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Chapter 1

Review on switchable mirrors

1.1 Introduction

For decades the great majority of experiments on metal-hydrogen systems were carried without
actually looking at the samples. In many cases there was no need of doing so (for example for
all pressure-composition isotherm, electrical resistivity, specific heat, neutron and x-ray scatte-
ring measurements). In other cases optical measurements could only be carried out for certain
hydrides. For example, Weavet al.[169, 170] measured in detail the reflectivity of dihydrides

of Sc, Y and La but could not extend their interesting measurements to the trihydrides of Y and
La. This is unfortunate since the pioneering work of Libovétal.[99] on Ce-hydrides had de-
monstrated the existence of a metal-insulator transition betweep @eHCeH. In 'Y and La,
however, hydrogenation from the dihydride to the trihydride leads irrevocably to the powdering
of bulk samples.

It is only much later, in a search for new high-uperconductors not based on copper-oxide,
that the Amsterdam group [74] discovered in 1995 spectacular changes in the optical proper-
ties of metal-hydride films of yttrium and lanthanum near their metal-insulator transition: the
dihydrides are excellent metals and shiny while the trihydrides are semiconductors and transpa-
rent in the visible part of the optical spectrum (see Fig. 1.1). The transition from a shiny to a
transparent state is reversible and simply induced at room temperature by changing the surroun-
ding hydrogen gas pressure or electrolytic cell potential. Not only ¥kt LaH, but all the
trivalent rare-earth hydrides and even some of their alloys exhibit switchable optical and electri-
cal properties [56, 156]. In the transparent state they have characteristic colours: for example,
YH, is yellowish, LaH, red, while some fully hydrogenated alloys containing magnesium are
colourless.

One of the most surprising results of these early measurements was, however, that the films
retained their structural integrity even though they expanded by typically 15 % during hydro-
genation of the pure parent metal to the trihydride. This meant that for the first time physical
properties, such as electrical resistivity, Hall effect, optical transmission, reflection and absorpti-
on, were amenable to experimental investigations. This led to the discovery of new phenomena in
the electrical, optical and mechanical properties of these materials. Furthermore, the possibility
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CHAPTER 1. REVIEW ON SWITCHABLE MIRRORS

to fine-tune their properties by alloying and the ease to change continuously their hydrogen con-
tent made them especially attractive for fundamental condensed matter physics. Soon after their
discovery it became clear that switchable metal-hydride films would pose intriguing questions.
So far the nature of their insulating state is not understood and completely different mechanisms
for their metal-insulator transition have been proposed. They offer also interesting possibilities to
investigate continuous metal-insulator (quantum) phase transitions. Moreover, they can be used
to tune magnetic interactions in for example superlattices (see e.g. Refs. [70,100] and references
therein)

The purpose of this article is to review the essential properties of switchable mirror materials
with special emphasis on their optical properties. So far three generations of hydrogen-based
switchable mirrors have been discovered:

e The rare-earth switchable mirrors
e The colour neutral magnesium-rare-earth (Mg-RE) switchable mirrors and
e The magnesium-transition-metal (Mg-TM) switchable mirrors

Each of these generations has specific properties that are described separately in the next sections.
The rare-earth switchable mirrors are historically important since they were the first to exhibit
optical switching as a result of hydrogen absorption. Their transparent appearance in the fully
loaded state posed a serious problem to theorists. In particular, the yellow appearancg of YH
seemed to be in contradiction with state-of-the-art band structure calculations that predicted a
metallic state for this material. The physics of rare-earth switchable mirrors is thus closely
related to that of electron correlation and metal-insulator transitions.

The Mg-RE and the Mg-TM switchable mirrors exhibit both the three fundamental optical
states of matter, i.e. shiny metallic, transparent and highly absorbing. The microscopic mechanis-
ms responsible for their ‘black states is, however, different and needs to be discussed separately.

Furthermore, we show that alloys and multilayered samples can be used to fine tune all the
essential properties of switchable mirrors and exhibit a series of new phenomena. Finally recent
applications of switchable mirrors as smart coatings in electrochromic devices, as hydrogen in-
dicators for catalytic and diffusion investigations, as active layer in fiber optic hydrogen sensors
and as hydrogen absorption detectors in a combinatorial search for new lightweight hydrogen
storage materials are briefly described.
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Figure 1.1: (a)-(c) Photographs of a switchable mirror in the as-deposited, di-
hydride and trihydride states. Furthermore, the pressure-composition isotherm
(1 bar = 18 Pa) (d) and hydrogen concentration dependence of the optical
transmission (e) and electrical resisitivity (f) of a 300-nm-thick yttrium film
capped with 15 nm palladium are shown. The optical transmission is measured
at a photon energiw = 1.96 eV, corresponding to a wavelength= 635nm.

The weak transmission window of tilephase aroung = 2 and the transition

to the transparent state in tlygohase are clearly visible. The metal-insulator
transition is not of structural origin. It occurs within the hexagonal phase at
a composition of approximately YH.. The resistivity first slightly increases
when hydrogen dissolves in Ya¢phase). Thg8-phase (dihydride) clearly has

a lower resistivity and as soon as th@hase (trihydride) nucleates the resisti-
vity increases to about 4 @cm. This value is limited by the metallic Pd cap
layer which shortcuts the semicond(cting YH film. (From Refs. [74,90])
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1.2 Preparation of switchable mirror thin films

The growth and microstructure of switchable mirror thin films involves specific aspects that need
to be discussed before describing their physical properties. We focus first on Y, La and rare-earth
films (for convenience all abbreviated as RE-films), deposited both in their metallic as well as
in their hydride form. Some references to second-generation mirrors (Mg-RE) are included and
third-generation switchable mirrors (Mg-TM) are shortly discussed separately.

1.2.1 Growth and microstructure of rare-earth (hydride) thin films
Metallic RE-films

Although the deposition and electrical characterization of RE and RE-hydrides was already re-
ported in the seventies (see e.g. Curzon and Singh [21]), these films were not yet phase-pure,
due to the limited quality of the vacuum systems of those days. Typically, for pure RE films the
background pressure has to be belowPa [76,173]. The method of deposition seems not to
be critical and both molecular beam deposition (MBD [76]), sputter deposition (SD [155, 156])
and pulsed laser deposition (PLD [22]) have been used. The purest metallic films are obtained by
MBD, where the background pressure is lowest (typically1Ba). From the lattice expansion
compare to pure Y one determines an as-deposited hydrogen conten iof XH- 0.08 [76].
Thermodynamically, one would expect a higher hydrogen content, since the equilibrium Y-YH
plateau pressure is 1034 Pa at room temperature [90]. At room temperature the polycrystalli-
ne films all tend to have a [00Q} or [111} . texture, i.e. the closed-packed layers are oriented
parallel to the substrate plane.

From a fundamental point of view the underlying physical processes should preferably be
investigated on single-crystalline or epitaxial films. Hayazl. [67] were able to grow high-
ly ordered yttrium on the metallic substrate W(110). Taking the recipe originally developed by
Kwo et al.[96], Wildeset al. [173] and Remhott al. [133, 134] managed to form pure, epi-
taxial yttrium films on sapphire substrates using a Nb template layer. These approaches have the
disadvantage that they complicate optical transmission and electrical transport measurements.
This problem was solved by Nagengastl.[93, 117] who showed that epitaxial yttrium films
can be directly grown on (111)-Cafsubstrates. Shortly after, Jacebal. [81] showed that
good epitaxiality could even be obtained by using Bakbstrates. This is remarkable since
there is a 20 % lattice mismatch between Y and BaBue to the higher deposition tempe-
rature, the hydrogen impurity level of the epitaxial films is much lower than in polycrystalline
films: x =[H]/[Y] = 0.01—0.03[31, 173], as compared to [H]/[Y]=0.08 in polycrystalline fiims.
It is suggested that some fluorine, however, is absorbed by the RE film and acts as a surfac-
tant facilitating growth [68]. The large lattice mismatch with respect to the substrdi® (in
the case of Cafj causes the coherent film to relax after a certain critical thickness. As shown
by Borgschulteet al. [15] this relaxation process is responsible for the formation of so-called
ridges [60, 117]: strips of material with their c-axis parallel instead of perpendicular to the sub-
strate. This stress-induced reorientation is due tdZ}@deformation twinning [89]. Indeed the
as-grown density of ridges is much larger on films deposited on, Gabstrates as compared
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to Nb/sapphire substrates, moreover their density increases with film thickness. Formally, due
to the ridges, the epitaxial films should be called bi-epitaxial since each of the twin orientations
has a different substrate-film relation. The volume fraction of the ridges is however small, and
for most purposes except the Hall effect [31] their effect can be neglected. When the metallic
epitaxial films are hydrogenated the number of ridges increases, and an extended self-organized
ridge network is formed, which delineates micron-sized triangular domains [86, 87]. Although
hydrogen absorption involves a large expansion of the lattice and a change in lattice symmetry,
the epitaxiality of the film remains intact. Details about the switching process of epitaxial YH
films are given in Section 1.3.5 on page 19.

Cap layers

As-deposited RE films are very reactive. Exposing an uncovered film several hours to air al-
ready creates a 5 nm oxide layer while along grain boundaries oxygen is found at a depth of
150 nm [76, 110]. Therefore, palladium [76] and gold [173] cap layers are used which at same
time act as catalysts for hydrogen dissociation and absorption [128]. To prevent the formation of
a RE-Pd alloy (which blocks hydrogen transport) [14] these cap layers have to be deposited at
room temperature. Alternatively, an intermediate (hydrogen transparent) thin oxide buffer lay-
er is useful. In the case of La an intermediate fAl@yer is essential to prevent oxidation of

La [54]. After using a combinatorial technique (see also Section 1.6.2 on page 49) to optimize
the thickness of the Pd cap layer on Y, Van der Ma#¢al. [110] concluded that there is a well-
defined critical thickness of 4 nm above which Pd can act as a catalyst for hydrogen absorption.
This critical thickness is reduced to 2.7 nm, when an intermediatglag®r is applied and to

0.5 nm with an 1.2-nm-thick AlQlayer [54]. Borgschultet al.[16] concluded from a scanning
tunnelling microscopy and spectroscopy study (STM/STS) that this critical cap layer thickness
is related to an inactivation of Pd by encapsulation of the Pd islands by yttrium oxide or hydroxi-
de. The substitution of Pd by cheaper, preferably transparent, catalytic cap layers is desirable,
especially for smart window devices. In this respect, the catalytic properties of transition metal
oxides [122] for storage materials could also prove to be useful for smart windows.

In-situ deposition of RE-hydride films

RE films are generally loaded with hydrogafter deposition. To circumvent the associated ge-
neration of large stress [26], it is advantageous to grow the RE films as hydrides. The conditions
for growth depend strongly on the technique used.

a) Molecular beam depositionThe in-situ formation of pure RE hydrides in MBD is difficult.
The hydrogen source needs to be clean and also the vacuum system needs to be conditioned
by a steady flow of hydrogen. Hydrogen liberates adsorbed species (oxygen, water) from
the UHV-chamber walls. As a result, in dirty systems, RE®@purity phases are formed.
Even when using up to 1§ Pa molecular hydrogen and a substrate temperature of 800 K,
a mixed oxide/hydride phase is obtained. Using an ultra-clean atomic hydrogen source
with a direct line of sight in the vicinity of the substrate, Hay&tzal. [66] were able to
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prepare high quality YEfilms in situ. Epitaxial films form at a substrate temperature of
500 K and a background pressuresefL0—4 Pa on W(110).

b) Sputtering: The in-situ deposition of RE hydride films is comparatively easy in sputter de-
position. As shown by Van der Sluis and Mercier [155] GdMg-Bl formed when co-
sputtering the metals in a 5:1 hydrogen/argon atmosphere at room temperature and a
101 Pa total pressure. To prevent arcing (due to the formation of insulating deposits)
RF sources are used. The in-situ growth of the hydride phase probably benefits from the
activated (atomic) hydrogen formed in the plasma.

c) Pulsed laser depositiontn PLD at elevated substrate temperatures, Lokhetrat. [22, 103]
found that RE hydrides can be made without adding hydrogen to the deposition chamber.
In this case, the dihydride forms due to the fact that hydrogen dissolved in the RE-target
is preferentially liberated during the ablation process. Structurally these films range from
nanocrystalline to epitaxial depending on the deposition temperature and substrate used.

1.2.2 Ex-situ hydrogen loading

To transform the as-grown metallic films into hydrides they need to be exposed to hydrogen.
This can be achieved by three methods:

a) Gas loadingis the simplest and fastest procedure. It is well-suited for exploratory work but
suffers from the fact that the amount of absorbed hydrogen cannot be directly determined.
Gas loading can be extremely fast. For example GdMg:&h be loaded to GdMg-H
at room temperature within 40 ms by applying a pressure of a few timeRd (62, 63].
The existence of kinetic barriers (e.g. stress, absorption or diffusion barriers) for hydrogen
sorption is evident from the fact that a considerable overpressure (underpressure) is needed
for the hydrogenation (dehydrogenation) reaction.

b) Electrolytic loading is the only technique that allows an easy and versatitu determina-
tion of the hydrogen concentration in a thin film. With an oxygen-free electrolyte it can
be used to measure the hydrogen concentration in the films quantitatively and to determine
pressure-composition isotherms [120]. At the solid/electrolyte interface the charge transfer
reaction is represented by

H,O+ €™ — Hyq+ OH™

Thus, there is a direct relation between the integrated current and the amount of hydrogen
adsorbed. As the Pd cap layer is thin and as its plateau pressure at room temperature
is over 1 mbar, the absorption by this layer is usually neglected. The potential of the
Pd/RE electrode can be viewed as that of a Pd electrode in equilibrium with a low pressure
hydrogen gas, of which the pressure is determined by the hydrogen concentration in the
RE material underneath. Hence, the Pd/RE-electrode potential is directly related to the
equivalent hydrogen pressure of the underlying RE hydride.
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Electrolytic loading experiments were combined with optical transmission and reflection
spectrometry as well as with electrical resistivity measurements by Kbalj[90]. They
determined the hydrogen pressure-composition (p-c) isotherms of rare-earth hydrides over
30 orders of magnitude at room temperature. In Fig. 1.1 the room temperature p-c-isotherm
of YHy for 0 < x < 3 is given together with the optical transmission at 1.96 eV (635 nm)
and the electrical resistivity. This shows that rare-earth metals such as Y have a strong hy-
drogen affinity. The dihydrideg3¢phase) are already stable at very low pressures410

Pa for Y films [90], 102° Pa for La films [92] and 10?8 Pa for Gd films [25] at room
temperature). The trihydrideg-phase) are formed at a pressure of about'1®a. There-

fore, the reversibility is limited to the transition between the dihydride and trihydride phase
under practical conditions. Only at very high temperatures (1000 K) it is possible to go
back to metallic Y &-phase) [67].

Note, that compared to gas loading the total switching time increases to several minutes.
Moreover, Notteret al.[120] report that the chemical stability of the Y-electrode is poor,
especially when exposed to light.

¢) Chemical loadingof rare-earth films by immersion in an aqueous KOH-solution containing
NaBH, has been demonstrated by Van der Sluis [154] for Gd. The redox reaction forms
BO, and GdH,. The attractive feature of this technique is that, due to the high redox-
potential difference, it leads to almost stoichiometric trinydrides. The reaction is reversed
by immersion in a 0.3% kD, aqueous solution.

1.2.3 Stress in polycrystalline and epitaxial thin films

Given the large lattice expansion, the fact that BHikins can be switched many times back and

forth between the dihydride and trihydride phase is remarkable. To have reversible switching,
plastic deformation has to be avoided. As shown by Pedessah[127] Gd can be switched
reversibly between well-defined stress-states of the dihydride and trihydride phases even though
the stress involved is of the order of several GPa. Dornletial. [26] explained the relatively

low net stress as the result of the fact that textured polycrystalline thin films benefit from a small
in-plane tensile stress component. During the transformation from the dihydride to the trihydride
phase mostly the distance between the closed-packed planes increases. Since the films have a
texture such that these planes are parallel to the substrate most stress is relieved by an expansion
of the film thickness. Clearly, to prevent hysteresis (see Section 1.3.3 on page 16) and long-term
degradation, a switching material with zero lattice expansion is preferred. Van &agj55]

found such a zero-expansion alloy namely, L& ; 3gHx. It also exhibits the sharpest optical
transition.

Epitaxial films switch also reversibly between the dihydride and trihydride state although so-
me irreversible relaxation occurs during the first loading cycle (see Fig. 1.2). This irreversible
relaxation is due to the ridges, which develop in addition to those already formed during depositi-
on. The process through which an epitaxial film can accommodate high reversible strains/stresses
without deterioration of its crystallinity was recently described by Kerssematexis[86, 87].

Usingin situatomic force microscopy (AFM), they showed that reversible relaxation takes place
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Figure 1.2: X-ray 8 — 28 scan of a 300-nm-thick epitaxial Y film on (111)
CaPF, capped with 8 nm Pd, in-situ showing the development of the closed-
packed lattice plane distance during reversible hydrogenation between the di-
hydride and trihydride state. Hydrogen loading is done in 1 bauHloading

at 100C in air. (From Ref. [117])

via the micron-sized triangular domains, which are defined by the ridge-network (see Sec. 1.3.5
on page 19). The domains expand one-by-one, homogeneously and essentially independently,
during hydrogen absorption (see Figure 1.8(a) on page 26). From a transmission electron mi-
croscopy (TEM) study Kooet al. [89] concluded that the reversible transition to and from the
trinydride phase is greatly facilitated by numerous Shockley partial dislocations. These dislo-
cations originate at the boundaries between two twin variants. These twins develop both within
the trianglesand within the ridges due to the phase transitions from the hcp phases Y agpd YH

to the fcc phase YK This twin structure prevents an overall shape change associated with the
symmetry change (see Fig. 11 of Ref. [89]).

1.2.4 Complex-metal-hydride thin films

The reversible switching of Mg-TM (TM=Ni, Co, Fe, Mn) films was discovered by Richardson
et al.[138,139]. While in bulk samples hydrogenation requires high temperatures (500 to 600 K)
and pressures of 0o 1¢° Pa [12, 130], for thin films it occurs readily at room temperature at
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low pressures when they are capped with a thin Pd layer. This class of materials does not involve
rare-earth metals and might therefore be more resistant to oxidation than the earlier mirrors. This
is especially important for applications.

As precursor for the complex metal-hydride the metal alloy of interest is sputtered or evapora-
ted and subsequently capped with a thin Pd layer. The grain size of these films is<sB@firh).
Complex hydrides of this type (MiNiH,, Mg,CoH;, Mg,FeH;) seem to form easily at room
temperature at a few #@Pa of hydrogen, albeit in an x-ray amorphous form [101, 139]. The re-
versibility is quite remarkable given the large lattice expansion involve84 %) and the large
involved metal atom mobility. Note, that while MNi forms an alloy, corresponding Mge or
Mg,Co compounds do not exist.

Very remarkable is that in these thin films the nucleation of the hydrogen-rich phagéiVig
starts preferentially near the film/substrate interface and not, as intuitively expected, close to the
catalytic Pd layer at the surface of the sample [101, 102].

1.3 First-generation switchable mirrors: Rare-earth metal-
hydride films

One of the most important aspects of the discovery of switchable mirrors is the fact that in the
form of thin films rare-earth hydrides (RkHare amenable to a whole series of experiments,
which were often impossible with bulk samples since hydrogen absorption resulted in a total
disintegration of bulk samples.

In this section we show that the optical and electrical transition in RiEleversible, conti-
nuous, robust and that it occurs in the visible [62]. It does also not depend on the isotope mass, i.e.
the material shows the same features when loaded with deuterium as with hydrogen [53, 133].
Moreover, we show that the rare-earth-hydrides undergo a continuous quantum-phase transiti-
on [71,72,143]. Hysteretic effects are considered in Sec. 1.3.3. Although papers have appeared
on e.g. Pr [113], Sm [95], Gd [6, 97] and Dy-hydrides [7] most investigations on switchable
RE-hydrides are dealing with Y. In this way Y has become the archetypal material for the first-
generation switchable mirrors. Scandium, although trivalent, does not form a trihydride under
normal conditions (room temperature and® F&) [106].

1.3.1 Optical properties

In the Introduction we described how thin films of Y go from reflecting to transparent upon
hydrogen absorption. From the photographs in Fig. 1.1 it is evident that this transition can be
observed by the naked eye and that, consequently, it takes place in the visible part of the optical
spectrum. The main optical changes from the reflecting to the transparent state occur smoothly
and reversibly between the dihydride (¥Hand the trihydride (YH) phase. The continuous
evolution of reflection and transmission spectra during hydrogen loading between the dihydride
(x=2) and trihydride phase 3) is displayed in Fig. 1.3 for a 300-nm-thick ¥Hayer capped

with 15 nm Pd [90].
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A typical feature of the dihydride phase is the weak transmission window in theli@ek (
hw <21eVfor YH,  andl3 < hw < 1.8eV for LaH,, ) at hydrogen concentratiods’ <
x < 2.1 [52] (see Figs. 1.1(b) and Fig. 1.3(a)). The existence of the dihydride transmission
window is essential for the visualisation of hydrogen migration in switchable mirrors (see Secti-
on 1.6.1 on page 47). In the transparent trihydride phase, the material has characteristic colours
e.g. yellow for YH, , (absorption edge at 2.6 eV) and red for Lald (absorption edge at
1.9 eV) [56]. Unfortunately, the optical contrast of the transition is reduced due to the Pd cap
layer, which has a transparency of about 32% in the visible for a 12-nm thick layer [77]. Thus,
for technological applications it is important to reduce the amount of Pd [4, 54, 110] or to use
another more transparent material as cap layer (see Sec. 1.2.1).

Stoichiometric YH, cannot be obtained at 1®a H, pressure. At most Yk, is formed
both during gas loading and electrochemical hydrogenation. This means that there are many
vacancies that act essentially as donors [75, 118] andyYiBl consequently a heavily-doped
semiconductor. Stoichiometric YHs only reached above 4 GPa [172]. High pressure studies
of optical transmission spectra show that the semiconducting gap gfdéereases markedly
with increasing pressure but remains open until at least 25 GPa. Extrapolating the pressure
dependence of the gap, an insulator-to-metal transition is expechdd-a GPa.

Van Goghet al. studied the optical properties of La Y ;Hy with 0 < z< 1in great detail [56]
and determined the dielectric function of these alloys. Fig. 1.4 shows the development of the
dielectric function of YH from the dihydride to the trihydride phase. R0® < x < 2.1the film s
in a single phased-phase) [131]1 In this concentration range interband transitions eist{0
around 2.5 eV) below the plasma energy, which is typically at 4 eV. These interband transitions
arise from the flad-band of YH,. The weak dihydride transmission window appears at the
photon energy wherg, crosses zero ang is low (1.6 < hw < 2.1 eV). During loading to the
trihnydride (y-phase) three features are observed (see Fig. 1.4): (I) The disappearance of the free
electron optical response (the large negativat low photon energies that is typical for a metal
is gradually reduced and replaced by positiypwith increasing hydrogen concentratienThis
means that our material changes from a metal into an insulator; (II) The suppression of interband
absorption around 2.5 eV and, (lll) A shift to lower energies of the second interband absorption
peak ing,. The onset of interband absorption in the trihydride phase 2.9) determines the
final appearance of the film: YHis yellow while LaH; is red. The photon energy at which
&, increases towards higher energy is the optical band gap of the material. Egythid is
2.63 eV [56]. All La,_,Y;Hy alloys exhibit the same features as yiffespective of the crystal
structure of the phases In particular, it does not matter whether the fully loaded trihydride
films are cubic or hexagonal: they all are transparent and semiconducting. Thus, the switching
behaviour is robust, in the sense that it is rather insensitive to chemical and structural disorder.
Even the crystallographic phase appears irrelevant.

1Kooij et al.[91] stated erroneously that far9 < x < 2.1 thin films of YHy are in the coexistence region of the
B-phase ang-phase. Remhdadt al.[131] and Kerssemakert al. [86] confirmed that YH follows the bulk phase
diagram [164]. Thus, fot.9 < x < 2.1 the system is in the sing|@-phase and fo2.1 < x < 2.7 in a mixedB-phase
andy-phase.
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1.3.2 Electrical properties and the metal-insulator transition

The optical transition is always accompanied by an electrical transition from metallic to semi-
conducting when going from the dihydride to the trihydride phase (see Fig. 1.1(f)). This metal-
insulator transition has also been investigated in detail. Van @bgth [53] showed that the
isotope mass is not important in the switching since,dHd YDy display the same electrical be-
haviour. The metal-to-insulator (MI) transition takes place at a hydrogen concentration of about
2.86 where the resistivity measured at room temperature diverges [53].

Very important was the observation that the metal-insulator transition ino¢kurs within a
single structural phase and is not associated with a ‘trivial’ first-order phase transition. This can
be concluded from the fact that fier> 2.7 yttrium hydride is in a single phasg-phase) [131] and
as we have seen the MI transition occurg at2.86. This is consistent with the observation that
there is also a metal-insulator transition in Mg-stabilized cubic, Y{{111] and in Lak which
remains fcc at room temperature @& x < 3. Even Lg_,Y ;Hy alloys show the same behaviour
independently of their crystallographic structure and their degree of structural disorder [56]. This
is another demonstration of the robustness of the metal-insulator transition in rare-earth hydrides.

Intrigued by the possibility of a continuous quantum phase transition ig Midekstraet al.
investigated in great detail the temperatl@8% < T < 293K) and concentration dependencies
(for 0 < x < 3) of the electrical resistivity, charge carrier density n and magnetoresistance of
polycrystalline YH switchable mirrors in magnetic fields up to 14 T [71,72,143]. In Fig. 1.5 the
conductivityo (=1/p) as a function of the temperature T is shown in a log-log scale for hydrogen
concentrations between= 0.08and 2.93 [72]. The uppermost three curves with h0?2 cm—3
are for metallic YH with x < 2. The curves relevant for a discussion of the MI transition are
those with n< 2.5-10'° cm~3. For x slightly smaller than 2.86 the curvature of the curves is
positive, which according to scaling theories implies that they correspond to a metallic state. For
x larger than 2.90 their curvature is clearly negative. We conclude that somewhere between 2.86
and 2.90 the curvature vanishes and that, consequer(ly,is power-law in temperature T. This
is the signature of a genuine metal-to-insulator transition. An unusually small power of 1/6 can
be estimated from the slope of the curves in the critical region. The characteristic response of thin
YHy films, is according to Hoekstrat al. connected to @ontinuousgquantum phase transition
a fundamental change of the ground state of the system as a function of a tuning parameter
other than temperature T namely the charge carrier density n in this case. For this quantum
phase transition, the critical charge carrier densitigmlefined as the value at which the residual
conductivitya(n,T=0) = g,(n) changes from a finite value in the metallic phase-(m) to zero
in the insulating phase (@ n;). YH, , is found to be a heavily doped semiconductor with a

critical charge carrier density of.(0.35 K)=1.39 x 10'° cm~3 at the metal-insulator transition.

Moreover, the electrical conductivity data over a wide temperature and hydrogen concentra-
tion range both in the metallic and insulating regions can be collapsed onto a single curve with
the same, unusually large critical exponents [71,143]. These large critical exponents indicate the
important role played by electron-electron interactions in the physics of switchable mirrors (see
also Sec. 1.3.4 on page 17).
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1.3.3 Hysteresis

Throughout this Chapter it is repeatedly stated that the optical switching ini&¥'kHeversible
betweenx = 2 and 3. What is meant is that this system can be switched from metallic to se-
miconductor and back to the original metallic state. When this transition is followed in detail
one observes, however, that there is a giant hysteresis. This can be put in evidence in two diffe-
rent ways: (i) in a gas loading experiment (which does not allow a determination of the actual
hydrogen concentration in a film) by plotting the optical transmission as a function of the simul-
taneously measured electrical resistivity [55], or (ii) by measuring the optical transmission as a
function of the hydrogen concentration loaded electrolytically into a film [56,91]. A giant hyste-
resis is indeed found in YHboth in the pressure-composition isotherms and in transmission as
a function of the hydrogen concentratinifsee Fig. 1.6) [91]. Lak]l however, switches without

any hysteresis at all (see Fig. 1.6(e)) [55, 56]. Furthermore, jn [YagHy alloys the magnitude

of the hysteresis depends strongly on their composition.zko0.67 when the material stays

fcc - it vanishes altogether (see e.g. the p-c isotherm gEL¥4, 4, in Fig. 1.6(d)). As shown

by Van Goghet al. [55] these hysteretic effects in La-Y alloys are related to the presence of
a phase transition from fcc to hcp accompanied with a large uniaxial expansion. This leads to
different stress states between absorption and desorption and thergBerartdy-phases with
different hydrogen concentrations and thus different optical properties - during absorption and
desorption [131]. Moreover, the optical transition is much sharper inglthkin in YH; [55].

In single-phased La-Y alloys the sharpness of the optical transition seems to be related to the
contraction or expansion of the material upon hydrogenation.

A closer look at the hysteretic effects in YHeveals that there is a four orders of magni-
tude difference between the absorption and desorption plateau pressures. This corresponds to a
difference of 10 kJ/mol H in enthalpy of formation. The transmission as functicraoflp in
combination with XRD and optical microscopy [131] shows that the intensity of the transmission
window decreases within the singbephase when going from= 1.9to 2.1. The same has been
observed in epitaxial YKfilms [86]. Moreover, fronx = 2.7 to 2.9 no hysteresis is observed
in transmission because the system is in the sipglbase. The difference between absorption
and desorption is that during absorpti@+phase withk = 2.1 coexists withy-phase withk = 2.7
while during desorptior3-phase withx = 1.9 coexists withy-phase withx = 2.65. The fact
that the phase coexistence is influenced by the hydrogen loading history, as correctly described
by Remhofet al, is due to different stress states during loading and unloading [26, 131]. In
single-phased materials such as kdhkkre is no phase coexistence, but a continuous increase or
decrease of the hydrogen content. Thus, no hysteresis will be observed.

Recently, Lokhorset al. were even able to make hysteresis-free,¥iins by pulsed laser
deposition [22, 103]. These films are nanocrystalline and stay fcc during hydrogenation. Appa-
rently, the randomly oriented grains are too small to be transformed to the hcp phase. The same
has been observed in sputtered Gd films by Darddeat. [36].
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1.3.4 Theoretical models for the first-generation switchable mirrors

Although the occurrence of a metal-insulator transition could have been expected on the basis of
(i) the pioneering work of Libowitz and co-workers (see Refs. [98, 99] and references therein),
(ii) the extensive work of Vajda and co-workers (see Ref. [164] and references therein) and Shinar
et al.[151,152] and (iii) the early bandstructure calculations of Switendick on Y, YH, &kt

YH; [160, 161], the transparency of Y,H; discovered in 1995 by Huiberet al.[73, 74] came

as a great surprise, since in 1993 Wang and Chou [167, 168] and Deklatr[23] had all
concluded from self-consistent band-structure calculations, thatwas asemi-metalvith, in

fact, a very large bandverlap(1.5 eV). These difficulties stimulated theorists to reconsider the
YHyx and LaH, sytems. Somewhat as for the highSuperconductors two lines of thought were
developed since 1995: (i) band-structure models including lattice (Peierls) distorsions and (ii)
strong electron-correlation models.

Peierls distortion models

Kelly, Dekker and Stumpf [84] determined the ground state of,Yiding density functional
theory within the local-density approximation and the Car-Parrinello method. They found a
broken-symmetry structure with a direct electronic gap of 0.8 eV. The value of the gap depends
strongly on the exact position of H in the Y lattice. As calculations based on the local-density
approximation systematically underestimate semiconducting energy gaps by about 1 e¥t Kelly
al. considered their value as being consistent with the experimental optical data. Neutron scatte-
ring experiments on bulk (powders) and epitaxial ;Y thin films by Udovicet al. [162, 163]

and Remhotet al. [133] do not provide evidence for the occurrence of this broken-symmetry
structure. Their data are compatible with ttgeP and Pgcm structures. Kieregt al. [88] find

with Raman scattering that the structure of Yid either Pgcm or P6 (the broken symmetry
structure) not Bcl. Zogatet al. [179] compare NMR data with electric-field gradient calcula-
tions and conclude that the Rfin shows very good agreement better th&n1P Van Gelderen

et al.[43] have shown recently by parameter-free calculations that also thetf6ture is com-
patible with the neutron diffraction data by Udovic. Thus, from all these experimental data we
conclude that the space group of Y4 either Pgcm or PG, However, the absence of an isotope
effect [53, 83] in both electrical and optical properties of yiHdicates that the exact position

of the interstitial hydrogen (or deuterium) has essentially no effect on the ground statg.of YH
Another indication of the robustness of the ground state of itthat all La-Y alloys [56] switch
optically as a function of hydrogen concentration, irrespectively of the chemical and structural
disorder and also independently of the crystal symmetry of the trihydrides (fcc or hcp) [56,111].

Electron correlation models

Already in 1995 Sawatzky suggested that electron correlation effects might explain the insula-
ting ground state of YEland LaH,. Since then several electron correlation models have been
proposed. Ng, Zhang, Anisimov and Rice [118, 119] propose the following mechanism for the
metal-insulator transition in Lakd The removal of a hydrogen atom from insulating Ldebves
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a vacancy which effectively donates an electron to the conduction band. This electron is, howe-
ver, expected to be so strongly localized (the radius of the vacancy state is estimated to be about
0.3 nm in contrast to typically 10 nm in standard semiconductors) that an impurity band can only
form at very high doping level (about 20 % impurities). This explains why the metal-insulator
transition occurs at large doping level around 2.8. Eder, Pen and Sawatzky [29] introduce a
further ingredient in the theory. They show that the strong dependence of the hydsogydi

tal radius on the occupation number (the radius ofltherbital is about 3 times larger for the
negative H ion than for the neutral H atom), leads to the formation of localized singlet bound
states involving one electron on the hydrogen and one on the neighbouring metal orbitals. This
breathing hydrogen orbital leads to a strong occupation number dependence of the electron hop-
ping (‘breathing Hubbard model’) integrals. Both Mgal. and Edelet al. consider the effect of
correlation on the hopping integrals, an effect that has not been taken into account by Wang and
Chen [166].

The strong electron-correlation models are similar to some of the models developed in the
theory of high-temperature superconductors based on copper-oxides. Instead of a linear com-
bination of oxygen orbitals which couple to the cop@drstate in CuO, in YH it is a linear
combination of yttrium4d orbitals which couple to thés state of the hydrogen. Locally the
structure resembles then strongly that of an isolatedds in agreement with the chemical view
of a highly polarizable hydrogen ion in ionic hydrides. Electromigration experiments by Den
Broederet al. [17] and Van der Moleret al. [112] confirm that hydrogen in YH 5 behaves
like a negative ion. Infrared transmission spectra by Retda. [140, 148] lead also to the con-
clusion that significant charge transfer from yttrium to hydrogen is taking place. They find that
hydrogen does not enter as proton in the compound, but that it is negatively charged, with an
effective charge of approximately -0.5 e. Furthermore, angular resolved photoemission spec-
troscopy (ARPES) data by Hay@t al. [65] bear the signature of strongly correlated electron
systems. And Hoekstmat al.[71,72,143] found unusually large critical exponents in scaling that
hint to (strong) electron correlation (see Sec. 1.3.2 on page 15).

Recent calculations

In the meantime new band-structure calculation methods beyond LDA have been used that treat
correlation (many-body effects) such as GW and screened-exchange LDA. They all find gaps
for both YH, and LaH, independent of the crystal structure (cubic or hexagonal) and the actual
position of the hydrogen atoms (space groupslP Pgcm, P6, etc.) (see Fig. 1.7).

Miyakeet al.[109] find that the GW approximation (GWA) leads to an insulating ground state
for YH, and their calculated dielectric function agrees reasonably well with the experimental data
obtained by Van Goght al.[56]. Chang, Blase and Louie [20] conclude on the basis of their GW
calculation that LaKis a band insulator with a direct dipole forbidden band gap of 1.1 eV and an
optical band gap of 3.6 eV. Wolf and Herzig [175,176] using screened-exchange LDA (sX-LDA)
demonstrate that the direct gap of Yk insensitive to the chosen structure of Ytsee Fig.

7). Van Geldereret al.[41, 42] conclude from parameter-free quasi-particle calculations within
the GW approximation that Yilis essentially a conventional semiconductor. The unusually
large error in the band structure made by LDA is traced to its poor description of the electronic

18



1.3. FIRST-GENERATION SWITCHABLE MIRRORS: RARE-EARTH METAL-...

structure of the hydrogen atom. Their GW results predict a fundamental band gap of only 1
eV and an optical gap of 2.6 eV in close agreement to optical measurements [56]. @étiford
al. [3] have shown with GWA that both cubic Y}and LaH, are semiconducting. Finally, Wu

et al. [178] recently studied hexagonal and cubic yahd LaH; within the weighted-density
approximation (WDA) and found a direct gap of 2.2 eV and a fundamental gap of 0.41 eV for
hcp YH; and both cubic YH and LaH; also show gaps. The authors conclude that the gap
problem is not due to unusual correlations or quasiparticle corrections, but is a problem with the
LDA and GGA exchange correlation functionals.

1.3.5 Specific properties of epitaxial switchable mirrors
Pixel-by-pixel switching

As described earlier (see Sec. 1.2.3 on pageepltpxial RE films deposited on (111)-CaF
substrates show a typical ridge structure [117]. The same was observed on other substrates, e.g.
W [129] and Nb [59, 89]. The ridges mechanically decouple adjacent triangular domains [87].
Using in situ atomic force microscopy, combined with electrical resistivity and local optical
transmission measurements, Kerssema&esd. [85—87] discovered that micron-sized triangu-

lar domains switch one-by-one, homogeneously and essentially independently, during hydrogen
absorption (see Fig. 1.8). These optically resolvable domains are delimited by an extended self-
organized ridge network, created during the initial hydrogen loading [60, 117,129]. The ridges
have a higher effective hydrogen plateau pressure, i.e. they switch only after all domains have
switched to the trihydride state. The ridges block lateral hydrogen diffusion and act as a sort of
microscopic lubricant for the sequentially expanding and contracting domains. This block-wise
switching results in a ‘Manhattan skyline’ in which the optical state is directly related to the
local, structural lattice expansion. The domain tunability is of technological relevance since it
opens the way to a pixel-by-pixel switchable pattern with a minimal amount of inactive surface
area.

Also in polycrystalline filmslocal optical inhomogeneities are observed in the two-phase
region [131]. However, the ridges are a typical feature in epitaxial films only. Due to their
unfavorable crystallographic orientation, their switching occurs at a significantly larger hydro-
gen pressure. However, onngacroscopicscale, both polycrystalline and epitaxial switchable
mirrors exhibit the same optical properties [56]. This is in sharp contrast with their electrical
transport properties, which are markedly different. Enaatred. [31] found that at all hydrogen
concentrations the electrical resistivipyof the epitaxial films is substantially lower than that of
polycrystalline films.

The as-deposited epitaxial Y films have a residual-resistivity-ratio of typically 14 and a low
residual resistivity of 5.21Qcm at 4.2 K. The temperature dependenc@ a$ essentially the
same as for single-crystalline yttrium. The charge carrier density determined from Hall effect
measurements is also similar to that of yttrium single crystals3is8- 10?2 cm~3 at 220 K).

These features indicate that the quality of MBE deposited epitaxial Y films is excellent. The
temperature dependence of the optical transmissidiwat 1.8 eV in the dihydride state re-
sembles that of the conductivity, i.e 0l/ These features are well described by a Drude model
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for free electrons, in which the only temperature dependent parameter is the electron scattering
time [31]. The values for the optical gap of the epitaxial and polycrystalling ks prepared

under similar conditions (i.e., 1 bar,tat 300 K) are comparable [31,56]. Due to the ridges,

the electrical resistivity of these films are very different: for example at 220 KQ&mm for
epitaxial YH; and 40 nf2cm for polycrystalline films. This is due to a difference in effective
charge carrier density. The later switching of the ridges corresponds to a smaller average value
of the H concentration in the epitaxial YH; films (i.e. under the same loading conditions the
effectived is larger in epitaxial than in polycrystalline films). The electrical transport properties

of epitaxial YH; films are path-controlled by the ridges. This is clearly revealed by Hall effect
measurements in magnetic fields up to 5 T: in sharp contrast to the isotropic electrical resistivity,
the charge carrier density exhibits an in-plane anisotropy that is also temperature dependent.
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0.2

Transmission

Reflection

Figure 1.3: Optical transmission (a) and reflection (b) of a 300 nm Y/15 nm
Pd film as a function of hydrogen concentratioand photon energy during
the second electrolytic loading from the dihydride to the trihydride state. In the
lower part of the graphs contour plots are shown. The maximum transmission

is limited by the Pd cap layer. (From Ref. [90])
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Figure 1.4: Hydrogen concentration dependence of (a) the compigxafd
(b) the real €;) part of the dielectric function for Y{d Similar dependencies
are observed in La,Y Hy alloys although the trihydrides La, Y H; with
z< 0.67remain cubic while foz > 0.86they are hexagonal. (From Ref. [56])
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Figure 1.5: Conductivityo as a function of temperature T for a YHIm at

a series of charge carrier densities n(T=0.35K). The metal-insulator transition
is tuned by a combination of hydrogen gas loading (curves up to 300 K) and
UV illumination (curves up to 50 K). Unlabeled curves have n = (0.75, 0.89,
1.07,1.18, 1.45, 1.51, 1.64, 1.88, 2.12, and 2:320'° cm~3. The hydrogen
concentration is indicated on the right. (From Ref. [72])
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absentin Laldand Lg 55Y o 45Hx alloys (lower two panels (d) and (e)). (From
Refs. [56,91])
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(A) (B)

Figure 1.8: (A) Optical domain switching. Real-colour optical micrograph

in transmitted light of a 400-nm-thick Y film capped with 7 nm of Pd. After
loading to the trihydride phase YH;, the hydrogen content is slowly lowe-
red. The yellowish transparent Y,H; film switches back domain by domain

to reddish opaque Y5 The domains are bounded by a triangular network of
reddish opaque lines. (B) One-to-one correlation between optical and structu-
ral texture. (a) Optical micrograph in transmitted light of a dihydride/trihydride
mixed-phase region of a 150-nm-thick Y/Caitm capped with 20 nm of Pd.

The image is 12.512.5 um?. The large triangle is almost entirely in the
electrically conducting and opaque dihyride phase {YHhe bright yellow
regions are in the transparent trinydride phase )Y kb) AFM micrograph of

the same area as in (a). A triangular network of ridges bounds micrometer-
sized flat domains of various heights (dark is low, white is high). The surface
topography closely matches the optical pattern in (a), indicating that domains
are in different stages of switching from YKopaque, contracted domains) to
YH, (transparent, expanded domains). (From Ref. [87])
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1.4 Second-generation switchable mirrors: Magnesium-rare-
earth films

© e @ O

Figure 1.9: The three optical states of a liquid electrolyte Gd-Mg switchable
mirror: (a) shiny metallic at positive voltage-2 V), (b) strongly absorbing
at~1V and (c) transparent and insulating at negative voltages (-2 V). In this
device the Gd-Mg layer deposited on a glass substrate is used as the negative
electrode for hydrogen loading. The counter electrode is made of a transparent
but conducting indium-tin-oxide (ITO) layer deposited on glass. The liquid
electrolyte is a 1 M KOH solution in water. (From Ref. [63])

For technological applications it is desirable to switch from a metallic state to a transparent
state that is colour neutral instead of the coloured rare-earth trinydrides {RHid achieve
this, alloying a RE with a metal for which the heat of hydride formation is similar to that of the
REH, - REH;, transition and with a band gap large enough to have a fully transparent hydride,
is an option. A group at Philips Research discovered in 1997 [156] that magnesium fulfils both
demands [30]. This opened the way to the second-generation switchable mirrors. These alloys
turned out to be also of fundamental importance since Mg-containing alloys exhibit a series of
remarkable properties: (i) they disproportionate into RBHd MgH; and exhibit a microscopic
shutter effect [116], (i) MgH stabilizes YH in a cubic structure [111], and (jii) all MgRE-H
exhibit a highly absorbing, black intermediate state [48]. In Fig. 1.9 pictures of the reflecting,
absorbing and colour neutral, transparent states are shown for a Gd-Mg alloy film. Further
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tailoring of the optical properties is achieved in multilayers of RE and Mg. As Mg plays a
key role and, as we shall see later, can form Mg and Wgidlusions in MgRE-K we describe
first the physical properties of MgH

1.4.1 Optical properties of MgH,
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Figure 1.10: (a) Total (solid line), specular (dashed line), and diffuse (dashed
dotted line) transmission as a function of photon energy for a 150-nm-thick
MgH, film capped with 12 nm Pd and loaded at 100n 10 MPa hydrogen.

(b) Real €;) and imaginary parts;) of the dielectric funtion for MgH deter-
mined from ellipsometry and transmission data. (From Ref. [77])

Mg is considered to be one of the most important candidates for the reversible storage of
hydrogen due to its lightweight, low cost and high hydrogen storage capacity (7.6 wt.% of hy-
drogen). However, only little is known about the intrinsic physical properties of the Mg-MgH
system. This triggered Isidorssehal.[77] to study the optical properties of Mghhin films in
detail. MgH, turns out to be a colour neutral, highly transparent insulator with an optical band
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gap of 5.6 eV in close agreement with recent GW band structure calculations [2].

As shown by Krozer, Kasemo and others, the hydrogenation of Mg to\igirbt straightfor-
ward [94, 144]. Palladium capped Mg films exhibit unusual kinetics due to the formation of a
blocking MgH, layer at the interface between Pd and Mg. This Md&yer prevents hydrogen
from diffusing into the underlying unreacted metallic Mg. Its formation can be circumvented by
starting hydrogenation at relatively low @APa) H, pressure at a temperature of 230 Magne-
sium films with thicknesses up to 150 nm can be transformed to Mgkhis way [144,171]. To
make sure that Mg is completely transformed to Mghb to 10 MPa H was used in the optical
studies [77].

In Fig. 1.10(a) the total, specular and diffuse (scattered) transmission are shown for a 150-nm-
thick MgH, film capped with 12 nm Pd. As expected the transmission only drops at high energies
far beyond the visible part of the optical spectrum. The occurrence of diffuse transmission is
due to surface roughness of the film. The diffuse transmissignhds a strong wavelength
dependence and is proportional fa)®. It decreases strongly above the band gap as the film
starts to absorb light. Therefore, it is easiest to determine the band dapnithis curve and
one obtains f=5.6+0.1eV [77]. The dielectric function of Mgklis given in Fig. 1.10(b). In
contrast to YH and the other RE trihydrides, in MgHhere is no interband absorption below
the band gap (i.e,=0). This means that the transmission of a Mditin capped with Pd is only
limited by the absorption in the metallic Pd film.

1.4.2 The microscopic shutter effect

In contrast to the binary REHswitchable mirror films which have a weak red transparency win-
dow in their metallic dihydride phase (see Sec. 1.3.1 on page 13), rare-earth alloys containing
magnesium are remarkable for the large optical contrast [116, 125, 156] between their metallic
dihydride and transparent trihydride phase. It has been shown by several techniques that this
is due to a disproportionation of the Mg-RE alloy [24, 25, 80, 116]. This disproportionation is
induced by the great hydrogen affinity of RE metals that form dihydrides already at very low
hydrogen pressures (see Fig. 1.1(d) on page 7) Thus, while the RE-dihydride phase is formed,
Mg separates out, remaining in its metallic, reflecting state. Upon further loading, insulating
(transparent) Mgkl is formed together with REE In this way Mg acts essentially as a mi-
croscopic optical shutter [116]. It enhances the reflectivity of these switchable mirrors in their
metallic state, suppresses the dihydride transmission window of their REa$e (see Fig. 1.11)
and increases their optical gap and transparency in their transparent state (see Fig. 1.14) [156].
The optical transmission ratio for thin films over the whole visible wavelength range can thus be
increased to more than dQtheoretically 18) [141] when at least 30 at.% Mg is added. This is
the concentration where the dihydride transmission window disappeargaiydithe other RE
hydrides only have a contrast of 10 between the dihydride and trihydride.

Di Veceet al.[24,25] studied Mngl_ny alloys in detail. In Fig. 1.11 pressure-composition
isotherms are shown together with the transmission at 1.85 eV (670 nm) [25} lé&thidves like
YHy (see Fig. 1.7). The first plateau around20Pa corresponds to the transformatiorne6d
to B-GdH,. A transparency window appears in transmission. The transition fe@uH, to
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transpareny-GdH,; occurs at much higher pressures (around 1 E)a?HFory: 0.30and 0.62 a
plateau at low hydrogen concentration is also observed with an enthalpy of formation close to that
of GdH,. The concentration range of this plateau suggests that all Gd is transformed o GdH
The disproportionation occurring in these Mg-Gd alloys results thus in gadolinium dihydride and
pure magnesium clusters. The second (sloping) plateau corresponds to the formation,of MgH
and GdH since in thin films both have approximately the same enthalpy of formation. X-ray
absorption fine structure (XAFS) studies indicate that upon hydrogen loading the coordination
number of gadolinium by magnesium decreases markedly, thus confirming segregation [24].
Von Rottkayet al.[141] determined the index of refractiorand the coefficient of absorption
k for several Mg-RE alloys (RE=Er, Gd, Sm). They found tkaif Mg, :RE, ;H, 5 (in the
transparent state) is quite low at energies below the band gap (tygicalll0—3). This leads to
the conclusion that the transparency of these films is mainly limited by the Pd cap layer just as
in MgH,,.
Van der Molenet al. [111] investigated the shift of the band gap in Mg__H films as a
function of alloy composition. For fully hydrogenated Mg_,H,__ films with 0.10 <2< 0.50
in which only fcc YH; and MgH, are present, the optical band gegf creases almost linearly
with increasing (AEg"/Az= 1.1 eV). Since the resistivitp increases almost exponentially with
zfrom z= 0 to z= 0.25, they conclude that there is a change in some characterisitic energy
parameter. With the simple relatign(z) = p(z= 0) exp[Ef (2)/2kgT] they find thatAEf /Az =
1.6 eV. Itis conceivable that the band structure of )Y changes due to quantum confinement
(QC) effects since the grain size decreases from 18 nm £a0) to only 4 nm (atz = 0.3)
and the smaller the cluster, the higher the energy levels. The authors estimate theoretically that
AEg°/Az=1eV in reasonable agreement with their optical and electrical data.

1.4.3 Cubic YH,

Van der Molenet al.[111] found that cubic (fcc) YH can simply be stabilized by addition of
Mg. They studied MgY , _, thin films with0 <y < 0.5in detail. X-ray diffraction showed that
for y > 0.10 only fcc YHj; is present in fully hydrogenated samples. Interestingly, the volume
change upon loading from Yo YH, is positive for ally in contrast to the predicitons by Sun
et al. [159]. This is consistent with the results obtained foy L ;Hy [56]. However, these
samples show no segregation upon hydrogen loading, i.e. Y and La stay homogeneously mixed
on an atomic scale. La,Y Hy expands foy > 0.36 and is cubic up ty = 0.67. This suggests
strongly that if fcc YH; exists its volume should be larger that that of fcc )YH

In the two-phase fcc-hep Yitegion (¢ < 0.1), the optical gap does not change significantly
with y, although hcp YH is increasingly substituted by fcc YH Since MgH is a large-gap
insulator (5 = 5.6 eV, see Sec. 1.4.1 on page 28), this is only possible if the optical properties of
fcc YH; are comparable to those of hcp YHTherefore, this strongly suggests that fcc Yisl
a large-gap semiconductor very similar to hcpYihis is substantiated by electrical resistivity

2The slope of the p-c isotherm in Fig. 1.11(a) for concentrations between 1.5 and 3 suggests that a fcc-hcp
transition in GdH might be absent in these sputtered films. This is in agreement with measurements by Blankert
al. [36] on sputtered Gd.
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data [111]. That fcc YH is semiconducting is another demonstration of the robustness of the
metal-insulator transition in the rare-earth hydrides

In Fig. 1.12 p-c isotherms together with the optical transmissiohwat= 1.85 eV (A =
670nm) are shown as a function Ak, the amount of hydrogen per metal atom that is desorbed
forboth YH; . and Mg, ;Y4 gH, g, A, [51]. The plateau in Fig. 1.12(a) is due to the coexistence
of hcp YH; and fcc YH,. On the other hand, there is no plateau in Fig. 1.12(b) sincerémains
cubic as discussed above. Another consequence of the absence of the fcc-hcp phase transition is
seen in Fig. 1.12(b): a steepening of the optical transition upon hydrogen desorption compared
to pure YH. This is in agreement with the observations in fcg L ;Hy alloys [55]. As a
consequence of this MgY ; gH, g shows a much larger thermochromic effect than,Y5iL].

1.4.4 Black state due to coexistence of Mg and MgH

Mg-containing rare-earth hydrides exhibit in addition to a transparent and a reflecting state, a
state that has a low reflection and a very low transmission, i.e. it has a black appearance [5, 48,
61, 156]. These alloys can therefore be switched through the three fundamental optical states
of matter by merely changing their hydrogen content. The key ingredient is the coexistence of
nanograins of metallic Mg and insulating (dielectric) Mg48].

We discuss now the black state of Mg¥:H-igures 1.13(a,b) show the reflection and trans-
mission of a 200-nm-thick Mg Y, 5 film on quartz covered with 10 nm Pd during loading in
10° Pa H,. From the measured reflectid,and transmissior;, the absorptiond, is calculated,
with A= 1RT (see Fig. 1.13(c)). Apart from a reflecting and a transparent state there exists a
highly absorbing, black state as well. The black state, which corresponds to theAjibacurs
when the reflection is low and the film is just becoming transparent. Over the entire visible part
of the spectrum the absorption is 85 to 90%. After correction for the Pd cap layer and the quartz
substrate still 70-80% absorption is left. This is exceptionally high since we are looking (through
the transparent substrate) at a smooth interface between the substrate and the film (and not at
a rough surface such as in Si or Ni-P black [18,177]). Moreover, it is not a narrow absorption
line but it spans a wide energy range form the ultraviolet to the near-infrared. The same is ob-
served in Mg-Gd [5, 156], Mg-La [48, 80] and Mg-Sc [47, 126] films and in Mg/Y and Mg/Ni
multilayers [50]. Thus, it is a general feature of Mg-RE films with Mg playing a major role.

Recently, Giebelgt al. [48] observed that thin pure Mg films can have a highly absorbing,
black state as well. For this, Mg films need to be hydrogenated carefully at elevated temperatures
(50-100C) and be rather thin 200nm). In order to observe the black state it is very important
that the film is loading (or unloading) homogeneously, i.e. M@ét Mg) nucleates everywhere
in the sample. This confirms early reports byoHjarsson [69] on a black state in MgHHIms.

At the black state structural x-ray diffraction data indicate that Mg is transforming to,MgH
both in Mg-RE films [80] and in pure Mg. A sharp increase in the resistivity can be observed as
soon as the reflection drops, i.e. when the absorption increases dramatically [48]. This points to
percolation phenomena. The optical and electrical behaviour of these films can be reconstructed
using Bruggeman'’s effective medium approximation [19] for a Mg-Mgidmposite [48]. It
shows that the coexistence of Mg and Mggtains plays an essential role.

The unique feature of the switchable mirror systems considered here is that they can switch
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from a metallic, reflecting film via a black, highly absorbing state near the percolation threshold
to a transparent and insulating material by simply changing the hydrogen concentration in a given
sample. In all other metal-dielectric composites (such as Au-glass, Ag-glass and GofAl])

a new sample has to be made for every desired volume percentage of metal in the dielectric.

1.4.5 Tailoring optical properties using multilayers

Giebelset al. [49] showed that multilayers offer much freedom to tailor the optical properties

by playing with their periodicity. Multilayers have superior reflection in the low-hydrogen state
(when the sample is unloaded). In the transparent fully loaded state the absorption edge of the
mulitlayers with the same overall composition is shifted in energy on increasing the individual
layer thicknesses. Figure 1.14 shows the reflection and transmission spectra of the unloaded
respectively, fully loaded state for multilayers with layer thicknesses ranging from 2 to 10 nm
and an overall composition of MgY,,. For comparison spectra of ¥Hand a disordered

alloy of the same composition are added. The character of the two different materigls, YH
and MgH, can clearly be distinguished. YiHexhibits a large dip in reflection around 1.75 eV

(see Fig. 1.14(a)) and is even slightly transparent around this energy, while the Mg-Y alloy and
multilayers have superior reflection due to the highly reflective Mg. In the fully loaded state (see
Fig. 1.14(b)) Giebel®t al. [49] observe a clear difference between the fully loaded disordered
alloy and the multilayers in contrast to observations by Van der Sluis [153]. With decreasing
layer thickness the absorption edge of the multilayers shifts in energy from that observed in YH

to the edge of the alloy. This hints at changes in the band structure of thdéayéts when the

layer thickness becomes thinner, in the same manner as in the alloys (see Sec. 1.4.2 on page 29
and Ref. [111]). This may be the result of quantum confinement effects.

Moreover, the optical contrast of multilayers is much higher than for purg aidl their
optical switching does not suffer from hysteretic effects. X-ray diffraction shows thatilvH
multilayers still undergoes a fcc-hcp transition when going from the dihydride to the trihydride
in contrast to Mg-Y alloys of the same composition. In Fig. 1.15 the p-c isotherm between
the low- (unloaded) and high-hydrogen (fully loaded) states for a 10 nm multilayer is shown.
Only one plateau is observed. This plateau corresponds to the coexistencg ah¥M'H;, as
well as Mg and MgH. Strikingly, there is still a hysteresis of two orders of magnitude in the
pressure-composition isotherm, but there are no hysteretic effects in the optical transmission.

By selecting appropriate multilayer periods, samples can be built that switch much faster
than alloys with a comparable Mg content [153]. An optimal Mg layer thickness of 1.12 nm
is found for a composition Mg,;Gd, 5o The switching time is reduced to 0.08 s compared
to 0.65 s for the alloy. However, when the Mg layer is increased to 4.45 nm the switching
time (80 s) is considerably longer than in the corresponding alloy. The enhanced kinetics of
multilayers is even more pronounced for higher Mg contents. For instance, g,d, ,, alloy
has a switching time (at room temperature) of about 20 minutes whereas a multilayer with the
same average composition and 1.12 nm thick Mg layers has a switching time of only 70 s.
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Figure 1.11: Pressure-composition isotherms (squares) for (a) Gd, (b)
Mg, 3Gd, 7, and (c) Mg 5,Gd, 55 alloys as determined electrochemically. The
corresponding normalized transmission at 1.85 eV (triangles) is also shown.
(1 bar = 18 Pa) (From Ref. [25])
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Figure 1.12: Pressure-composition isotherms (squares) as determined by Gie-
belset al.[51] at 30°C of (a) YH; ,, and (b) Mg, ;Y 9H, o_a, @S @ function

of Ax, the amount of hydrogen per metal atom that is desorbed. The mea-
surements are performed electrochemically in the third desorption cycle. Also
shown is the normalized transmission at 1.85 @V=670nm) (circles). At

Ax = 0.0 the sample is fully loaded with hydrogen, aroufid = —0.8 the
sample is unloaded. (1 bar =%1Ba) (From Ref. [51])
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H,. The time is given in hours. At= 2.2 h the sample is fully loaded with hy-
drogen. The overall composition is then approximately, Mg, sH, 5. (From
Ref. [48])
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refer to hydrogen absorption and the open ones to desorption. (1 baa)0
(From Ref. [49])
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1.5 Third-generation switchable mirrors: Magnesium-transi-
tion-metal films
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Figure 1.16: Optical transmission of a 40-nm-thick Mg-NizHilm evapora-

ted on ITO/glass and capped with 5 nm Pd during electrochemical loading-
unloading cycles in 8 M KOH/1 M LiOH. The upper photograph shows
transparent Mg-Ni hydride, the lower photograph is Mg-Ni in the reflecting
state. (From Ref. [137])

Richardsoret al. [137, 138] reported in 2000 that alloys of Mg and Ni exhibit also optical
switching as a function of H concentration (see Fig. 1.16). At first sight this does not seem
to be of major importance since it has been known for decades thsiliMgacts readily with
gaseous hydrogen to form MiiH,, [130] that is considered to be an attractive material for stor-
age purposes. The reaction occurs by formation ofINigl, from the hexagonal intermetallic
compound MgNi upon hydrogen absorption. The hydrogen solubility range of the hexagonal
Mg, Ni is limited to 0.3, i.e. it extends up to a composition MH , ; [130, 158]. The hydride
Mg,NiH, is the only stable ternary compound known for the Mg-Ni-H system. This compound
shows a well-defined stoichiometry, essentially independent of temperature and hydrogen patrtial
pressure. During heating under g pressure of one atmosphere MgH , undergoes a struc-
tural phase transition at 510 K to a cubic high-temperature form with the metal atoms in an
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antifluorite-type structure [40, 44, 145]. The low-temperature form ofNig, is monoclinic
albeit with only slight distortions from the antifluorite lattice [44, 180].

The discovery of Richardsoet al., however, is important for two reasons. First, it demon-
strated that Mg-Ni films absorb very easily hydrogen. While in bulk samples hydrogenation
requires high temperatures (500 to 600 K) and pressuresabM@ Pa [12,130], for thin films
it occurs readily at room temperature at low pressures when they are capped with a thin Pd layer.
Secondly, it opened the way to thidrd-generationswitchable mirrors. This class of materials
does not involve rare-earth metals and might therefore be more resistant to oxidation than the
earlier mirrors. This is especially important for applications. So far all alloys of Mg with the
transition metals (TM) Ni, Co, Fe, Mn, V have been found to switch with hydrogen [139] (see
Fig. 1.19 on page 44).

As for the 1st and 2nd generation switchable mirrors, thin films provide us with a unique
possibility to determine the intrinsic physical properties of M@y and other so-called complex
metal-hydrides such as MGoH; and Mg,FeH;. A first indication that the physics of MiyliH ,
is not trivial is that until very recently the position of H in M§iH, was not known precisely.

By combining total energy calculations with experimental data faaatcal. [39] conclude that

in the HT phase the four H are arranged around a Ni atom in a tetrahedrally distorted square
planar configuration. The negatively charged complex ()H is ionically bound to the Mg

ion. For the LT phase Myemat al.[115] found from an energy minimalization that hydrogen is

in an almost perfect tetrahedron. As a whole every added hydrogen removes one electron [32]
from the conduction band of MijiHy as expected on the basis of the so-called anionic model
for hydrogen in Groups I, Il and Il of the periodic table [114].

1.5.1 Electrical properties and the metal-insulator transition

Enacheet al. [32] have investigated the temperature (between 2 K and 280 K) and concentra-
tion (for 0 < x < 4) dependencies of the electrical resistivity, charge carrier density and mag-
netoresistance of M@NiHy switchable mirrors. Although the electrical resistivity increases
by almost three orders of magnitude between metalligMand transparent MgNiH, (see

Fig. 1.17) the charge carrier concentration n decreases only gradually from typicalgri0®

to 10?1 cm3. These metallic-like features indicate that MGH, 5 prepared at room tempe-

rature underl.3 x 10° Pa H, is a heavily-doped semiconductor [13, 32]. The estimated non-
stoichiometry isd = 0.05. By combining Hall effect, electrical resistivity and electrochemical
data, it is shown that n varies liké £ x), which confirms that the role played by hydrogen in the
host lattice is that of a negatively charged kbn. In the limitd — 0, Mg,NiH, is a semicon-
ductor. This is in agreement with the electronic ground state of the low-temperatyidiivlg
phase calculated by Myeet al.[115] (see Fig. 1.18).

For0.3 < x < 4the hydrogen concentration dependence of the electrical resistivity il Mg
can be modelled with an effective medium theory. From such an analysis Eetaheonclu-
ded that the metallic M@NiH, ; and Mg,NiH , inclusions needed to be very flat ellipsoids with
their small axes perpendicular to the plane of the film. This implies that AN film exhibits
metallic behaviour up to high hydrogen since the flat metallic inclusions short-circuit the sample.
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Figure 1.17: Electrical resistivityp of a 232-nm-thick MgNiHy film (with

0 < x < 4) covered with 2 nm Pd as a function of temperature . The curves
corresponding to MgNiHy samples with concentratiors=0,0.7,1.3,3.5and

~ 4 are indicated explicitly. The decreasing electrical resistivity above 220 K
is due to hydrogen loss during warming up of the film. (From Ref. [32])

1.5.2 Optical properties

There have been several fragmentary reports on the optical properties,blit¥jgin the past.

Reilly and Wiswall noted already in 1968 [130] that bulk biiH, was a dark red solid, Lupu

et al. [104] determined a band gap of 1.68 eV for both the low-temperature (LT) and high-
temperature (HT) phases from resistivity data and reflection measurements on powder samples,
Selvamet al.[149] measured two gaps near 2.0 eV and 2.4 eV, the direct respectively the indirect
gap of Mg,NiH ,, and Fuijitaet al.[38] found a gap ok 1.3 eV in a Mg,NiH 4 film from resistivi-

ty data and optical absorption measurements for both the LT and HT phases. The large spread in
these values is a direct indication of one major difficulty with these materials, i.e. the controlled
deposition of films with well-defined composition and morphology (see also Section 1.6.2 on pa-
ge 49). Richardsoat al. measured the optical transmission and reflection only for as-deposited
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Figure 1.18: Electronic band structures for MyiH , calculated with LDA in
(a) the low-temperature monoclinic phase and (b) the high-temperature cubic
phase with undistorted tetrahedral Niebmplexes. (From Ref. [115])

films and fully hydrogenated films (see Fig. 1.19). In many cases these films were very much
Mg-rich [138, 139]. For films with a composition close to bijH, Isidorssoret al. [78] esti-

mated from transmission edge measurements a gap of 1.6 eV in reasonable agreement with the
band structure calculations of Myegsal.[115] and Haussermaret al. [64].

The first detailed study of hydrogen concentration dependence of the optical properties of
Mg,NiHy was done by Isidorssoet al. [79]. They measured the reflection and transmission
together with the electrical resistivity of a 232-nm-thick MdiHy film capped with 2 nm Pd
during slow loading with hydrogen. These measurements revealed a curious behaviour of the re-
flection at low hydrogen concentration. Abave- 0.3 the reflection drops markedly and reaches
aminimum a = 0.8, i.e. at a hydrogen-to-metal ratio of less than®The optical transmission
remains very low (typically 0.001) untdis approaching 4. The electrical resistivity at the mini-
mum in reflection is still relatively low, typically belod00uQcm. The Hall effect data indicate

3The estimated hydrogen concentration in the original publication by Isidoetsan[79] was too low. At the
time the authors were convinced that the drop in reflection occurre@lZor x < 0.3. Lohstrohet al. [101] have
shown that the black state corresponds to an overall hydrogen concentrali@nok < 0.8.

41



CHAPTER 1. REVIEW ON SWITCHABLE MIRRORS

that the charged carrier concentration is still rather high, typicaiyl0?? cm~2. This seems to

be mutually incompatible since metals have always a large reflectance. This stimulated a large
effort by Lohstrohet al.[101,102] in order to understand the mechanism leading to this peculiar
behaviour.

1.5.3 Black state due to self-organized layering

An important clue about the origin of the black state inJMgH, came from a visual observation

from the front and backsides of the same sample during hydrogen loading [102]. Figure 1.20
displays photographs taken from two pieces of the same sample (a) in the metallic state and (b)
black Mg,NiH, g, respectively. The sample on the left hand side is viewed through the substrate
and on the right hand side the Pd cap layer faces the front. Without hydrogen, both sides are
shiny reflecting, and the small difference in appearance is mainly due to the different media for
the incoming light (sapphire on the left hand side and air on the right hand side). After hydrogen
is introduced at a pressure of 1600 Pa, it takes a couple of minutes fgliMgto become

black when viewed through the substrate. Surprisingly,Nblx keeps its metallic lustre when
observed from the Pd side. Note, that the Pd cap layer (5 nm) has a rather high transparency
(T > 40%) and hence the MiNiHy layer underneath contributes significantly to the observed
reflection. These photographs demonstrate vividly that the originally homogenoidi M

starts to react with hydrogen at the substrate-film interface [101, 102]. Further H-uptake causes
the hydrogen-rich layer to grow at the expense of the metallic part until eventually the entire
film has switched to MgNiH,. This double layer model is compatible with the x-ray absorption
spectroscopy data by Farangisal. on Mg-Ni (see Fig. 2 in Ref. [37]) where they see that while

the Mg-Ni peak gradually decreases, the Mg-Ni hydride peak increases.

This unusual loading sequence is also supported by the data in Fig. 1.21 that represents the
evolution of the reflection from the substrate side as a function of hydrogen loading. Due to
the transparency of MgNiH, the reflection exhibits typical interference fringes when the opti-
cal path length of the light that is reflected between the two interfaces (substrgiditijgand
Mg,NiH,-Mg,NiH, 5, respectively) is a multiple of the wavelength. With increasing hydrogen
concentration the increasing MNiH, thickness yields to a shift of the interference fringes to-
wards lower energies as well as to a smaller difference between adjacent maxima until the entire
sample has switched. In contrast, the reflection viewed from the Pd side is unchangingly high.
The increasing thickness of the evolving MjH, layer can be directly determined from the
experimental reflection data. During hydrogen unloading reflection, transmission and resistivity
go through the same stages as during loading but, of course, in reversed order.

The mechanism leading to the black state described above is not an exotic peculiarity of the
Mg,NiH system. It is also observed in other Mg-based alloys (Mg-Co, Mg-Fe and Mg-Co-Ni).
The spatial separation of the hydrogen uptake (in the catalytic Pd layer) and the nucleation of
the new phase (M@NiH ,, Mg,CoH; and Mg,FeH;) in the vicinity of the film substrate interface
seems inherent to these systems. The black state is robust in the sense that it appears in sputtered
films as well as in UHV evaporated films and the choice of the substrate is also not crucial i.e.
Al,Og, glass, ITO, SiQ and Cak can be used.

It is important to note here that the black state observed in Mg-TM hydrides is fundamentally
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different from that of Mg-RE hydrides described in Section 1.4.4 on page 31. In the Mg-RE
hydrides a spatial disproportionation into Mg and REBlands is induced once and for all
during thefirst hydrogen loading. These islands are finely dispersed throughout the film. In the
Mg-TM hydrides a macroscopic and reversible layering is the essential feature.

The fact that all films investigated could easily be loaded at room temperature at pressures
well below 1@ Pa demonstrates the importance for the hydrogen loading process of the small
grain size typical for these thin films. The fact that the hydrogenation starts from the bottom of
the film, suggests some catalytic activity of the film/substrate interface. This suggests new strate-
gies for the optimization of catalysts in, for example, nanostructured hydrogen storage materials.
In this respect an appropriately catalyzed JAgH; is interesting since it has a relatively high
hydrogen capacity: 5.7 wt% and 171 kg H/m

As discussed in Section 1.8.2 on page 60 the switching from a mirror to a black absorber
offers also interesting possibilities for applications as smart coatings in solar collectors and an-
tiglare rear-view mirrors or as sensing layer in optical fiber hydrogen detectors. The fact that the
switching takes place at a low hydrogen-to-metal ratio is a favourable factor for the cycleability
of a device.
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Figure 1.19: Visible and near-infrared reflection and transmission spectra
of 80 nm Mg-Ni, 60 nm Mg-Mn, 40 nm Mg-Fe, and 40 nm Mg-Co films
(Mg:TM 6:1) with 7-nm-thick Pd overlayers on glass substrates in the metallic
and fully hydrogenated states. Spectra were recorded from the substrate side.
(From Refs. [138,139])
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Pd side

substrate
side

e

sybs’rro’re Pd side
side

Figure 1.20: Photographs of two identical films 200 nm Mdj / 5 nm Pd on
sapphire. On the left hand side we look at the film through the substrate and
on the right hand side from the Pd layer side. (a) As-deposited, (b) in 1600 Pa
H, at room temperature. Upon exposure to hydrogen the ‘substrate’ side of
the sample becomes black while the ‘Pd’ side stays metallic. The difference in
appearance is not due to the thin metallic Pd cap layer but due to the nucleation
of the hydrogen-rich phase MNiH, at the film-substrate interface. (From
Ref. [102])
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Figure 1.21: Intensity map of the reflectioR (measured through the sub-
strate) during hydrogen uptake of a sample 250 nmNg 7 nm Pd. At

low resistivity (i.e. in the metallic statd} is high. At aroundo = 130uQcm

(x ~ 0.8) R exhibits a deep minimum over the entire visible wavelength re-
gime. A double layer system MiliH, ;-Mg,NiH , is formed and subsequent-

ly interference minima and maxima appear. As the transparent layer increases
in thickness these interference fringes shift to lower energies. The hydrogen
induced layering of the film is schematically indicated at four characteristic
hydrogen concentrations (a)-(d). (From Refs. [101, 102])
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1.6 Applications of switchable mirrors to materials science
problems

1.6.1 Switchable mirrors as indicator layers

One of the striking properties of hydrogen in metals is its large mobility. Already at room tem-
perature the H diffusion coefficient can be as high asXn/s, i.e., a value almost comparable

to diffusion in liquids. Diffusion of hydrogen in metals has also attracted considerable theore-
tical attention, because it is fast even at low temperatures, involves only simple jumps between
interstitial sites, and is ideal for the investigation of isotope effects when H is replaced by deute-
rium or tritium. A review of experimental data and techniques used so far to measure hydrogen
diffusivity in bulk samples is given by ¥kl and Alefeld [165]. Most of these methods are

not applicable to thin films as they are either hampered by the influence of the substrate e.g.,
in Gorsky effect or by the rather small volume of the film e.g. in quasi-elastic neutron scatte-
ring. Consequently, relatively little is known about hydrogen diffusion in thin metallic films and
multilayers. Furthermore, very little is known about long range diffusion of hydrogen in metals
such as yttrium, lanthanum and rare-earths metals, for the simple reason that these materials are
reduced to powders at high hydrogen concentrations. As mentioned in the Introduction, thin
films of these materials do not suffer from this drawback. The understanding and manipulation
of hydrogen transport through films is, however, important for the control and optimization of
coatings and thin-film devices such as hydrogen detectors, metal-hydride switchable mirrors or
tunable magnetic elements. The fact that switchable mirror films have optical properties that
depend strongly on hydrogen concentration offers the possibility to use them as two dimensional
hydrogen concentration indicators. The simplest application is to monitor hydrogen diffusion
in switchable mirrors themselves. Another possibility is to deposit a thin switchable mirror on
a sample of interest that might be opaque. In such a configuration hydrogen diffusion can be
observed through a coloration change in the switchable mirror indicator. Several examples of
indicator applications are described below.

Diffusion and electromigration in switchable mirrors

One can exploit the characteristic features of the transmission spectra of switchable mirrors to
monitor hydrogen diffusion optically in a non-invasive way. The first experiments by Den Broe-
deretal.[17] were done on yttrium by using a film produced in the following way (see Fig. 1.22).
First, an yttrium film is evaporated under ultrahigh vacuum conditions onto a transparent sub-
strate (sapphire or quartz). Subsequently, a several nm thick palladium pattern (consisting for
example of a disk or one or more strips) is evaporatesitu on top of yttrium. When brought

into contact with air yttrium oxidizes, forming a thin,®, layer that is impermeable to hydro-

gen atoms. However, areas covered with Pd do not oxidize and remain permeable for hydrogen.
In a typical experiment, hydrogen gas ?1Pa) is introduced into the chamber containing the
sample. The chamber that is equipped with optical windows and a temperature control system is
placed onto the positioning table of an optical microscope. Using a white lamp behind the cell
optical transmission changes are monitored optically. In contact withhe yttrium underneath
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the palladium pattern immediately starts absorbing hydrogen atoms and within a few seconds
transparent YH 5 is formed under the Pd-covered region. Further hydrogen uptake can only
take place if H diffuses out laterally into the Y underneath the transpargdj ¥ayer. For the

disk geometry chosen in Fig. 1.22 hydrogen diffuses radially. As the hydrogen concentration
x decreases from essentially 3 beneath the Pd disk to O far from it, several hydride phases are
formed. As each phase has a characteristic optical transmission, H diffusion leads to the forma-
tion of typical rings that expand with tinteas+/t. The inner ring corresponds to thyeYH, 5

phase and the outer ring to tileYH, phase, with its weak transparency window for red pho-
tons (1.8 eV). It is this characteristic optical feature that makes it possible to observe real-time
hydrogen diffusion at room temperature.

The same technique can be used to study electromigration of hydrogen in a switchable mirror
[17,112]. A nice example is shown in Fig. 1.23 for an yttrium film that is simultaneously loaded
with hydrogen from the left and the right through Pd pads. In absence of an electrical current
(top panel) the diffusion pattern is symmetric. In the presence of a current a clear asymmetry
is induced (middle panel). The asymmetry is increased by increasing the current (lower panel).
These experiments show unambiguously that hydrogen behaves like a negative iogn ith¥éH
is in agreement with the infrared data of Roeleal. [140] and the strong electron correlation
models of Nget al.[118, 119] and Edeet al.[29] (see Section 1.3.4 on page 17).

Visualization of hydrogen diffusion in opaque materials

The technique described above for Y14 obviously not directly applicable to systems that are
opaque. However, one should realize that a material such gseXhlbits also characteristic
changes in its reflection (see Sec. 1.3.1 on page 13). Reetilalf [132] demonstrated that
hydrogen diffusion in materials such as vanadium could be monitored optically in reflection by
using samples as shown in Fig. 1.24(a). A vanadium stripe of 10-mm length, 1-mm width and a
thickness of typically 100 nm is covered with a thin layer of yttrium as an optical indicator for
hydrogen diffusion. The indicator thickness is typically 30 nm. One end of this V/Y sandwich is
coveredn situwith a 10-nm-thick Pd cap layer. When brought into air a thin oxide layer forms
on the uncovered yttrium. Loading with hydrogen proceeds via the Pd stripe. The subsequent
lateral hydrogen diffusion occurs mainly through vanadium, since H uptake cannot occur via the
superficially oxidized Y and since hydrogen diffusion is several orders of magnitude faster in
vanadium than in yttrium. The lateral migration of hydrogen in vanadium away from the Pd-
covered region can easily be monitored optically as a change in the reflection of the Y indicator
layer. Figure 1.24(b) depicts a snapshot at10* s after the Y/V sandwich was exposed to a
hydrogen atmosphere of 4@a at T=473 K. The Pd-covered part, where the hydrogen enters the
samples and the lateral diffusion starts, is at the top of the photo. The optical discontinuity within
the indicator corresponds to the boundary between the silvery gray low concentratibi .,

phase and the blue (in reflection) dihydride phAs¥H, 4. This diffusion front has moved by
approximately 0.9 cm within 10s. This indicates that the diffusion coefficient is of the order of
10~* 10-° cmé/s, which is indeed very fast, in agreement with measurements on bulk samples.
It should be pointed out here that reliable values for the diffusion coefficient can only be derived
from simultaneous optical measurements on Y/V sandwiches with various thickness ratios in
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order to take into account the hydrogen leaking from the film under investigation (here V) to
the indicator layer (here Y). With such an analysis Remétodl. [132] determined D%.2 x

10> cé/s at T=473 K for a hydrogen concentration H/V=0.62. Furthermore, the photographs
in Fig. 1.24(b) indicate clearly that the overall diffusion rate of hydrogen in an Y/V sandwich
depends on the thickness ratio of the two metallic layers. This means that the effective diffusion
coefficient of a film can be tuned. In a patterned thin film this opens the opportunity to locally
vary the hydrogen mobility and to investigate the behaviour of hydrogen diffusion fronts when
they are crossing the interface between two media with different diffusion coefficients [135,136].
As an example we show the results obtained by Rene@fl. for a circular diffusion front
generated in a ‘slow’ medium (see Fig. 1.25). When it hits the boundary with a ‘fast’ medium
the front bulges out and a mushroom shaped pattern is formed. The deformation of the diffusion
front can be investigated in great detail and compared to theoretical calculations [150]. The
results of this type of experiments is also relevant for the propagation of so-called diffusion
waves (see e.g. Refs. [105,123]).

1.6.2 Combinatorial research
Use to optimize catalytic cap layers/buffer layers

The hydrogenation process of a metal-hydride Midpped by a catalyst layer is a complicated
process [146]. Hydrogen molecules absorb at the catalyst surface (physisorption), split in che-
misorbed hydrogen atoms, diffuse into the catalyst subsurface layers, diffuse towards the MH
boundary and cross the catalyst/Mbbundary.

To optimize catalytic layers one needs to study the interaction of two layers. To speed-up the
optimization procedure of catalyst/metal-hydride layers Van der Metexh. [110] introduced a
combinatorial approach, using so-called matrix samples (see insert in Fig. 1.26). Using a shadow
mask, they deposited two orthogonal stepped thickness gradients of both the switching metal (in
this case yttrium or lanthanum) and the catalyst layer (palladium) and created in this 2G%/
different plaquettes on the same substrate. Monitoring the optical transmission during hydrogen
loading, the behaviour of these 200 plaquettes is recorded. From a comparison the optimal
layer thicknesses for the parameters of interest (i.e. for a short switching time, large optical
contrast, reversibility, etc.) are easily obtained (see Fig. 1.26). Indeed a well-defined critical Pd-
thickness was found (see Section 1.2.1). The stepped matrix samples have the advantage that the
optimal combination of layer thicknesses can easily be distinguished from the plaquette position
on the matrix sample.

With this technique it was also possible to look for appropriate buffer layers between the
metal-hydride and Pd to prevent interdiffusion and oxidation [54]. In the case of La switchable
mirrors is was found that an AlQlayer with a very well defined thickness (between 0.9 and
1.2 nm) is able to inhibit Pd/La interdiffusion and oxidation of La without significantly hampe-
ring hydrogen absorption.

49



CHAPTER 1. REVIEW ON SWITCHABLE MIRRORS

Search for new lightweight hydrogen storage materials

In the standard approach followed so far, the exploratory search for new lightweight hydrogen
storage materials is very time consuming since a bulk sample needs to be made for each chosen
composition. However, metal-hydrides and even complex metal-hydrides are easily formed at
room temperature from the elements, when a thin film of the corresponding metal composition
is exposed to hydrogen. Thin films are therefore perfectly suited to study the reversible forma-
tion of complex hydrides from the elements. By making thin films with controlled gradients in
the local chemical composition of three or more constituents, one may study the hydrogenati-
on of typically 1¢# samples simultaneously since the hydrogenation process can be monitored
optically. Here one exploits the hydrogen concentration dependence of optical properties of
metal-hydrides. Since at least 90% of all complex metal-hydrides found so far have a band gap,
the transparency is a good indicator for the presence of a (complex) hydride phase. For the fabri-
cation of gradient samples Dagh al. [35] use a sputtering system with several off-axis sources,
which can be tilted towards and away from the substrate (see Fig. 1.27). Depending on the tilt
angle, the thickness of a particular component increases up to 7-fold over a diameter of a 3 inch
wafer.

Using Mg-Al and Mg-Ni as model systems, Daghal. found that the well-known MgNiH ,
and Mg(AlH,), hydrides indeed show up as transparent regions with a well-defined composi-
tional width after hydrogenation. Reversible optical switching (and hence reversible hydrogen
loading) was found in both systems over a very wide Mg-rich compositional range [35]. Another
combinatorial approach is chosen by @lial.[124] who analyze the hydrogen sorption process
by detecting the changes in the infrared emissivity during hydrogenation. This method basically
detects both temperature changes (hence the enthalpy of formation) and changes in the optical
properties of the material. They show that the hydrogen loading temperature of Mg-Ni-Fe alloys
depends significantly on the composition.

Not every lightweight complex metal-hydride is suited for reversible hydrogen storage. The
combination with PEM fuel cells dictates for example a hydrogen gas presslire3fL0° Pa at
T< 373K. In addition, the kinetics must be fast enough to fill a tank with 5 kg of hydrogen within
2 minutes. The goal is to find a hydrogen storage material (combination) with a hydrogen-mass
density larger than 7.5 wt%, a volume density larger than 62 kgind suitable ab/desorption
characteristics (typically a few times 2@a hydrogen equilibrium pressure at 10D [33, 147].
To meet these objectives, one studies the effect of additives to stabilize or destabilize the crystal
structure or to catalyze the sorption process. In a thin-film approach, the effect of substitutions
on the loading behaviour is easily studied by co-depositing an additional gradient of a suitable
element. To optimize the kinetic properties the gradient layers can be combined with various
cap layers. Once the most promising spots have been identified, their local chemical compo-
sition, crystal structure and surface morphology are determined with Rutherford backscattering
spectrometry, focused beam x-ray scattering and AFM, respectively. Thus the combinatorial
thin-film-gradient technique is an efficient tool to optimize both the hydrogen content and the
kinetics of the sorption reaction in both new and known complex metal-hydrides.
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Figure 1.22: Radial hydrogen diffusion in yttrium observed visually. Mi-
croscope photographs in transmitted light of (a) a 300-nm-thick yttrium film
on sapphire, covered by a 30-nm thick palladium disk of 1.1 mm diameter
at various timeg after introduction of H (10° Pa). Within a few seconds
transpareny-YH, 5 is formed beneath the Pd, which adsorbs and dissociates
hydrogen. The remaining Y surface has been oxidized, making it impermeable
for hydrogen. (b) The diffusion profile after 1 day, (c) after 5 days, and (d) af-
ter 23 days at 6(C. The red outer ring is due to the weak transparency window
at hw = 1.8 eV, characteristic of the dihydride-YH,, phase, while the dark
surrounding region is non-transparent metadliYHy. (From Ref. [17])
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Figure 1.23: Electromigration of hydrogen in a (a) 200-nm-thick, 1.5-mm-
wide Y film on sapphire, covered on the left and right by 30-nm-thick Pd-
strips. Att = 0 H, gas (at 18 Pa) is introduced and hydrogen is allowed to
migrate for 12:10 h at 1T@. (b) In the absence of an electric current (1=0)
the resulting diffusion profiles are symmetric. The lower two profiles show the
hydrogen fronts when a d.c. current (I = 20 mA and 40 mA, respectively) has
been applied from right (+) to left (-). The asymmetry in the profiles is due to
the force created by the electric field on the hydrogen atoms, and proves the
negative effective valence of H in YH;. We note that the effect of electro-
migration on thg3-phase growth is relatively small due to its lower resistivity.
Therefore, it grows faster than Y,H; at the positive side of the sample, but
shrinks to minimal size at the negative side, where it is almost overtaken by
the accelerated YH ; phase. The scale bar corresponds to F@@ (From

Ref. [17])
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Figure 1.24: (a) Schematic sample design used by Renstodl. [132] to
measure optically hydrogen diffusion in vanadium. Yttrium-covered vanadium
stripes (%10 mn?) of thickness 25 to 125 nm are deposited onto an,SiO
substrate (1510x0.53 mn?). On one end the stripes are partially covered
with a Pd cap layer to enable gas phase H loading. The actual sample shown
in (b) consists of 11 stripes. The thickness of the vanadium stripes decreases
from 125 nm to 25 nm from left to right. The sample is loaded in a hydrogen
atmosphere r(Hz = 100Pa, T = 473K) for 10* s. The 11 composite V/Y
stripes take up H via the Pd layer, which is located at the upper part of the
photo. Lateral H migration occurs along the stripes away from the Pd-covered
part. Within the Y-indicator layer, the presence of H leads to the formation of
the YH, phase, which appears blue in reflection. Note the influence of the V
thickness on the mobility of the Y}front in the indicator. The non-constant
thickness of the 2nd, 7th, and the 9th vanadium stripes leads to a deformation
of the diffusion front. (From Ref. [132])
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Pd 10 nm
Pd @ =0.5mm

216 min

Figure 1.25: Top panels: Schematic representation of the sample used to in-
vestigate hydrogen diffusion from a slow medium to a fast medium. Hydrogen
enters the sample via the Pd dot in the lower half of the sample, 1.5 mm away
from the interface. Photographs: Each image covers ad®Bmnt area of

the sample. They are recorded in reflection 37 min, respectively 110 min af-
ter the sample has been brought into contact with a hydrogen atmosphere of
10° Pa at 373 K. The originally circular diffusion front is heavily deformed

as soon as it hits the interface between the two media. On the basis of such
investigations Remhadt al. [135] concluded that there were some analogies
between diffusion and geometric optics (for example Snell’s law is valid in
(c)). (From Ref. [135])
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Figure 1.26: Time dependence of the optical transmission of a Pg/Midtrix
sample during hydrogenation. The top panel is a schematic representation of a
matrix sample. Four stages of the optical transmission of a matrix sample are
shown in (a)-(d). The yttrium and Pd thicknesses increase from 0 to 150 nm
and 1 to 25 nm respectively. In the lower panel the optical transmission versus

time of one arbitrarily chosen plaquette (marked whitgy € 10 nm, d, =
100nm) is given. (From Ref. [110])
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Figure 1.27: Photograph of the sputtering chamber showing six magnetron
sources. Five of them are covered with a shutter, one is uncovered (on the left)
showing the magnets within the source. The sources are at various tilt-angles.
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1.7 Switchable mirror based devices

1.7.1 Electrochromic devices

Electrochromism is the reversible change in optical properties that occurs when a material is
electrochemically oxidized or reduced [142]. This working definition includes a change in optical
properties anywhere in the solar (and even in some cases the microwave) range. In addition
to the active electrochromic layer, a device consists of an electrolyte and a counter electrode,
which may or may not be electrochromic. The electrolyte should be a good ionic conductor and
electrically insulating in order to be non-volatile.

At first sight the large change in optical transmission found in switchable mirrors seems
comparable to that observed in other electrochromic materials such as hydrogen or lithium in-
tercalated transition-metal-oxide films [57]. However, the simultaneous occurrence of metallic
reflectivity, high absorption over a large part of the solar spectrum, and colourless transparency
in the visible part of the optical spectrum in the same material (e.g. in Mg-RE, see Sec. 1.4) is
not found in other electrochromics. As far as we know, these are unique properties of metal-
hydrides. Well-known electrochromic materials such as \W@ussian blue or viologen switch
reversibly from a transparent to an absorbing state, which is active over a limited wavelength
range only [57]. The intercalated blue bronzg®\HD, change e.g. from a transparent colourless
insulator atx ~ 0 to a transparent but deep blue semiconductorat0.3. The high contrast
of the metal-hydrides between the metallic reflecting state and the semiconducting transparent
state, indicates that gasochromic devices based on this materials could be much thinner (e.g.
~ 100 nm) than the WQ-layers used so far [174]. Interestingly, in the transparent trihydride
state the switchable mirrors are in their oxidized stat&jYwhich make them complementary
to WO, which is coloured in its reduced state fmixed with WP*) [8].

Device demands

Clearly, a feasible device needs to withstand a large number of switching cycles. To prevent
mechanical damage to the device, lattice expansion during switching should be minimized. The
expansion-free switching of they¥gLa, 4--alloy is in this respect very promising. Additional-

ly, the absence of hysteresis in these alloys (see Sec. 1.3.3 on page 16) is advantageous for a
predictable operation of an electrochromic device.

The power needed to switch the optical properties of a window determines to a large extent
the applicability of an electrochromic device. The coloration efficiency of a device is given by
the ratio of the change in optical densfiyOD) = logT,(A)/T,(A), with T(A) the transmission
at a certain wavelength in the reduced and the oxidized state, respectively, divided by the amount
of charge (or hydrogen in this case) DQ to be moved in/out of the active layer per unit area
(CE=A(OD)/DQ) [57]). Clearly, to minimize the power needed for the switching of an electro-
chromic device, it is advantageous if the change in transmission is induced by a small amount of
charge. Ouwerkerk [125] measured a CE = -37€mt in a 200 nm Sj;Mg, ,Hy film. Valu-
es of| CE|> 100are feasible since the minimum charge needed is e mC/cn? and the
A(OD) = 4 measured is limited by pinholes rather than intrinsic properties. The disadvantage of
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the metal-hydrides is the fact that these materials so far need to be protected by a Pd cap layer,
which reduces the maximum effective transparency to about 40%.

Towards an electrochromic device

Compared to gasochromic switching, which can be as fast as 40 ms in GgMbgeHnsertion

of an electrolyte drastically increases the switching time. In the case of liquid electrolyte devices
(see Fig. 1.9 on page 27) the minimal switching time is of the order of minutes. Usinga 2 M KOH
solution, Ouwerkerk [125] showed reversible switching in a Pd-capped 200-nyuh\bgg ,Hx

thin film. Janneret al. [82] have studied the cycling durability of Gd-Mg switchable mirrors

in 1 M KOH. After an initial decrease in the switching time, it increases again at the end of
the lifetime. The increase in switching time is related to delamination and the formation of an
oxide layer at the metal-hydride electrolyte interface. Additional protective layers proved to be
unsuccessful so far. Strain problems could be reduced by depositing the metal-hydride directly
in the fully hydrogenated state.

Active area

|4_>| / ZrO,

WO,
GdMg / N / ITO

Transparent substrate |

Figure 1.28: Schematic cross-sections and photographs of an all-solid-state
switchable mirror [155] in two optical states: (a) at negative applied voltage
both the GdMg-H switchable mirror and the W{storage electrode are in
their transparent state; (b) at positive voltage GdMg is metallic and Watk

blue.

The first all-solid-state metal-hydride switchable mirror device [5] had switching times of up
to 16 hrs and used GdMg as active layer, hydrated,Za®©electrolyte and fWO, as counter
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electrode and hydrogen storage layer. The transparent metal-hydride is formed when 3 V is
applied with respect to the WQayer. The large currents involved lead the authors to assume
that the long switching times are due to electric shorts in the hydrategl Zm@n inverted device

(WO, as bottom electrode/H storage layer, see Fig. 1.28) Van der &lais[155] showed that

the switching time can be reduced to 5 minutes, although the full switching cycle is still of the
order of 1 hour. The devices switch reversibly up to 400 consecutive cycles. Some degradation
occured, but this could be compensated by increasing the switching time. The self-discharge
was negligible resulting in a retention time of over a year. Unfortunately, these results were not
reproduced so far. However, many improvements are possible. The Zr-based electrolyte [108]
may not be ideal since it transports protons, while within metal-hydrides such,asM"RHEH, we

are dealing with H. Alternatively, Y-doped Caj-might be used as a‘Hconducting electrolyte

in conjunction with a suitable Hbased counter electrode.

1.7.2 Thermochromic devices

As shown by Giebelst al. [51] the temperature dependence of the equilibrium plateau pressu-
res of metal-hydrides can be used for ap€r) thermochromic device. Especially,¥Mg, ;
samples appear to be promising since Mg suppresses the fcc-hep transition of théRRBk
transition. Because of this more hydrogen is desorbed upon heating and thus the transparency
change is much larger and varies almost linearly with temperature. An alternative scheme for
an electrochromic device is proposed by Lokheitsdl. [34]. They use twancapsulatednetal-
hydride layers with a slightly different temperature dependence of the hydrogen plateau pressure.
Any temperature change results then in a redistribution of the hydrogen over the two layers.

The switchable metal-hydrides are clearly different from other traditional (metal-insulator)
thermochromic systems [57] such as the vanadium oxides,(VED;) . The change in contrast
in the visible during the transition is much larger than in.y@hich switches predominantly at
wavelengths larger than 600 nm (2.1 eV).

1.8 Applications of metal-hydride-based devices

1.8.1 Smart windows

Smart coatings can play an important role in reducing the energy consumption of buildings and
cars. Inthe US about 30% of the primary energy consumption is used for heating/cooling/lighting
of residential and office buildings [27]. By regulating the heat balance while maintaining outward
visibility enormous energy savings are feasible. Several active and passive window coatings
have been proposed so far [58]. In general one would like to regulate the solar power input,
while maintaining visibility. Hence the optical properties of the visible range should be different
from those of the long wavelength range of the solar spectrum. Alternatively, heat dissipation is
controlled by the emissivity around 0.1 eV @8n; 373 K black-body radiation). Windows with

low thermal losses (e.g. based on Sh€hould transmit over the whole solar range and reflect
energies below 0.5 eV (2.6m). To minimize heat input while maintaining outward visibility,
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one could use windows reflecting light between 0.5-1.65 eV (&% 750 nm). This would
reduce the cooling need for buildings dramatically. The fact that switchable metal-hydrides are
able to block incoming radiation over the whole solar spectrum, make them of interest to use in
cars, e.g. to reduce the thermal load of parked cars.

1.8.2 Switchable absorbers

Devices based on Mg-Ni films have a potential as variable reflectance coatings. Recently Van Me-
chelenet al.[107] showed that these materials have an optical absorption contrast over the solar
range of a factor 2, comparing the metallic jij to the ‘black’ Mg,NiH, ;-state. As the black-

body emissivity at 100C is smaller than 15% for this material, the ‘black state’ is an interesting
heat absorber. There is a present need for such variable reflectance metal-hydride (VAREM) coa-
tings particularly for use in combined photovoltaic cells/thermal solar collector devices. These
devices consist essentially of a photovoltaic cell on top of a thermal solar collector [28]. Under
certain conditions (high solar energy influx and low warm water consumption) the temperature
of such devices can be well above 180 This leads to a reduced total efficiency and (in case
plastic components are used) to an irreversible degradation of the photovoltaic component. This
problem can be circumvented by depositing a VAREM between the photovoltaic cell and the
thermal collector. When the thermal load of the system becomes too high, the VAREM is driven
into its metallic reflecting state. In the opposite situation it is switched to its black absorbing
state. In these devices VAREM coating can also be used to reduce heat radiation losses during
night hours. The active control of the optical properties of a VAREM is also beneficial to heat
collecting walls inside buildings: these so-called Tr@awalls [1] allow an optimal use of solar
energy during all parts of the day in all seasons.

1.8.3 Fiber optic hydrogen sensors

Societal acceptance is a key ingredient for the implementation of a future hydrogen based eco-
nomy. As this acceptance depends essentially on safety of operation there is a great need for
sensitive, selective, fast, reliable, stable and cheap hydrogen sensors. Currently, commercial hy-
drogen detectors are not useful for widespread use, particularly in transportation, because they
are rather bulky, not stable over a long period of time and expensive. Furthermore, most of the
sensors available commercially are based on electrical measurements at the sensing point. This
might be undesirable in potentially explosive environments. These disadvantages can be circum-
vented by using optical detectors in which the end of an optic fiber is coated with a hydrogen
sensitive layer. The changes induced in the optical properties of this layer during absorption of
hydrogen are detected optically at the other end of the fiber. Compared to other hydrogen sen-
sors, optical fiber sensors have the advantage to be simple yet very sensitive, cheap, insensitive
to electromagnetic noise, explosion-safe, and to allow multiple sensing with one central (remote)
detector. This is the key-advantage over conventional detectors that make optical sensors cost
competitive. Furthermore, optic fibers are more resistant to corrosion than standard electrical
wires.
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1.9. CONCLUSIONS AND OUTLOOK

1. Hydrogen concentration in air: 0-10 % (for safety detectors)
0-100 % (for sensors)

2. Operating temperature: -25 to X00

3. Response time: 1 s or less for 90 % full scale
4. Long time stability: more than 1 year

5. Selectivity: hydrogen specific

6. Pollutant resistant: especially to hydrocarbonsSH
7. Insensitivity to humidity

8. Low price

To be competitive with other hydrogen sensors the coatings to be developed must satisfy at
least the following performance targets:

Several groups are presently developing fiber optic hydrogen sensors. For example at the
National Renewable Energy Laboratory (NREL) researchers have obtained interesting results
with fibers coated with a WOfilm at the sensing end [10, 157]. This originally transparent
material is coloured blue when absorbing hydrogen. However, presence of water molecules is
essential for its switching [45, 46]. This limits its application range to temperatures abGve 0
This problem can be avoided if metal-hydride switchable mirrors are used as sensing coating.
In this context the Mg-TM hydrides are particularly interesting since their reflection decreases
strongly already at low hydrogen concentrations as shown in Fig. 1.20 fgNMg. In such
a material coloration does not depend on the presence of water and, since hydrogen diffusion
is sufficiently fast over a large temperature range (-40 to %@Psuch sensors should remain
operational below TC.

1.8.4 Batteries

Nottenet al. [121] discovered recently a very large (reversible) storage capacity of 5.6 wt.%
(1500 mAh/g) in Mg ¢S, ,Pd, 5,4 Pellets in a 6-M-KOH electrolyte at 2&. This is about 4

times more than in conventional Ni-MH batteries such as LBiNi Their research was inspired

by the switchable mirrors research on Mg-RE films done before at Philips Research Laboratories
in Eindhoven [125, 153, 156]. To achieve such a large storage capacity Sc has to becgme ScH
This is rather surprising since pure Sc does not load to the trihydride phase at atmospheric pres-
sure. Only at 300 MPa hcp Sghis formed [9]. Giebelst al. [50] confirmed the formation of

ScH,; recently in thin-films of Mg-Sc. These films become very transparent when the Mg content
is larger than 65 at.%. They behave as Mg-Y and Mg-La switchable mirrors, i.e. they show a
black state and a shift of the band gap with excess Mg.

1.9 Conclusions and Outlook

In this Chapter we have described the remarkable optical properties of switchable metal-hydride
films. So far three generations of switchable mirrors have been discovered. The first-generation
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CHAPTER 1. REVIEW ON SWITCHABLE MIRRORS

concerns the hydrides of the rare-earths and yttrium and lanthanum. The transparency of these
materials posed intriguing questions about the origin of the insulating state to theorists. In the
second and third generations magnesium plays an essential role. Alloyed with rare-earths it leads
to colour neutral films when fully hydrogenated. There is an intriguing highly absorbing state,
the black state, which occurs at intermediate hydrogen concentrations. Essential for the high
absorption is the coexistence of Mg and Mggtains. Alloyed with the transition metals Ni, Co,

Fe, and Mn, magnesium forms complex metal-hydrides that exhibit also the three fundamen-
tal optical states of matter, i.e. reflecting, absorbing and transparent. In these third-generation
switchable mirrors, the mechanism leading to the black state involves a self-organized double
layering of Mg,NiHy. Surprisingly, during hydrogenation MyiH, nucleates first in a thin lay-

er at the interface to the substrate. Further hydrogen uptake yields to a growth of that layer at the
expense of the remaining metallic layer on top.

The results presented in this Chapter show also the tremendous advantage of thin films com-
pared to bulk metal-hydrides. During hydrogen absorption the films retain their structural inte-
grity. In contrast to bulk samples they are not reduced to powder when they react with hydrogen,
although the volume changes can be considerable (for example 32% in the casg\afilyland
MgH,). This makes it possible to investigate in detail the intrinsic physical properties (electrical
resistivity, charge carrier density, optical properties, etc.) of these materials.

The thin-film geometry makes it also possible to investigate and optimize catalytic layers. In
many cases Pd works fine and makes it possible, for example, to hydrogengte &Mgoom
temperature with hydrogen at pressures of a few hundred Pa. The possibility to study in detail
the effect of catalytic cap layers is very important for all applications where reaction kinetics is
important: energy storage, electrochromic devices, etc.

By using matrix-samples or films with large compositional gradients it will be possible to
monitor optically the reaction of hydrogen with a great number of different samples evapora-
ted on the same substrate. This will allow a highly efficient combinatorial exploration of new
lightweight hydrogen storage materials. Thin films of light-metals (for example alanates) will
soon be investigated optically.

Although various devices have been demonstrated until now, their performance needs still to
be drastically improved. This will require a major research and development effort.
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