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Abstract 

Electrochromic materialscan change their optical properties in a reversible manner under insertion 
of ions and electrons. A film made of an electrochromic material, usually a metal oxide, can be 
used to make information displays and variabie reflectancefemittance surfaces. The role of the 
electrous is not completely understood, but it is generally believed that the electrous are situated 
at the roetal sites. 

In this graduation project, the changes of the tilm's structure under ion and electron insertion is 
investigated with CEMS (Conversion Electron Mössbauer spectroscopy), XRD (X-ray diffractom
etry) and SQUID (Superconducting QUanturn Inference Device) experiments. 

The preparation of the films and some Mössbauer measurements have been done at the Univer
sidad Nacional deIngenieria in Lima, Peru, while the other measurements have been done at the 
Eindhoven University of Technologyin Eindhoven, The Netherlands. 

Electrochromic thin iron oxide films were made using sol-gels, which had been made from a 
FeCia·H20 precursor precipitated with ammonium hydroxide. The precipitate was peptized with 
the addition of acetic acid (60%) and glycerol (85%, volume ratio 1:1} was added to adjust the 
viscosity. Films were made with spray pyrolysis and spin coating. 

The electrochromic behaviour has been stuclied with cyclic voltammetry and transmission spec
trophotometry. The films coated with spray pyrolyses appeared to be better electrochromic than 
the spin coated films with respect to the reversibility of the ion/electron insertion. Also the change 
in transmittance between the coloured and the bleached state of the spin coated film was not found 
to be reversible in contrast with the films made with spray pyrolysis. The change in transmittance 
during the colouringfbleaching process was best seen in the UV speetral range (>. < 400 nm). 

The Mössbauer spectrum of virgin films indicate that the film consists of superparamagnetic 
hematite (a:-Fe20 3) with grain size < 10 nm. The Mössbauer spectra of intercalated films show a 
decreased quadrupole splitting and a small increased chemical isomer shift, when ions and electrous 
are inserted. The change in chemical isomer shift indicate that electrous are located at the Fe-sites. 
The ions are thought to be responsible for the change in the quadrupole splitting. 

The XRD measurements confirm that the films are made of hematite. They also indicate goethite 
( a:-FeOOH) as part of the films. The influence of the inserted ions on the diffraction at the crystal 
lattice could not be seen. Either the amount of inserted ions is too small to affect the diffraction 
patterns significantly or the ions are located random in the crystal. 

The SQUID measurements confirm that the films are superparamagnetic with grain size < 10 nm. 
There seems to be influence of the inserted electrous on the magnetic behaviour of the films. 
However, the complexity of magnetic interactions of a iron oxide atom in small crystals, makes a 
simple explanation and an indication of the electron's location not yet possible. 

3 



Contents 

1 Introduetion 

1.1 Electrochromic devices 
••• 0 • 0 •• 0 • 

1.2 Theoretica! models for electrochromism 

1.3 Electrochromic thin iron oxide films, 

1.4 This project . 
•• 0 • 0 •• 0 ••••• 

2 Theory 

2.1 Introduetion . 

2.2 Sol-gel technique 

2.2.1 The preparation of the sol-gel . 

2.3 Electrochromism ........ . 

2.3.1 The perovskite structure . 

2.3.2 The rutile structure . . . 

2.3.3 Layer and block structure 

2.3.4 Small polaron theory ... 

2.4 Conversion electron Mössbauer spectroscopy . 

2.4.1 The Mössbauer effect ........ . 

2.4.2 Conversion electron Mössbauer spectroscopy 

2.4.3 Mössbauer hyperfine parameters of iron oxides 

2.5 Powder X-ray diffractometry 

2.6 The SQUID . . . . . . . ... 

3 Experimental Setup 

3.1 Introduetion .... 

3.2 Preparation of the films 

3.2.1 The preparation of sol-gel 

3.2.2 The coating of the substrates 

3.3 Cyclic voltammetry . . . . . . . . . . 

3.3.1 The intercalationf deintercalation process 

3.4 TMS and GEMS setup 0 0 0 o 0 

305 X-ray diffraction measurements 

306 The SQUID setup 0 0 0 0 0 0 0 

5 

7 

7 

9 

10 

10 

11 

11 

11 

12 

13 

14 

15 

16 

17 

17 

17 

25 

25 

27 

28 

31 

31 

31 

31 

31 

32' 

33 

34 

35 

36 



37 
4 Results 

37 
4.1 Cyclic voltammetry . ....... 

4.2 Transmission spectrophotometry 
39 

41 
4.3 Mössbauer spectroscopy ..... 

4.3.1 Calibration of the Mössbauer sett.Jp . 
41 

4.3.2 Mössbauer spectra of virgin films . 
42 

4.3.3 Mössbauer of intercalated films 
43 

4.4 X-ray diffraction measurements 
44 

4.5 The SQUID measurements . 
44 

47 
5 Conclusions 

49 
6 References 

A Iron oxides and oxyhydroxides 
51 

B CEMS and SQUID data 
55 

55 
B.1 The CEMS spectra . 

B.2 The SQUID results . 
55 

c The listing of READ-ADC.PAS 
59 

6 



Chapter 1 

Introduetion 

An electrochromic material is able to change its optica! properties when a voltage is applied 
across it [GRAN95]. The optica! properties should be reversible, i.e. the original state should 
be recoverable if the polarity of the voltage is changed. The reversible optica! properties make 
electrochromic material of interest for optica! devicesof several different types, such as elements 
for information display, light shutter, smart windows, variable-reflectance mirrors and variabie 
emittance thermal radiators. 

A general representation of the process, where ions and electrans are intercalated, is given by: 

(1.1) 

where Me is a roetal atom (Fe, W, Ti, etc.), I is a single charged small ion (H+, Li+, Na+), e 
is an electron and n depends on the particular type of oxide. A material is called cathadie when 
colouring is achieved by electron and ion insertion and anodic when bleaching takes place during 
the electron and ion intercalation process. 

Several roetal oxides exhibit electrochromical behaviour, but tungsten oxide is by far the most 
extensively stuclied electrochromic material. 

1.1 Electrochromic devices 

Many electrochromic device constructions are possible. The most important of these is depicted 
in figure 1.1 and the set up is convenient for discussing electrochromic systems in genera!. 

Figure 1.1 shows a number of layers backed by a glass substrate. The glass has a transparant and 
electrically conducting film and a film of the electrochromic oxide. The most viabie transparant 
conducting layers are ITO (Indium doped Tin Oxide) and FTO (Fluorine doped Tin Oxide). 
The electrochromic oxide has mixed conduction for ions and electrons, and if ions are introduced 
from an adjacent electrolyte or via an adjacent ion conductor there is a corresponding charge 
balancing counterflow of electrans from the transparant electron conductor. These electrons will 
remain in the electrochromic film as long as the ions reside there and they will evoke a persistant 
change of the optica! properties. Depending on which electrochromic oxide is used, the electron 
injection can increase or decrease the transparency. The ion conductor can be a thin film or a 
bulk like material; for practical devices a solid material is prefered, whereas liquid electrolytes 
are convenient for research work. The final components of the device are an ion storage, with or 
without electrochromic properties, and another electrical conductor that must be a transparant 
film if the full device is for modulating light throughput. For some devices at last, it is suitable to 
have a second glass plate. 
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Figure 1.1: Basic design of an electrochromic device, indicating transport of positive ions under the 
action of an electric field. 
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Figure 1.2: The principles of four different applications of electrochromic devices. Arrows indicate in
coming and outgoing electromagnetic radiation. 
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Figure 1.2 illustrates the four main applications of electrochromic devices [GRAN95]. 

Part (a) refers to information display. The device embodies an electrochromic film in front of a 
diffusely scattering pigmented surface. The electrochromic film can be patterned and, for example, 
he part of a seven segment numeric display unit of small or large size. It is possible to achieve 
excellent viewing properties with better contrast, particulary at off normal angels, than in the 
conventionalliquid crystal based displays. 

Part (b) shows how an electrochromic film can be used to produce a mirror with variabie specular 
reflectance. This application seems to be the most mature one and antidazzling rear view mirrors 
built on electrochromic oxide films are currently available for cars and trucks. 

The basic idea of electrochromic smart windows, sketched in part ( c) is to make an architectural 
or automotive window with variabie transmittance so that a desired amount ofvisible light and/or 
solar energy is introduced. Such windows can lead to energy efficiency as well as confortable indoor 
climate. 

Variabie emittance surfaces, outline in part ( d), are based on a special design with a crys
talline tungsten oxide film at the exposed surface of an electrochromic device. Intercala
tion/ deintercalation of ions makes this surface infra reflecting/ absorbing, i.e. the thermal emittance 
is low /high. The emitted radiative power is proportional to the emittance. Variabie emittance sur
faces can be employed for temperature control under conditions when the radiative exchange 
dominates over conduction and convection, such as for space vehicles. 

1.2 Theoretica! models for electrochromism 

Granqvist [GRA93] has explained the role of the roetal oxide MeOa octahedra for electrochromism 
found in various transition roetal oxides that have a defect perovskite and rutile structure. The 
insertion of electrans has the effect of raising the Fermi level. Since the Fermi level and the band 
structure determines the optical properties of a material, a change of the Fermi level will result 
in a change in optical properties. This explains why various transition roetal oxides are capable 
of cathodic or anodic electrochromism, while others are unable to change their optical properties 
while being able of ion/electron intercalation. 

However, the physical mechanism of light absorption in the electrochromic thin films can be 
represented by different models. The most accepted model for the physical mechanism of the 
absorption is the small polaron theory. A polaron is the result of a free charge carrier trapped 
in a potential well of its own creation, i.e. a free electron initiates a displacement of the atoms 
surrounding it, and thereby creating a potential well that eventually traps the electron. 

The aim of this project concerns the role of the intercalated electron. Various techniques can be 
used to investigate this. Kuzman [KUZ93] applied X-ray absorption spectroscopy to the study of 
local structural changes in amorphous tungsten trioxide thin films under thin film colouration. He 
found that colouration is accompanied by a strong lattice deformation around the tungsten ions 
with trapped electrous and by the rearrangement of their electronk structure with the formation 
of W5+ ions. 

Another technique to study the structure of solids is conversion electron Mössbauer spectroscopy. 
Based on the Mössbauer effect, CEMS provides information of some of the comparatively weak 
interactions between the nucleus and the surrounding electrons. This can be related to the ge
ometrical symmetry and to the nature of the chemical bonding involved. However, this method 
can not he used to investigate tungsten oxide, because of the absence of the Mössbauer effect in 
this materiaL Therefore, in this project thin films of iron oxide have been used to investigate the 
structural changes upon colouration by conversion electron Mössbauer spectroscopy. Also XRD 
and SQUID measurements are conducted to investigate the structure of the thin iron oxide films. 
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1. 3 Electrochromic thin iron oxide films 

Orel [ORE94] has reported on thin electrochromic iron oxide films which were made via the sol-gel 
route using a FeCh·6H20 precursor precipitated with ammonium hydroxide. Spectroelectrochem
ical measurements revealed that the iron oxide film treated in the temperature range 200°-350°C 
exhibited intensive bleaching in 10-3 M LiOH, KOH and NaOH electrolytes at cathadie potentials 
(-1.45 V) and became coloured again at anodic potentials (0.6 V). Further measurements indicated 
that these films consist of maghemite (1-Fe203) particles ofsmall grain size with dimensions ~ 10 
nm. Electrochromism was not observed for films treated at 500°C when hemite (a-Fe20 3) with 
larger grain size (,...., 27 nm) was formed. 

Zenitagoya [ZEN97] has also reported on thin electrochromic iron oxide films which were made via 
the sol-gel route using a FeCl3·6H20 precursor precipitated with ammonium hydroxide. SEM and 
XRD measurements revealed that films treated at 300°have an amorphous structure with grain 
size ~ 250 nm. Transmission Mössbauer spectroscopy measurements at 20 K showed that the films 
contain a mixture of goethite (a-FeOOH) and lepidocrocite ('Y-FeOOH). 

1.4 This project 

In this graduation project the changes in the structure of electrochromic thin iron oxide films 
under colouration is investigated with CEMS, XRD and SQUID measurements. It was expected 
that these measurements could give information about the location of the inserted electrons. 

The films have been made at the Facultad de Ciencias, Universidad Nacional de Ingenieria in 
Lima, Peru. Some CEMS measurements have also been conducted there. Most of the CEMS 
measurements and the XRD and SQUID measurements have been conducted in the group 'Physics 
of Nanostructures' at the Eindhoven University of Technology. 

The sol-gel technique for thin iron oxide films is shortly explained in section 2.2. In section 2.3 the 
principlesof electrochromism is explained, basedon Granqvist's paper [GRA93]. The physics of 
the Mössbauer effect and conversion electron Mössbauer spectroscopy is discussed in section 2.4. 
Also the physics of X-ray diffractometry and the basicsof a SQUID is briefly looked at in the final 
sections of this chapter. 

The experimental setup is described in chapter 3. The film preparation is looked at insection 3.2. 
Cyclo voltammetry (section 3.3) and photospectrometry (section 3.3) are used to investigate the 
electrochromic behaviour of the thin iron oxide films. The Mössbauer spectroscopy setup is dis
cussed in section 3.4, the XRD setup in section 3.5 and, finally, the SQUID setup in section 3.6. 

Chapter 4 deals with the results. The electrochromic behaviour of the thin iron oxide films is 
discussed. The results of the CEMS, XRD and SQUID measurements is looked at to discuss the 
changes in the tilm's structure upon colouration. Finally, in chapter 5, conclusions are drawn from 
the previous chapter and recommendations for further research will be made. 
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Chaptér 2 

Theory 

2.1 Introduetion 

The thin iron oxide films are made using the solgel route. How the solgel is made, is discussed in 
the fust section. The second sectionis concerned with the principles of electrochromic behaviour. 
The Mössbauer effect and conversion electron Mössbauer spectroscopy is described in the third 
section. The theory of X-ray diffraction and SQUID measurements is glanced at in the final two 
sections. 

2.2 Sol-gel technique 

A colloid is a suspension in which the dispersed phase is so smal! (1 - 1000 nm) that gravitational 
forces are negligible and interactions are dominated by short-range forces, such as Van der Waals 
attraction and surface charges [BR190]. The inertia of the dispersed phase is small enough that it 
exhibits Brownian motion. A sol is a colloidal suspension of particles in a liquid. This can he used 
to generate polymers or particles from which ceramic materials can he made. 

In the sol-gel process the precursors (starting compounds) for preparation of a colloid consistsof 
a metal or metalloid element surrounded by various ligands (appendages not including another 
metal or metalloid atom). After hydrolysis, where an hydroxyl ion becomes attached to the roetal 
atom, two hydrolyzed molecules can link together in a condensation reaction. This type of reaction 
can continue to build large molecules, which are called polymers. 

If one molecule reaches macroscopie dimensions so that it extends throughout the solution, the 
substance is said to he a gel. The gel point is the time (or degree of reaction) at which the last 
bound is formed that completes this giant molecule. Thus a gel is a substance that contains a 
continuous solid skeleton enclosing a continuous liquid phase. The continuity of the solid structure 
gives elasticity to the gel. 

The process of gelation begins with the formation of aggregates that grow until they begin to 
impinge on one other, then those clusters link together. Near the gel point, hondsformat random 
between the nearly stationary clusters (polymere or aggregates of particles) linking them together 
in a network. The gel point is reached when a single cluster appears that extends throughout 
the sol. This cluster coexists with a sol phase containing many smaller clusters, which gradually 
become attached to the network. Gelation can be produced by rapid evaporation of the solvent, 
as occurs during heating of the film. 

Drying by evaporation of the solvent gives rise to capillary pressure that causes shrinkage of the 
gel network. The resulting dried gel is called a xerogel. Most gels are amorphous (non-crystalline), 
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even after drying, but may crystallize when heated. If all of the processing steps are performed at 
low temperatures, the gel acquires the equilibrium structure dictated by thermodynamics, after it 
has been melted. 

2.2.1 The preparation of the sol-gel 

The preparation of the sol-gel can be divided in four steps: hydrolysis, precipitation, peptization 
and polymerization. 

Hydralysis of Fe(III) 

In the vicinity of water, Fe(III) cations are solvated by water molecules according to equation 2.1. 
In this way, six water molecules can be attached to the iron ion. 

(2.1) 

At the same time the complex is being deprotonanted and forms [Fe(OH)(OH2 ) 5]2+ which gives 
the yellow color to the aqueous Fe(III) species ([FLY84] and [ZEN97]). This reaction is called 
hydrolysis: 

(2.2) 

Precipitacion 

The precursor of the sol used in this project is FeCh ·6H20, which was dissolved in water. NH3 (aq) 
was added into the salution to farm a precipitate, according to: 

[Fe(OH)(OH2)s]2+ + 2 on-+---+ [Fe(OH)3(0H2h]0 + 2 H20 (2.3) 

The brown precipitate that was immediately formed was centrifuged and washed in order to remove 
residual OH-, Cl- and NHt ions. 

Peptization 

Peptization is the proces of redispersing a colloid that has been coagulated. This can be done by 
forming new complexes. The Fe3+ aqueous precursors can be complexed by a monovalent anion, 
such as Cl04, N03 or CH3Coo- [FLY84]. A complex can so be formed by adding glacial acetic 
acid to the brown precipitate: 

[Fe(OH)3(0H2)3]0 + CH3COO- + 2 H30+ ----+ 
[Fe(OH)(CH3COO)(OH2)g]+ + 4 H20 (2.4) 

Glacial acetic acid was added into the washed precipitate. After being mixed for 12 hours, the 
precipitate was peptized and some polymerization had begun. The solution was filtered to elimi
nate insufficiently peptized particles. Afterwards glycerol was added to adjust the viscosity of the 
solution. 
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Polymerization 

Olation is a condensation process with leads to the formation of a hydroxo or "ol'' bridge, i.e. 
M-OH-M where Mis a metal ion. Basically it corresponds toa nucleophilic substitution in which 
M-OH is the nucleophile and the H20 the leaving group. Several kinds of bridgescan occur and 
some are shown below: 

H 
I 

M -OH+M -OH2 -t M-0-M +H20 

M 

"'-.OH-M 
M/ 

(2.5) 

(2.6) 

Oxolation is the forming of a "oxo" binding, i.e. M-0-M. Such a condensation process is observed 
when no aquo ligand is available (for example equation 2. 7 and 2.8) or when an "ol" bridge is 
instabie (equation 2.9). 

M-OH+M-OH-t M-0-M +H20 (2.7) 

+M-OH-t (2.8) 

H OH 
I I 

-M--0-M-- -t (2.9) 

Polymerization through olation and oxolation takes place during the 12 hours of peptization but 
mainly during the coating of the films. When the solvent evaporates, a oxyhydroxy skeleton is 
formed, which after further drying (i.e heating) forms a gel. 

Thus the final structure of the gel, used in this project , will consist of many Fe-0-Fe and Fe-OH-Fe 
bands. The CH3COO- groups will evaparate during drying and iron oxides and iron oxyhydroxides 
are formed. In appendix A several iron oxides and iron oxyhydroxides are described. 

2.3 Electrochromism 

Electrochromic oxides can be divided into three main groups with regard to their crystalline 
structure: perovskite-like, rutile-like and layer and bulk structures. Almast all of them can be 
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constructed from one kind of building block: the Me06 octahedron. Since several iron oxides and 
iron oxyhydroxides also have a kind of Me06 octahedron, the theory, according to Granqvist 
[GRA93], basedon the Me06 octahedron. seems applicable. However, study of the specific role of 
the Fe06 octahedron in electrochromic iron oxides has not been reported. 

Using the Granqvist paper, the cathodic and anodic colaration will be explained, using the in
teractions of the orbitals in the perovskite structure and the rutile structure. These interactions 
determine the band structure of a materiaL And this band structure in combination with the 
Fermi level of the electrans determine the optical properties of a material. 

2.3.1 The perovskite structure 

Figure 2.1 shows a general composition of a perovskite structure. The Meions occupy the corners 
of the primitive cell and the 0 ions biseet the unit cell edges. The central atom is absent in most 
electrochromic oxides of interest. It can also be visualized as an infinite array of corner sharing 
octahedra each with a metal ion surrounded by six equidistant oxygen ions. In between these 
octahedra there are extended tunnels that can serve as conduits and intercalation sites for small 
i ons. 

Figure 2.1: The perovskite structure 

Perovsklte lattiçe 
CMe03 

®C 
oMe 
• 0 

In figure 2.2 a conesponding energy level diagram for the defect perovskite, here denoted as Me03, 
is illustrated. The atomie s, p and d levels of Me are indicated, as well as the 2s and the 2p levels 
of 0. The positions of these levels on the vertical scale are governed by their values of the isolated 
atoms as well as by the Madelung energies of the atoms, caused by a electrastatic potential due 
to other ions in the lattice. Each Me ion is octahedrally surrounded by six oxygen ions and each 
oxygen is linearly fl.anked by two Me ions. As a consequence of this arrangement, the d level is split 
up into e9 and h 9 levels as shown in the left-hand part of figure 2.2. The splitting arises because 
the e9 orbitals point directly at the electronegative 0, whereas the t29 orbitals point away from 
the nearest neighbours into empty space and hence lower in energy. Similary, the 0-2p orbitals 
are split in the right hand part. The 2pu orbitals point directly at the nearest electropositive 
Me ions, whereas the 2p11" orbitals point into empty space. In the perovskite lattice the incipient 
molecular energy levels broaden into bands, whose relative widths and repulsion can be obtained 
from general arguments [GRA93]. 

The number of states available for electron occupancy is fixed for each band and are indicated by 
the numbers in the various bands. W03 has 24 electrans in the shown bands, so that the Fermi 
energy lies in the gap between the t29 and p" bands. The bandgap is wide enough to render the 
material transparent. On the other hand, Re03 has 25 electrons so that the lower part of the t29 
band is occupied and the material is non-transparent. 

When ions and electrans are inserted, the Fermi level is moved upwards in the presumed band 
scheme. In the case of W03 , the excess electrans must enter the tz9 band and the material, in 

14 



I 
i 

l 

Perovskite structure ~ 

P --- P--- 2 
s- s- 4 

eg--
d----lt2g----1 e I Re0

3 

----W03 ,p-Mo03 
--p 

I 12 V "} - -- p 

~-Pa 

-s 

Me 

Figure 2.2: Schematic bandstructure for the Me03 defect perovskite structure. The numbers in the 
different bands denote electron capacities, while the arrows indicate the Fermi energies. 

principle, transfarm from a transparent to an absorbing state and from a transparent to a refl.ecting 
state depending on whether the electroos occupy localized or extended states. When the ions and 
the accompanying electroos are extracted, the material returns to its original state. In Re03 the 
Fermi energy also moves upwards upon ion insertion, but it remains well within the t29 band 
irrespective of the content of mobile ions. Consequently the optical properties are not expected 
to he changed qualitatively, although quantitative changes in the absorptance may result from 
density-of-state effects that are outside the realms of the schematic bandstructure. 

2.3.2 The rutile structure 

The ideal structure can he seen as octahedral Me06 units forming infinite edge sharing chains, see 
figure 2.3. These ebains are arranged so that they form an equal number of ideal vacant tunnels. 
The electrochromism can he understood from the basic bandstructure in figure 2.4. 

Figure 2.3: The arrangements of the octahedra in the rutile structure. 

It deviates from its counterpart for the bandstructure of perovskite because the MeOa building 
blocks are distorted and edge sharing. The s, p and d levels for the Me ion and the s and p levels 
for the oxygen ions are indicated. Every Me ion is almast octahedrally surrounded by oxygen ions 
and every oxygen ion is roughly trigonally surrounded by .Me ions. Hence the d levels are first 

15 



split into eg and t2g levels and the oxygen p levels are split into levels with orbital Pb in the basal 
plane of the triangular array (wherein the oxygen ion is surrounded by three Me ions) and with 
orbitals P.l. perpendicular to that array. A further splitting occurs because the ideal octahedral 
symmetry is absent and the ensuing Me levels are designated t11, t.1., Pb and P.l.· In addition, the 
degeneracy of the eg level is lifted. When the ions are arranged in the rutile lattice, overlap among 
the t11 and the t .1. bands as well as among the two eg bands is expected. Hence the final schematic 
band structure is quite sirnilar to that of perovskite. Depending on the parameters of the rutile 
unit cell, the t11 band may collapse into an atomie like sharp level. Electron band capacities can 
be deduced as for the perovskite and are indicated by the numbers in the bands. 

Rutile structure 

Me 

Figure 2.4: The rutile band structure. 

The arrows in tigure 2.4 indicate the Fermi levels for several rutile like oxides. For Ti02 the Fermi 
levellies in the gabbetween the Ti-3t2g and the 0-2p.l. bands and ion and electron intercalation is 
expected to lead to a transformation from a transparent to an absorbing state in much the same 
way as for W03. The Fermi levels of Rh02 and Ir02 lie close to the gap between the t2g and the 
eg bands. If ions and electrons are inserted, it is transformed from an absorbing to a transparent 
state. In the bandstructure picture, the transparency is associated with the bandgap referred to 
above. 

2.3.3 Layer and block structure 

The layer and the block structure are less easy to characterize uniquely and a simple theoretica! 
treatment analogous to the one for perovskites and rutHes can not be made, but most oxides have 
Me06 units. For electrochromic iron oxides layers structures are likely to occur. 

According to Zenitagoya [ZEN97] electrochromic iron oxide contains a mixture of goethite 
(o:-FeOOH) and lepidocrocite ('y-FeOOH), which both have a layer structure (see appendix A) . 
Furthermore, both iron oxyhydroxides have an octahedron [Fe(O,OH)6] as building block (see ap
pendix A) . Orel [ORE94] has reported differently on the structure of the electrochromic iron oxide. 
He found that the films were made of nanostructured maghemite (r-Fe203) . This iron oxide can 
also be thought of being partly build up of (defect) Fe06 octahedra. It seems reasonable that the 
anodic colaration of these iron oxide films can be explained much in the same way as for oxides 
with a rutile structure. However, exact calculation seemsnot to have been reported. 
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2.3.4 Small polaron theory 

The schematic bandstructure indicates the fate of the electrous that enter the electrochromic films. 
The most accepted model for the physical mechanism of absorption is the small polaron theory. 
A polaron is the result of a free charge carrier trapped in a potential well of its own creation, 
i.e. a free electron initiates a displacement of the atoms surrounding it, and tbereby creating a 
potential well tbat eventually traps the electron. For tungsten, it can be schematically described 
in two steps, first tbe electron trapping: 

(2.10) 

In de second step tbe polaron absorbs a pboton and jumps from site i to tbe adjacent site j, where 
the energy is dissipated as phonons: 

w~+ + w?+ + photan ~ w?+ + w~+ + phonon 
t 3 t 3 (2.11) 

Arelation between the optical absorption and the photon energy can be expressedas [GRA97]: 

(2.12) 

where wis tbe frequency of the photon, Up is the energy gained by polarising the lattice and /lw0 

is the typical phonon energy. 

2.4 Conversion electron Mössbauer spectroscopy 

Conversion electron Mössbauer spectroscopy or CEMS is a tecbnique to study tbe structure of 
solids. CEMS provides information of some of the comparatively weak interactions between the 
nucleus and its surroundings, for example electrons. This can be related to the geometrical sym
metry and to the nature of the chemica! bonding involved. 

These weak interactions result in shifts andfor splittings of the nuclear energy levels. The nuclear 
energy levels can be measured using recoilless nuclear resonant absorption, known as the Mössbauer 
effect. A nucleus is excited by photon absorption and when returning to a lower energy level, it 
emits a photon without loss of energy due to recoil effects. This effect is only seen by certain 
atoms, e.g. iron. 

The nucleus can also return to a lower energy level by internal conversion. A conversion electron 
will then he emitted. In CEMS these conversion electrous are detected. 

The nuclear energy levels are found by measuring the absorption of pbotons (transmission 
Mössbauer spectroscopy) or tbe emission of electrous (CEMS) as function of tbe photon energy. 
The energy of tbe photons can he varied by moving the photon emitting source. 

2.4.1 The Mössbauer effect 

The pbenomenon of the emission or absorption of a 1-ray pboton without loss of energy due to 
recoil of the nucleus and without thermal broadening is known as tbe Mössbauer effect [GRE71]. 
It was discovered by Rudolph Mössbauer in 1957. 

To gain an insight into the pbysical basis of Mössbauer effect and tbe importance of recoilless 
emission of 1 -rays, tbe interplay of some factors should he considered: (i) the energetics of free
atom recoil and tbermal broadening, (ii) the Heisenberg naturallinewidth, (iii) the energy and 
momenturn transfer to tbe lattice and (iv) the recoil-free fraction. 
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Energetics of free-atom recoil and thermal broadening 

In genera!, if a photon is emitted from a nucleus of mass M rnaving with an initia! velocity Vx 
in a chosen direction x at the moment of emission, then its total energy above the ground state 
nucleus at rest is (E + ~MV;), with E the nuclear transition energy. Afteremission the 7-ray will 
have an energy E-r and the nucleus a new velocity (Vx + v) due to the recoil (the direction of v 
can he opposite to Vx). By conservation of energy: 

(2.13) 

The difference 8E between the energy of the nuclear transition and the energy of the emitted 
photon (E-r) is: 

8B 

8E 

1 2 = E - E'Y = 2 M V + M V Vx 

= ER+Ev 

(2.14) 

(2.15) 

The 7-ray energy is thus seen to differ from the nucleus energy level separation by an amount 
which depends firstly on the recoil kinetic energy (ER = ~Mv2 ) which is independent of the 
velocity Vx and secondly on the term Bv = MvVx which is proportional to the atom velocity Vx 
and is a Doppler-effect energy. Since both Vx and v are much smaller than the speed of light it is 
permissible to use non-relativistic mechanics. 

The mean kinetic energy per translational degree of freedom of a free atom in a gas with random 
thermal motion is given by: 

- 1 - 1 
EK= -MV2 "' -kT 2 x- 2 (2.16) 

where V} is the mean square velocity of the atoms, k is the Boltzmann constant and T the absolute 

temperature. Hence V}= V(2EK/M) and the mean broadening: 

(2.17) 

Thus, the 7 -ray distribution is displaced by ER and broadened by twice the geometrie mean of 
the recoil energy and the average thermal energy. This distribution itself is Gaussian. For E and 
E-r having values of about 104 eV, ER and Ev areabout 10-2 eV. 

If an emitted photon is to he absorped again by the same species, the absorption is determined by 
the overlap between the energy distributions of emitted pboton and the required aborption energy 
distribution. In this case the 7-ray has lost energy ER due to the recoil of the emitting nuclues. 
Forthereverse process where a 7-ray is reabsorbed by a nucleus a further increment of energy ER 
is required since the 7-ray must provide both the nuclear excitation energy and the recoil energy 
of the absorbing atom (E +ER)· The amount of resonance overlap is illustrated (not to scale) in 
figure 2.5 and is extremely small. Without recoil the resonant absorption can be observed, i.e. the 
Mössbauer effect. 
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Emission Absorption 

Figure 2.5: The resonance overlap for free-atom nuclear -y-resonance 

The Heisenberg natura! linewidth 

The mean lifetime of the excited state has its influence on a 1-ray energy distribution. The un
certainties in energy and time are related to Planck's constant h (= 2n1i.) by the Heisenberg 
uncertainty principle: 

(2.18) 

The ground state nuclear level has an infinite lifetime and hence a zero uncertainty in energy. 
However, the excited state of the souree has a mean lifetime r of a microsecond or less, so that 
there will be a spread of 1-ray energiesof width r 8 at half height, where: 

(2.19) 

For 57Fe rs is 4.67·10-9 eV. This is some 106-107 times less than the values of ER and En 
for a free atom and so can be neglected in that case; this was done implicity in the preceding 
section where the 1-transition energy E was represented as a single value rather than as an energy 
profile. However, if the recoil and therm al broadening could be eliminated, radiation with a high 
monochromaticity could he obtained. 

Energy and momenturn transfer to the lattice 

In the Mössbauer experiment the emitting and absorbing nuclei are embedded in asolid lattice or 
matrix. This results in the recoil momenturn being taken up by the crystal as a whole since the 
free atom recoil energy (~ 10-1 eV) is insufReient to eject the atom from the lattice site (binding 
energy 1-10 eV) thus precluding momenturn transfer to linear translational motion of the nucleus. 
The lattice vibrations cannot take up the momenturn since a time average of zero is established 
within the decay time. 

Similarly, the total energy of the ')'-transition E must be conserved and can only be shared between 
(i) the energy of the photon E'Y, (ii) the lattice vibrations, (iii) the translational kinetic energy of 
the individual atom, (iv) the translational kinetic energy of the solidas a whole. The third of these 
possibilities is eliminated by the high chemica} binding energy and the fourth is minute because 
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of the large mass involved. The 1-transition energy is thus shared between the photons and the 
lattice vibration phonons. Because of quantisation conditions, the vibrational energy of the lattice 
as a whole can only change by discrete amounts 0, 'lïw, 21ïw, etc. If ER :::; 1ïw then either zero or 
1ïw units of vibrational energy but nothing intermediate can be transferred. A fraction f of events 
will occur with no change in the lattice vibrations and the entire transition energy E is manifest 
in the 1-photon energy ( E = E'Y). 

The recoil-free fraction 

The recoil-free fraction or probability of zero-phonon events will depend on three factors: (i) the 
free-atom recoil energy, which is itself proportional to E;, (ii) the properties of the solid lattice 
and (iii) the ambient temperature. 

From a quantitative viewpoint, the probability of zero-phonon 1-emission from a nucleus embedded 
in a solid can he described with [GRE71]: 

(
-471"2 < x2 >) (-E~ < x 2 >) f = exp À2 = exp (lïc)2 (2.20) 

where < x >2 is the component of the mean square root vibrational amplitude of the emitting 
atom in the direction of the 1-ray, À the wavelength of the photon and E'Y its energy. 

This indicates that the probability of zero-phonon emission decreases exponentially with the square 
of the 1-ray energy. It also shows that f increases exponentially with decrease in < x2 > which in 
turn depends on the firmness of binding and on the temperature. 

Hyperfine interactions in the Mössbauer effect 

The resonant absorption is extremely sensitive to energy variations of energy of the nuclear transi
tions. The key lies in the total interaction Hamiltonian of the atom, which contains terms relating 
to the interactions between the nucleus on the one hand and the electrans ( and hence the chemica} 
environment) on the other. The Hamiltonian can he written as: 

H = Ho + Eo + M1 + E2 + ... (2.21) 

where Ho represents all terms in the Hamiltonian for the atom except the hyperfine interactions: 
E0 refers to electric rnanopale (i.e. Coulomb) interactions between the nucleus and the electrons, 
M 1 refers to magnetic dipale interactions and E2 refers to electric quadrupale interactions. Higher 
terms are usually negligible. 

The E0 Coulombic interaction alters the energy separation between the ground state and the 
excited state of the nucleus, thereby causing a slight shift in the position of the observed resonance 
line. The shift will he different in various chemica} compounds and therefore is called the chemica} 
isomer shift. The electric quadrupale and magnetic dipale interactions both generate multiple
line spectra, which give more information about the environment of the atom. The effect of the 
different interactions in the Mössbauer spectra is shown in figure 2.6. 

The chemica! isomer shift ( ó) 

For many purposes it is adequate to consider the nucleus as a point charge which infiuences 
the electrans via the Coulombic potential. However, the nucleus has a fini te volume, and this 
must he taken into account when consiclering nucleus-electron interactions, because an s-electron 
wavefunction implies a non-zero electron charge density within in the nuclear volume. 

20 



Pormulation 
Fe57 energy levels with allowed transitions Schematic 

representation 
Souree (S) Absorber (A) of observation 

Naturalline width 
jrs -..---1 rAil ~r- I 

r =h/'t I 

s Eo EO ~s+rA 
~ 

Eo 

Isomershift 

ET~tT 11\ 3 = c BRJR [ I 'I' i0)12 
- I 'I' 5(0)1 2] 

Eo 

Nuclear Zeeman effect 
+lil 

ÖEm(g) ÖEm(e) 

r__; I +lil JAE,.(e) 
-lil 

A~D~\A \ -lil 

Em = -gn lln H mr 
I mi 

1/2--< 
-lil 

+lil AE,.(g) 

Quadrupole splitting ±112 

WEQ 3/2 jàE0 ±l/2 

EQ = elqQ/41(21-l) EO ~ I mi M 
[3 1/ -I(l+l)] 1/2 ::t:l/2 

Figure 2.6: The effect of the nuclear interactions on the Mössbauer spectra. 

Electrans of charge -e in the field of a point nucleus of charge +Ze experience a normal Coulombic 
potential and the integrated electrastatic energy will be 

-Ze
2 J dr Eo=-- Pe-

4rrEo r 
(2.22) 

where Eo is the dielectric constant of a vacuum, r is the radial distance from the nucleus, and epe 
is the charge density of the orbital electrous in volume element dr. For a spherical nucleus of fini te 
radius R, this is still correct for r > R, but is invalid if r < R. The electrastatic energy in this 
case is: 

(2.23) 

where epn is the charge density of the nucleus and r/Je the electrastatic potential of the electrons. 
The change W in the electrastatic energy caused by the infinite radius of the nucleus can therefore 
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be expressed as: 

1R -Ze2 j dr 
W = e Pn4JedT- -- Pe-

0 4nEo r 
(2.24) 

The probability density of an s-electron in the neighbourhood of a point charge is given in the 
Dirac theory and depends on ~8 (0) the non-relativistic Schrödinger wavefunction at r = 0. The 
nuclear charge distribution is taken to be an uniform sphere and for the potential inside the nucleus 
a potential equation is assumed which has the value of the point charge Conlombic potential at 
r = R and also has the same gradient. The difference in energy will therefore also depend on the 
change in de nucleus radius 8R. 

With these assumptions, it can be derived that the chemica! isoroer shift (8), as measured in 
a Mössbauer experiment is a difference in energy between two chemical environment A and B 
(usually the souree and the absorber) and the difference in the nuclear radius change [GRE71]: 

(2.25) 

The change in the nuclear radius can also he different for souree and absorber, but usually this 
nuclear term is constant for a given transition. The isoroer shift will depend on the chemical term 
only, as in equation above. The l~s(O)AI2 term should not he confused with the number of s
electrons in the atomie environment. It is the s-electron density at the nucleus and as such will 
be affected not only by the s-electron population but also by the screening effects of p-, d- and 
f-electrons and by covalency and bond formation, that is by the chemical bounding of the atom. 

The chemical isoroer shift depends on the structure of the source. To campare isoroer shifts from 
different setup with different sources, the isomershift is always with respect to natural iron (a-Fe). 
The isomer shift of a-Fe with respect to the used souree should be known. With this, the measured 
isoroer shift can he converted into the isomershift with respect to natural iron. 

The electric quadrupale splitting { I:::..EQ) 

Any nucleus with a spin number of greater than I = t has a non-spherkal charge distribution, 
which if expanded as a series of multipales contains a quadrupale moment Q given by: 

(2.26) 

where e is the charge of the proton, pis the charge density in a volume dr, which is at a distance 
r from the centre of the nucleus and making an included angle (} to the nuclear spin quantization 
axis. The sign of Q depends on the shape of the deformation. A negative quadrupale moment 
indicates that the nucleus is oblate or flattened along the spin axis, whereas for a positive moment 
it is prolate or elongated. 

In a chemically bonded atom, the electrooie charge distribution is usually not spherically sym
metrie. The electric field gradient at the nucleus is defined as the tensor E;j = - Vii = 
-(82Vf8xixj)(xi,Xj = x,y,z) where V is the electrastatic potential. It is customary to define 
the axis system of the resonant atom so that Vzz = eq is the maximum value of the field gradient. 

The Laplace equation requires that the electric field gradient is a traceless tensor, i.e. the sum of 
the second derivatives of the electrastatic potential vanish. 

Vzz + V.,., + Vyy = 0 (2.27) 
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Consequently, only two independent parameters are neerled to specify the electric field gradient 
completely and the two which are chosen are Vzz and an asymmetry parameter 'fJ defined as: 

(Vxx- Vyy) 
rJ= 

Vzz 

Using the convention that IVzzl > IVvvl ~ IVxxl ensures that 0 ~ 7] ~ 1. 

The Hamiltonian descrihing the interaction can be written as [GRE71]: 

where I is the nuclear spin and Îz, Îx and Îy are the conventional spin operators. 

(2.28) 

(2.29) 

The most simple case to consider is when the electric field gradient has axial symmetry, i.e. 
Vxx = Vyy and 'fJ = 0. The energy levels are then given by: 

- e2qQ 2-
EQ - 4I(2I _ 1) (3Iz I(I + 1)) (2.30) 

Instead of a single energy level a serie of doublets can be observed, identified by the IIz I quanturn 
number. For I = ~ there is only one level. but for I = ~ there are two distinct eigenvalnes of 
energy, one for Iz = ±~ and one for Iz = ±~. The laws of conservation of angular momenturn 
and of parity lead to the formulation of definite selections rules which characterise the transition 
between two states and these ensure that there is a high probability for transitions in which the 
change in the z-quantum number equals 0 or 1. The important 7-transition between states with 
I = ~ and I = ~ result in two transitions from the {I = ~I ± ~} and {I = ~I ± ~} sublevels to 
the unsplit {I = ~I ± ~}. Thus the resultant spectrum will contain two lines. 

Magnetic Hyperfine field ( H) 

The third important hyperfine interaction is the nuclear Zeeman effect. This will occur when there 
is a magnetic field at the nucleus. The magnetic field can originate either within the atom itself, 
within the crystal via exchange interactions or as a result of placing the compound in an externally 
applied magnetic field. 

The Hamiltonian descrihing the magnetic dipale hyperfine interaction is: 

11. = -J.L · H = -gJ.LNI • H (2.31) 

where J.L is the nuclear magnetic moment, H is the magnetic field with its direction defining the 
principal z axis, J.LN is the nuclear Bohr magneton, I is the nuclear spin and g is the nuclear 
g-factor. The eigenvalues are given by: 

(2.32) 

where m1 is the magnetic quanturn number reprasenting the z component of I (i.e. m1 = I, I-
1, ... , -I). The magnetic field splits the nuclear level of spin I into (21 + 1) equi-spaced non
degenerate substates. The Mössbauer transition can take place between different nuclear levels if 
the change in the m1 value is 0, or ±1. Therefore, a ~ ~ ~ transition has 6 allowed transitions. 
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The magnetic field at the nucleus can originate in several ways. A general expression would he: 

H = Ho + Hpc +HL + Hv (2.33) 

where Ho is the value of the external magnetic field. Hpc is called the Fermi Contact interaction 
and arises as result of the interaction of the nucleus with an imbalance in the s-electron spin 
density at the nucleus and can he written as: 

(2.34) 

where the expression between angular brackets is the expected value of the spin density, ri being 
the radial coordinate of the ithe electron, and /LB is the Bohr magneton. 

H the orbital magnetic moment of the atom is non-zero, there is a interaction according to: 

HL = -2J.LB < r-3 >< L > (2.35) 

or: 

HL = -2J.LB < r-3 > (g- 2) < S > (2.36) 

where < L > and < S > are the appropriate expectation values of the orbital and spin angular 
momenta and g is the usual Landé splitting factor. 

The final term in equation 2.33 arises from the dipolar interaction of the nucleus with the spin 
moment of the atom. In the case of axial symmetry it's given by: 

Hv = -2J.LB < S >< r-3 >< 3 cos2 
(} - 1 > (2.37) 

where ()is the angle between the spin axis and the principal axis. Normally both HL and Hv are 
small compared to Hpc. 

The electronic spins which generate H are subject to changes for direction, known as electric spin 
relaxation. In (super)paramagnetic compounds, the spin relaxation is usually rapid and results in 
H having a time average of zero so that no magnetic splitting is seen. 

Relative intensities of absorption lines 

The intensity of a particular hyperfine transition between quantized sub-levels is determined by 
coupling of two nuclear angular momenturn states [GIB76]. It can be expressed as the product 
of two terros which are angular-dependent and angular-independent. The former will average to 
unity when all orientations are equally probable, e.g. in a randomly oriented polycrystalline powder 
sample. 

The angular-independent intensity can he given by the square of the appropriate Clebsch-Gordan 
coefficient: 

(2.38) 

where the two nuclear spin states 11 and h have lz values of m 1 and m 2 and their coupling obeys 
the vector sums J = h + 12 and m = m 1 + m2 . The intensity is greater if J, referred to as the 
multipolarity of the transition, is small: if J = 1 it is referred to as a dipole transition, while with 
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J = 2 it is a quadrupale transition. The most frequently used coefficients are those for the ~ -+ ~ 
M1 transition. The coeflicients for the 6 allowed transitions give a intensity ratio 3:x:1:1:x:3 fora 
magnetic hyperfine splitting (x is angular dependent). The corresponding terms fora quadrupale 
splittingare obtained by summation and give a 1:1 ratio. 

The angular-dependent terms e(J, m) are expressed as the radiation probability in a direction 
at an angle 8 to the quantization axis (i.e. the magnetic field axis or Vzz). The intensity for 
a polycrystalline sample is obtained by integration over all e to obtain e(J, m) and the total 
of emitted radiation is independent of (} and normalized to unity. The coeflicients are needed 
to interpret the angular dependenee of the spectrum from a single crystal or oriented absorber. 
For example, a magnetically ordered metal alloy or oxide absorber may aften be polarized by 
magnetizing in a small external field to give a unique direction of the internal field. 

Although a quadrupale split spectrum for a ~ -+ ~ transition in a absorber with random orientation 
should be two lines of equal intensity, asymmetry in the line intensity has been observed. According 
to Goldanskii and Karyagin, its origin is an anisotropy of the recoilless fraction, which results in 
a partially polarised radiation. This is known as the Goldanskii-Karyagin effect. 

2.4.2 Conversion electron Mössbauer spectroscopy 

lf ')'-rays from a souree which has a substantial recoil-free fraction are passed through an absorber 
of the same material the transmission of the ')'-rays in the direction of the beam will be less 
than expected because of their resonant absorption and subsequent emission over a 47r angle. The 
effective E-y can be altered by moving the souree and the absorber relative to each other with 
a velocity v, i.e. by using an externally applied Doppier effect (E = (vfc)E-y)· If the effective 
E-y values are exactly matebed with the transition energies in the nucleus at a certain Doppier 
velocity, resonance will be at a maximum and the countrate a minimum. This is called transmission 
Mössbauer spectroscopy (TMS). This is the basic of a Mössbauer spectrum: a plot of transmission 
versus a series of Doppies veloeities between souree and absorber. 

Another way of measuring the absorption is conversion electron Mössbauer spectroscopy 
(CEMS)[GAN91]. A nucleus in an excited state can return to the ground state either by radiative 
process invalving the emission of a photon, which is used in normal Mössbauer spectroscopy, or 
by internal conversion, a process invalving theemission of an electron. In the latter process, the 
excited nucleus interacts with a core electron, thereby maintaining the laws of momenturn and 
energy conservation. Each core level (K, L, M, etc.) has its own probability to participate in the 
internal conversion process. However, the highest probability involves the contribution of the K 
electrons. 

Figure 2.7 shows the de-excitation scheme of a 57Fe atom. The electrans lose kinetic energy very 
rapidly when passing through matter. Therefore, only those electrans generated near the surface 
can escape from the bulk. The penetration depth for the 7.3 KeV K-conversion electrous is below 
300 nm, which makes CEMS an appropriate technique for surface studies. 

2.4.3 Mössbauer hyperfine parameters of iron oxides 

In table 2.1 the hyperfine parameters of the individual oxides are listed. Deviations from the 
magnetic properties ideally observed for pure crystallized iron oxides often develop as a result of 
small partiele size and/or isomorphous substitution of iron by other elements. 

The combined data from chemica! isoroer shift, quadrupale splitting and hyperfine magnetic fields 
provide information about the site occupancy, site symmetry and magnetic exchange interaction. 
Three diagnostic generalisations which can be made are [GRE71]: 
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Figure 2. 7: The nuclear deacy scheme of 57 Co souree and the de-excitation scheme of the 57 Fe absorber. 

1. Chemical isomer shift increase in the sequence: 

c5tetrahedral FeS+ < doctahedral FeS+ < dtetrahedral Fe2+ < c5octahedral Fe2+ (2.39) 

2. Quadrupole splitting for both Fe2+ and Fe3+ in sites of accurately cubic symmetry is zero. 
For non-cubic sites: 

!:l.Eq,FeS+ « l::i.Eq,Fe2+ (2.40) 

3. The magnetic hyperfine field at Fe2+ is less than at Fe3+: 

(2.41) 

Mineral Formula T(K) c5(mm/s) !:l.Eq(mmfs) H(kG) 
magnetite Fe304 295 0.26 -0.02 490 

0.67 0.00 460 
wüstite FeO 297 0.95 0.44 

0.90 0.79 
maghemite -y-Fe203 295 0.32 0.02 499 

-y-Fe203( <WOnm) RT 0.30 0.73 
hematite a-Fe203 295 0.37 -0.20 517 

a-Fe203( <lOnm) 295 0.30-0.33 0.68-0.98 
goethite a-FeOOH 295 0.37 -0.24 382 

a-FeOOH(spm) 295 0.34 0.57 
lepidocrocite -y-FeOOH 294 0.37 0.53 

Table 2.1: Mössbauer hyperfine parameters for selected iron oxides [DAV94)[KUN66]. 

Superparamagnetic relaxation 

The most striking effect of partiele size reduction is superparamagnetic relaxation. Crystalline 
anisotropy causes the electron spins to take certain "easy" directions in a magnetically ordered 
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materiaL An energy KV, where K is a material dependent anisotropy constant and V is the 
partiele volume, is required to flip the spins between these directions (e.g. to reverse the spin in 
a uniaxial crystal). This energy is obviously lower the smaller the partiele is. In particles smaller 
than a critica! size, thermal excitations may cause the electron spins to change their directions 
spontaneously and more rapidly than the nucleus can follow. Therefore the magnetic field vanishes. 
The relaxation time r characterizing this phenomenon, which is a function of the partiele volume 
and the temperature T, is given by: 

r ex exp(KV /kT) (2.42) 

where k is the Boltzmann constant. The influence of superparamagnetic relaxation can thus be 
counteracted by reducing the sample temperature: superparamagnetic particles will' usually be 
ordered below a blocking temperature TB at which KV :::::J 25 [MUR87]. 

2.5 Powder X-ray diffractometry 

Powder X-ray diffractometry is mainly used for the identification of compounds by their differ
action patterns. How different compounds give different X-ray diffraction patterns is discussed 
below. 

An electron which is situated in an alternating electromagnetic field will asciilate with the same 
frequency as the field. Since an X-ray beam can be considered as an electromagnetic wave travelling 
through space it too will cause all electrans in its path to oscillate. Each electron can then be 
considered as a seperate oscillator emitting electromagnetic radiation at the same frequency as 
the primary radiation. These seperate waves combine to give the resultant wave of the atom. 
The amplitude of this wave depends on the number of electron waves and their respective phase 
differences. 

----------- ___ .. ___ .... 
Figure 2.8: Diffraction of X-rays on crystal lattice. 

When a beam of monochromatic X-rays falls into a crystal lattice, a diffracted beam will only 
result in certain direction. In this direction, the waves emitted by the individual atoms are in 
phase with each other. Figure 2.8 illustrates this case for rows of atoms seperated by distances d. 

For diffraction, the waves emitted by all atoms lying in a single plane must be in phase and the 
scattering of waves by successive planes should also be in phase. The first condition is fulfilled if 
the incident ray, the diffracted ray and the normal to the reflecting surface alllie in one plane and 
if the angle of the incident ray equals the angle of reflection. Reinforcement of the reflected beam, 
the second condition, will occur when the difference in the path lengths of the two rays is equal 
to a whole number of wavelengths. lt can be seen in figure 2.8 that this is the case if: 

nÀ = 2dsin() (2.43) 
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This is the Bragg Law. Bragg's law takes no account of the refraction of the X-rays, but since the 
effect is very small, it can be ignored [JEN70]. 

If planes with the same type of atoms are interposed at a different distance d', the amplitude of 
the refected beam can be larger or smaller. It depends on whether the reflected beam of the other 
layer either reinforce or cancel the reflected beam of the first layer. This depends on the ratio of d 
and >.. Usually, the wavelength of the X-ray is a constant and the d values can he calculated from 
the angle (}. 

The distauces d and the amplitude of the reflected beam can he considered as a fingerprint of 
different crystal structures and species. For many crystals the d-values and amplitude ratios are 
known. Using this information, a compound can he identified by its X-ray diffraction pattern. 

If the individual crystallites are very small ( < 10 J..Lm), the mean crystallite dimeosion D can he 
derived from the broadening of the diffraction lines [JEN70]. Scherrer has proposed the relation
ship: 

D=~ 
{3 cos(} 

(2.44) 

where {3 is the line broadening (FWHM), (} the diffraction angle, >. the wavelenght of the radiation. 
K is a correction factor for the partiele shape and ranges from 0.9 to l.O. The line broadening in 
a XRD pattem includes the instrumental broadening, but normally the instrumental broadening 
is supposed to he negligibe, when the partiele size is < 10 J..Lm. 

2.6 The SQUID 

The basic element of a single-junetion SQUID (superconducting quanturn interference device) is 
a superconducting ring containing a Josephson junction. In figure 2.9 a schematic representation 
of the SQUID is shown. The flux of the sample is translated to the SQUID by a superconducting 
coil. The flux of the applied homogeneaus field does not contribute totheflux of the SQUID. The 
geometry of the coil causes its flux to cancel out. The principles of the SQUID itself is discussed 
below. 

0 9: 
tank circuit 

sqw{ 

Figure 2.9: The basic of a SQUID system. The flux of the sample is translated to the SQUID by a 
superconducting coil. The SQUID is connected tothetank circuit. 

Superconductivity is by its nature a quanturn effect. It originates from quanturn coherence in 
a macroscopically large sample. If a superconducting ring carries a supercurrent, magnetic flux 
inside the ring can have only values which are an integer multiples of a superconducting flux <I>0 . 

Thus <Po is the unit of magnetic flux within a superconductor. All electrous carrying the current 
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in a sample of macroscopie size can be described by a wavefunction with a single phase. According 
to [SCH97] this phase 4> can be described as: 

(2.45) 

where !l> is the total magnetic flux enclosed by the SQUID loop. 

If two superconductors are brougth into weak electrical contact than a supercurrent can flow 
through such a contact with zero voltage drop (i.e. the de Josephson effect). The maximum possible 
supercurrent is called the critical current Ie. 

In genera!, the flux !l> is not equal to the externally supplied flux !l>e. Their difference is due to the 
screening current: 

!l> = !l>e- Llsc = !l>e- Llc sin(27r!l>/!l>o) (2.46) 

where L is the inductance of the SQUID ring. Figure 2.10 shows a plot of this function. If the 
external flux !l>e is increased, a screening current start to flow and the total flux is less then the 
external flux. As the external flux is increased further, the screening current increases, until it 
reaches its critica! value. The sytem becomes unstable and jumps to the next quanturn state. 
One unit more of !1>0 penetrates the ring. When the SQUID describes a hysteresis loop from the 
state n=O to n=l and back to n=O (in figure 2.10 that is loop abcda), energy is dissipated. The 
hysteresis loop is caused by the sample but by a radio frequency current, coming from a tank 
circuit. The amount of dissipated energy depends on the external flux, generated by the sample. 
By measuring the dissipated energy, the flux of the sample can be measured. 

2 

<1>/ci>o 1 

·1 2 

·1 

Figure 2.10: Total magnetic flux <P enclosed by a SQUID vs the externalflux <Pe through the SQUID. 
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Chapter 3 

Experimental Setup 

3.1 Introduetion 

The experimental techniques used in this project will be briefl.y discribed in this chapter. First the 
preparation of the film with the sol-gel will be discussed. Reversibility of the ion/electron insertion 
can be studied with cyclovoltammetry, which is described in the second section. The TMS and 
CEMS setup will bedescribed in the third section and the X-ray diffraction and SQUID setup is 
looked at in the final sections. 

The fl.ims have been made at the UNI in Lima, Peru. The cyclovoltammetry and Mössbauer setup 
as described are those in Lima. The XRD and SQUID setups are located at the EUT in Eindhoven. 

3.2 Preparation of the films 

3.2.1 The preparation of sol-gel 

Anironoxide solgel was prepared from an FeCh·H20 precursor of which 10 gram was dissolved 
in 100 ml H20. To form a precipitate, 11 ml of 25% NH3(aq) was added dropwise during half 
an hour into the solution until pH---9 was reached. The brown precipitate that was immedaitely 
formed was centrifuged and washed in order to remove residual OH- and Cl- ions. After pH---7 
was reached, glacial acid (31 ml 60% CH3COOH(aq)) was added into the washed precipitate to 
achieve peptization. After 12 hours of peptization and polymerization the solution had changed to 
a black coloured sol. To seperate the unsufficiently peptizated particles, the sol was filtered (filter 
paper: Wattman 42). Glycerol (85% pure, volume ratio 1:1) was added to adjust viscosity. 

3.2.2 The coating of the substrates 

Coating was done in two different manners: spin coating and spray pyrolysis. Both setups are 
drawn in figure 3.1. The substrates were microscope slides. Slides coated with ITO (Indium doped 
Tin Oxide) were used to obtain a conductive layer underneath the coating. After the coating the 
film was heated in a oven for half an hour, usually at 300°0. 

Spin coating 

An excess of liquid is dispensed on the surface of substrate. In the so called spin-up stage [BRI90] 
the liquid fl.ows radially outward as the centrifugal force overwhelms the force of gravity. In the 
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b) 

counter weight 

Figure 3.1: Schematic setup of the spray pyrolysis (a) and the spin coating technique (b). 

spin-off stage excess liquid flows to the perimeter and leaves as droplets. As the films thins, the 
rate of removal of excess liquid by spin-off slows down, because the thinner the film, the greater 
the resistence to flow, and because the concentration of the nonvolatile compoments increases with 
raises the viscosity. The film tends to he uniform in thickness due to the balance between the two 
main forces: the centrifugal force, which acts radially outward, and the viscous force (friction) 
which acts radially inward. 

Spin coating yields a very thin layer and therefore, every substrate was spin coated with 5 layers. 

Spray pyrolysis 

The sol-gel which enters the spray pyrolysis setup is dispersed by pressed air. The spray reaches 
the substrate with is heated at 300°C. A uniform film is obtained by moving the spray mouth 
back and forwards. At the surface the solvent is evapourized and a coating is made. The partiele 
size in the spray and the rate of deposition can he altered by changing the air pressure and air 
flow. 

3.3 Cyclic voltammetry 

Cyclic voltammetry is a dynamic electrochemical metbod to study the behaviour of species dif
fusing to an electrode surface, intercalation andfor interfacial phenomena at an electrode surface. 
A typical electrochemical cell with a potentiostat is shown in figure 3.2. It is used to measure 
to current as a function of the potential across a sample. It consists of an electrolyte with three 
electrodes: a working electrode (WE), which is the sample to he investigated, a counter electrode 
(CE) and a reference electrode (RE). The reference electrode is a saturated Calomel electrode 
(SCE) which is basedon Hg/Hg2Cl2/KCI. It is placed inside a Luggin probe filled with saturated 
KC! and the tip of probe positioned very close to the working electrode surface. 

The potential between the working electrode versus the reference electrode is controlled, using a 
feedback circuit or potentiostat. The operational amplifier is the key component of the potentiostat 
and the feedback circuit drives the current between the working and the counter electrode while 
ensuring that none passes through the reference electrode. It can he seen that the device is simply a 
voltage follower maintaining the output voltage between the RE and the WE at the programming 
potential E1. 

A data acquisition program has been written to obtain the data from the potentiostat with a 
Lab-PC+ card from National Instruments. The listing of this Pascal program can he found in 
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Figure 3.2: The principle of a potentiostat {left} and the position of the Luggin probe (right). 

appendix C. 

In cyclic voltammetry, the voltage is swept back and forth between two set points in a triangu
lar manner. The current fl.owing into and out of the film in conjunction with the ion intercala
tion/deintercalation is measured. 

3.3.1 The intercalation/deintercalation process 

Intercalation reactions are reactions of solids where a guest molecule or ion is inserted into a solid 
lattice without major rearrangement of the solid structure [JAC92). Intercalation reactions do not 
involve extensive bond break:ing and consequently do not require special chemical and structure 
feature in order to occur. In particular, intercalation requires that the host lattice has a strong 
covalent network of atoms which remains unchanged on reaction and that there are vacant sites in 
the structure which are interconnected and of suitable size to permit ditfusion of the guest species 
into the solid. 

electrolyte metal oxide elctrode 
film 

Na" - Na"c· --
Figure 3.3: Schematic modelfortransport of guest ions (in this case Na+ ions) and electronsin a roetal 

oxide film between an electrolyte and a conducting electrode. 

The intercalation process in a electrochromic film can he given by equation 1.1. The transport of 
ions and electrans into the film is illustrated in figure 3.3, with a Na+ ion as guest ion. The great 
ditference between the ditfusion coefficient De for the electrans and the ditfusion coefficient Dion 

for the guest ions leadstoa simpel model for charge transport [GRA95). Transfer of the guest ions 
into the film takes place at the electrolytejoxide interface. Electrans are then attracted from the 
electrode. Inside the Na+e- complex ditfuses into the oxide film where it is taken up in the metal 
oxide lattice. 
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Intercalation kinetics in principle is rather complicated and several mechanism can limit the cur
rent, such as the transport of ions and electrons through the bulk of the oxide, the harrier at 
the electron-injecting interface, a harrier at the ion-injecting interface and charge transport in 
the electrolyte. In many cases it seems that the most significant factor is the harrier at the ion
injecting surface, i.e. at the boundary between the electrolyte and the metal oxide film [GRA95]. 
Deintercalations kinetics is simpler to treat than intercalation kinetics because no harrier needs to 
he included. Since De » Dions, the deintercalation current will he dominated by the field-driven 
space-charge-limited in a region with initially lies at the interface with the electrolyte and whose 
thickness increases as deintercalation progesses until no (mobile) ions reside in the film. 

3.4 TMS and CEMS setup 

In figure 3.4 a block diagram of the Mössbauer setup is shown. To obtain a Doppier motion, the 
souree is being moved by an electromagnetic drive system which is controlled by a wave form 
generator. Usually, the velocity follows triangle wave form, i.e. with constant acceleration, and 
is used between -4 mm/s and +10 mm/s. The detector is either a photomultiplier to detect the 
photons, which have gone through the absorber (this is the TMS setup) or a gas filled detector 
to detect the electronsin the CEMS-setup (see below). After amplification, the desired pulses are 
selected with a single channel analyzer. The counts are stored with a multichannel analyzer, which 
is synchronized with the wave form generator, in the PC. Each channel is assigned to a specific 
velocity and the relevant counts are registered. 

Absorber 

Figure 3.4: A block diagram of a Mössbauer spectrometer. Sis the moving source, SCA is a single channel 
analyzer and MCS is a multichannel analyzer. 

In the CEMS setup the electrans which are leaving the sample are detected using a gas filled 
detector. The use of a gas filled detector requires that the sample should he placed inside the 
detector and should act as an electrode. In figure 3.5 a plan view and a cross section of the 
detector is shown. The anode is an even plastic plate which has been covered with a graphite film 
to ensure good conductivity and is rather transparent for the photons. The cathode consists of the 
sample and a metal plate behind it. The seperation between the anode and the cathode is 1 mm to 
1.5 mm. Acetone vapour is used as the counting gas (5- 15 mbar). The operation voltage between 
the anode and cathode ranges between 600 and 900 volts, depending on the vapour pressure. 
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-
Figure 3.5: Plan view and cross section of a parallel-plate avalanche detector. 

Figure 3.6: The X-ray diffraction setup. 

3.5 X-ray diffraction measurements 

In figure 3.6 the setup of the X-ray diffraction (PHILIPS X'pert PW1830/25 diffractometer) is 
shown. An X-ray tube consists essentially of a tungsten filemant and an anode. Passage of a current 
through the tungsten spiral causes it to glow and to emit electrons. These electrans are accelerated 
towards the anode by means of a high potential, usually of the order 30 to 60 kV. 

The conversion of the electroos in X-rays takes place in the anode, usually made of copper. An 
accelerated electron collides with a K electron of a copper atom. The K electron is ejected and 
transference of an electron from the L shell to the K shell reduces the electron energy and the 
excess energy is emitted as K X-radiation. 

The X-ray beam is passed through several slits to detect only reflected X-rays with a well defined 
angle. The secondary monochromator will ensure only X-rays to be detected. The intensity of 
reflected beam is measured by a proportional gas detector. 
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3.6 The SQUID setup 

The SQUID-magnetometer in the group 'Physics ofnanostructures' is a r.f. type MPMS-55 SQUID 
from Quanturn Design. A sensitivity of 10-7 emu (=10-10 Am2 ) is claimed by the manufacturer. 
The temper at ure can be varied between T = 1. 7 K and 400 K. The maximum attainable magnetic 
field amounts to 5 T. 
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Chapter 4 

Results 

In this this project the role of the inserted electrous in thin electrochromic iron oxide films is inves
tigated. The films are made using the sol-gel route, as described insection 3.2. The electrochromic 
behaviour of the spin coated and spray coated films has been investigated with cyclovoltammetry 
and transmission spectrophotometry. The best electrochromic film, i.e. spray or spin coated, is 
used for nuther investigations. CEMS and XRD measurements are used to identify the species of 
which the films consists. In the influence of the inserted ions and electrans on the structure of the 
films have been studied with CEMS, XRD and SQUID measurements. 

4.1 Cyclic voltammetry 

The electrochromic behaviour of the films was investigated with the cyclic voltammetry setup 
described in section 3.3. The electrolyte was 0.01 M NaOH, the counter electrode was made of 
platinum and the reference electrode was a saturated calomel electrode (Hg/Hg2Ch/KCl). The 
sweep rate was 20 m V/ sec. 

Figure 4.1 shows the cyclic voltammetric curve of a film made with spin coating. The curves 
are smooth, which indicate that the structures are highly disordered and no well-defined phase 
changes occur [GRA95]. The line curve represent the first cycle. Started at -0.2 V, the negative 
current increases when the voltage goes more negative. This curve branch corresponds to the 
ion and electron intercalation. When the potential sweep is reversed and the potential becomes 
less negative, the negative current decreases, becomes positive and reached a maximum. and 
electron deintercalation. The intercalation and the deintercalation are not symmetrie: intercalation 
is largely governed by the properties at the boundary between the electrolyte and the iron oxide 
film, whereas deintercalation is mainly infiuenced by ion transport in the film (see section 3.3.1). 
The intercalation process doesn't show a maximum: there are always enough ion and electrous 
available and a higher potential leads to a higher current. During the deintercalation process the 
availablity of ions-electron complexes willlimit the current after a certain potential, which is seen 
in the maximum of the curve. 

The dashed curve represents the last cycle. The curves of cycles in between (not shown) have a 
shape intermediar between the first and the last one. The intercalation/deintercalation process is 
not reversible as both shape and magnitude of the currents change with every cycle. Appearently, 
the intercalation processes of ions have changed the film. Moreover, when more cycles are applied, 
the film looses its adherence with the ITO substrate and the film is destroyed. The lack of adherence 
of thin iron oxide films to ITO coating is known in the literature [AEG97]. 

Figure 4.1 also shows the cyclovoltammetry curve of a film made with spray pyrolysis. The line 
curve represent the first cycle and its shape is rather similar to first curve of a sample made 
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Figure 4.1: Cyclic voltammetric curve of a film made with spin coating (above) and a film made with 
spray pyrolysis (below). The line curve represents the first cycle and the dasbed line the last 
cycle. The current is divided by the surface area of the film. 

with spin coating. The difference in the magnitude of currents can not be easily compared since 
the thicknesses of the films are different and the potential range is different for both films ( the 
film made with spray pyrolysis seemed more obsure and is therefore thought to be thicker). The 
dasbed curve represents the last cycle. The curve of the last cycle has nearly the same shape and 
magnitude as the curve of the first cycle. 

Thus, the intercalation/decalation processin this film can be considered reversible. 

After a cycle, i.e. intercalation and deintercalation, there seems to be a netto flow of charge into 
the film for both films, which has been calculated from the cyclovoltammetry plot. For another 
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film, made with spray pyrolysis, figure 4.2 shows the amount of charge into the system as function 
of the time. lt seems that the current measured is not only the charge inserted but also a current 
which is used for a other reaction. This could he the following [DAL98], where the hydragen leaves 
the system as a gas: 
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Figure 4.2: lnserted charge and the applied voltage as function of the time. The triangular curve is the 
applied voltage and uses the right Y axis, while the other represents the inserted charge and 
uses the left Y axis. The film has been made with spray pyrolysis. 

4.2 Transmission spectrophotometry 

Electrochromic materials will change their optica! properties under intercalation of ions and elec
trons. To investigate these changes, in-situ tranmission spectrophotometry has been conducted. 
At different potentials in the potential sweep of the cyclovoltammetry, the transmission in the 
visible range has been measured with reference to air with a RS spectrophometric system (The 
Optometrics Corporation). 

Figure 4.3 shows the transmission spectrum of a film made with spin coating. The potentials are 
taken in the first cycle of the cyclic voltammetry scan. The first spectrum was taken when no 
voltage was applied. The second was taken at -1.45 V and the third after the film had returned 
at almast zero voltage ( +0.14 V). In the latter two states, the film is in the intercalated and dein
tercalated state respectively. Camparing the first and third spectrum, the spectrum has changed 
basicly in the speetral range À >400 nm. As was seen in the previous section, the intercalation of 
the ions and the electrans have changed the structure of the film in irreversible way. 

Camparing the second and the third scan the colouring/bleaching process is most clearly seen 
in the UV speetral range (À <400 nm), which corresponds well to the results obtained by Orel 
[ORE94). In the following cycles this difference in transmittance is also observed (nat shown in 
tigure 4.3). But the difference between the transmittance at the two extreme potentials (e.g. -1.45 
V and 0.14 V) decrease with the number of cycles. 
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Figure 4.3: Transmission spectra of a spin coated film (above) and of a film made with spray pyrolysis 
(below) at different stages of the intercalation/deintercalation process. 

Figure 4.3 also shows the transmission spectra of a film made with spray pyrolysis. The transmis
sion spectrum of the virgen film is represented by the first curve. The second curve is taken in 
the intercalated state (-1.0 V), whereas the film had returned to its deintercalated state at -0.5 V 
with the final curve. Camparing the first and the third curve, little change can be observed, the 
film returns almast completely to its initia! state. Camparing the second curve with the third, the 
change in transmittance between the coloured and the bleached state is best seen in the range 
À <450 nm. In contrast with the film made with spin coating, the differences between the two 
states of the film did not change with the cycle number. After 10 cycles the transmittance at both 
extremes were the sameasin the first cycle. 
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Comparing the transmittance spectra of the two films is difficult. The thickness of the film influ
ences the magnitude of the transmittance as well as the amount of inserted ions and electrons. 
The different potential range also influences the intercalation. However, the spectrum of the dein
tercalated state resembles much more to that of the virgin state in the case of the film made 
with spray pyrolysis than in the case of the spray coated. Again the intercalation/ deintercalation 
process seems more reversible for the films made with spray pyrolysis. 

4.3 Mössbauer spectroscopy 

Since the films made with spray pyrolysis seem to exhibit a better electrochroroic behaviour as 
seen in the previous section, all the Mössbauer spectroscopy roeasurements are conducted with 
the films made with spray pyrolysis. Using the TMS and CEMS set up discussed in section 3.4 
the films have been studied. In contrast to the CEMS spectra, none of the TMS spectra were 
resolvable after measuring a week. This is caused by the difference in setup: in the CEMS setup 
only electrons are detected as result of a photon absorption. Whereas in the TMS set up all photons 
are detected, aslo photons that have only passed through the film without absorption. 

4.3.1 Calibration of the Mössbauer setup 

The maximum velocity of the moving souree in the Mössbauer set up should be known accurately to 
fit the Mössbauer spectra. Furthermore, the chemica! isoroer shift of a-Fe with respect to the used 
souree should be known to compare the measured isoroer shift with those given in the literature 
(see section 2.4). 

Using a foil of a-Fe of which two of the three hyperfine parameters are known (D.EQ = 0 mm/s, 
and H = 330 kG), a calibration spectrum was obtained with the TMS setup. One is shown in 
figure 4.4. From this spectrum the maximum velocity of the souree and the isoroer shift of a-Fe 
relative to this specific 57Co/Rh souree was calculated. 
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Figure 4.4: A calibration Mössbauer spectrum of a-Fe 
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4.3.2 Mössbauer spectra of virgin films 

Figure 4.5 shows a typcial CEMS spectrum of a thin iron oxide film. In appendix B all measured 
CEMS spectra are shown. The Mössbauer spectra of two virgin films were taken and fitted with 
the SIRIUS program. The spectra were fitted under following the conditions: (i) the intensity of 
the two peaks need not to be equal and (ii) the magnetic hyperfine field is absent, for only two 
peaks can be distinguished. 

Table 4.1 shows the hyperfine parameters of these fits. The chemica! isomershift is given relative 
to the isomer shift of a-Fe. 
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Figure 4.5: A typical Mössbauer spectrum of the thin iron oxide film used in this project 

Sample Potential (V) 6 {mm/s) ó.EQ (mmfs) H (kG) 
1.1 virgin 0.330 ± 0.005 0.929 ± 0.008 -
2.1 virgin 0.339 ± 0.004 0.859 ± 0.006 -

Table 4.1: Fitparameters of the Mössbauer spectrum of two virgin film. 

The two peaks in the spectrum have slightly different heights. The Mössbauer spectrum of a second 
measurement of the same film showed also two peaks with different heights, but in this spectrum 
the left peak was higher, while in figure 4.5 the right peak is higher. Since the orientation of the 
film during the two measurements is likely to be different, this effect is not caused by certain 
species in the film. The differences in peak height can he caused by a partial orientation of the 
crystal (see section 2.4). 

The hyperfine parameters of sample 1.1 and 2.1 can he linked to those of superparamagnetic 
hematite (a-Fe2 0 3 ), using table 2.1. However, other superparamagnetic iron oxides may have the 
same hyperfine parameters as the grain is reduced. Only for hematite, the hyperfine parameters 
are known with different grain sizes. The difference in quadrupale splitting can he related to 
differences in the grain size, as shown by Kundig [KUN66]. Using his data, the grain size should 
he < 10 nm for both films. 
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4.3.3 Mössbauer of intercalated films 

H the intercalated electroos are situated at the Fe-site, a change of Fe3+ to Fe2+ is expected. 
This should be visible in the Mössbauer hyperfine parameters as the general diagnostic rules 
(section 2.4.3) predict. 

Two series of samples were made. The three samples of the first serie were made seperately, while 
the three samples of the second were cut from one film. The three samples of the second serie can 
thus be considered equal in structure and thickness of the film. From both series two samples were 
put into the electrochromic cell. After 5 cycles the potential has been held constant at a eertaio 
value for 60 seconds. A Mössbauer spectrum of the different samples at different potentials has 
been obtained and fitted. The spectra can be found in appendix B. The fit parameters are listed 
in table 4.2 and shown in figure 4.6. The samples 1.2 and 2.2 are in the intercalated state, while 
the ions and electroos have left sample 1.3 and 2.3 after their insertion. 
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Figure 4.6: The isomer shift (left) and the quadrupale splitting (right) as function of the intercalation 
state. 

Sample Potential (V) fJ (mmfs) tlEQ (mmfs) H (kG) 
1.1 virgin 0.330 ± 0.005 0.929 ± 0.008 
1.2 -1.5 0.348 ± 0.002 0.906 ± 0.003 
1.3 0.5 0.345 ± 0.002 0.920 ± 0.003 
2.1 virgin 0.339 ± 0.004 0.859 ± 0.006 
2.2 -1.0 0.346 ± 0.004 0.705 ± 0.005 
2.3 0.5 0.336 ± 0.003 0.794 ± 0.004 

Table 4.2: Fitparameters of the Mössbauer spectrum of films at different stages. 

The hyperfine parameters of the different stages can not be easily compared in the first serie, 
because of the possibility that the samples already had different parameters befare intercalation. 
The two virgin films show this. However, the changes between the different stages are qualitatively 
the same for both series: when ions and electroos are inserted, the isomer shift increases and the 
quadrupale splitting decreases. After the ions and electroos have left the film, the film returns more 
or less to its virgin state and the isomer shift decreases and the quadropule splitting increases. 

Apparently, the insertions of ions and electrans results in a different interaction between the nucleus 
and the crystal structure. Using the general diagnostic rules, the change in the isomershift indicates 
that the electroos are situated at the Fe-sites in the intercalated state. However, the change in 
quadrupale splitting suggests that electroos are leaving the Fe-sites upon intercalation. Since it is 
rather implausible, that electrans are leaving the Fe-sites, the changes in quadrupale splitting is 
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thought to he caused by ar10ther phenomenon, i.e. the inserted ions. If their charge of the positive 
ions changes the field gradient, the quadrupole splitting can be increased. In this way, the inserted 
ions can influence the hyperfine interactions of the nucleus with its surroundings. 

4.4 X-ray diffraction measurements 

XRD measurements can be used to identify species in a sample. Since the composition of the film 
is not completely clear, the films have been stuclied with XRD. Furthermore, the inserted ions are 
thought to he located inside the iron oxide crystallattice. This might affect the diffraction pattem 
and is also investigated here. 

Figure 4. 7 shows the XRD pattems of the three samples of the second serie. Many peaks are visible 
and nearly all peaks are identified, belonging either to hematite (a-Fe20 3), goetithe (a-FeOOH) 
or ITO (Indium doped Tin Oxide). The subtrate contains a layer of ITO, which has a rather 
perfect crystallattice and gives rise to the highest peaks. The presence of hematite was already 
indicated by the Mössbauer measurements. On the other hand, these Mössbauer measurements do 
not exclude goethite, since the hyperfine parameters of superparamagnetic goethite with various 
grain sizes are not known from the literature. 

Unfortunately, somepeaks could not be identified. None of the known pattems of possible alloys 
(with iron or iron oxide) fits the measured diffraction pattem. The unidentified peaks may be a 
result of impurities in the film. During the preparation of sol-gel certain species might not have 
been removed completely and are now part of the crystal structure. The diffraction pattem of 
these complex structures are not listed in the literature. 

Comparing the intercalated state with two two other states in figure 4. 7 does not reveal a reversible 
change in the diffraction pattem. A reversible change in the diffraction pattem could be linked 
to the insertion of the ion. No such reversible change is seen, which can be caused by the amount 
of inserted ions. If this amount is too smal!, it won't affect the diffraction pattems significantly. 
Another possibility is the random location of the ions in the crystal, so they do not contribute to 
one peak. 

Normally, the main crystal size can be calculated from the line broadening of the XRD pattems. 
However, the line broadening of the peaks (FWHM) are in the order of 0.3°. According to the 
specification of the PHILIPS X'pert PW1830/25 diffractometer the instrumental broadening will 
be in the same order. Thus, equation 2.44 can not be used to calculate the main crystal size. 

4.5 The SQUID measurements 

The Mössbauer measurements indicated that the films consist of superparamagnetic hematite 
with a grain size < 10 nm. Magnetic behaviour can he investigated with a SQUID and from 
these measurement the grain size can be calculated. Furthermore, the preserree of the intercalated 
electrons should affect the magnetic behaviour of the films. 

The magnetization M of superpararnagnetic materials can be described by the Langevin function 
L(a) (ALP95]: 

M 1 - = L(a) = coth(a) - -
Ms Q 

(4.2) 

where Ms is the saturation magnetization and a = ( N pH)/ (kB T). N is the number of molecules 
per cluster, p is the magnetic moment per iron oxide molecule, H is the applied field and T is the 
temperature. 
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Figure 4. 7: XRD patterns of the second serie. 

The field dependenee of the magnetic moment of samples of the second serie were investigated 
with the SQUID. Figure 4.8 shows two characteristic magnetization curves. It is the result of two 
measurements of sample 2.1, at T = 5 K and T =10K. The measured moment has been divided 
by the film's weight. This makes quantitative comparison between the different films of the second 
serie possible, since the samples do not have the same size. These magnetization curves can be 
fitted with the Langevin function and because the magnetization vs the applied field divided by 
the temperature (H/T) is plotted, the two curves coincide. This is characteristic for paramagnetic 
materials. 

Fitting the magnetization curves with the Langevin function yields a parameter N J.L· If the clusters 
are assumed to consist of hematite only, the number of molecules per cluster and the volume of 
a cluster can be estimated. According to [LIT94], hematite molecules have a magnetic moment of 
J.L = 5.0 · w- 23 Am2 and a volume of 0.30 nm3 • This yields 6 hematite molecules per cluster and 
the cluster volume can be estimated at 6 · 0.30 = 1.8nm3 . This means that the grain size can be 
estimated in the order of 1 nm. This is in agreement with the Mössbauer results, where the grain 
size was estimated < 10 nm. 

The magnetic behaviour of the two other samples 2.2 and 2.3 have also been investigated with 
the SQUID. The inserted electrans can affect the magnetic behaviour of the films. If the inserted 
electron are situated at the Fe-sites, the intercalation proces is assumed to be a change from Fe3+ 
to Fe2+, from a 3d5 configuration to a 3d6 . According to Kittel [KIT86]: 

J.L=P·J.Ln (4.3) 

where p is the effective magneton number and J.LB is the Bohr magneton. The experimental found 
effective magneton number of Fe3+ is 5.9 and of Fe2+ 5.4 (in free space) [KIT86). Thus i t's expected 
that the magnetic moment per molecule decreases upon electron insertion. 

Table 4.3 shows the fit parameters of the magnetizations curves of the 3 films of the second serie. 
The error (5%) is taken from [BON95]. If the number of molecules per cluster is taken as a constant, 
the (average) magnetic moment per molecule increases slightly when the electrans are inserted. 
Apparently, the used model, where the iron ion is in free space, is too simple. The Fe-atoms are 
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Figure 4.8: Magnetic moment of sample 2.1 as a function of the applied field divided by the temperature. 
The measured moment has been divided by the sample weight. 

part of a large iron oxide molecule and situated in a crystal lattice. The interaction with the 
other atoms is neglected in the used model. Moreover, the electron is assumed to take a position 
in the 3d shell where it pairs with an other electron. Perhaps, because of the interactions with 
other atoms, it's located at another empty shell, where its magnetic moment increases the total 
magnetic moment. However, a more complete theory is needed to explain these SQUID results. 

Sample Potential (V) NJ.L (J.LB) 
2.1 virgin 0.43 ± 0.02 
2.2 -1.0 0.46 ± 0.02 
2.3 0.5 0.44 ± 0.02 

Table 4.3: Fit parameters of the magnetization curves. 
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Chapter 5 

Conclusions 

During this graduation project, thin electrochromic iron oxide films have been made and their 
electrochromic behaviour has been investigated. The composition of the films has been stuclied 
with CEMS, XRD and SQUID experiments. The influence of the inserted ions and electrans on 
the film's structure have also been examined with these techniques. 

Preparation of electrochromic films 

Thin electrochromic iron oxide films have been made using the sol-gel route. The films coated with 
spray pyrolysis appeared to he better electrochromic than the spin coated films with respect to 
the reversibility of the ion/electron insertion and deinsertion. Also the change in transmittance 
between the coloured and the bleached state of the spin coated film was not found to be reversible 
in contrast with the films made with spray pyrolysis. Moreover, after a few cycles the spin coated 
films were destroyed by the intercalation of the electrans and the ions, while the films made with 
spray pyrolysis did not degenerate after more than 200 cycles. For this, the films made spray 
pyrolysis have been used throughout the project. 

After every cycle of ion/electron insertion, a part of the inserted charge seemed to be resident 
within the film when looking at the measured current vs the time. It is believed that this is an 
artefact which is caused by the fact that a part of the measured current is used in a reaction in 
the electrolyte. 

The change in transmittance during the colouring/bleaching process was best seen in the UV 
speetral range (>. <400 nm). This makes electrochromic thin iron oxide film not applicable for 
optical devices as smart windows and display devices. 

Composition of the films 

The Mössbauer spectrum of two virgen films indicate that the film consists of superparamagnetic 
hematite (a-Fe20 3 ) with small grain size ( < 10 nm). The XRD patterns reveal the presence of 
hematite and goethite (a-FeOOH). Since the hyperfine parameters of superparamagnetic goethite 
with various grain is unknown from the literature, the Mössbauer results do not exclude the 
presence of goethite. 

The magnetic response of the films is investigated with the SQUID. The films appear to he 
superparamagnetic. The grain size could be estimated in the order of 1 nm. 

In the research of Orel [ORE94] and Zenitagoya [ZEN97], the thin electrochromic iron oxide 
film are made of other iron oxides, but all with small grain size. lt is possible that ion/electron 
intercalation benefits from small grain size. 
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The infiuence of the inserted ions and electrons 

The Mössbauer spectra of intercalated films showed that the insertion of ions and electrans has 
the effect of increasing the isomer shift, which confirms the idea of the electrans being located at 
the Fe-sites. The decrease of the quadrupale splitting is not believed to be a result of the inserted 
electrons, since this would indicate electrans leaving the Fe-sites. Probably, the inserted ions are 
responsible, since their charge will change the electrical fields inside the material. This will change 
the interaction of the nucleus with its surroundings. 

Infl.uence of the inserted ions was investigated with XRD measurements. The inserted ions were 
expected to infl.uence the diffraction on the crystallattice but no reversible change in de patterns 
was seen. The amount of inserted ions might he toa small to affect the diffraction patterns signifi
cantly or the ions are located random in the crystal structure. In both ways, they do not contribute 
to a peak change. 

Infl.uence ofthe insertion was seen with SQUID measurements. The magnetic moment per molecule 
increased when ions and electrans were inserted, However, there is a complex interaction of the 
inserted electron with iron oxide molecule and the interaction of the mutual interaction of the 
molecules. And therefore, without a more complete theory, no condusion can be made about the 
location of the inserted electron from this result. 

Finally, it can he condurled that the results of this project do not point out towards a location of 
the inserted electrons. However, the results prove that thin electrochromic iron oxide films can he 
made using the sol-gel route and that these films consist of superparamagnetic iron oxides with 
small grain size. 

Recommendations for further research 

lt should he stuclied whether the electrochromic behaviour of iron oxides can be explained with 
the structure of a Fe06 octahedra as has been done for several other metal oxides. 

The thickness of the films should be known to calculate the inserted ion/electron density. In this 
way, the electrochromic behaviour of films can he compared more quantitavely and also different 
stages in the incalation process can he compared quantitavely. 

An other technique should be found to investigate the location of the inserted electron. In this 
technique, the inserted ions should nat affect the measurements. 

A more complete theory of the infl.uence of an inserted electron on magnetic behaviour of super
paramagnetic iron oxide is need to understand the SQUID results. 
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Appendix A 

Iron oxides and oxyhydroxides 

Neglecting theelemental iron, iron can he observed as stabie compoundsin two meidation states 
in nature: oxides of both Fe(II) and Fe(III) exists as minerals in nature. An overview of crystallo
graphic datafora selected set of iron oxides is given in table A.I. 

Mineral Formula Crystal Structure Unit cell 
system type dimensions ( nm) 

magnetite Fe3Û4 cubic inverse a=0.8391 
spinel 

wüstite Feû cubic defect NaCl a=0.428-0.431 
maghemite -y-Fe203 cubic or defect a~0.834 

tetragonal spinel a=0.834, c=2.501 
hematite a-Fe2Û3 hexagonal corundum a=0.503, c=l.375 
goethite a-FeOOH orthor hombic diaspore a=0.461, b=0.996 

c=0.302 
lepidocrocite -y-FeOOH orthor hombic boehmite a=0.388, b=l.254 

c=0.307 

Table A.l: Crystallographic data for selected iron oxides 

The ideal spinel structure, AB2Û4 contains eight octants of alternating A04 and B404 units. 
The oxygen ions are build up into a face centered cubic lattice of 32 ions which coordinate A 
tetrahedrally and B octahedrally. If half the B cations occupy all the tetrahedral sites and the 
remaining B cations are distribtuted with the A cations on the octahedral sites, the spinel is said 
to be inverse, i.e. B[AB]04. 

Wüsite (FeO) essentailly has a defect NaCl structure with Fe(II) primarily occupying the octa
hedral sites. At low presures stoichiometrie FeO can not exist as a stabie phase and it's then 
always cation deficient. The formula is more correctly Fe(IIh-3zFe(IIIhxO, which indicates that 
the charge balance is maintained mainly by the replacement of 3 Fe(II) by 2 Fe(III) . 

Maghemite ('Y-Fe20 3) has a spinel structure, but there are insuflident Fe3+ cations to fill all the A 
and B sites so that the stoichiometry corresponds to Fe~D1 0 where 0 represents a cation vacancy. 
The symmetry of maghemite, cubic or tetragonal, dep~nJs on the ordening of these vacancies. 

In hematite, each Fe06 octahedron contains three shared and three unshared edges in the base 
plane and one shared and one unshared face in the base and top planes (figure A.2). The octahedra 
are considerably distorted with the oxygen-oxygen distance along the shared edge and the shared 
basal face being considerably shorter than those along the unshared edge and unshared basal face, 
respectivily. The iron atom lies closer to the unshared face of the octahedron than the shared 
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Figure A.l: The spinel structure. 

face. The hematite structure can also be seen as being made up of Fe-03-Fe units (triplets) of 
close-packed oxygen with Fe(III} on either side. 

Figure A.2: The arrangement of the octahedra in hematite. 

Goethite (a-FeOOH) is isostructural with diaspore. The goethite structure consists of double 
ebains of [Fe(O,OH)6] octahedra linked together with sharing opposite edges. These double chains 
are further linked to oxygen atoms, such that adjacent double rows within a layer are separated 
by a double row of empty octhedrals sites (fi.gure A.3). 

The structure of lepidocrocite (')'-FeOOH) also camprises double ebains of [Fe(O,OH)6] octahedra. 
These double chains are linked to adjacent double ebains by edge sharing of the octhedra instead 
of cornersharing as in goethite (figure A.4). This results in a layer structure for lepidocrocite. The 
hydragen atoms are located between the layers and the hydrogen honds hold the layers together. 
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Figure A.3: The structure of goethite. The double ebains of octahedra are linked to neighbouring ebains 
by sharing octahedra.l apices. 

Figure A.4: The structure of lepidocrocite. The double chains are linked by sharing edges of the octahedra 
to form sheets. 
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Appendix B 

CEMS and SQUID data 

B.l The CEMS spectra 

In this project 2 series of 3 samples are investigated with CEMS. Below the spectra are shown 
with the Mössbauer fit. The parameters of the fits are listed in chapter 4, table 4.2. For each fit 
the misfit is given. The misfit is zero (within its error) fora good fit and 100% fora really bad fit. 
Misfit does not depend on the measurement statistics, therefore the adequacy of fits of two spectra 
can be compared on the basis of the misfit, unlike the x2 , which is dependent on the statistkal 
error of the measured points. 

B.2 The SQUID results 

The magnetic behaviour of the 3 samples of the second serie have been stuclied with the SQUID. 
The magnetization curves are shown below in figure B.2 and the fit parameters in table B.l. 

Sample 
f--:,. 

2.1 
2.2 
2.3 

Potential (V) 
virgin 
-1.0 
0.5 

Table B.l: Fit parameters of the magnetization curves. 
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Figure B.l: The Mössbauer spectra of 6 samples. 
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Figure B.2: The magnetization curves of the 3 samples of the second serie. 
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Appendix C 

The listing of READ-ADC.PAS 

program read-adc; 
{$N+} 

uses dos, crt, errpr, use_all, getdev, ai; 

(• ===================================================================== •> 
var 
err 
dev 
i, j 
inputmode 
polarity 
inputrange 
driveais 
ga in 
chan 
n_chan 
se_ sec 
sec 
data 
choice 
filename 
chan_ar 

integer; 
integer; 
integer; 
integer; 
integer; 
integer; 
integer; 
integer; 
integer; 
integer; 
real; 
real; 
real; 
char; 
string; 
array[!. .8] of integer; 

(* status of NI-DAQ functions •) 
(* device number •> 
(* loops variables •) 

(* order of scanned channels *) 

C• =============================================~======================= •> 
procedure header; 
begin; 
clrscr; 
writeln; 
writeln( • 
writeln(' 
writeln; 

end; 

Measurements with the 8 ADC channels of the Lab-PC+'); 

---------------------------------------------------'); 

(* ===================================================================== •> 
procedure default_set; 
begin 

inputmode := 2; <• nonreferenced single ended mode *) 

polarity := 0; <• bipolar *) 

inputrange := 0; <• ignored anyway •> 
driveais := O· . <• ignored anyway •) 
gain := 1· . (* gain for all channels is 1 *) 
n_chan := 3; <• number of signals is 3 *) 

chan_ar[1] := 0; <• signal 1 is connected to channel 0 *) 

chan_ar[2] := 1; <• signal 2 is connected to channel 1 •> 
chan_ar[3] := 2· . <• signal 3 is connected to channel 2 •> 
filename := 'data.asc'; <• data will be stored in this file •> 
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end; 

sc_sec 
sec 

:= 2; 
:= 2; 

(* 2 scans per second *) 
(* maasurement vill take 60 min *) 

(* =======================================-============================= *) 
procedure change_rate; 
begin 
header; 
vriteln(' 
vriteln(' 
vriteln; 
vrite(' 
readln(sc_sec); 
vriteln;writeln; 

Change the number of scans per second.'); 
Current setting: •,sc_sec:5:1,' scans/sec.'); 

Please give the new value. '); 

write(' Press any key to return to the menu.'); 
repeat until keypressed; 

end; 

'* ===================================================================== *) 
procedure change_time; 
begin 
header; 
vriteln(' 
vriteln(' 
writeln; 
vrite(' 
readln(sec) ; 

Change the time of the measurement.'); 
Current setting: •,sec:5:1,' seconds.'); 

Please give the new value. '); 

vriteln;writeln; 
write{' Press any key to return to the menu.'); 
repeat until keypressed; 

end; 

(* =======================================-============================= *) 
procedure change_filename; 
begin 
header; 
vriteln(• 
writeln(' 

Change the filename in vhich the data vill be stored.'); 
Current name: ',filename); 

vriteln; 
vrite(' Please give the nev filename. '); 
repeat readln{filename) until filename<>''; 
vriteln;writeln; 
vrite(' Press any key to return to the menu.'); 
repeat until keypressed; 

end; 

(* =======================================-============================- *) 
procedure change_chan_ar; 
var 

ans string; 
begin 
header; 
writeln(' 
writeln(' 
writeln; 
for i := 1 to n_chan do 

begin 
vriteln(' 
end; 

writeln; 

Change the channel-signal configuration.'); 
Current setting: '); 

Signal ',i,' is connected with channel ',chan_ar[i],'.'); 

write(' Do you want to change this (Y/N) ? '); 
repeat readln(ans) until ans<>''; 
if ans='y' then 

begin 
writeln; 
vrite(' Hov many signals are to be read? '); 
repeat read(n_chan) until n_chan in [1,2,3,4,5,6,7,8]; 
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lll"iteln; 
for i := 1 to n_chan do 

begin 
write(' With vhich channel is signal ',i,' connected? '); 
repeat read(chan_ar[i]) until chan_ar[i] in [0,1,2,3,4,5,6,7]; 
end; 

end; 
lll"iteln;vriteln; 
lll"ite(' Press any key to return to the menu.'); 
repeat until keypressed; 

end; 

(* ===================================================================== *) 
procedure change_gain; 
begin 
header; 
vriteln(' 
vriteln(' 
vriteln; 

Change the gain of the ADC card.'); 
Current setting: ',gain); 

lll"ite(' Please give the nev value. '); 
readln(gain); 
lll"iteln;lll"iteln; 
vrite(' Press any key to return to the menu.'); 
repeat until keypressed; 

end; 

(* ===================================================================== •> 
procedure 
begin 
header; 

change_inputmode; 

lll"i teln(' 
lll"i teln(' 
vriteln(' 
vriteln; 
lll"i teln(' 
lll"i teln(' 
vriteln(' 
vriteln(' 
vriteln; 

Change the input mode of 
First the jumper setting 
then the input mode.'); 

the ADC card. '); 
on the ADC should be changed and'); 

Current setting: ',inputmode); 
0 DIFF (differential configuration)'); 
1 RSE (referenced single-ended configuration)'); 
2 NRSE (non-referenced single-ended configuration)'); 

vrite(' Please give the nev value. '); 
repeat readln(inputmode) until inputmode in [0,1,2]; 
vriteln;vriteln; 
write(' Press any key to return to the menu.'); 
repeat until keypressed; 

end; 

(• ===================================================================== *) 
procedure change_polarity; 
begin 
header; 
vriteln(' 
vriteln(' 
vriteln(' 
lll"iteln; 
vriteln(' 
writeln(' 
writeln(' 
writeln; 

Change the polarity of the ADC card.'); 
First the jumper setting on the ADC should be changed and'); 
then the polarity mode.'); 

Current setting: ',polarity); 
0 bipolar oparation (analog input range: -5V to +5V)'); 
1 : unipolar oparation (analog input range: OV to +10V)'); 

write(' Please give the new value. '); 
repeat readln(polarity) until polarity in [0,1]; 
vriteln;vriteln; 
write(' Press any key to return to the menu.'); 
repeat until keypressed; 

end; 
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(* ===================================================================== *) 
procedure 
begin 
header; 

m_menu(var choice: char); 

writeln( • 
writeln; 
writeln( • 
writeln( • 
writeln( • 
writeln( • 
writeln( • 
writeln(' 
writeln(' 
writeln(' 
writeln(' 
writeln; 
writeln; 
write( • 
choice:=readkey; 

end; 

Ma in menu: • ) ; 

1. Change current hardware settings.'); 
2. Change current rate of scanning.'); 

(now: ',sc_sec:5:1,' scans/sec)'); 
3. Change current time of measurement.'); 

(now: •, sec:S: 1,' seconds) •); 
4. Change current data file.'); 

(now: • ,filename,' )'); 
5. Start measurement.'); 
6. Quit.'); 

Please enter your choice. '); 

(* ===================================================================== *) 
procedure menu_hard; 
var 

choice : char; 
begin 
repeat 
header; 
writeln(' 
writeln; 
writeln(' 
writeln( • 
writeln(' 
writeln(' 
writeln( • 
writeln( • 
writeln(' 
writeln( • 
writeln(' 
writeln; 
writeln; 
write( • 

choice := readkey; 
case choice of 

Hardware settings:'); 

1. Change current number and order of channels.'); 
(now: •,n_chan,• channels) '); 

2. Change current gain.'); 
(now: • ,gain,')'); 

3. Change current input mode (DIFF:O, RSE:1, NRSE:2).'); 
(now: input mode ',inputmode,' )'); 

4. Change current polarity (bipolar:O, unipolar:1).'); 
(now: polarity ',polarity,' )'); 

5. Back to the main menu.'); 

Please enter your choice. '); 

'1': change_chan_ar; 
'2': change_gain; 

end; 

'3': change_inputmode; 
'4': change_polarity; 

until choice='S'; 
end; 

(* ===================================================================== *) 
procedure config; 
begin 

header; 
err := use_lab; 
errprint('use_lab', err); 
dev := getdevicetouse; 
for i := 1 to n_chan do 

begin 
err := ai_configure(dev, chan_ar[i], inputmode, inputrange, polarity, driveais); 
errprint('ai_configure', err); 
end; 

end; 
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(* ===================================================================== *) 
function readchan(chan: integer): real; 
var 

dat : double; 
begin 

end; 

err := ai_vread(dev, chan, gain, dat); 
errprint('ai_vread', err); 
readchan:=dat; 

(* ===================================================================== *) 
procedure measure; 
var 

n_scan 
wait 
f 

begin 
config; 

integer; 
word; 
text; 

wait := trunc(1000/sc_sec); 
n_scan := trunc(sec * sc_sec); 

assign(f, filename); 
rewrite(f); 

writeln;writeln; 
writeln(' 
write(' 

The maasurement has started.'); 
Press any key tostop the measurement.'); 

for i := 1 to n_scan do 
begin 
for j := 1 to n_chan do 

begin 
data := readchan(chan_ar[j]); 
if j=(n_chan) then writeln(f, data:15:10) 

else write(f, data:15:10); 
end; 

if keypressed then 
begin 
writeln;writeln; 
writeln(' 
i:= n_scan; 
end; 

delay(wait); 

end; 

close(f); 
writeln;writeln; 

Key pressed, maasurement stopped'); 

writeln(' The maasurement has finished. '); 
write(• Press any key to return to the main menu.'); 
repeat until keypressed; 
end; 

(* ===================================================================== *) 
(* ============the program itself======================================= *) 
(* ===================================================================== *) 

begin 
default_set; 
repeat 

m_menu(choice); 
case choice of 

' 1 ' : menu_hard; 
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end; 

'2': change_rate; 
'3': change_time; 
'4': change_filename; 
'5': measure; 

until choice='6'; 
end. 
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Technology Assessment 

An electrochromic material is able to change its optica! properties when a voltage is applied 
across it (GRAN95]. The optica! properties should be reversible, i.e. the original state should 
be recoverable if the polarity of the voltage is changed. The reversible optica! properties make 
electrochromic material of interest for optical devices of several different types, such as elements 
for information display, light shutter, smart windows, variable-reflectance mirrors and variabie 
emittance thermal radiators. 

Information Display 

The device embodies an electrochromic film in front of a diffusely scattering pigmented surface. 
The electrochromic film can be patterned and, for example, be part of aseven segment numeric 
display unit of smallor large size. It is possible to achive excellent viewing properties with better 
contrast, particulary at off normal angels, than in the conventionalliquid crystal based displays. 

Mirrors 

An electrochromic film can be used to produce a mirror with variabie specular reflectance. This 
application seems to be the most mature one and antidazzling rear view mirrors built on elec
trochromic oxide films are currently available for cars and trucks. 

Smart Windows 

The basic idea of electrochromic smart windows is to make an architectural or automotive win
dow with variabie transmittance so that a desired amount of visible light and/or solar energy is 
introduced. Such windows can lead to energy efficiency as well as confortable indoor climate. 

Variabie emittance surfaces 

Variabie emittance surfaces are based on a special design with a crystalline tungsten oxide film at 
the exposed surface of an electrochromic device. Intercalationfdeintercalation of ions makes this 
surface infra reflecting/absorbing, i.e. the thermal emittance is low /high. The emitted radiative 
power is proportional to the emittance. Variabie emittance surfaces can be employed for tem
perature control under conditions when the radiative exchange dominates over conduction and 
convection, such as for space vehicles. 


