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Technology Assessment 

The optical switching of Rare Earth Hydrides (REH's) is discovered by coincidence during 
the quest for high temperature superconductors. However, the field of smart optical coatings 
is a 'hot' item in several research laboratories around the world and a lot of structural 
research is clone in this area. All the effort is made to search for a proper combination of 
materials out of several thousands of switchable chemical compounds [1.1]. The switching 
force of these filmscan he heat, pressure, UV/visible radiation, injectionlextraction of charge. 

In the case of an REH the switching mechanism is the injection and extraction of Hydrogen. 
This can he clone in two and probably three ways: Gas phase switching, directed by means of 
the hydrogen pressure, liquid electrolytic switching directed by means of a voltage and finally 
a rather uncertain, not yet performed, option: the solid state electrolytic switching also 
directed by a voltage. The applicability of this last switching method is thought to he great. 

Another switching method, strongly related to the gas phase switching, is thermochromic 
switching. With this method the optical switching is directed by heat. 

Other applications are, especially for the solid state device: smart coatings on a television 
tube, switchable car mirrors and sun roofs, privacy windows, energy saving architecture 
windows, smart optical components, etc. 
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Summary 

In 1995 Huiberts [1.2] reported some amazing properties of yttrium films deposited on a 
transparent substrate: when hydrogen is absorbed in the yttrium, the layer is changing from a 
shiny mirror toa transparent window. This discovery ledtoa (cover)publication in Nature 
[1.3]. Philipstook over the patent rights, to develop further research and applications. At the 
Philips Research Laboratory Eindhoven (PRLE) a project was formed to perform research on 
the possibilities ofthe application ofyttrium hydride and other Rare Earth Hydrides [1.4]. 

In chapter 4 ofthis report a theoretica! study ofthe origin ofthe transparency window is 
presented. This so-called Huiberts window is caused by the interaction ofthe interband and 
the intraband transitions which take place in the YH2 phase. With the addition of a Drude and 
a Lorentz model this interaction can be modelled. 
An attempt is made to fit the experimentally obtained dielectric function of YH2 with a model 
that consists of an addition of a Drude and two Lorentz models. The results are satisfactory. 
In combination with (IR) ellipsometry measurements, this can model be useful to monitor the 
effect of the hydrogen concentration on the free electrons and the transition energies. 

In chapter 5 some alternatives for the palladium cap layer are studied. Platina is more suitable 
for the application as a cap layer. The Pt layer forms a (more) continuous layer, even for 
thicknesses between 5 and 2.5 nm. The maximum transmission benefits of these thinner 
layers. A parallel resistor model indicate that the Pt layer opens during the loading of 
hydrogen and closes again after desorption of hydrogen. 

In chapter 6 a compilation of several observations is presented. Some characteristic 
properties of the hydridesof yttrium (Y), samarium (Sm), gadolinium (Gd) and the alloy 
gadolinium (50%) and magnesium (50%) are discussed. The theoretica! backgrounds of these 
observations or unknown butsome assumptions are given. This chapter is entitled 'Outlook' 
because a clear conneetion is made to the future: to get more understanding of the 
observations, more research is necessary. 
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figure 1.1a: The dihydride phase of yttrium: a mirror (taken from Ref. [1.2]) 

figure 1.1 b: The trihydride phase of yttrium: a transparent window (taken from Ref. [1.2]) 



Introduetion on Rare Earth Hydrides 8 

1 Introduetion on Rare Earth Hydrides 

1.1 A brief history .... 

In the beginning ofthe 90's a project at the VU of Amsterdam started to achieve 
superconductivity in "dirty" metallic atomie hydrogen. The basic idea is that metallic atomie 
hydrogen, theoretically, is supposed to be a superconductor. A practical problem is that the 
pressures needed to force hydrogen into the metallic form are too high to achieve with the 
present available technology. A solution to this problem might be that when hydrogen is 
polluted with another element, like yttrium, a lower, attainable, pressure is sufficient and this 
might stilllead to superconducting properties. Then, in 1995, by working out this hypothesis, 
Huiberts [1.2] discovered by coincidence some amazing optica! properties of yttrium hydride. 
It appeared that the transition of YH2 to YH3 , when deposited as a thin film, is accompanied 
by a transition of a shiny mirror to a transparent window and vice versa. In the 50's and 60's 
one already found the metallic/semiconductor shift in conneetion with the phase transition 
from YH2 to YH3, but this was always in bulk materiaL YH3 has the tedious property to 
pulverize in bulk form, so optica! transitions never have been reported. Huiberts was the first 
one whowas able to observe the optica! transition from YH2 to YH3 , because ofthe fact that 
he deposited a thin film (5000 Á) ofY with a protective Pd top layer (200 Á) on a transparent 
substrate. He was able to load the yttrium film with hydrogen by placing the sample in an H2 

gas environment. It appeared that the YH3 phase remains stabie when deposited as a thin 
film. The thin palladium top layer is needed to dissociate the hydrogen and proteet the Y layer 
against oxidation. Another crucial property of Pd is that the hydrogen can migrate through it 
and reach the yttrium layer. The discovery of Huiberts led to a prestigious artiele in Nature 
[1.3] (see also figure 1.1) 
Attracted by the various possible applications Philips bought the patent rights in 1995 and 
initialized a metal hydride project at the Philips Research Labaratory Eindhoven (PRLE). This 
project has two major tasks. The first task is doing basic research on yttrium hydride and 
other Rare Earth Hydrides ( [1.4] & [1.5]) in generaL The second taskis topave the way to 
the first applications. This will be done by the development of appropriate devices. While 
writing this report, the Metal hydride project is still a Company Research Project which 
means that the project is financed with general means and not by a Product Division (PD). 

1.2 The scope of this study 

The major part of this workis the explanation ofthe occurence ofthe Huiberts window 
(chapter 4). With the understanding ofthis phenomenon a model is formulated which 
describes the optica! properties ofYH2 satisfactorly. Besides this theoretica! work, some 
experiments have been done (chapter 5 & 6). From several REH's the optica!, conducting, 
thermochromic and photo chromic properties are measured. These REH' s are samarium 
hydride (SmH ), gadolinium hydride( Gd H), yttrium hydride (YH) and an hydride of a 
gadolinium and magnesium alloy: Gd50Mg50 [1.5]. These materials are chosen for different 
reasons. Yttrium itself seems not to be a very spectacular material in terms of optica! 
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properties: it is not colour-neutral in the transparent state, it has not a high dynamic range, 
concerning the transmission, it has not a reflecting state i.e. it switches from a transparent to 
an absorbing state, etc. Although yttrium seems to have only disadvantages, a practical 
advantage is that a lot of research has been done on yttrium which led to some more 
understanding, compared toother RE's. In this way, yttrium can serve as a reference. An 
interesting point is that yttrium has a deviant behaviour conceming the conducting properties. 
Gadolinium has mainly the same disadvantages as yttrium, but it has a better transparency and 
some interesting conductivity features. Samarium is not colour-neutral (gold-yellow), but it 
has an outstanding dynamic range concerning the transmission and reflection. It is, up to now, 
the only pure RE which returns into a reflecting state after switching. Finally Gd50Mg50 bas 
been chosen because it has a colour-neutral transparent state and high dynamic range 
concerning the transmission [1.5]. 
This workis divided in three parts. In the first part containing the chapters 2 and 3, the 
relevant theoretica! backgrounds, a survey of former results and a discussion of the used 
equipment is given. In the second part containing the chapters 4 up to 7, the theoretica! and 
experimental results are presented. The third part contains the appendices. This part is 
presented separately, for the sake of conciseness and convenience. A brief outline ofthe 
chapters of the first two parts is given in order to sketch the scope of this work. 

PART 1: backgrounds 
In chapter 2 some theoretica! backgrounds are given. The relation between the optica! 
properties and the band structure schemes will he discussed in order to couple the 
experimental results to the theoretica! models. Besides this some attention is paid to the 
conductivity of semiconductors and metals with the objective to explain the double character 
ofthe REH's. Finally, the thermodynamics ofthe hydrogen sorption in REH's are discussed, 
with a view to the explanation of the thermochromic effect. 
In chapter 3 the experimental setup and the equipment will he the subject. A brief inventory 
is made of the used equipment and the necessary adjustments of that equipment will he 
discussed. 

PART 2: Results 
In chapter 4 the origin of the Huiberts window is explained and a model is presented 
descrihing the optica! properties of YH2• An attempt is made to couple the results to the band 
structure calculations preformed by Kelly. 
In chapter 5 a study of alternatives for the palladium cap layer is treated. The alternatives 
under study are platinum Pt and rhodium Rh. Both the effects on the resistance as the 
transmission are discussed .. 
In chapter 6 a compulation is given of all the interesting results, which demand for further 
research. The experiments described in this chapter are concerning the opticaland conductive 
properties ofthe selected REH's. Also attention is paid to the photochromic effect. 
Finally, in chapter 7 some final remarks will he made. 
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1.3 The phase diagram 

The phase diagram of a RE-H system can generally be divided in five zones (see figure 1.2). 
In the first zone, the pure RE has a HCP structure (see figure 1.3a) . This a phase can contain 
a maximum of± 0.2 H in solution. The second zone represents a coexistence part ofthe phase 
diagram. In this coexistence zone both the a-phase and a new phase: the FCC P-phase (see 
figure 1.4a), are present. The lattice ofthe P-phase can adopt a maximum of 2 H-atoms per 1 
RE-atom on the tetrabedral sites (see figure 1.4b).This site is positioned between four RE
atoms forming a tetrabedron. Thethird zone consist ofthe P-phase only. The fourth zone is 
representing another coexistence part ofthe RE-H phase diagram. This part consist ofthe P
phase and the HCP y-phase. The latter phase can adopt three H-atoms per one RE-atom. A 
distinction can bemadebetween two types of interstitiallattice sites. The first one is the 
tetrabedral site (see figure 1.3b). This site is positioned between four RE-atoms which forma 
tetrahedron. The second type is the octabedral site ( see figure 1.3c ). This site is positioned 
between six RE-atoms forming an octabedron. The fifth and last zone is a phase consisting of 
the y-phase only. Noteworthy is that this phase diagram is generalized fortheREH's which 
are considered in this work. For example the HIRE ratio deviate for the different phases of Y, 
Sm and Gd and the a-phase is not observed in Sm and Gd. Another important exception must 
be made for Gd50Mg50. The phase diagram of this alloy is in unknown, except for a few clues: 
Gd50Mg50 itselfhas a FCC structure but the trihydride phase seems to be amorphous [1.6]! So 
it is not really clear which phase transitions take place in this system. 

1.4 Some typical physical properties 

Huiberts [1.2] observed that the metal/semiconductor transition YH2 +--+ YH3 is accompanied 
by a nontransparent +--+ transparent transition. He carried out an experiment in which he placed 
a sample, consisting of a transparent substrate covered with a 5000 A thick layer of yttrium 
and a protective 200 A thick palladium layer, in a gas tight sample holder. By adding H2 gas 
with a pressure of 1.2 bar and measuring the transmission fora certain wavelength (± 690 
nm), he constructed a transmission/time diagram ofthe yttrium hydride system (see figure 
1.5). In this diagram the three phases can be indicated. On the track from the a-phase to the P
phase, no change in transmission can be distinguished. Then in the P-phase, an extraordinary 
peak occurs in the transmission. This is the Huiberts-window, named afterits discoverer. 
During the transition ofthe P-phase to the y-phase, the transmission increases substantial. 
This trajectory can be reversed by evacuated the hydrogen gas, which causes an expected 
decrease of the transmission. 
Huiberts also re gistered the resistance as a function of the time, during the loading of 
hydrogen 
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(see tigure 1.6). Again the different phases can be distinguished in the resistance-time 
diagram. The a-phase ofY can adopt a maximum of0.2 H-atom per Y-atom. This processis 
reflected in the resistance diagram. When the hydrogen is dissolved in the a phase the 
resistance increases. When the hydrogen concentration further increases , the P-phase (YH2) is 
formed. This phase has better conducting properties, so the forming of the p-phase results in a 
decrease of the resistance. Once the sample is fully transformed to the P-phase the resistance 
reaches a minimum. On the next trajectory in time, the resistance increases again as a result of 
the forming ofthe y-phase, which has a lower conductivity compared to the p-phase. Finally 
when the sample is transformed tothe y-phase, the resistance stahilizes at a much higher level 
than the initial state. Because of the fact that the py transition is reversible, the resistance can 
switch between a low level corresponding with the P-phase and a much higher level 
corresponding with the y-phase. 
The reflection of yttrium hydride is also changing as aresult ofthe hydrogen concentration, 
however this is an irreversible process. During the dissolving ofH (see figure 1.7) in the a
phase the reflection remains unchanged. With the formation of the p-phase the reflection 
decreases and stahilizes once the sample is fully in the P-state. The formation ofthe y-phase 
has no effect on the reflection. As mentioned earlier, the reversible py-transition will not 
always leadtoa change in the reflection. It is the case forSman the Gd50Mg50 alloy, but not 
for Gd and Y. The former materials have the property to switch from a highly reflective state, 
corresponding with a P-phase, to a lower reflective state corresponding with the y-phase and 
v1ce versa. 
The last property to be discussed is the absorption. As a matter of fact, yttrium hydride does 
not switch between a transparent window to a shiny mirror, but between a transparent window 
to a dark absorber! The 'mirror' effect which is illustrated in figure 1.1 b is due to the 
reflective properties ofthe Pd top layer in combination with the nontransparent (absorbing) 
YH2 layer. The dissolving ofhydrogen in the a-phase leaves the absorption unchanged at a 
low level (see figure 1.8). Then, with the formation ofthe P-phase the absorption is increasing 
and reaches a maximum when the sample is fully in the P-phase. The transition from the P
phase to the y-phase is accompanied by a decreasing ofthe absorption. This trajectory can be 
reversed so that the sample can be switched between the absorbing state (p-phase) and non
absorbing state (y-phase). Again, like the reflecting properties of Sm and Gd50Mg50, the 
absorbing properties are different. These materials have an intermediate state between the 
transparentand reflective state: the absorbing state. 

1.5 Switching devices 

The above mentioned physical properties can be very useful for the development of switching 
devices. These devices can be used for several applications like: privacy and energy saving 
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window panes, value-added (smart) coatings on television tubes, special ( car)mirrors, 
switchable car sun roofs, specialized optical components etc. For the benefit of these 
applications, the following switching properties can be distinguished: 

transparent +-+ reflecting 
transparent +-+ absorbing 
reflecting +-+ absorbing 

Besides these, another, perhaps less useful, switching property is the switching from 
conducting to semiconducting and vice versa. 
Until now, there are two basic principles to switch a REH-layer. The first one is gas phase 
switching (see tigure 1.9). With this method, the RE-sample is placed in a gas tight, 
transparent container. With the aid of a vacuum pump the container can be evacuated. Then, 
by adding H2-gas the following reaction take place (assuming that the RE-layer is never 
exposed to any hydrogen before) 

RE + H2 -4- REH2 

REH2 + 'l'2 H2 +-+ REH3 (1) 

/6 

The last reaction is reversible. This means that when the hydrogen gas is removed by the 
vacuum pump, the sample will transfarm to the REH2 state. This method is not very practical 
for applications because of the use of the highly inflammable hydrogen gas and the need for 
expensive equipment like a vacuum pump. The switching can also be done by the less 
laborious thermochromic effect which will be discussed in chapter 2. 
Another switching method is based on an electrolytic principle ( see tigure 1.1 0). The driving 
force is a potential which is applied between the sample and a counter electrode, both 
submerged in an electrolyte. As a result the hydrogen will be generated at the Pd surface, 
which can migrate through the Pd layer into the RE layer. Reaction (1) applies here also and 
leads to absorption of hydrogen in the RE layer and the accompanying change of the optical 
properties. By reversing the potential the reversible part ofthe reaction takes place backwards. 
This switching method is not very practical although the switching is done by a convenient 
voltage. The switching time is long because of secondary processes at the surface like 
oxidation, alloying, etc. 
The above mentioned switching methods are not well suited for application, so additional 
research is necessary to develop a new kind device: the solid state device. The development of 
this device is one of the major tasks of the project group at PRLE. A possible contiguration is 
shown in tigure 1.11. The driven force is a voltage which is applied over two electrodes, 
sandwichinga RE-layer and a hydrogen buffer layer. At a negative voltage, areaction takes 
place that relaeses hydrogen This hydrogen atoms can react with the RE layer. By reversing 
the field molecular hydrogen will be generated and pulled away from the RE layer into the 
buffer layer. This lowers the concentration in the RE layer. This method seems simple but a lot 
of technica! problems yet have to be overcome. 



17 Introduetion on Rare Earth Hydrides 

Counter electrode 

KOH electrolyte 

tigure 1.10: The principle of elect~olytic switching 

Voltage supply 

oxygen tight layer 

substrate 

figure 1.11: The future: asolid (state) electrolytic device 



Introduetion on Rare Earth Hydrides 

References Chapter 1 

1.1. Charles B. Greenberg, 'Optically switchable thin films', PPG Indus. inc. Glass Tech. Centre, Pittsburgh, 

Thinsolidfilms251 (1994)81-93, 1994 

18 

1.2. Hans Huiberts, 'On the road to dirty metallic atomie hydrogen', PhD thesis, Vrije Universiteit Amsterdam, 
1995. 

1.3. J.N. Huiberts, R. Griessen, J.H. Rector, R.J. Wijngaarden, J.P. Dekker, D.G. de Groot, N.J. Koeman, 
'Yttrium and Ianthanum hydride films with switchable optica! properties', Nature 380 No. 6571, 1996 

1.4. To be published, P. Duine, M. Ouwerkerk, P. van der Sluis (alphabetic order) subject: optica! properties of 
several lanthanide hydrides. 

1.5. P. van der Sluis, M. Ouwerkerk, P.A. Duine, 'Optica! switchesbasedon magnesium lanthanide alloy 
hydrides' Philips Research Laboratories Eindhoven The Netherlands, American Institute ofPhysics, S0003-6951 
(97)00225-8 ' 1997 

1.6.P. vd Sluis, private communication, june 1997, according to unpublished XRD data. 



19 2 Theoretica/ backgrounds 

I ./ 

1_ ...... 

-2TI/a -TI/a TI/a 2TI/a -2TI/a -TI/a TI/a 2TI/a 

(a) (~) I 
'---------------------------1 
figure 2.1: a) The free electron model represented in an ek-plot. b) The same model 
represented in a Reduced Zone Scheme. (a is the lattice constant) 

figure 2.2: The distribution probability density p for jljl+j 2 and jljrj 2
• The wavefunction ljl+ 

piles up the electrous on the positive ion cores, while the w· function piles up the electrous 
between the cores. (Source: Kittel Ref:[2.1]) 

20 

15 I ., 
"" ~ 

J= 
< 

10 ~ I -
I 

.5 / ..; 

5 / -
/ 

d .., .., 
~~ 

0 --::-:---
1T 21T 31T 41T 

ka 

Figure 2.3: Theek-plot for the Kronig-Penney model 
with P = 3TI/2. (Source: Kittel Ref: [2.1]) 



Theoretica/ backgrounds 20 

PART 1: Theoretical and experimental backgrounds 
2 Theoretical backgrounds 

In this chapter a selection is made of the relevant theory for the next chapters to co me. The 
theoretica! backgrounds of the results presented in chapter 4 up to 6 will he discussed in the 
paragraphs ofthis chapter. This theory concerns metals as wellas semiconductors. This 
seems plausible because, as discussed in chapter 1, a REH behaves like a metal as well as a 
semiconductor depending on its hydrogen content. Most of the relevant theoretica! results 
and publications are obtained for yttrium hydrides, induced by the work of Huiberts. 
Consequently, the theoretica! backgrounds presented in this chapter arebasedon yttrium 
hydrides. It should he noted that the other REH' s treated in this study, are somewhat different 
from yttrium hydrides, although there are no concrete doubts that the applied optica! and 
conduction theory of yttrium hydrides is basically different for the other REH' s. This chapter 
consists of 5 paragraphs. In the first paragraph some basic solid state theory is given on the 
subject of energy bands, band gaps and transitions. In paragraph 2.2 the bandgap calculations 
are discussed. In paragraph 2.3 the optica! properties are described both classically and 
quanturn mechanically, Then in paragraph 2.4 the electrical conductivity will he treated and 
finally some attention is paid to the thermodynamics ofthe REH systems in paragraph 2.5. It 
should he noted that all the derivations of the models, functions and formulas are given in the 
appendices which are, for the sake of conciseness, presented in a separate supplement. All 
the important results will he copied to this chapter. 

2.1 Band structures and transitionsin solids. 

With the free electron model, a proper description can he given of some of the properties of 
metals like the heat capacity, the thermal and electrical conductivity, etc. However, the 
distinction between metals and semiconductors cannot he explained with this model 
satisfactorily. The free electron model is basically a continuurn model: the wave functions 
form a continuurn of allowed states. The electrous are equally distributed within the Fermi 
sphere (see App A (A14 .. A19)). This model ignores the fact that the positive ion cores, 
placed in a lattice, causes a potential discontinuity. This has consequences for the (electron) 
wave propagation in the crystal and, in fact, leads to the formation of energy bands and gaps. 
To illustrate the position of and the distance between the energy bands, an ek-plot (with e the 
energy and k the component in one direction of the wave vector k) can he useful. In figure 
2.1a theek-plot conform the free electron model is represented. The graph has a parabolic 
shape and as can he seen every energy is allo wed. Because of the periodicity of the crystal a 
transformation can he made to the first Brillouin zone (see App A (A7 .. A9)) (Reduced Zone 
Scheme), which is a common form to represent the band schemes (see figure 2.lb). 
The origin ofthe bandgap can he illustrated by use ofsimple models or explications [2.1]. 
Firstly, consiclering the Bragg condition (see App. A (A4 .. A6)): 

(2.1) 

Fora wave in one direction x this condition becomes: 
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k = ±~G 
)C )C 

(2.2) 

The x-component of reciprocallattice vector equals Gx = 21tnla. The fi.rst reflections and 
consequently the first energy gaps occur at k = ±1t/a. At these points the time dependent 
solution of the Schrödinger equation results in a standing wave due to a simultaneously left 
and right travelling waves of the form: 

(2.3) 

The differences between the energy of electrous described by W+ and lfl_ at k = 7tla can 
qualitatively be explained with the aid offigure 2.2. The W+function piles the electron at the 
ion core. At this position the potentialis very negative, resulting in a low energy. The lfl_ 
function piles the electrous up between the ions were the potential is less negative. This 
results in a higher energy. It should be noted that these functions with the same k have 
different energies. The difference between these two energies is called the energy gap and is 
in facta forbidden zone at the Brillouin zone k= 1t/a. 
The potential ofthe ion cores can be modelled with the Kronig-Penney model. A denvation 
of this model is given in appendix B (B 12 .. B 17). The result is plotled in figure 2.3. As a 
result of taking in account the periodic potential due to the ion cores, there are some gaps 
between the energy levels which are forbidden. This is the essence of the Nearly Free 
Electron model: the electrous are in some way bound to the ions. With this model the 
differences between metals and semiconductorscan be explained satisfactorily. 

The distinction between a metal and a semiconductor can be illustrated with the aid of the 
energy band scheme with the conduction band and the lower lying (tilled) valenee band and 
the Fermi level (see tigure 2.4). The Fermi level (see App A (A10 .. A14)) determines the 
conducting properties. When the F ermi levellies within the conduction band, then the 
material is a metal (see tigure 2.4a). However, when the Fermi-levellies between the 
conduction band and the lower lying valance bands, then the material is a semiconductor (see 
tigure 2.4b ). 
Within the band structure several transitions are possible (see App. C, p.22 .. 24). The so
called (direct or indirect) interband transitions (see fig 2.5a) are the transitionsof electrous 
from an energy level in one band to an energy level in another band. A direct interband 
transition takes place without a change of the k-vector and is represented in the ek-plot by a 
vertical arrow. An indirect interband transition takes place with a change of the k-vector and 
an additional phonon is necessary to make this transition possible. The indirect transition is 
represented by a crossed arrow in the ek-plot, indicating a change in energy and in the wave 
vector k. The intraband transition (see tig 2.5b) is the transition from an energy level in a 
band to another energy level within the same band. According to Huiberts [Ref 2, p.144, 
§5.3.1] only the direct interband transitions are thought toberelevant for yttrium hydride, 
although the indirect transitions might play a more important role at higher temperatures 
caused by an increase ofthe thermal phonon activity. 
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tigure 2.7: The tirst Brillouin zone of a FCC-crystal, with the 
symmetry points given in the usual notation. 
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tigure 2.8: An example of a bandstructure: a diamond type crystal. 
(Source: Ref [2.2]) 
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In semiconductors, impurities can cause acceptor and donor states (see App C, p.19 .. 21). 
These phenomena result insome additional energy levels within the 'forbidden' energy gap. 
This can be explained by the capture of an electron or hole by an impurity resulting in a 
lowering ofthe energy in case of an electron (donor state) (figure 2.6a) or the rise of energy 
in case of a captured hole (acceptor state) (figure 2.6b). According to Huiberts [2, ch.4 pag. 
112-113] these phenomena also occur in YH due to vacancies and disordering of hydrogen at 
certain positions. 

2.2 Band structure calculations. 

The interaction of optica! electromagnetic waves with a solid can be explained with the 
( electronic) band structure of the materiaL Due to band transitions of electrons, the material 
willabsorb photons with a certain energy in accordance with the energy gain ofthe 
interacting electron. The photons with other energies will be transmitted or reflected. So, with 
the knowledge ofthe band structures aprediction ofthe optical behaviour, but alsoother 
physical properties can be made. This makes it a useful tooi to understand the complex 
processes ofthe REH-system. However, several attempts to calculate the band structure ofthe 
YH system have learned that the usual approachseemsnot to apply here. Consequently, new 
concepts are necessary to bring the calculations in agreement with the experimental results. 

2. 2.1 Introduetion 

The band structure calculations are performed to determine the positions of the energy bands 
in the first Brillouin zone. The Brillouin zone is a spatial figure in the k-space with some 
degree ofsymmetry (see figure 2.7). To obtain an ordered scheme, the Brillouin zone is 
transferred to a two-dimensional plane in which the distance inthek-space and 
corresponding energy is represented. It is sufficient to represent the symmetry points only 
once. Figure 2.8 shows a band structure scheme with the symmetry points noted by symbols 
like: r,I:,L,K which represent, by convention (see App. A and e.g. Ref [2.2]) , the different 
orientations in the Brillouin zone. 

To perform the band structure calculations 'exactly', it is necessary to solve the Schrödinger 
equation for the whole system. This means that every electron and core plus the interactions 
between them must be taken into account. This is even with increasing computing power 
impossible. So, some approximations must be made to keep the problem manageable. 

The first is the Bom-Oppenheimer approximation. This approximation considers only the 
electron part of the Hamiltonian: 

H = H + H e e-n (2.4) 

with He-n the Hamiltonian of the electron-nucleus interaction. 
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tigure 2.9: A flowchart of a band structure calculation 
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tigure 2.10: The relation between the bandstructure and the quantities DOS and JDOS. 
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The Hartree-Fock approximation is used to simplify the multi-body problem represented by 
(2.4). In this approximation only one electron is considered, responding toa potential which 
depends on its own wave function. 

This last fact is still complicated and can he tackled by a Local Density Approximation 
(LDA). In this approximation the multi-body effects are considered to depend only on the 
local charge density. 

Then, an approximation of the crystal potential must he made. This is often done by the 
choice of an atomie pseudo-potential and a model for the crystal structure. The pseudo 
potential results in the elimination of the core electrons, so that only the conduction and 
valenee electrons are taken in account. With the structure model an ion potential can he 
calculated. In tigure 2.9 a flowchart is given for this bandstructure calculation. 
The calculations are said to he self-consistent when the potential Vsc resembles the chosen 
potential. 

2. 2. 2 Joint Density of Stat es 

In order to predict the optical properties of a solid, the possible transitions within the band 
structure must he considered carefully. To characterize the transitions, two quantities are 
used: the Density Of States (DOS) and the Joint Density Of States (JDOS). The latter is 
important for the determination of the dielectric function which will he discussed later on in 
this paragraph. 
Once the band structure is determined, the DOS can he obtained by integrating the states over 
a surface of constant energy (See also App. A (A22 .. A25)): 

2 ~ f dSe D(E) = --~ -
(21t}3 n e(k)=e V'kE 

(2.5) 

, with n the index ofthe band and Se the surface of constant energy. So the DOS is the number 
of states at a surface of constant energy per unit of volume in the k-space. 

The Joint Density Of States is a quantity which defines the number of states at a surface of 
constant energy determined by the energy difference of an occupied state Em and an 
unoccupied state En : 

(2.6) 
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tigure 2.11 :The band structure ofYH3, according to Wang & Chou [from Ref. 2.9] 

tigure 2.12: The band structure ofYH3, according to Kelly [Ref2.8] from Ref [2.9] 
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tigure 2.13: YH3 in the HoD3 structure according to Wang & Chou from Ref:[2.10] 
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So, this quantity gives the number of pairs of occupied and unoccupied states separated by a 
certain energy difference per unit of volume. Figure 2.10 illustrates the conneetion between 
the band structure and the DOS and the JDOS. 

2. 2. 3 Brief overview of band structure calculations on the YH-system 

The YH system has been subject to extended band structure and bandgap calculations for 
some years now. The YH2 (non self consistent) energy band scheme has been derived for the 
first time by Switendick [2.3] in 1979, long before the switchable mirror came into the 
picture. Peterman succeeded to perform self-consistent calculations ofYH2 [2.4]. The band 
structure calculations ofYH3 have been done more recently by Wang & Chou [2.5] & [2.6], 
Dekker et al. [2.7] and by Kelly. [2.8] (see also [2.9]) There is a contractietion in the outcome 
of these band structure calculations. The Wang & Chou band structure calculations (see figure 
2.12) predict that YH3 is a metal, while the calculations of Kelly et al. (see figure 2.13) 
indicate that YH3 is a semiconductor. The difference between these two results can be 
attributed to the different assumptions conceming the structure ofYH3• Wang & Chou and 
Dekker et al. presumed YH3 to have a HoD3 structure. The unit cell ofthis structure consists 
of two yttrium atoms, two actabedral hydragen positions and four tetrabedral hydragen 
positions. The actual HoD3-structure is slightly different from the standard HCP cell with its 
tetrabedral and actabedral positions (see also figure 1.3). Wang & Chou [2.5] proposed, in 
order to lower the total energy of the system, that actabedral hydragen moved into the metal 
plane and a slight change of the tetrabedral hydragen atoms with respect to their original 
positions (see figure 2.14). 
However, Kelly et al. used the same HoDrstructure but did allowan additional degree of 
freedom on the actabedral hydragen positions and consequently a breaking of symmetry. 
Then, by minimization of the total energy of the system, he came to the so called Broken 
Symmetry Structure or BSS. The calculations ofthis structure led to two surprising results. 
Firstly, the total energy ofthe system is lower than the total energy ofthe HoD3-structure. 
Secondly, band structure calculations showed that this structure leads to a semiconducting 
energy gap of about 0.8 eV. This deviates about 1 eV from the experimentally found bandgap 
of 1.8 eV [2.10]. A striking point is that the JDOS calculated from the band stucture of Wang 
and Chou (2.14a) and Kelly (2.14b), both show an (apparent) optical bandgap ofrespectively 
0.5 and 0.8 eV. This makes it impossible todetermine whether YH3 is metallic or 
semiconducting 
The facts above illustrate that there is still some uncertainty about the structure of YH3• 

Besides this there arealso some doubts about the use ofLocal Density Approximation (LDA) 
in which an average orbit radius is used based on the average accupation of the hydrogen in 
the YH3 phase. The difference between the radii of the H atom and the ion H- is large due to 
screening effects within the ion and has great consequences for the forming hybridizations 
with neighbouring ions. Ng et al. [2.11] proposed a model for LaH3, which takes in account 
the orbital accupation dependancy ofthe orbital radius (the 'breathing' ofhydrogen). Eder et 
al [2.12] applied this model to YH3 and claim that this leadstoa bandgap which is more in 
agreement with experimental results. 
Research until now has leamed that Y -hydrides are technological not very interesting. 
However as can concluded from this report, Sm and GdMg hydrides are interesting, but no 
band structure calculations have been performed yet on these materials. 



29 . 

--
·.~ 14 (a) 

~ 12 
- integrated 
------- 17 .... 20 

~ 10 

~ 6 .. 
~ 4 
~ 
gJ 2 

~ oL-~-=~~~~~~==~~~~ 
0 0 0.5 1.0 1 .5 2.0 2.5 3.0 3.5 4.0 

Photon Energy (eV] 

2 Theoretica/ backgrounds 

·.s 14 (a) - integrated 

~ 12 

~ 10 

·~ 6 .. 
" ;;; 4 
~ 

------- 17 .... 20 

gJ 2 

~ oL-~-e==~~~~~~~~~ 
0.0 0.5 1 .0 1.5 2.0 2.5 3.0 3.5 4.0 

Photon Energy ]eV] 

tigure 2.14: The JDOS according to (a) Wang & Chou with an apparent band gap of0.5 eV and 
(b) Kelly with a band gap of0.8 eV. (Taken from Ref[2.9]) 
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tigure 2.15: The realand imaginary part ofthe dielectric function ofthe Lorentz model 
with 'hc..>P = 4 eV, 'hc..>0 = 3 eV and 'hP = 1 eV. 
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2.3 Classica/ and quantum mechanica/description ofthe optica/ properties 

In the case ofthe REH or YH in particular, it is clear that the knowledge ofthe band structure 
is necessary to explain any of the optica! properties. On the other hand, measured optica! 
properties can provide some insight in the band structure. In this paragraph a classica! as well 
as a quanturn mechanica! description of the optica! properties is given. Bes i des this, a 
conneetion is made between the experimental data and the band structure calculations. 

2. 3.1 Classica/ description 

The classica! model describes the interaction of an electromagnetic (EM) wave with the 
electrons. Basically, an equation of motion is formulated in which the applied field actuates a 
rnass-damper-spring system. This analogy can qualitatively explain the frequency dependenee 
ofthe interaction. There are three situations to distinguish. Firstly, at low frequencies the 
system can follow easily the applied force. Secondly, by raising the frequency at some point 
the resonance frequency is reached and consequently energy is absorbed and finally applied 
frequencies higher than the resonance frequency cannot be foliowed by the system. It is 
convenient to identify these three cases with the frequency or energy of an EM wave which is 
reflected in the dielectric function. 

The Lorentz model is based on the assumption that the electrons are tied in some way to the 
ion cores in the crystallattice. This can classically be described by the rotation of the electron 
around the core with an angular velocity w0• This forms the spring part of the model 
(restoring force).The damping term will be denoted by pand provides an energy loss 
mechanism. The mass term is just the mass of the electron. Some attention must be paid to 
the actual actuating force. This force is not only related to the effect ofthe applied EM field 
but also the electron-ion binding force mustbetaken in account. This last contribution is a 
local force. Effectively, this results in a field which will be denoted by E1oc· The equation of 
motion of electrons interacting with a field E1oc can be formulated by: 

with e the charge of the electron. The applied EM field can be denoted by: 

E = E eiwt 
0 

(2.7) 

(2.8) 

assuming it consists only of one frequency w. The local field makes things more complicated, 
so the assumption is made that the E1oc = E, although the restoring force is still maintained. 
With this assumption, the solution for the motion of the electron interacting with the EM 
wave becomes: 
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- eE 
r = --------

m ((w~ - w 2) - ;pw) 
(2.9) 

1t is convenient te express this movement in a response function descrihing the electron
pboton interaction: the dielectric function E. In appendix E (E38 .. E45) this derivation is 
given. The final result is copied here: 

In order to simplify this result, the following definition of the plasma .frequency wP is 
formulated: 

(2.10) 

w2 
p (2.11) 

An interpretation of this frequency will follow soon. 
lt is also convenient to split (2.10) in arealand imaginary part: Er= E1 + iE2. In doing so the 
following result is obtained. 

(wo2 - w2) 
1 + w 2

-------
p (w

0
2 _ w2)2 + p2w2 

(2.12) 

(2.13) 

These functions are plotted in figure 2.15 with the plasma frequency wP = 4 eV, the resonance 
frequency w0 = 3 e V and the damping factor p = 1 eV. The corresponding refractive index n 
and the extinction factor K are obtained by the expressions: 

n = VYzV(E 1
2 + E/) + E1 

K = VYzV(E 1
2 + E/) - E1 

(2.14) 

(2.15) 
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tigure 2.18: The speetral absorption aeeording to the Lorentz model 
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tigure 2.19: The speetral transmittanee aeeording to the Lorentz model 
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These are plotted in tigure 2.16 
It is convenient to express these quantities in terms of experimental veritiable quantities like 
reflection, absorption and transmission. 

The rejlection R is detined by: 

R = ( 1 - n )2 + K2 

(1 + n)2 + K2 
(2.16) 

which is derived in appendix E (E22 .. E37). In tigure 2.17 the reflection ofthe Lorentz model 
is plotted with the same parameters as used above. The absorption A is another important 
quantity. The extinction factor is related to the absorption coefficient a by: 

a =2WK (2.17) 

The absorption is detined as the exponential ( e·«) decrease of the intensity through the 
materiaL Taking the thickness ofthe material as unity and the initia! intensity as unity minus 
the reflected part R, leads to the following expression: 

A = (1 -R)(1 -e -a) (2.18) 

In tigure 2.18 the absorption for the Lorentz model is plotted. 
Finally, the transmission can be obtained applying the conservation of energy law: 

T=1-A-R (2.19) 

According to the example above, this optica! property is plotted as a function of the speetral 
energy in tigure 2.19 

The Drude model is a special case of the Lorentz model. If the resonance frequency w0 is 
taken zero, which means that the electrons are not bound to the ion cores (the restoring force 
is absent), the realand imaginary parts ofthe dielectric function simplify to: 

(2.20) 

(2.21) 

These parts of the dielectric function are plotted in tigure 2.20 for 'hwP = 4 e V and hP = 0.145 
eV. The corresponding optica! constants n and K are shown in tigure 2.21. 
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tigure 2.20: The real and imaginary part of the dielectric function of the Drude model 
with l;(a)P = 4 eV and liP= 0.143 eV. 
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tigure 2.21: The optical constants n and K of the Drude model 
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The plots ofthe reflection (figure 2.22), transmission (figure 2.23) show respectively, a steep 
decrease ofthe reflectivity and a steep increase ofthe transmission at a certain energy. This 
cutoff energy is equal to hwP, with wP the earlier defined plasma frequency. The absorption 
showsasharp peak around the plasma frequency (see tigure 2.24) 

2. 3. 2 Quanturn mechanica/ description of the Lorentz model 

The Lorentz model can berebuilttoa QM-model descrihing the interband transitions. 
Equation (2. 7) is taken as a starting point. This equation is valid for N electrons bound with 
one resonance frequency of w0• Consider a configuration, in which several different groups 
of ~ electrons are bound with different resonance frequencies w1. This extended Lorentz
model can, in terms ofthe dielectric function, be written as: 

E = 1 
r 

e2 NJ 
+-I:--~---

E m · (w 2 - w2) - ;A .w 
0 J J t-'J 

(2.22) 

This is still a classica! description for differently bound electrons. Now a change in the 
interpretation is made. Instead of the resonance frequency a transition frequency is introduced 
to describe the energy between two states by hw1. The ~ term can be replaced by the total 
number of electrons N multiplied by a factor ij. This ij is known as the oscillator strength and 
gives the probability that a certain transition takes place. The p1 term is a factor which 
accounts for the effect that, in case of the absorption of light, the probability of finding an 
electron in a certain state is changing. This leadstoa broadening ofthe state. The QM model 
descrihing the direct interband transitionscan be written as: 

E = 1 + ~L NJ; 
r E m · (w 2 - w2) - ;A .w 

0 J j ~ 

(2.23) 

2.3.3 The relation between the dielectricfunction and the band structure. 

The result (2.23) is hard to conneet with the band structure scheme by means ofthe JDOS, so 
another approach is needed. 

In appendix F (F15 .. 27) a QM expression is derived of E2o basedon Fermi's Golden Rule, 
applied on absorption of a photon with energy hw caused by the transition of an electron 
from the valance to the conduction band: 

(2.24) 
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tigure 2.22: The speetral refleetanee aeeording to the Drude model 
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which consists, besides a foregoing constant, of a part descrihing the chance that a transition 
takes place: I P 12 and a part which describes the number of points in the k-space for which 
applies: Ec - Ev = 'hw . 

Equation (2.24) can rewritten by using the following property ofthe ö-function: 

under the condition that f(xn) = 0 and f 1
(xn) * 0 (2.25) 

This leads to: 

(2.26) 

The veetors kn represent all values of the k-space for which EJk,) - Ev(k,) = 'hw applies. 
Consequently, the veetors kn forma surface inthek-space with a constant energy difference. 
So, equation (2.26) can be rewritten in terms of a surface integral: 

E _ 21t e 
2 I p l2 J dS 

2 - E m 2w2 'Vk(E (k)- E (k)) 
0 C V 

(2.27) 

When the JDOS is applied to a two-band system with a conduction band and a valenee band, 
equation (2.6) can be written as: 

with Ecv = EJk)- Ev(k). So finally, the imaginary part ofthe dielectric function can be 
expressed in terms of the JDOS : 

(2.28) 

(2.29) 
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tigure 2.24: The speetral absorbency according to the Drude model 
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2.4 Electrical conductivity of REH's 

The conductivity of an REH strongly depends on the hydrogen concentration. This can be 
illustrated by a schematic representation ofthe DOS for a-phase Y, P-phase YH2 and y-phase 
YH3 represented in tigure 2.25. The hydrogen uptake is accompanied by the formation of a 
hybridization band. This results in the reduction of the electrons in the conduction band. 
Originally, yttrium has three electrons occupying the conduction band (see tigure 2.25a). In 
the case of YH2 , two hybridization bands are formed reducing the number of electrons in the 
conduction band to one (see tigure 2.25b). YH3 has three hybridization bands, resulting in an 
empty conduction band. The Fermi levellies between the valenee and conduction band which 
makes it a semiconductor (see tigure 2.25c). 

2. 4.1 Conductivity of Y and YH2 

The conductive behaviour of Y and YH2 is metallic like. In general the conductivity of a 
metal is given by: 

0 = (2.30) 
m 

with N the number of electrons per volume, e the charge of an electron, -r the relaxation time 
and m * the effective mass. 
As can be seen from the difference between mark 1 and 4 in the pt diagram in tigure (2.26), 
the resistivity of Y is higher than that of YH2 , despite the fact that the number of electrons in 
the conduction band is lower. This apparent contradiction can be explained by scattering 
mechanism, which is reflected in the relaxation time-r of equation (2.30). Although the 
number of electrons in the conduction band of Y is higher, the scattering of the electrons is 
more tierce, resulting in a lower conductivity. In the tirst stage ofthe hydrogen loading (see 
tigure 2.26, at mark 2 ) the specitic resistance of HCP Y is increasing due to an increase of 
the scattering. This is caused by the disturbance of the lattice due to the uptake of hydrogen 
up to hydrogen-yttrium ratio of 0.2. Then after reaching alocal maximum in the resistance is 
decreasing (mark 3) due the formation of ordered FCC YH2 , having a better conductivity. 
The local minimum in tigure 2.26, at mark 4, represents the point where the material is fully 
YH2• So, the resistance curve with 0 ~ x~ 2, shows the features ofthe formation of a new 
phase. 

2. 4. 2 Conductivity of superstoichometric YH2 and YH3 

Looking at tigure 2.26, it is obvious that the phase transition from the FCC p phase YH2 to 
the HCP y phase YH3 (point 5) is not reflected by distinctive features. It could be expected 
that, after reaching the YH2 phase, the specitic resistance is increased due to scattering 
mechanisms. But then, after reaching a certain concentration ofhydrogen, the y phase will be 
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figure 2.27: A schematic representation of a compensated 
semiconductor which apply to yttrium hydrides according to 
[Ref.2.10] 
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formed and it is expected that the slope of the resistance will change. So, there does not seem 
any indication in the resistance curve ofthe formation ofYH3• Vajda and Daou [2.13]found 
that YH2 becomes already semiconducting at x = 2.1. This can explain the steep increase after 
the minimum in the specific resistance as a function of x. The fact that YH2.1 becomes 
semiconducting can be attributed to the fact that the hydrogen starts to occupy the octahedral 
sites in the FCC lattice. This willlead to the formation of a third hybridisation band and 
consequently a semiconducting gap. The phase transition from the ~ phase to the y phase will 
not be accompanied with change in the resistivity. When finally all the octahedral positions 
are filled, the resistance will stabilize. So, it can be concluded that the increase of the specific 
resistance can be mainly attributed to the process of hydrogen occupying the octahedral sites 
and less to processes of scattering and phase transitions. 

It is assumed by Huiberts [2.9] that YH3 is a compensated semiconductor. This means that 
due to defects etc. holes and electrons are created. This leads to an acceptor level just above 
the conduction band and a donor level just below the conduction band (see figure 2.27). 
The conductivity is governed by the mobility of both electrons and holes. The conductivity 
of a compensated semiconductor is 

+ 
pq/lh 

(3mhkBrl• 
(2.31) 

with nip the concentration electrons/holes, qelh the charge of an electron/hole, lelh the mean 
free path length of an electron/hole and melh the effective mass of an electron/hole. 

2.4.3 Temperafure dependenee ofthe conductivity 

YHx with 0 s;; x s;; 2.1: metallic: 

A pure metal has a positiveTemperature Resistance Coefficient (TRC). This can be explained 
by the fact that due to thermallattice vibrations the mean .free path length I is reduced. By 
increasing the temperature, the number of colli si ons of the electron will increase and so the 
resistance will increase. 
In App D (D 16) a derivation of the specific lattice vibration resistance Pv is given, which 
results in: 

T»6 (2.32) 
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tigure 2.28: The temperature dependenee ofthe specitic resistance of pure yttrium according 
to equation (2.32) 
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with a band gap of 2.8 e V, like YH3 according to Ref [2.1 0] 



Theoretica! backgrounds 

with M the ion mass and 6 the Debye temperature. For temperatures higher than the 
Debye temperature the regime is linear. In tigure 2.28 the temperature dependenee of the 
resistance is drawn for pure yttrium. 

YHx with 2.1 < x ~ 3: semiconducting 
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Fora semiconductor a division can he made between two contrary processes involved with 
respect to the temperature dependenee of the resistance. The tirst is a process is govemed by 
the intrinsic properties of a semiconductor while the second is govemed by the extrinsic 
properties. 

An intrinsic semiconductor will have a negative TRC or a positive conduction temperature 
coefficient. This is due to the thermal excitation of the electrons. In the intrinsic case the 
conduction, copied from App D (D22), becomes: 

This can he rewritten as: 

E 
lno = lnf{T) - __ g_ 

2kBT 

This function is plotted in tigure 2.29 

-E, 

= f{T)e 2ksr (2.33) 

(2.34) 

In an extrinsic compensated semiconductor the concentratien of charge carriers is not 
dependent on the temperature like the regime represented in equation (2.34), soa temperature 
increase will not lead to increase of the carrier con centration and a corresponding decrease of 
the resistance. Assuming that the defects in the REH are independent of the temperature, the 
carrier concentratien will remain constant. The influence of the temperature on the resistance 
will he reflected in the mobility ofthe carriers only. This temperature dependency ofthe 
resistance is analog to the metallike temperature dependence. The carrier mobility of a 
compensated semiconductor is given by: 

(2.35) 

with qelh the charge ofthe electron/hole, me~h the mass ofthe electron/hole and lelh the free path 
length ofthe electron/hole. So, a compensated semiconductor has a positive TCR 
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tigure 2.30: The Variabie Range Hopping behavior of YH3.~ at temperatures 
above the ordering temperature .(according to Ref [2.10]) 
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tigure 2.31 : The coexistance areas of the yttrium hydride phase diagram. At these 
areas, the chemica! potential of the two phases reaches an equlibrium. 
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according to: 

p - .fi (2.36) 

Huiberts did not found this behaviour for semiconducting YH. In [2. 7 ] and [2.14] he found 
that the TRC is govemed by Variabie Range Hopping behaviour at temperature above 300 K: 

T .!. 
( .....!!.) 4 

p(T} = c.fie r 
(2.37) 

which is derived by Mott et al. [2.15]. T0 is the characteristic Mott temperature. In tigure 2.30 
is the temperature/resistance behaviour is plotled for substoichometric YH3• 

2.4.4 Photoconductivity 

There are some indications that photoconductivity plays a role in YH. Photoconductivity is a 
commonly known phenomenon in semiconductors. Electrons can be excited due to 
interaction with photons with frequencies higher than Eg. According to App D (D28 .. D34) 
the photoconductivity is in general given by: 

(2.38) 

With a0 the dark conductivity, I(w) the speetral intensity and "t the recombination time. 

2.5 Thermodynamics ofthe hydrogen sorption 

The sorption ofhydrogen in a RE can bedescribed by the van 't Ho.ffrelation derived in 
App.G (G34 .. G47): 

Y2lnp (2.39) 
2R 
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tigure 2.32: The pressure-composition diagram of yttrium at 300 K. 
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tigure 2.33: The pressure-composition diagram for T=300 and 400 K. The arrow 
indicates the change in composition of the yttrium hydride as a result of a jump in the 
temperature from 300 to 400 K and vice versa. This is the principle of the 
thermochromic effect. 
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With llH,_Tl the heat of formation from a phase ( and a phase T), llS n2.o the entropy of 
formation from the hydrogen gas phase to the atomie phase: 130 J/molK, R is gas constant: 
8.314 J/mol and p the hydrogen gas pressure. 
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The coexistence areas of the phase diagram (see tigure 2.31) are characterized by the 
equilibrium ofthe hydrogen chemical potential Jln. In these areas equation (2.39) applies. 
This implies that the H2 pressure remains constant during the formation of another phase. The 
pressure composition diagram is plotted in tigure 2.32 . On the trajectory of 0.2 :s; x :s; 1. 7 the 
so-called plateau pressure is about 1.6.1 o-28 Pa, by taking llHa.-!J = - 113800 J/mol and T= 300 
°K. This illustrates how stabie YH2 is or how difficult it is to go from YH2 to Y again. A 
second plateau occurs at the coexistence area ofthe ~ and y phase, i.e. 1.8 :s; x :s; 2.8. This 
plateau pressure is about 0.12 Pa, by taking llH!i-v = 36800 J/mol found by [2.1 0] and T = 300 
°K. In the areas between the coexistence areas there is no equilibrium, so the plateau will he 
connected by a steep slope there. In tigure 2.31 the pressure composition diagrams are plotted 
both forT= 300 °K and forT= 400 °K, withits a-~ plateau at 1.3.10-18 Pa and ~-y plateau 
at 166 Pa. 
As can he seen from tigure 2.33 it is possible to switch in composition between 1.8 :s; x :s; 3 , 
just by keeping the pressure constant and modulate the temperature from e.g. 300 to 400 °K. 
This is the principle of thermochromic switching, which might he useful for some 
applications. 
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figure 3.1: The optica! components of the optica! table set up 
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figure 3.2: The sample holder mounted in the vacuum vessel. 
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3 Experimental set up 

The determination of the conductive and optical properties of the REH is preformed on two 
different set ups. The first is an optical table and the second a microscope, both with some 
special features to enable the hydrogen toading of the RE film. Besides the set ups some 
attention is paid to the sample preparation. 

3.1 Optical table 

The optical table is a versatile set up that enables the possibility to measure the reflectivity, 
transparency and the resistivity simultaneously. The sample is lined up in a vacuum vessel, 
fitted with optical transparent windows. The vessel is connected to a vacuum pump and a 
hydrogen, nitrogen and (moistened) air supply_ 

Adjustments 
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Several adjustments are made to make the set up suitable for the experiments. To perform 
thermochromic experiments and to record the temperature during the experiments, state of the 
art temperature registration equipment is added to the set up. An additional sample holder was 
neerled to operate at high temperatures resulting from the thermochromic experiments. For 
the investigation of the influence of light on the local hydrogen con centration an extra 
halogen lamp is lined up on the optical table. A positive lens converges the beam on the 
sample. The vacuum pressure gauge was replaced for a sub-one-bar gauge that results in a 
better determination of the hydrogen toading pressure. 
In figure 3.1 is a schematic representation given ofthe optical table (a) with accompanying 
equipment. 

Optica/ components 

An ORIEL 300 W. xenon lamp generates an optical beam (b) with an optical spectrum 
represented in Appendix H. Via two diaphragms ( c) the beam is reduced before it enters a slit 
(d) ofthe monochromator box (e). The monochromator selects a desired wavelength. The 
outcoming monochromatic beam is guided via a slit (f) and a diaphragm (g) to a beam splitter 
(h). The straight going beam passes a diaphragm (i) and a positive lens (f:IOO mm). 0), 
before it reaches the quartz window (k) of the vacuum vessel. The beam travels through the 
vessel (I) passing the sample (m) and a second quartz window (n) and falls finally via a 
diaphragm (o) on an EG&G 550-2 multiprobe detector (p). The perpendicular going beam 
teaving beam splitter (h) falls on another beam splitter (q). The straight going beam reaches a 
diaphragm (r) and an EG&G detector (s). The perpendicular going beam teaving beam 
splitter (q) enters the vessel via a positive lens (f: 100 mm)(t) and is reflected by the sample. 
The reflected beam is teaving the vessel again, passes a diaphragm (u) and then falls on an 
EG&G550-2 
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tigure 3.3: The sample holder for thermochromic 
experiments. 

3 Experimental set up 
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detector (v). For the local illumination ofthe sample an additional halogen lamp (w) is lined 
up. A positive lens (f:80mm) (x) converges the beam on the sample. 

Sample holders 

The set up is equipped with two sample bolders. The original sample holder (a) (see tigure 
3.2) consistsof a synthetic material on which the sample (b) is pressed by an aluminium 
frame (c). The sample holder is mounted on a frame (d) which consists offour tapbolts (e) 

and a PVC flange (f). The tapbolts are mounted on the window flan ge (g) of the vacuum 
vessel (h). Intheflange a cut-away (i) enables the unobstructed propagation ofthe 
transmission beam. Next to the cut-away four electrodes G) are mounted. These electrodes are 
pressed on the sample to ensure a proper contact. Two thermocouples (k) are mounted on the 
sample bolder, making thermal contact with the sample. One couple is placed between the 
electrodes and the other at a corner of the sample. 
The heat resistant sample holder (see tigure 3.3) is fitted with two additional electrodes (a), 
which also serve as a fitting mechanism. The electrodes press the sample (b) in a seating ( c) 
of the sample hol der. The electrodes are mounted in a perspex bridge ( d) The sample holder 
is made of aluminium and is sealed with a non-conducting, heat resistive coating. 

Electronic equipment 

To control the experiments and collect the data some electtonic equipment and a computer 
are used. A schematic view ofthis equipment is presented in tigure 3.4. The received data 
stream to the PC or Keithley is indicated by a thick red wire, while a thick blue wire indicates 
the data stream from the PC. The monochromator is adjusted by use of a stepper motor, 
which is controlled by a control unit (green wire). This unit converts the desired wavelength 
to a number of required steps and reads out the optica) encoder to check the acttial position of 
the motor. The control unit is directed by a PC (thick red wire), which is equipped with Lab 
View software. A Lab View program is actually directing the experiment. 
The three detectors are each connected to an amplifier (3 black wires), which is fitted with an 
analog gate. This analog signa) is equivalent to the amount of lux falling on the detector. The 
three analog signals are each connected to a canal of the scanner card of the Keithley 2000 
multimeter. The multimeter scans every channel (up to 16) and reads the ofTered analog 
value. This value is transferred to the computer via an IEEE interface. A Baratron pressure 
gauge is mounted to the vacuum vessel. This gauge is connected to an amplifier and display 
unit (purple wire), fitted with an analog gate. The outgoing signalis connected toa channel of 
the Keithley multimeter. Two thermocouples measure the temperature (blue wires), each 
connected to a Monogram Omega amplifier/display unit, which is also fitted with an analog 
gate. The signal ofthis gate is connected to the Keithley. For the thermochromic experiments 
a power supply is used to heat the sample. The supply is connected to the additional 
electrodes on the aluminium sample holder (green wires ). A Keithley 220 programmabie 
current souree measures the resistivity, by making use of a four-point resistivity measurement 
( 4 brown wires ). The vessel is also connected to a vacuum pump and hydrogen, nitrogen and 
air supply (thick purple connections). 



55 3 Experimental set up 

c--------·----1 Oriel power supply 

' I 
I 
i 

monochromator 

control unit 

r--------l EG&E photometer~----. 
..----------1 (3x) 450-1 

.--------1 Monogram/Omega 
1---.... 

rtemperature unit (2 

Delta power supply 

.-----i ES 3 0-5 -

Function generator -

Keithley 2 2 0 

MKS PR 2000 

Baratron 

I 

Keithley 2000 

+ scanner card 
• PC 486 + 

• Lab view 

Vacuum pump 

figure 3.4: A schematic view ofthe electronic equipment ofthe optical table. 
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3.2 Microscope 

This set up is built around a standard microscope and is used for the observation of optica! 
processes in the samples. The microscope can be fitted with a detector or a CCD camera. The 
sample holder consists of a gas tight chamber, which is connected to a hydrogen gas and an 
air supply. 

Adjustments 

Some adjustments have been made to make the set up suitable for the thermochromic and 
photo chromic experiments. First, the complete microscope is exchanged fora newer one, 
with more features fitted model. The set up is extended with temperature measurement 
equipment consisting of two thermocouples that can directly be placed on the sample. The 
sample holder is connected toa Baratron pressure gauge. A computer with a Labview 
application (see Appendix I) is used to collect the data. 

Optica/ equipment 

The microscope, ofthe type Leitz Wetzlar, is a standard, bi-ocular light microscope (see 
tigure 3.5 fora schematic view). It features a reflection (a) and a transmission beam (b) and is 
fitted with three lenses (c) with magnificationsof 5, 10 and 20 times. A condenser and 
diaphragm ( d) are used to focus respectively reduce the transmission beam on the sample. 
Several optical filters can be applied to colour the transmission beam by using the filter box 
( e ). The reflection beam is adjustable with a diaphragm (f) and a second filter box (g). Two 
power supplies (h) adjust the light intensity of both lamps (i). The sample holder 0) is 
mounted to the adjustable table (k). A CCD camera or a detector can be fitted on a special 
flange (1). 

Sample holder 

The sample holder (see tigure 3.6) consistsof a (stainless) gas tight chamber (a) which is 
connected via two flexible (ST AINLESS) hoses (b) to a hydrogen gas and air supply or 
vacuum pump. A heat element (c) with a circular cut-out in the middle, is mounted in the 
chamber on which the sample (d) can be fitted. Two thermocouples (e) (blue) measure the 
temperature of the sample. On both sides of the chamber a quartz window (f) is applied to 
enable the optical beams to propagate properly through the chamber. An extra power 
conneetion (g) is used for the thermochromic experiments. 
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tigure 3.5: A schematic view ofthe microscope set up . 
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figure 3.6: The sample holder ofthe microscope set up 
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Electronic equipment 

The electrooie equipment (see 3.7) can be divided into two parts: the imaging equipment and 
the measurement equipment. The imaging equipment consists of a CCD camera that is 
conneet to one of the two video recorders (e.g. video recorder 1 ). These recorders are used to 
collect and store images and when necessary copy videotapes. A video printer is connected to 
video recorder 1 and can take pictures of selected video images. It also possible to watch the 
optical processes real time set by use of a television set, which is also connected to video 
recorder 1. 

The measurement equipment consists of a PC, which is connected to several measurement 
systems via a Keithley 2000 multimeter with scanner card (thick red connections). The 
multimeter communicates with the PC by an IEEE interface (thick red and blue wires). The 
thermocouples are each connected to a supply and display unit (green wires ), titted with an 
analog gate. This gate is connected to a channel of the scanner card and red out by the 
multimeter. The analog gate of the display unit of the Baratron pressure gauge is connected in 
the same manner (brown wire). For thermochromic experiments a power supply is used to 
direct a bloc shaped power signal to the sample (cyan wires). The blocsignalis generated by 
a function generator, connected to the power supply (thick red wire). An analog gate ofthe 
powersignalis connected to the Keithley, so that the signal applied to the sample is 
registered. The detector is connected toa display unit (black wire) and is red out in usual way 
via an analog gate. The heat element is connected via the magenta wires to a DC power 
supply. 

3.3 Sample preparation 

Samples for the optica/ table 

The samples for the optical table are prepared in two different ways. The ordinary samples 
consist of a 10 x 40 x 1 mm glass substrate on which a RE layer and Pd layer (see tigure 3.8a) 
are deposited. The deposition can be performed by either sputtering or vapour deposition. All 
the samples used for this work are vapour deposited, because of the fact that this metbod is 
thought to yield in a less polluted layer. The thickness ofthe RE layer is usually taken 200 
nm, unless mention differently. The Pd layer thickness is always taken 10 nm, which is 
considered to be enough to proteet the RE layer from oxidation. For thermochromic 
experiments an additional ITO layer on the opposite side of the substrate is used (see tigure 
3.8b) to heat the sample. By teading a current through the layer, Ohmic heat is generated, 
which causes a rise ofthe temperature ofthe REH layer. 

Samples for the microscope 

The samples used for the microscope are conceming the composition the same as mentioned 
above. Only the dimensions ofthe glass substrate are different (see tigure 3.8c), namely 20 x 
20 x1 mm. For the thermochromic experiments the samesamples are used. The necessary 
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tigure 3. 7: The electronic equipment of the microscope set up 
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tigure 3.8 a) An ordinary 10x40xl sample for the optica! table set up. b) A 10x40xl sample 
for thermochromic experiments, with an additional ITO layer. c) A 20x20xl sample for the 
microscope set up.(The thickness of the samples are out of proportions) 



3 Experimental set up 60 

wires are applied just by soldering them to the Pd layer. The applied current led through the 
Pd layer causes Ohmic heat and consequently a rise in the temperature ofthe REH layer. 
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tigure 4.1: The transmission-time diagram of a thin film 
ofyttrrium, exposed to hydrogen, according to Huiberts, 
Ref. [4.1]. At t = 60 s. after the loading ofthe film a 
transparency window is observed. 
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tigure 4.2: The transmission-spectral energy-composition diagram of yttrium hydride. The local 
hili in the landscape represents the Huiberts window. (According toKremers et al. Ref. [4.3]) 
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Huiberts [ 4.1] observed a remarkable optica! effect during the loading of a thin yttrium film 
with hydrogen. In the transmission- time diagram a transparency peak occurs in the YH2 

phase. He contributed the origin ofthis peak to luminanee effect due to octahedral occupation 
ofhydrogen. The window was further designated as the Huiberts window. In this chapter it 
will be shown that the occurance of the Huiberts window is caused be the interaction of intra 
and interband transitions. A simple model is presented, which consist of a coupled Drude and 
two Lorentz models. This model is titted to the expermental obtained data of Weaver et 
a/.[4.2] The resulting model parameters yield a Huiberts window and satisfactorly describes 
the measured optical properties. Finally, the presented model will be discussed in re lation to 
the band structure calculations performed on yttrium hydrides. 

4.1 Introduetion 

Huiberts discovered the transparent window by transmission-time measurements on yttrium 
hydrides (see tigure 4.1). According toKremers et al [4.3] the window occurs in the YHx 
phase, with 1.8 ~ x ~ 2, after loading yttrium with hydrogen. (see tigure 4.2). 
The optical properties of the YH system were already studied in the late seventies when 
Weaver et al collected expermimental data of bulk YH2 with the aim to solve the electronic 
structure. By use of optica! absorptivity and (thermo )reflectance techniques the frequency
dependent dielectric function was determined in a range of0.5 up to 5 eV (see tigure 4.4). On 
basis ofhis data Weaver concluded that the reflecting state ofYH2 was surpressed by an 
interband transition at 1.67 eV. This so-called screening gives YH2 a apparent plasma edge of 
2 e V, which implies that the radiation with speetral energies higher then this energy are not 
reflected any more. 
His collegue and coworker Peterman[4.4] performed band structure calculations on the YH2 

system. These calculations are in reasonable agreement with the data found by Weaver but by 
band structure calculations obtainable imaginary part of the dielectric function lacks a 
contribution ofthe free electrans or Drude behavior. 
Tolboom et al. [4.5]found that the data of Weaver led to the occurance ofthe transparent 
window for thin layers. He also introduced a static dielectric constant to explain the apparent 
plasma edge of 2 eV. 

Theoretica! description of transistions. 

The band structure ofYH2 give rise to interband and intraband transitions. Classically, the 
interband transitionscan bedescribed by a Lorentz model given by: 

d 2r dr 
m- + mP- + mw2r = -eE 

dt2 dt 0 loc 
(4.1) 

with m the mass ofthe electron, Pa damping factor, w0 the resonance frequency, e the 
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tigure 4.3: A nice application of the Huiberts window. By use of a special sample configuration, 
the hydrogen diffuses laterally through the sample, out of the circular transparent disk. At a 
certain distance ofthe disk the concentratien requires a phase transformation directly related to 
the formation of the Huiberts window , represented by the reddish transparent ring around the 
disk. With this methode the diffusion ofhydrogen in yttrium can be investigated. (According to 
den Broeder) 

80 

80 

40 

20 

·20 

-40 

-60 

8 
7 
6 
5 
4 
3 

W' 2 

.,j-~ 
·1 
·2 
-3 
-4 
-5 
-6 
·7 

~~--~--~~--~~--~~~~~~ 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
Speetral energy [eV] 

Speetral energy [eV] 

tigure 4.4: The real (E 1) and imaginary (E2) part of the dielectric function of yttrium 
hydride, according to Weaver et al. [Ref 4.2] 
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charge of an electron and E1oc the local electric field (see also chapter 2 and App. E) This 
modelleadstoa complex dielectric function with realand imaginairy parts e1 and e2, given 
by: 

e. = 1 + w 2 
(wo2 - w2) 

P (w/ _ w2)2 + Ww2 
(4.2) 

E2 = w 2 Pw 

P (wo2 _ w2)2 + P2w2 
(4.3) 

, with wP the plasma frequency, given by: 

w =~e2 
P E m 

0 

(4.4) 

The intraband transition can he described by a Drude model. This model is in fact a Lorentz 
model with a resonance frequancy w0 equal to zero. So, the dielectric function according to 
the Drude model becomes: 

2 1 
1 el -w 

P (w2 + w) 
2 p 

E2 =(Up 

w(w2 + w) 

The optica! constauts n and K are obtaind by: 

n = Jlh.[J(e/ + e2
2

) + e1] 

K = Jlh.[J(e/ + e/) - e1] 

(4.5) 

(4.6) 

(4.7) 

(4.8) 

With this result the optica! properties in terms of reflection R, absorption A and transmission 
T can he determined. The reflection is defined by: 

The absorption is given by: 

R = (1 - n)2 + 1C2 

(1 + n/ + K2 
(4.9) 
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tigure 4.5a: The realand imaginary part ofthe dielectric function ofthe Drude model. 
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tigure 4.5b: The optical constants n and K according to the Drude model 
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A = (1 -R)(l -e -ad) (4.10) 

, with d the thickness of the sample or absorption length and a absorption coefficient, given 
by: 

a =2WK ( 4.11) 

Finally, the transmission can he obtain by use ofthe conservation of energy principle: 

T=l-A-R (4.12) 

The results of the band structure calculations can he compared with the experimental data by 
use of the Joint Density Of Stat es. 

(4.13) 

, with Ecv the energy difference between the conduction and the valenee band and S is a 
constant energy surface in the k-space . The imaginairy part of the dielectric function is 
related to the JDOS by: 

, with P the momenturn matrix element, which is taken as a constant here. 
The real part of the dielectric function can he obtained by using the Kramer Kranig 
Relations: 

(4.14) 

(4.15) 

By these relations above the optica! properties of YH2 can he determined and calculated. 
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tigure 4.6a: The realand imaginary part ofthe dielectric function ofthe Lorentz model 
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tigure 4.6b: The optical constants n and K according to the Lorentz model 
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tigure 4.6c: The optical properties ofthe Lorentz model 
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4.2 Model setup 

In order to get some insight in the electronic processes of YH2 ,a model is created which 
consists oftwo Lorentz models and one Drude model: the Lorentz/Drude model (LD- model) 

This model is described by: 

E = 1 m,l 

(4.16) 

(4.17) 

with w0, 1 = 0 

with N; the number of electrons with resonance frequency w0.; • To create a Drude term it is 
required that one resonance frequency equals zero, e.g. w o. 1 • 

4.3 Results 

A. The origin of the Huiberts window. 

First, to show the effect of the intraband transitions a Drude model is considered. The 
choosen values for the plasma frequency and the damping term are: hwP = 4.09 eV and hJ} = 
0.143 eV. These values are according to the Drude fit parameters found by Weaver [4.2] 
Because the absorption length dis irrelvant for the understanding ofthe optical properties, 
this quantity is taken equal to unity. The realand imaginary part ofthe dielectric function are 
represented in tigure 4.5a. As can be seen, both functions have asymptotic values at low 
energies, while at highenergiesEt and E2 approach 1 respectively 0. The corresponding 
optical constants n and K are plotted in tigure 4.5b. Both function are asymptotic for low 
energies and are approximately zero at the plasma frequency. For energies higher then the 
plasma frequency equivalent energy the 1C remains zero, while n approaches unity. The 
corresponding optical properties are represented in 4.5c. A striking point is the steep decrease 
of the reflectivity R to zero around the plasma frequency. This is a metallike behavior: up to 
a certain frequency edge strong reflection dominates the optical properties, while beyond this 
edge a thin metal film becomes transparent 
An interband transistion can be represented by a Lorentz model according to (4.2) and (4.3). 
To illustrate this a typical interband transistion tigure 4.6a shows Et and E2 with a resonance 
frequency, a plasma frequency and a damping factor ofrespectively: hwP = 4 eV, hw0 = 3 eV 
and hJ} = 1 eV. 
With these values, the realand imaginary part ofthe dielectric function become as plotted in 
4.6a. TheEt shows a wiggle centeredat 3 eV with the decreasing part, denoted as anomalous 
dispersion. The E2 forms a peak centered around the same value. The n and 1C show similar 
behavior (figure 4.6b). The optical properties represented in 4.6c, show a much more 
complicated behavior then the Drude model. First, at low frequencies, the sample is 



69 4 The origin of the Huiberts window 

& ' 

N 
·. 

"' ·- -1 
"' 

-2 

-3 

-4 

-5 

-6 

-7 

-8 
10 

speetral energy [eV) 

tigure 4.7a: The realand imainary part ofthe dielectric function ofthe LD model 
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tigure 4.7b: The optical constants n and K according totheLD model 
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transparent Then at about 2.5 e V a strong absorption comes up because the photon energy is 
high enough to excite electrans to the conduction band, followed by moderate reflective 
behavior around 4 eV. At 5.5 eV the material is absorbing again and tinally, at frequencies 
higher then 7 e V the material becomes transparent The latter two regimes contribute to a 
metallic like behavior. Because the photon energy is higher than the resonance frequency, the 
electrans are excited above the conduction bandan fall back, which causes reflection. For 
higher energies the electrans are not excited any more and the material becomes transparent 

To model a material in which interband and intraband transitions occur, a Lorentz model and 
a Drude model are coupled in the spirit ofErhenreich and Philipp [4.6]. The coupling is done 
by adding the real and imaginary parts of the dielectric function of the Lorentz model to those 
ofthe Drude model. This approach results in: 

N e 2 
(- 6l) N e 2 (wo 2 

2 - w2) 
E 1 + I + 2 (4.18) m,l E0m (w)4 + P~w2 E0m (w2 - w2)2 + P~w2 0,2 

N e 2 
Plw N e 2 p2w I + 2 E -- (4.19) m,2 E0m cwt + P~w2 Eom (w2 _ w2)2 + P~w2 

0,2 

Weaver et al. titted a Drude model to the expermental data and found that hwP = 4.09 eV and 
hP = 0.143 eV. These values are used in the model together with arbitary values for the 
Lorentz part: hwp. 2 = 4 eV, hw0.2 =3 eV and hP =1 eV. The result is represented in tigure 4.7 
a,b,c. The real and imaginary parts of the dielectric function are represented in tigure 4. 7a. 
At low energies both parts are asymptotic, which can beseen as the 'Drude' behavior ofthe 
intraband transitions. Then at energies between 2 and 4 eVa wiggle occur, which can be 
attributed to the Lorentz behavior ofthe interband transistions. Figure 4.7a represents a purly 
addition ofthe dielectric parts plotted in 4.5a and 4.6a. The optica! constants n and K 

are represented in tigure 4.7b. Altough this is not an addition ofthe constants represented in 
4.5b and 4.6b, it shows an Drude behavior at low frequencies and a Lorentz behavior in the 
energy range of2 up to 4 eV. The optica! properties represented in tigure 4.7c are rather 
unexpected. Espesially in the zone between the energy ranges typically dominated by the 
Drude and the Lorentz behavior: 1.5 up to 2.5 eV. In this range the Huiberts window occurs. 
Another striking point is that the plasma frequency is apparently corresponding with a energy 
of 2 eV instead ofthe expected 4.09 eV. So, it must be concluded that the plasma frequency 
can be shifted due to the influence of a Lorentz oscillator. 
To indicate, qualitatively, the origin ofthe Huiberts window a glance at equation ( 4.9) and 
tigure 4.7c leams that the reflection is a nice smooth function, which cannot carry the exotic 
features like the accurance of a local peak. On basis of this somewhat weak argument the 
attention is moved to the absorption term represented by equation 4.10. This equation consists 
of two parts, the tirst is purly an function of the reflection while the second is govemed by the 
wavelengthw and the extinction factor K. The tirst part of equation ( 4.1 0) can be excluded 
on the same (weak) arguments used above. Figure 4.8 a,b,c represents the second term 
f(w, K) for the Drude case ( tigure 4.8a), the Lorentz case ( tigure 4.8b) and the combination of 
the two (tigure 4.8c): 
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tigure 4.8a: The optical constant K and the function f(w,K) ofthe Drude model 
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tigure 4.8b: The optical constant 1C and the function f(w,K) ofthe Lorentz model 
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j(W,K) = (1-e -a) (4.20) 

As can beseen immediately, the function plotted in 4.8c shows a bell shaped dip at 2 eV. 
This dip is reponsible for the accurance ofthe Huiberts window. The functionf(w, K) can be 
seen as band pass filiter applied in the (1 - R) term. Together with equation ( 4.12) leads this to 
a transmission behavior represented in tigure 4. 7c. With this understanding it is interesting to 
see if it is possible to describe the real dielectrical function of YH2 with a model consisting of 
Drude and Lorentz terms. 

B Modelling the die/ectric function of YH2 

In order to create a tool to describe the optical properties of YH2 +x , with 0 ~ x ~ 1, an 
attempt is made to fit the dielectric function with a summation of two Lorentz models plus a 
Drude model (Double Lorentz Drude (DLD) model). The parameters ofthe model are 
adjusted to fit the dielectric functions which can be obtained with (IR) ellipsometry. This 
enables the monitoring of the model parameters for different concentrations, which might 
give answers about how and when the plasma frequency changes as an function of the 
concentration and might even show the metal-insulator transition. 

This model is fitted to the real and imaginary parts of the dielectric function according to the 
original data of Weaver [4.2], which are shown in tigure 4.4. The fits are made with a Non 
lineair Least Square Fit method embedded in the Microcal Origin 4.0 software package. 
Figure 4.8a,b shows the fit ofthe e 1,m ofthe DLD-model according to (4.16) to the 
experimantal data of Weaver. This fit is done with 8 free parameters. The obtained values of 
the fit parameters plus errors are represented in the list within tigure 4.8b.The goodness of fit 
described by X2 (or ChiA2) is 0.4105. Ifthe model is correct, it is supposed that X2 =1. A 
lower value could indicate a too large estimate ofthe error a. (Which is taken 1 in the 
calculation). Weaver gives no indication ofthe accuracy ofhis data. In the following a error 
of0.68 is assumed, which follows from setting the X2 ofthe fit equal to its expectation value. 
A striking point is that the energy equivalent of the plasma frequency and the damping 
factor, represented respectively by the square root of fitparameters P7 and P8, i.e. 4.18 ± 
0.025 and 0.149 ± 0.01 eV, are in agreement with the found values of Weaver, namely 4.09 
and 0.143 e V, obtain by fitting a Drude model, The Drude model strongly determines the low 
energy part of the dielectric function. The values for the plasma energy , the resonance energy 
and the damping energy of the first Lorentz oscillator, represented by respectively the square 
root of PI, P2 and P3, are 4.59 ± 0.2 eV, 2.82 ± 0.02 eV and 1.26 ±0.08 eV. The values of 
the parameters of the second oscillator are less accurate. This is due to the fact that the actal 
position in terms ofthe resonance energy exceeds the range ofthe dataset. The plasma energy 
, resonance energy and damping energy, represented by the square root ofP4, P5 and P6 of 
tigure 4.8b, are respectively 6.74 ± 0.4 eV, 4.95 ± 0.1 eV and 1.75 ± 0.4 eV. The result of 
this fit is summerized in Table 4.1. 
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tigure 4.8a: The fit ofthe DLD model to the data of Weaver 
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4.1: e1-fit parameters Drude Lorentz I Lorentz 11 

Plasma energy (v'P7) 4.18 ± 0.03 (v'P1) 4.59 ± 0.2 (v'P4) 6.74 ± 0.4 

Resonance energy - ( v'P2) 2.82 ± 0.02 (v'P5) 4.95 ± 0.1 

Damping energy (v'P8) 0.149 ± 0.01 (v'P3) 1.26 ± 0.08 (v'P6) 1.75 ± 0.4 

By substituting these values for the model parameters of ( 4.16) and ( 4.17) and subsequently 
using the equations (4.7 . .4.12) the corresponding propertiescan be obtained (see tigure 
4.9). The transmission features a transparent window at the expected 1.8 eV (See tigure 4.2 
and Ref[4.1]), while the amplitude is about 0.038 or 3.8 %. This is significant larger then the 
0.5% from tigure 4.2. This difference can be attributed to the applied Pd caplayer, which is 
not taken into account in this model. It should be noted that with the correct description 
ofthe dielectric function (measured on bulk samples) a very peculier feature in the optica! 
properties of thin films can be reproduced. This indicates the strength of a full determination 
ofthe dielectric function. 

C The accuracy of the parameters 

Obviously, it is possible to perform the samefit procedure on the E2 data of Weaver. The 
result is represented in tigure 4.10 a,b. The values ofthe fit parameters are presented in the 
list within tigure 4.1 Ob. A first remark can be made about the goodness of fit. The X2 of 
1.72186 which becomes 4.20 when corrected with the estimated a from the fit toEt. This is 
considered to be a bad fit. The results of the fit of E2 are represented in Table 4.2. 

Table 4.2 Drude Lorentz I Lorentz 11 

Plasma energy (v'P7) 3.37 ± 0.03 (v'P1) 4.90 ± 0.21 (v'P4) 3.07 ± 0.9 

Resonance energy - (v'P2) 2.82 ± 0.05 (v'P5) 4.5 ± 0.13 

Damping energy (P8) 0.243 ± 0.01 (P3) 1.42 ± 0.13 (P6) 0.85 ± 0.4 

The result ofthe second fit does not resamble the result found by Weaver, concerning the 
values ofthe Drude fit parameters. It can be concluded that the fit parameters of Weaver are 
not intemally consistent. There might be arguments to choose theEt data to fit, but Weaver 
did not mention them in his article .. 

To demonstrate the uniqueness ofthe solution ofthe model, some fits of Et are made with a 
fixed plasma frequency. The result of a fit with a fixed plasma energy ( the square root of P7 
= 9 eV2) of3 eV is represented in tigure 4.11, while in tigure 4.12 the plasma energy is kept 
on 5 eV. These fits are made with the constrain that all the parameters must be positive to 
ensure that the solutions remains 'physically correct'. The fit with P7 equal to 9 



75 4 The origin of the Huiberts window 

80 

60 

N 40 
"' 

20 

0 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.5 5.5 
Speetral energy (eV) 

tigure 4.1 Oa: The model fitted to the e 2 data of Weaver 

8 

7 

6 

5 
4 
3 
2 

o>N 0 
·1 P1 23.99129 •2.08605 

-2 P2 7.98801 •0.24455 

-3 
P3 1.42499 •0.12616 

P4 9.43722 •4.69321 
·4 PS 20.26102 •1 .22021 

-5 P6 0.85272 ±0.43332 

-6 
P7 11.34269 .0.09866 

P8 0.2425 t0.00766 
-7 

·8 
0.0 0.5 1.0 1 .5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 

speetral energy (eV) 

tigure 4.1 Ob: The e2 fit in detail. The fit parameters are given in the figure. 



4 The origin of the Huiberts window 76 

results in a corrected X2 value of 18.04 which is considered to he very bad fit. Also the 
parameters are unrealistic consiclering the extreme values. The fit with P7 equal to 25 gives a 
less unrealistic values for the fit parameters, but the corrected X2 value of3.3243 is poor 
compared to the orginal fit. In conclusion, the set of parameters is unique and therefore their 
physical interpretation becomes meaningful. 

D The re lation between the model parameters and the optica/ properties 

It must he emphasized that the results represented in figure 4.7 a,b,c are obtained by using 
appropriate values for the Lorentz model. Togainsome insight on the influence ofthe three 
Lorentz oscillator parameters on the optical properties, an analysis is made of the effect of a 
change in the parameters w0, wP and pon the reflection (figure 4.13 a,b,c), the absorption 
(figure 4.14a,b,c) and the transmission (figure 4.15 a,b,c ). This analysis is done by keeping 
two of the three parameters constant, while the third is varied. 
Firstly, the effect of a change in the Resonance Energy RE (hw0) on the reflection (figure 
4.13a) is observed. The two other parameters are kept constant, namely a Plasma Energy PE 
(hwp) of 5 eV and a Demping Energy DE (hP) of 1 eV. From figure 4.13a can heseen that a 
RE of 0 e V, which is in fact a somation of two Drude models, results in a Drude like 
behavior. By raising the RE up to 5 eV, a division arise between an apparent Drude like 
behavior, within the speetral energy range ofO up to 3 eV and a bell shaped Lorentz like 
behavior in the range of3.5 up to 10 eV. 
A raise of the RE from 0 up to 5 e V , results in the appearence of an additional absorption 
peak around a speetral energy of2 eV (see figure 4.14 a), while the original peak around 7 eV 
is rising slightly. The absorption spectrawithaRE of 4 up to 5 eV feature a shoulder at the 
low energy side, which will result in the occurance of a large Huiberts window. This can he 
seen in figure 4.15 a. The Huiberts window comes up for increasing values ofthe RE while 
simultaneously the speetral energy from which the transmission rises to unity is somewhat 
shifted form 6 to 7 eV. 
The effect of the Plasma Energy PE on the optical properties is observed with a constant RE 
of5 eV and DE of 1 eV. The reflection fora increasing PE (see figure 4.13 b) from 2.5 eV 
up to 7.5 eV is characterized by alowering ofthe apparent Drude like plasma frequency from 
4 to 3 e V, while the bell shaped Lorentz like behavior is both increasing in amplitude as 
shifted in energy from 6 up to 8 eV. 
The effect of a change in the PEon the absorption is represented in figure 4.14b. Fora PE of 
2.5 eV the absorption consistsof a major peak with two shoulders on both sides. Fora 
increasing PE the shoulder on the high energy si de develops to seperate peak around 1 0 e V, 
while the shoulder at the low energy side becoms more pronounced and sharp. 
The amplitude ofthe Huiberts window (see figure 4.15b is increasing with the increasing of 
the PE, while the center is shifted from 4 to 3 eV. The speetral energy from which the 
transmission rise to unity is shifted from 5 to 1 0 eV. 
Finally, the influance of a change in the Damping Energy DE is observed, with RE and PE 
both equal to 5 eV. The effect on the reflection is expressed in the decreasing of the 
amplitude ofthe bell shaped peak arround 6 eV with a increasing ofthe DE (see figure 
4.13c). 
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A sharp shoulder at the low energy si de of the tirst absorption peak ( see tigure 4.14c) 
becomes less pronounced fora increasing DE. The second peak centered around 8 eV 
increases in amplitude for an increasing DE. 

78 

The increasing ofthe DE results in a decreasing ofthe Huiberts window and the steepness of 
the up coming transmission at speetral energies higher then 7 e V, becomes less for higher 
DE's (see tigure 4.15 c) 

E The 'Huiberts' window of si/ver 

The Lorentz/Drude model is used by Wooten[4.7] & [4.6] to describe the optical properties of 
silver. By noting that the mechanism of the interaction between the Drude and Lorentz parts 
is basically the same as for YH2, it can be concluded that silver must have a Huiberts window 
equivalent. 
Surprisingly, it has! In tigure 4.16 the transparent window of silver is represented. Figure 
4.16a represents the transmission calculated from the n and K values taken from the CRC 
Handhook ofChemistry and Physics [4.8], while 4.16b represents the experimentaly found 
window of a vapour-deposited silver film of20 nm. The transparent window ofsilver and a 
lot of other metals is a well known phenomenon for decades. Allready in the 20's one used 
this phenomenon to make pictures ofthe sun todetermine the emitted radiation of(near) UV 
frequencies. 

4.4 Discussion 

The quest for the origin of the Huiberts window seems to be ended in an anticlimax. The 
phenomenon is discovered allready in the 20's in ordinairy metals like silver, gold, copper etc. 
On the other hand it makes this things probably easier, conceming the understanding of Rare 
Earth Hydrides. 
Both phenomena, the effect of the interband transistion on the dielectric function and the 
transmission window (normal) metals, have been described for decades. Consequently, it can 
be expected that a syntheses, as given for YH2 in this work, must be somewhere in literature. 
Uptill now, nothing is found on this subject. 

The used DLD- model has both advantages and disadvantages: 

Tostart with the disadvantages: 

1 A point of discussion is the validity of the addition of a Drude model to a Lorentz model 
and especially the interpretation of the plasma energy of the Drude model. There are 
indications that in some materials the distinction between free and bounded electrens is 
hard to make. Consequently, the real amount of free carriers is less then the plasma 
frequency seems to indicate. 
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2 The magnitude of the obtained transition energy gives a mean value of preferential 
transistion energies. This also a simplification of the transition mechanism.Band structure 
specialists, e.g. Kelly [4.9] claim that the obtained transistion energies (e.g. 2.82 and 4.95 
e V) are not subsequently the real favourable transition energies according to band 
structure calculations. The imaginary part of the dielectric function is obtained by 
equation (4.14), which is mainly governed by the JDOS, defined in equation (4.13). 
Equation (4.13) determines the density ofthe transistions from an occupied to an 
unoccupied states for a certain transition energy at every k value in the first Brillouin zone. 
So, the solution ofequation (4.14) consistsof contributions ofthe transistion energiesof 
all kvalues while the model takes only two kvalues into account. 

On the other hand the advantages are: 

1 The model gives a tool to study the optica} properties over a wide range of the hydrogen 
concentration. Together with (IR) ellipsometry the change ofthe plasma frequency can be 
foliowed 

2 This model takes free electrons in account in contrast to the band structure calculations. 
This chapter showed that these electrons are important to understand the optica! 
properties. 

3 The optical properties can be modelled satisfactorily with this model. 

A weighing of all the pro's and contra's leads to the condusion that this model can be useful, 
under the condition that it is applied with great care. 
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-570 nm 

tigure 5.1 upper part: The problem of island forming with a Pd layer of 5 nm. (upper part) 
The hydrogen enters the sample only via the islands, while the Y between the islands 
oxidizes. lower part : A Pd layer of 20 nm does not exhibit is lands forming and results in a 
smooth layer (taken from Ref. [5.1]). 

,,------®------, 
ClL I_-1'-------=--RCL _}-

-

RElL 

c::) ~1.---RRB ------,~ 
tigure 5.2: The resistance of a stack consisting of a rare earth layer (REL) and a cap layer (CL) 
represented by a parallel resistor model. 
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5 Alternative cap layers 

The palladium cap layer is necessary to proteet the RE layer from oxidation. It also fulfills a 
catalytic function, causing the reaction H2 - 2H at the surface. This makes the Pd layer an 
indispensable link in the switchable REH system. On the other hand the Pd layer imposes 
restrictions on the system in terms ofthe optical transmission and the diffusion ofhydrogen. 
In this chapter some alternative cap layers are studied for their suitability to replace the Pd 
layer. Besides the comparison of the alternative cap layers it will he shown that the 
conductivity can indicate the state of the layer. It can also he used to monitor the cap layer 
during the hydrogen (un)loading. It seems that the cap layer 'breaths' during the loading and 
unloading of the hydrogen 

5.1 Introduetion 

The experiments are performed with a RE layer of 200 nm with a layer of Pd, Pt or Rh. The 
metals have catalytic activity for the dissociation of hydrogen and give a proper proteetion 
against oxidation. For the application ofthe metals in thin film heterolayers for switching 
mirrors other issues, like 'wetting' are important. Huiberts [5.1] concluded that a Pd layer of 
5 nm on a yttrium layer is nota smooth layer, but collection oflittle islands (see tigure 5.1). A 
10 nm Pd layer is thought to forma continuous layer. The specific resistance p ofthe 
heterolayer or stack can he obtained from resistance measurements. 
The specific resistance p is defined by: 

p = 
R.w.t 

I 
(5.1) 

with R the resistance of the layer and w, t, I respectively the width, thickness and length of the 
layer. 
A stack oftwo layers can he modelled by two parallel resistors ReL, RRE (see tigure 5.2). The 
measured resistance of the stack is Rm. The specific resistance PeL can he obtained from 
reference hooks (this value is not corrected for the thin film configuration). The specific 
resistance of the RE layer can he obtained by use of equation ( 5.1 ): 

tRE"Rm · w ·PeL 

P CL .I - t CL • W • R m 
(5.2) 

With I = /CL = /RE and w = wCL = wRE . 
The relation between the maximum resistance and the thickness tells something about the 
functioning of the cap layer. With parallel resistor system an expression for the maximum 
stack resistance is obtained: 

Pstack,max (5.3) 
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tigure 5.3: The four-point resistance measurement on a 10x40xl mm sample. 
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tigure 5.4: The transmission of200 nm Gd with a cap layer of 10 nm Pd, Pt or Rh. 
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With teL the thickness and PeL the specific resistance of the cap layer. In this analysis of the 
maximum specific resistance, the values of Pad• tad , PeL are considered to be constant values. 
It should be noted that Pad is the specific resistance of gadolinium trihydride. Equation (5.3) 
should approximatly give a straight line when the maximum specific resistance of the stack is 
plotted versus inverse thickness. 

5.2 Experimental setup 

The experiments are performed with a sample consisting of a 200 nm Gadolinium layer and a 
10 nm layer of palladium, platinum or rhodium. The metals have specific resistance 
(bulk)values of 10.6, 10.8 and 4.8 f.lncm (from Ref [5.2]). From the resu1ts presented further 
on, it can be concluded that the Pd layer is not a smooth layer because of the large resistance. 
The lower resistance of a stack with Pt and Rh indicate that these metals with the same 
thickness of 1 0 nm are able to form a smooth layer. The Pt cap layer is studied with the goal 
to find the optimal thickness for which the cap layer is still functional. The samples used for 
this study consist of200 nm Gd plus a Pt layer with a thickness of 1, 1.5, 2, 2.5, 5, 10, 20 and 
40nm. 
The samples consist of a glass substrate with the dimensions 10x40x1 mm. The Gd and the 
cap layer are vapour deposited on the substrate. 
The experiments are performed on the optica! table setup (see chapter 3). The setup measures 
the transmission and the resistance simultaneously. The sample is loaded with hydrogen by 
placing it in a gas tight vessel and supply H2 gas. The transmission signal is generated by a 
626 nm light beam that is leaded though the sample before it falls on an EG&E multi probe 
detector. The resistance ofthe stack is measured by four-point resistance measurement. The 
electrodes are placed on the cap layer. (See figure 5.3) The outer electrades impose a current 
on the sample. The inner electrodes are 1 0 mm spaeed from each other and are used to 
measure the voltage drop. In this manner the resistance is measured over a surface of 10x10 
mm. With this configuration equation (5.2) simplifies to: 

PGd = 

5.3 Parallel resistor model 

tGd.Rm ·PeL 

PCL - tCL .Rm 
(5.4) 

The specific resistance of Gd can be obtained by substituting: tad = 200 nm, PPd = 10.8 f.!Ocm, 
tPd = dependent ofthe used sample and Rn the measured values. 
With the model represented by equation 5.4 the specific resistance of the Gd layer can be 
calculated. This calculation can be done with the following assumption: 

- the specific resistance ofthe stack can be interpreted as a parallel conneetion oftwo 
resistors. 

- the values for the thicknesses and the specific resistance of the cap layer are known and are 
supposed to be constant. 
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figure 5.6: The transmission-time diagram of200 nm Gd with a 1.5 and 2 nm Pt layer. 
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figure 5.7: The transmission-time diagram of200 nm Gd with a 2.5, 5 and 10 nm Pt layer 
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5.4 Results 

Comparison of Pd, Pt, Rh 

In figure 5.4 the transmission-time diagrams ofPd, Pt and Rh are shown. All the samples 
consist of a 200 nm Gd layer plus a 10 nm cap layer. The Gd/Pd sample reaches a higher 
transmission (11.1 %) compared with the Gd/Pt (8.7 %) and the Gd/Rh (7.3 %) samples. The 
resistance-time diagrams of the Gd/Pd, Gd/Pt and Gd/Rh samples are represented in figure 
5.5. The Gd/Pd sample has a much higher resistance (10380 J..I.Clcm) after loading hydrogen 
than the Gd/Pt (2475 J..I.Clcm) and Gd/Rh (1926 J..I.Clcm) sample. From this it can be conlucled 
that the latter two have continuous cap layers. 

Several thicknesses of the Pt layer. 

Transmission-time diagrams 

The Gd sample with a 1 nm Pt layer could not be loaded with hydrogen. Apperently the 
surface is fully oxidized. In figure 5.6 the transmission-time diagrams are shown of samples 
with a 200 nm Gd layer covered with respectively a 1.5 nm, 2 nm Pt layer. The transmission 
ofthe 1.5 nm layer is high (27 %) compared to that of2 nm layer (17%). The time to reach its 
maximum transmission is lower for the 2 nm sample (300 s) than for the 1.5 nm sample (1200 
s) 
Figure 5.7 shows the transmission time diagrams ofthe samples with respectively 2.5 nm, 5 
nm and 10 nm. The transmission ofthe 2.5 nm sample is 18.4 %, which is as expected, higher 
compared with the 14.8% and 8.9% ofrespectively the 5 nm and 10 nm samples. 
The transmission-time diagrams of the samples with a 20 nm and 40 nm cap layer are 
represented in figure 5.8. The transmission ofthe 40 nm sample is hardly to distinguish from 
the noise ofthe signal. lts transmission maximum is 0.5%. The 20 nm sample reaches a 
maximum of 3 %. 

Transmission-thickness diagram 

The transmission-thickness diagram is shown in figure 5.9. With the transmission on a 
logorithme scale, it forms a straight line. This can be expected if is assumed that reflection is 
independent of the layer thickness. The transmission is then dependent on the absorption 
which is an exponetial function of the thickness. 

Resistance-time diagrams 

The resistance of 1 nm sample remained unchanged during the exposure of hydrogen. 
Figure 5.10 shows the resistance time diagrams of the 1.5 nm and 2 nm samples. The specific 
resistance of the stack reaches very high values for the 2 nm sample: 402272 J..I.Ocm. The 
maximum in the specific resistance reached by the 1.5 nm sample is unexpectedly lower: 
318272 J..I.Clcm. 
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tigure 5.10: The specitic resistance (in J.l.Ocm) of200 nm Gd after hydrogen loading 
with a 1.5 and 2 nm Pt cap layer. 
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The resistance-time diagrams of the 2.5 run, 5 run, and the 10 run sample are shown in tigure 
5.11. The resistance values are roughly 10 times less than the 1.5 and 2 run samples. The 2.5 
run sample reaches a maximum of 45066 J..L0cm, while the 5 run and 1 0 run have their 
maximums at respectively 10666 J..L0cm and 2475 J..L0cm. 
Figure 5.12 shows the resistance time diagrams ofthe 20 run and the 40 run sample. Again, 
like the transmission, the resistance values of the 40 run sample are hardly measurable and 
does not exceed 285 J..LOcm. The 20 run sample reaches a maximum of 524 J..LOcm. 

Resistance-thickness diagram 

From the parallel resistor model it follows that the maximum specitic resistance depends only 
on the inverse thickness ofthe Pt layer. In tigure 5.13 the maximum resistance is plotted 
versus the inverse thickness. The Pt cap layer of 2 run gives a huge deviation of the linear 
relation. The 1.5 run layer is unexpectedly lower then the 2 run layer. The 1 run layer has 
specitic resistance of approximately 150 J..LOcm. 
Figure 5.14 shows the relation for the samples with cap layer thickness' from 400 run up to 25 
run. The deviations from the straight line are large. 

Specitic resistance of Gd 

The specitic resistance of Gd can he calculated with equation (5.4). However a value for the 
specitic resistance of the Pt layer must he choosen. In the unloaded state the specitic 
resistance is known: 134 J..L0cm (From Ref [5.2]) the measured resistance is also known and is 
in the unloaded stateabout 6.01 0. Fora 200 run Gd layer and a 2.5 run Pt layer becomes the 
specitic resistance of Pt: 

0.25 1 - = 20 

134 
- pPt = 14.75 JlOcm (5.5) 

This is more then the found bulk value of 10.4 J..LOcm, which is plausible consirlering the thin 
film contiguration. Figure 5.15 a and b shows the result of calculating equation 5.4 with PPt = 

14.75 J..LOcm and the measured resistance. Before hydrogen loading the specitic resistance is 
about 134 J..LOcm, which is trivial. Then during the hydrogen loading the resistance increases 
and shift suddenly to a negative value. The resistant remains negative. After evacuation the 
resistance remains unchanged until air is supplied. The resistance becomes more negative and 
after some wiggles positive again to stablize on a value which can he seen as the specitic 
resistance of GdH2 : 19000 J..LOcm. 
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5.5 Discussion 

Pd versus Pt, Rh 

The transmission-time diagrams show that Pd gives a higher transmittance compared to Pt and 
Rh. Ho wever, the re si stance is much higher then those of Pt and Rh and the Pd might not be a 
smooth closed layer. The higher resistance ofPd is unexpected because the (bulk) values of 
specific resistance ofboth metals are nearly the same (10.5 f.!Clcm for Pd versus 10.4 f.!Clcm 
for Pt). The resistance value ofthe sample with the Rh cap layer should approximately be 
multiplied by a factor two to compensate the lower specific resistance of (bulk) rhodium 
(about 4.8 f.!Clcm). So the maximum ofthe stack with Rh exceeds the maximum ofthe stack 
with Pt. lt can be concluded that from the three metals, it seems that Pt gives the smoothest 
surface with a layer thickness of 10 nm. In second place comes Rh. Pd might be rejected as a 
cap layer metal because it does notforma smooth surface, even notfora 10 nm layer. This 
made Pt the best candidate to study the minimum layer thickness that is still functional to the 
switch RE system. 

Optima/ layer thickness 

The optimal Pt cap layer thickness is considered to be between the 5 nm and 2.5 nm.lt can be 
concluded that this range ofthe thickness still fulfills the linear regime ofthe specific 
resistance versus the inverse thickness. This indicates that thin layer still forms a smooth 
surface without islands and inhomogeneity in the thickness. 

Specific resistance of Gd 

The assumptions made in paragraph 6.3 are believed to be wrong, certainly the second one. 
The model gives a poor description of the specific resistance of the Gd layer during loading 
and unloading of hydrogen. On the other hand the results can give information about the 
cap layer. Assuming that the resistance ofthe stack still can bedescribed by a parallel resistor 
model and that the layer thickness remains unchanged, the only parameter which can 
influence the model is the specific resistance ofthe cap layer. From the results it can be 
concluded that this parameter is not constant. 
The great discontinuities might be caused by the 'opening' and 'closing' ofthe Pt cap layer 
during the loading ofhydrogen and the supply of air. The supply of air causes astrong 
desorption of the hydrogen in the sample. The result becomes negative for: 

(5.6) 

By substituting for Rm = Pstac/tstack· For Pstack can be substituted: 
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Pstack 
tstack" Pad· PPt 

tad· PPt + tPt. Pad 

94 

(5.7) 

Under assumption that the specific resistance of Gd is much greater then that ofthe cap layer, 
the following approximation is valid: 

t Pt tstack ·Pad· PPt PPt 
= 

tstack tad· PPt + tPt. Pad tad PPt 
+ 1 

(5.8) 

tPt Pad 

Finally the inequality can he written as: 

(5.9) 

With p'Pt the calculated value ofthe specific resistance ofPt: 14.75 (5.5) and PPt the real 
specific resistance. From equation (5.9) can heseen that the real PPt must he much higher then 
14.75 to become negative. 
An attempt is made to estimate the specific resistance of Pt. The specific resistance of the 
stack with a 2 nm Pt layer must he approximate the specific resistance of Gd. So, by 
substituting this value for the specific resistance of Gd in a stack with a 10 nm Pt layer might 
give an indication ofthe specific resistance ofthe Pt layer in the loaded GdH3 state: 

21 

2475 

1 
= - - PPt = 118.56 J.10cm 

400000 PPt 

20 
(5.10) 

This is a factor 8 higher then the initia} value for the 10 nm film. The specific resistance 
values ofPt for the stacks with 2.5, 5, 20 and 40 nm Pt are obtained in the same manner and 
are repectively 625,267,47.7 and 47.5 j..LOcm. Figure 5.16 shows the specific resistance ofthe 
Pt layer in the loaded GdH3 state compared to the initia} Gd. It can he concluded that the 
layers thicker than 20 nm remain stable. 

The large resistance of the stack of 200 nm Gd and 2.5 nm Pt can he contributed to the 
mechanica} cracking ofthe layer. So, after loading hydrogen the resistance increases due to 
the absorption of hydrogen in Gd and the opening of the Pt layer. When the resistance of the 
Pt layer becomes much larger than its initia} value, the calculated resistance becomes negative 
( see tigure 5 .15c ). The resistance remains stabie after the first discontinuity. The evacuation 
has only little effect on the resistance. After the supply of air the resistance becomes more 
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negative, indicating that the resistance of Pt is decreasing, which is probably caused by the 
closing ofthe Pt layer. The resistance becomes positive again when the inital value exceeds the 
the term on the right hand side ofinequation (5.9). Finally, after passing a second 
discontinuity the resistance becomes stabie at 19000 11ncm which can be interpreted as the 
specitic resistance of GdH2. It is obvious the the damage of the Pt layer cause an increase of 
the resistance after the first cycle. 
This experiment indicates that the surface after loading hydrogen is not longer a dense surface 
and that the Pt layer seems to breath. 
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6 Outlook 

This chapter gives a survey ofthe experiments which were done during this graduation 
project. The observations in this chapter show some interesting phenomena which need 
further research. A possible explaination is given without any decisive evidence. Besides the 
observations and a possible explanation, also some suggestions are given conceming the 
necessary experiments in the future. The subjects are subdivided in four paragraphs: optical 
and conductive properties and the photo chromic effect 

6.1 Optical properties 

Rejlection window and reversible rejlection 

Experiments with Gd(H) showed that a reileetion window occurs during the hydrogen 
loading. In tigure 6.1 the window is shown. Analog to the transparent dihydride window, at a 
certain concentration a reilecting intermediate state occurs. During the unloading of hydrogen 
the windows passes again, so the process is reversible. Figure 6.2 shows the second time 
hydrogen loading of the sample. The steep decrease from the high reilecting Gd is absent 
because the sample consist initially ofthe non reilecting GdH2 (14%). The window gives with 
a maximum of 20%, a significant change in the reilection. Figure 6.3 gives an impression of 
the magnitude of the window and is significanee with respect the transparency window and 
the calculated absorption. The mechnanism behind this phenomenon is unclear. 

A useful property is the reversible reileetion found for samples of GdMgH and SmH. (see 
tigure 6.4 and 6.5, taken from Duine [6.1]) This phenomenon might be related to the 
discussed reileetion window of Gd. The hydrides might have a large reilecting window with a 
maximum at a HIRE ratio around 2. From tigure 6.5 it becomes clear that SmH has a second 
window with a lower magnitude. The reversible reileetion is an important feature because it 
enables the switching from transparency to reilecting and vice versa. This in contrast to the 
switching from transparency to absorbing, which is the case for GdH and YH. 

Both the reileetion window in GdH and the reilecting state of SmH and GdMgH need to be 
characterized for their speetral dependenee of the position and magnitude. This could give 
information about wether the window, or reilecting state increases or decreases for higher 
energies. Another method of approach is to measure the dielectric function as a function of the 
concentration. The dielectric function corresponding with the specific concentration where the 
window or reilecting state occur can be used to calculate the speetral reilactance. This might 
give a clue about the origin of the phenomena. These measurements can be done with (IR) 
ellipsometry. 
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Tran 
smission window ofSm and the lacking ofit in GdMg 

Figure 6.6 shows the transmission window of SmH. This transmission measurement is done 
with a ordinairy halogen lamp. There are some indications that SmH has a transparant window 
centered around the 2 eV. This is not very clear because the window lies in the flank ofthe 
upcoming transparency and is consequently hard to detect. Some more research is needed with 
a faster data aquisition system to prevent that the window is missed or by doing some optical 
diffusion experiments according to Den Broeder. 

GdMgH has nota transparent window (see tigure 6.7). With ellipsometry some information 
can be gathered to see why this phenomenon is absent. As mentioned earlier, a transparency 
windowsometime affects the dynamic range ofthe hydride (see also tigure 6.3). So, 
understanding in which manner the occurence can be prevented is valuable. 

6.2 Conductive properties 

a phase of Gd, GdMg and Sm 

In the a phase of yttrium some hydrogen can be dissolved. This causes an increase of the 
specitic resistance. In former experiments this phenomenon seemed to be absent for GdH, 
SmH and GdMgH. However, experiments on Gd with thin Pt-layers have shown that the 
phenomenon is present but is very subtile (see tigure 6.8). The reason that this is not seen in 
the earlier experments is that the used thick Pd disguise little changes in the Gd(H) layer. This 
is caused by the shunt effect of two parallel resistors with a large difference in the resistance. 
Some further resaerch is needed to determine if GdMg and Sm really have no dissolvent in the 
a phase. This could be done by using a 1.5 nm Pt cap layer which is thin enough to reduce the 
shunt effect and thick enough to get the sample loaded with hydrogen. 

Kinks in the resistance curve of Gd 

Figure 6.9 shows the specitic resistance and the transmission of a 200 nm Gd sample with a 
10 nm Pd cap layer. During the hydrogen loading with a low pressure of 12.5 millibar (at 
point 1) the resistance curve shows two kinks. The tirst kink occur at point 3, at the same time 
where the transmission start to increase. This might indicate the phase transistion from the p 
to the y phase. This disproves the explaination in chapter 2, argumenting why there should 
not be a mark in the resistance on the trajectory from the p (point 2) to the y phase. The 
second kink occurs long after the sample is transparent This is probably due to an ordering 
effect. Another indication that the transmission and resistance do not correlate during the 
loading ofhydrogen is shown in tigure 6.10. The logarithm ofthe transmission versus the 
logarithme of the specitic resistance do not show a straight line. 
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Temperafure resistance coefficients 

The Temperature Resistance Coefficients (TRC) can determine wether the REH's is in a 
metallic or a semiconducting state. The TRC can be determined by impose a temperature 
sweep on the sampleandregister the change in the resistance. For high temperatilles (between 
300 and 400 K) there are some regimes to distinguish. Daou and Vajda [6.2] and 
Huiberts[6.3] determined the metallic and semiconducting regimes ofYH2.1 (see tigure 6.11 
left) respectively YH3• (see tigure 6.11 right). For both diagrams count that the diagram is 
probabily not valid for temperatilles higher then 273 K. Above this temperature the so-called 
thermochromic effect lowers the hydrogen concentration. These diagrams are both not 
corrected for this effect. During thermochromic experiments it appeared that yttrium hydride 
in the transparent state still has an positive TRC. This is remarkable because it is expected that 
the resistance is decreasing due to the thermochromic effect, resulting in an apparent negative 
TRC. From the fact that YH3 has a positive TRC (see tigure 6.12) and is claimed to be 
semiconducting, it can be concluded that YH3 is an heavely doped semiconductor. These 
extrinsic semiconductors have an positive TRC due to the fact that the conductivity is not 
govemed by the amount of thermal generated electrons but by the mobility of the electrons (in 
case of a n-type semiconductor). The TRC ofSmH3 is negative, from which nothing can be 
concluded. This can be caused by the thermochromic effect or by the thermally generated 
electrons, assuming that SmH3 is an intrinsic semiconductor. Figure 6.13 and 6.14 show the 
hysteresis diagram ofthe resistance and the transmission ofrespectively yttrium hydride and 
samarium hydride. The transmission can be interpreted as a measure of the hydrogen 
concentration. The hysterese diagrams of the transmission and the resistance of ytrrium 
hydride are crossed, while the hysterese diagrams of samarium hydride are parallel. 
Some other experiments are needed. An option is to do this with a noise correlation method. 
With this method is correlation determined between the noise on the temperature an the effect 
on the resistance. a negative correlation indicates a negative TRC and a positive correlation a 
positive TRC. This method can only be used if an appropriate data acquisition system is used. 
Another methode is to impose a little temperature sweep on a certain temperature level. The 
sweep must be small enough to prevent a reduction in the hydrogen concentration. To use this 
methode a feedback system is needed which couples the desired temperature to the power 
supply ofthe ITO layer. 
Another interesting phenomenon is that at a certain temperature the TCR changes from an 
positive to a negative TRC duringa temperature cycle. This is shown in tigure 6.15. 

6.3 Photo chromic effect 

By coincidence another 'chromic' effect is found: the photo chromic effect. This effect 
expressitself in a darkor light spot with the size ofthe used beam.(see picture 6.16). As can 
be seen it is sharply detined edge (see tigure 6.17). A remarkbie thing is that the during the 
unloading of hydrogen the spot becomes darker then the surrounding surface, while after 
loading the spot becomes ligther. The mechanism behind this effect is unknown, but the 
transmission difference between the spot and the surroundings can be explained. A closer look 
at surface at the edge of the spot ( see picture 6.18) shows that the layer is full of reflecting 
pieces in the spot, while surface outside the spot is remained smooth. A SEM picture of the 
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surface in the spot (picture 6.19) gave a decisive answer about the reflecing spots. The 
reflecting spots are chips ofthe Pd cap layer. Soit seems that the light causes a high 
compressive tension in the Pd layer. This tension is so high that the chips pop out like drain 
covers. 
This phenomenon needs more research to find out the mechanism. It seems plausible to make 
an effort to solve this puzzle, not because is of possible application, but because of the trouble 
it can cause with the future developments of devices 
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picture 6.16: The illuminated spot on a SmH sample. picture 6.17: The edge between the 
illuminated spotand the surroundings 

picture 6.18: The refecting partsin the illuminated spot. picture 6.19: the chips ofPd in the 
illuminated spot 
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7 Final remarks 

During the project it appeared that it is crucial to determine the hydrogen concentration during 
the opticaland conduction measurements. Until now there is not an appropiate method to do 
this. During the project some attempts are made to determine the the hydrogen concentration 
with NMR which until now did not succeed. It is desirabie to continu with the search for a 
proper analysis method. 
This graduation project went not always as planned. The experimental subjects are less 
worked out then planned. On the other hand a more theoretica! subject is added. The field of 
rare earth hydrides is so young, that research often leads to the generation of questions instead 
of answers. This report reflects this statement. Chapter 6 is called 'outlook' because the 
observations always raise questions insteadof giving a contribution towards understanding 
and the link to the future is obvious. Chapter 4 and Chapter 5 give some answers but still 
some questions are left open. All these questions provide a few man years research in the near 
future. 
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115 Introduetion 

Introduetion 

This supplement is divided in two parts: a theory part and a part containing several subjects 
like calibration of the optica! equipement. etc 
The theory part serves as a reference hook for the theory, related to the subject of Rare Earth 
Hydrides (REH). In a certain extent this part might he too extensive, but on the other hand it 
could he helpful (at least for the writer personally) togainsome insight in the subject. 
The sourees used in the appendices of part one, in alphabetical order of the authors, are: 

'Functie Theorie' by profdr.J. Boersma, leefure notes ofthe Eindhoven University of 
Technology (EUT) nr: 2383 

'Quantum Physics' by Stephen Gasiorowicz, John Wiley & Sons, 197 4 

'Heat of Formation Models ', Topics in applied physics 63, Chapter 6, by Ronald Griessen 
and Thomas Riesterer, Springer Verlag 1988. 

'On the road to dirty metallic hydragen' by Hans Huiberts, PhD Thesis, Vrije Universiteit 
Amsterdam, 1995 

'Jntroduction to Solid State Physics' by Charles Kittel,John Wiley & Sons, Sixth edition 1986. 

'Elementary solid state physics' by M Ali Omar, Addison Wesley, 1975 

'Electronic Band Structure and Optica! Properties OfThe Cubic Sc, Y, and La Hydride 
Systems' by Douglas Jay Peterman, PhD Thesis, Jowa State University 

'Optica! properties of solids' by Frederick Wooten, Academie Press, 1972 

'Fundamentals of Semiconductors 'by Peter Y Yu and Manuel Cardona, Springer Verlag, 
1996 

The second part consistsof more airy subjects, like calibration ofthe optica! equipment. 
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PART 1: theory 

APPENDIX A 
Bas i es of the reciprocal space 

Redprocal Lattice Vector, Bragg condition, Brillouin zone, Fermi energy, Density OfStates, 
Fermi sphere 

Redprocal Lattice Vector 

A crystal is invariant under a transformation T written as: 

(Al) 

with nb n2, n3 integers and On a2, a3 the primitive crystallattice vectors. Every local physical 
property is invariant for the translation T. For example the electron density p will be 
invariant. This means: 

p(r+T) = p(r) 

With Fourieranalyse in three dimensions, p(r) can be written as: 

p(r) = L Po e iG.r 

G 

(A2) 

(A3) 

With: G = k1.h1 + k2.h2 + k3 .h3 , the reciprocallattice vector, with kbk2,k3 integers and h1, b21 

b3 the primitive reciprocallattice vectors. 

Bragg condition 
The Bragg condition is in fact a Bragg diffraction condition and will be illustrated with the 
aid ofthe Bragg reflection (see tigure Al). X-rays are scattered by electron concentrations 

described by p(r) (A3). The incoming wave will described by é k.r and the outgoing wave by 

llk 

k' 
Figure Al 
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ei k'.r , with the wave veetors k and k'. The scattering vector Àk is defined by k +Àk = 
k'.(see figure Al) 
The scattering amplitude F, defined by: 

F = J dV p(r)e(-idk.r) (A4) 

with V volume, can be rewritten by using (4): 

F = L J dV PG e (i(G-dk).r) 

G 
(A5) 

The scattering amplitude reaches a maximum when Àk = G. This is the Bragg condition. 
Because of the fact that the scattering is considered to be elastic, the conservation of 'hw 
applies here. Consequently the magnitudes k and k' are equal: ~ = k'2• 

The Bragg condition can by written as: 

(G + k) = k 2 (A6) 

Brillouin zone 

The Brillouin zone is defined in the reciprocal space. This zone reflects the set of wave 

z 

x 

figure A2 

veetors k which will be Bragg- reflected (see figure Al). For example the Brillouin zone of a 
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FCC crystal: 
The primitive crystallattice veetors a1, a2, a3 can he expressedinunit coordinates x, y, z 

a
1 

= ~a(y + z); a1 = ~a(x + z); a
3 

= ~ a(x + y) (A7) 

These veetors are drawn in tigure A2 
The primitive reciprocallattice veetors h1, h2, h3 can he deduced by means ofthe following 
equations: 

al x al 
bl = 21t----

al . al x al 

a
3 

x a
1 

bl = 21t----
al . al x al 

With (A7) in (A8) the primitive redprocallattice veetors (see tigure A3) can he determined: 

b 21t(-x ) l = + y + z 
a 

tigure A3 

b
1 

= 21t (x - y + z) 
a 

z 

b
3 

= 
2

1t (x + y - z) (A9) 
a 

4 tri a 

y 

To construct the Brillouin zone the shortest redprocal veetors G = k1h1 + k2h2 + k3 b3 must he 
obtained. From the origin the eight veetors to the body centred positions in the redprocal 
lattice ofthe neighbouring redprocal cells are the shortest G vectors: G = 21tla(±x ±y ±z) By 
constructing a plane perpendicular on G and intersecting at 1,0G an octahedron is formed. This 
octahedron is cut by additional planes intersecting the veetors G: 

21tla(±2x); 21tla(±2y); 21tla(±2z) 
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z 

4rc/a 

y 

figure A4: the Brillouin zone ofthe FCC structure 

tigure A5 
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The Brillouin zone is drawn in tigure A4. For later use, the symmetry points ofthe fee 
Brillouin zone can be added to tigure A4. These symmetry points are used to characterize the 
band structure at certain points. 
By convention the following notation is used: 

[1 00] direction: r -- ll-- x 
[111] direction: r--A--L 
[11 0] direction: r --I: -- K 

Fermi energy and Fermi sphere 

By means of the Schrödinger equation the energy levels of a Free Electron Gas can be 
determined: 

By assuming that the electrans are bounded within a cube with edge L, the following 
conditions are valid for the wave function lJ1 : 

(AIO) 

lJI(x + L,y,z) = lJI(x,y,z) 
lJI(x ,y + L ,z) = lJI(x,y,z) 
lJI(x,y,z + L) = lJI(x,y,z) 

(All) 

The wave function described by: 

satisties the boundary conditions (All). 

21t 
±-· 

' L 

41t 
±-; ......... . 

L 
(A12) 

Substituting the wave function (A12) in the Schrödinger equation (AlO) gives the energy Ek 

as a function of the wave vector k: 

Ek = ~(k 2 + k 2 + k 2) = 
2m x Y z 

(A13) 
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The electrons which occupy the orbitals are represented by points in the k-space. In the 
ground state of the system (T = 0 K), N electron occupy the orbitals up to a certain energy 
level: the Fermi energy. This energy level can be expressed in termsof k: 

Ferm i 
Surface 

energy is Er 

tigure A6: the Fermi surface 

= ~k 2 EF F 
2m 

(A14) 

with kF the magnitude ofthe wave veetors at the Fermi energy level. This energy can be 
represented by a sphere inthek-space (see tigure A6) which is called the Fermi surface. 

Density Of States (DOS) 

The volume element inthek-space can be obtained by Fourier transforming the volume V of 
cubic with edge L in the crystallattice or x-space: 

The volume ofthe Fermi sphere is: 

41tk 3 
F 

3 

(A15) 

(A16) 
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The number oforbitals in the Fermi sphere is obtain by the ratio of(A16) and (A15) 
multiplied by two due to the Pauli principle: 

122 

2· VF = N = ~k 3 
F 

vreci 311:
2 

(A17) 

Rewriting (A13) gives: 

k = ~ 2m E 
F );2 F 

The number of orbitals within the Fermi sphere can be expressed in terms of eF by 
substituting (A18) in (A17): 

3 
V 2meF 2 

N = -(--) 
311:2 'h2 

In genera!, the number of orbitals with energies ~ e is obtained by: 

The Density Of States D(e), is the number of orbitals per unit energy range: 

Joint Density of States (JDOS) 

(A18) 

(A19) 

(A20) 

(A21) 

Like the Fermi sphere it is possible to distinguish a surface inthek-space for which every 
point has the same energy. Considering, two of these surfaces with energy e and e + de ( see 
tigure A7), a volume element can be defined with a area dS and a height of dkJ., the 
perpendicular distance between the two surfaces in the k-space. 
The number of states between the two surfaces becomes: 

k(e +de) 

D(e)de f D(k)dk = fD(k)dSdkj_ 

k(e) 

(A22) 
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tigure A7 

with: 

(A22) becomes: 

Appendix A: Basics ofthe reciprocal space 

\ 

' '' -; / 
' // 

é+dé 

dk_L 

and D(k) 
1 

(A23) 

(A24) 

An optica! energy band ecv between the conduction and valenee band is defined as the 
difference between the energy of the conduction band Ec and the energy of the valenee band 
Ev. Substituting Ecv in A24 gives the Joint Density Of States Jcv : 

1 J dS 
D(Ec) = Jcv = -3 IV' E I 

41t k cv 

(A25) 
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APPENDIXB 
Origin of the bandgap 

124 

Central equation and Blochfunction, The origin ofthe bandgap: Kronig-Penney model 

Central equation and Bloch function 

The potential V(x) resulting from the periodicity ofthe positive ion cores pinned at the 
crystallattice, is invariant under a crystallattice translation: 

V(x) = V(x + a) 

This periodic function can he expressed in Fourier series: 

The Schrödinger equation: 

with the Hamiltonian operator: 

V(x) = LVG eiGx 
G 

1 :J-C = -p 2 + V(x) 
2m 

The substitution of (B2) and (B4) in (B3) results in: 

The wave function w can he described with Fourier series: 

(B6) in (BS) gives: 

(BI) 

(B2) 

(B3) 

(B4) 

(BS) 

(B6) 

_l_p2 L Cke;kx +LVG eiGxL Cke;kx = EL Ckeikx 
2m k G k k 

(B7) 
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with: 

(B8) 

Then the wave equation hecomes: 

(B9) 

By replacing k hy k-G in the second term of the left part and dividing hy the é loc -term the 
Fourier coefficient or central equation is ohtained: 

(BlO) 

This equation is the wave equation in a periodic lattice. By determining the coefficients C of 
(B 1 0) the wave function can he ohtained: 

~ C e i(k-G) => 
L..J k-G 
G 

Wk(x) =(Lek-Ge -iGx)eiloc => Wk(x) = uk(x)eiloc 
G 

with the last expression in the form of a Bloch function 

The origin of the bandgap: Kronig-Penney model 

Kronig and Penney proposed to model the potential V(x) (B2) ofthe ion cores hy a delta
function: 

1/a 

V(x) =AaL Ö(x- sa)= LVG eiGx 
s=O G 

The Fourier coefficient Va can he deduced hy: 

(Bll 

(B12) 
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I 1/a lla I 1/a 

V0 = [ dxAa ~ Ö(x - sa)e iGx = Aa ~ [ dxÖ(x - sa)e iGx = Aa ~ e iGsa (B13) 

V(x) is expected to be real so the real part of (B 13) must be taken: 

lla 

V(x) = Re(Aa L e iGsa) = A (B14) 
s=O 

By substituting (Bl4) in the Central equation (BlO): 

(BIS) 

Rewriting gives: 

(B16) 

The coefficients Care periodic over G so replacing k by k-G and summation over G gives: 

(B17) 

Rewriting of (B 17) gives finally: 

mAa
2 

1 . ( wmE) 
-- SID a --

21>' a~ 2mE 1>' 
'h2 

(B18) 
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The left hand part of this function is plotted in the tigure below: 

(PII\.11) sin Ka + ms 1\.11 

A plot of equation (B 18) for P= 37tl2. The allowed values of the energy e are given by those 
ranges of Ka = (2melh2f' a for wich the function lies between ± 1. F or the other values there 
are no Bloch-like solutions and are forbidden. (Source: Kittel) 
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APPENDIXC 
Semiconductor basics 

Effective mass, Semiconductors, Intrinsic properties, Impurity states, Donor level, Acceptor 
level, Intrinsic and Extrinsic carrier concentration, Direct and Indirect absorption processes, 

interband and intraband transitions 

Effective mass 

In three dimensions the acceleration is the time derivative of the velocity: 

dv 
a = 

dt 
(Cl) 

The velocity of an electron moving in a potential described by Bloch functions or Bloch 
electrons, is: 

The force on a crystal as a result of an applied field Wis given by: 

F =-et%' 

This force results in a change of energy ofthe electron, described by: 

dE(k) = -eie·v 
dt 

The left part can be written as: 

d E(k) = \1 E(k). dk 
dt k dt 

The velocity v in (C4) can be replaced by (C2) and using (C5) results in: 

'h dk = -et%' = F 

rewriting gives: 

dv 
a = 

dt 
..!..v dE(k) = 
'h k dt 

dt 

(C2) 

(C3) 

(C4) 

(C5) 

(C6) 

(C7) 



129 Appendix C: Semiconductor basics 

and tinally: 

(-1-) = 
* 

(C8) 
m ij 

Because ofthe dispersion relation is described by: 

(C9) 

only the three i = j components of (C8) are descrihing the effective mass of a Bloch electron 

1.e. m= mYY' m== 

Semiconductors 

The semiconductor can bedescribed with a Valenee Band (VB) and the Conduction Band 
(CB) separated by an energy gap Eg. The Fermi energy EF lies within the energy gap and is 
taken zero (see tigure Cl). 

CB 

VB 

tigure Cl 

When a electron conquers the energy gap due to a thermal excitation, a hole occurs in the VB. 
The energy of the electron in the CB and the hole in the VB can be derived. 
The energy ofthe CB with respect to the Fermi energy has, according to (A13) the form: 

'h2k2 
E (k) = (EF + xE) + ,with O~x<l 

c g 2 
me 

(ClO) 

and the (negative) energy ofVB is: 
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(Cll) 

with me and mh the effective mass ofthe electron and hole respectively. 

Intrinsic properties. 

The occurrence of holes is strongly coupled with the temperature. As well the electrons as the 
holes can be seen as carriers of electric current. The concentrations of holes and electrous is 
govemed by the Ferm i Dirac distri bution fimction: 

/(E) = ----
(E -Ey) 

kaT 
e + 1 

(C12) 

For E- EF » k8T (C3) reduces to the Maxwell Boltzmann distribution: 

.!!..!:._ _ _!__ 
k T kaT 

f(E) = e a e 

T= OK 

(C13) 

The number of electrons between the lowest and the highest energy level in the Conduction 
Band is given by: 

n = f f{E)ge(E)dE (C14) 
Ecl 

with ge(E) the DOS of electrons: 

1 2m e 3/2 

ge(E) = - (--) (E - xE ) 112
, with 0 ~x< 1 

21t2 112 g 
(C15) 

this with respect to the Fermi level. Substituting (C6) in (C5) and evaluating this expression 
by using: 
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2 

leads to the electron concentratien in the CB: 

The number of holes in the VB is equal to the number of electrons: 

n = p 

By determining an expression like (C17) for p the Fermi energy EF can by found. 
Firstly, an approximation of the probability ofthe hole accupation is: 

-EF E 

1 - f(E) = 1 - --
1
--

E-EF 

= __ 1 __ :::: e kBT e kBT 

k e BT + 1 

withf(E) the Fermi-Dirac distribution. The density of states ofthe holes is: 

1 2mh 3/2 
--(--) (-E-(x-1)E) 112

, withO~x<1 
2~ ~ g 

The hole concentratien is given by: 

0 

p = f fh(E)gh(E)dE 

(C16) 

(C17) 

(C18) 

(C19) 

(C20) 

(C21) 

In the same manner as with the electron concentration, the hole concentratien is obtained: 

(C22) 
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By using equation (C18): 

=p (C23) 

Rewriting gives: 

3 mh 
EF = (2x - l)Eg + -k Tlog(-) 

4 
8 

m 
(C24) 

e 

The second term on the right is smal! compared to the first term and can be neglected. The 
Fermi energy was chosen as zero energy level, so the x can be determined: 

E = 0 = (2x - 1) E - x F g 

Impurity stales 

1 

2 
(C25) 

Although no dopes are used in REH's to influence the carrier concentrations, some ofthe 
principles of doped semiconductors apply here. Because of defects, a sort of impurities can 
occur in a way which involves the carrier concentrations. 

Donor levels 

A certain impurity ( a foreign element or defect) can result in the formation of an extra 
electron in the CB, without the forming of a hole. This electron can be captured by this 
impurity and will orbiting around this impurity. It is possible to handle this system like 
hydrogen atom with one electron orbiting a hydrogen ion. In this some attention must by paid 
to the screening effects ofthe surrounding crystal. The (coulomb) potential can bedescribed 
by: 

V(r) = (C26) 

and the binding energy can be calculated by: 
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e4mo 1 m 
Ed = -----(-e} = 

2 (41tE0'h)2 E~ mo 

CD 

\\\ ~\\ \\\\\ 

13 6-1 (me) 
' 2 e mo 

r 

m 
z 0.01 eV, with e,z 10, (-e)z0,2 

mo 

CD 

\\\~\\ \\\0\ 
Ed ~ ------ donor level 

~ acceptor level 

\\\\\\\\\\\ 

VB VB 

tigure C2: The donor level tigure C3: The acceptor level 

Consequently, the donor or imperfection state lies 0,01 eV under the CB where the 
uncaptured electrons are positioned. 
This results in an extra energy level in the band structure diagram. (See tigure C2) 

(C27) 

The thermal energy at room temperature (about 0.025 eV) is enough to excite the electrons 
from the donor level to the CB. 

Acceptor levels 

donor level 

Ea 0 Acceptor level 
-,---,---,---,--l~~,----,----,-

VB 

tigure C4: Several excitations 

Some impurities or defects result in an extra hole without the creation of an electron. This 
hole can migrate through the crystal in the same manner as an electron. An impurity, in this 
case called an acceptor, can capture a hole in the same way as an electron can be captured by 
a donor. This leads to an energy level slightly higher than the VB: the acceptor level.(See 
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figure C3) The energy of a captured hole is in the sameorder of magnitude ofthe captured 
electron, about 0.01 eV. The excitation of a hole works the other way around compared to 
the excitation of an electron. When an electron is excited from the top of the VB to the 
acceptor level, then in the same time a hole is excited from the acceptor level to the top of the 
VB. So, the excitation of a hole is represented by downward transition in the band structure 
diagram. 

Carrier concentrations 

Todetermine the carrier concentration i.e. both electron and hole concentrations 
several excitation processes can be distinguished (see tigure C4). These excitations can be 
characterized by their physical origin. Some excitations are due to intrinsic properties of the 
semiconductor. Other are due to extrinsic properties like impurities. 

Intrinsic carrier concentrations 

The intrinsic carrier concentration n; is primarily govemed by thermal interband 
excitations. This is carrier concentration is described by (C23) withEF given by (C24) and x 
= % (according to (C25)) 

(C28) 

This intrinsic concentration is valid when: 

(C29) 

where Nd - Na represents the nett contribution of carriers by extrinsic processes. The above 
condition is fulfilled for every semiconductor at a certain temperature. 

Extrinsic carrier concentration 

When a semiconductor is 'polluted' with substantial impurities or defects the condition (C29) 
is not fulfilled. There are two extreme cases to distinguish: Nd »Na» n; and Na »Nd » n;. In the 
first case the carrier concentration n can be approximate by: 

(C30) 

Equation (C17) and (C22) are valid regardless the kind of doping or defects present in the 
semiconductor. By multiplying these two equations, an expression is obtain which only 
depends on the temperature: 
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k T 3 ~ 
np = 4(-B-) (m m ) 2 

2n:r? e h 

= n2 
I 

(C31) 

In the tirst case, also known as a n-type semiconductor, the concentration of holes at a certain 
temperature T is given by: 

Pr = (C32) 

In the second case with Na » Nd » NI (p-type semiconductor) with the same considerations the 
electron concentration at a certain temperature will be: 

n = 
T 

Direct and indirect absorption processes 

I 

k 

I \ 
tigure C5: Direct absorption 

n/(T) 

N a 

tigure C6: Indirect absorption 

(C33) 

A direct absorption process is characterized by a excitation of an electron from the VB to the 
CB where the wave vector k is invariant. (See tigure C5) 
When an optical wave with a frequency v enters a semiconductor, an electron can be excited 
from the VB to the CB. The frequency must fultill the following condition: 

E 
V z (---.!.) 

h 

the equality of (C34) is called the absorption edge. Conservation of energy demands: 

(C34) 
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(C35) 

with E1 and Ei the initial and tinal energy of the electron. The conservation of moments 
demands: 

k = k + q = k = k with q :::: 0 I I I I' (C36) 

The indirect absorption process is a two step transition (See tigure C6). The bottorn of the CB 
does not lie above the top of the VB at the origin. An excited electron has to overcome 
besides the energy gap also a 'gap' in the momenturn kg. T o make this transition the electron 
absorbs simultaneously a photon and a phonon. The photon supplies the necessary energy to 
overcome the energy gap Eg and the phonon supplies the required momenturn to overcome 

CD 

Eex $ \\\\\\\\\\\ Exciton \ 

11 V 
I 

·\\v(\ \\\\\\ 
VB VB 

tigure C7: Exciton absorption tigure C8: Impurities absorption 

the kg or ll. k. 

Exciton absorption 

When an excited electron and hole form a bounded state they form an exciton. The binding 
energy ofthis exciton is rather low, about 0.01 eV. Theexciton energy levellies slightly 
below the CB (see tigure C7). 
The energy of the photon absorbed by the electron is: 

hv = E - E 
g ex (C37) 

Impurity absorption 

lt can be imagined that the donor and acceptor levels caused by impurities or defects give rise 
to several absorption energies. In tigure C8 above there are tive possible excitations shown. 
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Excitation I concerns a excitation of an electron from the VB to the donor level. This means 
that the electron is captured by an ionized donor. Excitation IJ is an excitation of an electron 
present in the acceptor level to the CB. Excitation JIJ is the excitation of a captured electron 
(by a donor) to the CB. Excitation !Vis the excitation from the VB toa neutral acceptor and 

k 

tigure C9: Interband transition tigure ClO: Intraband transition 

tinally Excitation V concerns an excitation of an electron from a ionized acceptor to an 
ionized donor. The necessary energy in this last case is given by: 

Intraband absorption 

(C38) 

The transitions where electrons are excited from one band to another are called interband 
transition (see tigure C9). There is also a transition possible in which the electron is 
transferred within a band ( tigure C 1 0) This transition is caused by radiation with an 
appropriate frequency. 
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APPENDIXD 
Conductivity 

Ohm 's law, Conductivity of metals and semiconductors, Photoconductivity 

Ohm'slaw 

In general, the Ohm's law describes the conduction of a metal or semiconductor: 

The specitïc resistance p is defined by: 

V 
I=-

R 

RA p = 
L 
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(Dl) 

(D2) 

with the dimension Om. With the current density J, the electric field i!' and the conductivity a 

I 
J =-

A' 
g> = V 

L 
(J = 

1 

p 

an alternative expression ofthe Ohm's law can be obtained: 

J = a[f 

where a has the dimension (Qmf1 
• 

Conductivity of metals 

(D3) 

(D4) I 

The motion of the conduction electron in a electric field i!' and with a friction force can be 
described by: 

• dv 
m 

dt 

cp .v -ee - m -
't 

(D5) 

with the first term on the right the force on the electron due to the electric field and the 
second term on the right the friction force with 't the colli si on time and m • the effective mass 
of the electron. In the steady state results in: 

(D6) 

the steady state velocity or drift velocity v d • This velocity is not the intrinsic velocity of the 
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electron. The electron makes a random motion with a high velocity vr, independent ofthe 
applied field. The charge per unit volume is given by -Ne. The current density J can he 
expressed in terms ofthe charge per unit volume and the drift velocity. In combination with 
(D4) gives: 

= a= 
Ne 2't 

(D7) 
m m m 

The time 't can he interpreted as a relaxation time in which the drift velocity becomes zero 
after a sudden removal of the electric field. This relaxation time can also he expressed in 
terms ofthe random velocity vr: 

't = 

with l the free path length. 

The electrons collide due to two mechanisms: 
• Thermallattice vibrations 
• Lattice imperfections. 

I 

V r 

Consequently, the inverse collision or relaxation time can he split in two parts: 

(D8) 

(D9) 

with 'tv the relaxation time due to vibrations and 't; the relaxation time due to imperfections. 
This distinction reflects in the specific resistance. 

m • 1 
p = --

Ne2 't 
~(-1 + _!_) = 
Ne 2 't 't. 

V I 

--- + 
m • 1 m * 1 

(DlO) 
Ne 2 't V Ne 2 't. 

I 

using (D2) and (D3). The Pv is the only part which is dependent ofthe temperature 
Theoretically, at T- 0 K. Pv- 0 and consequently p- p;. The collisiontime due to impurities 
can he written as: 

't. 
I 

V r 

(Dll) 

with l; the mean free path for collisions of electrons with impurities. This mean path can he 
expressed in terms of the concentratien n; of the impurities and the cross section of the 
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impurities A; : 

(D12) 

For the mean free path for collisionsof electrons with the vibrating ionsin the lattice lv, a 
similar expression can be derived: 

/vAionNion = (D13) 

The 'cross section' ofthe vibrating ion can be estimated by taking the area of a circular disk 
with a radius equal to the average amplitude of the vibration (x) : 

(D14) 

Stating that a vibrating ion can be described with a harmonie oscillator, the term ( x2
) can be 

expressed in the energy of this oscillator: 

'hw 

e kT - 1 

2 'hw - (x 2) = 
k 'hw 

e kT - 1 
(DIS) 

Introducing the Debye temperature e, with k6 = 'hw and M the mass of the ion, the specitic 
resistance due to ion vibrations can finally be written as: 

pJT) = (~)---
k6M e - r » e (D16) 

eT - 1 

Consequently, the specific resistance increases linear with the increase ofthe temperature. 

Conductivity of semiconductors 

The conductivity ofthe free electrons and holes in the semiconductor is according to (D7): 

a e (D17) 
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The mobility Jl of the electrans and holes is defined by the ratio of the drift velocity v and the 
electric field g'_ By using (D6) an expression for the mobility ofthe electrous and holes is 
obtained: 

and (D18) 

The conductivity can be expressed in terms of the mobility, the carrier concentratien and the 
charge of the carrier with use of (D 17) : 

(D19) 

The total conductivity a can obtain by adding the conductivity of the electrans and that of the 
holes. 

The intrinsic conductivity, with n = p, gives: 

This conductivity depends on the temperature by: 

E 
= Ina = lnj(T) - __ g_ 

2kBT 

(D20) 

(D21) 

(D22) 

So in the intrinsic case, In a versus 1/T should give a straight line when the temperature 
dependenee off(T) is neglected. In the extrinsic case the amount of nor p type carriers stays 
constant, say N, depending on the concentratien of impurities or defects. Now the temperature 
dependenee is govemed by the mobility of the electrans and holes. The temperature 
dependenee of the mobility is due to the temperature dependenee of the relaxation time 't 
defined in (D8). A problem with semiconductors is that 't is depending on the position of the 
electrous in the band. Therefore it is convenient to define an average lifetime or relaxation 
time 'tav . In case of a n-type semiconductor this leads to: 

't = e,av 
V r 

(D23) 
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The mobility becomes: 

m v e r,av 

From the kinetic gas theory can he recalled: 

1 
-m v 
2 

e r,av 
=~kT 

2 B 

Which gives the following expression for the mobility: 

Consequently a temperature dependenee ofthe conductivity is found for an n-type 
semiconductor: 

(J = 
e 

Nq/fe 

(3mekBT)'h. 

quite opposite to the earlier found intrinsic temperature dependence. 

Photoconductivity 
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(D24) 

(D25) 

(D26) 

(D27) 

Light with a frequency satisfying (C34) can excite an electron from the VB to the CB, leaving 
a hole bebind. Both the electron and the hole give rise to the conductivity. The conductivity 
of a semiconductor in the dark is given by: 

(D28) 

Turning on a light beam causes a higher concentration of electrans and holes, say with an 
amount of än for the electrans and äp for the holes. The amount of n is coupled to the 
amount of p because of the fact that every electron leaves a hole bebind and consequently än 
= äp. The conductivity ofthe samesemiconductor exposed to light is: 

The fact that än and äp become stabie is due to two processes. The first process is the 
creation of electrans and holes caused by illumination. The second process is the 
recombination of electron and holes. These two processes can he described by: 

(D29) 



143 Appendix D: Conductivity 

dn n - no 
=g---..:... 

dt 't 
(D30) 

with g the change of concentration due to the illumination and the second term on the right 
the recombination term with 't the recombination time. In the steady state (D30) becomes: 

dn 
-=O=g-
dt 

n - n
0 

--- ==> n - n
0 

= g't 
't 

(D31) 

The generation rate g is related to the absorption coefficient and the incident intensity. With d 
the thickness ofthe semiconductor, the absorbed power is da. Together with the total number 
ofphotons falling on the semiconductor per unit of time N(w), the amount ofphotons 
absorbed per unit of time is given by: adN(w). The amount of incident photons N(w) is 
related to the intensity I( w) : 

N(w) = l(W)A 

'hw 

Together with (D31) the generation rate g becomes: 

g 
= adN(w) 

V 
==> g 

(n - no) = a/(w) 

with V the volume. 

(J 

Which is an expression ofthe conductivity during illumination ofthe semiconductor. 

(D32) 

(D33) 

(D34) 
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APPENDIXE 
Interaction of EM waves with a solid 
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Maxwell equations,Absorption, Dielectric function and optica/ conductivity, Rej/ection 
Lorentz model, Drude modelfor metals and semiconductors, Plasmafrequency, Kramer 

Kranig analysis 

The dielectric function e(w,k) depends on the frequency wand the wave vector k. This 
function describe the response of a medium on an electric field. This can give a clue of the 
optica} properties of metals and semiconductors. By using the Fermi gas or Drude model, the 
dielectric function of an metal can be derived. On the other hand a model of bound electrans 
(Lorentz model) can be used to predict, to a certain extent, the optica} properties of 
semiconductors. 

Maxwell equations 

The macroscopie Maxwell equations: 

\l.D = p 

\lxE=-

With the material relations: 

D=EE=EEE 
0 r ' 

J = aE, 

\l.B = 0 

\1 x H = J + aD 
at 

B = JlH = Jl Jl H 0 r 

(El) (E2) 

(E3) (E4) 

(E5) (E6) (E7) 

The equations simplify for the description of light propagation in a isotropie medium. 
There is no extemal charge, sop= 0 and aEiat = 0. This gives the following equations. 

\l.E = 0 

an 
\1 x E = - Jl-at 

\l.H = 0 

\1 x H = J + EaE 
at 

Absorption, Dielectric function and optie al conductivity 

With the vector identity: 

\1 x (\1 x E) = \1(\l.E) - t::;2 E 

and E8 .. Ell the wave equation becomes: 

(E8) (E9) 

(ElO) (Ell) 

(E12) 
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The complex wave is of the form: 

E = E ei(k.r- Wt) 
0 

By substitution of(EI4) in (E13) the following expression is obtained: 

k 2 = J.LW(WE + ia) 

with k amplitude ofthe wave vector k. 
lt is convenient to express k in terms of n=: the complex refractive index 

k = Wnz = W(n + iK), with nz =n + iK 

with n the refractive index and K the extinction coefficient. Rewriting (EI4) gives: 

E = E e -WK.r e i(wn.r - Wt) 
0 

(E13) 

(EI4) 

(EIS) 

(EI6) 

(EI7) 

The first exponential term describes the attenuation of the wave vector amplitude. This is 
related to the absorption coefficient a. and is defined by: 

a. = 
1 dl 

= 2WK (EIS) 
I dr 

The second term of (EI7) describes the propagation ofthe wave through the medium. By 
using (EIS) an expression for the dielectric function E is obtained. 

(n 2 - K2) 
E = ....:._ __ ...:... (EI9) 

J.l 

and the optica! conductivity a. 



Appendix E: Interaction of EM waves with a solid 146 

a = 
2KWn 

(E20) I 

Defining the complex dielectric function Er= e1 + ie1 results in the following expressions for 
e1 and e1: 

and 
2nK 

Rejlection 

a 
w 

(E21) 

The reflection of a light beam perpendicular to the surface of a solid medium is of interest for 
the performed experimentsin this work. Figure El shows the configuration of an incoming 
wave perpendicular to the surface of a medium . The E-component of the electromagnetic 
wave is directed normal to the plane of incidence. The B-component is directed parallel to the 
plan ofincidence. The wave vector k ofthe incident, reflected and transmitted wave are: 

respectively. 

k 1 = (O,ky,O) 

k, = (0, -ky,O) 

k
1 

= (O,ky,O) 

The E-component of the incoming wave is considered to be of the form: 

E. = ( 0' 0' Eo . e i(yky - wt)) 
I ,I 

E = (0 0 E ei(-ykY- wt)) 
r ' ' O,r 

E = ( 0 0 E i(yky - Wt)) 
t ' ' o,te 

The B-component is described by: 

Bt = (Bo,;ei(yky- wt>,O,O) 

B = ( -B ei(-yky- wt) 0 0) 
r O,r ' ' 

B = ( B i(yky - wt) 0 O) 
t o,te ' • 

(E22) 

(E23) 

(E24) 

(E25) 

(E26) 

(E27) 

(E28) 

(E29) 

(E30) 
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This leads to the following boundary conditions of the perpendicular reflection at a solid 
medium: 

EO,t = E + E O,r O,i 

BO,t = B - B O,i O,r 

When the permeability p is taken as unity, the magnetic induction B is identical to the 
magnetic field H. The relation between E and H is in vacuum is given by: 

H=E 

and in the medium: 

H = n E z 

(E31) 

(E32) 

(E33) 

(E34) 

These results are obtained by substitution ofthe wave equations (E25 .. E27) and (E28 .. E30) in 
the Maxwell equation (E 1 0). 

Interface f 
E; 

· .. 

With this relation (E32) becomes: 

· .. 

Plane of incidence 

B = B - B = H = H . - H = n E = E . - E (E35) O.t O,i O,r O,t 0,1 O,r z O,t 0,1 O,r 
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The amplitude of the reflectance wave is defined by: 

r = 
E 

O,r 
I - n 

z 

EO. 
·' 

I + n 
z 

Finally, the reflectivity R is: 

R = lrl2 = 
11 - nl 
II + nl 

= (1 - n)2 + K
2 

(I + n)2 + K2 

Lorentz model 

The Lorentz model consist of an equation of motion described by: 

d 2r dr 2 
m- + mP- + mw0r 

dt 2 dt 
-eE 

loc 
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(E36) 

(E37) 

(E37) 

with m the mass of the electron, p a damping factor and w0 the angular velocity. This 
equation describes the motion of an electron bound to the nucleus with an infinite mass 
(assumption 1) like a -mass/damper/spring- system and Jacks the interaction force between 
the magnetic field of a light wave accompanying the field E1oc (assumption 2). The first term 
describes the Newtonian force. The second term is a viscous damping term. The last term is 
the restoring force related to the circular motion of the electron . The time variation of the 
local field is e·il>lt . This leads to the solution for r: 

- eEtoc 
r = ----~~--- (E38) 

The related dipole moment is: 

p = -er = 
e2E 1 loc ------- (E39) 

The polarizability a(w) is defined by: 
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(E40) 

The macroscopie polarization P is defined by: 

P = Np = cxE ~ cxE 
loc (E41) 

with N the number of di po les. The last term is an approximation. The assumption will be 
made that the electrons only 'feel' the macroscopie field. This not the case because the 
electrons are bound to the nucleus and 'feel' also the electric field ofthe nucleus charge. The 
resulting local field E1oc shall in general consist of several contributions of neighbouring 
charges. Also the screening of the electrons will have influence on the local field. All these 
contributions are neglected in the result above. 
The complex displacement D is given by: 

(E42) 

The electric susceptibility X is defined by: 

Ncx x = (E43) 

This results for the relative dielectric constant E,: 

E r 
Ncx 

I + = I + X 
EO 

(E44) 

The complex expression of Er becomes: 

Ne 2 I 
E = 1 + --------------r (E45) 

This expression can be split in a real and a complex part according to (E21) with p = 1 . 
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(E46) 

E2 = 2nK = 
Ne 2 Pw 

Eom (wo2 - w2)2 + Ww2 
(E47) 

These expressions can be extended for more electrons. With the density ~ of the electrons 
moving around the nucleus with a resonance frequency wj (E45) becomes. 

(E48) 

In appendix F some more attention is paid to this extended model. 
Finally by using (E21) the real index ofrefraction n and the extinction coefficient K can be 
expressed in E~>E 2: 

Drudemodel 

n = VlhV(E/ + E/) + E1 

K = JlhJCE/ + E2
2) - E1 

(E49) 

(ESO) 

The Drude model for metals is in fact a simplification of the Lorentz model for insulators. 
The conduction electrons are not bound. Consequently, the restoring force is absent i.e. w0 = 

0. The local field, which is relevant for the Lorentz model, does not influence the conduction 
electrons. These electrons just 'feel' an average external field. The components ofthe 
complex dielectric function for the Drude model becomes: 

1 
Ne 2 1 

El = ---
E0m (w2 + P2) 

(E51) 

Ne 2 p 
E2 = 

E0m w(w2 + P2) 
(E52) 

The damping in the Drude model is due to collisions of the conduction electrons. So , the 
following identification can be made: 
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The plasma frequency wP is defined: 

This leads to: 

Ü) 2 = 
p 

1 

Ü) 21: 
€2 = __ ..!.,.P __ 

w( 1 + w21:2) 

Kramer-Kronig analysis 

(E53) 

(E54) 

(E55) 

(E56) 

This analysis is used to obtain the real part of e.g. the dielectric function when the imaginary 
part is known or vice versa.(under certain conditions). 
To see this in perspective, some insight is gained by following a fundamental derivation: 
At a Green's function G(w) is considered. This function describes the response due toa force 
acting on a system. This can he written as: 

R(r,t) J G(r,r 1,t,t 1)F(r 1,t 1)dr 1 dt 1 (E57) 

with R the response, G the response function and F the force acting on the system. Under the 
assumption that the response at a certain point is only dependent of a force acting at that 
point, can G(r,r',t,t ') he written as: 

G(r,r 1,t,t 1) = Ö(r - r 1)G(t - t 1) (E58) 

Substituting this in (E57) gives: 
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R(r,t) = f G(t-t 1)F(t 1)dt 1 (E59) 

Due to the causality of G(t - t ') it is required that: 

G(t -t 1) = 0, for t < t 1 (E60) 

By use ofFourier transformations ofthe separate terms (E59) becomes in the frequency 
domain: 

R(w) = G(w)F(w) (E61) 

The F ourier transform of G(t -t ') can be written as; 

(E62) 

By splitting the frequency win a real w1 and imaginary part wb (E62) becomes: 

G( ) JG( 
') iw1(t -t 

1
) -w2(t -t 

1)d w = t-t e e t (E63) 

This integral is bounded for every real frequency wi> while the last term is only bounded fort 
-t' > 0 taking in account that condition (E60) applies here. Thus the integral can be evaluated 
for the upper half plan only. 
To perform the complex integration some complex function theory is needed. By use ofthe 
integral formula Cauchy an expression for G(w) is obtained. 

G(w) = _I_J G(z) dz 
21ti z - w 

K 

(E64) 

This is valid if w lies on or within the contour K. Assuming that w is real and stating that 
(E63) must be evaluated fortheupper half ofthe complex plane, a contour shown in tigure 
E 1 is needed. As can be seen the contour stays clear of the singularity in z = w. The total 
integral over the contour can be separated in four parts and equals zero on the condition that 
G(w) is analytica! within the contour. Integral 4 becomes zero by letting the radius go to 
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4 

2 
1 

-I- ----

(J) 
(J)l 

Figure El 

infinity. Integral 2 is equal to 

lim J G(z) dz = 
Ö!O z - w 

. Res G(z) 
1tl 

z =w z - w 
= niG(w) (E65) 

cll 

hy letting the radius of semi circle 2 go to zero. The remaining integrals 3 and 4 (the 
segments 3 and 4 are the so called principal part of the integral and will he noted with prefix 
P) are equal totheresult of (E65) so in genera!: 

~ 

G(w) ~p J G(z) dz 
1tl z - w 

This result is ohtain for a function in generaL This integral can he split in a real and 
imaginary part: 

~ 

Re G(w) = _!_p J Im G(z) dz 
1t z - w 

~ 

Im G(w) - _!_p J ReG(z) dz 
1t z - w 

These are the Kramer-Kronig Relations. 

To ohtain an expression for the dielectric function, it must he stated that: 

e(w) 1 + Na(w) 

EO 

(E66) 

(E67) 

(E68) 

(E69) 
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According to (E44). The polarizability a(w) can he written in the form of (E66) and by the 
splitting in a real and imaginary part a(w) = a1(w) + ia2(w) an expression like (E67) and 
(E68) is obtained: 

(E70) 

1 ~~ at(z) 
= - -P dz 

1t z - w 
(E71) 

Together with (E69) the Kramer Kronig Relations for the dielectric function is obtained: 

E
1
(<..>) - 1 = _!_p ~~ E2(z) dz 

1t z - w (E72) 

1 ~~ (E 1(z) - 1) 
= - -P dz 

1t z - w 
(E73) 

For real physical systems must apply: 

and (E74) 

This leads finally to: 

(E75) 

2w ~~ (E1(z) - 1) 
- -P dz 

1t -~ z2 - w2 
(E76) 

APPENDIXF 
Quantum mechanica/ model for absorption processes 

Perturbation theory, Quanturn mechanic equivalent for the Lorentz model, Quanturn 
mechanica/ description of direct interband transitions. 
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Perturbation theory 

The quanturn mechanica! model will be derived by use of the perturbation theory. 

Assuming that the Schrodinger equation can be solved exactly and the complete set of eigen 
values and eigen function are known: 

(Fl) 

This is the unperturbed system. Now consiclering a perturbed Hamiltonian ofthe form: 

(F2) 

and consequently solving the equation: 

(F3) 

Because ofthe fact that <l>n forma complete set of eigenfunctions, the function Vn can be 
expanded in terms of this set. 

Vn = (<l>n + L enk( À) <l>k) 
k"'n 

(F4) 

With: 

(F5) 

and 

(F6) 

Then the Schrödinger equation (F3) becomes: 
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Now by arranging powers of À, the first equation becomes: 

H ~ C (t)<l> + H <I> = E (o)~ C (t)<l> + E (t)<l> 
0 L nk k 1 n n L nk k n n 

k*n k*n 

E~1 ><1>,. = Hl <1>,. + L (E~O) - E~0))C~~)<I>k 
k*n 

and taking the scalar product with <1> .. , consiclering that (<l>k I <1>1 ) = ökl, the following 
expression is obtained: 

Stating that the energy shift with respect to the unperturbed system is in first order the 
expectation value of the perturbed part of the Hamiltonian. 

Time dependent perturbation theory 

When the perturbation Hamiltonian is time dependent the following equation has to be 
solved: 
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(F7) 

(F8) 

(F9) 

(FIO) 

(Fll) 

According to the procedure used before, the function lJI(t) can be expanded in a complete set 
of the wave function of the time independent unperturbed system (F 1) : 

h <I> 
n 

(F12) 
n 

From substituting this function in (Fll) follows: 
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(F13) 

lfthe scalar product is taken ofthe latter expression with <I>"" and (<l>m I <l>n) = Ömn 

(F14) 

By using the initial condition that at t = 0, the state ofthe system equals <l>k: lJI(O) = <l>k, 
To satisfy this condition, the coefficients at t = 0 must fulfill: 

(F15) 

Consequently the right hand side of(F14) can he written as: 

(F16) 

The coefficient cn,(t) can he ohtained he evaluating the integral: 

t i(E ~0) - E ~O))t I 

cm(t) = i~ Je h ( <J>m IHI(t ')I <J>)dt I (F17) 

0 

Quantum mechanical description of interband transitions 

The goal ofthis part is to ohtain a description ofthe ahsorption process, in which an electron 
is exited hy a photon, carried hy a electromagnetic wave. The initial state is considered to he 
unperturhed, then hy the perturhing electromagnetic field a transition can take place to a final 
state. 

So, at first a unperturhed system is considered: 

H "" = E co>"" 
0 'l'n n 'l'n (F15) 
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with the unperturbed Hamiltonian: 

P 2 
H

0 
= + V(r) 

2m 
(Fl6) 

For the description ofthe electromagnetic field a vector potential A(r,t) and a scalar potential 
~(r, t) are introduced. The effect of the electromagnetic field on the electron can he described 
by the Hamiltonian of the perturbed system: 

H = _l_(p + eA )2 + V(r) 
2m c 

(F17) 

The first term on the right side can he expend into: 

_l_(p + eA )2 _ p 
2 

+ _e_A ·p + _e_p-A 
2m c 2m 2mc 2mc 

(F18) 

The description ofthe electromagnetic field by a vector and scalar potentialis not unique. To 
tackle this problem, aso called gauge can he chosen to make description unique. For this 
problem it is convenient to choose a Coulomb gauge: 

The p-operator is defined as: 

~ = 0 
\7·A = 0 

The second term on the right hand of (F 18) can he written as: 

~ ~ ~ 
(A ·p)f = A (- \7/) + (- \7·A)f = A (- \7/) = (p·A)f 

i i i 

following from (F20). 

(F19) 

(F20) 

(F21) 

If the last term of (F 18) is neglected together with the result (F21 ), the Hamiltonian of the 
perturbed system can he written as: 
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e 
H = H

0 
+ -A·p 

me 

With the perturbation Hamiltonian or electron-radiation interaction Hamiltonian HeR: 

e 
HeR= -A·p 

me 

The energy difference between the conduction and valenee band can be treated as the a 
energy shift caused by a perturbation potential. According to (FIO): 

(F22) 

(F23) 

(F24) 

Without proof' , the vector potential A(r,t) used for the description ofthe absorption process 
is taken: 

I A(r,t) = V,a0A 0 e'(h-~l (F25) 

With a0 is the unit vector of the polarisation and A0 a constant. As can be seen, the direction 
of A(r,t) is fully determined by the polarization direction. 

The perturbation potential for one photon (F23) becomes together with (F25) with N = 1: 

(F26) 

To describe the transition process from a initia! state to the final state, in termsof quanturn 
physics, a expression is needed which state the probability that a electron absorbs an photon 
and makes the transition from an initia! state in the valenee band with energy eV• to a final 
state in the conduction band with energy Ec. 
By using the expansion postulate, the probability Pn(t) to find that a state lJI(t) is equal toa 
eigenstate cl>n (t) with energy En is: 

(F27) 

U sing the re sult of (F 17) 

1 A detailed discussion can be found in the hooks 'Quantum Physics' by S. Gasiorowicz or 'Optical 
properties ofsolids' by F.Wooten 
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t i(E.(k.) - E.(k.) - hw)t 1 

cc(t) = -~;'hiA 0 I(<J>clei(k·r>a0 ·pi<J>)je h dt 1 (F28) 
0 

So, the probability of a transition from a state in the valenee band v to a state in the 
conduction band c becomes 

2 2 t i(E.(kc) - E.(k.) - hw)t 1 

e Ao . J Pc ... v = ---I(<J> le'(k·r)a ·pi <J> )1 2 1 e h dt 1
l
2 

2 2'1,2 C 0 V 
4m c n 

0 

(F29) 

The last term on right hand side can be identified with the delta function for t large and can 
be written as: 

The transition probability per unit of time or transition rate can be written as: 

r c->v 

e2A 2 

= 1t 
0 I("' lei(k·r>a ·pi"' )I 2 Ö(E (k) - E (k) - 'hw) 

2'1o 'Pc 0 'Pv c c v v 
2m n 

Only direct transitions are considered, so kc= kv =k .To obtain the total transition rate 
of the valenee and conduction band, the integral over all possible k's must be taken. 

(F30) 

(F31) 

e2A 2 

r = 1t 
0 fi(<J> lei(t·r>a ·pi <J> )I 2 Ö(E (k) - E (k) - 'hw)dk (F32) 

CV 2 'I, C 0 V C V 

2m nk 

The following approximations can be made to simplify (F32): 
Firstly, the term ei(k.rJ in the matrix elements descrihing the higher order optical transitions 
can be neglected, which leads to: 

(F33) 
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Secondly, the momenturn matrix elementp does, assumingly, notdepend strongly on k, and 
can he taken constant: P, which leads to: 

(F34) 

With these approximations (F32) hecomes 

1te2A2 

r = 
0 lP I 2 Jo(E (k) - Ev(k) - 'hw)dk cv 2~ c 

2m n k 

(F35) 

The imaginary part of the dielectric function can he defined as: 

nc W 
(F36) 

with Wthe energy ahsorption rate: 'hwrcv and ISI the magnitude ofthe Poynting vector: 
Y:nce 0w

2 A/ . This leads to 

(F37) 

The real part can he ohtained hy the Kramer-Kronig Relations (App. E). 

e2 2 IPI2 
e 1 = 1 + --J-- --'-----'---dk 

e
0
m m 'hw 2 2 

k cv wcv - w 
(F38) 
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APPENDIXG: 
Thermodynamics of hydrogen sorption in REH 

Chemica/ potential, Gibbs Duhem relations, Heat ofFormation, Van 't Hoffrelation 

Chemica/ potential 

The equilibrium state of the H2-gas phase with a solid RE can he expressed in terms of the 
chemica! potential Jl ( not to he confused with the magnetic permeability). The equation 
becomes: 

(Gl) 

with Jln.g the chemica! potential ofthe gaseous hydrogen and J..lH,a the chemica! potential ofthe 
atomie hydrogen in the RE. When two phases coexist in the REH in equilibrium with the 
surrounding gas the following conditions applies: 

Yz J.ln,g(p,T) = J.ln,a.(p,T,xa.) = J.ln.~(p,T,x~) 

J.lM,a.(p,T,xa.) = J.lM.~(p,T,x~) 

with a and p indicating two coexisting phases in generaL 

Gibbs-Duhem relations: 
The Gibbs-Duhem relations for constant Tand pare: 

Heat of formation 

First, taking the case for hydrogen H in a phase a , the following derivative along the 
coexistence line can he taken: 

d(J.l TH,a.) H,a. = a(J.lna.T-1) + aJ.lH,a. dp a(J.lH,a.T -
1
) dxa. 

+ ----'------
a(r - 1) ap a(r - 1) axa. d(T -1) 

Then by using the expressions: 

(G2) 

(G3) 

(G4) 

(G5) 

(G6) 
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[a~Japln,T = v 
[a(~IT)Ja(tiT)l = H p,n 

(G7) 

(G8) 

with n the number of mol es. The same expression is valid for the hydrogen in a phase p and 
the metal in a phase a. or p. Together with (G7) and (G8) the following equations are 
obtained: 

d(~H.a.T -1) 
=H + 

V Ha ap 
+ 

a(~H aT -1) dxa 

d(T -1) 
H,a 

T acr -1) axa d(T -1) 

(G9) 

d(~M.a.T -1) 
=H + 

VM,a ap 
+ 

ac~Mar -1
) dxa 

d(T -1) 
M,a T acr -1) axa d(T -1) 

(G10) 

d(~H.~T -1) 
=H + 

vH.~ ap 
+ 

ac~H.~r -1
) dx~ 

d(T -1) 
H,~ T acr -1) axa d(T -1) (Gll) 

d(~M.~T -1) 
=H + 

vM.~ ap 
+ 

ac~M.~r -1
) dx~ 

d(T -1) 
M.~ T acr -1) axl3 d(T -1) (G12) 

Now by multiplying (G9) with the concentration xcx of a phase a. and adding it to (G 1 0) the 
following equation is obtained: 

The same procedure, multiplying (G11) by Xp and adding it to (G12), results in: 

(G13) 
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x d(J.LH,I3T -I) + d(J.LM.I3T -I) = 

l3 d(T -t) d(T -t) 

Th en by defining: 

Ha = xaHH,a + HM,a 

va = xavH,a + V M,a 
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(014) 

(015) (016) 

(017) (018) 

and making use ofthe Oibbs-Duhem relations (04) and (05), (013) and (014) becomes: 

d(J.LHaT-1) d(J.LMaT-1) - Va dp 
x ' + ' =H + 

a d(T -t) d(T -t) a T d(T -t) 
(019) 

d(J.LHRT-1) d(J.LMRT-1) - VR dp 
x ,p + ,p = H + t' 

l3 d(T -t) d(T -t) l3 T d(T -t) 
(020) 

Subtraction of(019) from (020) gives: 

X d(J.LH,13T -t) -x d(J.LH,aT -1) + d(J.LM,13T -t) 

l3 d(T -t) a d(T -t) d(T -t) 

d(J.LMaT-1) - - VR-Va dp 
' =H -H +--=--t'----=-- (021) 

d(T -t) l3 a T d(T -t) 

As a consequence of (02) and (03), the following equations are obtained: 

d(J.LH,aT -1) - d(J.LH.I3T -I) = 1 d(J.LHt -1) 

d(T -t) d(T -t) 2 d(T -t) 

d(J.LM,aT -t) 

d(T -t) 

With these equations (021) can be rewritten: 

(022) 

(023) 



165 Appendix G: Thermodynamics of hydragen sorption in REH's 

(024) 

The term on the LHS can be written in a form much alike equation (09): 

(025) 

Different from equation (09) is that the last terms equals zero because ofthe fact that the 
chemica! potential fJH, is independent ofthe any concentration ofany phase. 
Consequently, the following general expression is obtained for hydrogen in a metal were two 
phases coexist. 

dp H~ - Ha - ~(x~ xa)HH
2 

= -------------------
Td(l/T) 

The enthalpy of formation of a from a phase a of the REH, with a concentration x u 

to a phase ~. with a concentration x13 is defined by: 

H~ - Ha 
!:lH A = - ~H 

a-p Hl 

Then by using the fact that: 

equation (026) can be rewritten: 

x~ - xa 

1 dp 

T d(l/T) 

dp 

dlnT 

To simplify this equation a few approximations can by made: 

V =V 
H,~ H,a 

(026) 

(027) 

(028) 

(029) 

(030) 

(031) 
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This leads to: 

(G32) 

This expression gives a clue of the heat of formation during the reaction: 

REH + Yl(xn -x~)H2 .... REH 
Xa p " Xp (G33) 

Van 't Hofi-re/ation 

The free enthalpy Gis defined by: 

G = H - TS (G34) 

The differential becomes: 

dG = dH - TdS - SdT (G35) 

The free enthalpy Gis related to the chemical potential p: 

(G36) 

with Gm the free enthalpy per mole. From now on the extension m is omitted for convenience, 
so every quantity is taken per mole.. 
The condition for thermodynamic equilibrium, expressed in (G2) and (G3) leads to: 

(G37) 

A phase transition is considered to be an isotherm and isobaric process. The differential 
equation of (G35) per mole becomes: 

for an transition of a phase a to a phase p . 
Similar to (G27), ~Su-Il can be written as: 

(G38) 

(G39) 
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with §11 and s~ defined as: 

-
sll = x!lsH,!} + SM,!} 

In the simple lattice model the following approximations can be made: 

Consequently, (G39) becomes: 

and with (G38): 

SH,a ;:: SH,!} 

sM.u ;:: sM.!l 

-
llHa-!l = lh.TS H 

2 

At low pressures the expression for the entropy ofthe hydrogen gas becomes: 

- -
S H = S H 0 - R lnp 

2 2• 

Together with (G45), finally the 'van 't Hoff- relation is obtained: 

lh.lnp 
2R 

(G40) 

(G41) 

(G42) 

(G43) 

(G44) 

(G45) 

(G46) 

(G47) 
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PART 11: 
APPENDIXH 

Calibration of the op ti cal equipment 

168 

The monochromator of the optical table set up had to be calibrated in order to enable the 
interpretation ofthe monochromator position in termsof the wave length. This calibration is 
done with a mercury lamp. This lamp has a spectrum (see tigure Hl) withalotof features in 
the desired wave length range. The lamp was placed before the monochromator inlet slit. By 
letting the monochromator scan over its full range and simultaneously collect the intensity 
from the out coming beam, the spectrum could be measured (tigure Hl). The wave lengths of 
the peaks in the spectrum of the mercury lamp are known, so the monochromator position x 
of a certain peak could be identitied with the corresponding wavelength. 

100 100 

90 90 

80 80 

70 r 70 

60r 60 
~ 

50 50 ~ 
·~ 
~ 40 40 

30 30 

20 20 

10 10 

0 A [\ 1\ jl, ~ 0 
0 25 50 75 100 125 150 175 200 225 250 275 300 

x-value 

Figure Hl: The spectrum ofthe mercury lamp, measured with the monochromator. The 
x-value corresponds with the steps ofthe stepper motor. 

The wavelengtbs of the major peaks as a function of the corresponding x values must give 
linear relation. This relationship is plotted in tigure H2. After the calibration, it is possible to 
determine the spectrum of the xenon lamp, which is used for the op ti cal measurements. This 
spectrum is given in tigure H3. 
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150 

X-value 
200 250 300 

Figure H2: The wavelength of the major peaks versus the x-value of the 
monochromator. 
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Figure H3: The spectrum of the xenon lamp measured as a function of the x value of 
the monochromator. The wavelength of the two major peaks is indicated by an arrow. 
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APPENDIX I: 
Lab View application 

For the microscope set up, a Lab View application has be written. The figure below gives an 
impression ofthe graphical programming technique. The blocks represent the data operations 
and the lines represent the data flow. The figure on the next page illustrates the user interface 
ofthe application. Several parameterscan be watched simultaneously. 
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The user interface of the Lab View application. 
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APPENDIXJ 
CREdemo 
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~~ . For the annual Corporate Research Exhibition (CRE) a demo (see tigure Jl) is constructed. 
~':,:~:i·· This demo is basedon the thermochromic principle. A gas cell contains H2 gas. In the cell a 

SmH layer is applied. The cell is placed before a IR filter and a halogen lamp. The gas cell 
c;an function as a shutter for the light beam. In the normal state the SmH layer is transparent 
The beam propagate through the gascelland falls on a slide via a condenser. The image of 

..... · i1;he slide is magnified and projected on a screen before the demo. By heating the SmH layer, 
it becomes in transparentand the image on the screen fade away. During the cooling down of 
the layer the image appears on the screen again. 

I objectiv~ 
I I 

1/s/ide 
/ 

11 Condenso~ 
Hz 

(r 
~ 

I 
1 gas celf supply 

filter 

lamp 

Figure J1: A schematic view of the CRE demo. 
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Introduetion 

Introduetion 

This supplement is divided in two parts: a theory partand a part containing several subjects 
like calibration of the optical equipement. etc 
The theory part serves as a reference book for the theory, related to the subject of Rare Earth 
Hydrides (REH). In a certain extent this part might be too extensive, but on the other hand it 
could be helpful (at least for the writer personally) togainsome insight in the subject. 
The sourees used in the appendices of part one, in alphabetical order ofthe authors, are: 

'Functie Theorie' by profdr.J Boersma, Zeeture notes ofthe Eindhoven University of 
Technology (EUT) nr: 2383 

'Quantum Physics' by Stephen Gasiorowicz, John Wiley & Sans, 197 4 

'Heat of Formation Models ', Topics in applied physics 63, Chapter 6, by Ronald Griessen 
and Thomas Riesterer, Springer Verlag 1988. 

'On the raad to dirty metallic hydragen' by Hans Huiberts, PhD Thesis, Vrije Universiteit 
Amsterdam, 1995 

3 

'Jntroduction to Solid State Physics' by Charles Kittel,John Wiley & Sans, Sixth edition 1986. 

'Elementary solid state physics' by M Al i Omar, Addison Wesley, 1975 

'Electronic Band Structure and Optica! Properties OfThe Cubic Sc, Y, and La Hydride 
Systems' by Douglas Jay Peterman, PhD Thesis, Iowa State University 

'Optica! properties of solids' by Frederick Wooten, Academie Pre ss, 1972 

'Fundamentals of Semiconductors 'by Peter Y Yu and Manuel Cardona, Springer Verlag, 
1996 

The second part consistsof more airy subjects, like calibration ofthe optical equipment and a 
compilation of several strange phenomena which were found during the time of the this 
project. 
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PART 1: theory 

APPENDIX A 
Basics of the reciprocal space 

Reciprocal Lattice Vector, Bragg condition, Brillouin zone, Fermi energy, Density OfStates, 
Fermi sphere 

Redprocal Lattice Vector 

A crystal is invariant under a transformation T written as: 

(Al) 

with n~> n2, n3 integers and aH a2, a3 the primitive crystallattice vectors. Every local physical 
property is invariant for the translation T. For example the electron density p will be 
invariant. This means: 

p(r+T) = p(r) 

With Fourieranalyse in three dimensions, p(r) can be written as: 

p(r) = LPG e iG.r 
G 

(A2) 

(A3) 

With: G = k1.b1 + k2.b2 + k3 .b3 , the reciprocallattice vector, with k~>k2,k3 integers and bH b2, 

b3 the primitive reciprocallattice vectors. 

Bragg condition 
The Bragg condition is in facta Bragg diffraction condition and will be illustrated with the 
aid ofthe Bragg reflection (see figure Al). X-rays are scattered by electron concentrations 
described by p(r) (A3). The incoming wave will described by ei k.r and the outgoing wave by 

11k 

k' 
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é k'.r , with the wave veetors k and k'. The scattering vector !:ik is detined by k +!:ik= 

k'.(see tigure Al) 
The scattering amplitude F, detined by: 

F = J dV p(r)e (-i~k.r) (A4) 

with V volume, can be rewritten by using (4): 

F = L J dV PG e (i(G-~k).r) 
G 

(A5) 

The scattering amplitude reaches a maximum when !:ik = G. This is the Bragg condition. 
Because of the fact that the scattering is considered to be elastic, the conservation of "hw 
applies here. Consequently the magnitudes k and k' are equal: /(2 = k'2• 

The Bragg condition can by written as: 

(G + k) k 2 (A6) 

Brillouin zone 

The Brillouin zone is detined in the reciprocal space. This zone reflects the set of wave 

tigure A2 

veetors kwhich will be Bragg- reflected (see tigure Al). For example the Brillouin zone of a 
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FCC crystal: 
The primitive crystallattice veetors a1, a2, a3 can be expressedinunit coordinates x, y, z 

a
1 

= ~a(y + z); a1 = ~a (x + z); a
3 

= ~a(x +y) (A7) 

These veetors are drawn in tigure A2 
The primitive reciprocallattice veetors b11 b2, b3 can be deduced by means ofthe following 
equations: 

al x aJ 
271:-----

aJ x al 
271:----- (A8) 

With (A7) in (A8) the primitive reciprocallattice veetors (see tigure A3) can be determined: 

b 21t(-x ) 1 = + y + z 
a 

tigure A3 

b
1 

= 21t (x - y + z) 
a 

z 

b 21t(x ) 3 = + y - z (A9) 
a 

To construct the Brillouin zone the shortest reciprocal veetors G = k1b1 + k2b2 + k3 b3 must be 
obtained. From the origin the eight veetors to the body centred positions in the reciprocal 

lattice ofthe neighbouring reciprocal cells are the shortest G vectors: G = 211:/a(::b: ±y ±z) By 
constructinga plane perpendicular on G and intersecting at ~G an octahedron is formed. This 
octahedron is cut by additional planes intersecting the veetors G: 

21tla(±2x); 2nla(±2y); 21tla(±2z) 
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z 

4n/a 

x 
y 

tigure A4: the Brillouin zone ofthe FCC structure 

tigure A5 
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The Brillouin zone is drawn in tigure A4. For later use, the symmetry points ofthe fee 
Brillouin zone can be added to tigure A4. These symmetry points are used to characterize the 
band structure at certain points. 
By convention the following notation is used: 

[100] direction: r -- 1:1-- x 
[111] direction: r--A--L 
[ 11 0] direction: r -- :E -- K 

Fermi energy and Fermi spizere 

By means ofthe Schrödinger equation the energy levels of a Free Electron Gas can be 
determined: 

By assuming that the electrons are bounded within a cube with edge L, the following 
conditions are valid for the wave function w : 

(AlO) 

tiT(x + L ,y ,z) = W(x,y,z) 

tiT(x ,y + L ,z) = tiT(x,y,z) 

tiT(x,y,z + L) = W(x,y,z) 

(All) 

The wave function described by: 

satisties the boundary conditions (All). 

21t 
±-· 

L' 

41t 
±-; .......... 

L 
(Al2) 

Substituting the wave function (Al2) in the Schrödinger equation (AlO) gives the energy Ek 

as a function of the wave vector k: 

~(k 2 + k 2 + k 2) 
2m x Y z 

(A13) 
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The electrons which occupy the orbitals are represented by points in the k-space. In the 
ground state ofthe system (T = 0 K), N electron occupy the orbitals up toa certain energy 
level: the Fermi energy. This energy level can be expressed in termsof k: 

Ferm i 
Surface 

energy is Er 

tigure A6: the Fermi surface 

9 

= ~k 2 EF F 
2m 

(Al4) I 

with kF the magnitude ofthe wave veetors at the Fermi energy level. This energy can be 
represented by a sphere inthek-space (see tigure A6) which is called the Fermi surface. 

Density Of States (DOS) 

The volume element inthek-space can be obtained by Fourier transforming the volume V of 
cubic with edge L in the crystallattice or x-space: 

The volume ofthe Fermi sphere is: 

41tk 3 
F 

3 

V . 
reel (AlS) 

(A16) 
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The number of orbitals in the Fermi sphere is obtain by the ratio of (A16) and (Al5) 
multiplied by two due to the Pauli principle: 

JO 

2· VF = N = ~k 3 
F 

vreci 311:
2 

(A17) 

Rewriting (A13) gives: 

k = ~ 2m E 
F 112 F 

The number of orbitals within the Fermi sphere can be expressed in termsof EF by 
substituting (AlS) in (A17): 

N 

In general, the number of orbitals with energies ~ E is obtained by: 

The Density Of States D(e), is the number of orbitals per unit energy range: 

D(E)= dN 
dE 

Joint Density of States (JDOS) 

3 

V ( 2m )2 y, -·- ·e 
211:2 112 

(AlS) 

(A19) 

(A20) 

(A21) 

Like the Fermi sphere it is possible to distinguish a surface inthek-space for which every 
point has the same energy. Considering, two of these surfaces with energy E and E +de (see 
figure A7), a volume element can be defined with a area dS and a height of dkj_, the 
perpendicular distance between the two surfaces in the k-space. 
The number of states between the two surfaces becomes: 

k(E+de) 

D(E)dE = f D(k)dk = fD(k)dSdkJ.. (A22) 
k(E) 
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with: 

(A22) becomes: 

tigure A7 

dE = V E"dk 
k 

D(E) 

11 

é+dé 

dS 
\ 

" ', /;>J 
' // 

dk_j_ 

and D(k) = (A23) 

(A24) 

An optical energy band Ecv between the conduction and valenee band is defined as the 
difference between the energy of the conduction band Ec and the energy of the valenee band 
Ev. Substituting Ecv in A24 gives the Joint Density Of States Jcv : 

1 f dS 
D( Ec) = Jcv = -3 IV E I 

4TC k cv 
(A25) I 
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APPENDIXB 
Origin of the bandgap 

12 

Central equation and Blochfunction, The origin ofthe bandgap: Kronig-Penney model 

Central equation and Bloch function 

The potential V(x) resulting from the periodicity ofthe positive ion cores pinned at the 
crystallattice, is invariant under a crystallattice translation: 

V(x) = V(x + a) 

This periadie function can be expressed in Fourier series: 

The Schrödinger equation: 

with the Hamiltonian operator: 

V(x) = LVG eiGx 
G 

., r ___ l_p 2 .n + V(x) 
2m 

The substitution of (B2) and (B4) in (B3) results in: 

The wave function w can bedescribed with Fourier series: 

(B6) in (B5) gives: 

(Bl) 

(B2) 

(B3) 

(B4) 

(B5) 

(B6) 

(B7) 



Appendix B 13 

with: 

1;2 
-I: 
2m k 

(B8) 

Then the wave equation becomes: 

(B9) 

By replacing k by k-G in the second term of the left part and dividing by the e; kx -term the 
Fourier coefficient or central equation is obtained: 

(BlO) I 

This equation is the wave equation in a periodic lattice. By determining the coefficients C of 
(B 1 0) the wave fimction can be obtained: 

L Ck_Gei(k-G) ==> \jlk(x) 
G 

(L ek-Ge -;ax)e ;~a = \jlk(x) 
G 

with the last expression in the form of a Bloch function 

The origin of the bandgap: Kronig-Penney model 

Kronig and Penney proposed to model the potential V(x) (B2) ofthe ion cores by a delta
function: 

I/a 

V(x) = AaL Ö(x - sa) 
s =0 

The Fourier coefficient Va can be deduced by: 

LVG eiGx 
G 

(Bil) 

(B12) 
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1 1/a lla 1 1/a 

V G = J dxAa.?; Ö(x - sa) e iGx = A a.?; J dx Ö(x - sa) e iGx = A a.?; e iGsa 

0 0 

(B13) 

V(x) is expected to be realso the real part of (B13) must be taken: 

lla 

V(x) = Re(Aa L e iGsa) = A (B14) 
s=O 

By substituting (B14) in the Central equation (BlO): 

(B15) 

Rewriting gives: 

(B16) 

The coefficients Care periodic over G so replacing k by k-G and summation over G gives: 

ck-G 
A (B17) 

Rewriting of (B 17) gives finally: 

w + cos(a ) = coska 
2 (B18) 
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This function is plotted in the tigure below: 

(P/Ka) sin Ka + cos Ka 

A plot of equation (B 18) for P= 31t/2. The allowed values of the energy e are given by those 
ranges of Ka= (2me!n2

/"' a for wich the function lies between ±1. For the other values there 
are no Bloch-like solutions and are forbidden. (Source: Kittel) 
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APPENDIXC 
Semiconductor basics 

Effective mass, Semiconductors, Intrinsic properties, Impurity states, Donor level, Acceptor 
level, Intrinsic and Extrinsic carrier concentration, Direct and Indirect absorption processes, 

interband and intraband transitions 

Effective mass 

In three dimensions the acceleration is the time derivative ofthe velocity: 

a = 
dv 

dt 
(Cl) 

The velocity of an electron moving in a potential described by Bloch functions or Bloch 
electrons, is: 

The force on a crystal as aresult of an applied field i% is given by: 

F = -eó 

This force results in a change of energy ofthe electron, described by: 

The left part can be written as: 

d E(k) = _ eó'·v 
dt 

d E(k) = \l E(k). dk 
dt k dt 

The velocityvin (C4) can be replaced by (C2) and using (CS) results in: 

'!i dk = -ei% = F 

rewriting gives: 

dv 
a = 

dt 

_!_\/ dE(k) 
'!i k dt 

dt 

_!_ \l ·\I E(k) dk 
'!i k k dt 

(C2) 

(C3) 

(C4) 

(CS) 

(C6) 

(C7) 
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and finall y: 

(-1-) 
* 

(C8) 
m ij 

Because ofthe dispersion relation is described by: 

(C9) 

only the three i = j components of (C8) are descrihing the effective mass of a Bloch electron 
I.e. mxx, mYY' m== 

Semiconductors 

The semiconductor can he described with a Valenee Band (VB) and the Conduction Band 
(CB) separated by an energy gap Eg. The Fermi energy EF lies within the energy gap and is 
taken zero (see tigure Cl). 

figure Cl 

When a electron conquers the energy gap due to a thermal excitation, a hole occurs in the VB. 
The energy of the electron in the CB and the hole in the VB can he derived. 
The energy ofthe CB with respect to the Fermi energy has, according to (Al3) the form: 

(ClO) 

and the (negative) energy ofVB is: 
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(Cll) 

with me and mh the effective mass ofthe electron and hole respectively. 

Intrinsic properties. 

The occurrence of holes is strongly coupled with the temperature. As well the electrons as the 
holes can be seen as carriers of electric current. The concentrations of holes and electrons is 
govemed by the Ferm i Dirac distribution function: 

f(E) T= OK 

f(E) 
1 LOK (E -EF) (C12) 

k8 T 
+ 1 e 

Ep 

For E- EF » k8 T (C3) reduces to the Maxwell Boltzmann distribution: 

f(E) 
(C13) 

The number of electrons between the lowest and the highest energy level in the Conduction 
Band is given by: 

n = f f(E)ge(E)dE (C14) 
Ecl 

with ge(E) the DOS of electrons: 

1 2me 3/2 

- (--) (E - xE ) 112
, with 0 ::;x< 1 

21t2 1;2 g 
(C15) 

this with respect to the Fermi level. Substituting (C6) in (CS) and evaluating this expression 
by using: 
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2 

leads to the electron concentration in the CB: 

The number of holes in the VB is equal to the number of electrons: 

n = p 

By determining an expression like (C17) for p the Fermi energy EF can by found. 
Firstly, an approximation of the probability ofthe hole occupation is: 

1 
1 -f(E) = 1 ----

E-EF 

1 
with (E F-E)» kBT 

k e BT + 1 

withf(E) the Fermi-Dirac distribution. The density of states ofthe holes is: 

1 2m h 3/2 

-- (--) (-E- (x - 1)E ) 112
, with O~x<1 

21t2 1i2 g 

The hole concentration is given by: 

0 

p = f fh(E)gh(E)dE 
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(C16) 

(Cl7) 

(C18) 

(C19) 

(C20) 

(C21) 

In the same manner as with the electron concentration, the hole concentration is obtained: 

-EF (x - !)Eg 

p 
kBT kBT e e (C22) 
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By using equation (Cl8): 

n =p (C23) 

Rewriting gives: 

3 mh 
EF = (2x - l)Eg + -k Tlog(-) 

4 8 m 
(C24) 

e 

The second term on the right is small compared to the first term and can he neglected. The 
Fermi energy was chosen as zero energy level, so the x can he determined: 

E F 0 = (2x - 1) Eg = x 
2 (C25) I 

Impurity stales 

Although no dopes are used in REH's to influence the carrier concentrations, some ofthe 
principles of doped semiconductors apply here. Because of defects, a sort of impurities can 
occur in a way which involves the carrier concentrations. 

Donor levels 

A certain impurity ( a foreign element or defect) can result in the formation of an extra 
electron in the CB, without the forming of a hole. This electron can he captured by this 
impurity and will orbiting around this impurity. It is possible to handle this system like 
hydrogen atom with one electron orbiting a hydrogen ion. In this some attention must by paid 
to the screening effects of the surrounding crystal. The (coulomb) poten ti al can he described 
by: 

V(r) (C26) 

and the binding energy can he calculated by: 
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m 
13,6-

1 (~) 
2 

z 0.01 eV, with Erz10, (-e)z0,2 (C27) 
E mo 

r 
mo 

CD 

~ lli_\illlli_\ 
Ed IV ---------- donor level 

$ acceptor level 

0\\\\\\\\ 
VB VB 

figure C2: The donor level figure C3: The acceptor level 

Consequently, the donor or imperfection state lies 0,01 eV under the CB where the 
uncaptured electrans are positioned. 
This results in an extra energy level in the band structure diagram. (See figure C2) 
The thermal energy at room temperature (about 0.025 eV) is enough to excite the electrans 
from the donor level to the CB. 

Acceptor levels 

donor level 

E. ~ Acceptor level 
~~--~--,-,------\ 

VB 

figure C4: Several excitations 

Some impurities or defects result in an extra hole without the creation of an electron. This 
hole can migrate through the crystal in the same marmer as an electron. An impurity, in this 
case called an acceptor, can capture a hole in the same way as an electron can be captured by 
a donor. This leads to an energy level slightly higher than the VB: the acceptor level.(See 



Appendix C 22 

figure C3) The energy of a captured hole is in the same order of magnitude of the captured 
electron, about 0.01 eV. The excitation of a hole works the other way around compared to 
the excitation of an electron. Wh en an electron is excited from the top of the VB to the 
acceptor level, then in the same time a hole is excited from the acceptor level to the top of the 
VB. So, the excitation of a hole is represented by downward transition in the band structure 
diagram. 

Carrier concentrations 

Todetermine the carrier concentration i.e. both electron and hole concentrations 
several excitation processes can be distinguished (see figure C4). These excitations can be 
characterized by their physical origin. Some excitations are due to intrinsic properties of the 
semiconductor. Other are due to extrinsic properties like impurities. 

Intrinsic carrier concentrations 

The intrinsic carrier concentration n; is primarily govemed by thermal interband 
excitations. This is carrier concentration is described by (C23) withEF given by (C24) and x 
= ~ (according to (C25)) 

(C28) 

This intrinsic concentration is valid when: 

(C29) 

where Nd- Na represents the nett contri bution of carriers by extrinsic processes. The above 
condition is fulfilled for every semiconductor at a certain temperature. 

Extrinsic carrier concentration 

When a semiconductor is 'polluted' with substantial impurities or defects the condition (C29) 
is not fulfilled. There are two extreme cases to distinguish: Nd » Na » n; and Na »Nd » n;. In the 
first case the carrier concentration n can be approximate by: 

(C30) 

Equation (C17) and (C22) are valid regardless the kind of doping or defects present in the 
semiconductor. By multiplying these two equations, an expression is obtain which only 
depends on the temperature: 
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np (C31) 

In the tirst case, also known as a n-type semiconductor, the concentratien of holes at a certain 
temperature T is given by: 

Pr (C32) 

In the second case with Na» Nd »NI (p-type semiconductor) with the same considerations the 
electron concentratien at a certain temperature will be: 

n = 
T 

Direct and indirect absorption processes 

Eg -r- .. -
j_---?k-----

01 k 

I 

tigure C5: Direct absorption 

n2(T) 
I 

N 
(C33) 

a 

tigure C6: Indirect absorption 

A direct absorption process is characterized by a excitation of an electron from the VB to the 
CB where the wave vector k is invariant. (See tigure C5) 
When an optical wave with a frequency v enters a semiconductor, an electron can be excited 
from the VB to the CB. The frequency must fultill the following condition : 

E 
V 2 (__!.) 

h 

the equality of (C34) is called the absorption edge. Conservation of energy demands: 

(C34) 
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(C35) 

with E1 and E; the initia! and tinal energy of the electron. The conservation of moments 
demands: 

24 

k = k + q ==> k = k with q :::.: 0 
I i I i' (C36) 

The indirect absorption processis a two step transition (See tigure C6). The bottorn ofthe CB 
does not lie above the top of the VB at the origin. An excited electron has to overcome 
besides the energy gap also a 'gap' in the momenturn kg. To make this transition the electron 
absorbs simultaneously a photon and a phonon. The photon supplies the necessary energy to 
overcome the energy gap Eg and the phonon supplies the required momenturn to overcome 

CD 

E,x ~ \\\\\\ ~~~ Exciton 

I 

\\\L\\\\\ 
VB 

tigure C7: Exciton absorption 

the kg or 1:1 k. 

Exciton absorption 

VB 

tigure C8: Impurities absorption 

When an excited electron and hole form a bounded state they form an exciton. The binding 
energy ofthis exciton is rather low, about 0.01 eV. Theexciton energy levellies slightly 
below the CB (see tigure C7). 
The energy ofthe photon absorbed by the electron is: 

hv = E - E 
g ex (C37) 

Impurity absorption 

It can be imagined that the donor and acceptor levels caused by impurities or defects give rise 
to several absorption energies. In tigure C8 above there are tive possible excitations shown. 
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Excitation I concerns a excitation of an electron from the VB to the donor level. This means 
that the electron is captured by an ionized donor. Excitation IJ is an excitation of an electron 
present in the acceptor level to the CB. Excitation JIJ is the excitation of a captured electron 
(by a donor) to the CB. Excitation IV is the excitation from the VB toa neutral acceptor and 

\I 
I 

0 k 

tigure C9: Interband transition tigure C 10: Intraband transition 

tinally Excitation V concerns an excitation of an electron from a ionized acceptor to an 
ionized donor. The necessary energy in this last case is given by: 

Intraband absorption 

(C38) 

The transitions where electrans are excited from one band to another are called interband 
transition (see tigure C9). There is also a transition possible in which the electron is 
transferred within a band (tigure ClO) This transition is caused by radiation with an 
appropriate frequency. 
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APPENDIXD 
Conductivity 

Ohm 's law, Conductivity of metals and semiconductors, Photoconductivity 

0/tm's law 

In general, the Ohm's law describes the conduction of a metal or semiconductor: 

The specific resistance pis defined by: 

I p 

V 
I=-

R 

RA 

L 
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(Dl) 

(02) 1 

with the dimension Om. With the current density J, the electric field g' and the conductivity a 

I 
J = -, 

A 
g> = V 

L 
a = 

p 

an alternative expression ofthe Ohm's law can be obtained: 

J = aZ' 

where a has the dimension (Qm}"1 
• 

Conductivity of metals 

(D3) 

(D4) 

The motion of the conduction electron in a electric field g' and with a friction force can be 
described by: 

• dv 

dt 

rp .v -eo - m -
't" 

(D5) m 

with the first term on the right the force on the electron due to the electric field and the 
second term on the right the friction force with 't" the collision time and m • the effective mass 
of the electron. In the steady state results in: 

(D6) 

the steady state velocity or drift velocity v d • This velocity is not the intrinsic velocity of the 
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electron. The electron makes a random motion with a high velocity v, , independent of the 
applied field. The charge per unit volume is given by -Ne. The current density J can he 
expressed in terms ofthe charge per unit volume and the drift velocity. In combination with 
(D4) gives: 

Ne 2-r 
(D7) 

m m m 

The time -r can he interpreted as a relaxation time in which the drift velocity becomes zero 
after a sudden removal of the electric field. This relaxation time can also he expressed in 
terms ofthe random velocity v,: 

I -r = (D8) 

with I the free path length. 

The electrens collide due to two mechanisms: 
• Thermallattice vibrations 
• Lattice imperfections. 

Consequently, the inverse cellision or relaxation time can he split in two parts: 

1 
+ 

-r -r. (D9) 
V I 

with -r" the relaxation time due to vibrations and 'r; the relaxation time due to imperfections. 
This distinction reflects in the specific resistance. 

m * 1 * 1 1 
p = -- = ~(- + -) = 

Ne 2 'r Ne 2 -rv -r; 

m * 1 
+ ---

m * 1 
= pJT) + P; (DlO) 

Ne 2 -r. 
I 

using (D2) and (D3). The Pv is the only part which is dependent ofthe temperature 
Theoretically, at T .... 0 K. Pv .... 0 and consequently p .... p;. The cellision time due to impurities 
can he written as: 

-r. 
I (Dll) 

with I; the mean free path for collisions of electrens with impurities. This mean path can he 
expressed in terms of the concentratien n; of the impurities and the cross sectien of the 
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impurities A; : 

(D12) 

For the mean free path for collisionsof electrons with the vibrating ionsin the lattice lv, a 
similar expression can be derived: 

1 
(D13) 

The 'cross section' ofthe vibrating ion can be estimated by taking the area of a circular disk 
with a radius equal to the average amplitude ofthe vibration (x) : 

(D14) 

Stating that a vibrating ion can bedescribed with a harmonie oscillator, the term ( x2
) can be 

expressed in the energy of this oscillator: 

1 'hw -k(x 2 ) = (E) = ---
2 'hw 

e kT _ 

2 'hw 
k 'hw 

e kT _ 

(D15) 

Introducing the Debye temperature 6, with k6 = 'hw and M the mass of the ion, the specific 
resistance due to ion vibrations can finally be written as: 

(~)--1-
k6M e 

==> 
7t'h2 T 

P "'--- when 
v k6M e' r » e (D16) 

eT - 1 

Consequently, the specific resistance increases linear with the increase ofthe temperature. 

Conductivity of semiconductors 

The conductivity ofthe free electrons and holes in the semiconductor is according to (D7): 

a e (D17) 
m e 
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The mobility 11 ofthe electrons and holes is defined by the ratio ofthe drift velocity v and the 
electric field ft'. By using (D6) an expression for the mobility ofthe electrons and holes is 
obtained: 

and (D18) 

The conductivity can be expressed in terms ofthe mobility, the carrier concentration and the 
charge of the carrier with use of (D 17) : 

(D19) 

The total conductivity a can obtain by adding the conductivity ofthe electrans and that ofthe 
holes. 

The intrinsic conductivity, with n = p, gives: 

This conductivity depends on the temperature by: 

==> In a 
E 

lnj(T) - __ g_ 

2k8 T 

(D20) 

(D21) 

(D22) 

So in the intrinsic case, In a versus 1 IT should give a straight line when the temperature 
dependenee off(T) is neglected. In the extrinsic case the amount of nor p type carriers stays 
constant, say N, depending on the concentration of impurities or defects. Now the temperature 
dependenee is governed by the mobility ofthe electrons and holes. The temperature 
dependenee of the mobility is due to the temperature dependenee of the relaxation time -r 
defined in (D8). A problem with semiconductors is that -r is depending on the position of the 
electrons in the band. Therefore it is convenient to define an average lifetime or relaxation 
time 'tav. In case of a n-type semiconductor this leads to: 

't e,av (D23) 
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The mobility becomes: 

_qe't"e,av 
lle 

m m v e e r,av 

From the kinetic gas theory can be recalled: 

1 
-m v 
2 

e r,av 
ik T 
2 B 

Which gives the following expression for the mobility: 

Consequently a temperature dependenee ofthe conductivity is found for an n-type 
semi conductor: 

(3m k T)'h. 
e B 

quite opposite to the earlier found intrinsic temperature dependence. 

Photoconductivity 

30 

(D24) 

(D25) 

(D26) 

(D27) 

Light with a frequency satisfying (C34) can excite an electron from the VB to the CB, leaving 
a hole behind. Both the electron and the hole give rise to the conductivity. The conductivity 
of a semiconductor in the dark is given by: 

(D28) 

Turning on a light beam causes a higher concentration of electrons and holes, say with an 
amount of dn for the electrons and dp for the holes. The amount of n is coupled to the 
amount ofp because ofthe fact that every electron leaves a hole behind and consequently dn 
= dp. The conductivity ofthe samesemiconductor exposed to light is: 

The fact that dn and dp become stabie is due to two processes. The first processis the 
creation of electrons and holes caused by illumination. The second process is the 
recombination of electron and holes. These two processes can be described by: 

(D29) 
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dn n - no 
= g -

dt 't 
(D30) 

with g the change of concentration due to the illumination and the second term on the right 
the recombination term with 1: the recombination time. In the steady state (D30) becomes: 

dn n - no 
- = 0 = g - --- = n - n

0 
= g't 

dt 't 
(D31) 

The generation rate g is related to the absorption coefficient and the incident intensity. With d 
the thickness ofthe semiconductor, the absorbed power is da. Tagether with the total number 
ofphotons falling on the semiconductor per unit of time N(w), the amount ofphotons 
absorbed per unitoftime is given by: adN(w). The amount of incident photons N(w) is 
related to the intensity I( w) : 

N(w) 
I(w)A 

'hw 

Tagether with (D31) the generation rate g becomes: 

(n - n
0

) adN(w) g = __ ;__;_ 
V 

= g = 

with V the volume. 

= al(w) 

'hw 

Which is an expression ofthe conductivity during illumination ofthe semiconductor. 

(D32) 

(D33) 

(D34) 
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APPENDIXE 
Interaction of EM waves with a solid 

Maxwell equations,Absorption, Dielectric function and optica[ conductivity, Reflection 
Lorentz model, Drude model for metals and semiconductors, Plasma frequency, Kramer 

Kranig analysis 

The dielectric function e(w,k) depends on the frequency wand the wave vector k. This 
function describe the response of a medium on an electric field. This can give a clue of the 
optica! properties of metals and semiconductors. By using the Fermi gas or Drude model, the 
dielectric function of an metal can be derived. On the other hand a model of bound electrans 
(Lorentz mode[) can be used to predict, toa certain extent, the optica! properties of 
semiconductors. 

Maxwell equations 

The macroscopie Maxwell equations: 

\l.D = p 

\lxE=-

With the material relations: 

D=EE=EEE 
0 r ' 

J = aE, 

\l.B = 0 

a» 
\lxH=J+ 

B = !J.H = lloll,H 

(El) (E2) 

(E3) (E4) 

(ES) (E6) (E7) 

The equations simplify for the description of light propagation in a isotropie medium. 
There is no extemal charge, sop = 0 and aelat = 0. This gives the following equations. 

\l.E = 0 \l.H = 0 

aE 
\1 x H = J + E-

at 

Absorption, Dielectric function and optie al conductivity 

With the vector identity: 

\1 x (\/ x E) = \1(\l.E) - '\fl E 

and E8 .. Ell the wave equation becomes: 

(E8) (E9) 

(ElO) (Ell) 

(E12) 



Appendix E 

The complex wave is of the form: 

E = E ei(k.r- wt) 
0 

By substitution of(E14) in (E13) the following expression is obtained: 

k 2 = JJW(WE + ia) 

with k amplitude ofthe wave vector k. 
It is convenient to express kin terms of n=: the complex refractive index 

k = Wn = w(n + iK), with n =n + iK z z 

with n the refractive index and K the extinction coefficient. Rewriting (E14) gives: 

E = E e -wK.r e i(wn.r - wt) 
0 
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(E13) 

(E14) 

(El5) 

(E16) 

(E17) 

The first exponential term describes the attenuation of the wave vector amplitude. This is 
related to the absorption coefficient a and is defined by: 

a = 
1 dl 

= 2WK (EIS) 
I dr 

The second term of (E17) describes the propagation ofthe wave through the medium. By 
using (E 15) an expression for the dielectric function E is obtained. 

E (E19) I 

and the optical conductivity a. 



Appendix E 34 

a 2KWn 
(E20) I 

Defining the complex dielectric function Er= E1 + iE2 results in the following expressions for 
E1 and E2: 

and 
2nK 

Rejlection 

a 
w (E21) I 

The reflection of a light beam perpendicular to the surface of a solid medium is of interest for 
the performed experiments in this work. Figure E 1 shows the contiguration of an incoming 
wave perpendicular to the surface of a medium. TheE-component ofthe electromagnetic 
wave is directed normal to the plane of incidence. The B-component is directed parallel to the 
plan ofincidence. The wave vector k ofthe incident, reflected and transmitted wave are: 

respectively. 

k I = ( 0, k y' 0) 

k r = ( 0, -ky, 0) 

kt = ( 0, k y' 0) 

The E-component of the incoming wave is considered to be of the form: 

E, = (O,O,Eo,;e i(yky- wt)) 

E = (0 0 E e;(-ykY- wr)) 
r ' ' O,r 

E = ( 0 0 E i(yky - Wt)) 
t ' ' o,te 

The B-component is described by: 

B. = (Bo .e i(ykY - wt), 0, 0) 
I ,1 

B = (- B e i(-ykY - wt) 0 0) 
r O,r ' ' 

B = ( B i(yky - Wt) 0 0) 
t o,te ' ' 

(E22) 

(E23) 

(E24) 

(E25) 

(E26) 

(E27) 

(E28) 

(E29) 

(E30) 
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This leads to the following boundary conditions of the perpendicular reflection at a solid 
medium: 

EO,t = E + E O,r O,i 

B
0 1 

= B - B 
O,i O,r 

Wh en the permeability J.1 is taken as unity, the magnetic induction B is identical to the 
magnetic field H. The relation between E and H is in vacuum is given by: 

H=E 

and in the medium: 

H = n E z 

(E31) 

(E32) 

(E33) 

(E34) 

These results are obtained by substitution ofthe wave equations (E25 .. E27) and (E28 .. E30) in 
the Maxwell equation (E 1 0). 

z 

Interface 'i:: 
"---1' B "",,r 

~y 
x 

i 

Plane of incidence 

With this relation (E32) becomes: 

B =B -B =H =H -H =nE =E .-E O,t O,i O,r O,t 0,1 O,r z O,t 0,1 O,r (E35) 
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The amplitude of the reflectance wave is defined by: 

r 

Finally, the reflectivity R is: 

Lorentz model 

E 
= O,r = 

EO. 
·' 

11 - nJ 
11 + nJ 

1 

1 

- n 
z 

+ n 
z 

(1 - n)2 + K 2 

(1 + n)2 + K 2 

The Lorentz model consist of an equation of motion described by: 

-eE 
loc 
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(E36) 

(E37) 

(E37) • 

with m the mass ofthe electron,~ a damping factorand w0 the angular velocity. This 
equation describes the motion of an electron bound to the nucleus with an infinite mass 
(assumption 1) like a -mass/damper/spring- system and lacks the interaction force between 
the magnetic field of a light wave accompanying the field E1oc (assumption 2). The first term 
describes the Newtonian force. The second term is a viscous damping term. The last term is 
the restoring force related to the circular motion of the electron . The time variation of the 
local field is e-iwt . This leads to the solution for r: 

- eE 
loc 

(E38) r = -----------------

The related dipole moment is: 

p -er 
e 2E 1 

loc ---------- (E39) 

The polarizability a(w) is defined by: 
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p cx.(w)E1 , with cx.(w) 
oe 

e 2 1 

m (w/ - w2
) - iPw 

(E40) 

The macroscopie polarization Pis defined by: 

p = Np = cx.Etoc "" cx.E (E41) 

with N the number of di po les. The last term is an approximation. The assumption will be 
made that the electrens only 'feel' the macroscopie field. This not the case because the 
electrens are bound to the nucleus and 'feel' also the electric field ofthe nucleus charge. The 
resulting local field E1ac shall in general consist of several contributions of neighbouring 
charges. Also the screening ofthe electrens will have influence on the local field. All these 
contributions are neglected in the result above. 
The complex displacement D is given by: 

D 

The electric susceptibility x is defined by: 

Ncx. x 

This results for the relative dielectric constant E,: 

E 
r 

Ncx. 
1 + 

The complex expression of E, becomes: 

1 + x 

Ne 2 1 
E = 1 + -------

r 

(E42) 

(E43) 

(E44) 

(E45) 

This expression can be split in a real and a complex part according to (E21) with 11 = 1 . 
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= n 2 - K2 Ne 2 (wo2 - w2) 
El = 1 + 

E0m (wo2 - w2)2 + ~2w2 
(E46) 

2nK 
Ne 2 ~w 

E2 --
Eom (wo2 _ w2)2 + ~2w2 

(E47) 

These expressions can be extended for more electrons. With the density ~ of the electrans 
moving around the nucleus with a resonance frequency w1 (E45) becomes. 

Ne2" N. 
E = 1 + --LJ 1 with 

r E m · (W 2 - W2) - ir>. W, 
0 } i 1-'; 

(E48) 

In appendix F some more attention is paid to this extended model. 
Finally by using (E21) the real index of refraction n and the extinction coefficient K can be 
expressed in E 1,E2: 

n (E49) 

(ESO) 

Drude model 

The Drude model for metals is in facta simplification ofthe Lorentz model for insulators. 
The conduction electrans are not bound. Consequently, the restoring force is absent i.e. w0 = 
0. The local field, which is relevant for the Lorentz model, does not influence the conduction 
electrons. These electrons just 'feel' an average extemal field. The components ofthe 
complex dielectric function for the Drude model becomes: 

(E51) 

(E52) 

The damping in the Drude model is due to collisions of the conduction electrons. So , the 
following identification can be made: 
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The plasma frequency wP is defined: 

This leads to: 

Kramer-Kronig analysis 

p 1 

1: 

w2 Ne 2 

p 
E0m 

w 21:2 
1 - ----=--P __ 

( 1 + (i)21:2) 

w 21: 
p 
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(E53) 

(E54) 

(E55) 

(E56) 

This analysis is used to obtain the real part of e.g. the dielectric function when the imaginary 
part is known or vice versa.(under certain conditions). 
To see this in perspective, some insight is gained by following a fundamental derivation: 
At a Green's function G(w) is considered. This function describes the response due toa force 
acting on a system. This can he written as: 

R(r,t) J G(r,r 1,t,t 1)F(r 1,t 1)dr 1 dt 1 (E57) 

with R the response, G the response function and F the force acting on the system. Under the 
assumption that the response at a certain point is only dependent of a force acting at that 
point, can G(r,r',t,t') be written as: 

G(r,r 1,t,t 1) Ö(r- r 1)G(t- t 1) (E58) 

Substituting this in (E57) gives: 



Appendix E 40 

R(r,t) f G(t -t 1)F(t 1)dt I (E59) 

Due to the causality of G(t - t ') it is required that: 

G(t -t 1) = 0, for t < t 1 (E60) 

By use ofFourier transformations ofthe separate terms (E59) becomes in the frequency 
domain: 

R(w) = G(w)F(w) (E61) 

The Fomier transfarm of G(t -t ') can be written as; 

(E62) 

By splitting the frequency win a real w 1 and imaginary part w2 , (E62) becomes: 

G( ) JG( 
') iw1(t-t

1
) -wit-t

1)d w = t-t e e t (E63) 

This integral is bounded for every real frequency wh while the last term is only bounded fort 
-t' > 0 taking in account that condition (E60) applies here. Thus the integral can be evaluated 
fortheupper halfplan only. 
To perform the complex integration some complex function theory is needed. By use ofthe 
integral formula Cauchy an expression for G(w) is obtained. 

G(w) = _l_J G(z) dz 
21ti z - w 

K 

(E64) 

This is valid if w lies on or within the contour K. Assuming that w is real and stating that 
(E63) must be evaluated fortheupper half ofthe complex plane, a contour shown in tigure 
E 1 is needed. As can be seen the contour stays clear of the singularity in z = w. The total 
integral over the contour can be separated in four parts and equals zero on the condition that 
G(w) is analytica! within the contour. Integral 4 becomes zero by letting the radius go to 
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4 

2 
1 3 

- - -·------~- ----

U) 
U)] 

Figure El 

infinity. lntegral 2 is equal to 

lim J G(z) dz . Res G(z) 
= niG(w) Ö!O 1tz (E65) z - w z=w z - w 

c" 

by letting the radius of semi circle 2 go to zero. The remaining integrals 3 and 4 (the 
segments 3 and 4 are the so called principal part ofthe integral and will be noted with prefix 
P) are equal to the result of (E65) so in general: 

00 

G(w) ~p J G(z) dz 
1tz z - w 

This result is obtain for a function in generaL This integral can be split in a real and 
imaginary part: 

00 

Re G(w) _!_p J Im G(z) dz 
1t z - w 

00 

Im G(w) _!_p J Re G(z) dz 
1t z - w 

These are the Kramer-Kronig Relations. 

To obtain an expression for the dielectric function, it must be stated that: 

E(W) 1 
+ Na(w) 

EO 

(E66) 

(E67) 

(E68) 

(E69) 
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According to (E44). The polarizability a(w) can be written in the form of (E66) and by the 
splittingin a real and imaginary part a(w) = aJ(w) + ia2(w) an expression like (E67) and 
(E68) is obtained: 

(E70) 

1 J= at(z) 
- -P dz 

1t z - w 
(E71) 

Together with (E69) the Kramer Kronig Relations for the dielectric function is obtained: 

- 1 J= Eiz) 
E 

1 
( w) - 1 - - P dz 

1t z - w (E72) 

= - _!_p J= (Et(z) - 1) dz 

1t z - w 
(E73) 

For real physical systems must apply: 

and (E74) 

This leads finally to: 

(E75) 

(E76) 
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APPENDIXF 
Quanturn meeltanical model for the absorption process 

Perturbation theory, Quanturn mechanic equivalent for the Lorentz model, Quanturn 
mechanica! description of direct interband transitions. 

Perturbation theory 

The quanturn mechanica! model will be derived by use ofthe perturbation theory. 

Assuming that the Schrodinger equation can be solved exactly and the complete set of eigen 
values and eigen function are known: 

(Fl) 

This is the unperturbed system. Now consiclering a perturbed Hamiltonian ofthe form: 

(F2) 

and consequentlysolving the equation: 

(F3) 

Because of the fact that <Pn form a complete set of eigenfunctions, the function Wn can be 
expanded in terms of this set. 

wn = c<t>n + I: enk( À) <t>k) 
k*n 

(F4) 

With: 

~ ~ (I) ~ 2 (2) c nk(ll.) ~~.c nk + 1'. c nk + ........ . (F5) 

and 

(F6) 

Then the Schrödinger equation (F3) becomes: 
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Now by arranging powersof À, the first equation becomes: 

H "' C (ll"- + H "- == E (o)"' C (1)"- + E {ll"-
o~ nk'l'k t'l'n n ~ nk'l'k n 'l'n 

E~l)<j>n == Hl <j>n + L (EiO) - E~O))C~~)<j>k 
k~n 

and taking the scalar product with <l>n , consiclering that (<i>k I <j>,) = Ök1 , the following 
expression is obtained: 

Stating that the energy shift with respect to the unperturbed system is in first order the 
expectation value of the perturbed part of the Hamiltonian. 

Time dependent perturbation theory 

When the perturbation Hamiltonian is time dependent the following equation has to be 
solved: 

44 

(F7) 

(F8) 

(F9) 

(FIO) 

(F11) 

According to the procedure used before, the function lfl(t) can be expanded in a complete set 
of the wave function of the time independent unperturbed system (F 1) : 

-iE~0)t 

lfl(t) L cn(t)e 11 <l>n (F12) 
n 

From substituting this function in (F 11) follows: 
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Ifthe scalar product is taken ofthe latter expression with <Pm, and (<Pm I <Pn) = Ömn 

de (t) 
{); m 

dt n 
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(F13) 

(F14) 

By using the initial condition that at t = 0, the state ofthe system equals <Pk: lJT{O) = <Pk, 
To satisfy this condition, the coefficients at t = 0 must fulfill: 

(F15) 

Consequently the right hand si de of (F 14) can be written as: 

(F16) 

The coefficient cn,(tJ can be obtained be evaluating the integral: 

t i(E~O) - E~O))t I 

cm(t) i~Je tJ (<l>m1H1(t
1
)i<j>n)dt

1 (F17) 

0 

Quanturn mechanica/ description of interband transitions 

The goal ofthis part is to obtain a description ofthe absorption process, in which an electron 
is exited by a photon, carried by a electromagnetic wave. The initial state is considered to be 
unperturbed, then by the perturbing electromagnetic field a transition can take place to a final 
state. 

So, at first a unperturbed system is considered: 

H ""' = E(o),.~,. 
0 'Pn n 'l'n (F15) 
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with the unperturbed Hamiltonian: 

p2 
+ V(r) (F16) 

2m 

For the description ofthe electromagnetic field a vector potential A(r,t) and a scalar potential 
~(r, t) are introduced. The effect of the electromagnetic field on the electron can be described 
by the Hamiltonian of the perturbed system: 

H _l_(p + eA )2 + V(r) 
2m c 

(F17) 

The first term on the right si de can be expend into: 

_l_(p + eA )2 

2m c 
(F18) 

The description ofthe electromagnetic field by a vector and scalar potentialis not unique. To 
tackle this problem, aso called gauge can be chosen to make description unique. For this 
problem it is convenient to choose a Coulomb gauge: 

The p-operator is defined as: 

~ = 0 
\i'·A = 0 

The second term on the right hand of (F 18) can be written as: 

~ ~ ~ 
(A·p)f = A(-\7/) + (-\i'·A)f = A(-\i'j) = (p·A)f 

i i i 

following from (F20). 

(F19) 

(F20) 

(F21) 

If the last term of (F 18) is neglected together with the result (F21 ), the Hamiltonian of the 
perturbed system can be written as: 
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e 
H = H

0 
+ -A·p 

me 

With the perturbation Hamiltonian or electron-radiation interaction Harniltonian HeR: 

e 
HeR= -A·p 

me 

The energy difference between the conduction and valenee band can be treated as the a 
energy shift caused by a perturbation potential. According to (FIO): 
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(F22) 

(F23) 

(F24) 

Without proof1 
, the vector poten ti al A (r, t) used for the description of the absorption process 

is taken: 

(F25) 

With a0 is the unit vector of the polarisation and A 0 a constant. As can be seen, the direction 
of A(r,t) is fully determined by the polarization direction. 

The perturbation potential for one photon (F23) becomes together with (F25) with N = 1: 

HeR _e_Ao(ao·p)ei(k·r-wt) (F26) 
me 

To describe the transition process from a initial state to the final state, in termsof quanturn 
physics, a expression is needed which state the probability that a electron absorbs an photon 
and makes the transition from an initial state in the valenee band with energy ev, toa final 
state in the conduction band with energy Ec. 
By using the expansion postulate, the probability Pn(t) to find that a state lji(t) is equal toa 
eigenstate <Pn (t) with energy En is: 

(F27) 

Using the result of (F17) 

1 A detailed discussion can be found in the books 'Quantum Physics' by S. Gasiorowicz or 'Optica! 
properties ofsolids' by F.Wooten 
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i(Ec(kc) - E.(k.) - 'rlw)t 1 

c (t) 
c -~;'ti IAol(<l>clei(k·r>ao·PI<I>)Je 11 dt' 

0 

So, the probability of a transition from a state in the valenee band v to a state in the 
conduction band c becomes 

p 
c~v 
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(F28) 

(F29) 

The last term on right hand side can be identified with the delta function for t large and can 
be written as: 

21t'htÖ(E (k ) - E (k ) - 'hw) 
C C V V 

The transition probability per unit of time or transition rate can be written as: 

e2A 2 

1t 
0 I (<I> Ie i(k·r) a ·pI <I> ) 12 Ö(E (k ) - E (k ) - 'hw) 

2t C 0 V C C V V 
2m n 

Only direct transitions are considered, so kc= kv =k .To obtain the total transition rate 
ofthe valenee and conduction band, the integral over all possible k's must be taken. 

e2 A 2 

1t 
0 Jl(<l> lei(k·r>a ·pl<l> )I 2 Ö(E(k)- E(k) -'hw)dk 

2t C 0 V C V 

2m nk 

The following approximations can be made to simplify (F32): 

(F30) 

(F31) 

(F32) 

Firstly, the term è(k.rJ in the matrix elements descrihing the higher order optical transitions 
can be neglected, which leads to: 

(F33) 
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Secondly, the momenturn matrix element p does, assumingly, not depend strongly on k, and 
can betaken constant: P, which leads to: 

(F34) 

With these approximations (F32) becomes 

1te2A2 
r = 

0 IPI 2föCE (k) - E (k) - 'hw)dk 
CV 2 ':!,_ C V 

2m n k 

(F35) 

The imaginary part ofthe dielectric function can be defined as: 

nc W 
--
w ISI 

(F36) 

with Wthe energy absorption rate: 'hwrcv and ISI the magnitude ofthe Poynting vector: 
lhnce0w2 Ar/ . This leads to 

(F37) 

The real part can be obtained by the Kramer-Kronig Relations (App. E). 

e2 2 IPI2 
E 

1 
= 1 + --J--- _ _..!...__,!__dk 

E
0
m m 'hw 2 2 

k cv wcv - w 
(F38) 
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APPENDIXG: 
Tlzermodynamics of lzydrogen absorption in REH 

Chemica! potential, Gibbs Duhem relations, Heat of Formation, Van 't Ho .IJ relation 

Clzemical potential 

The equilibrium state ofthe H2-gas phase with asolid RE can be expressed in terms ofthe 
chemical potential Jl ( not to be confused with the magnetic permeability). The equation 
becomes: 

~ ~H (p,D = ~H (p,T,x) ,g ,a (Gl) 

with JlH,g the chemica! potential ofthe gaseous hydrogen and JlH,a the chemical potential ofthe 
atomie hydrogen in the RE. When two phases coexist in the REH in equilibrium with the 
surrounding gas the following conditions applies: 

~ ~H,g(p,D = ~H,a(p,T,xa) = ~H.P(p,T,xp) 

~M,a(p,T,xa) = ~M.P(p,T,xp) 

with a and p indicating two coexisting phases in generaL 

Gibbs-Dulzem relations: 
The Gibbs-Duhem relations for constant Tand pare: 

a~Ha a~Ma 
= 0 x--'- + 

a axa axa 

a~ HP a~M.P 
= 0 Xp--'- + 

axp axp 

Heat of formation 

First, taking the case for hydrogen H in a phase a , the following derivative along the 
coexistence line can be taken: 

B(~H.aT -!) 
+ 

B(T _,) 

Then by using the expressions: 

a~H.a dp 

Bp B(T _,) 

B(~H.aT -!) dxa 
+ 

Bxa d(T _,) 

(G2) 

(G3) 

(G4) 

(G5) 

(G6) 
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[all;ap]n.r = v 

[ac11;n;ao;nl = H 
p,n 

(G7) 

(G8) 

with n the number of mol es. The same expression is valid for the hydragen in a phase p and 
the metal in a phase a or p. Tagether with (G7) and (G8) the following equations are 
obtained: 

d(J.LH,cx.T -1
) 

=H + 
vH,cx. ap 

+ 
a(llH,cx.T -1) dxcx. 

d(T -1) 
H,cx. 

T acr -1) ax(X. d(T -1) 

(G9) 

d(J.LMcx.T- 1
) 

=H + 
V Mrt. ap 

+ 
a(llMcx.T- 1

) dxcx. 

d(T -1) 
M,cx. 

T acr -1) ax(X. d(T -1) 

(G10) 

d(J.LH.~T -1
) 

=H + 
vH.~ ap 

+ 
a(llH.~T -1) dx~ 

d(T -1) 
H.~ T acr -1

) ax(X. d(T -1) (G11) 

d(J.LM.~T -1
) 

=H + 
vM.~ ap 

+ 
a(llM.~T -1) dx~ 

d(T -1) 
M.~ T acr -1) ax~ d(T -1) (G12) 

Now by multiplying (G9) with the concentratien Xa of a phase a and adding it to (G 1 0) the 
following equation is obtained: 

The same procedure, multiplying (G 11) by x13 and adding it to (G 12), results in: 

(G13) 
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x d(!ln,I3T -1) + d(JlM,I3T -!) = 

l3 d(T - 1) d(T _,) 

Then by defining: 
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(G14) 

(GIS) (G16) 

(G17) (G18) 

and making use ofthe Gibbs-Duhem relations (G4) and (GS), (G 13) and (G 14) becomes: 

(G19) 

(G20) 

Subtraction of (G 19) from (G20) gives: 

x d(JlH,13T -1) -x d(JlH,aT -1) + d(JlM.I3T -!) 

l3 d(T _,) a d(T _,) d(T _,) 

d(JlM aT-!) - Vn- Va dp 
• = H - H + ----=---~' ------=---- ( G 21) 

d(T - 1) l3 a T d(T - 1) 

As a consequence of (G2) and (G3), the following equations are obtained: 

d(JlH,aT -1) - d(JlH,I3T -1) - 1 d(Jln? -1) 
- -

d(T _,) d(T _,) 2 d(T _,) 

d(JlM,aT -!) 

d(T - 1) 

With these equations (G21) can be rewritten: 

(G22) 

(G23) 
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(G24) 

The term on the LHS can be written in a form much alike equation (G9): 

V 
H 2 dp ) 

T d(T -t) 
(G25) 

Different from equation (G9) is that the last terms equals zero because ofthe fact that the 
chemical potential JlH, is independent ofthe any concentratien of any phase. 
Consequently, the following general expression is obtained for hydrogen in a metal were two 
phases coexist. 

dp H r>. - H N - ~(x x )H 
I' ~ ~ a H 2 

Td(l!T) 

The enthalpy of formation of a from a phase a. of the REH, with a concentratien x a: 

to a phase p, with a concentratien x13 is defined by: 

H~ - Ha 
1:1H a~~ == - ~H H2 

x~ - xa 

Then by using the fact that: 

equation (G26) can be rewritten: 

ÀH a-~ == 

1 dp 

T d(l/T) 

dp 

dlnT 

To simplify this equation a few approximations can by made: 

This leads to: 

VH.~>=VH,a 

VM.~>=VM,a 

(G26) 

(G27) 

(G28) 

(G29) 

(G30) 

(G31) 
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(G32) I 

This expression gives a clue of the heat of formation during the reaction: 

REH + Yz(xn -x )H
2 
~ REH 

xa p a x~ (G33) 

Van 't Hoff-relation 

The free enthalpy Gis defined by: 

G = H - TS (G34) 

The differential becomes: 

dG = dH - TdS - SdT (G35) 

The free enthalpy Gis related to the chemica! potential 11: 

(G36) 

with Gm the free enthalpy per mole. From now on the extension m is omitted for convenience, 
so every quantity is taken per moleo 0 

The condition for thermadynamie equilibrium, expressed in (G2) and (G3) leads to: 

(G37) 

A phase transition is considered to be an isotherm and isobaric processo The differential 
equation of (G35) per mole becomes: 

0 = l1H a-p - T l1S a-p 

for an transition of a phase a. to a phase p 0 

Similar to (G27), l1So:-J3 can be written as: 

(G38) 

(G39) 
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with §a. and s~ defined as: 

-
sP = xPsH.P + sM.P 

In the simple lattice model the following approximations can be made: 

Consequently, (G39) becomes: 

and with (038): 

SH,a :::: SH,p 

SM,a :::: SM,p 

At low pressures the expression for the entropy ofthe hydrogen gas becomes: 

- -
S H = S H 0 - R In p 

2 2• 

Together with (045), finally the 'van 't Hoff- relation is obtained: 

~Inp 
2R 
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(G40) 

(G41) 

(G42) 

(G43) 

(G44) 

(G45) 

(G46) 

(G47) 
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PART 11: 
APPENDIXH 

Calibration of the optical equipment 

56 

The monochromator of the op ti cal table set up had to be calibrated in order to enable the 
interpretation ofthe monochromator position in termsof the wave length. This calibration is 
done with a mercury lamp. This lamp has a spectrum (see figure Hl) withalotof features in 
the desired wave length range. The lamp was placed before the monochromator inlet slit. By 
letting the monochromator scan over its full range and simultaneously collect the intensity 
from the out coming beam, the spectrum could be measured (figure Hl). The wave lengths of 
the peaks in the spectrum of the mercury lamp are known, so the monochromator position x 
of a certain peak could be identified with the corresponding wavelength. 

100 - 100 

90 - 90 

80 - 80 

70 70 

60 60 
'0' 
iE 

50 50 ~ 
-~ 
!; 40 40 

30 30 

20 f- 20 

10 f- 10 

0 11~ A A A _A 0 
0 25 50 75 100 125 150 175 200 225 250 275 300 

x-value 

Figure Hl: The spectrum of the mercury lamp, measured with the monochromator. The 
x-value corresponds with the steps ofthe stepper motor. 

The wavelengths ofthe major peaks as a function ofthe corresponding x values must give 
linear relation. This relationship is plotted in figure H2. After the calibration, it is possible to 
determine the spectrum of the xenon lamp, which is used for the optical measurements. This 
spectrum is given in figure H3. 
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0 50 100 150 200 250 300 
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Figure H2: The wavelength of the maJor peaks versus the x-value of the 
monochromator. 
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Figure H3: The spectrum of the xenon lamp measureq as a function of the x value of 
the monochromator. The wavelength ofthe two major peaks is indicated by an arrow. 
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APPENDIX I: 
Lab View application 

For the microscope set up, a Lab View application has be written. The figure below gives an 
impression of the graphical programrning technique. The blocks represent the data operations 
and the lines represent the data flow. The figure on the next page illustrates the user interface 
ofthe application. Several parameterscan be watched simultaneously. 

~·· 
~I B . 
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The user interface of the Lab View application. 

·ansmission . lillik 

'oltage 

----·-------------

Pressure - ÎÎÏJII[ 

file name 
'l, c:\meet 

Save File? 

'~ 

Graph Control 

'·!··~·. Voltage .••• ............. 
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delay [sec] 

~0.00 
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APPENDIXJ 
CRE demo 

60 

For the annual Corporate Research Exhibition (CRE) a demo (see figure Jl) is constructed. 
This demo is based on the thermochromic principle. A gas cell contains H2 gas. In the cell a 
SmH layer is applied. The cell is placed before a IR filter and a halogen lamp. The gas cell 
can function as a shutter for the light beam. In the normal state the SmH layer is transparent 
The beam propagate through the gas cell and falls on a slide via a condenser. The image of 
the slide is magnified and projected on a screen before the demo. By heating the SmH layer, 
it becomes in transparent and the image on the screen fade away. During the cooling down of 
the layer the image appears on the screen again. 
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