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"Hydrogen: the simplest element,but still so versatile." Joa
him S
hoenes, 2003(Physik am Samstagmorgen) Introdu
tion
The physi
s of hydrogen in metals is ex
iting due to the manifold appli
ations in te
hnol-ogy and for basi
 resear
h. Many metals absorb hydrogen when brought into a hydrogengas atmosphere and desorb it when pumping away the hydrogen gas. The safe and 
om-pa
t storage of hydrogen in metals is a 
hallenge be
ause of the high volumetri
 densitywhi
h 
an be obtained, even higher than in liquid hydrogen. The fuel 
ells use hydrogenas an energy 
arrier and produ
e ele
tri
ity and heat whenever it is needed (Fig. 1). Themetal hydrides found appli
ations in re
hargeable batteries. In these devi
es, hydrogenis introdu
ed into the metal ele
tro
hemi
ally during re
harging and an ele
tri
al 
ur-rent �ows during dis
harging. The re
hargeable batteries are 
urrently used in mobileappli
ations, i. e. telephones, 
omputers.Hydrogen 
hanges drasti
ally the me
hani
al, ele
tri
al, magneti
 and opti
al propertiesof the host metal. For example, Pd be
omes super
ondu
ting and La looses its super-
ondu
ting properties when loaded with hydrogen [1℄. Eu and Nd 
hange their magneti
properties from anti-ferromagneti
 metals [2℄ to ferromagneti
 semi
ondu
tors [3℄. One ofthe most impressive transitions dis
overed in 1996 by Huiberts et al. [4℄ is the dramati

hange in the opti
al properties of yttrium and lanthanum thin �lms near their metal-insulator transition: the dihydrides are metals while the trihydrides are insulators andtransparent in the visible part of the opti
al spe
trum. The transition from a metalli
 toa transparent state is reversible and o

urs at room temperature simply by 
hanging thesurrounding hydrogen gas pressure or in an ele
trolyti
 
ell. Soon it was shown that notonly YHx and LaHx, but all the trivalent rare-earth hydrides and some of their alloys ex-hibit swit
hable opti
al properties. So far three generations of hydrogen based swit
hablemirrors have been dis
overed: (1) the rare-earth swit
hable mirrors, (2) the 
olor neutralmagnesium-rare-earth alloys, and (3) the magnesium-transition-metal swit
hable mirrors.Appli
ations in
lude energy-e�
ient windows, smart 
oatings in ele
tro
hromi
 devi
es,hydrogen indi
ators for 
atalyti
 and di�usion investigations, hydrogen sensors. A newand ex
iting appli
ation �eld is to use the swit
hable mirrors as hydrogen absorptiondete
tors in a 
ombinatorial sear
h for new lightweight hydrogen storage materials [5℄.By making thin �lms with 
ontrolled gradients in the lo
al 
hemi
al 
omposition of threeor more 
onstituents, it is possible to monitor opti
ally the hydrogenation of typi
ally104 samples simultaneously. The goal is to �nd a hydrogen storage material with largehydrogen-mass and volume density and suitable absorption/desorption kineti
s.The dis
overy of the hydrogen based swit
hable mirrors 
hallenged theoreti
al as well asexperimental physi
ists to understand how the presen
e of hydrogen a�e
ts the ele
troni
stru
ture of the host metal and to investigate the origin of the metal-insulator transition inthese materials. From the theoreti
al point of view, the problem of the phase transition is7
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Home CarFigure 1: Fuel 
ells give us a very e�
ient way to produ
e ele
tri
 power and heat. Inthe whole 
ir
le of renewable energies they are the �nal element. The sunprovides energy, solar 
ells or wind power 
at
h it, hydrogen is the storageand the medium to transport the energy and the fuel 
ells generate the energywhenever and wherever it is needed.
leared in two kinds of models: broken symmetry stru
tures and strong 
orrelations. Thelatest models suppose a negatively 
harged hydrogen with strong 
orrelations between thetwo ele
trons.For the understanding of the phase transition it is important to study the stru
tural
hanges and latti
e distortions indu
ed by the hydrogen in the host metal. Moreover,the only samples whi
h retain their stru
tural integrity during the hydrogenation are thethin �lms. Unfortunately, hydrogen is not a

essible for x-ray di�ra
tion experiments.On the other hand, neutron di�ra
tion was su

essfully applied only for powder samples,providing information about the phonon density of states.This thesis presents the results of a Raman spe
tros
opy study on the stru
ture and thelatti
e distortions of metal-hydride samples. Not only the �rst generation swit
hable mir-rors, i. e. rare-earth hydrides, are a

essible with this method. We also present the Ramanmeasurements on samples of the se
ond generation swit
hable mirror MgzY1−z, whi
h were
eived from a 
ollaboration with the group of Amsterdam. A 
omplete analysis of thevibration modes and the 
on
lusions about the stru
tural distortions in these materials isgiven in Chapter 4.



Introdu
tion 9Chapter 5 presents Raman measurements on single 
rystalline CuTe2O5 samples. Due tothe low symmetry of the mono
lini
 stru
ture, the 
al
ulations predi
t a large number ofRaman modes with interesting polarization and angular intensity patterns. The numberof phonons and their symmetry is 
al
ulated for the �rst time and 
ompared to theRaman spe
tra. The observed Raman modes are identi�ed and 
ompared to the related
ompounds CuO and TeO2. Substitutions of Zn and Ni on the Cu site preserve the 
rystalstru
ture and indu
e 
hanges in the magneti
 properties. Moreover, a foreign phase wasobserved in the Raman mapping images of the sample substituted with Ni and it wasidenti�ed to be TeO2.
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"We have to love nature and appre
iate her wonder-ful gifts, her marvelous ingenuity, her resour
eful-ness, her in�nite variety. It is the same thing thathas inspired me all my life."C. V. Raman, November 18, 1950
1The Raman e�e
t

When ele
tromagneti
 radiation of energy hν irradiates a mole
ule, the energy may betransmitted, absorbed, or s
attered. Opti
al spe
tros
opy provides numerous experi-mental tools to investigate opti
al, ele
troni
 and vibrational properties of solids. Theindividual te
hniques 
an be grouped into absorption, emission and s
attering spe
tro-s
opies. In the Tyndall e�e
t the radiation is s
attered by parti
les (smoke or fog forexample). In Rayleigh s
attering the mole
ules s
atter the light. Lord Rayleigh showedthat the blue sky results be
ause air mole
ules s
atter sunlight. No 
hange in wavelengthof individual photons o

urs in either Tyndall or Rayleigh s
attering, i. e. they are 
alledelasti
 s
attering.The e�e
t of inelasti
 light s
attering was dis
overed by Sir Chandrasekhara VenkataRaman in 1928 [6℄. He was awarded the Nobel Prize in Physi
s 1930 "for his work on thes
attering of light and for the dis
overy of the e�e
t named after him". Independently,also Landsberg and Mandelstam [7℄ observed this e�e
t. In the years before Raman madehis dis
overy, inelasti
 s
attering of light was proposed by several resear
hers, among themBrillouin [8℄, Smekal [9℄, and Mandelstam [10℄.1.1 Inelasti
 light s
atteringThe intera
tion of light with a solid follows the standard laws of geometri
 opti
s andwave opti
s. Most experiments utilize a laser beam, whi
h 
an be approximated byan ele
tromagneti
 plane wave. The pro
esses that o

ur are depi
ted s
hemati
allyin Fig. 1.1. Part of the intensity is re�e
ted (R), whereas the remaining light entersthe medium, being refra
ted. Inside the medium, the light is transmitted (T) and/orabsorbed (A). These pro
esses are ruled by the opti
al 
onstants of the material su
has the re�e
tivity, the refra
tive index or the absorption 
oe�
ient, all of whi
h derivefrom the 
omplex diele
tri
 fun
tion. Part of the light propagating through the 
rystal11



12 1.1. Inelasti
 light s
attering
R

T

A

IFigure 1.1: Intera
tions of light with a 
rystal. The arrows that are labelled I, R, A andT display s
hemati
ally the in
ident light, the re�e
tion, absorption andtransmission of light intensity.is s
attered elasti
ally (Rayleigh s
attering). Only a tiny portion of the light intensity iss
attered inelasti
ally (Raman/Brillouin s
attering).Fig. 1.2 presents s
hemati
ally the inelasti
 and elasti
 light s
attering pro
esses. Whilere�e
tion and refra
tion are due to geometri
al 
hanges in the refra
tive index, s
atteringoriginates from inhomogeneities of the medium su
h as quasi-parti
les or defe
ts. Theseinhomogeneities 
an be 
lassi�ed as being either time-dependent or time-independent,i. e. , either dynami
 or stati
.For purely geometri
al or lo
al inhomogeneities with no time dependen
e the s
atteringis elasti
 whi
h means without a 
hange of the light energy. The s
attered intensity inthe elasti
 pro
esses is usually about 3 orders of magnitude smaller than the in
identintensity.Quasi-parti
les of the 
rystal 
an be viewed as dynami
 s
atterers whi
h s
atter light in-elasti
ally, a

ompanied by an energy transfer between light and the 
rystalline medium.

defect quasi-particle

Incident
light

Incident
light

Light scattered
elastically

Light scattered
inelastically

Figure 1.2: Elasti
 and inelasti
 light s
attering on solids.



Chapter 1. The Raman e�e
t 13This is the 
ase for the various forms of Brillouin s
attering and Raman s
attering onphonons. For a Brillouin or Raman spe
trum, the sidebands whi
h are equidistant fromthe laser frequen
y are typi
al. These sidebands are 
alled Stokes and anti-Stokes andtheir asso
iated absolute frequen
y di�eren
e from the laser line is 
alled Raman shift.A

ordingly, Raman spe
tra presented in this work are plots of the intensity of the s
at-tered light as a fun
tion of the Raman shift, essentially a unit of energy. The inelasti
s
attering 
ross se
tion is small, thus 
ompared to the elasti
 part, redu
ed intensities ofabout 6-10 orders of magnitude are expe
ted.Nowadays a mono
hromati
 and 
oherent laser beam is used as light sour
e. The fa
tthat the wavelength of the light is mu
h larger than the interatomi
 distan
e in the 
rystal(λL ≫ a0) implies that the magnitude of its wave ve
tor kL is small against the typi
aldimensions of the Brillouin zone qBZ :
kL =

2π

λL

≈ 106cm−1 ≪ qBZ =
2π

a0

≈ 108cm−1. (1.1)Consequently, laser Raman spe
tros
opy only probes ex
itations near the zone 
enter(q≈0). This limitation is not given for inelasti
 x-ray s
attering, whi
h has re
ently be-
ome available at third generation syn
hrotrons [11℄. The large wave ve
tor of the hardx-ray radiation that is employed with this te
hnique enables one to perform Raman exper-iments with meV resolution at virtually every point of the Brillouin zone. Hen
e, it allowsfor mapping out phonon dispersions, whi
h has been traditionally a
hieved with inelasti
neutron s
attering. Unfortunately the hydrogen atoms have a very low x-ray s
atter-ing 
ross-se
tion, therefore this method 
an not be used to determine phonon dispersion
urves for the metal-hydrides thin �lms.In light-s
attering experiments the spe
tral distribution of the s
attered light is analyzedrelative to the spe
trum of the in
ident light. In the 
ase of Raman spe
tros
opy the
hanges in the spe
trum are very 
lose in energy to the energy of the in
ident light.The Raman shifts are of the order of a few to a few hundred wave numbers (
m−1)whi
h means a displa
ement of 0.1 to 10 nm. Therefore, a very good suppression of theelasti
ally or quasi-elasti
ally s
attered light is required. Lasers are optimum as lightsour
es of ex
itation while triple mono
hromators or not
h �lters are optimum for theanalysis. In the experiments, four di�erent geometries 
an be used as shown in Fig. 1.3.The forward s
attering and the 90◦ s
attering are suitable only for transparent samples.For highly absorbing materials, the ba
ks
attering methods are used, where the intera
-tions o

ur only 
lose to the 
rystal surfa
e [12℄.1.2 Classi
al theoryThe origin of Raman spe
tra 
an be explained by an elementary 
lassi
al theory. Thes
attering mole
ule 
an be regarded as a 
olle
tion of atoms undergoing simple harmoni
vibrations. This 
lassi
al approa
h takes no a

ount of quantization of the vibrationalenergy and gives no quantitative information about the intensity of the Raman s
attering.
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180° backscattering

backscattering 90° scattering for
transparent crystalsFigure 1.3: Various geometries for Raman spe
tros
opy experiments.Let us 
onsider a light wave with an ele
tri
 �eld ~E and frequen
y ωl whi
h is in
identon a mole
ule. The ele
tri
 �eld 
an be written:

~E = ~E0 · exp[i(~k · ~r − ωlt)] (1.2)where ~E0 is the amplitude and t the time. The light wave indu
es in a mole
ule a dipolemoment ~P whose i-
omponent is proportional to the applied �eld by a fa
tor 
alledpolarizability αij and 
an be written as
Pi =

∑

j

αijEj =
∑

j

αijE0j · exp[i(~k · ~r − ωlt)]. (1.3)If the mole
ule is vibrating with frequen
y νp, the nu
lear displa
ement ~u is written as
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~u = ~u0 · exp[i(~q · ~r − ωpt)] (1.4)where ~u0 is the vibrational amplitude. For small amplitudes of vibration, the polarizability

αij 
an be expanded in a Taylor series
αij = α0

ij +
∑

k

∂αij

∂uk

∣

∣

∣

∣

~u=0

· uk +
∑

k,l

∂2αij

∂uk · ∂ul

∣

∣

∣

∣

~u,~u′=0

· uk · ul + . . . (1.5)where the �rst term denotes the ele
tri
 polarizability of the medium without �u
tuationsand the other terms represent os
illating polarizability indu
ed by ~u(~r, t). With 1.5 in 1.3we obtain
Pi =

∑

j

α0
ij · E0

j · exp
[

i
(

~k~r − ωlt
)]

+

∑

j,k

∂αij

∂uk

∣

∣

∣

∣

~u=0

· u0
k · E0

j · exp
[

i
((

~k ± ~q
)

~r − (ωl ± ωp) t
)]

+

∑

j,k,l

∂2αij

∂uk∂ul

∣

∣

∣

∣

~u,~u′=0

· u0
k · u0

l · E0
j · exp

[

i
((

~k ± ~q ± ~q′
)

~r − (ωl ± ωp ± ωp′) t
)]

+ . . .

= P
(0)
i + P

(1)
i + P

(2)
i + . . . (1.6)A

ording to the 
lassi
al theory [13℄, the �rst term des
ribes an os
illating dipole whi
hradiates light of frequen
y ν (Rayleigh s
attering). The se
ond term gives the Ramans
attering of frequen
ies ν + νp (anti-Stokes) and ν − νp (Stokes). If ∂αij/∂uk is zero, these
ond term vanishes. Therefore, the vibration is not Raman a
tive unless the polariz-ability 
hanges during the vibration. The term P

(2)
i gives the se
ond order e�e
ts.The total average power emitted by the os
illating dipole is

P =
ω4

l p
2
0

12πε0c3
. (1.7)The emitted power and, 
orrespondingly, the observed intensity is proportional to ω4.For pra
ti
al reasons, the frequen
y of the ex
iting laser sour
e should be as high aspossible for a good Raman signal. On the other hand if the laser frequen
y 
oin
ideswith that of an ele
troni
 transition, resonan
e enhan
ed Raman s
attering o

urs. Inthis 
ase the intensities of 
ertain transitions 
an be many orders of magnitude largerthan in normal Raman experiments. Figure 1.4 represents the me
hanisms of normal andresonan
e Raman s
attering [14℄.In the normal s
attering (left) the energy of the ex
iting line falls far below that requiredto ex
ite the �rst ele
troni
 transition and the frequen
y of the laser has no in�uen
e on


