. Ultrafast laser spectroscopy allows study of

the electronic dynamics using a technique called transient transmission which

involves studying changes in the transmission spectrum as a function of time. Two

laser pulses are employed, one to perturb the sample and another to interrogate
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the sample. By varying the time delay between the two pulses a picture of

how the spectrum changes over time can be constructed. This process allows a

picture to be built, of how the electronic population redistributes and decays after

excitation. In order to study the magnetisation dynamics of such materials the

samples are required to exhibit a magnetic signal. To this end, a magnetically

ordered family of inorganic compounds known as Prussian Blues were chosen

as the system of interest. These materials consist of transition metal ions linked

through cyanide bridging ligands in a rock-salt type structure. Laser spectroscopy

was used to monitor the changes in the magnetisation of the sample through a

technique called magneto-optical Faraday rotation. This involves monitoring the

polarisation of the laser pulses after interaction with the sample, again, at various

time delays to measure how the magnetisation of the sample changes over time.

These techniques were applied to three chromium based Prussian Blues, vanadium-

chromium (VCr), iron-chromium (FeCr) and the chromium-chromium (CrCr)

analogues. Through the systematic substitution of the metal ion adjacent to the

Cr sites, it was found that the rate of intersystem crossing could be influenced by

the nature of the metal center. In the case of both VCr and FeCr analogues, the

transfer of population to the final excited state occurred incredibly fast, within the

temporal profile of the pump pulse. However, in the case of the CrCr analogue,

this population transfer was slowed down sufficiently that a growth of the final

excited state was observed over the course of the initial 0.5 ps after excitation.

The synthesis of these materials was carried out to optimise the morphology of

the thin films for use in the laser measurements. During this work it was found

that some of these materials exhibit electrochromic activity which was explored

in isolated films and as part of multilayered heterostructures. This work was also

incredibly helpful with understanding and predicting the spectral signatures of

redox processes involved after photo-excitation.

This line of research offers the potential to gain a deeper understanding of the

dynamic processes occurring in these functional materials which will serve as
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model systems. The information gained can then be applied to a broader range

of complexes. Functional materials which possess much higher magnetic ordering

temperatures or larger magnetisation would have a greater potential to be used

in future practical applications.
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Chapter 2

Introduction

2.1 Ultrafast Charge Transfer Processes

The current availability of laser systems with ever improving temporal

resolution and spectral tunability make studies of the photophysics of chemical

species an incredibly informative technique. This allows the studying of the

electronic structure and response of the samples upon exposure to external stimuli

across a broad range of timescales. When a photon interacts with the bound

electron system of a species, an electric dipole transition is induced which results

in a new electronic state becoming populated. This excited electronic state

possesses a different electronic configuration from that of the ground state which

results in potentially different properties such as reactivity or changes to the

optical absorption spectrum. There are different ways in which this excess energy

can then be lost, as shown in Figure 2.1, such as radiative (fluorescence or

phosphorescence) or non-radiative (vibrational relaxation) decays, these can be

used to monitor the recovery of the ground state or the loss of the excited

state absorption with complementary techniques which can operate on relevant

timescales.

The phenomenon of intersystem crossing (ISC) involves the transition

between two electronic states which are of different spin multiplicity. This change
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Figure 2.1: A simplified energy level diagram illustrating the important processes

where the states are considered harmonic for simplicity with inset vibrational levels

in each state. IVR refers to internal vibrational relaxation which occurs within

an excited state, IC is internal conversion which occurs between two electronic

states of the same spin multiplicity and ISC denotes intersystem crossing which

is a transition between two electronic states of different spin multiplicity (S and

T refer to singlet and triplet states respectively).

is associated with a modification of a material’s spin-orbit coupling which is

typically much higher in inorganic materials due to the presence of heavy metal

atoms. By varying the wavelength of excitation, one can select from metal

centred (MC) transitions, ligand to metal charge transfer (LMCT) transitions

or metal to ligand charge transfer (MLCT) transitions amongst others. ISC has

generated a large amount of literature over the past 20 years with the aim being

the identification of any intermediate states involved in the transitions in order to

understand what drives this forbidden direct transition. The ability to influence

this phenomenon through the application of external stimuli combined with the

development of ultrafast light sources allows the control over these materials to

be developed to allow faster and more controlled switching.

The traditional picture for the order of the decay processes which occur
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in molecules follows the following order, kIVR � kIC � kISC, these relative rates

were first proposed by Adamson [1]. This picture, however, begins to break

down with the introduction of heavier metal ions which possess significant spin-

orbit coupling. The rate at which ISC occurs depends predominantly on two

parameters, the spin-orbit coupling and the energy difference between the two

states. The spin-orbit coupling parameter depends on the nuclear charge of

the metal ion in question, as the metal ion grows in nucleus size the spin-orbit

coupling increases. The energy mismatch between the two states of different spin

multiplicities involved in the ISC also influences the rate at which it occurs, the

larger the energy mismatch then the lower the rate of the transition occurring.

The traditional way of considering the order of these processes was primarily

based upon the fact that spin-allowed optical transitions such as IC will occur on

a faster timescale than spin-forbidden transitions such as ISC. In turn, transitions

which occur over multiple potential energy surfaces would occur on a slower

timescale than single surface processes such as IVR.

Ultrafast studies were conducted by McCusker et al. into a family of low spin

polypyridyl iron complexes in order to elucidate the nature of the ISC from the

singlet metal to ligand charge transfer state, 1MLCT, to the quintet, 5T2 state. [2]

These materials were thought to be ideal model systems due to a large adiabatic

energy difference between the low spin (LS) and high spin (HS) states. This

work found that upon excitation at the MLCT, the system undergoes a fast ISC

within approximately 700 fs. Thus the transfer of population into the 5T2 state is

considered a direct transition from the MLCT state despite being a spin-forbidden

transition, and it was concluded that the various states of different multiplicities

are all heavily mixed which facilitates these transitions.

This work signified a shift in the perceived method of the transfer of population

into a final excited state, where there is no longer the need for an energy cascade

through various vibronic states and this instead can be considered a direct, surface

to surface, transition.
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Figure 2.2: The structure of the [Ru(bpy)3]2+ has been thoroughly studied as a

model compound with respect to the photophysics of inorganic materials.

Time-resolved absorption spectroscopy with femtosecond time resolution

was also applied to [Ru(bpy)3]
2+, which can be seen in Figure 2.2, to study the

nature of the excited state and it’s subsequent decay. [3] In this work, the system

was excited at 475 nm which corresponds to the main ground state absorption

feature attributed to a MLCT transition. This transition resulted in the triplet

excited state [RuIII(bpy-)(bpy)2]
2+ being formed within approximately 300 fs.

The rate at which this excited state is populated precludes the relaxation on

the initial MLCT surface, but instead the population remains in region of direct

overlap with the 3MLCT state to facilitate the ISC. It was determined in this work

that the resulting species were generated within a very short amount of time after

excitation due to the relative rate of ISC compared to IVR. Vibrational cooling is

no longer considered the fastest process to occur which allows this excess energy

in the system to facilitate further reactivity.

In 2007, a study on solution based [FeII(bpy)3]
2+ was carried out by

Chergui and co-workers [4] as an optimal spin crossover (SCO) model system

due to the previously discussed large separation between LS and HS states. In

previous SCO systems, the energy gap was small enough to be induced thermally

which introduced further complications to the interpretation of the dynamics.

The energy gap in [FeII(bpy)3]
2+ is approximately 6000 cm-1 which means that

optical excitation is required to make the transition.

Subsequent studies of this material continue to elucidate more clearly
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Figure 2.3: Excited state diagram involved after the photo-excitation presented

by Gawelda et al. to describe the dynamics of the [FeII(bpy)3]2+. The observed

lifetimes are shown by each transition and the X and Y co-ordinates refer to the

ground and HS states only. Figure reproduced from the literature with permission

[4].

the exact rates and identities of the states involved. In 2015, Aubock and Chergui

revisited this study employing a temporal resolution of around 40 - 60 fs across the

spectrum. The UV and visible regions of the spectrum correspond to absorption

features for the 5T and the hot MLCT and 5T respectively, which were studied

using transient absorption measurements. It was previously suggested [2] that

there could be a direct 1MLCT to 5T conversion but this work revealed a very

short-lived emission around 385 nm which has fully decayed within 50 fs which was

attributed to the 3MLCT band. This is then followed by a multiple picoseconds

vibrational cooling within the 5T2 state. These dynamics are summarised in

Figure 2.3. Crucially, this work has allowed a more complete picture of the

electronic states involved in the very fast ISC transition, a greater understanding

of the rates and properties which influence these rates will allow these systems to

be employed in the application of functional materials.
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Another system related to the work in this thesis is the chromium (III)

tris-acetylacetonate [5], CrIII(acac)3, which was chosen due to the highly detailed

body of work pertaining to the CrIII ion contributed by studies across many fields

of science. The lowest lying excited state for the CrIII ions is typically the 2E

state which corresponds to an intra-configurational excited state of the ground,

4A2 state.

Figure 2.4: The electronic configurations of the ground (left) and excited (middle

and right) states involved in the ultrafast photo-induced study of CrIII(acac)3

carried out by McCusker et al. Figure reproduced from the literature with

permission [5].

This work was very important in the development of the current body of

work discussed in this thesis due to the focus on the CrIII centred complex [6]. The

main absorption feature of the material around 560 nm corresponds to the ground

state to 4T2 transition, which corresponds to the metal centred (MC) excitation

of a t2g electron to the eg orbitals, Figure 2.4. At very early time delays, there

is an instantaneous increase in the absorption at 480 nm which corresponds to

the shoulder of the primary absorption peak observed in the excited state, Figure

2.5.

A narrowing and a blue shift of the excited state absorption spectrum is

used to attribute the 1.1 ps mono-exponential decay to vibrational cooling within

the 2E state. Upon charge-transfer excitation into the 4LMCT state at 336 nm,

there is an additional feature present which was attributed to the decay of this

state to the 2E state with a time constant of approximately 50 fs. The presented

summary of the electronic states and dynamics is shown in Figure 2.6.

The most significant outcome of this study is the very fast rate at which
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Figure 2.5: The time-resolved measurements obtained by Juban et al. [5] which

illustrate the change in the absorption measured at 480 nm after excitation at

625 nm (left). The difference absorption spectrum is also shown measured at 5

ps after excitation which corresponds to the absorption spectrum of the 2E excited

state (right). Figure reproduced from the literature with permission.

the ISC occurs from the 4T2 state to the 2E, relative to the vibrational cooling

within the 4T2. This information was attained by conducting measurements

with varying pump pulse energies which resulted in a broadening of the transient

absorption feature at very short (sub 1 ps) time delays. This implies that the

population is generated in higher vibration levels in the quartet manifold, which

results in the population being transferred into a higher lying energy level within

the doublet manifold. From this it can be assumed that the rate of ISC is in

excess of the rate of IVR within the quartet state. In 2012, this material was

further probed using quantum chemical calculations of wave packet dynamics

by Ando et al. [7] in terms of the potential energy surfaces and the spin-orbit

coupling involved in the dynamics. It was confirmed that the initially populated

4T2g likely undergoes a very fast intersystem crossing (ISC) to the 2T1g which

then undergoes internal conversion (IC) to the final 2E state.

These studies relied on the change in the optical absorption spectrum

as a function of time. The issue with this technique is that there is no inherent

information on the spin states without the introduction of secondary species

such as O2, which acts as a quencher. This means that any changes in spin
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Figure 2.6: A summary of the proposed electronic states and approximate

decays obtained by McCusker et al. [5] for Cr(acac)3 based on time-resolved

measurements. Figure reproduced from the literature with permission.

state are inferred from the timescales of the dynamics or from complementary

computational efforts which can be used to determine the relative energies of

other electronic states. The field of ultrafast magneto-optical spectroscopy could

allow these studies to be made much more definitive with respect to the spin

multiplicity and are able to operate on relevant timescales. This gives a direct

handle on the magnetisation dynamics allowing the observation of changes in spin

states to be studied in real time, and the evolution of the states, giving accurate

timescales.

Time-resolved magneto-optical spectroscopy was employed to study the

magnetisation dynamics in a thin film of magnetic nickel by the group of Jean-

Yves Bigot in 1996. [8] This work involved the use of ultrafast optical pulses

to study the optical and magneto-optical response of the metallic film. It was

found that ultrafast demagnetisation of the sample occurs on a sub-picosecond

timescale and this work allowed a model to be proposed. This model involves
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three coupled energy reservoirs for the electron, the spin, and the lattice energies.

Over the next few years there were further studies into this demagnetisation

process [9–11]. Many of these papers describe a direct relationship between

the MO signal observed and the magnetisation (M) observed. In particular the

work of Koopmans et al. [11] employed time-resolved magneto-optical Kerr effect

measurements with the aim to further study the contributions to the observed

signal using MO rotation and ellipticity measurements.

Despite the large volume and breadth of work in this area which have

been used to study this phenomenon, the nature of the underlying physics is still

being debated. The work of Jean-Yves Bigot and co-workers in 2017 [12] employed

a joint theoretical and experimental study of Ni and Co thin films in order to

resolve the contentious nature of the ultrafast demagnetisation. Measurements

were carried out on films of varying thickness using much shorter optical pulses

of 10 fs. The magnetisation dynamics were probed at both the front and rear

faces of the samples at different time delays. The two main models which had

been proposed previously were spin flips of localised spins of the materials and

superdiffusive spin transport. The spin transport model involves the generation of

a spin current, where majority spins diffuse away from the sample and minority

spins remain within the magnetic layer leading to an overall reduction of the

moment. A study of the spin transport in bilayers of Au and Ni by Eschenohr

et al. [13] illustrated that hot electrons generated in the non-magnetic gold

layer influenced the magnetisation in the adjacent Ni layer, lending credence

to involvement of superdiffusive transport of spins over relatively large distances.

The joint theoretical/experimental work by Bigot et al. determined that it is in

fact the spin flips which contribute the most to the process of demagnetisation of

Ni and Co films and not the superdiffusive spin transport as previously thought.

It was found that the rear face of the Co sample exhibited an inversion of the sign

of the magnetisation at early time delays (t > 50 fs), whereas this was absent in

the Ni film. These interesting differences were explained through theory which
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surmised that at very early time delays there is a temporal separation between a

significant amount of spin flips and the majority spin diffusion in the Co sample,

on the other hand both of these processes occurred concurrently in the Ni film.

This study is significant as it was able to pin down the exact nature of the

demagnetisation process in these two metal thin film samples to a high degree

of certainty. However the application of these techniques to metallic systems

will only prove so useful when compared with the greater amount of information

which could be obtained on the more complex inorganic transition metal systems

with their richer range of photophysics.

In order to employ these techniques to study the ultrafast spin dynamics

of an inorganic system, this system must be ordered, that is to say that the spin

centres must appear in a periodic structure and be able to communicate with each

other in order to produce a significant and measurable magnetic moment. To this

end, the family of compounds structurally analogous to Prussian Blue (Prussian

Blue analogues) have been chosen as the model system for which these techniques,

prevalent in the field of solid state materials, will be applied to inorganic transition

metal complexes which exhibit a much richer and varied photophysics.

2.2 Prussian Blue and its Analogues

Prussian Blue is a deep blue pigment that has been extensively used in

paintings since its serendipitous discovery in the 18th century. The discovery was

attributed to the Swiss paint maker Johann Jacob Diesbach who was attempting

to make cochineal red lake pigment [14]. The discovery of Prussian Blue was

significant as it was both stable and resistant to light bleaching over time. More

importantly, it offered a similarly coloured alternative to the extremely expensive

ultramarine which was made from the semi-precious stone, lapis lazuli, was

imported from northern Afghanistan into Europe for use in paintings. These

colours were often reserved for the clothing of the central figure of a work, often
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for subjects of religious importance such as the Virgin Mary.

Figure 2.7: The deep blue pigment, Prussian Blue of the general formula Fe4(Fe

(CN)6)3·xH2O which has been used extensively in the world of art since its

discovery.

Prussian Blue and its analogues (PBAs) are a fascinating family of

materials which express a broad range of optical and magnetic properties. The

stoichiometry varies, depending on the metal composition but in the most general

form, Prussian Blue or ferric hexacyanoferrate(II), exists with the general chemical

formula of Fe4(Fe(CN)6)3·xH2O. The magnetic ordering temperature of Prussian

Blue itself was measured to be TC = 5.6 K [15] by Ito et al. in 1968. It was soon

discovered that by substituting the FeIII and FeII for other transition metals, a

broad range of optical and magnetic properties could be obtained. Over the past

30 years or so, these properties have been explored, particularly the magnetic

ordering behaviour of these materials.

The highest magnetic ordering temperatures and the understanding

of the rational design used to create such materials is of great importance for

the future of this field. The ability for molecular-based magnetic materials to

function above room temperature is critical if they are to play a future role in

the technologies of the future, primarily in the data storage devices in which they

could improve data read/write speeds and storage densities.

A molecular approach was therefore taken when studying this family

of materials as they could easily be synthesised by the addition of two separate
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molecular sub-units, to generate the typical cubic structures exhibited by Prussian

Blue analogues. With the aim of producing molecular-based systems with as high

a TC as possible, one must consider the effect of the surrounding molecular field

which was described by Neél in 1948 [16] for the susceptibility of a ferrimagnet

composed of two magnetic centres,

kTC =
Z|J |

NAg2µβ
2

√
CACB (2.1)

where Z is the number of magnetic neighbours, J is the value of the

exchange interaction, CA/B are the Curie constants for A and B respectively,

NA is Avagadro’s constant, g is a mean Landé factor which accounts for the

degeneracy of energy levels in a magnetic field and µβ is the Bohr magneton.

Thus if one wishes to increase TC, then it would be necessary to increase Z, J or

CA/B.

One must also consider the nature of the exchange interaction between adjacent

metal centres in an organometallic system as first described by Kramers [17] and

Anderson [18] and which were later developed into the Goodenough-Kanamori

rules developed in the 1950s [19,20]. This theory predicts that orthogonal orbitals

give rise to ferromagnetic coupling and that overlapping orbitals will give rise to

antiferromagnetic coupling. Thus depending on the d electron populations of

the transition metal ions used in the M—CN—M’ system, the behaviour of the

resulting 3D structure can be estimated. How both the JF and JAF contribute to

the overall magnetic properties such as coercivity, HC or the ordering temperature

TC will optimised on a case by case basis depending on the desired magnetic

properties.

In the early 1980’s, Babel et al. [21] reported a ferrimagnetic system

with formula CsMnII[CrIII(CN)6]·1H2O, with a Curie temperature of 90 K after a

series of X-ray and magnetic characterisation measurements on perovskite-related

materials. In this specific case, the material of interest was a Prussian Blue

analogue containing Mn and Cr centres. It was thought at this time that the
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superexchange interaction via the cyanide bridging ligands was responsible for

the strong ferrimagnetism observed.

The group of Michel Verdaguer built upon this work to synthesise a system with

short range ferromagnetic exchange interaction with a spontaneous magnetisation

at TC = 90 K [22]. The material, CsNiII[CrIII(CN)6]·2H2O was synthesised by the

slow addition of a NiII salt into a concentrated solution of the hexacyanochromate

(III) precursor in a 1:1 mole ratio. The use of these molecular precursors allowed

the covalent 3D framework of spin-active species to be constructed. Using the

hexacyanochromate (III) in place of the hexacyanoferrate (III) yielded an large

enhancement in the observed TC over previously observed ferromagnetic molecular

systems. In addition to this, the inclusion of Cs counter ions hinders the presence

of B site vacancies which break up the long range order of the material by

imposing charge neutrality of the 1:1 metal centred system. This ferromagnetic

ordering was expected to be the case due to the orthogonality of the CrIII t2g

and the NiII eg magnetic orbitals, as illustrated in Figure 2.8, which block any

correlation between ions.

Figure 2.8: The orthogonality of the t2g (xy) CrIII and the eg (z) 2 NiII magnetic

orbitals in the Prussian Blue analogue, CsINiII[CrIII(CN)6]·H20, studied by Gadet

et al. Figure reproduced from the literature with permission [22].

The following year, the same group had developed a novel system [23]

based upon the same principles used to analyse the CsNiII[CrIII(CN)6]·2H2O

system. Using the same orbital model it was predicted that the mixed valence

chromium (II) and chromium (III) would exhibit an ameliorated magnetic ordering

temperature. There are two kinds of interaction which were considered when
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choosing the partner for the hexacyanochromate ions, if one ignores the next-

nearest neighbour interactions of A-A or B-B couplings. In the case where the

electrons on the MII site, typically in the nitrogen pocket of the PBAs, are of

eg symmetry, then electrons on MII and CrIII are orthogonal and as such there

is zero overlap. This results in a ferromagnetic interaction, as was the case

for CsNiII[CrIII(CN)6]·2H2O, where J = JF > 0. On the other hand, when

the electrons on MII are of t2g symmetry then the MII and CrIII experience

significant overlap which gives rise to two molecular orbitals with an energy

gap, ∆. The stronger the overlap, the larger the separation which results in

a stronger antiferromagnetic interaction between MII and CrIII (JAF < 0). In

order to increase TC, there are two options, increase the antiferromagnetic or

decrease the ferromagnetic interaction. It was decided that CrII would be a good

candidate as it fulfils both criteria, the smaller ionic radius means that the t2g

orbital electrons have a greater overlap with the CrIII and the single electron in

the eg orbitals results in a weak ferromagnetic component. Using this model it was

possible to synthesise two analogues of Prussian Blue containing mixed valence

chromium ions, [Cr5(CN)12·10H20 and Cs0.75[Cr2.125(CN)6]·5H20 which exhibited

extremely high magnetic ordering temperatures of 240 and 190 K respectively.

This body of work culminated in a study of an analogue containing

vanadium and chromium ions [24], and again employed the rational design of a

Prussian Blue analogue to yield favourable orbital interactions to favour magnetic

interaction between the two metal centres. The vanadium was selected due to

well matched energies and significant overlap of the t2g electrons of the vanadium

and chromium ions. There are also no unpaired electrons in the eg orbitals of

the vanadium which would otherwise lead to ferromagnetic coupling between

orthogonal orbitals. Therefore the high average number of magnetic neighbours

and the strong antiferromagnetic interaction between adjacent, non-compensated

spins explains the high TC. The Curie temperature for the complex, VII
0.42V

III
0.58

[CrIII(CN)6]0.86·2.8H2O, was recorded as 315 K, the thermal dependence of the
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material showed a sharp increase of the magnetization at TC as shown in Figure

2.9.

Figure 2.9: The temperature dependence of the magnetisation, M, of the

VII/IIICrIII in an low applied field of 10G measured by Ferlay et al. Of particular

interest is the sharp increase in the magnetisation at TC. Figure reproduced from

the literature with permission [24].

The experimental saturation magnetisation, Ms, of the material was

measured to be 0.15 µβ which is in good agreement with the theoretical value

(0.16 µβ). This low value of Ms was explained by the nature of the magnetic

interactions involved. The proposed picture has the CrIII on one hand and the

VII and VIII on the other hand with their respective spins arranged antiparallel to

each other. The spins of the CrIII and the VII are both S = 3/2, which means that

these spins perfectly cancel each other out resulting in a zero net magnetisation.

However the VIII has a spin of S = 1 which means that these do not cancel out with

adjacent CrIII ions. This results in a net magnetisation from the remaining excess

magnetisation on the VIII ions. This long range order of antiferromagnetically

coupled centres is know as a ferrimagnet.

This material was shown to be highly air sensitive but when mixed with paraffin

oil or sealed using super glue it showed good stability and maintains its optical
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and magnetic properties for many weeks.

Over the course of the late 1990s, the group of Joel S. Miller published

several papers [25–27] studying the nature of these materials. In particular, the

paper published in 1999 [27] discusses the importance of the exact composition of

the materials and the impact this has upon the magnetic properties. By varying

the starting materials used in the wet chemical synthesis, either the ammonium

salt of the vanadium precursor [24] or the simpler potassium salt [27], a significant

increase in TC and a reduction of the coercive field was observed for the mixed

valence VII/III-CrIII Prussian Blue analogue. This increase in TC is attributed

to the increased amount of VII S = 3/2 with respect to the VIII S = 1 centres.

The orbitals of the VII ions extend further from the nuclei due to the decreased

overall charge of the metal, this increases the overlap and therefore the magnetic

exchange interaction with the Cr(CN)6
3- moieties.

Concurrently with this, the groups of Shin-Ichi Ohkoshi and Kazuhito

Hashimoto conducted studies on various analogues of Prussian Blue. These

displayed the electrochemical control one could wield over the magnetic properties

of the CrCr analogue [28], the reversible photo-induced magnetisation of the Co-

Fe films [29] and the effect of interstitial cations upon the spin transitions of this

material [30]. They also commenced studies which involve ternary Prussian Blue

analogues, that is to say, analogues which contain 3 different metal ions to make

up the 3D lattice structure. The (NiIIxMnII
1-x)1.5[CrIII(CN)6] material (where 0

≤ x ≤ 1) was used as a model system to manipulate the ferro- (J > 0) and

antiferro- (J < 0) magnetic exchange interactions by adjusting the Ni:Mn ratio

during the electrochemical synthesis [31]. This led to the application of these

models to novel thin films of (FeIIxCrII(1-x))1.5[CrIII(CN)6]·zH2O where the target

electrochemical synthesis of family of thin films which possess magnetic ordering

temperatures and optical absorption spectra dependent on the stoichiometry [32].

The electrochemical potential applied during synthesis was the control used to

determine the value of x in these films due to an increase in the amount of CrII
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as the reductive potential is decreased to more negative potentials.

When the value of x is equal to 1 then the material produced is simply the FeCr

Prussian Blue analogue, which was the focus of a subsequent paper where the

magnetic and photo-magnetic properties in the electrochemically produced films

were discussed [33]. The material exhibited ferromagnetic ordering at TC = 21 K

and the spontaneous magnetisation could be decreased under irradiation at the

intervalence transfer band between FeII and CrIII. This effect would persist for

several days after irradiation was removed and the sample was held at 5 K. The

photoexcited state was thought to be a mixture of the CrIII-CN-FeII and CrII-

CN-FeIII states in which the ferromagnetic interaction is too weak to maintain

magnetic ordering. This state reverted back to the ground state upon heating to

40 K.

The ultrafast spin and charge transfer dynamics of the VII/III-CrIII PBA

were studied by Johansson et al. [34] which is the basis for the current studies into

these materials. These studies also employed time-dependent density functional

theory calculations (TD-DFT) of one monomeric unit, shown in Figure 2.10 of

the Prussian Blue structure which consisted of one octahedrally coordinated

vanadium and one octahedrally coordinated chromium surrounded by cyanide

ligands and linked together through one bridging cyanide ligand.

These calculations used Gaussian 09 with the PBE0 hybrid functional

[35]. The calculations were performed at a fixed geometry and the 6-311G(d)

and 6-31G(d) basis sets were used for the metal ions and the cyanide ligands

respectively. These calculations confirmed the presence of two charge transfer

bands within the UV/visible portion of the spectrum, an LMCT from the CN-

ligand to the Cr t2g orbital at 401 nm and a metal-to-metal charge transfer

(MM’CT) transition at 780 nm from the Cr t2g to the V t2g orbital. The MM’CT

transition was mixed with transitions from V to Cr and Cr to V and was found

to occur around 570 nm.

Electrochemically synthesised thin films on fluorine-doped tin oxide (FTO) coated
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Figure 2.10: The monomeric unit of Prussian Blue used by Johansson et al. to

model the optical transitions (Chromium is in pale blue and vanadium is in light

grey, nitrogen and carbon are blue and grey respectively).

glass substrates were studied using femtosecond pump probe measurements which

were used to observe the ultrafast transmission and magnetisation dynamics of

the film. The temporal resolution of the experimental setup was approximately

250 fs. The sample was held within a temperature-controlled cryostat and the

magnetic field was applied perpendicularly to the sample plane using a super-

conducting magnet at a strength of ±0.5 T.

It was found that when exciting the LMCT transition at 400 nm, an electron is

transferred from the cyanide bridging ligand (CN-) on to the Cr ion. This results

in a change in the nature of the MM’CT transition which manifests itself as an

increase in the transmission from 500 nm to 660 nm. A second portion of the

laser beam was used to generate a supercontinuum which spanned wavelengths

from 480 to 690 nm. This was used as a probe pulse to interrogate changes in

the transmission spectrum and magneto-optical (MO) response of the sample as

a function of time. Over this range of wavelengths, 8 wavelength specific bands of

approximately 15 nm bandwidth were measured in order to build up a complete

spectral picture of the dynamics.

Figure 2.11 was obtained by interpolation of the wavelength specific

kinetic traces and illustrates the spectral response of the signal upon excitation
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Figure 2.11: The time-resolved transmission ((a) and (b)) and Faraday rotation

((c) and (d)) measurements carried out at temperatures of 50 and 300 K [34].

The transient transmission measurements exhibit a bleaching of the ground state

absorption due to a modification of the MM’CT transition upon excitation.

Changes in Faraday rotation appear at the same spectral positions and decay on

the same timescales, suggesting the two processes are inherently linked. Figure

reproduced from the literature with permission.

at the LMCT. There appears to be a significant shift in the maxima of the two

difference spectra as a function of the temperature, which was also observed

in the static transmission spectra. The very fast increase in transmission and

subsequent decay observed are due to the nature of the energy redistribution in

these transition metal complexes. As was previously discussed with respect to the

work of McCusker et al. on Cr(acac)3 there is the possibility for a fast intersystem

crossing to occur in the CrIII moiety. The fastest of the decay components found

in this work was below 200 fs which, although below the temporal resolution of

the experiment, gives a promising indication that there is a possible parallel to be

drawn between the Cr present in the VCr PBA and the TM complexes studied

by McCusker et al. The 4LMCT indeed appears to have a very short lifetime
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which could be the result of a very fast intersystem crossing into a 2E excited

state. These dynamics are summarised in Figure 2.12.

Figure 2.12: The overall proposed model used to describe the electron and spin

dynamics by Johansson et al. a) shows the ground state MM’CT transition

between CrIII and VII/III [34]. b) After optical excitation the CrII is transiently

formed in the 4LMCT state before very fast ISC into the 2E state. Vibrational

cooling then occurs within this state. c) The resulting modification of the MM’CT

transition, denoted M*M’CT, after the CrIII is generated in the 2E state. Figure

reproduced from the literature with permission.

In the ground state, the MM’CT transition occurs between the Cr and

V ions through the superexchange interaction mediated by the cyanide bridging

ligands. After excitation at the LMCT, an electron is transferred from one of

the CN- ligands on to the CrIII, resulting in the transient reduction to CrII. This

state subsequently undergoes very fast ISC into the ligand field manifold of the

2E state. This was attributed to the sub-200 fs decay constant found in the fitting
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of the kinetic data, which does lie below the temporal resolution but does give

an indication of the speed of the transition. After this, the vibrationally hot 2E

state decays with an approximately 1 ps time constant which matches very well

with the decay that was found by McCusker et al. [5].

It is important to note that the signals that were observed in the VCr Prussian

Blue analogue in this study were simply the ground state bleach of the MM’CT

transfer transition which is modified upon the addition of an electron to the Cr

ion. This is the point at which the work carried out for this thesis began, with the

development of an optical setup with the ability to carry out ultrafast transient

transmission and magneto-optical measurements on thin films of Prussian Blue

analogues. A commercial electromagnet and cryostat were used to apply a

variable magnetic field and allow accurate temperature control of the material.

The application of these ultrafast techniques to inorganic functional

materials will allow the study of ultrafast charge transfer and spin transitions

with the aim to further the development of molecular based magnetic devices.

2.3 Aims

During this work, electrochemical synthesis will be used to synthesise

thin films of the various PBAs which will be subsequently studied using the

time resolved techniques. Electrochemical synthesis will give control over the

thickness and morphology of the films in order to optimise the films for optical

measurements. The analogues of Prussian Blue which are to be studied have

been thoroughly characterised previously and exhibit a wide variety of spectral

features. These are the VCr [24, 36–39], FeCr [33, 40–43] and CrCr [25, 26, 44]

analogues. The influence of depositing one or more of these films on top of

each other will be explored as these materials show a range of magnetic ordering

temperatures and absorption spectra which could prove beneficial to one of the

species involved.
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It could be useful to consider the expected results from the ultrafast

measurements before carrying them out, with respect to the relative rates of

intersystem crossing from the three samples to be studied: the VCr, FeCr and

CrCr Prussian Blue analogues. This will give an indication of the success of

the measurements determine which parameters influence the intersystem crossing

rates.

The two parameters which most impact the rate of intersystem crossing are the

spin orbit coupling and the energy mismatch between the two electronic states. A

larger spin orbit coupling parameter will result in a faster transfer of population

between the two states.

The spin orbit coupling parameter depends on the nuclear charge of the atoms

involved, meaning that larger metal atoms have a larger spin orbit coupling. Of

the three samples studied here the Cr ion is consistent and the opposing metal

ion is exchanged. Vanadium has the smallest nuclear size, followed by chromium

and then iron has the largest nuclear size, this means that the spin orbit coupling

increases as follows, V < Cr < Fe.

The second parameter to be considered is the energy difference between the initial

4LMCT state and the final 2E state. Due to the hybridisation of the metal-ligand

orbitals it may be possible to estimate the relative energies of the 2E states

based upon the amount of electron density localised on the cyanide ligands. The

transition metals opposite the CrII ion are in the M3+ oxidation state in the FeCr

and CrCr materials, however in the VCr analogue there is a varying percentage

of VII also present. Metals in the +2 oxidation state generally have a larger

ionic radius than their +3 counterparts as the lower charge results in a weaker

attraction to the outermost electrons. This weaker interaction with the electron-

electron repulsion therefore results in a larger overall ionic radius. The atoms

with smaller ionic radii have a greater interaction with the adjacent ligands and

therefore the bonding from the cyanide ligands is stronger. This results in a

decrease in the electron density on the ligands, due to the dative nature of the
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bonding in the nitrogen pocket, which detracts from the interaction with the

Cr ions in the carbon pockets. This overall interaction reduces the metal-ligand

interaction which results in a stabilisation of the t2g orbitals and a destabilisation

of the eg orbitals. If this is the case then the VCr analogue would show the

lowest energy t2g orbitals, followed by the chromium and the iron analogue. The

vanadium should show a significant difference however the iron and chromium ions

are much more similar in ionic radius and the differences will be much smaller.

The spin orbit coupling is the dominant of the two influences and one would

therefore expect the rate of intersystem crossing to be fastest in the FeCr analogue,

followed by the CrCr analogue and the slowest is the VCr analogue. The influence

of the energy difference is significantly different for the VCr analogue, in this case

the energy after LMCT excitation is closer in energy to the overlap with the 2E

state, thus promoting intersystem crossing. Overall the expectation is that the

rate of crossing for the FeCr PBA would be the fastest, followed by the VCr PBA

and finally the CrCr PBA is the slowest.

The ultrafast electron dynamics of the Prussian Blue analogues will be

studied using femtosecond time resolved transient transmission techniques which

will allow the population and subsequent relaxation of the excited states to be

followed. Where possible, measurements will be carried out as a function of

the applied pump power to give insights into the photophysics of the materials.

Also film thickness is varied in order to further study the nature of the thermal

relaxation pathways available to these materials.

The construction of a new experimental setup will be discussed which

will be capable of studying the ultrafast magnetisation dynamics of the materials.

This will be very important when considering the different excited states which

may be involved upon photo-excitation and during the transfer of population into

the final excited state.
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Chapter 3

Experimental

3.1 Optical Setup

3.1.1 Femtosecond Laser Pulse Generation

The whole optical setup is spread over two separate laser tables, the

first of which holds the components which are responsible for the generation of

the ultrafast laser pulses and the second laser table has been constructed to carry

out the measurements presented in this thesis. A simplified schematic of the first

laser table setup is shown in Figure 3.1.

Femtosecond Titanium Sapphire Oscillator

The generation of ultrafast laser pulses is achieved in a Coherent Mantis

oscillator which uses a titanium-doped sapphire crystal (Ti:S) as the gain medium

to generate the femtosecond laser pulses. There is a relationship the temporal

and spectral width of a pulse called the Fourier relationship, where ∆t is the

pulse duration and ∆ν is the bandwidth,

∆t×∆ν = 0.441 (3.1)

This means that in order to generate a pulse of femtosecond duration, the pulse

must have a sufficient spectral width in the frequency domain. The Ti:Sapph
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Figure 3.1: A schematic of the first laser table where the ultrafast pulses are

generated and divided up into various beams to be further modified or used in

other experiments.

oscillator therefore provides the fundamental 800 nm laser pulses with a sub-20

fs temporal profile with a bandwidth of 80 nm at a repetition rate of 76 MHz

after mode-locking is achieved. The gain medium is pumped by a Coherent OPS

quantum well laser to electronically excite the titanium ions. In order to generate

the femtosecond laser pulses, the length of the cavity oscillates at a high frequency

in order to induce power fluctuations. Once a threshold power is met, there is a

Kerr lensing effect which occurs in the gain medium. This lensing results in this

fluctuation being amplified and results in a single dominant pulse which forms

the mode-locked laser pulse. This is referred to as passive mode-locking. The

spectrum of the mode-locked output of the Mantis is shown in Figure 3.2.

The typical output power of the Mantis when mode-locked is around 500

mW. This is not sufficient to operate any of the non-collinear optical parametric

amplifiers that are critical in the experiments to generate different wavelengths

of light. To this end, the 800 nm, mode-locked beam from the Mantis is directed

into a regenerative amplifier.
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Figure 3.2: The spectrum of the mode-locked output from the Mantis oscillator,

centred around 800 nm at a repetition rate of 80 MHz.

Femtosecond Titanium Sapphire Regenerative Amplifier

The seed beam coming from the Mantis oscillator is directed straight

into the regenerative amplifier unit with no further modification of the pulses.

The Coherent Legend Elite regenerative amplifier system uses a Ti:S laser crystal

as the gain medium which is held in a temperature and humidity controlled

enclosure. The crystal is pumped by the frequency doubled output of a diode

pumped neodymium-doped yttrium lithium fluoride (Nd:YLF) laser. To avoid

damage to the optical elements, the incoming ultrafast laser pulses are first

stretched in time to reduce their peak intensity, before they are amplified, by

reflection from a dispersive grating. The stretched pulses are then passed into

the optical cavity in which the gain medium is housed. Pockels cells are used to

control the pulses entering and leaving by modifying the polarisation of the pulses.

The polarisation of the incoming laser pulses are such that they are not allowed

to pass, but when the Pockels cells are switched they enter the cavity. The timing
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relative to the pump laser is controlled by a SDG Coherent delay generator to

control the pulse build up within the cavity. The pulse is trapped within the

cavity where it experiences amplification over 20 - 30 round trips through the

cavity. Once the maximum amplification has been realised, another Pockels cell

releases the pulse from the cavity. The time delay of this second Pockels cell is

dictated by the same delay generator as the first cell which can be modified by

the experimentalist. After the pulses have been sufficiently amplified, they are

recompressed in time using another set of gratings to produce pulses with a central

wavelength of around 800 nm with a bandwidth of 10 nm. The typical output

power from the regenerative amplifier should be around 3.5 W at a repetition

rate of 1 kHz and the polarisation is horizontal. The spectrum is shown in Figure

3.3.

Figure 3.3: The spectrum of the output from the Legend regenerative amplifier,

the pulses are generated at 800 nm, 120 fs, 1kHz repetition rate with an overall

power of 3.5 W.

From the output of the Legend there are several beam paths dedicated to
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the other experiments which use this laser source. Only the components pertinent

to this project will be discussed here.

A commercial auto-correlator unit is used on this table to measure the pulse

duration, this can help as a diagnostic tool when optimising the compressor in

the regenerative amplifier or diagnosing problems with the system.

3.1.2 Optical Experimental Setup

The second laser table in the laboratory holds all of the optical elements

specifically pertaining to the measurements presented in this thesis. The optical

layout on this table is shown in Figure 3.4.

Figure 3.4: A schematic of the optical setup specifically constructed to carry

out the time-resolved magneto-optics and transient absorption measurements

described in this work.

A portion of the 800 nm beam from the Legend crosses from the first

laser table and is brought down to the correct height using a periscope. From

here the beam travels the length of the table and back again where it is then

picked off at a slightly lower height by a mirror, this adjusts the relative time

delay between this beam and the output of the TOPAS-White so that they arrive

at the experiment at the same time. This allows the TOPAS-White to be used
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as a pump pulses of different wavelengths of light.

After this delay line, the beam is split into two using a 90:10 beam splitter. 90%

of the beam is used to generate our pump pulses by frequency doubling the 800

nm to give 400 nm pulses and 10% of the beam is used to generate a white light

continuum as the probe. These two beams are then focussed into the same point

in the center of the electromagnet and can be directed on to the two methods of

detection, depending on the type of experiment carried out.

White Light Continuum Generation

When a femtosecond laser pulse is focussed into an optically transparent

material it is possible to generate a broad range of wavelengths through spectral

broadening. The temporal variation of the laser intensity induces a variation in

the index of refraction of the material. This effect is called self-phase modulation

(SPM). Various materials can be used to generate a continuum with sufficient

spectral width and stability, however in this work the continuum was generated

in CaF2.

As previously mentioned, 10% of the 800 nm beam which is reflected from the

beam splitter forms the seed for the continuum generation. This beam is passed

through a graduated neutral density (ND) filter and an iris, to allow the power and

beam spot size to be modified. This is critical in order to be able to control the

power density experienced by the CaF2 plate to produce the most stable white-

light continuum (WLC). No modification of the seed polarisation is carried out

at this point so it remains horizontal as per the output of the Legend. The light

is then focussed through a CaF2 plate mounted in a 2-dimensional translational

mount which continually moves the CaF2 to avoid damage to the plate. This is

because the damage threshold for the material is lower than the power required

for continuum generation. The outgoing WLC is then immediately collimated

using a spherical mirror before being passed through a 800 nm filter to remove

any residual seed pulse in the beam. The use of a collimating mirror helps to
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reduce the amount of material that the continuum passes through between the

CaF2 and the sample, in order to keep pulse chirp to a minimum. A typical

spectrum of the white light continuum is shown in Figure 3.5.

Figure 3.5: The spectrum of the white light continuum which is generated by

focussing 120 fs, 800 nm pulses in to CaF2 which is being translated in two

dimensions to avoid thermal damage. There is a cut-off filter placed shortly after

the white light generation setup which is used to remove any residual 800 nm light.

This is the cause of the modulations close to the cut-off around 750 nm.

The optimum spectrum depends on the application on a given day,

whether the spectrum needs to extend as far into the UV as possible or to achieve

the highest stability across the breadth of the continuum. Iterative optimisation

of the aperture, neutral density filter, focal position and pulse duration is necessary

to produce the desired white light spectrum.
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Broadband Pulse Detection

In this section, the optical and electronic components which allow the

measurement of transient absorption will be discussed. Two methods of detection

are used to measure the difference in absorption as a function of time; a pair of

balanced photodiodes (ThorLabs PDB210A) and two home-built spectrometers

using CCD camera detectors. After interaction with the sample between the poles

of the electromagnet, the beam is collimated using a spherical mirror, it is then

aligned through a pair of apertures which ensures that the beam is travelling in

a straight line from the electromagnet towards the detectors at the end of the

table. The use of mirrors on flip mounts allows the probe beam to be directed to

either method of detection, depending on the measurement being carried out.

The balanced photodiodes (PDs) are sensitive from around 400 nm to 1060 nm

with wavelength-dependent responsivities, shown in Figure 3.6. These PDs can

be used to measure the change in absorption over narrow wavelength ranges at

once using 10 nm bandpass filters at particular regions of interest depending on

the sample.

Figure 3.6: The wavelength dependent sensitivity of the ThorLabs PDB210A

balanced photodiode detectors used in the MO experimental setup.

The cameras used to carry out time resolved broadband measurements
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were supplied by Stresing, they contain two CCD detector heads (Hamamatsu,

sensor S7030-0906) made up of an array of 512 x 58 pixels with each pixel

measuring approximately 24 µm square giving an area of 12.3 x 1.4 mm. The

beams enter the spectrometers, where they first pass through fused silica prisms

to disperse the light. The light is then focussed down to a horizontal line which is

directed to cover the width of the CCD chip. The actual width of the spectrum

spans more than the 12.3 mm in order to retain resolution across the whole

spectrum. Using the input mirror to the cameras, the angle of input to the

cameras is optimised to pass through the prisms at the Brewster angle. The

camera detectors are mounted on 3 dimensional translation stages so that they

can then be moved horizontally in order to study the shorter or longer wavelengths

generated in the continuum by scanning across the horizontally dispersed beam.

Time-Resolved Transient Absorption Measurements

Both methods of detection can be used to study the change in the

absorption of the sample as a function of time. As previously described the

balanced photodiodes are used for narrow wavelength region measurements and

the cameras are used for broadband measurements. In order to study the change

in absorption due to the pump excitation, the 400 nm beam is modulated at 500

Hz (half the repetition rate of the laser) meaning that every other pump pulse

is blocked. The signals from the balanced PDs are passed through the lock-in

amplifiers which filter out any signal which is not modulated at 500 Hz and this

is then plotted using a LabView program which was written as this setup was

being constructed.

In the case of the broadband measurements, the cameras are set up to monitor a

wavelength range from around 300 nm to around 670 nm. In the presence of the

pump laser pulse, there is a larger amount of light around 400 nm than without.

The trigger signal from the chopper is then used to designate the ’Pump on’

or ’Pump off’ states in a separate LabView program, the change in absorption
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spectrum is then plotted in the program. The reference beam is also used to

clean up the observed signal by accounting for any changes in the intensity of the

white light continuum itself [45].

Faraday Rotation Measurements

Light is able to interact with the magnetisation of a sample as it is an

electromagnetic wave. The effect comes from the interaction of a magnetised

system’s permittivity, ε, and the electromagnetic field, E, generated by the light

pulse and are related by the following equation: D = ε0 ε · E, where D is the

electric displacement vector. The relationship between the angle of rotation of

the polarisation, β, and the magnetic flux density in the medium, B, is the

following: β = νBd, where ν is the Verdet constant for the material and d

is the path length in meters. A positive Verdet constant corresponds to L-

rotation when the magnetic field direction matches the propagation direction

and R-rotation when the two vectors are anti-parallel. Right-handed and left-

handed circularly polarised light causes charges within a material to rotate in

opposite directions, where each polarisation contributes to the orbital angular

momentum. A magnetic field then gives rise to a spin polarisation along the

magnetic field direction which leads to an energy contribution to each of the

two polarisations of opposite sign to each other. This leads to right-handed and

left-handed polarisations having different refractive indices. Plane polarised light

should be considered as the sum of right-handed and left-handed polarisations in

this case. When passing through the material, these two polarisation components

propagate at different speeds meaning that they emerge from the material out of

phase, therefore the beam has a rotated plane of polarisation.

In an isotropic medium the dielectric tensor becomes
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ε = ε


1 iQz −iQy

−iQz 1 iQx

iQy −iQx 1

 (3.2)

where Q = (Qx, Qy, Qz) is known as the Voigt vector which is aligned

with the magnetic field and has a magnitude which depends on the nature of

the material. The off diagonal terms in the matrix in the above equation give

rise to magneto-optical effects. This leads to the two circular component normal

modes which have the dielectric constants ε± = ε (1 ± Q · k̂), where k̂ is the

propagation direction of the light. The two circular components will travel with

different velocities and are attenuated differently which results in the emergent

light having a rotated plane of polarisation in the case of velocity difference or

ellipticity in the case of a difference in attenuation.

In order to study the magnetisation dynamics of the samples we employ the

magneto-optical Faraday effect (MOFE) which is analogous to the magneto-

optical Kerr effect (MOKE) but is measured in the transmission geometry as

opposed to reflection. The basis of the techniques is the same, when linearly

polarised light interacts with a magnetised medium, the polarisation direction

is rotated. The degree of rotation is proportional to the magnetisation of the

sample, giving a direct handle on the magnetisation, and most importantly is able

to operate on ultrafast timescales when used in a pump-probe type experiment.

After the sample, the probe beam is aligned through the apertures to

ensure that the beam travels in a straight line, perpendicular to the polarisation

optics (retarder plates and prisms). In order the measure the Faraday rotation

we require a half waveplate, which is used to rotate the polarisation of the light

by 45◦, and a Wollaston prism, which is used to separate out the horizontal and

vertical components of the polarisation.

Firstly, the waveplate is aligned perpendicularly to the beam propagation by

overlapping the back reflection with the incoming beam. The probe light is
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Figure 3.7: A schematic representation of how the Wollaston prism in

combination with the balanced photodiode detector allows the measurement of the

polarisation. In the first two examples, the incident polarisations are horizontal

and vertical which result in only one beam being produced of the initial incident

polarisation. In the final case, a half waveplate is used to rotate the polarisation

to 45◦ which then results in two beams of equal intensity to be produced, with

horizontal and vertical polarisations.

generated with the same polarisation as the seed pulse, this means the polarisation

of the light at the sample is horizontal. The wave-plate is set to 22.5◦ inducing

a 45◦ rotation of the polarisation. This results in a 1:1 ratio of the horizontal

and vertical polarisations exiting the Wollaston prism, and the same fluence of

photons incident on each detector of the balanced photodiodes.

When the light induces a change in the polarisation there is an instantaneous

change in this balanced signal which may be due to a change in the magnetisation

of the sample.
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3.2 Electrochemistry

3.2.1 Electrochemical Deposition

The substrates (1.6 mm thick sodalime glass coated with a conductive

fluorine doped tin oxide (SnO2:F) layer. Substrates were bought from Solaronix

and were not modified further) were sequentially cleaned using a water and

detergent mixture, isopropanol (iPrOH), and methanol (MeOH) in order to remove

any impurities on the surface of the substrates. The films were then finally rinsed

in distilled water as this is the solvent to be used in the synthesis. This is done on

the day of synthesis in order to ensure that the substrates are sufficiently clean

to produce homogeneous films of a sufficient optical quality. The general method

for electrochemical deposition is fairly consistent over the various Prussian Blues,

though the concentrations, potentials and deposition times vary. 1M KCl is used

as an electrolyte in all of the syntheses and the precursors are chosen depending

on the material that we wish to synthesise.

The general formula for these materials is; XxAa[B(CN)6]b·nH20, where X is an

alkaline metal ion, in our case exclusively potassium, and A and B are first row

transition metal ions. Therefore in order to synthesise analogues of Prussian

Blue we are going to substitute both A and B for different free metal and

hexacyanometalate ions. As precursors to these ions, metal (III) chlorides (ACl3)

and potassium hexacyanometallates (III) (K3B(CN)6) are used, where A can be

Fe, V or Cr and B can be Fe or Cr to generate the materials that have been studied

so far. This includes the VCr, FeCr, CrCr analogues and the FeFe Prussian Blue

itself.

The electrochemical deposition works on the basis that the Prussian blue analogues

are insoluble in water, which is exclusively the solvent used in the work presented

here. Typically the precursor ions are not very reactive with one another, but

when one of the species is electrochemically reduced they become much more

reactive. As the reductive process occurs at the surface of the electrode, the
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Prussian blue is formed and immediately precipitates onto the conductive face of

the electrode. It is assumed that due to the labile nature of the chloride ions, they

detach from the metal ion in solution whereas the more strongly bound cyanide

ligands remain attached to the metal ion.

For the VCr analogue the precursor solutions are vanadium chloride (VCl3) and

potassium hexacyanochromate (K3Cr(III)(CN)6) at concentrations of 50 and 75

mmol. Upon application of a potential of -1.15 V, the free vanadium ion is

reduced.

For the iron/chromium analogue the precursor solutions are ferric chloride (FeCl3)

and potassium hexacyanochromate (K3Cr(III)(CN)6) at concentrations of 50 and

75 mmol. Upon application of a potential of -0.7 V, the free iron ion is reduced.

For the CrCr analogue the precursor solutions are chromium chloride (CrCl3)

and potassium hexacyanochromate (K3Cr(III)(CN)6) at concentrations of 5 and

7 mmol, according to the literature. Upon application of a potential of -0.85 V,

the chromium ion is reduced.

In the case of the iron/iron analogue the precursor solutions are ferric chloride

(FeCl3) and potassium hexacyanoferrate (K3Fe(III)(CN)6), however in this case

the reduction potential of the cyanometallate species is lower than that of the

metal chloride species meaning that the reduction occurs on the cyanometallate

ion. The other difference here is that the electrochemical reduction is carried out

galvanostatically, that is to say, at a constant current, in this case the current is

set to -40 µA.

All materials are purchased from Sigma-Aldrich and are used without further

purification.

The electrochemical setup is shown in Figure 3.8 and shows the electrochemical

cell and the electrodes used to deposit the thin films which are all connected to

the Metrohm AutoLab III potentiostat which controls the currents and potentials

in the electrochemical cell.

The working electrode is the conductive surface where the reaction of
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Figure 3.8: A sketch of the electrochemical cell and the electrodes that are used

to deposit the thin films. From left to right; the counter electrode, the reference

electrode and the working electrode.

interest occurs, in this case it is the conductive surface of the glass electrode which

is contacted using a crocodile clip attached to a steel rod. The counter electrode

is a simple platinum rod and along with the working electrode provides the

circuit through which current can flow to carry out the electrochemical process of

interest. Finally, the reference electrode is a Ag-AgCl electrode which provides a

stable half-cell potential to allow the potential of the other half-cell (the difference

between the working and counter electrodes) to be determined.

3.2.2 Spectroelectrochemical Studies

Spectroelectrochemistry has allowed the redox processes involved to be

identified by correlating the peaks that are observed in the cyclic voltammogram

with changes in the optical spectra. This combination of techniques works in

both directions; giving information on the optical signatures of redox processes

and allowing the identification of redox processes by their accompanying changes

in the absorption spectra. The samples are placed in a 10 x 10 mm cuvette which

is housed in a mount which allows the use of optical fibres to couple the halogen

light source (Ocean Optics HL-2000-FHSA) to the spectrometer (Ocean Optics

HR2000+) as shown in Figure 3.9.

This setup is easy to operate adjacent to the electrochemical setup

41



Figure 3.9: The spectroelectrochemical setup which is used to study the

transmission spectrum of the sample as a function of the potential. The light

is contained within optical fibres for the majority of the beam path to remove the

need for optical alignment. a) is the Ocean Optics light source which generates

white light from around 400 nm to the IR. b) is the sample housing which uses

a 1 cm2 cuvette and coupled optical fibres. c) is the laptop used to run the

spectrometer program used to store the transmission spectra. d) is the Ocean

Optics spectrometer used to measure the spectra.

previously described, and the coupling of the light using optical fibres means

there is no alignment required at any stage. Due to the size constraint in the

cuvette, the Ag-AgCl reference electrode is replaced with a Pt wire electrode

which was found to have a negligible impact on the observed potential [46].

Samples are mounted in the cuvette and the electrodes are positioned such that

no direct contact is made with the other electrodes, the electrolyte is then added

to submerge the electrodes.

The potentials are then applied using the potentiostat and an auxiliary laptop

is used to control the spectrometer and acquire the spectra. For the plots of

absorption against time the absorption at a single wavelength was monitored at

0.2 s intervals. In the case of the spectra measured at each potential, this was
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done manually and the potentiostat was set to hold at each potential for 30 s.

3.3 Characterisation

A broad range of analytical techniques are used which give information

on various properties of the films including optical absorption, cyanide stretching

frequency, film morphology and thickness and elemental analysis. This is important

as there is a lot of variability with site defects and material stoichiometry which is

highly dependent on the synthetic conditions, particularly for the VCr analogue

[37]. The reproducibility of the films can therefore be an issue so all of these

techniques were used together in order to build up a complete picture of the

films.

3.3.1 UV-Visible Spectroscopy

Prussian Blue and many of its analogues are strongly coloured due to

metal-to-metal charge transfer transitions occurring in the visible region. This

means that investigation of the absorption spectrum is a simple method to study

the nature of the material. The films are almost always of a sufficient thickness

that one can see, by eye, if the correct colour has been formed but the use of

absorption spectroscopy allows more subtle differences to be quantified. The

strength of the absorption is directly proportional to the amount of material, or

path length, so this can also be used as a simpler measure of the film thickness,

once a calibration is carried out by measuring the thickness of various films.

The relative energies of the d-electrons in the two metal ions is an important

factor in the energy of the MM’CT and therefore the wavelength of light which

is absorbed. During the spectroelectrochemical measurements, this absorption

spectrum is modified due to a change in the relative energies of these electrons. All

measurements of static absorption spectra are measured using the spectrometer

and light source described in the spectroelectrochemical measurements. The
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measurements were typically obtained using the spectroelectrochemistry setup

described in the previous section unless stated otherwise.

Prussian Blue itself is strongly coloured blue and the absorption spectrum is

shown in Figure 3.10, the single broad peak at 690 nm corresponds to a charge

transfer transition between the adjacent FeII and FeIII metal centres present in

the PB lattice [47].

Figure 3.10: The UV-Vis absorption spectrum of the FeFe Prussian Blue showing

an absorption band from the FeII-FeIII MM’CT transition. This absorption

spectrum was measured on a Shimadzu UV-1800 UV Spectrophotometer to obtain

better signal-to-noise ratio across the whole spectrum.

The VCr analogue is also coloured blue with a strong absorption from

500 to 700 nm, this broader band in this analogue is due to there being two

oxidation states of the vanadium present in the lattice. These two different

oxidation states, VII and VIII, are present in different ratios depending on the

synthetic conditions. The effect of this ratio has been previously studied [27]

with the aim to increase the observed TC, but this is not the focus of this work.
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The absorption spectrum of a VCr PBA film is shown in Figure 3.11, the MM’CT

band in this material is made up of two bands, one at 540 nm and the second at

690 nm which correspond to the CrIII-VII and the CrIII-VIII respectively [37,48,49].

Figure 3.11: The UV-Vis absorption spectrum of the VCr Prussian Blue showing

a broad absorption from the two MM’CT transitions present due to the mixed

oxidation state VII/III.

A previous study [34] of this material showed that time dependent

density functional theory (TD-DFT), using the 6-311G(d) basis set, could be used

to confirm the identity of bands in the visible. To simplify the infinite PB lattice,

only a dimer of one V(NC)5 unit and one Cr(CN)6 unit which share a cyanide

bridging ligand were considered. These calculations confirmed the presence of

two non-zero oscillator strength transitions in the visible part of the spectrum,

which are assigned to the two MM’CT transitions previously described. There

was another transition which was found at 401 nm which corresponds to the CN-

to Cr t2g orbitals, this transfers an electron from the cyanide bridging ligand onto

the Cr ion, reducing it to CrII.
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The FeCr Prussian Blue analogue is orange in colour due to a significant

blue shift of the MM’CT transition. The absorption spectrum for a FeCr film has

a single band at around 450 nm and is shown in Figure 3.12 [32,33,50].

Figure 3.12: The UV-Vis absorption spectrum of the FeCr Prussian Blue showing

the absorption from the MM’CT transition at 450 nm.

The CrCr Prussian Blue analogue is not strongly coloured at all with

no significant structure to the absorption spectrum, implying that the MM’CT

transition is shifted completely out of the visible and down into the UV region of

the spectrum [32,49,51].

The relative energies of the MM’CT transitions observed in the optical

absorption spectra show that the CrCr PBA (MM’CT in the UV) has the largest

energy gap, followed by the FeCr PBA (MM’CT at 450 nm), then the VCr PBA

(MM’CT at 540 - 670 nm) and finally the smallest energy gap of the FeFe PB

(MM’CT at 690 nm). These are summarised in Figure 3.14. There is a large

stabilisation afforded to the CrIII ion as this corresponds to a half-filled t2g set

of orbitals relative to the CrII resulting in the largest MM’CT transition energy.
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Figure 3.13: The UV-Vis absorption spectrum of the CrCr Prussian Blue shows

some poorly resolved peaks in the visible region. The oscillations in the near-IR

are due to interference from the alignment of the sample and substrate in the

spectrometer.

The FeII orbitals lie higher in energy than the VII/III due to the population of the

orbitals, the 5 electrons in the t2g orbitals repel each other more than the 3 or 2

electrons in the VII/III orbitals. Then finally, the MM’CT for the FeFe PB has the

smallest transition energy, this is due to a large stabilisation afforded to the full

t2g set of orbitals for the FeII ion. All of the spectra observed are in agreement

with the available information from the literature.

Figure 3.14: A schematic of the relative energies of the MM’CT transitions

according to the optical absorption spectra.
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3.3.2 Infrared Spectroscopy

The use of infrared spectroscopy has been a crucial first step in confirming

the identity of the films that have been synthesised electrochemically. Infrared

spectroscopy probes the stretching mode of the cyanide bridging ligand present in

the Prussian Blue lattices. The strength of the cyanide stretch is used to inform

on the electronic character of the metal ions at either end of the ligand, such

as the electronegativity and the oxidation states. The available electron density

on the metal ions is transferred to the ligand via π back-donation which changes

the bonding character of the cyanide bond. The region of interest for the cyanide

stretch is 2000 - 2200 cm-1 and does not overlap with any other vibrational modes

present in the films so is a good choice for characterising the films. Each of the

materials has a unique stretching frequency which allows them to be identified

when compared with the literature values. All measurements were carried out

on a Perkin Elmer Spectrum Two - UATR spectrometer for powdered samples,

scraped from the surface of the electrode.

The VCr analogue has stretching frequencies [24] of around 2105 cm-1

for the VII-NC-CrIII moiety and 2115 cm-1 for the VIII-NC-CrIII moiety, under

aerobic conditions these shift to around 2165 cm-1 where the vanadium ion is

further oxidised to give the VIVO-NC-CrIII.

This oxidised band is typically always seen in these measurements, as

shown in Figure 3.15, as it is often not possible to measure the spectrum within

the time it takes the thin film to oxidise, so the band at lower frequencies is used

to confirm that synthesis was successful.

The orange FeCr analogue of Prussian Blue has a cyanide stretching frequency

around 2165 cm-1 for the, as deposited, FeII-NC-CrIII moiety. However, this

changes over time as a peak grows in at 2100 cm-1 over the course of several

hours, this corresponds to a rearrangement of the cyanide ligand to produce a

mixture of this original configuration and the FeII-CN-CrIII moiety. This sample

does not appear to be air sensitive so there is no issue with further oxidation.
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Figure 3.15: The IR spectrum of the VCr Prussian Blue analogue showing the

two peaks attributed to the cyanide stretching frequencies. The primary peak at

around 2110 cm-1 is from the VII/III-CrIII stretch and the second peak at 2165

cm-1 is due to the oxidised VIV species.

This sample was studied by Coronado et al. [40] as a function of the applied

pressure which resulted in a modification of the linkage isomerisation by inducing

a lattice contraction. The resultant magnetisation is decreased.

The colourless CrCr analogue of Prussian Blue has a single cyanide

stretching frequency, shown in Figure 3.17, of around 2185 cm-1 corresponding to

the CrII-NC-CrIII moiety. There is no indication of any air sensitivity or ligand

isomerisation with this analogue.

3.3.3 Atomic Force Microscopy

Optimisation of the thickness and therefore optical density of the films

was necessary for the spectroscopic measurements. The thickness of the films was

measured with atomic force microscopy (AFM) as this technique is sensitive at the
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Figure 3.16: IR spectra of the FeCr Prussian Blue analogue shows the decrease

over time of the band at 2165 cm-1 and the growth of the band at 2100 cm-1 due

to the isomerisation of the cyanide ligand. This has been studied as a function of

pressure by Coronado et al. [40].

range of thicknesses being produced, from 10’s of nanometres up to a micrometer.

AFM acquires an image by raster scanning the tip of the cantilever across the

surface of the sample and measuring deviations in the height by monitoring the

reflection of a laser from the back side of the cantilever with a position sensitive

detector.

In this work, a Veeco Nanoman VS with Dimension 3100 controller was used to

carry out the measurements and analysis was carried out using the NanoScope

Analysis 1.5 program which allows the images to be viewed and various analytical

procedures to be carried out such as smoothing, height profiles and roughness

analysis. The sample is held in place on the surface of the instrument by a weak

vacuum from below.

AFM allows the homogeneity of the films to be assessed on an individual crystal
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Figure 3.17: IR spectra of the CrCr Prussian Blue analogue shows the band at

2185 cm-1.

scale; the average crystal size, crystal structure, film thickness and overall film

coverage can be quantitatively studied in order to compare the different materials.

The thickness analysis is carried out by drawing a razor blade across the surface

of the film in order to remove the electrochemically deposited film, this ’valley’

is then studied using the AFM tip. The difference in height between the surface

of the substrate and the top of the crystals gives an estimate of the thickness of

the film, this is typically studied over several cross-sections to increase accuracy.

Figure 3.18 shows an AFM image obtained of the CrCr analogue.

For the VCr analogue it was not possible to prevent the films from

oxidising so the AFM is carried out on oxidised films. We assume no significant

changes in the film thickness due to this oxidation and the absorption of the films

is measured before fully drying and being exposed to air. The other analogues

are not air sensitive. The dependence of the absorption strength of all films as a

function of film thickness was studied and shows a similarly linear relationship.
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Figure 3.18: An image obtained using AFM shows the ’valley’ which is created

by drawing a razor blade across the surface of the film with the crystals of CrCr

PBA at either side.

3.3.4 X-Ray Photoelectron Spectroscopy

X-Ray photo-electron spectroscopy (XPS) is a technique which allows

the chemical composition of the synthesised films to be analysed. This method

is sensitive to the oxidation states of the metal ions involved which is critical in

terms of the properties that can be expected of a particular film.

Unlike the AFM, XPS is carried out under ultra-high vacuum which

means that complete oxidation of the VCr film can be avoided by mounting

the sample into the chamber when freshly made and allowing the film to dry

under vacuum. Any small amount of oxidation which occurs at the surface of

the film may be removed using ion bombardment. High energy argon ions (Ar+)

are focussed onto the surface of the film to ablate sections of the film. This

can be carried out multiple times and the spectrum can be monitored after each

bombardment to study the chemical depth profile of the structure. The elemental

analysis of the VCr film does not show anything unexpected and all elements that

are expected to be observed are seen.

The measurements we initially carried out on an XPS setup located at

the University of Edinburgh, however measurements were subsequently carried
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Figure 3.19: A graph illustrating the linear relationship between the deposition

time and the thickness of the deposited VCr film at the prescribed potential of

-1.15 V.

out at the NEXUS facility at the University of Newcastle. The CasaXPS software

was initially used to aid with peak identification, subsequent analysis and fitting

was carried out in Origin to determine relative abundances. Further analysis of

the area under the curves can give us an indication of the elemental ratios and

the positions of the peaks are indicative of the oxidation states present. This will

allow us to assign a molecular formula to the deposited VCr material in order to

interpret subsequent results. Each element has a specific sensitivity factor which

must be taken into account before this comparison is made and the areas under

the peaks are scaled relative to these factors.

3.4 Development of Time Resolved Magneto-

Optical Faraday Effect Measurements

In this section the development of the experimental apparatus which

was designed to allow the measurement of the time-resolved magneto-optical

properties of the thin films samples will be discussed. The development of the

optical setup will be described here first and then initial measurements that were

carried out as proof of principle will then be discussed. The magneto-optical

(MO) setup is built into the same beam path as the transient transmission, with
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Figure 3.20: The X-ray photo-electron spectrum of the deposited VCr material

illustrates the elemental composition of the film. C and N are present as the

cyanide ligands, V and Cr are the transition metals ions in the film and O is

present as interstitial water in the lattice. Sn is seen due to the exposed FTO

layer of the substrate which contains tin. The primary peaks for fluorine are

found at higher binding energies than were studied in these measurements and

the peaks for K are much smaller but can be found just above the C peak around

300 eV.

a small number of important modifications to allow measurements of both types

to be carried out with no realignment or rearrangement of optics required. The

setup can simultaneously measure the transient transmission and magneto-optical

response of a sample.

Figure 3.21 shows the beam paths of both the time-resolved and static

MO measurements which use the femtosecond and CW laser outputs respectively

(the preceding optics such as the delay line and the non-linear crystals are omitted

for simplicity). In order to switch between these two laser sources a mirror on a

flip mount is employed just in front of the focussing mirror for the probe beam

path. In order to overlap the two beams as closely as possible between the poles

of the electromagnet while using one directing mirror, the two beams must be

spatially overlapped as closely as possible. This means that if the probe beam

and the CW beam follow the exact same beam path then there is no realignment

necessary after flipping the mirror.
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Figure 3.21: The beam path and apparatus used in measuring the magneto-optical

response of the samples. The blue/yellow lines correspond to the femtosecond

laser beams and are used in the time-resolved experiments whereas the red dotted

line is the (chopped) CW output of a HeNe laser which is used in the static

measurements. (The polariser used to clean up the polarisation before the

electromagnet is a Glan-Laser prism polariser (ThorLabs GL15) as this has a high

extinction ratio. The half and quarter waveplates (ThorLabs AQWP05M-600 and

AHWP05M-600) were achromatic waveplates with operating wavelengths of 400

- 800 nm.)

The synchronisation of the optical chopper (ThorLabs MC2000B-EC) and the

lock-in amplifiers (Zurich Instruments MFLI) is critical in order to be able to

measure the relatively small variations due to the transient transmission and

magnetic responses relative to the background variations in the intensity of the

light sources. The chopper is used to modulate the pump beam to a given

frequency, typically 500 Hz for the time-resolved measurements and approximately

995 Hz for the static MO measurements. This means that for the transient

transmission measurements only every other pulse both the probe and pump

pulses are present, only when these two beams are present should a ’signal’ be

considered. Conversely for the static MO measurements only light from the

HeNe laser which passes through the sample in the magnetic field should be

considered, at a frequency of 995 Hz. The frequency reference signals for these

two measurement are passed on to the lock-in amplifiers which are used to isolate

only these frequencies and therefore remove any noise, or scattered light from
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other sources which could interfere with the measurements. The lock-in amplifier

performs a multiplication of its input with a reference signal, a low-pass filter is

then applied to the resulting waveform. This phase-sensitive detection isolates

the signal at the frequency of interest and removes any signals at other frequency

components. This reference signal is generated by the controller for the optical

chopper and is sent directly to the lock-in amplifier for use in both the time-

resolved and static MO measurements.

A CW HeNe laser source is used to measure the static magnetic response

of the sample, this is used as a characterisation of the sample and its magnetic

properties. Through the use of a variable magnetic field, generated by controlling

the current passed through an electromagnet, it is possible to sweep the magnetic

field experienced by the sample in order to measure the magnetisation versus field

of the sample. In this way it is possible to measure the hysteresis loops of the

magnetically ordered samples, this can be carried out at various temperatures in

order to give an indication of the TC of the material. This is a non-destructive

method of measuring these properties which hitherto would have been carried out

in a SQUID magnetometer which requires the destruction of the electrochemically

produced thin films.

The magnet is a GMW 3470 Electromagnet, which was purchased from

the supplier with holes bored through the center of the poles with a diameter of

10 mm. The diameter of the holes was kept as small as possible as to not alter

the magnetic field, yet to also allow the beams enough space to pass through the

poles. The pump and probe beams are not parallel going through the magnet to

allow for independent optimisation and overlap between the poles of the magnet.

The spacing between the poles of the electromagnet can be varied from 0 to 75

mm but for this application was set to 26 mm. This allows the head of the cryostat

to fit between the poles with the minimum amount of extra space, to maximise

the strength of the magnetic field produced between the poles. Calibration of

the strength of the magnetic field was carried out using a HGCA-3020 Hall probe
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sensor which was placed in the center of the two poles. The sensor generates a

voltage depending on the strength of the magnetic field and this can be monitored

in order to study how the magnetic field varies with the current applied to the

electromagnet. Linear sweeps of the field were carried out to mimic the field

experienced by the sample during the hysteresis loop measurements. It was

found that the greatest divergence of the observed magnetic field from the linear

relationship was found around zero field and this decreased towards the maximum

field strengths. At its maximum, the error was approximately 20 Gauss, or 2 mT

which is less that 5% of the width of the VCr loop and this variation will not

be taken into account given the inherent variability in the magnetic properties

of the films. The power supply for the electromagnet is controlled by a LabView

program which allows the current to be varied and the output from the lock-

in amplifiers to be monitored and plotted immediately. This allows the user to

instantly tell if the measurement is working correctly and assess viability of the

sample and parameters used.

Once the light has passed through the sample it is then directed towards the

photodiode detectors which have been discussed in a previous section.

Using a Glan-Laser polariser (ThorLabs GL-15), the polarisation of the light

passing through the sample was cleaned up by removing any stray light at different

polarisations. This polariser was selected as it possesses the highest extinction

ratio of the available optics in the lab at 100,000:1.

The second polariser, or analyser, was placed after the electromagnet to

study the polarisation of light that passes through the poles of the electromagnet.

The analyser was gradually rotated and the intensity of the light was monitored

using a laser power meter. The calculated ratio was approximately 1.5 x 104

using this polariser, shown in Figure 3.22. This is the highest extinction ratio

that was attainable using optics in the laboratory, so this will be used to clean

up the polarisation of the light.

Before any measurements of Prussian Blue analogues were attempted, it
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Figure 3.22: The measured power of the femtosecond white light (600 nm filter)

and the HeNe laser after passing through the Glan-Laser polariser as a function

of the rotation of the analyser. The extinction ratio is defined as the ratio between

the highest and lowest intensity.

was important investigate the 1 mm thick FTO coated glass which may also show

a magneto-optical response. The measurements which require cryogenic cooling

were carried out within the cryostat, so the response of the cryostat windows was

also characterised. The measurements were set up and carried out using the same

parameters as used for the samples.

Figure 3.23 illustrates the magneto-optical response of the substrate

and the cryostat windows. These materials display some paramagnetic response

which is a linear dependence on the applied magnetic field. As this background

is linear, it can be easily subtracted from the rotation measurements in order

to more clearly observe the magnetic response of the sample. Crucially, the

magneto-optical ellipticity response of the background is orders of magnitudes

smaller than that of the rotation, for this reason the ellipticity often proved more
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Figure 3.23: The observed magneto-optical response from the substrate and the

cryostat windows. These measurements were used to confirm the behaviour before

the Prussian Blue analogues were introduced.

useful for studying the samples.

In order to characterise the setup been built in the University of Edinburgh

laboratory, a pre-characterised sample was sent by a collaborator at the University

of Leeds, Dr Oscar Céspedes. The samples were two multilayered thin films

comprised of four metallic layers of a few nanometer thickness, Ta (4 nm) | Pt

(3.5 nm) | Co (X nm) | Pt (5 nm). The difference between the two samples was

the thickness of the Cobalt layer, sample 1 had X = 1.04 nm and sample 2 had X

= 1.2 nm. These samples were fabricated in order to maximise the perpendicular

magnetic anisotropy (PMA). This means that the magnetic moment of the sample

is favoured out of the plane of the sample. Given that the measurement was set

up to operate in transmission with the magnetic field in the direction of beam

propagation, this would mean that the experiment is best suited to measure a

sample of this nature. The samples were independently characterised in terms of

their coercive field, HC, at the University of Leeds by magneto-optical Kerr effect
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spectroscopy. HC was determined to be 10.2 ± 0.5 mT and 11.5 ± 0.5 mT for

sample 1 and 2 respectively.

Figure 3.24: The magneto-optical response of the second Ta | Pt | Co | Pt PMA

calibration sample measured using the magneto-optical Faraday rotation, a), and

ellipticity, b), techniques carried out in the lab at the University of Edinburgh.

The HC of the sample was measured to be approximately 11 mT using a scan rate

of 1.5 mT s-1 and no subtraction of background contributions were made.

The measurements was carried out by first thoroughly aligning the HeNe

beam, particular care was taken to make sure that the beam was perpendicular

to all of the polarisation optics and the sample. It was found that the alignment

of the beam is critical to the measurement working correctly and the correct

response being recorded. The measurement was carried out using the HeNe laser

as this is easier to set up and was used to characterise unknown samples. The

HeNe laser power was attenuated to approximately 5 µW to reduce the amount

of scattered light from the sample. The observed HC of approximately 11 mT

was very close to that which was measured by our collaborators in Leeds. The

hysteresis loop for this sample is shown in Figure 3.24. This gives confidence that

the values that are obtained with this newly constructed magneto-optical setup

are indeed accurate and the setup is functioning as intended.
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As a next step, a thin film of Ni was created by electron beam evaporation

on to the surface of a glass cover slide. The film was approximately 10 nm

thick, measured using a quartz crystal balance employed during the deposition

of the sample under a constant deposition rate. The static Faraday rotation and

ellipticity as a function of the applied magnetic field were then measured.

Figure 3.25: The observed Faraday rotation and ellipticity response of the Ni thin

film with variation of the magnetic field. There is clearly a magnetic response in

the ellipticity measurement however there is no observed coercivity, indicated by

the loop not opening up.

The MO signal of the Ni film did not exhibit a hysteresis loop which

was thought to be due to the magnetisation resting primarily in the plane of

the film, which is perpendicular to the direction of the applied magnetic field.

There appeared to be some contribution from the underlying substrate due to

the relatively thin sample compared to the thickness of the substrate. There

was however some magnetic response that was observed in this work, seen as the

non-linearity of the magnetisation versus field plots, which suggests that a time-
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resolved response of the ultrafast demagnetisation could possibly be observed.

This was next attempted with the aim to reproduce the observed response seen

by the group of Jean Yves Bigot in 1996 and in subsequent work.

Once the beam had been satisfactorily aligned onto the PD detectors, the sample

and a bandpass filter were introduced in order to study the intensity of light

at one wavelength of interest. In this case the measurement was carried out at

632.8 ± 2 nm (ThorLabs FL632.8-10, FWHM = 10 ± 2 nm) as this most closely

matches the 620 nm that was used in the literature. The magnetic field was

off while the zero signal was set on the photodiodes by rotating the wave-plate

to generate polarisation at 45◦. This leads to an equal intensity of light being

generated in both arms which are output from the Wollaston prism. From here, a

magnetic field of 250 mT was applied in one direction. This results in a non-zero

signal which is caused by a shift in the rotation of the polarisation due to the

magnetic field (this is confirmed by reversing the field direction to give a signal of

opposite sign). This new signal which was seen when the magnetic field is applied

constitutes the time zero signal, then when the 400 nm pump pulse was applied

with a power of 5.3 mW the magnetisation is modified.

The Faraday rotation measurement shown in Figure 3.26 appears to

show an influence of the magnetic field on the direction of the observed signal,

but in order to obtain the demagnetisation, the signal for one field direction should

be subtracted from the other in order to remove any non-magnetic signal. The

measurement in zero field was carried out to confirm the absence of a response

when the material is demagnetised out of the plane of the sample. The corrected

Faraday rotation response is shown in Figure 3.27 with a fast sub-picosecond

demagnetisation of the sample followed by a slow decay.

The decay dynamics were able to be fitted with a single exponential

decay plus an offset, τ 1 in this case was approximately 2.5 ps. With respect to

the magnitude of the loss of magnetisation, the change in angle measured by the

difference between the two field directions is approximately 190 mdeg. From the
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Figure 3.26: The observed time-resolved magneto-optical response of the Ni thin

film in a field strength of ±260 mT which equates to a current of ±3.5 A.

A measurement was also carried out in zero field which shows no significant

response.

static measurement in Figure 3.25 a total magnetisation is able to be determined

to be 330 mdeg, by subtracting one field direction from the reverse field. This

means that when pumping with 400 nm light at 5.3 mW, a loss of magnetisation

of around 57% of the total signal is achieved. Measurements in the literature

typically see a faster recovery of the magnetisation than is observed in these

measurements. This could not be visible in these measurements as the effective

pulse duration is much longer than expected due to the introduction of the Glan-

Laser polariser before the sample. This inhibits the ability to determine processes

which occur on very fast timescales such as the initial demagnetisation. The

experimental procedure however appears to be sound as the results are generally

in good agreement with the literature. This technique can then be applied to

functional inorganic materials such as the Prussian Blues.
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Figure 3.27: The corrected time-resolved magneto-optical response of the Ni thin

film in a field strength of 260 mT. The difference between H+ and H- transients

in Figure 3.26 is the true signal that remains is the true magnetic response to the

excitation.

In order to test these measurements on the functional materials which

are of interest in this work, a further test measurement was carried out on the

VCr PBA. This material has been previously studied by Johansson et al. [34]

and this will serve as a proof of principle that these techniques can successfully

be applied to inorganic materials which require cryogenic cooling in order to

observe a magnetic response. This also allowed the films that were synthesised

at the University of Edinburgh to be fully characterised using magneto-optical

measurements which study the magnetic properties of these materials in a non-

destructive way.

Magnetic hysteresis was measured using the same experimental parameters as for

the Ni thin films to determine the magnetic coercivity of the films prior to using

time resolved techniques. The static measurement of the Faraday rotation at 77
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K yields the response shown in Figure 3.28, which shows a magnetic coercivity,

HC, of approximately 50 mT.

Figure 3.28: The Faraday rotation of the thin film VCr sample measured at 77 K

as a function of the applied magnetic field. The hysteresis loop is superimposed

on a linear background which is thought to originate from the substrate, this can

be subtracted to yield the loop.

At this point, the experimental parameters were optimised in order to

measure the magnetic properties more closely. The measurement step size was

first varied, which affects at what point the magnetic response is recorded but

also impacts the effective scan rate experienced by the sample.

The smaller step size appears to more closely track the changes in signal,

as displayed in Figure 3.29, but this must be balanced with the time it takes

to carry out the measurement and the waiting time of the lock-in amplifier.

The waiting time for the measurement (and in turn the lock-in amplifier) was

studied separately in order to determine the optimum speed to carry out these
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Figure 3.29: The observed Faraday rotation measurement as a function of the step

size controlled by the LabView program used to automate these measurements.

This allows the value of the hysteresis to be obtained more accurately. These

settings however, vary with the identity of the sample being studied and must be

adjusted to fit the observed response.

measurement. The balance between a fast measurement which minimises the long

term drift of the setup due to temperature fluctuations and a slow measurement

where the scans are prohibitively slow and time consuming. The measurements

were started at a very long waiting time of 10 seconds per point, this gave a

very clean measurement of the magnetic response around 50 mT but introduced

a diversion from linearity at the very end of the measurement. This was often

more obvious when the experimental apparatus had not been give sufficient time

to settle and was helpful in determine the correct amount of time given for

equilibration. However these measurements took over 5 minutes, especially when

a wider range scan was required, and it was found that this very long term drift

could be avoided by increasing the scan speed, with no discernible deterioration
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in the observed signal. This held true until the waiting time was taken below 3

seconds per point at which point the signal began to deviate from the previous

measurements significantly.

Due to the large linear contribution from the glass substrate measured with the

Faraday rotation, it proved beneficial to measure the Faraday ellipticity of the

sample. The basis of the two measurements are slightly different, the Faraday

rotation signal results from a change in the index of refraction of left- and right-

handed polarisation whereas the Faraday ellipticity comes from a change in the

relative absorption of left- and right-handed polarisations. As the substrate

shows a comparable refractive index to the sample, relative to the background

air this signal can be lost in the signal from the substrate. The difference in the

absorption however, between the sample and the substrate/background is much

larger and therefore this offers greater sensitivity when studying the response

from the sample itself.

The Faraday ellipticity is shown in Figure 3.30 and shows a much

stronger magnetic response relative to the linear background, with a simple

subtraction of this background it is possible to observe a clear hysteresis loop

with a coercive field of approximately 60 mT. This value was interestingly among

the largest value of HC that has been previously recorded in the literature, with

previous values ranging from 1 mT [48], 2.5 mT [24] and up to around 10 - 20

mT [52] with the use of different alkaline metal cations (in this case Cs in place of

K). The origin of this augmented coercivity is attributed to the electrochemical

cycling of the films in a solution of KCl immediately after deposition.The insertion

of the additional K+ could introduce some anisotropy into the crystal structure

which may cause some strain in the system. It has been found that the survival

rate of these films was improved significantly following electrochemical cycling,

the irreversible oxidation of the films appears to be slowed which facilitates the

sealing of the films using super glue. This was then noticed that over the course

of many separate measurements on different occasions there was a significant
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Figure 3.30: The static Faraday ellipticity of two VCr samples measured at

77K. One of the films was cycled in KCl post synthesis in order to incorporate

more potassium counter ions into the structure. The observed coercivity, HC, is

increased after the insertion of more potassium ions.

improvement in the HC of the films that had been cycled versus those that had

not. This became evident during an undergraduate project student’s work and

is currently undergoing a more methodical analysis to study this as a function of

cycling and the resulting oxidation state ratios of the films produced.

Again, the waiting time of the measurement was varied in order to study the

impact this had on the observed response to the magnetic field, shown in Figure

3.31. The width of the hysteresis loop is shown to depend strongly on the

measurement waiting time.

The optimum waiting time for these measurements appears to match

with what was determined for the rotation measurement also. At longer waiting

times, the measurements are influenced by a greater long term fluctuations due

to thermal drift in the laser.
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Figure 3.31: The variation of the observed hysteresis loop measured using Faraday

ellipticity of the VCr PBA.

At this point, the experimental setup could be used to characterise the

films, in terms of the coercive field (HC) and Curie temperature (TC). The

ability to reliably measure these parameters in situ allows for a much easier

optimisation of synthesis condition and more usefully the characterisation of

brand new samples which have unknown magnetic properties. These studies were

carried out by measuring the hysteresis loops at increasing temperatures. This

allowed a measurement of the magnetic response as a function of temperature to

be obtained to give an idea of the magnetic properties of the films.

Figure 3.32 shows the temperature dependence of the MS of typical VCr

PBA films synthesised at the University of Edinburgh. The TC of these films

has never been observed at room temperature which is due to the exact ratio of

VII:VIII. It was not a priority to reach the highest ordering temperatures in this

work, only to use the VCr as a model system for the time resolved studies.

In a similar fashion to the Ni thin films, once it had been shown that
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Figure 3.32: The temperature dependence of the saturation magnetisation, MS, of

the VCr PBA thin film appears to show a TC of around 200 K. This is significantly

lower than the highest values observed for this material but a higher HC has been

recorded in this work.

a clear, reproducible magnetic response could be measured using the magneto-

optical setup, it was decided that it would be a useful exercise to reproduce the

time-resolved MO study of this material that was carried out by Johansson et

al. [34].

The alignment of the laser was checked before and during all of the measurements

in order to measure the response correctly, the measurements of Johansson et

al. were kept in mind at all times but also the time-resolved transmission

measurements that have been conducted independently and more recently on this

same optical setup. Typically a transient transmission measurement was carried

out first in order to optimise signal of the sample, given that there is a long-lived

bleach of the ground state that can be used to easily find the spatial and temporal

overlap more easily than attempting this with the MO measurement. The probe
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light was again balanced after inserting the sample and the red bandpass filter

(632.8 nm) using the half wave-plate. The magnetic field was then applied at the

maximum strength of 300 mT and the measurement was carried out.

Figure 3.33: The initial time resolved magneto-optical Faraday rotation response

of VCr PBA upon excitation at 400 nm and probing at 632 nm. The transients

show a signal of the opposite sign when the field is inverted, the magnitude of the

two signals is approximately the same in each field.

Figure 3.33 shows the time resolved magnetic response of the Faraday

rotation upon excitation at 400 nm and 0.8 mW. The polarisation used was

vertical. The sample that was studied was approximately 150 nm thick in order

to reduce scattered light as much as possible. The initial signal rise and the

subsequent decay of each of the signals appears to resemble the kinetic traces

presented in the literature and transient transmission kinetic traces observed

in our own measurements. If the origin of the magnetic signal is a result of

the super-exchange interaction between the VII/III and the CrIII then the decay

dynamics should follow the recovery of the ground state as observed in the
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transient transmission measurements. There also appears to be an additional

feature during the rise time of the signal which has been typically seen when the

film is damaged due to the intensity of the light.

Figure 3.34: The corrected magneto-optical Faraday rotation response of VCr

PBA upon excitation at 400 nm and probing at 632 nm as a result of subtracting

one field direction from the other. The small spike which appears before the main

signal rise is indicative of the start of the degradation of the sample.

Figure 3.34 shows the real magneto-optical response of the VCr PBA

once the correction has been made by subtraction of one field direction from the

other. There is a fast initial decay followed by a slower second decay constant

which is visible over the time range that was measured in this experiment.

The decay appears to match the observed ground state bleach of the MM’CT

transition, previously reported for this material and more recently studied in the

work outlined in this thesis. This indeed corresponds to the recovery of the ground

state which would correlate to the recovery after photoinduced demagnetisation.

These techniques were also applied to the CrCr analogue as this material
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possesses a TC of approximately 200 K, depending on the exact stoichiometry.

This crucially also allowed measurements to be more easily carried out using

liquid nitrogen as opposed to the much larger expense when using liquid helium.

The static Faraday rotation measurement was carried out in order to measure

the hysteresis loop of the sample at 77 K.

Figure 3.35: The magneto-optical Faraday rotation response of CrCr thin film

measured at 77 K. There is a significant amount of drift in this measurement

which makes the extraction of exact values unreliable but the setup is definitely

able to measure these samples to a relatively high degree of accuracy.

The M vs field measurement of the CrCr analogue is shown in Figure

3.35 and shows a much narrower coercive field when compared with the VCr,

but the value matched well with the literature value for the CrCr analogue. The

separation of the start and finish of the measurement is due to a thermal drift in

the laser polarisation. The thermal stability of the laser is improved through the

use of the laser enclosure which was constructed to this end. When measurements

are being carried out, as much of the laser enclosure as possible is closed to combat
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air currents and scattered light.

The ability to measure the magnetic properties of these materials therefore allowed

the characterisation of the temperature dependence of the magnetisation to be

studied. The Faraday rotation measurements were carried out as a function of

the temperature, this was carried out on a single day where the stability of the

cryostat was favourable. The saturation magnetisation was measured for each of

these measurements at intervals of approximately 25 K from the base temperature

of liquid nitrogen, 77 K.

Figure 3.36: The observed temperature dependence of the saturation

magnetisation of the CrCr Prussian Blue analogue.

Figure 3.36 shows the CrCr analogue’s temperature dependence of the

saturation magnetisation of the CrCr PBA. The observed TC was found to

be approximately 220 K which is well within the range of Curie temperatures

reported by [25] of 135 to 260 K which vary as a function of the Cr oxidation

states.

The same measurements were attempted on the FeCr PBA, however
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these attempts were unsuccessful. The much lower expected Curie temperature of

these materials, around 20 K, means that it is not possible to use liquid nitrogen in

these measurements, but liquid helium instead. This added a greater expense and

complexity to the measurements which meant that many repeat measurements

were not possible. Studies of the FeCr analogue are ongoing now with an improved

understanding of materials and particularly of the measurements.

Unfortunately the measurements subsequently became very unreliable

and did not appear to be working correctly. The main issue with the measurements

was that the effect of reversing the magnetic field was no longer visible. Instead

of the expected behaviour the first field direction applied would exhibit the usual

response, ie. a demagnetisation recovery as was previously seen. However when

the magnetic field was switched off and applied in the reverse direction, then the

measurement exhibited a zero magnetic response or in much rarer cases there

was an identical response but at a lower magnitude. In order to resolve this issue

then a variety of attempts were made to find the root of the issue.

The first thing that was investigated was the method employed for balancing the

photodiodes before a measurement is carried out. Instead of the usual method of

balancing in zero field and subsequently applying the field, the measurement was

balanced in one field direction. In this way the balancing was done for certain in

a given field, as opposed to when balancing was carried out in the absence of a

magnetic field where it was unknown what remnant magnetisation remained in

the sample after removal of the external field. This unfortunately did not resolve

the issue, so testing was continued.

The measurements were carried out again but this time the strength of the applied

magnetic field was reduced, it was thought that an excessive magnetic field could

lead to complications when the field is reversed, making it more difficult to observe

reversal of the magnetisation. Again this was found to offer no resolution to the

issue, there was however a reduction in the magnitude of the signal that was

observed in one field direction as was expected. There remained no reversal of
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the magnetisation for this measurement.

At this point it was considered that there may have been a change in the nature of

the film and it’s magnetic properties which resulted in the change in the magnetic

response under changing magnetic fields. The measurements were repeated using

freshly deposited samples being careful with the synthesis to follow the protocol

as closely as possible. There was again no change with the behaviour of the

time resolved measurements, so further critical analysis will be continued to

understand the origin of this issue.

Unfortunately this issue was not resolved within the scope of this work

but was attributed to natural defects in the films which result in the trapping of

the spin states within, measurements were attempted using freshly made samples

but this issue was not changed. To understand these problems and hopefully to

solve them, efforts are ongoing employing new samples in order to thoroughly

characterise the experimental setup.
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Chapter 4

Results

4.1 Electrochemistry and Spectroelectrochemistry

4.1.1 Electrochromic Switching in the Vanadium-Chromium

Prussian Blue Analogue

Introduction

The VCr PBA is of great interest as a functional material due to the high

TC and as a member of the Prussian Blue family of compounds it was thought that

the VCr analogue may exhibit electrochromic properties. From the literature it

was known that a colour change does occur when the film is exposed to air for any

period of time. It was assumed that this was due to the oxidation of one or more of

the metal centres present in the material; the VII/III or the CrIII ions. In order to

understand the redox chemistry at work here, a spectroelectrochemical study was

conducted as part of understanding the electrochemical deposition of the material.

It was shown that the redox chemistry of the metal centres, and therefore the

optical properties of the films can be modulated using electrochemical potentials.

This work has been published [46] and the paper is presented in Appendix 1.

The colour of the film can be reversibly switched from blue to black,

as shown in Figure 4.1, through the application of alternating electrochemical
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Figure 4.1: The reversible change in colour from blue to black of the VCr PBA by

electrochemical reduction, caused by a red-shift in the MLCT transition. The film

is exposed to electrochemical potentials vs. a saturated calomel electrode (SCE) of

0 V (a) and −1.2 V (b).

potentials.

The ability to control the colours of these functional materials shows the potential

for them to be used in devices such as electrochromic windows, mirrors, sensors or

light modulators. In the latter case, additional magnetic ordering of the materials

would allow for modulation of the polarisation of the transmitted light via the

Faraday effect. This would also require the materials to be transparent and

deposited on to a transparent substrate. In this work, transparent thin films of

the VCr PBAs were deposited on conductively coated glass substrates and the

spectroelectrochemical properties of the material were studied in order to further

understand the charge-transfer processes occurring in this family of molecule-

based functional materials.

Synthesis and Characterisation

The synthesis of the VCr thin films was carried out in the same way

for these studies as for those used in the ultrafast measurements, described in

Section 3.2.1, earlier in this thesis.

During the analysis of the electrochemical deposition of the VCr PBA it was

observed that when a reducing potential of approximately −1.2 V or more is

applied to the material, the colour is switched from blue to black. This process
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was reversible, by alternating between values of −1.3 V and 0 V vs. SCE to

drive the redox process in either direction. Little to no degradation of the films

was observed over the course of approximately 20 reduction-oxidation-reduction

cycles with a waiting time of 15 seconds at each potential. Previously it had been

noted that when an oxidising potential was applied, or even exposure to air, the

material lost its strong blue colour and became colourless [52]. For this reason,

the films are considered unstable in air and are sealed using super glue and glass

cover slides and are then stored in a glove box.

During the synthesis of the VCr PBA, cyclic voltammetry was first carried out on

each of the reagents, the results are shown in Figure 4.2 (a). These measurements

allow the electrochemical deposition conditions to be optimised for production of

the films. The cyclic voltammogram (CV) of the VCl3 allowed the reduction

potential to be characterised with respect to the reference electrode being used.

The CV of the K3[Cr(CN6)] solution shows negligible activity between 0.8 and

−1.2 V in comparison to the CV of the VCl3 and is mainly attributed to impurities

in the salt.

The reduction peak seen in (a) as the potential is swept from right to

left, around −0.7 V, is attributed to the reduction of the hydrated VIII ion to

VII. The oxidative peak in the return direction as the potential is swept from left

to right, at around −0.1 V, is due to the re-oxidation of VII back to VIII. This

constitutes the simplest case, where there is one main redox couple involved, the

CV becomes more complicated when extra processes are introduced. The shape

of the CV is somewhat skewed from the expected shape due to the fact that the

scan is ended prematurely when scanning to negative, or reductive, potentials. If

the potential is taken too negative then additional processes begin to occur.

Figure 4.2 (b) illustrates what happens to the CV of the VCl3 when the potential

is swept past −0.8 V, this now involves multiple reduced oxidation states of the

vanadium. The first reduction process, at −0.7 V, is presumably the same single

electron reduction of VIII as that in (a). After that we attribute the second peak
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Figure 4.2: The cyclic voltammograms for the various reagents and product film

in the electrochemical cell in an aqueous solution of 1M KCl. (a) shows the CVs

for the individual reagents in isolation across the region of interest. (b) shows

the increasing complexity in the CV of the VCl3 over a larger region of interest,

where the scan is taken to a more reductive potential to induce further reduction.

(c) illustrates the processes which occur when the film is grown under a cycling

potential between −1.15 V and 0.25 V.

at −1.1 V to further reduction and nucleation of vanadium containing species on

the surface of the electrode. This is further implied by the structure of the first

oxidative peak around −0.5 V which is sharp and indicative of material being

stripped from the surface in a non-diffusion limited fashion. The shape of the

loop gives important information on the nature of the processes which occur and

can be used to rationalise what is going on in this more complicated situation.

As the potential is swept from 0 V to more reductive potentials the current does

not increase until −0.65 V when the first reduction occurs, however in the reverse

direction the current flowing remains high up to−0.55 V before the stripping peak

begins. This feature is called a nucleation loop and indicates that the potential

required to initially reduce the species, in this case the VIII, is not equal to the
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potential required to re-oxidise the species, VII. This is thought to be based on

the nature of the substrate involved, a larger potential is required to reduce the

species on the surface of the FTO substrate than to oxidise the material from a

layer of VII.

This is then followed by the same re-oxidation of VII back to VIII, this process is

gradually dampened by the loss of some material in the previous nucleation and

stripping process. The appearance of the loop is not the most straightforward

example of a cyclic voltammogram, as there appears to be what looks like a

nucleation loop around −0.6 V where the wave in the reductive direction crosses

over the with the oxidative wave.

The redox processes which occur when the two reagents are both present in the

cell were then analysed, this is shown in Figure 4.2 (c). Again the first process

to occur is the reduction of VIII to VII around −0.6 V, followed by the further

reduction and nucleation of species onto the surface of the electrode at −1.1

V. The magnitude of this peak, and therefore the frequency of this reduction

occurring, decreases with each subsequent cycle. This implies that the process is

not fully reversible, as some loss of species occurs. The oxidative peaks, first at

−0.5 V due to the stripping of the nucleated deposits and then at −0.2 V due to

the oxidation of VII back to VIII also show changes over the course of the 3 scans

carried out. First of all, the stripping peak decreases over time in agreement with

the decrease of the reductive peak at −1.1 V indicating that less material is being

nucleated on to the surface as it is instead reacting with the hexacyanochromate

ions to form the VCr PBA. This is further evidenced by the increase over time

of the second oxidative peak, indicating that more of the VII/III redox couple is

incorporated into the structure over time.

The CV of the final product film, deposited potentiostatically as in

Section 3.2.1, is shown in Figure 4.3 and was carried out in 1 M KCl as is standard

in these measurements. The first peak, which starts around −0.7 V, corresponds

to the reduction of VIII ions to VII ions that are encorporated into the framework
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Figure 4.3: The cyclic voltammogram for the final product film of the VCr PBA.

As the potential is swept from right to left, the two peaks on the lower half of the

plot correspond to the single electron reduction of VIII and CrIII respectively. The

single peak as the potential is swept from left to right is the re-oxidation of CrII

to regenerate the CrIII species.

of the PBA, which is why the potential is shifted slightly from those in Figure

4.2. The second peak, which begins to appear below −1.0 V, is attributed to

the single electron reduction of the CrIII in the PBA lattice. The only significant

peak in the reverse direction is attributed to the re-oxidation of the [CrII(CN)6]
4-.

The assignment of the redox peaks associated with the chromium (III) ion are

in agreement with the literature, where it has been shown that the [CrIII(CN)6]
3-

moiety in the Fe-Cr PBA, is reduced at a similar potential (−1.15 V vs SCE [33]).

The arrows in Figure 4.3 illustrate how the current decreases with each cycle of

the potential, particularly for the first reductive peak, this is due to an overall

loss of VIII species as they become trapped in lower oxidation states in the lattice.

During the cycling of the potential, the balance of charge is maintained by the

insertion and extraction of potassium counter ions. This can be studied using

element specific techniques such as XPS before and after cycling of the film in

order to study the differences that this induces in the film composition.

Figure 4.4 shows two XPS measurements carried out on two films made

using the same deposition conditions, on the same day, but one of the films was
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Figure 4.4: Two XPS measurements illustrating the difference in the potassium

ion content of two films, differing only by one having been cycled in KCl after

deposition (red).

cycled in KCl after deposition. The two small peaks, present in the red dataset,

at 293 and 378 eV are attributed to the increased presence of potassium ions in

the sample due to the cycling of potentials to incorporate ions into the film to

counterbalance the change in charges on the V ions.

Spectroelectrochemistry

In order to assign these observed redox peaks with greater certainty, a

technique called spectroelectrochemistry was employed to give more information

on the redox processes involved. From the literature [34] it is known that when

incorporated into the V-Cr PBA lattice, the VII to CrIII MM’CT process occurs

at 540 nm and the corresponding MMC’T process between VIII and CrIII occurs

at 660 nm. This gives us a handle on the critical redox processes involved in this

material if we can observe changes to the absorption spectrum in these spectral

regions.

As previously described, the sample was analysed in a cuvette, which is directly
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connected to both the light source and spectrometer via optical fibres. The

counter and pseudo-reference electrodes were arranged in the cuvette such that

there was no contact when the substrate is introduced.

In order to precisely measure the absorption spectrum at a given potential, the

potentiostat was programmed to scan the potential in steps, pausing every 0.1 V

for 30 seconds to allow the spectrum to be measured manually using the computer

controlled spectrometer, from 0 to −1.3 V. This ensures that the spectrum is

measured at a specific potential as there is some time taken to measure the

spectrum and this can change faster than the spectrum can be recorded as the

potential is varied. The first reductive peak was analysed over the range from

0 to −0.8 V where any changes in the absorption spectrum could be assigned

to this process alone, subsequently the second reductive peak was analysed from

−0.9 to −1.3 V.

According to the computational studies by Rogers and Johansson [49],

there should be two bands in the visible region of the spectrum corresponding

to the MMC’T transitions from the two vanadium oxidation states present in

the VCr PBA to the CrIII sites. These peaks are not usually resolved in the

transmission spectra. If a sufficiently thin film is deposited, it was found that

it is possible to observe the VII-CrIII transition band as a shoulder on the side

of the VIII-CrIII band, as seen in Figure 4.5. The sample in Figure 4.5 with a

transmission of approximately 80% corresponds to a VCr film thickness of below

100 nm, this is typically achieved after only 60 seconds of deposition at -1.15 V.

The shoulder is no longer visible at a thickness of 500 nm which is achieved after

only 120 seconds of deposition.

The spectroelectrochemical measurements presented in Figure 4.6 show

the changes seen in the transmission spectrum as a function of the electrochemical

potential as it is swept from 0 V down to a maximum reductive potential of

−1.3 V. As the potential is swept through the first reductive peak, assigned

to the reduction of VIII to VII, the most prominent change in the transmission
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Figure 4.5: The transmission spectrum of a particularly thin film of VCr PBA

which is allows both vanadium MM’CT transition bands to be seen, at 540 and

660 nm. Deposition time of 60 seconds at −1.15 V using the standard reagent

concentrations.

spectrum is a decrease in the transmission around 540 nm, indicated by the

arrow in (a), which appears to begin around −0.5 V in agreement with the cyclic

voltammogram. Comparison of this spectral change with the static transmission

spectrum in Figure 4.5 suggests that this loss in transmitted light is due to a

generation of VII species in the PBA film.

The second process that occurs after −0.9 V, Figure 4.6 (b), corresponds

to the second reduction peak in Figure 4.2 c) which is attributed to the reduction

of the [Cr(CN)6]
3- moiety, as previously discussed. This results in a sharp decrease

in transmission around 465 nm, meaning a species is being generated which has

an absorption feature in this region. When assigning the redox process associated

with the loss of transmittance at 465 nm, one has to consider that the total energy

of the Cr site will increase when an extra electron is added through the process
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Figure 4.6: The spectroelectrochemical measurements on the V-Cr Prussian Blue

analogue showing the change in the absorption spectrum as a function of the

electrochemical potential.

of electrochemical reduction. An increase in energy of the Cr ions will cause a

red-shift of the MM’CT transitions that occur at 540 and 660 nm. It is therefore

not plausible that this new absorption is due to a shifted MM’CT transition. The

slight increase in transmission at the MM’CT transition wavelengths do support

this red-shift, as a loss of chromophores absorbing in this region would result

in an increase in transmittance in this spectral region. The shifted MM’CT

transition is probably pushed to wavelengths longer than 900 nm, where our

detection system and light source are not effective. Likewise, the LMCT states

around 400 nm would be shifted to even shorter wavelengths if the energy of

the Cr ion is increased, further away in energy from the ligand states. We can

also rule out metal-centred (MC) transitions, based upon the strong absorption
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coefficient associated with the new absorption feature which are at least the same

order of magnitude as the MM’CT transitions. The increase in energy of the Cr

ion upon reduction will shift it closer to the energy of the empty π* orbitals of the

cyanide ligands. The new absorption feature at 465 nm is therefore assigned to an

MLCT transition from [CrII(CN)6]
4- to the empty π* ligand states. The peak at

800 nm has previously been assigned to a forbidden metal-centred absorption on

the [CrIII(CN)6]
3- unit [37]. When Cr(III) sites are reduced, there is an increase

in transmission at 800 nm, which is consistent with a loss of absorption from this

transition.

Electrochromic Switching

The colour change, from blue to black, which occurs as a result of the

electrochemical reduction of the CrIII sites was clearly noticeable while carrying

out the CV scans described in the previous sections of this thesis. It was noticed

that this process was reversible and could be repeated at least 20 times without

significant loss or degradation of the sample. The electrochromic properties of the

films were therefore characterised using spectroelectrochemistry. The potential

was swept between 0 and −1.3 V and the total charge passed was recorded.

Simultaneously the transmittance was recorded at 465 nm as this is where the

largest change in the transmission of the film in relation to the reduction of

the CrIII sites was observed. These results are shown in Figure 4.7 where the

amplitude of the transmitted light is clearly modulated as a function of the

electrochemical potential applied.

From this measurement it is possible to determine a colouration efficiency

(η) for the process. The colouration efficiency is a measure of the efficiency of

the switching process and is defined as, η = ∆ OD / ∆ Q [53]. This relates the

change in the absorbance, or optical density (∆OD), to the amount of charge

(∆Q) passed through the system per unit area. The convention for defining η in

terms of absorbance (and therefore OD) instead of transmittance was followed
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Figure 4.7: The spectroelectrochemical measurements on the V-Cr Prussian Blue

analogue showing how varying the potential effects the charge density and the

transmitted light.

here so the measurements were converted into absorbance. Therefore a plot of the

absorbance against the supplied charge density will yield η as the initial gradient.

The initial gradient is used as at this point the rate it not limited by the relative

abundance of any of the species involved. This follows the definition used in the

literature. In the case of the film being under a resting potential of 0 V, there is

a large number of the vanadium sites in the +3 oxidation state due to gradual re-

oxidation in air while the samples are measured. When the reductive potential is

then applied, the rate of reduction occurring is at its maximum. As the vanadium

sites are reduced, there is an increasingly smaller number of available ions to be

reduced. This site saturation is the reason that the plot in Figure 4.8 is not linear

after the first initial period. This plot is shown in Figure 4.8 with the linear fit

carried out on the initial change after the potential is first applied.

The value of η was found to be -32 ± 1 cm2 C-1 for the black to blue

switching process. This value is within the range of Prussian Blue containing
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Figure 4.8: The plot of the charge density, Q, against the absorbance, OD, to

allow the value of the colouration efficiency, η, to be determined.

electrochromic systems in the literature [54–57] where the magnitude of these

values range all the way up to around 1000 cm2 C-1 when ameliorated by charge

transfer species. This study however, constitutes a characterisation of a new

compound in isolation with additional functional properties. The switching time

for this process was found to be 4.7 seconds, this value is comparable with related

work in the literature. This is defined as the time taken to reach 90% conversion

from one state to the other. The electrochromic efficiency was also characterised,

this follows the convention in the literature, for the blue to black switching process

and was found to be -25.2 ± 0.2 cm2 C-1. This switching time was found to be

6.6 seconds for the same 90% conversion. The slower speed is attributed to the

chemical process which is occurring in the film. In order to maintain overall

charge neutrality over the course of the redox process (overall charge of the film

remains zero), potassium ions diffuse in and out of the film, via the interstitial

sites of the PBAs. This slower switching process occurs with the diffusion of ions
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into the lattice, limiting the overall rate of the process. The hypothesis is that

the rate at which potassium ions can diffuse in to the film is slower than the rate

at which the ions can diffuse out of the film as it is more thermodynamically

favourable to diffuse from a high concentration to a lower concentration than to

do the opposite.

The VCr PBA exhibits room temperature magnetic ordering, as was previously

discussed, which originates from the super-exchange interaction. Presumably

the electrochemical modification of the metal ion oxidation states influences this

super-exchange interaction and therefore has an impact on the magnetic ordering.

This effect has not been characterised in this work due to not being able to

measure both the magnetic and optical responses simultaneously. This would be

of interest to future work in order to study and correlate these responses.

4.1.2 Electrochromic Switching of the Iron-Iron / Iron-

Chromium Bilayered Heterostructure

Introduction

The synthesis of bi-layers composed of multiple PBAs could allow for

a large spectrum of tuneability of the magnetic and optical properties of such

heterostructures. Electrochromic bi-layer films of FeCr and FeFe Prussian Blues

have been explored in this work as they have distinct optical spectra which allow

us to monitor each layer individually during the electrochemical process. Prussian

Blue itself, containing FeII and FeIII, is a well known electrochromic material.

Therefore, this was a good starting place for understanding these investigations.

This work has been published [58] and the paper is presented in Appendix 3.

In this work it was shown that a layer of the FeFe PB was successfully deposited

on top of a layer of the FeCr PBA in order to produce a bilayered film composed

of a blue and an orange film, which appeared green in transmission. The two

individual films along with the bilayered sample are shown in Figure 4.9. By

90



applying a reducing potential, it was possible to electrochromically switch the

colour of the FeFe layer off, from blue to transparent resulting in the film changing

from green to orange overall. This switching process was fully studied using

spectroelectrochemistry in order to characterise both the switching time and

colouration efficiency.

Figure 4.9: An image showing the FeCr (left) and FeFe (center) Prussian Blues

and the multilayer material (right) formed by sequentially depositing FeFe PB on

top of the FeCr PBA. The substrates here are approximately 25 mm in height and

8 mm in width (left and center) to allow the films access to the cuvette used in

the electrochemical measurements.

Synthesis

The synthesis of the multilayer structure was carried out in a sequential

fashion, based upon the relative reductive potentials required to deposit the

materials. In this way, the layer that was first deposited is not electrochemically

affected by the reduction potential applied in order to deposit the subsequent

layer. The reduction peak in the CV of the synthesis cell, Figure 4.10, suggests

that the FeCr analogue is to be deposited at a potential of around -0.7 V (vs

Ag/AgCl) and the FeFe to be deposited galvanostatically using a current of -

40 uA (resulting in a potential around -0.2 V vs Ag/AgCl). From these values

the FeCr will be synthesised first and the FeFe deposited on top, in order to

minimise any unwanted redox processes in the underlying layer by applying a

potential outside of the electrochemical range of the material. These values are

in agreement with the literature values for these processes.
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Figure 4.10: The CV scans for the individual FeFe (blue) and FeCr (orange)

Prussian Blues which were carried out in order to check the electrochemical

activity over the range of potentials used. The FeCr analogue shows negligible

activity over the potentials required to induce redox processes in the FeFe PB.

To facilitate the spectroelectrochemical measurements, the two layers

were also deposited individually in order to obtain films of similar optical densities.

This allowed both absorption features to be clearly visible when studying the

absorption spectrum as a function of the electrochemical potential during the

measurements.

The FTO substrates were cut to 8 x 25 mm in order to fit into the cuvette for

the spectroelectrochemical measurements with enough excess substrate on the

top for attaching the electrode and handling the films after synthesis. These

substrates were then cleaned in the usual fashion: sonication in H2O/detergent

then isopropanol and finally in methanol, the films were then rinsed with distilled

water and dried under a flow of nitrogen gas.

The FeCr film was first deposited using concentrations of 37.5 and 25 mM of
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the FeCl3 and K3[Cr(CN)6] respectively. The deposition was carried out at a

constant potential of -0.7 V for 300 s. The resultant orange film was washed

with deionised water and allowed to dry under a constant flow of N2 gas. After

deposition, the FeCr film was cycled in KCl, shown in Figure 4.10, in order to

confirm that no electrochemical activity took place over the potentials of interest

for the FeFe deposition or redox processes. The subsequent deposition of the

FeFe was carried out galvanostatically at a constant current of -40 µA in order

to produce a second film of approximately the same OD as the FeCr film below,

this corresponded to a deposition time of 60 s. The colour of the resulting films

ranged from orange (at very short deposition times), to green (at intermediate

deposition times), through to blue (at long deposition times). The CV of the

individual FeFe PB was carried out prior to the multilayer deposition to confirm

the behaviour and for comparison with the multilayer structure, both CV are

shown in Figure 4.11.

The cyanide stretching frequencies of the two films seen in the IR spectra, Figure

4.13, are in agreement with the literature and indicate that the FeFe film had

indeed been deposited on top of the surface of the FeCr and the layers remained

predominantly independent in terms of structure and chemical composition.

Both of the voltammograms in Figure 4.11 were carried out using Pt

pseudo-reference and counter electrodes as this replicates the conditions which

were used during the spectroelectrochemical measurements. The general behaviour

of the FeFe layer is maintained when incorporated into the multilayer structure

by depositing it on the surface of the FeCr material, but a shift is observed in the

potential at which the reduction and oxidation peaks appear. This shift in the

potential is likely due to the FeCr ’electrode’ exhibiting a different electrochemical

behaviour to the FTO substrate layer below. There is also a significant difference

in the width of the peaks, the broader peaks which are seen in the isolated FeFe

film indicate that the redox processes are limited by the diffusion of counter ions

in the solution. The redox peaks in the multilayer suggest that the switching of
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Figure 4.11: The cyclic voltammogram of the FeFe PB showing differences

between the isolated film (deposited directly on the clean FTO substrate) and the

film deposited as part of the bilayer structure (deposited on top of the FeCr PBA).

The expected single redox couple between FeIII and FeII is retained but is shifted

to lower potentials in the ML structure and the peak structure is also sharper in

the multilayer.

the FeFe layer is limited by the charge passing through the underlying FeCr layer.

Characterisation

Optical transmission spectra were recorded using a Shimadzu UV-1800

UV Spectrophotometer and Figure 4.12 shows the absorption spectra of the

individual FeCr and FeFe films and the multilayer FeCr-FeFe film. These spectra

demonstrate that the structure of the individual films are retained and are in

agreement with what has been described previously. It was found that for a

given % transmission of FeCr, in order to achieve a similar % transmission of the

FeFe film, the FeFe film needed to be much thinner suggesting that the MM’CT
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oscillator strength for the two materials is very different, this is illustrated in

Figure 4.15. All of the further measurements were carried out on films which

possessed a comparable OD of both the FeCr and FeFe layers.

Figure 4.12: The UV-Vis absorption features for the individual layers are clearly

visible in the spectrum of the multilayer.

IR spectra were measured using a Renishaw InVia Raman Microscope

equipped with a reflection FTIR intrument. It was found that the reflectivity

of the FTO layer allowed for more sensitive measurements to be taken than

using an attenuated total reflectance (ATR) instrument. Figure 4.13 shows the

measured IR stretching frequencies of the two individual Prussian Blue layers and

the measured spectrum of the multilayer material. The fresh FeCr film shows a

stretching frequency of 2168 cm-1 and the FeFe film shows a peak at 2077 cm-1.

These peaks are maintained when the IR spectrum of the multilayer material is

measured.

Information on the film thickness and crystal morphology was obtained

using various techniques. Atomic force microscopy (AFM) was used to measure
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Figure 4.13: The infrared absorption features for the individual layers are clearly

visible in the spectrum of the multilayer.

the thicknesses of the films. A comparison of the optical density of the FeFe and

FeCr analogue versus the film thickness was carried out in order to construct a

calibration curve from which we can estimate the film thickness from the OD of

the films without the need to repeat the AFM measurements on each subsequent

film. In order to do this, the behaviour of the individual layers must first be

studied, and how the thickness of the film results in different observed OD.

As was previously mentioned, the thickness measurements were carried out by

drawing a razor blade across the surface of the film to create a ’valley’ down to

the FTO layer which will allow us to accurately measure the height of the layer

from top to bottom. The analysis of the AFM images was performed using the

NanoScope Analysis 1.5 program (Bruker Corporation) which allows for various

manipulations of the 3D image generated by the AFM. The most useful of these

tools is the ’step’ analysis which plots the height profile along a straight line

which is manually drawn by the user. Figure 4.15 shows the linear dependence

of the film thickness against the resultant film absorption.
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Figure 4.14: The method by which the AFM images were used to determine the

thickness of the films. a) The raw AFM image showing the clean region (left) of

the film created by the razor blade and the area of the film densely populated with

PBA crystals (right). The height profiles defined by the user can also be seen as

four horizontal white lines superimposed on the image. b) The output of these

height profiles are plotted as a function of height along the drawn line.

The relationship between the OD of the FeCr material and the thickness

of the film shows a different gradient than the FeFe counterpart. The gradient

of the fit is smaller, indicating that the oscillator strength for this transition is

weaker than in the FeFe material. This is an interesting observation which is

further highlighted in SEM measurements carried out externally by collaborators

at the University of the West of Scotland. All of these measurements utilised

several of these height profiles through crystals in order to give a reliable measure

of the true height of the thin layer, as there can often be a piling up of material

at the edge of the valley if there is a sufficient density of PB crystals. Also

note how the error seen in Figure 4.15 in the both the absorption data and the

thickness measurement increase with film thickness due to the higher amount of

scattered light and rougher film topology. The two PBA films of approximately

30% transmission, or 0.5 OD, correspond to thicknesses of 80 nm and 250 nm for

the FeFe and FeCr materials respectively. These thickness films were used in the

bilayer studies presented here as this allows each feature to be studied without
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the OD becoming too high.

Figure 4.15: A graph illustrating the linear relationship between the deposition

time and the thickness of the electrochemically deposited FeCr and FeFe films.

Finally, scanning electron microscopy (SEM) and energy dispersive X-

ray spectroscopy (EDX) were used in combination to study the individual layers

in terms of thickness and the elemental composition. The measurements were

carried out at the Thin Films Institute based at the University of the West of

Scotland in collaboration with Dr David Hutson and Dr Liz Porteous. Figure 4.16

shows the SEM images of the individual films and the multilayer structure. The

film that was sent for EDX analysis was deposited using masking of parts of the

substrate in order to produce a single sample which was composed of a single FeFe

layer, a single FeCr and the FeCr-FeFe multilayer. This allowed all permutations

of the films to be studied in one sample, after a single deposition process. This

film was termed a ’tricolore’ film due to the three different colours present. In

order to achieve high image resolution, a thin layer of gold of approximately 10

nm was deposited across the surface of the sample in order to reduce charging up

of the sample over the course of the measurement and to promote the emission
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of secondary electrons to increase the signal-to-noise ratio.

Figure 4.16: SEM images of each of the individual layers, both at approximately

30% transmission, and the multilayer structure. The FeCr film on top of the

FTO substrate is shown in a) and the FeFe crystals, which are a comparable size

to the FTO substrate, are shown in b). The deposition of the multilayer in c) can

be clearly seen as the small FeFe crystals are visible on the surface of the larger

FeCr crystals.

Figure 4.17 shows EDX data taken from an FeFe film deposited directly

on FTO (denoted as ’blue square’), FeCr film (denoted as ’middle brown square’)

and a bilayer film (denoted as ’RHS brown square’). The peaks of interest are

those coming from Cr and Fe ions at 5.4 and 6.4 keV respectively.

In the measurement of the individual FeFe layer, this area is highlighted

in yellow, there is no Cr present in the film, evidenced by the lack of any peak

around 5.4 keV. The measurements carried out on both of the other sections of

the sample, the FeCr and the FeCr-FeFe multilayer, show both Cr and Fe at 5.4

and 6.4 keV, as expected. The presence of gold has been previous mentioned to

facilitate SEM measurements and the tin peaks are present due to the FTO layer

below the samples.

Spectroelectrochemical Measurements

The FeFe Prussian Blue is well known as an electrochromic material.

Under certain reduction potentials the colour of the material is changed from

blue to colourless. Crucially, at these same potentials the Fe-Cr Prussian Blue
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Figure 4.17: EDX spectra measured of the ’tricolore’ sample composed of isolated

FeFe, FeCr and FeCr-FeFe multilayer films during SEM analysis by collaborators

at the University of the West of Scotland.

analogue undergoes no redox processes and therefore no spectroscopic changes.

For the electrochromic switching, potentials of +0.5 V and -0.2 V were chosen

based upon the information in the CVs presented in Figure 4.11 as this will

drive the reduction and oxidation of the films to completion to allow accurate

measuring of the switching.

During the CV scan, it was clear that the colour of the FeFe PB could be

completely switched from blue to transparent. The peak of the absorption band

of the FeFe is at 685 nm due to the MM’CT transition. This therefore constitutes

the wavelength at which there will be the largest change in the transmitted light

over the course of the electrochromic switching. The measurement was set up

as follows: the sample was mounted into the 10x10 mm cuvette along with

the pseudo-reference and counter electrodes and the spectrometer was set up

to monitor the light intensity at 685 nm over the course of 300 seconds. During

this time the electrochemical potential is swept between +0.5 V and -0.2 V in

order to induce the electrochromic changes.

During the electrochemical cycling of the film, the current and the total
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Figure 4.18: The absorbance of the FeCr-FeFe multilayer is monitored at 685

nm, this corresponds to the reversible colour change of the FeFe layer from blue

to colourless.

charge passed through the system was also monitored in order to allow the

determination of the efficiency of the switching, or the colouration efficiency (CE).

The current and charge data is shown in Figure 4.19. There is an overall trend

of the charge which is increasing over time, over the course of the measurement.

This means that all of the charge that is passed through the system to reduce

the FeFe layer is not passed in the reverse direction to re-oxidise the sample, but

is instead building up in the sample. This may be due to the interface between

the upper FeFe layer and the lower FeCr layer being inhomogeneous as both films

are polycrystalline. This could result in charge building up in regions of the film

which is not released when the potential is switched.

The second plot on this graph shows how the current varies as a function

of time during the potential switching process. When the potential is switched at

around 30 seconds to oxidise the FeFe layer, the current jumps up to a maximum

101



Figure 4.19: The changes in the charge (black) and the current (blue) passing

through the system during the electrochromic switching. The arrows indicate the

axis to which each plot belongs. The sharp response of the charge and current is

due to the initially large availability of redox centres.

immediately. This current then decays very rapidly within the first 10 seconds,

at which point the current slowly decreases to zero over the next 20 seconds.

This indicates that the majority of the metal sites are switched within this first

short period of time, suggesting a good overall contact between FeFe layer and

the FeCr/FTO beneath. When the potential is then switched to reduce the

FeFe layer, at around 60 seconds, the current peaks with the inverse sign which

indicates that the current is flowing in the opposite direction. The flow of the

current in this direction matches well with the previous switch, indicating that

the process works equally in both directions.

From the plot in Figure 4.20 the value of η was found to be 147.8 ± 0.8

cm2 C-1 for the transition from the coloured, blue state to the colourless, bleached

state. This value is found to be the same order of magnitude as was reported in
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Figure 4.20: A plot of the absorbance of the film as a function of the charge

density passed through the system which yields the colouration efficiency as the

initial gradient.

other studies where the FeFe Prussian Blue was used as part of an electrochromic

device [54–57]. The switching time for this process was determined to be 4.4 ±

0.4 s and is defined as the time taken for 90% of the switching process to be

completed.

When bilayers of approximately equal absorbance were synthesised, poly-

crystalline films of around 250 nm and 80 nm of the FeCr and the FeFe materials

respectively, were produced. It was possible to modulate the colour of only

the FeFe layer within the heterostructure using electrochemistry to reversibly

reduce/oxidise the material, as shown in Figure 4.21.

This study demonstrates the layer-sensitivity in multilayered heterostructures

of Prussian Blue analogues and will allow the study electron charge-transfer

processes in a range of related structures using Prussian Blue analogues. This

is interesting because some of these materials, such as the CrCr, VCr and CoFe
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Figure 4.21: The spectroelectrochemical measurements of the FeCr-FeFe bilayer

structure; the transmission spectra are monitored as a function of the

electrochemical potential. The band at 440 nm, from the FeCr material, remains

mostly unchanged over the course of the measurement whereas the band at 690

nm, from the FeFe material, is entirely removed at more reducing potentials.

analogues show a wide range of properties such as electrochromic activity, high-

temperature magnetic ordering and exhibit strong and chemically tuneable colours.

The further study of these functional materials in multilayered structures is of

great interest for the development of novel photonic and spintronic devices.

4.2 Ultrafast Transient Transmission Spectroscopy

4.2.1 Overview

Functional, or smart, materials can be controlled by external stimuli

such as temperature, pressure or laser light to modify their electrical, optical

or magnetic properties. The interaction of light and matter in these kinds of

systems is of particular interest, where the development of the understanding
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of complex photophysical processes occurring in transition metal complexes is

necessary if these materials are to become of use in future electronic devices.

As previously mentioned, spin-crossover (SC) is of particular interest. This

process can be optically induced which initiates a transition from a low-spin

state to a high-spin state. It was previously found that a Prussian Blue analogue

containing the -Cr[CN]6- moiety undergoes intersystem crossing within 250 fs [34].

In order to study these ultrafast processes it is possible to employ femtosecond

transient transmission spectroscopy. These measurements allow the evolution

of the electronic excited states to be followed. In order to interpret the overall

dynamic processes involved following laser excitation, a global analysis is carried

out on the data.

Glotaran [59] is a free software program developed specifically to aid with global

analysis of time-resolved spectroscopy measurements. It serves as a graphical user

interface (GUI) to the R package ’TIMP’, which is a problem solving environment

for fitting superposition models.

Once our measurements have been carried out, the data is presented in the

following way: two one dimensional arrays containing the time delays and the

wavelength values, plus a two-dimensional array containing the resulting dataset.

Using MATLAB, the 2D data array composed of the changes in transmission was

combined with the time delay and wavelength information, into the first column

and row, to allow it to be read by Glotaran. The array needs to be set up such that

the first row contains the wavelength values and the first column contains the time

delay values, this normally requires the values to first be transposed. Glotaran

acquires the variables directly from the complete .ascii file containing the dataset.

The import tool allows the variables in the data file to be automatically uploaded

into Glotaran. It is important that the wavelength is expressed in nanometres

and the time delays are defined in picoseconds.

Once the data has been successfully imported then it will be displayed as a 2-

dimensional plot with the time delays on the vertical axis from top to bottom
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and the wavelength on the horizontal axis from left to right. The change in

transmission on the third dimension is displayed as a colour on a ’heat’ scale

from blue to red, where blue is the lowest value in the array and red is the largest

value in the array. The data which is displayed has not been corrected for the

chirp and as such the dispersion across the spectrum can be clearly seen as the

time-zero occurs at later time delays as you move to longer wavelengths. Now

that the data is ready to be analysed one must prepare the analysis scheme which

will act as the template for the fitting protocol.

The kinetic parameters will be used to describe the decay dynamics so at this

point an approximate first guess can be input if these are known. In the work

discussed in this thesis, a local fit was first carried out in order to give reasonable

starting parameters to allow the fit to converge with fewer iterations. Once the

kinetic parameters have been decided on, then the instrument response function

(IRF) can be set. The IRF uses a Gaussian pulse to describe the rise time of the

signal such that the fit makes physical sense, ie. a laser pulse of finite duration

will not induce an instantaneous signal rise but instead the signal will grow over

a short amount of time. In order to assign values to these parameters, the data

set itself must be inspected closely around the signal rise at time zero, Figure

4.22.

The value on the time axis at which the rise occurs is the first value

which is required for the fitting parameter, at the specific wavelength chosen.

Then the rise time for the signal is needed, this is inherently tied to the pulse

durations used in the experiments, which gives a lower limit to this rise time.

With these values, the fitting algorithm can incorporate this finite rise time into

the fit across the whole spectrum.

The third set of parameters that are input to the analysis are the dispersion

parameters. These parameters, 3 in our case, create a polynomial function which

describes the chirp of the white light continuum across the spectrum, Figure 4.23.

This is essential to ensuring that the signals are correctly calibrated with respect
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Figure 4.22: The selected time trace on the right hand side (from the vertical line

in the left hand panel) allows the important values to be extracted and then input

to provide the fit with the IRF. Both the numerical position of the signal rise and

the time the signal takes to grow are needed and can be input into the analysis

scheme.

to their relative temporal offset.

The quality of the fit of the fitting parameters is then judged using a

three step process.

First of all, the convergence of the fit is determined by monitoring the progression

of the sum of square errors (SSE), if the SSE has not yet converged then a higher

number of iterations is required. Figure 4.24 shows the first 5 cycles of iterations in

a test fitting protocol which indicates the fit has converged after the 4th iteration.

Once a convergence has been established, then the second step of the

fitting procedure is the inspection of the singular value decomposition (SVD)

which is a matrix factorisation which is used to explore the number of spectrally

and temporally independent components in the data matrix. The singular value

gives an indication of the number of significant components that can be used to

describe the data. The user can manually increase or decrease the number of

the singular vectors until the point at which added vectors shows no ameliorated

spectral structure. Finally, once a satisfactory SVD value is obtained and the fit
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Figure 4.23: The clear chirp of the white light continuum which can then be fitted

to a polynomial expression to allow the actual time zero to be determined across

the spectrum. The signal in the UV (left side) appears at around - 0.25 ps and the

signal towards 600 nm (right side) appears at 0.5 ps giving the overall dispersion

a temporal width of approximately 0.75 ps.

appears to have converged then the fit can be visually inspected. It is possible to

view the raw data with the fit as an overlay, Figure 4.25, which allows the fit to

be closely scrutinised with respect to all of the spectral features.

Once the fit appears to match very well with the data then the number

of iterations can be increased in order to give a more definitive convergence to

the fit. The dynamical model used to describe these signals must then have a

grounding in the photophysical processes which occurs in these such transition

metal complexes. The previous work in this field of ultrafast studies of transition

metal complexes and particularly the work of Johansson et al. were helpful in

this endeavour. Subsequent measurements allowed an expansion of the knowledge

of this material, was achieved by applying a spectrally broader probe pulse to

investigate a wider range of wavelengths. The information gathered in this work

then inspired further studies of analogues containing the hexacyanochromate
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Figure 4.24: The progression of the sum of squares of errors displayed in Glotaran.

The constant value between the 4th and 5th iterations suggest that the fit has

converged.

moiety, to study the dynamics in these systems which appear to be predominantly

chromium centred. These further studies were carried out on thin films of these

analogues where the metal centre at site A was substituted for another transition

metal. By modifying this metal-to-metal interaction, it was thought that one

or more transitions within the decay dynamics would be influenced, potentially

leading to some understanding of how this process could be influenced for future

applications.

4.2.2 Vanadium-Chromium Analogue

Introduction

The vanadium-chromium analogue of Prussian Blue is a fascinating

model system for studying the dynamics of functional materials due to its high

magnetic ordering temperature recorded above room temperature [24]. The

material has been the subject of various studies [27,36–39,48] of its static magnetic

and optical properties which will aid in interpreting the results obtained for both

these types of measurements.
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Figure 4.25: The fitted traces which are overlaid on the raw dataset for the FeCr

PBA. The left panel shows the raw data with the dispersion curve fitted along the

proposed time-zero. The horizontal and vertical lines are cursors which can be

moved manually and display the two traces on the right hand side of the screen.

Top right is a difference spectrum taken at 0.575 ps after the pump pulse and

bottom left shows a kinetic trace at 441.58 nm.

The optical spectrum of the VCr PBA is dominated by MM’CT transitions in

the visible, around 540 - 650 nm, and LMCT amd MLCT transitions in the UV,

around 300 - 400 nm. The MM’CT transition takes place between t2g electrons

on adjacent Cr and V metal centres. Previous work on the VCr PBA showed that

when pumping at the LMCT (400 nm) the population ended up in the 2E state

on the Cr ion, after very fast ISC, which corresponds to an intraconfigurational

spin flip of the ground state [34].

The work presented here constitutes a development upon previous studies

by employing a spectrally broader white light super-continuum probe pulse. This

was generated in CaF2, which can extend down as far as 300 nm, depending on

optimisation. Transient transmission measurements were carried out using the

broader probe pulse which allowed observation of an additional dynamic process.

This new excited state absorption (ESA) was observed at room temperature in the

UV portion of the spectrum, around 345 nm, which was attributed to excitation
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Figure 4.26: The electronic excited state model used by Johansson et al. [34]

to describe the dynamics which occur in the VCr PBA. After excitation at the

ligand-metal charge transfer transition, the system undergoes very fast (sub 250

fs) intersystem crossing into the ’hot’ ligand manifold. This then decays into the

2E state which corresponds to an intraconfigurational spin-flip of the ground state.

This figure is a subsection of Figure 2.12 concentrating on the dynamics which

occur on the Cr centres following photoexcitation.

directly from the 2E state. This importantly allowed the direct observation of

this state, opening up the possibility to directly probe the growth and decay of

this state instead of relying on the ground state bleach (GSB) signal.

These measurements were initially carried out at the University of Warwick’s

Chemistry department in the laboratory of Prof. Vas Stavros due to some down-

time in the laser system at the University of Edinburgh. The measurements

were subsequently repeated in the Edinburgh laboratory as a test of our setup

for future measurements. This work has been published [60] and the paper is

presented in Appendix 2.

Sample Preparation

The film was prepared using the previously described synthesis at −1.2

V for 300 seconds. The glass substrates with a thin layer of FTO on one face
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were cleaned and used as working electrode in an electrochemical cell containing

an aqueous solution of KCl, K3Cr(CN)6 and VCl3. This deposition produced a

deep blue film of approximately 0.6 µm in thickness, this was estimated from

a calibration curve constructed by measuring the absorption of the film and

comparing it with its thickness measured with AFM. This corresponded to a

percentage transmission of approximately 6 % at the peak of the absorption

band, centred at 680 nm.
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Figure 4.27: The static transmission spectrum of the VCr sample that was

taken to Warwick University for ultrafast pump probe measurements. The loss

of transmittance in the visible region of the spectrum is due to the MM’CT

transitions between CrIII-VII at approximately 540 nm and CrIII-VIII around 680

nm in this particular film. The former transition is seen as a shoulder on the

side of the main band, however this is not always clearly visible. (Structure below

320 nm is noise from the white light source used in this measurement.)

Ultrafast Transient Transmission Measurements of the VCr PBA

The sample was attached to a 1” optics mount where both the pump

and the probe would interact with the sample in the foci of the two beams. The
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white light continuum was generated in a CaF2 plate and the probe spectrum

was detected using an Avantes fibre-coupled spectrometer. The 400 nm pump

beam was generated by frequency doubling the 800 nm fundamental of the laser

system in a BBO crystal and was relatively defocussed at the point of interaction

with the sample/probe. The diameter of the pump beam was approximately

1.5 mm and with a pulse energy of 400 nJ this corresponds to a fluence of 22

uJ/cm2. This was determined to be below the damage threshold for the material

for the duration of these measurements by checking the difference spectra at time

zero and and a short time delay of 1 ps for any changes which may indicate film

degradation.

The optimisation of the pump and probe overlap was carried out at a short

positive time delay. Due to the long lasting bleach signal this was easy to find even

out to much longer time delays. The following measurement was obtained over

the course of 8 scans and the average of these scans was then studied. The pump

probe time delays were scanned out as far as 1800 ps but after approximately

5-10 ps there only remained a constant offset in the signal.

Figure 4.28 shows the changes in the transmission spectra of the sample

as a function of time delay. There is a clear dispersion in the white light spectrum

as can be seen in the gradual change in the ’time zero’, or onset of the signal across

the spectrum. This has not been corrected for in this figure but was accounted

for in the global fitting procedure and for all subsequent analysis. The data

was analysed using a sequential global fit procedure and 3 time constants were

assigned which were able to satisfactorily describe the dynamics. Two short

timescales of 230 ± 40 fs and 1.38 ± 0.04 ps were found along with a third

constant greater than 2 ns which is equivalent to a constant offset.

In agreement with the previous study of this material, there was a long-lived

broad bleach signal between 500 and 700 nm as can be seen to the right of the

plot in Figure 4.28. After pump excitation there is a loss in the population of the

ground state Cr ion due to excitation into the 4LMCT manifold, meaning that
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Figure 4.28: The transient transmission spectra of the VCr PBA as a function

of pump-probe time delay up to 5 ps. (The contribution from the pump signal,

measured at - 1ps, has been removed from this plot for clarity as it significantly

impacts the scaling on the z-axis. This is the anomalous signal around 400 nm.)

The change in transmission is displayed on a colour scale. The excited state

absorption can be seen to the left of the plot, from 330 nm to 390 nm, as a dark

blue section. The bleach of the ground state is shown as the red section to the

right, from 540 nm upwards.

there are fewer sites available to absorb light of the wavelength corresponding

to the MM’CT transitions, resulting in an increase in the transmitted light (or

loss of absorption) at these wavelengths. There is a small red shift (20 nm) of

the position of the ground state bleach signal in this measurement relative to

the previous study (660 nm) which is attributed to the variability of the exact

nature of these films. The position of the MM’CT can depend on the specific

stoichiometry and morphology of the thin films which can vary as a result of slight

differences in the conditions of the electrochemical deposition, this is thought to

be an acceptable difference in the nature of the film.

The UV part of the spectrum was hitherto unexplored as the previous study
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employed a sapphire-generated white light continuum which only spanned 480

- 690 nm. This region of the spectrum did prove to be very interesting as

a completely new signal was observed with a negative change in transmission.

Although it has not been possible to measure the complementary time-resolved

reflectance, this signal has been attributed to a new excited state absorption.

When attempting to assign the identity of the state which gives rise to this

ESA in the UV part of the spectrum, the initial model which was shown in

Figure 4.26 must be carefully considered. The spectral shapes of the ground

state bleach and the excited state absorption are quite similar for each of the

three time constants found by the global fitting analysis. This implies that there

is no significant change in the electronic characteristics of the excited state after

the initial dynamics induced by the pump pulse. This same rationale was used

by Juban and McCusker to conclude that the 2E state was formed on very fast

timescales (sub 100 fs) because their femtosecond spectrum matched that of their

nanosecond spectrum. Based on the physical model that is being applied in this

case, where the intermediate 4LMCT state decays to the 2E state within the

temporal resolution of the experiment of ca. 40 fs, we can indeed attribute this

excited state absorption to the 2E state.

When plotting these two signals on the same axis, as in Figure 4.29, it is

clear that there is a difference in the decay timescales of these two signals which

is a result of them probing different states within the dynamic pathway.

Due to the very fast 4LMCT decay relative to the available time resolution, we

do not observe any evidence of a delayed offset of the excited state absorption

and thus we conclude that the 2E state is populated within the rise time of

the laser pulses. The magnitude of the change in transmission is comparable

to the MM’CT bleach signal. This suggests that the nature of the transition,

namely charge transfer, is the same in both cases as opposed to any metal-

centred (d-d) transitions. This excited state absorption could therefore originate

from a red shifted MLCT. This is analogous to what was found during a related
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Figure 4.29: The kinetic traces for selected wavelengths of interest up to 5 ps.

The data points are experimental values and the solid lines are the result of the

global analysis. These kinetic traces were averaged over a 10 nm bandwidth. It is

immediately clear that there is a difference in terms of the initial decay of these

two signals (ESA and GSB) as the blue excited state absorption decays much more

quickly at short time delays.

spectroelectrochemical study of the VCr PBA which is discussed in Section 4.1.1.

The red shifted MLCT state found in CrII in this spectroelectrochemical study

was observed at 465 nm while the excited state absorption in this experiment is

seen at 345 nm, this difference is entirely plausible as the CrIII 2E electronic state

is expected to be lower in energy than the CrII species.

A large fraction of the 2E state will decay back to the 4LMCT via back-intersystem

crossing on a sub-100 fs timescale. The resulting EAS shown in Figure 4.30 shows

a non-zero contribution of the nanosecond decay component, this corresponds

to the fraction of the population which is trapped in the 2E state. This is

smaller than expected given the plateau of the MM’CT bleach and the signal

past around 100 ps is within the noise level. It is therefore difficult to extract

information about the decay of this trapped population. The ratio of the first
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and second decay component is large in this wavelength range which suggests

that the majority of the population decays back to the 4LMCT manifold on a

230 fs timescale. The 1.38 ps timescale then corresponds to vibrational cooling

of the population trapped in the 2E state.

This is further highlighted by the evolution associated spectra generated by the

global fitting analysis shown in Figure 4.30 which help to describe the contribution

of the time constants to the changes in the spectra. It can be seen that the 230

fs component dominates both regions, but crucially the ratio of the first and

second time components is much larger in the UV region than in the visible. The

spectral shapes of the three components can be seen to be very consistent across

the spectrum which has been previously mentioned.

Figure 4.30: Evolution associated spectra generated by the global fitting procedure.

Each of the line plots shows the wavelength-dependant contribution of each of the

three decay constants.

The observation of the ground state bleach and the new excited state

absorption means that, of the three electronic configurations presented in Figure

4.26, we now have a spectral signature of the ground 4A2g state and the 2E state

decay (via the newly observed excited state absorption). This just leaves the

intermediate 4LMCT state to be observed directly which would then allow us to

fully characterise this system’s electronic states and their spectral signatures.

In order to observe a signal in the blue region of the spectrum from the 4LMCT
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state, the data at very short time delays must be scrutinised more closely in the

range of 420 - 480 nm. Figure 4.31 shows an expanded plot of the evolution

associated spectra for the first two decay constants in this narrow spectral range.

Due to the very weak signal in this area the EADS were smoothed to allow the

identification of any possible extra absorption features. At 455 nm specifically

there is a clear decrease in the transmission of the signal for the shorter 230 fs

component, while there is no such change for the 1.38 ps component.

Figure 4.31: Expanded evolution associated spectra in the region of interest from

420 - 480 nm appear to show an additional feature at approximately 455 nm in

the 230 fs component which is absent in the 1.38 ps component. The feature is

extremely short lived and therefore cannot be reliably fitted to a decay constant in

these measurements.

The main issues with observing an additional feature in this region are

that the timescale appears to be shorter than the pulse duration used to measure it

and that it is situated between the two relatively intense GSB to the red and ESA

to the blue. We are however confident that this is the correct wavelength region

as evidenced by the spectroelectrochemical study described in Section 4.1.1. The

decay of this additional absorption feature is indeed very short lived so it becomes
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increasingly difficult to extract any reliable dynamics from the coherent artefact

from the glass substrate and the chirp of the white light continuum. Clearly a

shorter time constant could be included in the global fit to account for this feature

but based upon the aforementioned arguments this would be very unlikely to yield

any reliable information. There is however something significant in this region

which can be further investigated to inform future studies into this family of

materials.

Figure 4.32: Kinetic traces close to time-zero for three wavelength regions

averaged over a 10 nm bandwidth. The error bars are the result of 10 nm

bandwidth region averaging. The decrease in the transmission is predominantly

due to the coherent signal in the glass substrate, however there is a lingering signal

from the 455 nm band which is attributed to the 4LMCT.

Figure 4.32 is a plot of the experimental data, averaged over 10 nm

bandwidths, for 434, 455 and 465 nm. The main peak in each of these three plots

is a result of the coherent signal from the glass substrate with a full-width half-

maximum corresponding to the instrument response function of approximately

50 fs. For the transient at 455 nm there is a clear persistence of the signal for

about 20 - 30 fs longer than solely the glass susbtrate signal in the other two

channels. From the fact that this signal persists where the others do not and
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it also featuring in the EAS, we can conclude that this is indeed an absorption

feature of the 4LMCT and not simply an ultrafast artefact. To be certain of

this, however, it would be necessary to conduct further measurements with even

shorted laser pulses to allow these processes to be separated.

Conclusions

From this study of the VCr PBA we can conclude that the experimental

results are consistent with the formation of a short-lived 4LMCT state upon

excitation at the LMCT transition, which subsequently decays to the 2E state on

a sub-100 fs timescale. This state is characterised by a bleach of the MM’CT in

the visible (540 - 680 nm) and an excited state absorption in the UV (345 nm).

The decay of the observed excited state absorption for the 2E state indicates that

the majority of the 2E population undergoes back-ISC on a 230 fs timescale but

that there is a small portion of the population trapped in this state.

We have also observed an additional excited state absorption feature at 455 nm

which has been tentatively assigned to the 4LMCT state on the Cr ions which

is directly populated by the pump pulse. This could be the result of a red-

shifted MLCT transition, which is in good agreement with spectroelectrochemical

measurements carried out on thin films of this material. Of course, the spectral

position found during the ultrafast measurements and the spectroelectrochemical

measurements are not necessarily the same due to the different means of reduction

and the subsequent movement of potassium counter ions into the film to maintain

charge when induced with electrochemistry. Conversely, during the photoinduced

measurements, the sample is in the solid state and the electrons are transferred

from adjacent cyanide ligands. These differences are also why one is so short

lived and the other is much longer timescales due to the counter ion stabilisation.

Overall, the very short time constant is in agreement with the work on Cr(acac)3

by Juban and McCusker who noted an observed time constant of 50 ± 20 fs. The

4LMCT state very quickly decays into the 2E state. The rate of this decay implies
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that the ISC happens on the same fast timescale limited by the instrument-

response function of approx. 50 fs.

The ESA signatures for these two states will provide a direct handle on the

excited state dynamics where measurements have, up until now, relied on the

bleach of the ground state. These results also highlight the power of combining

spectroelectrochemistry with ultrafast transient transmission measurements in

elucidating femtosecond charge-transfer dynamics in these functional inorganic

co-ordination polymers. Given the tunable nature of Prussian Blues, there exists

a wide range of analogues with very different absorption spectra depending on

the metal centres which can be substituted during the synthesis. Two potentially

interesting materials are the FeCr and CrCr analogues which exhibit much lower

Curie temperatures but show absorption spectra whose MM’CT band is shifted

towards the UV (FeCr PBA) or even completely out of the visible (CrCr PBA)

which will prove useful when exploring the changes in the absorption spectra as

a function of time. Specifically, both of these analogues still contain the same

hexacyanochromate moiety which may open up the direct observation of the 2E

state in the same spectral region as the studies by McCusker et al.

4.2.3 Iron-Chromium Analogue

Introduction

The FeCr analogue of Prussian Blue was first reported by Ohkoshi et

al. [33] using electrochemical deposition to generate thin films, which exhibited

ferromagnetic ordering with a TC of 21 K. The FeCr PBA exhibits a strong

orange colour due to a metal-to-metal charge transfer (MM’CT) band resulting in

a broad absorption band centred at 450 nm. It was found that the magnetisation

could be altered optically, by photoexcitation of the MM’CT transition between

FeII and CrIII. Approximately a 10% reduction in the sample magnetisation was

observed after irradiation for 8 hours under blue light, in a constant magnetic
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field of 10 G. This photoreduced magnetisation was found to persist for several

days when held at a temperature of 5 K. Mössbauer spectroscopy of the 57Fe

centres showed no change in the spin state or the oxidation state of the iron

centres, suggesting that there must have been a decrease in the strength of

the ferromagnetic interaction between the FeII and CrIII causing the change in

magnetic behaviour. This resulted in a metastable paramagnetic state which

reverted back to the original state upon heating to at least 40 K. Therefore the

overall picture is as follows: upon excitation of the MM’CT transition, the excited

state is formed which consists of a mixed valence FeII-CN-CrIII and FeIII-CN-CrII

structure. This then decays into a metastable state in which the JF is too weak to

maintain the spin ordering. This combination of optical and thermal methods has

allowed the photoinduced change in the magnetisation of this functional material

to be characterised.

If one wishes to control and utilise the properties of these materials then a more

complete understanding of the photophysics at play should be obtained. As such,

ultrafast transient transmission measurements have been carried out in order to

study the electronic structure of this material in the form of thin films.

Sample Preparation

A range of thin films of the FeCr analogue were prepared with a variation

of the deposition time in order to produce films over a range of absorbances from

around 0.4 OD to approximately 1.0 OD. The optimum thickness of the films

is a balance of the amount of signal that can be observed as a change in the

static absorption spectrum, against the increasing amount of scattered light that

is produced as the film grows in thickness. This range was decided on after some

amount of trial and error attempting measurements on these films. The samples

were placed in the focus of the beams, inside the electromagnet, and the scattered

light was inspected by eye and by studying the spectrum recorded by the cameras.

Absorption spectra were compared with static spectra measured independently.
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Figure 4.33: The three FeCr samples of varying thickness and corresponding

optical density that were studied in this work. Samples A, B, and C were shown

to be approximately 200, 300 and 500 nm thick through AFM studies.

As previously discussed, the FeCr films are not air sensitive but do

undergo a ligand isomerisation over time, so the films were measured typically

within a day or two of being synthesised. It was often necessary to make fresh

films due to damage incurred when testing the measurements, meaning that the

linkage isomerisation was rarely an issue of significant concern. Figure 3.16 shows

the IR spectrum focussed on the cyanide stretching region, the peaks are shown

to redistribute over the course of two to three days.

The films were synthesised using electrochemical deposition using FeCl3

and K3Cr(CN)6 at concentrations of 37.5 and 25 mM respectively. Deposition

times were varied in order to produce films of around 0.7 OD which was decided

on being the optimal thickness. Three films of varying thickness were deposited

in order to study the dynamics as a function of the film thickness, these were

approximately 200, 300 and 500 nm thick which correspond to the spectra shown

in Figure 4.34. As previously mentioned this material is not air sensitive so there

is no need for the cover slip and glue on the top of the film, this results in more

scattered light than was seen with the VCr sample.
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Figure 4.34: Transmission spectra for three FeCr films which showed a clear signal

in the time-resolved measurements in this work. Electrochemical deposition was

used to create these films and the thickness was controlled by varying the duration

of the applied electrochemical potential. Films of 200, 300 and 500 nm in thickness

were deposited.

Ultrafast Transient Transmission Measurements of the FeCr PBA

The power damage threshold for this material was assessed independently

from the other PBAs due to differences in the crystal structure, film thickness

and heat dissipation properties which all presumably impact the power at which

irreversible damage is done to the sample. This was achieved by series of transient

transmission measurements carried out on different spots of the sample. The

transmission spectrum of the sample before the measurement was compared with

the spectrum after the measurement to look for any changes which would be

indicative of sample degradation. When no damage occurred after a measurement

at a given 400 nm pump power then an upper limit of fluence was determined.

Measuring the dynamics as a function of the excitation energy gives information
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on the nature of the photophysical processes involved in the absorption. The

measurements as a function of the film thickness are potentially interesting when

considering the slower decay dynamics where energy is dispersed from the lattice

of the PBA into the substrate. Through the studies carried out in this work, it is

believed that these PBA films, when made using electrochemical deposition, grow

from isolated islands at the point of crystal nucleation. These islands then appear

to predominantly grow laterally until the point at which the islands coalesce, the

film then grows in thickness. If this growth pattern is indeed the case, then the

energy dispersion into the crystal structure should significantly slow down when

adjacent crystals are not in direct contact with the optically excited material.

The growth of these PBA films appears to proceed in two stages; first the crystals

grow from individual points of nucleation across the surface of the substrate and

once these coalesce the film begins to grow vertically as seen in Figure 4.35.

Figure 4.35: The proposed method of the growth of the PBA films during the

applied potential of the electrochemical deposition. From left to right; the crystals

grow laterally from the points of nucleation until a continuous film is formed.

From there the film grows vertically.

Measurements were first carried out on a blank substrate in order to

rule out any influence which is solely due to the substrate’s response to the pump

light. Figure 4.36 shows a sharp response around time zero due to the optical Kerr

effect which is often termed the cross phase modulation. When this measurement

was carried out the overlap of the pump and probe was optimised to be within

the substrate which will result in an artificially larger response from the substrate
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than would be the case for the response observed during a measurement. During

the measurements of the PBAs, the pump-probe overlap is optimised for the film,

this is still a useful indication of the reliability of the response around time zero.

The width of the response from the substrate at the wavelength regions of 350

and 450 nm was approximately 350 - 400 fs and around 590 nm appears to last

approximately 300 fs. This suggests that in these regions any decays which occur

on these timescales may be slightly influenced by this signal.

Figure 4.36: The response of a blank substrate (1 mm thick aluminoborosilicate

glass coated with a conductive FTO layer) that was measured in order to

characterise the response of the substrate material to the laser pulses which may

contribute to the overall signal that is observed during a measurement of the

PBAs.

The sample was secured on a 1” optics mount and placed centrally within

the poles of the electromagnet, with the surface of the sample facing the against

the laser propagation direction. This is to not introduce any further dispersion

due to the white light continuum passing through any more material than is

necessary. The polarisation of the white light and pump beams are perpendicular

to each other, this has allowed the use of a polariser (ThorLabs - LPVISE100-

A) after the sample in order to clean up the signal. The polariser was placed
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after the collimating mirror before the light goes to the detectors and the output

polarisation axis was aligned with that of the white light continuum. This will

help to block out any pump light which has been scattered from the thin film

sample and which is not horizontally polarised.

The mounting for the sample allows for easy translation in 3 dimensions to

optimise the sample position and to allow the sample to be moved if any photo-

induced damage occurs. Optimisation of the overlap was performed by setting

the translation stage to several picoseconds after time-zero, at this point in time,

the sharp response of the cross phase modulation is not longer visible and the

optimisation is based solely on the response from the sample. In the case of

the previously studied PBA the ground state bleach is typically the longer lived

component and can be clearly observed even at the longest time delays used,

which corresponds to a delay time of over 500 ps.

Figure 4.37: Difference spectrum measured at 5 ps which is used to optimise the

overlap of the pump and probe beams in the sample region. The MM’CT ground

state bleach is seen as the broad positive signal at 440 nm flanked by two excited

state absorption signals at 350 and 565 nm.

Results

The measurements as a function of pump fluence were carried out on

the same day, on a single sample of 350 nm thickness, with different sample spots
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selected for each measurement to avoid any long term damage to the films. The

powers selected for these measurements were 600, 800 and 1000 µW which equate

to fluences of 1.50, 2.00 and 2.50 mJ cm-2 as these all fall below the estimated

damage threshold of approximately 1200 µW. A single measurement constitutes

1000 shots at each time delay point, typically around 140 time points per full

scan, this is then averaged over 3 iterations in order to reduce the noise of the

measurement.

Figure 4.38: The two dimensional contour plot of the first 20 ps of transient

transmission of the FeCr PBA at 600, 800 and 1000 µW pump power for a), b)

and c) respectively. Two excited state absorption signals around 340 nm and 560

nm, and a bleach of the ground state absorption around 440 nm were observed.

(The dark vertical line around 400 nm is due to incomplete removal of pump

scatter.)

Figure 4.38 illustrates the signal recorded over the first 20 picoseconds
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after photo-excitation of a 300 nm thick FeCr PBA film by the 400 nm pump

pulse at the three different fluences. Around the region of the main absorption

band at 450 nm, shown in Figure 4.34, a strong bleach of this absorption is seen,

as was seen in the VCr PBA, which persists longer than a hundred picoseconds.

There are then two excited state absorptions, one which appears in the UV part

of the spectrum, around 340 nm, and another one in the visible, around 560 nm.

Assuming that these signals originate from the excited state on the Cr moiety

then the signals that are observed can be explained using the same model as used

for the VCr PBA. For comparison, the measurements at lower powers are shown

in Figure 4.38 where it can be seen that these measurements exhibit the same

transitions regardless of the power of the pump pulses, as far as was studied in

this work. There is an increase in the magnitude of the signals as the power of

the pump pulse is increased, but in order to study any changes in the dynamics,

the fits must first be studied in more detail.

The difference spectra as a function of time delay, ie. horizontal cuts through the

2D contour plots in Figure 4.38, are useful to illustrate the order of the processes

occurring in the material by their spectral signatures. The first plot is taken

before time zero and as such displays no signal in the difference spectra as the

pump beam has not been applied to the sample yet. The first plot after time zero

shows a maximum for each of the three bands in this material, the ground state

bleach and the two excited state absorptions. This indicates that within the first

500 fs, the excited state populations are generated and decay from here as the

time delay is increased. There is a significant drop in signal between 500 fs and

1 ps for the excited state absorption and between 1 ps and 5 ps for the ground

state bleach which gives an approximate indication of the decay timescales for

these processes.

The ESA which is found in the UV part of the spectrum is comparable

in nature to the analogous signal found in the VCr PBA. The signal also exhibits

a very fast initial decay, where approximately 90 % of the signal is lost within the
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Figure 4.39: The difference spectra of the FeCr measurement for various time

delays plotted on the same axis in order to visualise the order of processes

occurring. The spike observed around 400 nm is due to stray pump light which

reaches the detectors.

first few hundred femtoseconds after pump excitation which appears to be slightly

faster than in the VCr analogue. This signal is therefore tentatively attributed

to the same excited state absorption from the 2E state on the CrIII ion.

This signal appears to follow the same decay dynamics independent of

the applied pump power, although there is a slight deviation with the two lower

power measurements after the initial fast decay. There appears to be a less

obvious difference between these compared with the highest power measurement.

They all appear to follow the same very fast sub 100 fs decay immediately after

excitation, the slower components of the decay also appear consistent.

In order to more closely study the nature of the decay, dynamics of this band were

also fitted independently of the other spectral features, ie. no longer a global fit.

This allows for greater control over the parameters and a closer fit to the data to

be obtained.

The next signal that can be analysed is the bleach of the ground state absorption
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Figure 4.40: The initial decay dynamics for the excited state absorption of the

FeCr analogue at 350 nm as a function of the applied pump power. The plots

in a) and a’) correspond to a 400 nm pump power of 600 µW, plots b) and b’)

correspond to a 400 nm pump power of 800 µW, plots c) and c’) correspond to a

400 nm pump power of 1000 µW. The plots in d) and d’) are the corresponding

substrate background measurements of the substrate.

centred at 440 nm which is analogous to the ground state bleach seen in the VCr

analogue which was centred around 540 - 660 nm. The position of this signal is

obviously tied to the static absorption spectrum of the sample which in turn is

a function of the MM’CT transition process. Figure 4.41 is a plot of the initial

decay dynamics for this ground state bleach recovery over the first 5 picoseconds.

As was the case in the VCr PBA (and in the excited state absorption),

there is a portion of the population which decays with a very fast time component,

however in this sample a much larger percentage of the signal loss remains and

recovers on a slower nanosecond timescale. This was also the case in the VCr

PBA where an overall slower decay of the ground state bleach was observed when

compared to the excited state absorption. The recovery of this ground state
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Figure 4.41: The initial recovery dynamics for the ground state bleach of the FeCr

analogue at 440 nm as a function of the applied pump power. The plots in a) and

a’) correspond to a 400 nm pump power of 600 µW, plots b) and b’) correspond

to a 400 nm pump power of 800 µW, plots c) and c’) correspond to a 400 nm

pump power of 1000 µW. The plots in d) and d’) are the corresponding substrate

background measurements of the substrate.

bleach requires the excited state population to decay back to the 4A2g ground

state, which is why this process has a much slower decay time when compared to

the explicit signal from the 2E state.

The third signal which is observed is in the visible region of the spectrum around

570 nm and is another excited state absorption. This signal is assumed to be an

excited state absorption from the 2E state which has previously been reported

by [5] in analogous chromium centred complexes such as the Cr(acac)3. This

spectral signature was notably not observed in the VCr PBA due to the signal

overlapping with the strong ground state bleach in this region of the spectrum.

The FeCr analogue was one of the analogues chosen to further study this family

of compounds because its static absorption spectrum was shifted sufficiently to
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allow the 2E ESA signal to be observed.

Figure 4.42: The initial decay dynamics for the excited state absorption of the

FeCr analogue at 580 nm as a function of the applied pump power. The plots

in a) and a’) correspond to a 400 nm pump power of 600 µW, plots b) and b’)

correspond to a 400 nm pump power of 800 µW, plots c) and c’) correspond to a

400 nm pump power of 1000 µW. The plots in d) and d’) are the corresponding

substrate background measurements of the substrate.

The decay dynamics of this channel in the visible follows very similar

behaviour to the excited state absorption which was seen in the UV part of the

spectrum in that the majority of the signal decays on a very fast, approximately

100 fs timescale. All three power measurements appear to follow the same, or very

similar, dynamics through the first 5 picoseconds as has been the case for each

of the other signals. There is again a more pronounced difference between the

highest power measurement and the two lower power measurements, this could

again indicate a non-linear signal response.

The global fitting analyses for these three measurements were carried out until

a satisfactory fit was achieved which was able to describe all the dynamics of
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the system with the minimum number of parameters across all wavelengths. The

minimum number of variables was found to be 3 temporal parameters which were

used to describe the shorter-lived dynamic processes and a fourth value which

was constrained to be a 1 nanosecond decay which is the equivalent to a constant

offset in the signal. This accounts for the slow recovery of the ground state bleach,

which only recovers by the time the next laser pulse arrives approximately 1 ms

later.

Pump Power (µW) τ 1 (fs) Error τ 2 (ps) Error τ 3 (ps) Error

600 80 0.6 1.5 0.014 16.9 0.18

800 70 0.7 1.0 0.01 9.2 0.09

1000 70 0.08 1.2 0.04 13.3 0.06

Table 4.1: The global fitting parameters found for the FeCr analogue as a function

of the applied 400 nm pump power and the error values produced by Glotaran. In

all cases there is also a 1 ns decay component which mimics the plateau which is

seen past the end of the maximum time delay.

The data shown in Table 4.1 shows the output of the global fitting

procedures for the three data sets which have been discussed thus far. The errors

for the three kinetic parameters are approximately 1 percent of the assigned value

which was attained once converged, typically after approximately 10 optimisation

iterations. There does not appear to be a trend within these values and they all

appear to describe a similar decay dynamics across each of the three pump power

measurements.

Figure 4.43 shows the decay associated spectra (DAS) for the global fit

for the 1000 µW measurement. τ 1 is by far the most dominant coefficient for the

two ESA signals at 350 and 580 nm which matches well with what is observed in

the kinetic traces. The bleach signal at 450 nm is much more a mix of shorter

and longer timescale decays giving a more gradual decay over a longer period of
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Figure 4.43: The decay associated spectra which were output from the global

fitting procedure of the FeCr vs 400 nm pump power, using the Glotaran software

package. τ 1-3 correspond to those shown in Table 4.7 and τ 4 corresponds to the

constant offset parameter.

time. The constant offset parameter, τ 4 only has a significant coefficient for the

bleach signal which reflects there only being a significant long lived plateau for

this band.

Given what has been discussed thus far with respect to the VCr and FeCr

analogues, τ 2 and τ 3 are assigned to vibrational cooling on the 2E state and

thermal dissipation of heat from the crystal structure respectively. This is thought

to occur through transfer to the surroundings such as adjacent crystals or the FTO

substrate itself. In order to test this hypothesis, another series of experiments

were carried out.

From previous AFM analysis of the FeCr PBAs, particularly Figure 4.15, the

thinnest of these films was estimated to be within the range of lateral growth

as in the initial two frames of Figure 4.35. The two subsequent films reside

well within the range of thicknesses where the growth appears more linear, and

for this reason we believe that a more complete coverage of the films has been

attained. Therefore of these three films, if the idea that the intercrystal coupling

is faster than the coupling to the FTO substrate, we would expect the first film

to show a slower decay component τ 3. This slower decay would correspond to the
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thermal redistribution of excess energy in the excited state into the substrate as

opposed to into adjacent crystals. The τ 3 for the two thicker films should then

be similar to each other, but indicate a faster decay due to the close contact with

the neighbouring crystals when compared with the thinnest film.

The measurements were set up in the same way as the pump power dependence

measurements but were carried out on a separate day in order for these to

be carried out in a single session to ensure consistency of the output of the

laser. These measurements were all carried out at intermediate pump power of

800 µW to reduce the increased amount of scattered light that was produced

when studying a film which is thicker than was deemed optimal for these optical

measurements.

The first results for these are shown in Figure 4.44 which illustrates the initial

decay dynamics of the excited state absorption which is located in the UV part

of the spectrum around 350 nm. As has been previously observed in previous

measurements of the FeCr and the VCr PBA the excited state absorption typically

exhibits faster decay dynamics relative to the ground state bleach signals. This is

also illustrated by the decay associated spectra which is used to assign the decay

components to their spectral features.

The dynamics of the ground state bleach are shown in Figure 4.45 which

exhibit a sharp increase in transmission followed by a slower signal recovery when

compared with the ESA in the UV. This generally matches with what was seen

for the VCr analogue. Again this can be related to the decay components by

studying the DAS. There appears to be a slower, longer timescale decay in the

thinnest of the samples (panels a) and a’)) relative to the thicker samples.

The second excited state absorption, observed in the visible part of the

spectrum, at around 590 nm, appears to show no dependence on the thickness

of the film as seen in Figure 4.46. The three samples appear to follow the same

dynamics with a sharp initial decay followed by a slower decay over 10 - 20 ps.

The most important difference to be considered between the VCr and
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Figure 4.44: The initial decay dynamics for the excited state absorption of the

FeCr analogue at 350 nm as a function of the thickness of the thin films, after 400

nm excitation at 800 µW. The plots in a) and a’) correspond to a film thickness

of 200 nm, plots b) and b’) correspond to a film thickness of 300 nm, plots c)

and c’) correspond to a film thickness of 500 nm. The plots in d) and d’) are the

corresponding substrate background measurements of the substrate.

FeCr samples is the relative crystallinity of the samples. The VCr PBA is believed

to be an amorphous film; no evidence of discrete crystal structures have been

observed over the course of this project. Whereas the FeCr PBA is a highly

crystalline film composed of many individual cubic crystals. The introduction of

these crystal boundaries would inhibit the flow of thermal energy from the point

of excitation to the surroundings. This third, slower decay constant is therefore

attributed to this thermal dissipation of energy to the surroundings. If this is

indeed the case then one may expect a significant difference in this decay constant

as a function of the film thickness, given what has been recently discussed with

respect to the two stage growth of the PBA films. If a film’s deposition is stopped

when the film is still in the first stage of growth, ie. the lateral growth of the
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Figure 4.45: The initial recovery dynamics for the ground state bleach of the FeCr

analogue at 440 nm as a function of the thickness of the thin films, after 400 nm

excitation at 800 µW. The plots in a) and a’) correspond to a film thickness of

200 nm, plots b) and b’) correspond to a film thickness of 300 nm, plots c) and

c’) correspond to a film thickness of 500 nm. The plots in d) and d’) are the

corresponding substrate background measurements of the substrate.

islands formed at the points of nucleation, then the contact with adjacent crystals

will be much lower than if the film has reached the second growth stage, where

a mostly continuous film is formed which then grows vertically with continuing

electrochemical deposition.

The very fast initial decay dynamics which are described by the τ 1 decay

constant in the model used to previously describe these dynamics appear to

be very similar across the three sample thicknesses. The three samples have

decay constants of 80, 80 and 60 fs respectively, while the errors for these fitting

parameters are all small (approximately 1% of the parameter) these values all fall

below the attainable time resolution of the experimental setup. This means that

the exact value should not be scrutinised too closely but the fits all definitely
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Figure 4.46: The initial decay dynamics for the excited state absorption of the

FeCr analogue at 590 nm as a function of the thickness of the thin films. The

plots in a) and a’) correspond to a film thickness of 200 nm, plots b) and b’)

correspond to a film thickness of 300 nm, plots c) and c’) correspond to a film

thickness of 500 nm. The plots in d) and d’) are the corresponding substrate

background measurements of the substrate.

indicate a component in the sub 100 fs regime. This decay constant describes the

very fast decay of the 2E state which is localised to single chromium ions and as

such should not be effected by the variation in thickness of the films.

The next time constant to be considered is τ 2 which was previously assigned

to the vibrational relaxation of the ligand-field manifold of the 2E. Again, the

values which are output from the fitting protocols are fairly consistent across

the range of thicknesses, at 2.2, 1.5 and 2.0 picoseconds for the three samples

respectively. Given the nature of the FeCr PBA crystal structure, the rigid

octahedral arrangement of the ions is very consistent regardless of the size of

the crystals when compared with the size of a single monomeric unit of the PBA.
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It was found that there was a significant difference for the τ 3 decay constant,

unlike the values for τ 2 and τ 1. The values for each of the films were approximately

68, 9 and 15 picoseconds for the 200, 300 and 500 nm thick films respectively.

Straight away it can be seen that the first of these values is significantly larger

than in any of the other measurements and fits which have been obtained thus

far. The τ 3 decay constant for the film of approximately 200 nm thickness is

approximately 6 times larger than the constants for the thicker films, but also for

any of the power dependent measurement fits that have been obtained.

Film Depth (nm) τ 1 (fs) Error τ 2 (ps) Error τ 3 (ps) Error

200 80 0.2 2.20 1.3 67.8 0.02

300 80 0.7 1.50 0.01 9.2 0.09

500 60 0.2 2.00 0.045 14.7 0.01

Table 4.2: The global fitting parameters found for the FeCr analogue as a function

of the film thickness and the error value generated by Glotaran. In all cases there

is also a 1 ns decay component which mimics the plateau which is seen past the

end of the maximum time delay.

The overall fitting parameters for the varied thickness measurements

are shown in Table 4.2, which allow the values to be easily compared across

the three measurements. As previously discussed, the τ 1 and τ 2 parameters are

consistent with each other through all of these measurements and those carried

out previously when studying the dynamics as a function of the applied pump

power. The only notable difference is seen in the τ 3 parameter which is attributed

to the thinnest of the films studied in this work, which is approximately 200 nm

thick, where the decay constant is several times slower in this case. This is

attributed to the lack of lateral connectivity with adjacent crystals within the

film which inhibits the thermal dissipation of energy from the point of excitation

to the surrounding material. This appears to be the preferred method of energy
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transfer as the contact with the FTO coated substrate should be very similar

across all samples.

Figure 4.47: The decay associated spectra which were output from the global

fitting procedure of the FeCr vs 400 nm pump power, using the Glotaran software

package. τ 1-3 correspond to those shown in Table and τ 4 corresponds to the

constant offset parameter.

Figure 4.47 shows the DAS for the measurement of the thinnest FeCr

sample studied in this work. There appears to be some differences from the

previously presented DAS plot, Figure 4.43. The τ 1 component is still the

dominant feature across the spectrum however the three other components are

much more prominent across all wavelengths. Particularly τ 4, which appears to

be dominant at the wavelength region corresponding to the ground state bleach

where the significant increase in the decay time is observed.

Alternative Fitting Procedure

In order to be sure that the results obtained from the global fitting

procedures were reliable, an alternative fitting was carried out on individual

signals in order to more accurately fit each decay or recovery at the cost of

requiring more parameters overall. The fitting was carried out using the MATLAB

’Curve Fitting’ application which allows a custom equation to be selected by the

user and all of the parameters individually changed in order to obtain a better fit
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to the dataset. The equations which were used depended on the dataset and the

characteristics that were needing to be fitted, an example of one such equation

is:

(a0+(a1∗e(-(x-td)/t1))+(a2∗e(-(x-td)/t2))+(a3∗e(-(x-td)/t3))).∗(erf((x−td)/w0)+1)

(4.1)

The equation above consists of one constant offset (a0), which accounts

for the fact that some of the measurements do not return to zero within the

timescale of the measurement and three time dependent components which have

an amplitude and a decay time associated with each one. There is finally an

error function which performs a deconvolution of the fitting components that

the observed measurement response is much longer than the length of the pulse

itself due to the actual overlap of the pulses and temporal broadening. ω0 is

used to characterise the measured temporal width of the pump laser pulse which

controls the rise time of the signal to be non-instantaneous which is unrealistic

of a pulse of finite width. The a parameters correspond to amplitudes of each of

the components in the fit, the tx parameters are the time constants for each of

the components.

Fits were repeated for all of the samples in order to allow a more critical comparison

of the obtained decay constants. It was possible to fit both of the FeCr excited

state absorptions with the same parameters and the ground state bleach signal

with a second set of parameters which were able to very closely match the dataset.

For the measurements as a function of the applied 400 nm pump power then the

following parameters were obtained:

The obtained parameters shown in Table 4.3 actually match fairly well

with what was obtained using the global fitting parameters with values of around

100 fs, 1.1 ps and around 18 ps which are attributed to the fast decay of the 2E

state, the vibrational relaxation on the 2E state and then the thermal dissipation

of energy into the surrounding lattice and substrate.
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Pump Power µW τ 1 (fs) A Coeff τ 2 (ps) A Coeff τ 3 (ps) A Coeff

600 100 -3x10-3 1.2 -4x10-4 22 -3x10-4

800 75 -3x10-3 0.8 -7x10-4 14 -3x10-4

1000 100 -5x10-3 1.2 -7x10-4 19 -5x10-4

Table 4.3: The fitting parameters found for the UV excited state absorption of

the FeCr analogue as a function of applied pump power, using the same data as

was previously presented. The pre-exponential coefficients for each of the decay

constants are also given. In each case there is an a0 parameter which accounts

for the fact that the signals remain offset to the maximum time delay of the

measurement.

The time constants which were obtained for the recovery of the ground

state bleach, shown in Table 4.4 are generally longer than those obtained for the

excited state absorption, this makes sense as the GSB looks to live much longer

than the ESA. There is again a component around 150 fs which may correspond

to the almost instantaneous loss of the 2E state which is seen in the ESA signals.

There is another component around 2 ps which could be attributed to the recovery

of the ground state after vibrational relaxation in the excited state. There is then

another component around 20 ps which matches with all previous measurements

and is attributed to the thermal dissipation of energy into the surroundings.

There do not appear to be any trends observed in the data as a function of the

increasing pump power, instead the observed fits are fairly consistent across the

three measurements. This could be further tested by increasing the range of the

fluences studied, however the 1000 µW measurement was determined to be just

below the damage threshold of the material.

The datasets for the measurements as a function of the film thickness

were then refitted again, this will also allow a more accurate fit to be constructed

but crucially will allow a more critical study of the perceived difference in τ 3 with
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Pump Power µW τ 1 (fs) A Coeff τ 2 (ps) A Coeff τ 3 (ps) A Coeff

600 170 -1x10-3 1.5 -7x10-4 15 -7x10-4

800 180 -2x10-3 2.9 -5x10-4 25 -4x10-4

1000 100 -2x10-3 1.2 -2x10-3 21 -1x10-3

Table 4.4: The fitting parameters for the ground state bleach of the FeCr analogue

as a function of applied pump power, using the same data as was previously

presented. The pre-exponential coefficients for each of the decay constants are

also given. In each case there is an a0 parameter which accounts for the fact that

the signals remain offset to the maximum time delay of the measurement.

the thinnest of the samples.

Film Depth (nm) τ 1 (fs) A Coeff τ 2 (ps) A Coeff τ 3 (ps) A Coeff

200 90 -2x10-3 1.1 -5x10-4 26 -2x10-4

300 75 -3x10-3 0.8 -7x10-4 14 -3x10-4

500 100 -2x10-3 1.3 -2x10-4 21 -3x10-4

Table 4.5: The fitting parameters for the excited state absorption in the UV of the

FeCr analogue as a function of film thickness. The pre-exponential coefficients for

each of the decay constants are also given. In each case there is an a0 parameter

which accounts for the fact that the signals remain offset to the maximum time

delay of the measurement.

The fitting parameters shown in Table 4.5 were obtained for the excited

state absorption of the FeCr PBA and appear to show a similar behaviour to the

previous fits. There is a fast component at <100 fs which is attributed again

to the fast decay of the 2E state as previously discussed. There is again an

approximately 1 ps component which matches well with the previously assigned

vibrational decay in the 2E state. Finally there is again an approximately 20

ps component which has been assigned to the thermal dissipation of heat to the

144



surrounding crystals and substrate.

Film Depth (nm) τ 1 (fs) A Coeff τ 2 (ps) A Coeff τ 3 (ps) A Coeff

200 80 -3x10-3 3.1 -6x10-4 363 -7x10-4

300 180 -2x10-3 2.9 -5x10-4 25 -4x10-4

500 100 -2x10-3 2.3 -5x10-4 13 -7x10-4

Table 4.6: The fitting parameters for the ground state bleach of the FeCr analogue

as a function of film thickness. The pre-exponential coefficients for each of the

decay constants are also given. In each case there is an a0 parameter which

accounts for the fact that the signals remain offset to the maximum time delay of

the measurement.

The fitting parameters in Table 4.6 were obtained to describe the ground

state bleach dynamics in the FeCr PBA as a function of the film thickness.The

values for τ 1 and τ 2 appear to match generally with what has been observed

previously, however there is a significant difference observed in the value for τ 3 in

the thinnest of these samples which was approximately 200 nm thick. The value

found was approximately 363 ps, which is at least one order of magnitude larger

than anything which has been observed for the PBA samples thus far. This can

be seen in Figure 4.45 a) and a’) as a very slow decay after the initial loss of

signal, this signal remains at this level out as far as the delay stage can travel

(>500 ps) whereas the other signals always show a much greater loss of signal

over the first 20-30 ps where they then reach a plateau.

These new fits generally show a similar behaviour to the global fits which were

obtained using Glotaran but show closer fits to the dataset for each respective

signal. The repeated fitting of the thickness measurements give credence to

the observed difference in the recovery of the ground state absorption due to

the thickness of the film. In the thinnest of these films the observed τ 3 was

significantly slowed down. This time constant has previously been attributed

to the thermal dissipation of heat to the surrounding crystals. In the case of
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this thinnest FeCr sample the crystals are considered isolated as was previously

discussed in Figure 4.35. As such, the thermal dissipation of energy is slowed

down due to the crystal isolation, the energy must therefore flow into the substrate

instead which appears to be less efficient.

4.2.4 Chromium-Chromium Analogue

Introduction

The chromo-hexacyanochromate analogue has been reported to exhibit

ferrimagnetic ordering with TC as high as 270 K but this was found to be heavily

dependent on the exact composition of the material. [25, 26, 28] As such, these

films fulfil multiple criteria for fitting into this study favourably; they possess

magnetic ordering with a high TC and they also have a favourable absorption

spectrum for observing the signature of the 2E state. The MM’CT transition is

shifted entirely out of the visible region of the spectrum and as such shows no

significant structure in this region which would otherwise obscure observing the

excited state absorption which may be present between 500 and 600 nm.

Sample Preparation

Again, a range of thin films of the CrCr analogue were prepared with

a variation of the deposition time in order to produce films over a range of

absorption levels from around 0.05 OD to approximately 0.7 OD. The range

of thicknesses was decided on after some amount of trial and error when studying

these films and was done independently from the trials that were carried out for

the FeCr films due to the difference in oscillator strength of the two materials

and therefore the difference in the relationship between thickness and OD.

Figure 4.48 shows the absorption spectra of the three films which were

studied in this work, in a comparable fashion to the studying of the FeCr analogue

in order to draw meaningful conclusions on the influence of the metal center
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Figure 4.48: Absorption spectra for the three CrCr films which were studied in

this work. Electrochemical deposition was used to create three films of 120, 250

and 500 nm thickness. The thickness was controlled by varying the duration of

the applied electrochemical potential.

substitution or varying of the crystallinity of the material. The CrCr material is

also not air sensitive like the FeCr material, which means that there is no need

for any cover slides and glue which were used in the VCr material studies. This

also means that the crystallinity of the material can be studied using AFM or

comparable techniques in order to characterise the material to aid with result

analysis.

Ultrafast Transient Transmission Measurements of the CrCr PBA

The power threshold and optimal thickness was assessed independently

from the FeCr and VCr analogues. During the setting up and optimisation of

the measurements, a few test measurements were carried out to ascertain the

optimal thickness. This turned out to be much thinner, below 300 nm, than had
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been made for previous characterisation studies due to the CrCr PBA not being

strongly coloured like the other analogues and thus it proved more difficult to

estimate the correct thickness. It was again possible to estimate the thickness

of these films after having created a calibration curve by comparing absorption

measurements and AFM measurements.

To obtain the correct power threshold value, measurements were carried out and

the difference spectra before and after the scans were compared to look for any

differences induced by photophysical damage to the film in that particular spot.

It is always possible to move the film to a new spot with the XY translation stages

but it is impossible to know at what point the irreversible damage was caused

to the film. When no significant damage was observed, over the course of a full

length 3-scan measurement, an upper limit was set below which measurements

could be safely carried out.

A series of time-resolved measurements were then carried out on a range of CrCr

samples in order to study the decay dynamics as a function of the excitation

power and the film thickness.

The sample was secured on the same 1” optic mount that was used for the FeCr

measurements with the surface on which the sample was deposited facing the

direction of the laser source. Optimisation of the overlap for this material was

more complicated than the previous sample as there is no long-lived MM’CT

bleach signal to locate, as such the delay line was set much closer to the time

zero in an attempt to capture any short lived signal which will allow the overlap

to be optimised. Once a signal was found which could not be attributed to the

cross phase modulation, then the overlap was optimised using the final pump

mirror before interaction with the sample and the beam profile after the sample

was checked to ensure that the spot on the sample was not generating too much

scattered light. Similarly to the FeCr measurements, a polariser was placed in

the beam path before the detectors in order to help with removing scattered light

from the pump beam.
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Results

The measurements as a function of the pump power were carried out

on the same day in order to aid with reproducibility of the measurements and

were performed on different spots as to avoid damage over time to the film. The

scattered light was always minimised when the spot on the film was adjusted

between measurements. The powers selected for these measurements were 600,

900 and 1200 uW which equates to fluences of 1.5, 2.25 and 3.00 mJ cm-2 as

these all fall below the estimated damage threshold for a full measurement. The

intermediate film thickness of 250 nm was selected for these measurements.

If the previous measurements are considered then an excited state absorption in

the UV portion of the spectrum would be expected. This was seen in both the

VCr and FeCr PBAs and was attributed to the 2E state on the Cr ion. Another

excited state absorption was also observed around 570 nm in the FeCr analogue,

this was not seen in the VCr due to overlap with the strong MM’CT bleach

signal in this region. Finally, it was discussed in the VCr section that there may

have been evidence of the 4LMCT at approximately 455 nm, this was however

significantly obscured by the flanking excited state absorption and ground state

bleach to shorter and longer wavelengths respectively.

Figure 4.49 illustrates the ultrafast transmission data over the first 20

picoseconds. Given that there is no ground state absorption in this material, there

is no increase in transmission due to a bleach of this state. As such, all of the

signals in these datasets are negative, ie. there is a decrease in the transmission

after excitation, or an excited state absorption. The signals observed in this

sample are of lower intensity than the signals in the VCr and FeCr, which is likely

in part due to the thinner samples required for avoiding too much scattered light

and differences in the oscillator strength of these transitions. The crystallinity

of this material is comparable to that of the FeCr material as they both are

comprised of many individual cubic crystals, the CrCr crystals are approximately

600 nm across when compared with the 1 µm sized crystals of the FeCr material.
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Figure 4.49: The two dimensional contour plot for first 10 picoseconds of the

transient transmission measurement of the CrCr PBA at pump powers of 600,

900 and 1200 uW for a), b) and c) respectively. The sample thickness was

approximately 250 nm. The vertical line around 400 nm is scattered pump light

which has been partially removed by background subtraction.

The subsequent measurements at lower pump powers, shown in Figure 4.49, are

also in accordance with the first measurement and exhibit very much the same

behaviour.

There are a couple of key signals which can be see in all of these measurements;

there is a clear signal at approximately 365 nm which persists throughout these

plots and a slightly darker region of the two dimensional plot to the right,

from approximately 500 nm upwards. This can be accentuated if the colour

scale is biased to below zero, given that all of the signals are negative in these

measurements and this is illustrated in Figure 4.50. This is not the standard
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method for scaling used in this thesis as it can be misleading without properly

studying the colour scale on each figure. For this reason the colour scales are

typically scaled such that a value of 0 will be coloured white on the two dimensional

plot.

Figure 4.50: The recoloured two dimensional contour plot for first 20 picoseconds

of the transient transmission measurement of the CrCr PBA at a pump power

of 1200 uW. This adjusted scaling highlights the signals of interest across the

spectrum at 365 nm, 430 nm and 600 nm.

The difference spectra at various time delays can be plotted on the

same axis in order to visualise the progression of the electronic structure over

time after pump excitation. Figure 4.51 shows this plot and the growth of the

signals can be seen in the plots with increasing time delays. All of the signals in

this measurement are of the same sign due to the lack of a significant structure in

the ground state, this makes identifying any broad, overlapping signals difficult

without any prior knowledge. Based upon the literature and after the previous

measurements of the VCr and FeCr analogues, the signals that are seen can be

attributed to analogous electronic states in the related materials.

The first difference spectrum after the cross phase modulation around time zero,

at approximately 400 femtoseconds shows mostly the same signal structure as

the rest of the time delays apart from the signal amplitude around 600 nm. This
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signal appears to grow in over the course of the first picosecond, this behaviour

is not seen in any of the other assigned regions of the spectrum. There is only

a gradual loss of signal due over the course of the 100 ps measurement as the

majority of the dynamics appear to take place within the first 5 - 10 picoseconds,

this just leaves the very slow recovery of the ground state which results in a

long-lived plateau, this has however recovered by the time the next laser pulse

arrives within 1 ms. This behaviour was also seen in the VCr and FeCr PBAs,

particularly in the recovery of the ground state bleaches.

Figure 4.51: The difference spectra as a function of the time delay for the CrCr

PBA. The difference spectra show how the absorption spectrum of the material

changes as a function of the time delay after pump excitation. All signals are

negative, ie. excited state absorptions, due to the lack of a significant absorption

band in the ground state.

The first signal to be studied will be the excited state absorption observed

in the UV part of the spectrum and this is shown in Figure 4.52. The three

different measurements all appear to follow very similar dynamics whereby the

majority of the signal decays during the first approximately 100 fs after excitation.

This initial decay is assumed to be analogous to that which was observed in the

FeCr analogue, which was attributed to the very fast decay of the 2E state back
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to the ground state. In this case however, there is no direct comparison with

a ground state bleach within the same measurement but the decay appears to

follow much the same, faster behaviour as the excited state absorptions in the

other two materials.

Figure 4.52: The excited state absorption signals of the CrCr analogue at 360

nm as a function of the applied pump power. The plots in a) and a’) correspond

to a 400 nm pump power of 600 µW, plots b) and b’) correspond to a 400 nm

pump power of 900 µW, plots c) and c’) correspond to a 400 nm pump power

of 1200 µW. The plots in d) and d’) are the corresponding substrate background

measurements of the substrate.

The next decay channel to be considered appears most clearly in this

sample between 450 and 500 nm and corresponds to the location of the 4LMCT

signal in the VCr PBA. This signal is placed in between the scattered pump light

at 400 nm and the adjacent excited state absorption which is located to longer

wavelengths. Figure 4.53 illustrates the decay of this state as a function of the

applied pump power, which appears to proceed more slowly than the first excited

state absorption, with the initial decay occurring over the first 200-300 fs and the

153



signal remaining after this initial decay being higher at approximately 50 %. This

signal is also flanked by two other signals but the behaviour of the closest of these,

the ESA to longer wavelengths shows a significantly different behaviour, thus no

significant overlap is assumed. After this initial decay period there is again a very

long lived plateau which persists for the full duration of the measurements (100

ps), long after all of the significant decay processes have already taken place.

Figure 4.53: The excited state absorption signals plotted of the CrCr analogue

at 480 nm as a function of the applied pump power. The plots in a) and a’)

correspond to a 400 nm pump power of 600 µW, plots b) and b’) correspond

to a 400 nm pump power of 900 µW, plots c) and c’) correspond to a 400 nm

pump power of 1200 µW. The plots in d) and d’) are the corresponding substrate

background measurements of the substrate.

The final decay process to be studied is that which is found around

600 nm and is assumed to be the same process which was observed in the FeCr

material, and other examples in the literature containing the octahedral CrL6

moiety, that is to say the decay of the 2E state back to the ground state. There

is, however, an interesting difference which is observed in this signal and which
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has not been seen before in this family of compounds. There is a notable delay

in the growth of this signal, after the first initial peak there is a small dip before

the signal grows in to the plateau at which it remains for many picoseconds.

Figure 4.54: The excited state absorption signals plotted of the CrCr analogue

at 595 nm as a function of the applied pump power. The plots in a) and a’)

correspond to a 400 nm pump power of 600 µW, plots b) and b’) correspond

to a 400 nm pump power of 900 µW, plots c) and c’) correspond to a 400 nm

pump power of 1200 µW. The plots in d) and d’) are the corresponding substrate

background measurements of the substrate.

When carrying out the global fitting analysis of the CrCr analogue the

same model was used as was used for the FeCr analogue but the values of the

parameters were adjusted in order for the fit to converge with an accurate overall

modelling of the data. Table 4.7 shows the achieved fitting parameters for the

global fitting of the CrCr material measured using increasing pump powers of

600, 900 and 1200 uW.

The fitting parameters for these measurements are much more varied

than those obtained for the FeCr analogue, in particular the τ 1 values are below
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Pump Power (µW) τ 1 (fs) Error τ 2 (ps) Error τ 3 (ps) Error

600 < 10 24 200 2 21.9 0.9

900 < 50 3 80 3 20.0 0.64

1200 < 10 3x106 90 0.9 21.5 0.6

Table 4.7: The global fitting parameters for the CrCr PBA as a function of the

applied 400 nm pump power and the error values generated by Glotaran. The film

thickness was approximately 250 nm.

the limit for being reliable given the experimental time resolution of approximately

120 fs. This will make drawing comparisons within groups of measurements much

more difficult but there may be some useful insights that this can give into the

nature of this material.

As previously mentioned, the first constant, τ 1, for each of the measurements are

much too short to make physical sense and most likely pertain to the cross phase

modulation signal around time zero.

The second time constant, τ 2 appears to be a much more reliable duration at

approximately 85 fs for the two higher power measurements and a longer value

of 206 femtoseconds for the measurement carried out at the lower power.

The third time constant is very consistent across the three power measurements

at around 21 picoseconds, there was no decay constant found with this value in

the fitting of previous materials so this is a previously assigned decay process,

such as the vibrational relaxation on the 2E state, which has been considerably

slowed down in this material. Due to the growth which is seen in the excited state

absorption, then there appears to be a slowing down of the intersystem crossing

from the 4LMCT to the 2E manifold.

156



Figure 4.55: The decay associated spectra which were output from the global fitting

procedure of the CrCr PBA using the Glotaran software package. τ 1-3 correspond

to those shown in Table and τ 4 corresponds to the constant offset parameter.

The DAS plot shown in Figure 4.55 shows the decay associated spectra

of the global fit carried out on the measurement at 600 µW pump power. The

spectra for these measurements show much less structure than were observed for

the FeCr fitting as the signals are much clearer in that case. However there is

some information to be gained from this plot. As was predicted, the sub 100

fs component shows a very small coefficient across the whole spectrum but has

very little structure. τ 2 has by far the largest coefficient which corresponds to

the approximately 200 fs time constant in this case, this is thought to come from

the initial decay of the 2E state as soon as it is populated. This matches well

with what is observed in the kinetic traces. There is a sharp initial decay straight

into the long plateau. The other two components are negligible across the whole

spectrum so no further information can be gained from those.

In a comparable fashion to the FeCr study, measurements were carried out at

different film thicknesses in order to probe the slower, thermal decay of the

excitons into adjacent crystals or the substrate below. The measurements were

carried out on the same day in order to maintain consistency of the laser system.

As has been previously mentioned, the films were difficult to optimise in terms
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of the thickness as by the time that an appreciable optical density was deposited

the crystals were already too large and caused a lot of scatter when inserted into

the laser focus. This was a matter of trial and error until a reasonable range of

thicknesses were found which did not produce too much scattered light on the

detectors.

The first of the decay channels to be analysed is the excited state absorption in

the UV part of the spectrum, these results are shown in Figure 4.56.

Figure 4.56: The excited state dynamics of the CrCr analogue at 350 nm as a

function of the thickness of the film. The plots in a) and a’) correspond to a film

thickness of 120 nm, plots b) and b’) correspond to a film thickness of 250 nm,

plots c) and c’) correspond to a film thickness of 500 nm. The plots in d) and d’)

are the corresponding substrate background measurements of the substrate.

There appears to be very little influence on this decay channel as one

increases the thickness of the films. The hypothesis that was initially put forward

suggests that the faster components of the decay would not be affected any
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variation in lateral connectivity of the crystals. This is due to the assignment

of the fastest component to the transfer of an electron via intersystem crossing.

The slower decay processes have been assigned to thermal redistribution of energy

to the substrate or surrounding crystals, where crystal connectivity may have an

influence on the dynamics. All of the processes which are observed in this material

are the result of excited state absorptions, and as such are dominated by the faster

of the three fitting parameters which were previously unaffected by this change.

Figure 4.57: The excited state dynamics of the CrCr PBA at 450 nm as a function

of the film thickness. The plots in a) and a’) correspond to a film thickness of

120 nm, plots b) and b’) correspond to a film thickness of 250 nm, plots c) and

c’) correspond to a film thickness of 500 nm. The plots in d) and d’) are the

corresponding substrate background measurements of the substrate.

The second of these decay channels is found at approximately 450 nm

and is shown in Figure 4.57. This region of the measurements appear to be

dominated by the cross phase modulation at this wavelength due to the proximity
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to the pump wavelength, where the cross phase modulation signal is at its greatest.

This is obscuring the subtle signal within the first 200 - 300 femtoseconds which

appears to grow very slightly in the two thinnest sample measurements, this is

not the case and manifests as the cross phase modulation shows a peak after the

primary peak at 0 time delays.

Figure 4.58: The excited state dynamics of the CrCr PBA on the excited state

absorption found around 600 as a function of the thickness of the films. The

plots in a) and a’) correspond to a film thickness of 120 nm, plots b) and b’)

correspond to a film thickness of 250 nm, plots c) and c’) correspond to a film

thickness of 500 nm. The plots in d) and d’) are the corresponding substrate

background measurements of the substrate.

The final region to be studied is the excited state absorption attributed

to the 2E state which appears just below 600 nm and are shown in Figure 4.58.

It was in this region that significantly slower dynamics were observed, to the

point where a growth of this excited state was seen after the initial cross phase
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modulation. This behaviour is also seen in these measurements, where the only

noticeable difference in this series of measurements is the signal rise which is seen

in the thinnest sample. In the 120 nm thick sample the signal growth appears to

be a larger proportion of the overall signal, this may be due to the further delaying

of the intersystem crossing following internal relaxation within the 4LMCT state.

The overall fitting parameters for the measurements as a function of film thickness

are shown in Table 4.8. The parameters which were obtained were found when

the fit appeared to completely describe the dynamics occurring in these systems.

The growth of the excited state absorption observed around 590 nm was typically

the final process to be fitted following various variations of starting parameters

once a general model was decided on.

Film Depth (nm) τ 1 (fs) Error τ 2 (ps) Error τ 3 (ps) Error

120 < 20 0.5 100 900 20.6 0.4

250 < 50 3 80 3 20.0 0.64

500 << 1 1.4x10-5 100 900 22.1 0.3

Table 4.8: The global fitting parameters for the CrCr PBA as a function of the

film thickness and the error values generated by Glotaran. The applied pump

power was approximately 800 µW.

The signals obtained from the CrCr analogue are much weaker than

those observed for either the FeCr or VCr which means that the measurements

were more difficult to optimise in the first place, primarily due to the lack of

a structured ground state absorption. This has impacted the reliability of the

exact values for the fitting parameters which have been obtained from the global

fitting procedure. However, the approximate values are still useful and can be

very constructive when compared within groups of measurements and across the

family of hexacyanochromate Prussian Blue analogues studied in this work.
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Alternative Fitting Procedure

As was the case for the FeCr analogue, a repeat fitting of individual

signals in the CrCr PBA sample was carried out to more closely fit the dataset

across the whole wavelength range. This is particularly important for the CrCr

measurements as the signals are much smaller and there is a previously unseen

growth signal around 600 nm. The same base equation was used as was discussed

in the previous section, however in this case there were some additional terms

added in to fit the data better.

(a0+(a1∗e(-(x-td)/t1))+(a2∗e(-(x-td)/t2))+(a3∗e(-(x-td)/t3))).∗(erf((x−td)/w0)+1)

(4.2)

a4 ∗ e(-((x-td)/(w*
√
2))2) (4.3)

The first of the two equations above is the same as equation 3.1. The

second of these equations is the equation for a Gaussian pulse which is used

to characterise the sharp spikes from the cross phase modulation which are

significantly more obvious in this dataset due to the smaller magnitude of the

signal.

Pump Power µW τ 1 (fs) Coefficient τ 2 (ps) Coefficient

600 140 -3x10-4 31 -8x10-5

900 1100 -1x10-4 60 -1x10-4

1200 120 -2x10-3 31 -2x10-4

Table 4.9: The fitting parameters for the excited state absorption of the CrCr

PBA at 350 nm as a function of applied 400 nm pump power and the pre-

exponential values used in the fits according to Equation 4.2. The film thickness

was approximately 250 nm.

Table 4.9 shows the parameters for this fit, in this case only two time

constants were needed in order to satisfactorily fit the data as the data appeared
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to be dominated by a short, sharp decay and a long, slow decay. In the case of

these three fits, there were two Gaussian pulses used to describe the positive and

negative amplitude spikes around time zero which means that the time constants

only need to deal with the signal that remains. The first decay constant, τ 1, is

attributed to the analogous initial decay of the 2E state back to the ground state

due to the spectral position and the time scale that was observed.

Pump Power µW τ 1 (ps) Coefficient τ 2 (ps) Coefficient

600 1.3 -9x10-5 50 -7x10-5

900 1.0 -1x10-4 53 -1x10-4

1200 1.5 -1x10-4 50 -2x10-4

Table 4.10: The fitting parameters for the excited state absorption of the CrCr

PBA at 460 nm as a function of applied 400 nm pump power and the pre-

exponential values used in the fits according to Equation 4.2. The film thickness

was approximately 250 nm.

Table 4.10 shows the obtained fitting parameters for the excited state

absorption observed at 460 nm. The τ 1 value in this case is much slower and

is attributed to the excited state absorption from the 4LMCT state which is

populated after 400 nm excitation before ISC occurs into the 2E state. This was

attributed to this state due to an analogous signal which was observed during

spectroelectrochemical measurements of the VCr PBA where the electrochemically

reduced Cr ion results in a significant loss of transmission around this wavelength,

Figure 4.6 b). This signal was not observed in the FeCr analogue due to the

overlap with the ground state absorption and corresponding bleach upon excitation.

The values shown in Table 4.11 are the result of the single band fitting of

the excited state absorption of the CrCr PBA at 590 nm, where it was necessary

to use 3 components in order to fit the data well. In this spectral region there

was an obvious growth of the signal over the course of the first approximately
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Pump Power µW τ 1 (fs) Coefficient τ 2 (ps) Coefficient τ 3 (ps) Coefficient

600 300 -2x10-4 6.3 -2x10-4 24 2x10-4

900 140 -2x10-4 5.3 -1x10-4 26.4 1x10-4

1200 270 -5x10-4 5 2x10-4 42.9 -9x10-5

Table 4.11: The fitting parameters for the excited state absorption of the CrCr

PBA at 590 nm as a function of applied 400 nm pump power and the pre-

exponential values used in the fits according to Equation 4.2. The film thickness

was approximately 250 nm.

10 ps before the signal begins to decay away. The first two constants τ 1 and τ 2

are of positive amplitude, meaning they correspond to the growth of the signal.

The third τ 3 was then used to describe the subsequent decay. There is a sharp

increase in the signal right after the Gaussian pulse which is described by τ 1

which is followed by a slower growth which is clearly seen in the longer time scale

plots which is described by τ 2.

The origin of the growth of the excited state absorption of the 2E is thought to

be due to a change in the relative energy between the 4LMCT and the 2E states.

This refitting of the data was also carried out on the measurements

as a function of thickness, again in order to more closely fit the data to allow

comparisons of the measurements to be carried out reliably.

The values shown in Table 4.12 correspond to the measurements of the

CrCr PBA as a function of film thickness. In this case, τ 1 is less that 200 fs which

is attributed to the initial decay of the 2E state as has been discussed previously.

There is then a second component, τ 2. which appears to fit with the thermal

dissipation of heat into the surroundings.

The decay parameters shown in Table 4.14 were then found to describe

the excited state absorption at 460 nm of the CrCr PBA as a function of film

thickness. The τ 1 parameter in this case appears to match with the power
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Film Depth (nm) τ 1 (fs) Coefficient τ 2 (ps) Coefficient

120 240 -1x10-4 22 -7x10-5

250 1100 -1x10-4 60 -1x10-4

500 100 -5x10-4 20 -1x10-4

Table 4.12: The fitting parameters for the excited state absorption of the CrCr

PBA at 350 nm as a function of the film thickness and the pre-exponential

values used in the fits according to Equation 4.2. The applied pump power was

approximately 800 µW.

Film Depth (nm) τ 1 (ps) Coefficient τ 2 (ps) Coefficient

120 1.3 -8x10-5 74 -9x10-5

250 1 -1x10-4 53 -1x10-4

500 1.1 -1x10-4 28 -1x10-4

Table 4.13: The fitting parameters for the excited state absorption of the CrCr

PBA at 460 nm as a function of the film thickness and the pre-exponential

values used in the fits according to Equation 4.2. The applied pump power was

approximately 800 µW.

dependence measurements and corresponds to a decay of the 4LMCT and then

a much longer, τ 2 parameter which is attributed to the thermal dissipation of

energy to the surroundings.

The growth of the 2E ESA which was seen in the power dependence

measurements was also seen in these measurements as a function of film thickness.

The first two constants, τ 1 and τ 2 again correspond to the growth of this signal

over the first approximately 10 ps. There is then a slow τ 3 which describes the

thermal loss of energy to the surroundings.

These single band fits appear to generally show similar dynamics to the global

fits but they were able to give a more accurate fit to the data without the need
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Film Depth (nm) τ 1 (fs) Coefficient τ 2 (ps) Coefficient τ 3 (ps) Coefficient

120 180 2x10-4 10 6x10-5 35 -8x10-5

250 140 2x10-4 5.3 1x10-4 26 -1x10-4

500 330 1x10-4 6.2 2x10-4 24 -2x10-4

Table 4.14: The fitting parameters for the excited state absorption of the CrCr

PBA at 590 nm as a function of the film thickness and the pre-exponential

values used in the fits according to Equation 4.2. The applied pump power was

approximately 800 µW.

for additional decay parameters. The aim is always to use the minimum amount

of coefficients as possible which still make physical sense. Unfortunately, there

does not appear to be any trends observed with either of the pump power or film

thickness measurements. However it is very interesting that a growth of the 2E

state was observed in the signal around 590 nm, which has been attributed to the

modification of the energy of this state relative to the 4LMCT which occurred as

a result of changing the metal center in the nitrogen pocket, linking together the

hexacyanochromate moieties.

4.2.5 Overall Conclusions from Ultrafast Measurements

When all three of the samples studied in this work (VCr, FeCr and CrCr)

are considered there are some interesting similarities and differences which are

observed and can be rationalised. First one must review the electronic excited

states involved in these materials using the scheme which has been previously

presented in this work.

Figure 4.59 illustrates the assumed excited states of interest in these

Cr-centric systems. In this case, after excitation the population does not have

far to fall before experiencing significant overlap with the 2E state at which point

the intersystem crossing occurs on a short timescale (<150 femtoseconds). If the
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Figure 4.59: The electronic excited states of the Cr ions which are the constant

factor within all of the materials studied in this work. After excitation into

the 4LMCT very fast intersystem crossing generally occurs and population is

generated in the 2E, spin flipped state.

energy of the 4LMCT state is shifted up or down in energy and the excitation

wavelength is kept constant, then presumably the time taken to reach this overlap

can be adjusted. The substitutions of the opposing metal ions do not affect the

overall dynamics, thus allowing the timescales of the dynamics to be tailored.

In the case of the VCr and FeCr, where there is a ground state absorption and

therefore a bleach of that state. The recovery of this bleach can be compared with

the decay of the excited state absorption which is seen in the UV for the VCr

analogue and both the UV and the visible for the FeCr analogue. In general, the

decay of the excited state absorption occurs on faster timescales than the recovery

of the ground state absorption. The recovery of the ground state absorption after

excitation is dependent on the decay of the population all the way down to the

ground electronic state. Conversely, for the ground state recovery to occur, the

population in the 2E state must decay back down to the ground, 4A2g, state via a

back intersystem crossing which has been estimated to occur on the nanosecond

timescale.

The excited state absorptions of the VCr and the FeCr are very consistent but

there is a stark difference when looking at the dynamics of the excited state

absorption of the CrCr analogue in the visible part of the spectrum. The excited
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state absorption in the UV for the CrCr analogue appears to follow the same

behaviour as the previous examples but this is believed to be due to a lower

temporal resolution in this region.

The change in the relative energies of these two electronic states causes

a slowing down of the transfer of population. This change in energy shifts the

significant overlap between the two states to lower energies meaning that before

the transfer can take place there needs to be some energy loss in the form of

vibrational relaxation in the 4LMCT state.

Figure 4.60: The electronic excited states of the Cr ions which are the constant

factor within all of the materials studied in this work. After excitation into

the 4LMCT the fast intersystem crossing is delayed due to internal vibrational

relaxation occurring until a significant overlap is found and population is

eventually transferred to the 2E state.

A modification of the energy of the 4LMCT state appears to be more

likely than the 2E state after studying the literature of CrIII compounds. The

energy of the 2E state appears to be largely independent from the surrounding

ligand field effects, whereas the energy of the 4LMCT state is directly related

to the surrounding ligand field. This effect has been previously studied in the

literature and has resulted in an observed growth of the 2E state.

Studies of CrIII complexes in solution [61] have previously observed a growth in

the 2E using transient absorption and flash photolysis. The system was probed

at 540 nm which corresponds to the excited state absorption of the 2E state as

168



has been previously established. When pumping at 313 nm a clear growth is

observed in the ESA over the first approximately 0.5 - 1 ps. The corresponding

measurement with excitation at 628 nm shows no such growth.

A more recent study of the CrIII(AcAc)3 by McCusker et al. [62] allowed the

observation of vibrational coherences following excitation into the first allowed,

ligand field absorption, 4T2. DFT calculations indicate that the oscillations

in the 4T2 is associated with Cr-O bond stretching vibrations, this hypothesis

was confirmed by chemical substitution of the peripheral methyl groups for tert-

butyl groups which have similar electronic properties but are much larger. This

was found to have slowed the rate of intersystem crossing by over an order of

magnitude by observation of the excited state absorption in subsequent studies.

The vibrational coherences were also retained after the intersystem crossing which

suggests that these vibrations define the reaction co-ordinate for the crossing

event. This study exhibits the potential change in the rate of intersystem crossing

by even a modest change in the steric and electronic structure of the complex.

A recent study of the Co(AcAc)3 by Ferrari et al. [63] observed a growth in the

excited state absorption in this system. The intersystem crossing of interest in

this study is from a 1LMCT state to a 3T2 state, this corresponds to a ∆s of

-2 which is the same as the equivalent transition in the Cr(AcAc)3 study my

McCusker et al.

When exciting in the UV there is a visible growth in the ESA bands at 500 and

700 nm with a characteristic growth time of 0.07 ± 0.04 ps. This growth is not

observed when exciting at 580 or 650 nm, this is due to the initial excitation

into higher lying electronic states using UV light. In order for the intersystem

crossing to occur, then first there must be an internal conversion to the 1LMCT

state with significant overlap with the 3T2.

Figure 4.61 is a plot of the excited state absorptions for the FeCr and

CrCr at their maxima of 580 and 595 nm respectively. The behaviour of the

excited state absorption in the FeCr analogue follows the same dynamics as those

169



in the UV for this material but also the behaviour is the same as the excited state

absorption in the VCr analogue in terms of the decay rate and amount of signal

left to decay in the plateau. If the idea of varying the relative energy of the 2E

manifold by changing the local environment of the ion is to be believed then there

is no difference between the vanadium and iron hexacyanochromate materials.

Figure 4.61: The excited state absorptions from the 2E state in the FeCr (blue

curve) and the CrCr (orange curve) analogues. The FeCr analogue the 2E state

is only seen to decay whereas the CrCr signal appears to grow within the first 500

fs after excitation.

The dynamics observed in the CrCr analogue differs significantly from

those in the FeCr and VCr analogues, this is believed to be because the energy of

the 4LMCT is lower in the case of the CrCr material. This means the laser pulse

excites the electrons in the sample to higher lying vibrational levels within the

4LMCT and subsequently the internal relaxation required to find a significant

overlap with the 2E state is increased before intersystem can proceed. In the

CrCr material, this delay in the intersystem crossing is sufficient to observe the

growth of the 2E excited state absorption.

The alternative fitting procedure which was used for both the FeCr

and the CrCr was carried out because the viability of applying global fitting

procedures to these dynamic processes was being questioned. In order for global

fitting to form a reliable model then all of the signals across the spectrum must
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follow the same dynamic processes, this allows all of the signals to be fitted

to a minimum number of parameters which describe the complete dynamics.

It was eventually decided that the dynamics of these materials was sufficiently

complicated that a global fit was not the best way to approach this. This was

evident when visually inspecting the fits which were output from the Glotaran

procedure where there were regions of the dynamics which were not accounted

for, when using the minimum number of decay constants which made physical

sense.

The independent fitting protocol which was subsequently employed using MATLAB

allowed greater control of the fits but also could simply account for the sharp

cross phase modulation signal around time zero. This spike would often skew the

short time scale decay constants used to describe the dynamics occurring within

the first 500 fs after excitation. Depending on the appearance of the cross phase

modulation then different numbers of Gaussian pulses could be used to model the

positive and negative amplitude spikes. By defining the width of the Gaussian

pulses then the decay of the signal could be modelled as soon as the cross phase

modulation finished. The relative amplitudes of the decays were also important

in deciding if the parameters were describing the dynamics well and allowed the

comparison between data sets. The amplitudes were estimated and input to the

formula but the output values were always considered when looking at the fits.

The relative amplitudes of τ 1, τ 2 and τ 3 indicate how significant the parameter is

when describing the overall dynamics, if a parameter has a much lower amplitude

this indicates that the value has very little impact on the fits and therefore is not

always required.

The greater control afforded to the user when carrying out the fits manually in

MATLAB and the doubt surrounding the applicability of global fitting procedures

to these measurements meant that the single band fittings were of greater use

than the global fits. The resulting fits more closely matched the datasets and the

relative amplitudes of the parameters more easily allowed comparison between
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datasets. For these reasons, the single band fitting procedure will be used from

now on to analyse the decay dynamics of the Prussian Blue analogues due to the

multi-decay process nature of the observed dynamics.
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Chapter 5

Conclusions

5.1 Summary of Work

The complex photophysics involved in transition metal complexes has

been studied in the family of compounds known as Prussian Blue analogues.

This has been done to further the understanding of the factors which influence

the decay dynamics and rates of the important photophysical processes which

involve the transfer of populations between potential energy surfaces of the same,

or different spin multiplicities. The combination of spectroelectrochemistry and

ultrafast transmission spectroscopy has allowed the electronic dynamics to be

tracked through changes in the transmission spectrum as a function of time. The

ability to study the magnetisation dynamics of these functional materials requires

a technique which is able to operate on relevant timescales but is also sensitive

to the spin states of the materials involved. The other crucial caveat is that the

sample itself exhibits a strong and persistent magnetisation. To this end, the

Prussian Blue family of compounds were chosen as the model systems for these

studies as the periodic nature of the PBA lattice promotes the long range ordering

of the spins on the metal ions.

The application of a spectrally broader probe pulse and the broadband photo-

detection which have been applied to the VCr, FeCr and CrCr analogues of
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Prussian Blue has greatly expanded the knowledge and understanding of the

electron dynamics which occur in these materials. The discovery of spectral

signatures for the 2E state, which corresponds to the intraconfigurational spin

flip of the 4A2g ground state was of significant importance as this provided a

direct handle on the growth and subsequent decay of this state. This state is of

particular interest as it allows the rate of intersystem crossing to be studied more

directly than in the previous attempt which relied on a bleaching of the ground

state population implying transfer into the 2E state.

The use of the global fitting software, Glotaran, does not appear to have been the

best option for modelling the systems as there are too many different signals with

different origins to be able to describe the entire spectral dynamics with the same

parameters. It appeared to work well for the FeCr system where the amplitudes of

the signals are large and are spectrally separated. There was little evidence of the

cross phase modulation signal here which simplifies the parameters required to

attain a close fit to the data. In the case of the CrCr analogue, all of the signals

are of the same sign and therefore establishing any spectral characteristics is

very difficult. The signals are also very weak and there is a significant influence

of the cross phase modulation which further complicates the fitting procedure.

The presence of the growth signal at 590 nm requires a completely independent

parameter as it is of a different sign to all the other signals. The fitting of

the data in MATLAB using single wavelength kinetic traces allowed for a much

tighter fit to be obtained as it was easier to determine the minimum number of

parameters required. The signs of the coefficients could be easily constrained to

make sure that all of the signals were accounted for. In the case of the FeCr PBA

measurements it allowed a much closer fit to the data to be obtained. However in

the case of the CrCr PBA the growth signal could be accounted for in a controlled

fashion by restricting the temporal parameter and the sign of the coefficient for the

band at 590 nm. The use of Gaussian pulses in the fitting of the CrCr allowed the

complete cross phase modulation to be accounted for meaning that the fitting of
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the actual dynamic signals was simplified and was more reliable. The use of global

fitting is in principle a beneficial technique where the dynamics of the system are

determined by a small number of processes meaning that a small number of decay

constants can be used across the spectrum. However in transition metal systems

such as the Prussian Blue analogues studied in this work, the dynamics are more

complicated and therefore require a more independent fitting procedure which

can account for the dynamics of the different signal independently.

The influence of substituting the transition metal center in the nitrogen pocket

of the PBA lattice appears to have influenced the rate of intersystem crossing in

clear way due to the different relative energies of the 2E states produced in the

different electronic environments. It is hypothesised that in the case of the CrCr

analogue, the 2E is shifted down in energy. This results in a delay of transfer

of population into this state as there is a larger amount of internal vibrational

relaxation required in order to produce a significant overlap between the 4LMCT

and 2E states which facilitates the population transfer.

The ability to control the rates of intersystem crossings is of great

interest in the field of functional magnetic materials which exhibit at least two

different stable spin configurations. The ability to switch between these states is

the basis for the development of future data storage technologies which will soon

become a necessity with the continual growth and expansion of the data footprint

we produce. A greater understanding of the processes that influence and control

these dynamics is the bedrock upon which these developments can be made.

5.2 Outlook

The attempts made towards the development of a time-resolved magneto-

optical experimental setup showed some very promising results with the ability to

measure the ultrafast demagnetisation of these molecule-based magnetic materials.

The sensitivity and accuracy of the optical setup has been tested using calibration
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samples which had been independently characterised. The ability to measure the

magnetic properties of these films in-situ without the need to destroy the sample

is an important development in the continued development of these functional

materials. The issues that were experienced with the time-resolved measurements

will be the focus of future work in order to understand and correct to allow the

application of this apparatus to new and varied samples.
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K. Holldack, R. Mitzner, A. Föhlisch, P. M. Oppeneer, and C. Stamm.

Ultrafast spin transport as key to femtosecond demagnetization. Nature

Materials, 12(4):332–336, 2013.

[14] Jo Kirby and David Saunders. Fading and colour Change of Prussian blue:

Methods of Manufacture and the Influence of Extenders. The National

Gallery Technical Bulletin, 25:73–99, 2004.

179
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Paramagnétique. Physica, 1(1):182–192, 1934.

[18] P W Anderson. Antiferromagnetism. Theory of Superexchange Interaction.

Physical Review, 79(2):350–356, jul 1950.

[19] John B. Goodenough. Theory of the role of covalence in the perovskite-type

manganites [La,M(II)]MnO3. Physical Review, 100(2):564–573, 1955.

[20] Junjiro Kanamori. Superexchange interaction and symmetry properties of

electron orbitals. Journal of Physics and Chemistry of Solids, 10(2-3):87–98,

1959.

[21] W. D. Griebler and D. Babel. X-Ray and Magnetic Studies of

Perovskite-Related Cyano Compounds CsM(II)M(III)(CN)6. Zeitschrift Fur

Naturforschung Section B-a Journal of Chemical Sciences, 37(7):832–837,

1982.

[22] V. Gadet, T. Mallah, I. Castro, and M. Verdaguer. High-Tc Molecular-Based

Magnets: A Ferromagnetic Bimetallic Chromium(III)-Nickel(II) Cyanide

with Tc = 90 K. Journal of the American Chemical Society, 114:9213–9214,

1992.
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A B S T R A C T

This paper describes spectroelectrochemical measurements of thin films of the VII/III-CrIII Prussian blue
analogue (V-Cr PBA). We show that we can electrically control the optical properties of this room-
temperature molecule-based magnet and reversibly switch the colour of the films from blue to black
upon reduction. The cyclic voltammogram of the films showed a weak wave at �0.85 V and a stronger
wave at �1.22 V. The spectroelectrochemical measurement in KCl indicate that the wave at �0.85 V is
related to the reduction of V(III) to V(II) because of a shift in the absorption band associated with the
metal-to-metal charge-transfer band. The wave at �1.22 V occurred simultaneously with the growth of a
new absorption feature at 465 nm and is attributed to the reduction of [CrIII(CN)6]3� sites to [CrII(CN)6]4�.
We have assigned the change to the optical spectrum occurring at 465 nm after electrochemical
reduction to a red-shift of a metal-to-ligand charge-transfer (MLCT) transition from Cr2+ to empty p*
ligand orbitals. The electrochromic coloration efficiency associated with switching from blue to black
colour was found to be h = � 25.2 � 0.2 cm2 C�1 with a switching time of 6.6 s at �1.3 V. These findings
demonstrate the possibility to electrically control the optical properties of a room-temperature
molecular magnet.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The colour of electrochromic materials can be switched by
applying a small electrical voltage [1,2]. These materials show large
potential to be used in electrochromic windows and mirrors,
sensors, or light modulators. For light modulators, additional
magnetic ordering of the materials would also allow for modulat-
ing the light polarisation via the Faraday effect [3]. Here we have
explored a family of molecular materials whose magnetic
properties can be switched electrochemically and at the same
time show electrochromic effects. In order to develop future multi-
functional devices combining magnetic and electrochromic
properties, there is an urgent need to gain a deep understanding
of the spectroelectrochemical properties of these materials. An
additional advantage of molecular materials is that they can be
made transparent and be deposited on glass substrates. More
generally, solution-processed electrochromic materials are gaining
in popularity since they require less energy in the manufacturing
process [4].

Some of the most studied molecule-based magnets are Prussian
blue and its analogues, which comprise transition metal ions
linked by cyanide ligands in a rock-salt structure [5]. The general
formula is CcAa[B(CN)6]b�nH2O (C = alkali cation, A,B = transition
metal ions). Thin films of these magnetic materials have previously
been electrochemically deposited on conductive glass substrates
for a range of analogues [3,6–11]. The original Fe-Fe Prussian blue
has been studied extensively for electrochromic applications [1,2].
Other PBAs, mainly containing hexacyanoferrate, have also been
explored and an extensive summary is presented in Ref. [12].
Interestingly, some PBAs can be reversibly switched between a
ferrimagnetic and paramagnetic state electrochemically [13–15].
For combining optical and magnetic functionality, the V-Cr PBA is
promising because it is ferrimagnetic at room temperature [16]
and has a clear blue colour. Verdaguer et al. have observed
electrochromic behaviour of this material and showed that it is
possible to change the colour from blue to colourless upon
oxidation [17,18]. The aim of the work presented here was to
expand the range of electrochromic switching capabilities of the V-
Cr PBA and to understand the mechanisms involved causing the
change to the optical spectrum as a function of applied potential.
We have therefore studied the spectroelectrochemistry of the films
at a more reducing potential than Verdaguer et al. and found that* Corresponding author.
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we could reversibly switch the colour from blue to black. We have
assigned the absorption giving rise to the black colour and
determined the colouration efficiency and the switching time for
the blue-to-black electrochromic response.

The oxidation state of the vanadium ions in the V-Cr PBA can
vary depending on the synthetic conditions and often both V(II)
and V(III) are found. Typically, the materials are to a large degree
amorphous and characterisation is challenging due to the high air
sensitivity. Nevertheless, oxidation states of the vanadium ions
have been determined using X-ray absorption spectroscopy (XAS)
[19], energy-dispersive x-ray spectroscopy (EDS) and x-ray
photoelectron spectroscopy (XPS) [20], and elemental analysis
[8] (based on charge-balance arguments). The visible spectrum of
the V-Cr PBA is dominated by strong metal-to-metal charge-
transfer (MMCT) bands, where an electron is optically transferred
from a Cr ion to a V ion. More energy is required to transfer an
electron from a Cr ion to a V(II) site than to a V(III) site. The spectral
position of the MMCT therefore depends on the oxidation state of
the vanadium ions. Garde et al. found that for V-Cr PBAs containing
solely V(II), the main MMCT transition occurred at 540 nm,
whereas in samples comprising only V(III), the absorption occurred
at 650 nm [19]. For electrochemically produced films, Ohkoshi
et al. [8] also noted that for certain conditions, they could produce
predominantly V(II), which resulted in an absorption peak at
540 nm, in agreement with Garde et al. [19]. When Ohkoshi’s films
contained both V oxidation states, peaks at both 540 and 660 nm
were observed. Another feature to note in the absorption spectrum
of V-Cr PBA is a peak at 800 nm that has been assigned to a
forbidden d-d transition localised on the [CrIII(CN)6]3� ions, which
becomes partly allowed in the PBA network [19]. There are intense
bands below 400 nm, which have been assigned to ligand-to-metal
(LMCT) and metal-to-ligand (MLCT) charge-transfer transitions
due to their energy and relatively strong oscillator strength [21,22].

The paper is organised as follows. In Section 2, the experimental
approach is briefly explained and we discuss the synthetic
methods and how to protect the air sensitive films. In Section 3.1,
we present the cyclic voltammograms (CVs) of both the starting
materials and the final films. The characterisation of these films is
subsequently described in Section 3.2. We found that we can
control the film thickness by varying the deposition time and
interestingly we found that in thinner film it is possible to
distinguish the V oxidation states in the transmittance spectrum.
The dependence of the transmittance spectrum as function of
applied voltage was studied in a spectroelectrochemical measure-
ment and the results are presented in Section 3.3. We found that
for lower voltages, we observe an increase in the MMCT associated
with the Cr(III) to V(II) transition as a consequence of the reduction
of V(III) to V(II). For more negative voltages, a MLCT absorption on
the Cr ions is observed as a consequence of reducing [CrIII(CN)6]3�

to [CrII(CN)6]4�. We have characterised the electrochromic
performance of the films by investigating the colouration
efficiency and switching time in Section 3.4. These results show
a new electrochemical control of the optical properties of the
magnetic V-Cr PBA.

2. Experimental

The films were electrochemically deposited on fluorine-doped
tin oxide (FTO) coated glass substrates of 1 mm thickness. The
substrates were sequentially cleaned in an ultrasonic bath in the
following solvents: deionised water and detergent, isopropanol,
methanol, and finally in deionised water, since water is used as
solvent in the electrochemical cell. All electrochemical experi-
ments were carried out using a Metrohm-Autolab mAUTOLABIII
potentiostat with a saturated calomel reference electrode and a Pt
counter electrode. Aqueous solutions of VCl3 and K3[Cr(CN)6] from

Sigma-Aldrich were used without further purification at concen-
trations typically 10 mM and KCl (also from Sigma-Aldrich) was
used as electrolyte at a concentration of 1.0 M. The V-Cr PBAs are
air sensitive and so the electrochemistry was performed under N2

flow. All solvents were thoroughly bubbled with N2 and any O2 in
the reagent powders were removed using a Schlenk line. The films
were made under potentiostatic conditions, typically at �1.15 V vs
SCE. After the synthesis, the films were rinsed with N2-bubbled
H2O and allowed to dry under N2 flow. Once dried, they were either
sealed with cyanoacrylate glue and a 0.18 mm thick glass
microscope coverslip or immediately used for CV scans without
sealing. The film area typically ranged from 1.0 to 1.2 cm2.
Spectroelectrochemistry measurements were carried out in a
standard 10 mm cuvette. A fibre-based halogen light source (Ocean
Optics HL-2000-FHSA) and a fibre-coupled spectrometer (Ocean
Optics HR2000+) were used. The films, together with reference and
counter electrodes, were immersed in the cuvette. In order to fit all
the electrodes, the saturated calomel reference electrode was
replaced with a pseudo-reference electrode made from Pt wire.
Any shift in potential of the pseudo-reference electrode was
checked in a normal electrochemical cell with either the Pt
electrode or the SCE electrode by carrying out a CV scan of a V-Cr
PBA film. A shift smaller than 0.02 V was observed.

Electrochromic characterisation was carried out by setting the
spectrometer to measure at a fixed wavelength at 465 nm and was
synchronised with the potentiostat, which in turn was pro-
grammed to cycle the potential between 0 and �1.3 V at 15 s
intervals.

The IR spectra were acquired using an attenuated total
reflection IR spectrometer (Perkin Elmer Spectrum Two � UATR)
by scraping off the films from the glass substrates with a razor
blade. For the XPS measurements, the samples were freshly
prepared and stored in N2-bubbled water and were quickly
transferred to the XPS where they were allowed to dry in the
vacuum of the instrument. The sample was grounded by contacting
the FTO-surface to ground using a metal support. The films were
measured first without any surface treatment and subsequently
after sputtering with Ar+ ions for 30 min. The XPS instrument, VG
Scientific with an Al Ka radiation source, was calibrated based on
Cu 2p3/2 standard. Normally adventitious carbon would be used to
further calibrate the spectrum for a specific sample. However, since
there is probably a mixture of adventitious and cyanide carbon we
did not further fine-tune the calibration. The C 1s peak positions
before and after sputtering were 284.7 and 284.4 eV, respectively.
Because the C 1s peaks were reasonably close to that expected for
carbon (either cyanide or adventitious), the calibration was
sufficiently accurate to distinguish Sn, V, and Cr. A Shirley baseline
was subtracted from the XPS spectra and Gaussian functions were
used to fit the peak area and positions. The AFM measurements
were carried out on a freshly made sample that was immediately
transferred to the AFM (AFM Veeco Nanoman VS with Dimension
3100 controller). However, it was not possible to purge the AFM
with N2 and so all AFM measurements were carried out on oxidised
films.

3. Results and discussion

3.1. Electrochemical synthesis

When making the films, we followed the approach of Ohkoshi et
al., who used potentiostatic conditions at a relatively large negative
potential (�1.16 V vs SCE) [8]. We found that this method leads to
the best optical quality and the clearest blue colour of the V-Cr PBA
films. Aqueous solutions of VCl3 and K3[Cr(CN)6] were made and
added to the electrochemical cell along with the electrolyte. When
applying a negative potential to the working electrode, V3+ ions are
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reduced at the electrode surface to produce V2+ ions. These ions
subsequently react with [Cr(CN)6]3� units in the solution to form
the insoluble PBA film on the electrode surface. In order to
understand the electrochemical synthesis, we first carried out the
CV of the individual starting materials separately, viz VCl3 and
K3[Cr(CN)6]. The results are presented in Fig. 1 (a) and (b). In the CV
for K3[Cr(CN)6], shown in Fig. 1 (a), the weak reduction peaks at
�0.7 and �1.1 V were negligible compared to the currents recorded
for VCl3 and are attributed to impurities. As can be seen in Fig.1 (a),
the reduction of the V ions appears around �0.8 V. The reverse
process corresponds to the re-oxidation of V(II) ions. When
scanning to more negative voltages (Fig. 1 (b)), which are used
during the synthesis of the V-Cr PBA films, a more complicated CV
is observed. We attribute the second reduction wave at �1.1 V to
the nucleation of vanadium-containing deposit on the working
electrode, which is an important step towards forming the
insoluble PBA films on the substrate surface. The sharp re-
oxidation peak at �0.5 V is then the stripping peak of the
vanadium-containing deposit formed on the substrate, which is
not observed when the potential is scanned only to �0.8 V. The
oxidation of free V(II) ions can still be seen at the broad peak
around 0 V. When the electrochemical synthesis is carried out in
the presence of the two reagents together, the CV is different (Fig. 1
(c)). The stripping peak is significantly reduced in intensity, which
is due to a kinetic effect where the V2+ ions react more readily with
the [Cr(CN)6]3� rather than to continue to plate vanadium-
containing deposits onto the substrate surface. This is therefore
consistent with the formation of V ions attached to the substrate in
order to form the insoluble PBA film. Note that we do not normally
cycle the voltage when making V-Cr PBA films for optical
applications since we found that the best optical quality, as

previously mentioned, is produced at potentiostatic conditions at
as negative potential as possible (ca. �1.15 V). It should be noted
however that Verdaguer et al. followed a different approach by
using VO2+ as a starting material and subsequently grew the films
by cycling the potential between �0.6 and 0.1 V vs. SCE [17]. In
order to distinguish processes involved in the film formation
during the CV scan in Fig.1 (c) and the CV of the final film produced
potentiostatically, the CV of the potentiostatically produced PBA
film was repeated in KCl electrolyte from 1.0 to �1.3 V. The results
of the potentiostatic deposition and subsequent cycling in KCl are
presented in Fig. 2 (a) and (b). For the measurements presented
here, the films were made by applying a static potential at �1.15 V
for 3 min. In the CV a wave at �0.85 V is observed and we attribute
this to the reduction of V(III) present in the film. XPS measure-
ments presented below indicate that V(III) is indeed present in the
final film at a relatively high concentration. The reduction of V(III)
sites is further supported by the spectroelectrochemical data
presented in Section 3.3. The large wave at �1.22 V is attributed to
the reduction of [CrIII(CN)6]3� to [CrII(CN)6]4�, with the corre-
sponding re-oxidation taking place at �1.05 V. During the CV
procedure, charge balance is maintained by the insertion and
extraction of potassium counter ions (SI). The CV could be repeated
several times. However, the peak current decreases slightly for
each cycle due to film dissolution. This reduction process has not
been discussed previously for the V-Cr PBA but it has been shown
that [CrIII(CN)6]3� can be reduced at a similar potential in the Fe-Cr
PBAs (�1.15 V vs. SCE) [23]. In Cr-Cr PBA, however, the reduction of
[CrIII(CN)6]3� is thought to happen at a less negative potential
(�0.85 V vs. Ag/AgCl) [9,11]. It is therefore possible that the first
wave at �0.85 V is the reduction of [CrIII(CN)6]3�. However, based
on the spectral changes of the MMCT transition associated with
this reduction wave, we attribute the first �0.85 V to the V(III) to V
(II) reduction process, as is discussed below.

3.2. Film characterisation

The films were characterised with XPS, UV/VIS and IR
spectroscopy. The XPS data are presented in Fig. 3 (a) for the
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full range of electron binding energies recorded. The expected
elements such as C, N, O, Cr and V were observed, as well as the Sn
peaks from the FTO layer. We did not observe any K or F peaks. The
region around the expected vanadium peaks is shown in Fig. 3 (b).
Here three peaks were used to fit the V 2p3/2 peaks in order to
capture the relative intensities of the contributions from V(II), V
(III), and the oxidised V(IV). The spin-orbit split peaks correspond-
ing to 2p1/2 appear to ca. 7.5 eV higher binding energies.
Unfortunately, the resolution of the measurement was not good
enough to distinguish between V(II) and V(III), however the V(IV)
peak at 517.1 eV could be distinguished from the two other
valences. Because of the air sensitivity of the materials, it is natural
to assume that a thin oxide layer is formed on top of the films. In
fact, the band maximum of the V peaks is shifted towards the
binding energy of 517.1 eV associated with oxidised vanadium. The
film was therefore sputtered with Ar+ ions for 30 min. After
sputtering, the V band maximum has clearly shifted towards the
range 513.6 eV (marked with a dashed line in the figure) to ca. 515.8
eV, associated with V(II) and V(III). The peak from oxidised
vanadium at 517.1 eV is much less pronounced than in the
spectrum from the non-sputtered surface. Despite the poor
resolution, it is clear that the sputtered spectrum contains much
less oxidised material than the non-sputtered spectrum (from the
untreated surface). Since the relative V oxidation states could not
be resolved, the composition of the V-Cr PBA film was determined
based on the total area of V and Cr peaks in the XPS spectra. The
peak areas were compared after correcting for the atomic

sensitivity factors and taking into account the accuracy of the
technique. A Cr:V ratio of 0.8 was found for the sputtered sample.
Based on these findings, and assuming that the film should be
neutral, we can determine the composition of the films as

VII
0:5V

III
0:5 CrIII CNð Þ6

h i
0:8

. The composition of the non-sputtered film

was VII
0:1V

III
0:9 CrIII CNð Þ6

h i
0:9

. In order to maintain the charge balance,

potassium ions can be found in the lattice depending on
stoichiometry. The XPS does not show any potassium ions although
small amounts could potentially be difficult to detect since this
peak is masked by the much stronger C signal. Nevertheless, we
rule out any significant concentration of K+ ions in the sample and
so the charge balance is achieved by a slightly smaller amount of Cr
to V and mixture of V oxidation states. The larger contribution of V
(III) on the un-treated surface can be due to oxidised V(II).
Furthermore, V(III), which is present in the solution, can react more
readily with the already formed V-Cr PBA lattice. It is therefore
likely that the majority of the V(III) sites are located at the surface
of thicker films, as is indeed confirmed by the depth-dependent
XPS measurements made possible with sputtering. The 2p3/2 Cr
peak appears at 577.9 eV for the non-sputtered measurement and
at 574.8 eV for the sputtered measurement (with a weak shoulder
still observable at ca. 577 eV). The Cr 2p1/2 peak occurs at 584.9 eV
for the sputtered measurement, giving a spin-orbit splitting of
10.1 eV. The Cr-peak binding energy is close in value to that
reported by Hatlevik et al. (577.2 eV) [20] for non-sputtered films.
However, in the spectrum for the sputtered surface we observe a
binding energy closer to that expected for [CrIII(CN)6]3�, which
occurs at 576.2 eV [9]. Clearly the environment for the Cr ions at the
surface is different from inside the bulk film. Because the Cr:V ratio
ranges from 0.8 to 0.95 (sputtered or non-sputtered, respectively),
it indicates that there are few vacant sites in the lattice.

The presence of the V-Cr PBA network is confirmed by the IR
spectrum shown in Fig. 3 (c). The CrIII-CRN-VII peak has
previously been reported to occur at around 2104 cm�1 and the
CrIII-CRN-VIII peak at 2118 cm�1 [16]. The cyanide stretching peak
in Fig. 3 (c) can be seen at 2113.5 (4) cm�1 (32 cm�1 FWHM), which
is in agreement with previously reported values for the V-Cr PBA
[16]. Given the width of the peak at 2113.5 cm�1, we can conclude
that the IR data support the presence of both vanadium oxidation
states. The peak at 2175.6 (2) cm�1 (with 30 cm�1 FWHM) is due to
the presence of vanadyl and is an indication that the films are
oxidised when they are exposed to air during the IR measurement.
Powder X-ray diffraction patterns, obtained by scraping off the
films from the substrate surface, were nearly featureless and so
indicate that the films are mainly amorphous.

The film thickness was determined from the AFM measure-
ments presented in Fig. 4 (a) and (b). The thickness could be
controlled by the duration of the potentiostatic deposition process
and four different deposition times were investigated (1 to
4 minutes). The AFM measurements were carried out with a
freshly prepared sample which was transported from the synthesis
lab to the AFM instrument in a sealed container. However, the
samples oxidised during the measurement, as is apparent by the
change in colour (the films become white/brown within 5 minutes
in air). Ferlay et al. [24] have made structural measurements of the
oxidised vanadyl analogue, and they observed a cubic structure
with lattice parameter of ca. a = 10.490 (4) Å, similar to the non-
oxidised V-Cr PBA sample. We therefore believe that the thickness
measured on the oxidised sample is similar to the non-oxidised
sample. For the thinnest film, a distribution of particles with a wide
size distribution from ca. 25 to 90 nm was found (with an average
size of 50 nm). However, for longer deposition times, a more
continuous film was grown. The continuous films appear to crack
when oxidised, which was observed for all films grown for longer
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Fig. 3. XPS and IR characterisation of the V-Cr PBA films. (a) Full XPS scan of the
sputtered surface, where peaks assignments are shown in the figure. The peaks to
higher binding energies for Sn, V, and Cr are due to the spin-orbit splitting. XPS
spectra were also collected with a higher resolution and the region of the V 2p3/2
and 2p1/2 are shown in (b). In this region the peak for O 1s is also observed. The O 1s
binding energy for the sputtered sample is closer to what is typically observed for
metal oxides whereas for the non-sputtered surface it is closer to what is typically
found in organic molecules (resulting from impurities on the surface). Spectra for
both the un-treated and sputtered surface are shown. The IR spectrum of a V-Cr PBA
film is shown in (c). The peak at 2113.5 cm�1 is due to the cyanide stretching mode
in the VII/III-CrIII PBA. During the measurement the sample was exposed to air and
became partially oxidised, which is seen as a shift of the cyanide stretching peak to
2175 cm�1.
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than 1 minute. This is shown in Fig. 4 (b) for the film deposited for
2 minutes. From the size distribution of the particle size in Fig. 4 (a)
(film deposited for 1 minute) and the depth of the cracks of the
thicker films, we could estimate the film thickness as a function of
deposition time, which is presented in Fig. 4 (c). In order to relate
the optical density to the film thickness, the transmittance was
recorded for each film before they were oxidised. The results are
presented in Fig. 4 (d). It is interesting to notice that for the
thinnest film, the MMCT transitions to the two different vanadium
oxidation states can clearly be seen as minima in the transmittance
at 540 and 660 nm. However, for the thicker films, the two MMCT
bands merge together. For the longest deposition time, the
corresponding absorption reached an optical density of 4.0 (seen
as zero transmittance on the scale in Fig. 4 (d)). In order to
compensate for different ratios of V(II):V(III), which can depend on
the film thickness as was discussed in the XPS section, the total
transmittance over both MMCT peaks was integrated. According to
the Beer-Lambert law, the transmittance scales exponentially with
the optical path length and so the logarithm S of the integrated
transmittance from 500 to 750 nm, should therefore produce a

linear relationship with film thickness d according to

S ¼ ln
Z750nm

500nm

T lð Þdl
0
@

1
A / d: ð1Þ

We therefore plotted the natural logarithm of the integrated
transmittance in Fig. 4 (e). A linear dependence is observed, in
agreement with the AFM images of the oxidised films. We also
plotted the total charge deposited for each film. In principle this
should correlate with the total amount of material deposited.
Based on an area of 1 cm2 we would need ca. 1016 electrons to
produce one sheet of the V-Cr PBA (assuming that each V ion is 10 Å
apart). This estimation also assumes that all vanadium is present as
V(II). Since the deposited films were grown with a total charge of
ca. 0.1 C (Fig. 4 (e)), we can estimate that a total of 1018 electrons
have been consumed in the film growth. The number of “sheets” is
therefore 1018/1016 and given that each sheet is separated ca. 10 Å,
we can estimate that we should produce a 100 nm thick film.
However, because some of the material crashes out in solution and
the films also contain V(III) ions, this is difficult to estimate � not
even taking into account the morphology of the films.

3.3. Spectroelectrochemistry

The spectroelectrochemical data are presented in Fig. 5 and the
voltages should be referenced to the CV in Fig. 2 (b). At the onset of
the first reduction wave at ca. �0.5 V in the CV in Fig. 2 (b), there is a
decrease in the transmittance at 540 nm (Fig. 5 (a)). This decrease
corresponds to an increase in the absorption associated with the Cr
(III) to V(II) MMCT. This decrease in the transmittance grows up to
�0.85 V, in agreement with the wave shown in the CV in Fig. 2 (b).
This is the reason for assigning the first reduction wave in
Section 3.1 to reducing V(III) to V(II). When changing the potential
further to the second reduction peak at �1.22 V, the peak in
transmittance at 465 nm, which gives rise to the blue colour of the
V-Cr PBA, is significantly reduced in intensity (Fig. 5 (b)). As

Fig. 4. Characterisation of film morphology and thickness as a function of
electrochemical deposition time. All AFM measurements were carried out on
oxidised samples. AFM images of films deposited for (a) 1 min and (b) 2 min are
presented. The films cracked upon oxidation and the size of the crack was used to
estimate the film thickness, which is plotted in (c) as a function of deposition time.
Before the samples were oxidised, the optical transmittance spectra were recorded
and are presented in (d). The dependence of the transmittance intensity on the film
thickness is shown in (e). S is the natural logarithm of the total transmittance from
500 to 750 nm and is defined in Eq. (1). The total charge density Q used in the
electrochemical synthesis is also presented in (e).
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Fig. 5. Spectroelectrochemical measurements of the V-Cr PBA. For clarity the
measurement is presented for two voltage regions, namely from 0 to �0.8 V (a) and
from �0.9 to �1.3 V (b). Arrows indicate the direction of change in the spectra with
increasing negative applied potential.
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previously discussed, this is attributed to the reduction of the Cr
sites. When assigning the transition associated with the loss of
transmittance at 465 nm, one has to consider that the total energy
of the Cr sites will increase when an extra electron is added in the
reduction process. An increase in energy of the Cr ions will cause a
red-shift of the MMCT transitions that occur at 540 and 660 nm. It
is therefore not plausible that the new absorption feature is due to
a shifted MMCT transition. The slight increase in transmittance at
these wavelengths (540–660 nm) do support this red-shift because
a loss of chromophores absorbing in the visible region would
contribute to the increase in transmittance in this spectral region.
The shifted MMCT is probably pushed to wavelengths longer than
900 nm, where our detection system and light source are not
effective. Likewise, the LMCT states around 400 nm [21,22] would
be shifted to even shorter wavelengths if the energy of the Cr ion
increased. What is more, we also rule out metal-centred
transitions based on the strong absorption coefficient associated
with the new absorption feature (comparable to the MMCT
transitions). The increase in energy of the Cr ion upon reduction
will bring it closer in energy to the empty p* orbitals on the
cyanide ligands. We therefore assign the new absorption at 465 nm
to MLCT transition from [CrII(CN)6] to empty p* ligand states. The
peak at 800 nm has previously been assigned to a forbidden metal-
centred absorption on the [CrIII(CN)6] unit[19]. When Cr(III) sites
are reduced, there is an increase in transmission at 800 nm, which
is consistent with a loss of absorption from this transition.

3.4. Electrochromic switching

The change in colour was noticeable while carrying out the CV
scans in the voltage range where [CrIII(CN)6] is reduced (Fig. 6 (a)
and (b)). The colour could be cycled between blue and black
repeatedly and we therefore characterised the electrochromic

properties of the films. The potential was cycled between 0 and
�1.3 V and the charge density was recorded (Fig. 6 (c)). The
transmittance at 465 nm was also recorded simultaneously. For the
chosen film, the transmittance at 465 nm was T = 25 % while blue
and could be reduced to ca. 3 % while black (Fig. 6 (d)). The
colouration efficiency h = DOD/DQ is typically used to characterise
the efficiency of the switching process and relates to the change in
optical density (DOD) per unit charge density DQ passed through
the material. We follow the convention of defining h for
absorbance (and therefore OD) instead of transmittance. The OD
as a function of supplied charge density to the films can be plotted
and the slope gives h, which is shown in Fig. 7 (a). A linear
relationship of the optical density vs. charge density was found for
the blue to black switching. This is because the films did not turn
completely black within the time of the switching (cf. the
spectroelectrochemical data in Fig. 5 (b) where the transmittance
approaches T � 0.2 %). From the slope we found that h = � 25.2
� 0.2 cm2 C�1. The switching process was rather slow and to switch
from blue to black, corresponding to when the transmittance had
reached 90% of its final value, took 6.6 s. In order to keep charge-
neutrality in the reduced films, electrolyte counter ions have to
diffuse into the lattice. On the other hand, the switching time is
almost 1.5 times faster (4.7 s) when switching from black to blue
colour. For switching from black to blue, the optical density
saturates with applied charge density as is seen in Fig. 7 (b). The
linear part of the curve was therefore fitted to obtain h = � 32 � 1
cm2 C�1.

4. Conclusions

In conclusion, we have synthesised thin films of the V-Cr PBA
using electrochemistry and studied their optical properties using
spectroelectrochemistry. We have shown that we can reduce V(III)
to V(II) and observe its effect on the optical spectrum due to the
spectral sensitivity of the MMCT on V oxidation state. This can be
useful for electrically fine-tuning the blue colour of V-Cr PBA films
and its magnetic properties. By applying a more negative voltage,
we can reduce the Cr ions and control the energy of the MLCT
transition, shifting it from the UV to the visible region of the
spectrum. This causes the film to turn black and the colour can be
cycled repeatedly. In the electrosynthesis we can control the
optical density of the films by increasing or decreasing the film
thickness by adjusting the deposition time. We have found that
potentiostatic deposition at large negative potential leads to

Fig. 6. Electrochromic switching of the V-Cr PBA from blue to black. Photographs of
the films in the electrochemical cell (in aqueous solution of KCl) are shown in (a) at
0 V and in (b) for �1.3 V. The applied potential and corresponding charge density is
presented in (c). The transmittance at 465 nm is shown in (d). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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optically clear films with no K+ counter ions and few vacant sites.
We have demonstrated that we can electrically control and tune
the colour of a room-temperature molecule-based magnet.
Combining electrical, optical, and magnetic functionality of smart
materials can potentially lead to new technologies such as
magneto-optical data storage devices.
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a b s t r a c t

We present femtosecond transient transmission measurements of thin films of the VII/III–CrIII Prussian
blue analogue (V-Cr PBA) in the spectral range 330–675 nm after exciting the ligand-to-metal charge-
transfer transition (LMCT) at 400 nm. A global analysis including three decay-times of s1 = 230 fs,
s2 = 1.38 ps and s3� 2 ns could satisfactory describe the data. We observed an excited state absorption
(ESA) at 345 nm, which was attributed to a charge-transfer transition from the 2E state on the Cr ions
after fast intersystem crossing from the quartet manifold. An additional weak and short-lived ESA at
455 nm was also observed and was tentatively attributed to the initially populated 4LMCT state.

Crown Copyright � 2017 Published by Elsevier B.V. All rights reserved.

1. Introduction

Smart materials can be controlled using external perturbations
to switch their electrical, optical and magnetic properties. Under-
standing the photophysics of charge-transfer (CT) transitions in
these materials provides an interesting problem connecting light,
charge and spin dynamics. For example, spin crossover (SCO) sys-
tems, which can be optically switched from low-spin to high-spin
states, have been extensively studied for a number of years [1–4].
In Fe(II) complexes, where the SCO process is from the singlet
ground state (S = 0) to a quintet meta-stable state (S = 2), it has
been found that spin switching can occur in less than 100 fs
[2,5,6]. Progress in this area can be important for future photonic
devices combining optical control of electrical and magnetic prop-
erties. For achieving optical control of magnetically ordered mate-
rials, Prussian blue analogues (PBAs) have been extensively studied
during the last twenty years [7,8]. These materials have a rock-salt
structure with transition metal ions linked by cyanide bridging
ligands (Fig. 1, inset). In particular, the V-Cr PBA is an interesting
model system because of its high magnetic ordering temperature
above room temperature [9–12]. The V-Cr PBA also displays inter-
esting proton conductive [13], photomagnetic [14] and elec-
trochromic [15,16] properties. There have been few ultrafast
studies to date on PBAs in general [17–22] to probe the initial

fs–ps dynamics after photoexcitation. The relatively large number
of studies on the V-Cr PBA’s static optical and magnetic properties
means that it provides an interesting system for understanding
both charge and spin dynamics after fs laser excitation in these
systems. Here, we have explored transient transmission spec-
troscopy with the aim to study intermediate states important for
the fast intersystem crossing (ISC) previously reported for various
Cr-containing complexes and materials [21,23–28].

The optical spectrum of the V-Cr PBA (Fig. 1) is dominated by
metal-to-metal charge-transfer (MMCT) transitions in the visible
and ligand-to-metal (LMCT) and metal-to-ligand (MLCT) CT transi-
tions in the UV. The MMCT transition takes place between localised
electrons in t2g orbitals on the Cr and V ions (Fig. 2). A recent study
employed ultrafast magneto-optical (MO) methods to directly
study photo-induced spin dynamics in the V-Cr PBA after exciting
at the LMCT transition [21]. The excitation in films of the V-Cr PBA
appears to take place on localised sites in the lattice during the first
few hundred fs [21], similarly to what is also observed in SCO crys-
tals of Fe(II) complexes [29,30]. The ultrafast dynamics of Cr(acac)3
in liquids, which has been extensively studied by Juban and
McCusker [23], is therefore relevant for understanding the dynam-
ics in thin films of the V-Cr PBA. The LMCT pump transition corre-
sponds to transferring an electron from a CN� ligand to a Cr(III)
site, thereby photo-reducing the ion transiently to a Cr(II) oxida-
tion state (Fig. 2(b)). Back-electron transfer subsequently occurs
very quickly and the Cr(III) oxidation state is formed again on a
sub-100 fs timescale, similarly to the decay of the MLCT state in
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Fe(II) SCO complexes in solution or crystals. However, a fraction of
the Cr(III) sites are now formed in the 2E doublet state via fast ISC
from the quartet manifold (Fig. 2(c)). The MO measurements could
detect the formation of this doublet state on the Cr ion due to the
change in the super-exchange interaction of this magnetically
ordered material taking place as a result of the corresponding spin
flip associated with the ISC [21]. The model describing this dynam-
ics was inferred from the model developed by Juban and McCusker,
who studied isolated Cr(acac)3 ions in solution where a spectral
broadening and red-shift of the excited-state absorption (ESA)
from the 2E state could be followed and compared to ns results
[23,25]. More recent studies using time-resolved IR techniques
have shown that a relatively large fraction of the 2E state popula-
tion decays back to the quartet manifold via back-ISC [24,27].

To understand the pathways involved in the fast ISC process, it
is important to study the initially populated CT state, correspond-
ing to the reduced Cr ion (Fig. 2(b)). We label this state 4LMCT,
where the spin multiplicity corresponds to the total spin of the
Cr ion and ligand to highlight that the total spin is conserved after
absorbing a pump photon. In the previous ultrafast magneto-
optical study, an increase in absorption at 480 nm could just be
discerned at early delay times and was tentatively assigned to an
ESA from the initially excited CT state [21]. It should be noted that
the LMCT state in Cr(acac)3 in solution has previously been shown
to decay in less than 50 fs [23], making this state difficult to detect
with the ca. 250 fs cross-correlation used in the magneto-optical
study. Furthermore, the increase in absorption took place just at
the blue edge of the white-light supercontinuum. In addition to
the problem with the short-lived nature of the 4LMCT state, one
still must find a clear optical signature of this state, which is not
always trivial. In order to approach this more general problem,
spectroelectrochemistry and transient absorption have previously
been used to identify and study the dynamics of charge-transfer
excited states in several systems (e.g. [31] and references therein).
Inspired by our recent spectroelectrochemical study on thin films
of the V-Cr PBA [16], we have in this letter investigated if a similar
approach would be feasible. In the spectroelectrochemical study,
we found that a new optical absorption peak arises at ca. 465 nm
when the films were electrochemically reduced. This process cor-
responds to the reduction of [CrIII(CN)6]3� sites to [CrII(CN)6]4� in

the PBA lattice, which in principle is similar to the LMCT photoex-
citation process when the Cr sites are reduced by the transfer of an
electron from the ligands. The absorption from the reduced Cr sites
was attributed to a red-shift of a MLCT transition from Cr(II) to
empty p⁄ ligand orbitals, due to the increased energy of Cr(II) com-
pared to Cr(III), pushing it closer in energy to the empty ligand
orbitals. However, an ESA signal from the 2E or 4LMCT states has
to date not been clearly observed in films of the V-Cr PBA. In this
letter, we present a transient transmission study of the V-Cr PBA
with the aim to observe ESA from the 2E state and to capture the
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Fig. 1. Static transmission spectrum of the V-Cr PBA. The loss of transmission in the
visible region is due to MMCT transitions between Cr(III)–V(II) at 540 nm (seen as a
shoulder) and Cr(III)–V(III), which occurs closer to 670–690 nm for this particular
film. LMCT/MLCT transitions occur �400 nm. Inset shows idealised crystal structure
of the V-Cr PBA lattice.
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Fig. 2. Schematic diagram of orbital energy levels and optical transitions in the V-Cr
PBA. (a) Ground-state electronic configuration, where only the t2g orbitals on the
metal ions are shown (eg orbitals are not populated). Filled and empty CN� ligand
orbitals are also shown. (b) After pumping at the LMCT, the Cr ion is reduced to Cr
(II). The energy of the electrons localised on the ion is therefore increased closer to
the empty p* ligand orbitals. This causes a red-shift of the MLCT transition. Spin
multiplicity of 4LMCT refers to the total spin of the system in this case and implies
spin is conserved after the LMCT excitation. (c) After the decay of the 4LMCT state
and back-electron transfer, the Cr is formed as Cr(III) again. After ISC to the 2E state,
one of the electrons on the Cr ion has changed its spin projection. Note that the
transition energy of the MLCT is larger in (c) than (b) because the 2E state on Cr(III)
is lower in energy than the 4LMCT state on Cr(II).
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short-lived 4LMCT state on the photo-reduced Cr ions in the PBA
lattice by probing with a wider spectral range, spanning 330–
675 nm. We were able to observe a transient absorption centred
at 345 nm, which we attribute to the 2E state. In addition, we also
observed a weak and short-lived ESA at 455 nm, which is consis-
tent with the spectroelectrochemical measurements of reduced
Cr ions. The measured lifetime was less than 50 fs, in agreement
with the short lifetime previously assigned to the LMCT state.
Our findings are consistent with the model of fast ISC to the 2E
state after pumping the 4LMCT state.

2. Methods

The synthesis of the films followed the procedure by Ohkoshi
et al. [32] and has been described in more details in Ref. [16]. In
short, cleaned glass substrates coated with fluorine-doped tin-
oxide (FTO) were held under a constant potential of �1.2 V for
300 s in a solution of K3[CrIII(CN)6] and VCl3 at 25 mM concentra-
tions in an electrolytic solution of KCl (1.0 M) in water. The films
are air sensitive so all the synthesis was carried out in a nitrogen
environment. The films were dried in nitrogen flow and subse-
quently sealed with a cover glass slip and cyanoacrylate glue. In
order to estimate the film thickness, we compared the transmit-
tance with our previous study and could estimate the film thick-
ness to be 600 ± 50 nm [16].

The transient absorption setup based at the University of War-
wick has been described previously [33,34]. Briefly, the white-light
continuum is generated in a CaF2 plate and the probe spectrum is
detected using an Avantes fibre-coupled spectrometer (AvaSpec-
ULS1650F). The pump beamwas relatively defocussed with a beam
waist of 1.5 mm. The pump pulse energy was 400 nJ, which there-
fore corresponds to a fluence in the focal region of 22 mJ/cm2. We
monitored the pump-probe signal at 0 and 1000 fs delays between
each scan to check for any film degradation. However, with the
lower pump energy used, we could not observe any long-term
changes to the signal. The pump pulse duration was 80 fs and
the pump-probe beam angle was less than four degrees. The
obtained transient transmittance was analysed in a sequential
global-fit procedure using the Glotaran software [35].

3. Results and discussion

3.1. Overview of broadband transient transmission results

The transient transmission spectra obtained after pumping at
400 nm are presented in Fig. 3(a) as a function of pump-probe
delay up to 5 ps. The time-delays were scanned up to 1.8 ns but
we found that most of the dynamics had reached a plateau after
ca. 5 ps, in agreement with previous work [21]. We therefore only
show time-delays up to 5 ps in the 2D data. Kinetic traces for
selected wavelengths for full delay times are presented in the
Fig. 2(c). The signal around 400 nm observed in Fig. 2(a) is due to
scattered pump light reaching the detector. In this time window
this data is characterised by two specific features, namely a bleach,
or increase of transmittance, for wavelengths above ca. 475 nm and
a decrease in transmittance below this wavelength. The results in
the visible region (500–700 nm) are similar to what was previously
observed, i.e. bleach of the MMCT after pumping at the LMCT [21].
It should be noted that the position of the ground-state bleach
(GSB) is red-shifted compared to our previous study (ca. 660 nm).
However, we believe this is due to variability of the films used
since the position of the MMCT can depend on the specific stoi-
chiometry and morphology of the films, which can be different
as a result of slightly different electrochemical deposition condi-
tions [12]. The peak of the MMCT for the film in this study do

indeed occur at 680 nm, as seen in Fig. 1. The UV part of the spec-
trum was previously unexplored and so the finding of a decrease in
transmittance in this spectral range is new. Although we have not
measured the change in reflectance, we attribute the reduced
transmittance to an ESA, which provides an interesting avenue to
directly explore the nature of the excited state instead of solely
relying on the GSB. This feature is discussed further in Section 3.2.
The data was analysed using a sequential global fit procedure and
three time-constants were found to describe the results ade-
quately. We found two timescales of s1 = 230 ± 40 fs and
s2 = 1.38 ± 0.04 ps. The third time-constant was larger than 2 ns
and was thus equivalent to a constant offset.

3.2. Excited state absorption in the UV

The ESA in the UV can be seen in both the 2D transient trans-
mittance data and the evolution associated difference spectra
(EADS) resulting from the global fit in Fig. 3(a) and (b), respec-
tively. Due to the larger spectral range, available with the CaF2
supercontinuum generation, we were able to observe an ESA in
the wavelength region around 330–350 nm. This ESA has previ-
ously not been observed for the V-Cr PBA. We have also carried
out a measurement on the glass-substrate alone (including FTO,
superglue and coverslip) but did not observe any ESA in this
wavelength range (besides from the coherent signal at time-
zero). The ESA was also present in the global analysis, but was
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Fig. 3. Ultrafast dynamics of the V-Cr PBA after pumping at the LMCT transition. (a)
Transient transmission results as a function of pump-probe delay time and
wavelength. The signal at 400 nm is due to scattered pump light. The data has
not been corrected for the white-light chirp (this has been done in all subsequent
analysis). Fitted evolution associated difference spectra (EADS) from the global
analysis are presented in (b). The pump signal at 400 nm has been removed for
clarity. (c) Kinetic traces at selected wavelengths are shown on a semi logarithmic
scale. Points are experimental data whereas solid lines are the results from the
global analysis. The kinetic traces were averaged over a 10 nm bandwidth.
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more dominated by the fast decay component (s1 = 230 fs). The lar-
ger relative amplitude component of the fast channel compared to
the MMCT bleach is clearly visible during the first 500 fs, which is
demonstrated in Fig. 4. We have also shown the dynamics at
540 nm, corresponding to the MMCT of VII–CrIII, for comparison
in Fig. 4. There is a constant plateau in the ESA decay similarly to
the MMCT bleach, although it is just above the noise-level, as mod-
elled by the non-zero s3 component of the global analysis.

To attempt to identify the state giving rise to the UV-ESA, one
must consider the model discussed in the introduction (Fig. 2).
The spectral shapes of the bleach region and the ESA are rather
similar for the three different time-constants obtained in the global
analysis. This implies that there is not a large change in the elec-
tronic character of the excited state after the initial dynamics
occurring during the rise time of the pump pulse. This argument
was used by Juban and McCusker to conclude that the 2E state
was formed on a very fast timescale (less than 100 fs) because
the few-fs transient absorption spectrum matched that of the ns
spectrum. Based on the physical model, whereby the intermediate
4LMCT state decays with a 20–50 fs time-constant to the 2E state,
we attribute the ESA to the 2E state. Due to the short lifetime of
the 4LMCT state, we do not see any delayed onset of the UV-ESA
and we conclude that the 2E state is populated during the rise-
time of the laser pulses. The transient transmission signal appears
to be rather strong and comparable to the MMCT bleach. This could
potentially suggest that it is a CT transition that is giving rise to the
ESA in the V-Cr PBA instead of a metal-centred transition (d-d tran-
sition). The ESA could therefore originate from a red-shifted MLCT
transition, in analogy to the assignment of the additional absorp-
tion of the reduced Cr sites observed in our recent spectroelectro-
chemistry study as discussed in the Introduction [16]. The red-
shifted MLCT state in Cr(II) in the spectroelectrochemical study
was observed at 465 nm while the ESA in the 2E state in this study
was observed at ca. 345 nm. The MLCT transition energy difference
is reasonable because it is expected that the 2E state is lower in
energy than the reduced Cr(II).

A fraction of the 2E state population will decay back to the quar-
tet manifold via back-ISC on a sub-100 fs timescale [24,25,27]. The
EADS from the global analysis below 350 nm show a non-zero
component of the s3� ns component. This plateau corresponds
to the fraction of the population trapped in the 2E state. However,
this fraction is smaller than that expected from the plateau of the
MMCT bleach and the signal above ca. 100 ps is in the noise level. It
is therefore difficult to extract information about the plateau

observed so clearly for the MMCT bleach. The s1 to s2 ratio is large
in this wavelength range, which indicates that the majority of the
2E state population decays back to the quartet manifold on a 230 fs
timescale. The 1.38 ps timescale then corresponds to vibrational
cooling of the trapped 2E states. These new measurements there-
fore indicate that the 2E population after a few ps is lower than that
estimated from the GSB.

3.3. Observation of short-lived 4LMCT state

In order to test the hypothesis that the 4LMCT state could be
observed during early time delays in the blue region of the spec-
trum, the transient spectra at early time-delays were more closely
inspected in the narrow spectral range 420–480 nm. The corre-
sponding result of the global analysis in this spectral region for
the two short time-constants are shown in Fig. 5(a). The main dif-
ficulty with observing any signal at 455 nm is that this wavelength
region falls between the rather intense ESA at shorter wavelength
and the GSB at longer wavelengths. Nevertheless, there is an addi-
tional absorption feature that does not appear to be connected to
the ESA in the UV or the GSB in the visible. The slight decrease in
transmission, corresponding to increase in absorption, can be seen
at 455 nm in Fig. 5(a). The spectral position of this peak is indeed
close to 465 nm, which is measured in the spectroelectrochemical
measurements [16]. The decay of this additional absorption feature
is short-lived and so it becomes difficult to extract the time
dynamics from the coherent artefact from the glass substrate and
the chirp of the white-light continuum (Fig. S1). A shorter time-
constant than 230 fs should in principle be included in the global
analysis, but based on the aforementioned arguments, it becomes
difficult to reliably extract relevant data from the global analysis
for these conditions. We have therefore plotted the experimental
data, averaged over a 10 nm wavelength range at 434, 455 and
465 nm in Fig. 5(b). For these three wavelengths, the coherent sig-
nal peak from the glass substrate can be seen as a decrease in
transmittance around time-zero with a FWHM corresponding to
the instrumental response function (DtFWHM ¼ 50 fs). However,
for the transient at 455 nm there is clearly a signal persisting for
about 20–50 fs longer than the glass-substrate signal. Because
the transient at 455 nm stands out from the adjacent wavelengths
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and is observed in the global analysis in Fig. 5(a), we exclude the
possibility that this signal is simply an ultrafast artefact. However,
further measurements using even shorter laser pulses are needed
to study the ESA signal in more detail.

We tentatively assign the short-lived ESA at 455 nm to the
4LMCT state. Taking into account that the spectral position is in
close agreement with spectroelectrochemical measurements, the
appearance of the ESA at 345 nm from the 2E state at early time
delays (and that this state is populated from the 4LMCT state)
and the expected short lifetime, we believe that a tentative assign-
ment of the 4LMCT state is reasonable. Based on the assignment in
the spectroelectrochemical study mentioned in the introduction,
we attribute the ESA to a MLCT transition, which is red-shifted
with respect to the ground state absorption due to the higher
energy of the photo-reduced Cr(II) compared to Cr(III). Of course,
the spectral position in the transient transmission data does not
necessarily have to be the same as in the spectroelectrochemical
data because in that case the Cr ions are reduced by electrons from
the electrode and subsequently K+ counter ions (supplied from the
electrolyte) are inserted into the films to maintain the charge-
balance. In contrast, the transient transmission measurements
are not carried out in an electrolyte and the source of electrons is
not from an electrode, but rather from the cyanide ligand. We
use this reason to justify the short lifetime of the photoexcited
4LMCT state compared to the stabilised lifetime of the electro-
chemically reduced Cr ions. The short lifetime of the intermediate
4LMCT is in agreement with that measured in Cr(acac)3 by Juban
and McCusker, who observed a time-constant of 50 ± 20 fs [23].

4. Conclusion

We conclude that the experimental results presented here are
consistent with the formation of a short-lived 4LMCT state upon
exciting at the LMCT transition, which subsequently decays to
the 2E state on a sub-100 fs timescale. This state is characterised
by a MMCT bleach in the visible and an ESA in the UV at 345 nm.
The decay of the observed ESA signal for the 2E state at 345 nm,
indicates that most of the 2E state population undergoes back-ISC
on a 230 fs timescale but some part of the population is trapped
in the 2E state. We could also observe a weak signal that was ten-
tatively assigned to the short-lived 4LMCT state on the Cr ions,
which is populated by the pump pulse. An ESA associated with
this state was observed at 455 nm and could be due to a red-
shifted MLCT transition, which is in good agreement with spec-
troelectrochemistry of reduced Cr sites in the V-Cr PBA lattice.
The 4LMCT state subsequently decays to the 2E state. The fast
decay implies that the ISC happens on the same fast timescale
limited by the instrument-response function of ca. 50 fs. The
ESA signals observed for both states should provide a more direct
approach to further study the dynamics in this important molec-
ular magnet without relying on the ground-state bleach. The
results show that using spectroelectrochemistry to study fem-
tosecond charge-transfer dynamics in PBAs is a powerful method
and should be applicable to other inorganic coordination poly-
mers cast in thin films.
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Multilayered thin films of functional materials play an important role in many applications in

nanotechnology. The intense and tuneable colours of some molecular materials allow for the development

of a unique spectral fingerprint of each layer in thin film heterostructures. Herein, we report on

electrochromic switching of bilayer thin films composed of Prussian blue (FeIIIFeII) and its orange-coloured

(FeIICrIII) analogue. The films could be switched from green to orange by reducing the blue FeFe top layer.

The distinct optical absorption spectra of the two layers allowed spectroelectrochemical measurements to

probe the electrochemical activity of the individual layers during the switching of the Prussian blue layer.

We found that for producing layers of equal optical density, the thickness of the layers had to be different

due to a difference in oscillator strength for the metal-to-metal charge-transfer transition. The films used

here had a thickness of 300 � 70 nm and 30 � 15 nm for the FeCr and FeFe sub-layers, respectively.

The colouration efficiency was found to be 147.8 � 0.8 cm2 C�1 for the multilayered film. These results

show that it is possible to obtain bilayers of Prussian blues that, with a unique optical spectral fingerprint

of each sub-layer, retain the electrochromic functionality and therefore enable layer-sensitive studies of

charge-transfer processes in thin film heterostructures of multifunctional materials.

Introduction

Multilayered thin films and heterostructures are ubiquitous to
a wide range of areas such as solar cells and spintronics. They
can be used as smart materials because at the interface of
nanoscale heterostructures, new phenomena can arise due to
the large surface-to-volume ratio. However, it can be difficult to
study charge-transfer and other processes of individual layers
in multilayers and so a probe that is sensitive to all layers is
desirable. Molecular-based materials that display strong optical
charge-transfer transitions can often be modified to tune their
absorption spectrum. Carefully choosing the layers such that
each layer has a distinct optical spectrum, allows for obtaining
a handle on each sub-layer in order to study charge transfer
processes across interfaces in multilayers. In particular, electro-
chromic properties provide a visually pleasing example of achieving
electrical control of the colour of the materials and to study
the change in absorption spectrum after a redox process.
Multilayers containing electrochromic components can be used
in multi-coloured electrochromic devices, for applications in
smart windows and displays.1,2

One of the most studied electrochromic materials is Prus-
sian blue (PB), which can be switched from blue to transparent
upon reduction. PB and its analogues are coordination poly-
mers comprising transition metal ions linked by cyanide
ligands in a rock-salt structure. A wealth of heterostructures
exist which contain PB in combination with other materials,
such as dye-sensitised titania3 and conductive polymers.4,5

There have also been a number of studies that employ multiple
Prussian blue analogues (PBAs) to create heterostructures
in the form of thin films or nanoparticles to study photo-
induced magnetism6,7 and magneto-structural effects.8–10 Their
electrochemical11 and optical12 properties have also been
studied. In particular, Liao et al.12 made a PB and NiFe PBA
composite material using a conductive polymer matrix, which
exhibited electrochromic switching. To date, layer-by-layer
deposition has been the most common way of making hetero-
structures of PBAs due to the high degree of control of layer
thickness this method allows, which is critical in applications
such as ion sieving,13,14 biosensing15 and for the synthesis of
electrochromic materials.16 Notably, a sequential electrochemi-
cal approach was recently used by Prieto-Ruiz et al.9 to combine
two magnetically ordered analogues of PB.

The strong colour of some PBAs, and indeed PB itself, arises
due to metal-to-metal charge-transfer (MMCT) transitions,
which can be tuned by varying the transition metals and the
stoichiometry of the films.17,18 In this paper, we have tested the
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possibility to fabricate multilayers of PBAs in order to provide a
structure with distinct optical spectra for each layer. We have
successfully deposited the FeFe PB (blue) on top of the FeCr
PBA (orange) using successive electrochemical depositions. The
resulting overall colour of the film was green. By applying
alternating electrical potentials, we are able to selectively reduce
and oxidise the FeFe layer resulting in an overall reversible
colour change from green to orange due to the electrochromic
properties of PB. By using the unique optical spectra as a
handle on each of the sub-layers in the material we were able
to observe the electrochromic switching of the FeFe layer as
part of a FeFe–FeCr multilayered structure. These measure-
ments open up the possibility to control the optical properties
of multilayered functional materials and the layer-sensitivity
enables ground-breaking studies of charge-transfer processes
in important multilayers and heterostructures with applica-
tions for solar cells, spintronics and photonic devices.

Experimental
Electrochemistry

As a working electrode, 1 mm thick glass (aluminoborosilicate)
substrates coated with a conductive fluorine-doped tin oxide
(FTO) layer were used, with a sheet resistance of 8 O sq�1. The
substrates were cut to size (8 � 25 mm) and subsequently
cleaned in water/detergent solution in an ultrasonic bath for
20 min. The process was repeated with isopropanol and methanol
separately, rinsing with the previous solvent after each step to
remove impurities on the surface. The cleaned substrates were
then dried under a stream of nitrogen gas.

The electrochemical experiments were carried out using a
Metrohm-Autolab mAUTOLAB III potentiostat with a saturated
calomel reference electrode (SCE) and a Pt counter electrode used
for the electrochemical depositions. For the FeCr deposition,
concentrations of 37.5 and 25 mM of FeCl3 and K3[Cr(CN)6]
were used, respectively. For the subsequent FeFe deposition, a
concentration of 7.5 mM was used for both the K3[Fe(CN)6] and
the FeCl3. For all results presented here, 1 M of KCl(aq) was used
as an electrolyte. From previous work, it is known that a more
negative voltage is needed to produce FeCr (around �0.5 V9,19),
than to deposit the FeFe PB (around 0.2 V vs. Ag/AgCl,20 although
this varies slightly as the FeFe PB is best deposited with a
constant current). The order in which the layers are deposited
is important to avoid any substantial electrochemical modifica-
tion of the first layer during the electrodeposition of the second
layer. Therefore, deposition of the FeCr PBA was carried out first,
using FeCl3 and K3[Cr(CN)6], potentiostatically at �0.7 V based
on the work of Ohkoshi et al.18 At this potential, solvated Fe3+

ions are reduced to Fe2+ at the surface of the electrode. This
reduced cation subsequently binds to the hexacyanochromate
anion to form the insoluble PBA directly on the substrate.

For FeFe deposition, the electrochemical cell is filled with
FeCl3 and K3[Fe(CN)6]3� along with the electrolyte. The FeCr
film is used as an electrode in order to reduce the [Fe(CN)6]3�

ions in solution to [Fe(CN)6]4�, which subsequently reacts with

Fe3+ cations at the electrode surface. The product is the insoluble
PB created on the FeCr electrode surface. In contrast to FeCr,
where a potentiostatic deposition resulted in the optically
clearest films, the PB films were deposited galvanostatically
at �40 mA. This was previously found to yield the most homo-
geneous films,21 which we also observed. After deposition,
the films were thoroughly rinsed with distilled water and subse-
quently dried under continuous N2 flow.

The spectroelectrochemical measurements were carried out
using a halogen light source (Ocean Optics HL-2000-FHSA)
which was coupled to a spectrometer (Ocean Optics HR2000+)
through optical fibres. These optical fibres could be coupled to
a cuvette holder where a 10 � 10 mm cuvette was used as the
electrochemical cell. In order to fit all the required electrodes
for the spectroelectrochemical measurements into the cuvette,
the SCE reference and counter electrode were replaced with Pt
wire electrodes. A previous investigation22 of this arrangement
of electrodes showed that the use of the pseudo-reference
results in a shift of less than 0.02 V with respect to the SCE
arrangement. Cyclic voltammograms were carried out on each
of the layers individually and the bilayer structure in order
to determine switching potentials to be used during the
spectroelectrochemistry.

Characterisation

Optical transmission spectra were recorded using a Shimadzu
UV-1800 UV Spectrophotometer. IR spectra were collected using
a Renishaw InVia Raman Microscope equipped with a reflec-
tion FTIR instrument. We found that the reflectivity of the FTO
layer allowed for more sensitive IR measurements of the thin
films than using an attenuated total reflectance instrument.
Information on the thickness and crystal formation was gathered
using various techniques. Atomic force microscopy (AFM) was
used to measure the thicknesses of the films. The samples were
prepared for AFM measurements using a razor blade drawn
across the film in order to remove material from the electrode.
This produces a ‘valley’ in the film which can be studied using
the AFM tip. Several cross sections were taken in order to reliably
assess the step height (Fig. S1, ESI†). Scanning electron micro-
scopy (SEM) and energy dispersive X-ray spectroscopy (EDX) were
used to study the individual layers in terms of their thickness and
their elemental composition.

Results and discussion
Electrochemical formation of FeCr PBA

The FeCr PBA was first deposited on the FTO-coated glass
substrate. The deposition time was adjusted to reach an optical
transmission of ca. 35% at the peak of the MMCT band
(corresponding to an absorbance of ca. 0.45), which occurred
when the constant voltage was applied for 300 s. The resultant
film on the FTO-coated glass substrate was orange (Fig. 1a) due
to the MMCT absorption at 440 nm (Fig. 1b), in agreement
with what has been described previously.18 The IR spectrum showed
the CN� asymmetric stretch at 2168 cm�1, as expected18,23 (Fig. 1c).
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The EDX spectrum of the film confirm the elemental composi-
tion (Fig. S2, ESI†).

These observations therefore lead us to conclude that
we have successfully deposited the FeCr PBA on the FTO
electrode. The SEM images of the films indicated that they
were polycrystalline with cubic crystals of width ca. 1 mm
(Fig. 2a and d). The thickness was determined from AFM and
was found to be 300 � 70 nm. The width of the crystals is larger
than the height due to lateral growth of the crystals before
growing vertically. Analysis of the SEM images allowed us to
estimate that the FeCr layer covers ca. 70–80% of the FTO
surface (Fig. S3, ESI†).

Deposition of FeFe PB on FeCr PBA

Once the FeCr PBA film was made, cyclic voltammetry in KCl
confirmed that there was no electrochemical activity at the
voltage needed to make FeFe PB films, which is shown in
Fig. 3a. The FeCr PBA is electrochemically active at more
negative potentials around �1.0 V vs. SCE, as was shown by
Ohkoshi et al.19 After rinsing the FeCr film with deionised
water, the deposition of the FeFe film was carried out on top
of the FeCr film. The absorption from the FeFe PB could
clearly be seen in the transmission spectra as a drop at
ca. 685 nm, corresponding to the MMCT transition. The
deposition times were tuned to produce films of a similar
optical density to the FeCr layer, which resulted in green films
(Fig. 1a and b). The optimum deposition time for the FeFe
layer was found to be 60 s. The cyclic voltammogram together
with a typical absorption spectrum, (Fig. 3a and b), IR
spectrum (CN� stretch at 2077 cm�1, Fig. 1c) and the EDX
(Fig. S2, ESI†), were all in agreement with the literature and
indicated that we had produced FeFe PB on the FeCr PBA
surface. The colour of the resulting films ranged from orange
(short deposition time), to green (intermediate) and blue
(long deposition time).

Fig. 1 Visible transmission and IR spectra of the individual and the bilayer
films. (a) Photos of the FeCr (orange, left), FeFe (blue, middle) and FeCr–
FeFe bilayer structure (green, right). (b) Transmission spectra for the FeCr,
FeFe films and the bilayer material. (c) The IR spectra showing the CN�

stretching frequencies of the FeCr and FeFe films, and those present in the
bilayer. The IR spectra have been vertically offset for clarity.

Fig. 2 SEM analysis at different zoom levels, showing the FeCr (a and d), FeFe (b and e) and the bilayer films (c and f). The FeFe film can be seen in image
(f) as the smaller crystals on the surface of the larger FeCr crystals. The smaller structures visible below the FeCr crystals in (d) is the conductive FTO layer
on the glass substrates. 5 mm scale bar refers to images a–c while the 0.5 mm scale bar refers to images d–f.
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Characterisation of bilayer

In order to confirm that a bilayer was formed, the CV was
recorded and found to be slightly different compared to a bare
FeFe PB film (Fig. 3a). These voltammograms were carried
out using Pt pseudo-reference and counter electrodes as this
replicates the conditions used in the spectroelectrochemical
measurement. The electrochemical behaviour of the FeFe PB is
maintained when it is deposited on top of the FeCr PBA film,
although we see a shift when it is incorporated into the multi-
layer structure. The shift in potentials for the peaks could be
due to the FeCr electrode having a different electrochemical
behaviour to the FTO electrode. There is also a difference in the
widths of the peak, the broader peaks of the isolated FeFe film
suggest that the process is limited by the diffusion of ions in
the solution whereas the switching in the multilayer is limited
by the charge passing through the FeCr layer. The CVs do
however demonstrate that we have deposited the FeFe PB layer
on top of the FeCr film, which confirms that we have formed a
true bilayer. This is also seen in the SEM images, where Fig. 2f

clearly shows a bilayer with small FeFe crystal grains deposited
on the larger FeCr crystal grains. The film-to-substrate ratio of
the FeCr film should be even larger than that estimated from
the SEM images and is probably larger than at least 80% due
to the three-dimensional morphology of the FeCr crystal grains
(Fig. S3, ESI†). The surface area of the electrode, which is
subsequently used for FeFe PB deposition, is therefore mainly
comprised of FeCr sites. This in turn implies that a bilayer is
formed. The FeCr PBA is conductive enough, confirmed using
tunnelling AFM, to allow the growth of the FeFe PB directly on
top of the FeCr crystals (Fig. S4, ESI†). The IR spectrum shows
the two peaks at 2077 cm�1 and 2168 cm�1, from the FeFe and
FeCr respectively. The EDX also showed the correct composi-
tion for both the individual films and the bi-layered films. The
FeFe layer thickness was 30 � 15 nm, determined from AFM of
individual films produced under identical conditions to the
bilayer film and on an FTO electrode.

Optical properties of bilayer

The bilayer films were generally transparent and optically
very clear, which therefore make them suitable for optical
applications. Interestingly, the SEM and AFM images showed
an unexpected difference in the film thicknesses of the two
layers despite that the optical density was similar for the two
layers. We therefore studied the dependence of the optical
density as a function of film thickness, which is shown in
Fig. 4. It can be seen that the MMCT oscillator strength for the
FeFe material is clearly higher than for the FeCr, which is due
to the relative energies and overlap of the orbitals involved in
the MMCT absorption.24–26 Based on these data, it appears that

Fig. 3 Electrochemical analysis of the films. (a) CV scans (vs. SCE) of both
the isolated FeFe film and the FeFe layer as part of the bilayer film. FeCr film
shows negligible electrochemical activity over this range. The scan rate
used for the three voltammograms was 0.01 V s�1. (b) Spectroelectro-
chemistry of the bilayer film as the FeFe absorption (685 nm) is electro-
chemically reduced while the FeCr peak (440 nm) remains unchanged.
(c) For demonstration purposes, a sample with FeFe, FeCr and the FeFe–
FeCr bilayer was made on the same substrate. The sample was made by
masking part of the substrate during the deposition using Teflon tape.
When the FeFe layer is electrochemically reduced, the colour is switched
from blue to transparent (ESI† video).

Fig. 4 The dependence of the optical density on the thickness of the film
for the FeFe and FeCr Prussian blues. The error bars come from the AFM/
UV-Vis analysis performed on the deposited samples, many cross
sections/spots of the film were taken to reliably estimate these values.
Note the error in absorption data increases with larger film thickness due
to larger amount of scattered light as the crystals become larger.
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the FeCr should be ca. 200 nm thicker than the FeFe films. This
is in relatively good agreement with the AFM data, although the
SEM images suggests a quite large difference in the size of the
crystal grains in the film (Fig. 2f).

Spectroelectrochemistry and electrochromic switching

During the CV scan, it was visually clear that the FeFe PB colour
could be completely switched from blue to transparent (ESI†
video). The dependence of the optical transmission spectrum
on the applied reductive potential is shown in Fig. 3b. As the
potential is swept from positive to negative, the absorbance
feature at 685 nm, corresponding to the FeFe MMCT disappears
as the film is reduced. As the potential is swept in the reverse
direction, from negative to positive, the absorbance is restored.
Throughout this reversible process, the FeCr film is not affected
and retains its colour as it does not undergo any electro-
chemical redox processes. This can be observed in the CV scan
of the isolated FeCr film in Fig. 3a. This therefore demonstrates
the successful application of electrochromic PB layer in a PBA
multilayered film. Because the vast majority of the FeFe PB
crystals are deposited on top of FeCr crystals and because
these can be completely reduced, as evidenced by the large
colour-change, we conclude that charge is passed from the FeCr
layer to the FeFe layer. This therefore implies that there is
charge-transfer occurring between the two layers.

For the electrochromic switching, potentials of +0.5 V and
�0.2 V were chosen from CVs in Fig. 3a, as this will drive the
reduction and oxidation of the films to completion in order
to measure the switching. The resulting modulation of the
absorbance, measured at 685 nm, is shown in Fig. 5a. As can
be seen, the colour could be reversibly switched for several
cycles without degradation of the film. During the electro-
chromic switching, there appears to be a certain amount of

charge building up in the material, this can be seen in the
charge data for the switching process (Fig. S5, ESI†).

The colouration efficiency is a measure of the efficiency of
the switching process and is defined as Z = DOD/DQ. This
relates the change in the optical density (DOD) to the charge
(DQ) passed through the system. A plot of the absorbance
against the supplied charge density will yield Z as the initial
gradient, as shown in Fig. 5b. The value for Z was found to be
147.8 � 0.8 cm2 C�1, for the blue to bleach process, which is
of the same order of magnitude as reported in other studies
employing the FeFe PB as part of an electrochromic
device.3,27–30 The switching times are defined here as the time
taken for 90% of the switch completion. For the blue to
bleached state transformation the switching time is 4.4 � 0.4 s.

Conclusion

We have successfully made bilayers of the FeFe PB and FeCr
PBA using electrochemical deposition. When bilayers of equal
optical transmission were made, polycrystalline films with
thicknesses of 300 nm and 30 nm for the FeCr and FeFe films,
respectively, were produced. The crystal grain widths were
ca. 1 mm and 30 nm for the FeCr and FeFe layers, respectively.
The colour of the FeFe layer could be switched electrically and
we found a colouration efficiency of 147.8 � 0.8 cm2 C�1 and
switching time of 4.4 � 0.4 s for the blue to bleach switch.

The demonstration of layer-sensitivity in bilayers of PBAs
opens up possibilities to study electron charge-transfer pro-
cesses in a range of different multilayers of PBAs, some of
which are electrochemically active, display high-temperature
magnetic ordering, and have bright and chemically tuneable
colours. Several PBAs, in addition to those presented here, can
be deposited on ITO/FTO coated substrates such as the CrCr,31

VCr17 and CoFe32 PBAs. Layer-sensitive measurements applied
to PBAs with novel photomagnetic and optical properties will
be of importance for developing applications for photonic and
spintronic devices.
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